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ABSTRACT

Mechanical signaling plays a crucial role in cell communication. Translating mechanical
force into biochemical reactions is vital for virtually all cellular processes such as cell prolif-
eration and differentiation. Mechanosensors, which can respond to an external force in form
of controllable conformational changes, are key regulators in the mechanical signal trans-
duction processes. In this work, we present results from Molecular Dynamics (MD) and
biochemical network simulations that suggest Focal Adhesion Kinase (FAK) as a mechano-

sensing enzyme in the signaling pathway.

FAK is a non-receptor tyrosine kinase, located at the cytoplasmic site of the cell mem-
brane. During the last decade, a growing body of evidence shows that tensile stress acting
on cells leads to increased FAK activity. However, the mechanism of FAK mechanical
activation has not been resolved. The auto-inhibitory conformation of the FAK FERM-
kinase fragment suggests that the major mechanism of the regulation of FAK activity is
the release of Tyr576/577 on the activation loop from the N-terminal FERM domain. We
first addressed the allosteric regulation of the FAK by PIP, binding (Chapter 3), a recently
recognized stimulus for FAK activation, by performing all-atom MD simulations of FAK
FERM-kinase fragment and comparing the dynamics in absence and presence of ATP and
PIP;. A closing-opening motion between the kinase and FERM domain upon ATP and
additional PIP; binding was observed in close agreement with corresponding changes in
fluorescence resonance energy transfer experiments. As an underlying allosteric mecha-
nism, using Force Distribution Analysis (FDA), a signal network spanning from the PIP,
and ATP binding site to the distant interface between the FERM and kinase domains could
be identified. However, our results also demonstrated that the ligand induced conforma-
tional changes are insufficient for FAK catalytic turnover, which requires full exposure of

Tyr576/577. This suggests that an additional biochemical or mechanical stimulus is required
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Abstract

for FAK activation.

Following the study of FAK allosteric regulation, we suggest a mechanical model of
FAK activation in which tensile forces, propagating from the membrane through the PIP,
binding site of the FERM domain and from the cytoskeleton-anchored FAT domain, activate
FAK by relieving the occlusion of the central phosphorylation site of FAK (Tyr576/577). To
test the hypothesis of FAK as a force-sensor, extensive Force Probe Molecular Dynamics
(FPMD) simulations, with varying loading rates, pulling directions and membrane PIP; con-
centrations, were carried out. They directly supported the notion of a specific force-induced
opening and activation of FAK. This is remarkable given that force-induced unfolding of the
primarily a-helical FERM and kinase domains are competitive processes but were observed
to be less favored over domain-domain dissociation. To assess downstream consequences of
FAK mechano-sensing, force-dependent FAK kinetics based on extrapolated MD data were
implemented as parameters to establish a mechano-biochemical network model, which con-
nects force-dependent FAK activation to the downstream exchange rate of GTP/GDP in Ras.
Our computational study provides direct evidence for FAK-mediated mechanical signaling
through Ras to the nucleus, with predictions directly testable by cell stretching experiments

and single molecule force spectroscopy.
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ZUSAMMENFASSUNG

Die mechanische Weiterleitung von Signale spielt in der Zellkommunikation eine entschei-
dende Rolle. Die Ubertragung von mechanischer Kraft in biochemische Reaktionen ist
die Grundlage fiir nahezu alle zelluldren Prozesse wie Zelldifferenzierung und Zellteilung.
Mechanosensoren, die in Form von kontrollierbaren Konformationsinderungen auf eine ex-
terne Kraft reagieren konnen, sind die Schliisselregulatoren in mechanischen Signaliibertra-
gungsprozessen. Im Rahmen dieser Arbeit prisentieren wir Ergebnisse aus Molekulardy-
namik (MD) und biochemischen Netzwerksimulationen, welche auf eine Rolle der Fokalen
Adhaisionskinase (FAK) als ein bedeutendes mechano-signalisierendes Enzym innerhalb des

Signalweges hindeuten.

Die Fokale Adhésionskinase (FAK) ist eine Nicht-Rezeptor-Tyrosinkinase, die sich an
der zytoplasmatischen Seite der Zellmembran befindet. Innerhalb des letzten Jahrzehnts
findet sich eine steigende Anzahl von Belegen dafiir, dass die Einwirkung von Zugspan-
nung auf Zellen zu einer Steigerung der FAK-Aktivitit fiihrt. Allerdings sind die Mechanis-
men dieser mechanischen Aktivierung der FAK noch nicht geklért. Die auto-inhibitorische
Konformation des FAK FERM-Kinase-Fragments von FAK legt nahe, dass die Hauptmech-
anismen der Regulation der FAK-Aktivitit in der Freisetzung von Tyr576/577 auf der Ak-
tivierungsregion von der N-terminalen FERM-Domine bestehen. Wir haben zunéchst eine
allosterische Regulation der FAK durch PIP, Bindung untersucht (Kapitel 3). Bei PIP, han-
delt es sich um einen kiirzlich erkannten Stimmulus zur FAK-Aktivierung. In alle Atome
umfassenden MD-Simulationen eines FAK FERM-Kinase-Fragments konnten wir die Dy-
namik in Anwesenheit und Abwesenheit von ATP und PIP, untersuchen. Es wurde eine
schlieBende und 6ffnende Bewegung zwischen der Kinase und FERM bei Anwesenheit von
ATP und zusitzlicher PIP,-Bindung beobachtet, was die entsprechenden Anderungen in den

Experimenten zum Fluoreszenz-Resonanz-Energie-Transfer erklért. Fiir den hier zugrunde
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Zusammenfassung

liegenden allosterischen Mechanismus, bei dem die Kraftverteilungsanalyse (FDA) verwen-
det wurde, konnte ein Signalnetzwerk, das von den PIP;- und ATP-Bindungsstellen bis zur
Schnittstelle zwischen der FERM und der Kinasedoméne reicht, erstellt werden. Allerdings
zeigen unsere Ergebnisse auch, dass die durch Liganden induzierten konformationellen An-
derungen nicht ausreichend sind fiir eine vollstadige FAK-Aktivierung, was eine komplete
Aufdeckung von Tyr576/577 erfordert. Dies legt nahe, dass ein zusitzlicher biochemischer

oder mechanischer Stimulus zur Aktivierung der FAK notwendig ist.

Auf dises Grundlage erarbeiteten wir ein mechanisches Modell zur FAK-Aktivierung, in
dem Zugkrifte, die sich von der Membran iiber die PIP,-Bindungsstelle der FERM Doméne
und von der am Zytoskelett verankerten FAT-Doméne in FAK verbreiten. FAK konnen
als Mechano-sensor fungieren, wenn diese Krifte zu einer Aufdeckung zentralen Phospho-
rylierungsstellen der FAK (Tyr576/577) und damit zu einer Aktivierung von FAK fiihren.
Um diese Hypothese von FAK als Kraftsensor zu testen, wurden molekular-dynamische
Simulationen unter Krafteinwirkungen mit unterschiedlichen Ziehgeschwindigkeit, Ziehrich-
tungen und Membran-PIP,-Konzentrationen durchgefiihrt. Sie stiitzen direkt die Vermu-
tung einer spezifischen kraftinduzierten Offnung und Aktivierung der FAK. Dies ist be-
merkenswert, da die kraftinduzierte Entfaltung der primér -Helikalen FERM und Kinase-
dominen kompetitive Prozesse sind, aber es wurde beobachtet, dass sie im Vergleich zur
Dissoziation der Doménen weniger bevorzugt werden. Um weitere Konsequenzen dises
Mechanosensing zu ermitteln, wurde die kraftabhiingige FAK-Kinetik, basierend auf ex-
trapolierte MD-Daten, als Parameter zum Aufbau eines biochemischen Netzwerkmodells
implementiert, welches die kraftabhingige FAK Aktivierung mit der nachgelagerten Aus-
tauschrate von GTP/GDP in Ras verbindet. Unsere rechnergestiitzte Studie liefert direkte
Beweise fiir FAK-vermittelte mechanische Signalweiterleitung durch Ras zum Nukleus.
Unsere Voraussagen konnen durch Experimente zur Zell-Dehnung und Einzelmolekiilkraft-

spektroskopie direkt getestet werden.
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CHAPTER 1

INTRODUCTION

In complex biological systems, cells, which are often called the “building blocks of life”,
rarely live in isolation. Most of the cells are required to receive and process a specific
combination of signals from the external environment and from neighboring cells to survive.
Different types of cells require a different combination of signals, which makes it specific to
different compartments of the body. To form and maintain different types of tissues, multiple
cell types in varying numbers, morphology and localization are required to coordinate with
one another in order to perform the required task. Even in unicellular organisms, cells work
as non-isolated components to accomplish tasks that could not otherwise be carried out by a
single cell. Therefore the ability of cells to respond to environmental changes is an essential

feature of life.

Cells can communicate with one another over short or long distances, or even through
direct contact, by following several signal transmission strategies mediated by different net-
works such as metabolic or inter-cell signaling. Signals of chemical, electrical and mechan-
ical nature are generated during intercellular communications. Once a signal reaches the
surface of the target cell, it triggers multiple intracellular signaling pathways through cell
surface receptors. Errors in cell communication pathways can lead to cell malfunction or

even death, causing major human diseases, such as cancer, autoimmunity and diabetes.

An increasing body of evidence suggests that cells are very sensitive to mechanical sig-
nals. Mechanical signaling within a tissue is crucial for tensional homeostasis between

and within cells, which modulate cellular processes, such as differentiation, development,
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and survival [1, 2]. For example, bone renewal occurs only upon physical exercise and
gravity forces, since mesenchymal stem cells require mechanical forces to differentiate [3].
The response to mechanical perturbations often insinuates protein allostery [4]. External
mechanical force can induce deformation of cell membrane and surface receptors, such as
integrin, leading to structural changes in focal adhesions (FAs). FAs are enormous multi-
molecular complexes located at the periphery of the cell and comprise a number of mechano-
responsive proteins such as integrin [5], talin [6-9], vinculin [10, 11] and p130Cas [12, 13].
Through FAs, mechanical signals from the extracellular matrix (ECM) are able to activate
the cytoskeleton in the cell [14] and consequently regulate gene expression and cell growth.
Moreover, they can also induce the re-modeling of the cytoskeleton by way of shear flow and
activation of stretch-activated ionic channels, resulting in a change of pH value or transport
of small molecules. The crucial role of mechanical signaling is broadly known. However,
the mechanisms underlying the conversion of the external forces responsible for mechanical

signaling to intracellular chemical signals still often has remained unclear.

Mechanosensors are key regulators in the transduction of mechanical signals. As dis-
tinct from the ligand binding-induced allosteric activation following the lock and key model,
force sensors undergo controllable conformational changes in response to an external force.
The function of a mechanosensor refers to the propagation and amplification of the physical
forces from the surface to the inside of the cell and to the translation of the signals into sev-
eral cellular processes. Thus, studies of the force-induced deformation of mechanosensory

proteins are straightforwardly related to the mechanisms of mechanical signaling in cells.

Until now, a set of techniques has been developed to perform force spectroscopy in
order to study the mechanical response of biomolecules to stretching or torsional forces.
These techniques include atomic force microscopy (AFM) [15], optical and magnetic tweez-
ers [16] [17], microneedles [18], and biomembranes [19]. They can be used to measure the
mechanical properties of a single protein, membrane or even an individual chemical bond,
providing the details in relation to the conformational changes, unfolding forces, stability

and activity.

The rest of this chapter will briefly introduce the role of a mechanosensory protein,
Focal Adhesion Kinase (FAK), in cell signaling and then will present the AFM method,
which is one of the favored ways to study force induced protein activation and unfolding.
As most mechanosensors, the activation and function of FAK depend on its force-induced

conformational changes. The protein response to force measured in AFM or other single
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molecule stretching experiments or observed in computer simulations will depend on the
way of force application. In short, the higher the applied forces, the faster the induced
conformational transition. This relationship has been addressed by a series of theoretical
models, that will be introduced in Section 1.3. Finally, Section 1.4 introduces the specific

objectives of this work and gives an overview of this thesis.

1.1 Cell signaling and Focal Adhesion Kinase

Signal transduction from the cell surface to the nucleus is achieved by multiple signaling
pathways, one well-studied example being the Mitogen-activated protein kinase (MAPK)
pathway. Protein phosphorylation plays a key regulatory role in such signaling pathways by
switching on (by phosphorylation) and switching off (by dephosphorylation) the activation
of signaling proteins. This reversible and dynamic process is mediated by the following

reactions [20]:

MgATP'~  MgADP + H*

protein-OH , / > protein—OPO%_
Protein Kinase
. Protein phosphatase .
protein-OH A/p P protem—OPOg_
HOPO?}~ H0

The protein phosphorylation sites in provide reorganization sites for downstream proteins.
Protein kinases are thus the essential molecular switches of various biological functions.
These enzymes are classified as serine/threonine or tyrosine kinases depending on the -OH
group they phosphorylate. To date, 90 protein tyrosine kinases are identified in the human

genome. 58 of them are receptor and 32 are non-receptor proteins [21].

One of the best-known signaling pathways, the extracellular-signal-regulated kinase
(ERK) pathway, which is one of the major signaling cascades of the MAPK signaling path-
way [22] (Figure. 1.1), begins with the binding of a ligand, e.g. Epidermal growth factor
(EGF), to the extracellular domain of a receptor tyrosine kinase (RTK). Most RTKs are
multimeric complexes. Each monomer consists of an extracellular ligand binding domain
(N-terminus), a single hydrophobic transmembrane helix, and an intracellular C-terminal

domain containing multiple tyrosine sites. Initially, the monomers of a RTK are located se-

3



Introduction

Stress

MEK1/2

nucleus

gene expression

Figure 1.1 A scheme of the ERK/MAPK signaling pathway. Chemical signals such as EGF bind to
RTK in the cell membrane and induce autophosphorylation in the cytoplasmic domain of RTK. Then,
through a number of sequential phosphorylations of downstream proteins, the signal is transduced
into the cell nucleus. Mechanical signals act on the cell membrane and trigger the activation of a
non-receptor tyrosine kinase, FAK, which is located at the cytoplasmic face of the membrane bilayer
and mediates the signal transduction into the cell nucleus through a pathway constituted by a chain
of similar interactions.

parately from each other. Ligand binding leads to the dimerization of two subunits of the
RTK. Then, the RTK dimer auto-catalyzes the phosphorylation of its tyrosine sites in the
intracellular domain, which provides the binding site for the SH2 domain of the growth
factor receptor-bound protein 2 (Grb2). Next, the two SH3 domains of Grb2 bind to the
GDP/GTP exchange factor, Son of Sevenless (SOS) and induce its activation. The acti-
vated SOS recruits the membrane bound protein Ras and promotes the exchange of Ras
bound GDP against GTP. This exchange induces the activation of Ras and enables the bind-

4
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ing of Ras with Raf kinase. Subsequently, the activated Raf kinase phosphorylates and
activates Mitogen-activated protein kinases (MEK1 and MEK2), which eventually leads to
the phosphorylation and translocation of ERK. Once in the nucleus, ERK activates several
transcription factors and mediates gene expression. The malfunction of the ERK/MAPK
pathway leads to uncontrolled cell proliferation and increasing cell resistance to apoptosis,

which causes tumor.

In contrast to chemical signaling transduction via receptor tyrosine kinases, mechanical
signal transduction is suggested to be mediated by a non-receptor tyrosine kinase, Focal
Adhesion kinase, FAK, in the ERK/MAPK signaling pathway. As most non-receptor ty-
rosine kinases, FAK is localized in the cytoplasm, lacking the extracellular ligand binding
domain and the transmembrane region. FAK comprises a central tyrosine kinase domain
(orange) flanked by two large non-catalytic domains (Figure. 1.2). The kinase N-lobe fol-
lows a 50-residue linker, through which it is connected to the N-terminal FERM (4.1 ezrin,
radixin, moesin homology) domain containing 3 lobes (F1-F3, blue). The kinase C-lobe is
connected to the C-terminal FAT (focal adhesion targeting, violet) domain through a 220

residues long proline-rich and disordered region (yellow).

2) Y397
33 363 414 686 904 1052
sl Kinsedpin 1 eichfon o | ear e
Src™
N SH2 binding ~ Y576/577 SH3 binding Y925 C
b) Y30,

\ J

¥ Y576/577

Basic patch € Activation loop

Figure 1.2 FAK organization. (a) Domain organization of FAK including phosphorylation sites.
(b) Schematic representation of FAK domains. The colors correspond to the ones used in (a). The
organization of F1-F3 lobes in the FERM, N and C-lobes in the kinase domain is shown. The basic
patch (dark green), the phosphorylation site of Tyr576/577 (purple star) and the activation loop (light
green) are highlighted.

Upon cell adhesion to the extracellular matrix, FAK is translocated towards focal ad-

hesion sites and phosphorylated on the cytosolic face of the plasma membrane [23-25].
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Through adhesive interactions with other focal adhesion components, including Src, CAS,
and paxillin, FAK regulates the formation and function of FAs [26, 27]. Acting as a sig-
naling hub between integrin and multiple downstream signaling pathways, FAK carries
out diverse functions in embryonic development and survival, and is involved in cancer
progression and cardiovascular diseases [28-30]. Studies have also shown that it medi-
ates force-guided cell migration [31] as well as strain-induced proliferation [32]. Recently,
the mechano-sensitivity of FAK has been ascribed to the force-sensing fibronectin-integrin
link [33]. However, the available data on mechano-sensing through FAK are indirect to
date, and it remains unknown if FAK lies downstream of mechano-sensing processes such
as those involving integrins, or if FAK also per se is exposed to and activated by mechanical

force.

As reported by previous studies, the activation of FAK starts with the autophosphoryla-
tion of Tyr397 in the linker between the FERM and kinase domains [34]. This provides a
high-affinity binding site for the Src homology 2 (SH2) domains of the Src family kinase
such as c-Src and Src SH2 domain-containing proteins (SHC) and results in activation of
FAK. The following phosphorylations of Tyr576 and Tyr577, which are located in the acti-
vation loop of FAK, induce the maximum activity of the kinase domain [35]. However, the
crystal structure of FK-FAK [36], a fragment comprising the FERM and kinase domains,
suggests an auto-inhibitory conformation of FAK by an intra-molecular interaction between
the FERM and kinase domains. Auto-inhibition is mediated through the burying of the
phosphorylation sites represented by Tyr576 and Tyr577 (purple) at the binding interface
between the two domains as also shown by the scheme in Figure. 1.2b. Thus, the release
of Tyr576/577 from the FERM domain is the major regulatory mechanism of FAK activa-
tion. Although, the mutations Y180A and M183A at the FERM F2-/kinase C-lobe have
been proved to result in a complete opening of FK-FAK and significantly increased FAK
activity [36], the mechanism of FAK catalytic turnover, through the release of Tyr576/577

from FERM domain, still remains elusive to date.

To reveal the mechanism of FAK catalytic turnover by exposing the phosphorylation
site Tyr576/577, many stimuli have been studied, such as integrin signaling [37] and growth
factor receptors [38—40], but molecular details of these processes are still unclear. For the
last decade, a key role of phosphoinositide phos-phatidylinsositol-4,5-bis-phosphate (PIP,)
in these interactions has been emphasized [41, 42]. As a ubiquitous second messenger,
PIP, modulates divers biological processes, including signaling, intracellular traffic, and

cellular motility [43]. PIP; is enriched in the inner leaflet of plasma membrane and can be



1.1 Cell signaling and Focal Adhesion Kinase

Figure 1.3 FAK PIP, binding. (a) Positively charge basic patch, 2’ KAKTLR??! (shown as sticks),
which is located in the FERM F2 lobe (shown as blue cartoon). (b) Molecular structure of the
phosphatidylinositol 4,5-bisphosphate (PIP,) lipid.

locally produced in FAs by the enzyme phosphatidylinsositol 4-phosphate 5-kinase type Iy
(PIP5KIy), which adds the 5-phosphate group to PI(4)P. The experimental evidence shows
that PIP5SKIy is required for efficient FAK activation, providing strong support to the no-
tion that PIP, plays important role in the mechanism of FAK signaling [41]. It was also
demonstrated that the direct interaction of highly negatively charged PIP; and the positively
charged basic patch (?'® KAKTLR??!) (see Figure. 1.3) in the FERM domain [41, 42] leads
to the partial activation of FAK in vitro [42] and in vivo [44]. Thus, the insight of molecular
description of FAK allosteric regulation by PIP, can be helpful to reveal the mode of FAK

activation.

Once Tyr576 and Tyr577 are exposed to the solvent, they are phosphorylated by Tyr397
bound c-Src and provide second binding site for it. The FAK-Src complex triggers the fur-
ther phosphorylation of Tyr925 in FAK FAT domain. Immediately after, the phosphorylated
Tyr925 binds to Grb2 [45], so that FAK contributes to the regulation of Ras GTP/GDP
exchange and other downstream signaling pathways, including the Raf kinase and MAPK
(Figure. 1.1). Therefore, understanding the activation mechanism of FAK is crucial for the
study of mechanical signal transduction from the ECM to the cell nucleus. To test the hy-
pothesis of FAK as a force-sensor, a set of computational studies, have been undertaken in
this work. The allosteric effect of PIP, on the FAK conformation is investigated in equi-
librium (Chapter 3) and under external force (Chapter 4), which is suggested to act as an

additional stimulus for FAK activation.
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1.2 Atomic Force Microscopy

Atomic force microscopy (AFM) is a novel
technique, which has been initially con-
ceived as high-resolution scanning probe
microscopy to investigate the morphology
and structure of electrical solid material
surfaces. Nowadays, it also has applica-
tions in biology to study the topological
features and mechanical properties of non-
conductive surfaces, such as crystal struc-
tures of proteins, cell membranes and mem-
brane proteins. The setup of an AFM com-
prises of 4 parts: a hard tip mounted at the
end of a flexible cantilever, a laser beam,
a photo detector and a computer-controlled
piezoceramics stage (Figure. 1.4). An AFM
scans the surface of samples through the tip.
The interaction between the AFM tip and
the sample causes the bending of the can-
tilever that is detected by a laser beam re-
flected from the upper side of the cantilever,
and eventually recorded by the photo detec-

tor.

Most of the AFM tips are made of sil-

icon or silicon nitride and have a rounded

E;‘ Laser beam

Photo-
detector

Sample stage

Figure 1.4 Schematic representation of an AFM
setup for force spectroscopy: A hard tip at the top
of a soft cantilever interacts with a single protein
positioned on a sample stage made of a piezo-
electric material. The bending of the cantilever
is detected by the reflection of a laser beam and
then recorded by a photo detector as a measure for
force.

shape with a radius in the range of 5-50 nanometers (nm). The interaction area between

the AFM tip and the sample is dependent on the size of the tip. An extremely small AFM

tip allows measurements at atomic resolutions. The force sensitivity is dependent on the

stiffness of the cantilever and the power of the laser. The resolution of forces detected by a

very soft spring can reach into the pico-Newton (pN) range.

The sample is positioned by a computer-controlled piezoceramics stage. The cantilever

can scan the sample in two ways. The AFM tip scans the surface in the x-y direction so
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that a three-dimensional topological image of the sample can be created, or alternatively,
the technique is used to do force spectroscopy (Figure 1.4). In this case, the AFM tip is
moved along the z-direction, i.e., first moved towards the sample until they are in contact
with each other, then retracted from the sample until no interaction between them is felt.
In this process, the interactions between sample and AFM tip can be measured in terms of
force, resulting a position-dependent force profile. The resulting forces are obtained from
the cantilever deflections by using Hook’s law. As the AFM tip gets close to the sample,
the interactions between them, which cause the cantilever to bend towards the sample, are
attractive forces, including van der Waals and electrostatic forces. In contrast, repulsive
forces (electrostatic) are detected when the cantilever bends away from the sample. At each
distance, when the measured forces equal the interactions between AFM tip and sample,
the system is in equilibrium. The faster the sample is pulled, the further the system is away

from equilibrium.

AFM based force spectroscopy can be carried out in two modes. In the first mode, the
force clamp mode, a constant tensile force is applied to the sample by adjusting the position
of the cantilever. In the second mode, defined as the force extension mode, the sample is
stretched by the AFM tip at constant speed and the variations in force are recorded. In this
work, force probe Molecular Dynamic (FPMD) simulations (introduced in Section 2.1.3)
have been performed to mimic the force extension mode of an AFM experiment (Chapter
4). This study provides insights at a molecular level of protein unfolding and hence helps

revealing the underlying mechanism of FAK mechanical activation.

1.3 Dynamic force spectroscopy models

The function of a protein is always related to its three-dimensional conformation. In the pre-
vious studies, many proteins have been reported to be activated or regulated by an external
force, such as Von Willebrand factor [46] in blood vessels, titin kinase in muscles [47], vin-
culin [11] and FAK [48] at FAs. To study the functions of such mechano-sensing proteins,

it is important to understand the role of force in these biological processes.

Many force-regulated processes involve protein sequential unfolding or multi-domain
dissociation, i.e., the external force regulates the transition between folded and unfolded

state of a protein or the transition between the opened or closed protein conformation. With
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regard to biochemical reactions, these processes can be described as first-order reactions:
[state A (A = 0) — state B (A = 1)] (Figure. 1.5). The reaction rate, k, can be expressed by

Arrhenius’ law:
ko = Ae~AG /ksT (1.1)

where A is the pre-exponential factor, which is reaction-specific, AG* represents the height
of the free energy barrier, kp is the Boltzmann constant, and T is the temperature. This
equation describes a temperature-dependent process, but what is the influence of force in
this process? To answer this question, Bell suggested a model that directly includes force.
As can be seen in Figure. 1.5, an external constant force F functions as a catalyst in the
transition between states and reduces the height of the free energy barrier AG*(F), thereby
accelerating the reaction rate kr. The work performed by force is expressed as Fx;, where
xp 1s the distance along the reaction coordinate between state A and the transition state and
is equal to the reduced energy barrier (AG*-AG*(F)). Thus, the force-dependent reaction

rate, kr, can be expressed as:

kg :Ae—(AGi—Fxb)/kBT — kOeFxb/kBT (12)

1\ F=0 TV F>o0
20 » &
g transition state g
= m
transition state
k(F)
AGH(F)
- T
0 X x4 1 0 x* 1
Reaction coordinate A Reaction coordinate A

Figure 1.5 A schematic diagram of the free energy surface for a transition between state A (1=0) and
state B (A = 1) with (right) and without (left) an external force. x;, is the distance between state A
and the transition state at x*. AG* and ky are the free energy barrier and reaction rate of the transition
without force. AG*(F) and k are the force-dependent free energy barrier and reaction rate.

The Bell model is often used to analyze the kinetic data obtained form force spec-
troscopy experiments as well as from MD simulations. However, comparing the analysis of
experiments and simulations using the Bell model is limited due to the fact that the ranges
of applied forces and velocities between computer simulations and experiments are largely
different, while the approximations of the Bell model limits its applicability to a wide range

of forces or velocities. Firstly, the model assumes that the transition along the reaction co-
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ordinate is exclusively affected by a force-dependent process corresponding to a single-well
free energy landscape. Secondly, it assumes that the force-dependent reaction rate, kr, is
described by an exponential law, which can be thought as an oversimplification. Finally, the
Bell model neglects the effect of force on the distance between the reactant and transition
state, i.e., the energy barrier is only lowered by the external force, but not shifted. The study

by Li et al. [49] have shown that the pulling force indeed shifts the transition state.

To reduce the assumption limit of Bell model, Dudko, Hummer and Szabo (DHS) intro-
duced a stochastic model [50] of a spring and Kramers’ theory [51] of diffusion to estimate

the kinetic parameters. The DHS model is expressed as:

k= koa(1/V) 712G GaT)(1-aY) (1.3)

where o = 1 — VFAx/AG* and v is a approximated factor, which depends on different nature
of underlying free energy landscape. v = 2/3 and v = 1/2 correspond to a linear-cubic and
a cusp free energy surface, respectively. For v = 1, the DHS model is the same of the Bell
model. For v # 1, the Bell expression becomes invalid, when F < AG/(vx¥).

In this work, both models will be tested and applied to analyze the kinetic data derived
by our MD simulations to investigate the force-dependency of FAK activation (for more
details see Chapter 3 and 4). The estimated activation rate will be further used as kinetic

parameter to establish a mathematic model of FAK signaling (Chapter 4).

1.4 Objectives and overview

In this work, we attempt to understand the role of FAK in the regulation of signal transduc-
tion from the cell periphery to downstream proteins, by converting the mechanical signals
into biochemical reactions. We addressed two major questions: First, how is FAK regulated
biochemically, i.e. by ligand binding, as observed by recent FRET measurements? Second,
how are FAK and downstream signaling activated mechanically? We performed MD simu-
lations and biochemical network simulations to reveal the mechanisms of underlying FAK

activation, which is inaccessible by biological experiments.

In Chapter 2, we briefly explain the simulation techniques and analysis methods used

throughout this study. This includes molecular docking and Molecular Dynamics (MD)
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simulations to predict effects of ligand binding on FAK dynamics and function. Section
2.2.3 explains how to apply an external force during MD simulations, which is a central
method of this study. This allowed us to examine the force-induced activation of FAK under
various conditions. Analysis of simulated trajectories was based, among others, on Principal
component analysis (PCA), Partial least square functional mode analysis (PLS-FMA) and
Force Distribution Analysis (FDA).

Chapter 3 presents results on ligand-induced conformational changes of FAK. The com-
putational results are consistent with experiment results from previous studies [41]. PCA
here was used to detect the global motions in FAK dynamics and to interpret the experi-
mental result on a molecular level. Next, FDA was carried out to reveal how the signal is
transduced from the distant ligand binding site to the domain interface within the FAK pro-
tein structure. The results shown in this Chapter suggest that the allosteric effect of ligand
binding is not sufficient to induce FAK catalytic turnover. External force as an additional

stimulus might enhance FAK activation.

Following the conclusions of Chapter 3, we examined if FAK activation can be induced
by a mechanical stretching force. To this end, we applied an external force to FAK in MD
simulations. The way of force application is meant to mimic as close a possible force spec-
troscopy experiments of the FAK FERM-kinase domain dissociation as required for FAK
maximum activation (Figure. 1.4). Thus, the force induced FAK turnover is the subject
of Chapter 4. Here, extensive control simulations with varying loading rates, pulling di-
rections and membrane PIP, concentrations were carried out. To characterize the domain
dissociation process, the interactions between FERM F2 and Kinase C lobe were calculated
in form of punctual stress (Section 2.3) along the pulling direction by using time-resolved
force distribution analysis (TRFDA). We then estimated the kinetic parameters, including
the reaction rate as a function of force and, the width and height of the free energy barrier,
from the Bell and DHS models (Section. 1.3). The resulting force-dependent reaction rate
serves as a parameter in a mechano-biochemical network model (section 2.6) to connect

force dependent FAK kinetics to the downstream RasGTP concentrations.

At last, we summarize the major conclusions of this thesis in Chapter 5. We also present
some of the limitations and challenges that we met during this work and propose an outlook

on further studies on mechanical signal transduction.
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CHAPTER 2

METHOD AND THEORY

2.1 Molecular Dynamics simulation

Molecular dynamics (MD) simulation is a computational method of calculating the time
dependent behavior of complex systems and providing detailed information about the struc-
ture, dynamics and thermodynamics of biomolecules and their complexes. This method is
based on well-established classic physical laws. MD simulations, acting as a linker, connect
theoretical and experimental studies in two ways: on one hand, they can provide an inter-
pretation of experimental observations at atomic scales, and on the other hand, they are able
to predict new mechanisms of biochemical processes, which are required to be validated by
experiments. Furthermore, MD simulations can also simulate systems, which are difficult

or impossible to study in the laboratory due to limitations of the experimental techniques.

Theoretically, the dynamics of any molecule can be completely described by solving the

time-dependent Schrodinger equation, which is given as
Y =EY (2.1)

where 7 is the Hamiltonian operator. When a certain wavefunction is operated upon by
S, it returns the same wavefunction multiplied by the energy E of the state. The Hamil-
tonian is expressed in terms of electron-electron repulsion, electron and nuclei attraction,

and nuclei and nuclear repulsion. Solving this function numerically gives the wave func-
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tion of each electron. However, in practice, the computational resources limit the usage of
such quantum mechanics (QM) calculations and numerical approximations to less than 100
atoms. Since a molecular system of a single protein solved in a water box comprise usually
more than 10,000 atoms, several reasonable approximations are made to describe such large

molecular systems at the molecular mechanics (MM) level.

Most importantly, the Born-Oppenheimer approximation assumes that electrons imme-
diately follow the motion of nuclei, because they have much less weight and move much
faster. By following this approximation, the atoms and the bonds are represented as balls
and springs, respectively, in a model of protein. Moreover, electrons are not directly consid-
ered in the simulation, but their implicitly included in the parameters, which are assigned to
different atom types. The interactions between atoms are approximated by using empirical
functions, which are termed as force field (see 2.1.1). The last key approximation is that the

dynamics of the atoms are described by classical mechanics.

A Molecular Dynamics procedure can be briefly summa-

rized in the form of a flow chart as shown in Fig. 2.1. For an Initial state
MD simulation of a single protein solved in water, the initial —>l
state is defined by the positions, velocities and forces of all the .
orce
atoms present in the system. The structure of the protein is ob-
tained by X-ray crystallography, Nuclear Magnetic Resonance l
(NMR) or computational homology modeling. The initial ve- Motion
locities of the atoms are generated from random numbers and
the initial forces acting on the atoms are calculated by using a L
. L o Updated state
force field (Section 2.1.1). Once all this information is known,
the dynamics of the atoms are derived by integrating Newton’s l
equation of motions with respect to time: Trajactories
. P
Fi=ma; = ml_@ _ m,-d Ii (2.2) Figure 2.1 Flow chart of a
, .
dt dr? Molecular Dynamics proce-
dure.

where the total force F; acting on atom i is equal to the product
of its mass m; and its acceleration a;, and can also be expressed
in terms of the velocity v; of the coordinates r;. The integration of atomic motions can
be achieved by using numerical algorithms such as verlet and leapfrog methods. They
provide new coordinates and velocities of all atoms, which are used to start a new cycle

of MD simulation. All the micro-states calculated by an MD simulation are collected in
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a trajectory. The integration time-step corresponding to the time scale of a cycle of MD
simulation is chosen by regarding the time scale of the fastest degree of freedom in the
simulation system, e.g. the femtosecond scale chemical bond vibrations in a protein system.
In practice, the very high vibrational frequencies are not of interest in classical computer
simulations. Instead, the intra-molecular bonds are restricted to a fixed length by using
constraint algorithms such as SHAKE [52] or LINCS [53] so that the integration time-step

can be increased to 2-4 fs. In this work, we use a 2 fs integration time-step in all simulations.

In vitro or in vivo, a single biomolecule of interest can be studied in a certain envi-
ronment, e.g. surrounded by solvent or in presence of membrane bilayer. Because of the
limited computational resources, only a system with a finite size can be simulated. i.e. an
MD simulation system can only have a size at microscopic length scale in contrast to the
macroscopic experimental setup. To remove the artifacts caused by a simple boundary as-
signed to the simulation box, MD simulation often use period boundary conditions (PBC),
allowing a simulation system as shown in Fig. 3.3 to be infinitely replicated at each side
of the box. When an atom moves beyond one side of the box, it reappears at the opposite
side of the box. It has to be noted that the size of the simulation box has to be chosen large
enough to prevent the molecule of interest to interact with its periodic image from a virtual

neighbor box.

For a system comprised of N atoms, each atom is supposed to interact with all other
atoms in the system through non-bonded interaction, e.g. interactions of an atom in a pro-
tein with water molecules. As a consequence, the number of non-bonded interactions scales
with N2, thus, the evaluation of these non-bonded interactions requires most of the com-
putational expense of the force calculation at each integration step. Since the non-bonded
interaction is described as a function of the inverse of the inter-atomic distances in the force
field (Section 2.1.1), the interaction energy decreases with the increasing in distance, i.e. the
non-bonded interaction of an atom with another atom beyond a certain cut-off distance is
negligible. By introducing this cut-off distance into the calculation of forces, the number of
interactions can be decreased 2-3 orders of magnitude, which results in a significant increase
in computational efficiency. However, as the Coulomb potential (in terms of 1) decreases
much slower with increasing distance than the Lennard-Jones potential (in terms of 7—® and
r~12), the cut-off treatment causes artifacts by ignoring the electrostatic interactions induced
by the interactions with the atoms beyond this cut-off distance. To recover this contribution
to the total potential energy, Particle Mesh Ewald (PME) is used. Thus, the electrostatic

interactions are divided into two parts. The first part (within the short range cut-off) is cal-

15



Method and Theory

culated in real-space. The second part (so-called long-range electrostatic interactions) is
obtained using PME sums, i.e. from interactions of charges on a grid estimated by using
Fourier transforms. The calculations of these short range and long range interactions can
provide an accurate estimation of the total non-bonded potential energy in the system with

reasonable computing speed.

MD simulations can be performed such that they conserve different properties of the
whole system, including the number N of particles, temperature 7T, pressure p, energy E
and volume V. Some of these properties are usually kept constant simultaneously. All
micro-states, which are generated by the MD simulations with the same setup, constitute an
ensemble. In an ideal NV E MD simulation, which has a constant total energy £, number N
of particles and volume V, the time averages computed along the trajectory are the same as
the ensemble averages in the microcanonical ensemble. However, in practice, simulations
show an energy difference due to the cut-off, numerical in occurrence, etc. The easier way
is to perform an NVT simulation (canonical ensemble) that uses an average temperature
controlled by a thermostat algorithm instead of a conserved energy. In an NpT ensemble
(isothermic-isobaric ensemble), in addition to control the temperature, the pressure is con-
trolled by a barostat algorithm, while the volume of the system is allowed to fluctuate. In
this work, NVT ensembles are used to relax the system to an equilibrium state, when one
or more observable properties become stable in time. This process is called equilibration
phase. During this phase, the temperature is controlled by the Nose-hoover algorithm [54],
which acting as a heat bath exchanges the energy with the simulation system. Then, the
obtained equilibrium state is used as starting state to perform the simulations in an NPT
ensemble during a production phase. This phase is the last step of the simulation, which

produce the information of the molecular dynamics.

2.1.1 Force field

A force field is constituted of the potential energy functions that describe the different inter-
actions between atoms and the relevant parameters of different atom types, including mass,
charge, Lennard-Jones and van der Waals parameters. Since the force field parameters are
obtained by QM calculations or experimental measurements, these potential energy func-
tions are also called empirical functions. The combinations of a set of empirical functions
can describe the total potential energy of the system as a function of the coordinates of all

the atoms present in the system. Until now, a number of force fields have been developed for
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different usage. The choice of force field parameters are crucial for the simulation accuracy.

Figure 2.2 A schematic diagram of energy terms in a classical force field. The orange arrows indicate
the bonded interactions including bond-stretching potential (V,,nq), angle-bending potential (Vg1 ),
and dihedral potential (Vginedrqar). The purple arrows point out the non-bonded interactions, namely
Lennard-Jones potential (Vz;) and Coulomb potential (V).

The general form of a force field is the summation of bonded and non-bonded terms and

can be expressed as:
Viotal = Vionded + Vion—bonded (23)

Bonded terms Vj,,,,4.4 represent intra-molecular interactions between atoms that form co-
valent bonds, comprising bonds Vjnq, angle Ve, proper and improper dihedral, Vginedrai
as illustrated in Fig. 2.2. Non-bonded terms V,,,;,—ponded> Which are also called non-covalent
terms, describe the electrostatic and van der Waals forces (Fig. 2.2). All the energy terms in

OPLS force field are defined in the following functional forms:

Covalent bonds are usually modeled as harmonic springs in force fields. Thus, in MD
simulations, the bonds cannot be broken but only extended. Vj,,; is the interaction energy
between atoms i and j forming a covalent bond,

kb 2

Voond = Y, g(r—i’o)
bonds

(2.4)

where r is the distance between the two atoms, k;, is the force constant, and r is equilibrium
bond length.
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Vangle 18 the interaction energy due to the angle 6 formed by three bonded atoms,

k
Vangle = Z ?6(6 - 90)2 (25)

angles

where kg and 6 are the angle force constant and equilibrium value of the angle.

Viinedral rEPresents the energy of a dihedral angel ¢ formed by four bonded atoms,

Vi
Viinedrat = ), = [1+cos(n@—7)] (2.6)
dihedral

where n is the multiplicity of the function, V,, is the torsional barrier and 7 is the phase shift.

Out-of-plane bending angle @ as illustrated
in Fig. 2.3 [55] are another class of dihedral
angles, also termed improper dihedrals. They
can be calculated by Equation 2.6 (in OPLS) or
by a harmonic function (in CHARMM) as other 3
bonded terms,

2

Vimpropers = Z kw<(0 - w())z (2.7)
impropers Figure 2.3 A scheme for the out-of-plane
bending angle @. The hight 4 is the distance
where k, 1s the force constant and @y is the equi- between the atom 4 to the plane formed by

librium value of the out-of-plane angle. In addi- atoms 1,2 and 3, where 7 = sin®

tion, a so-called Urey-Bradley angle vibrations
is used in the CHARMM force field as a cross-term using 1,3 non-bonded interactions. In
this thesis, OPLS-AA force field is used for the simulation of a single protein (Chapter 3)
and CHARMM36 is chosen for the simulation in presence of membrane bilayers (Chapter

4).

Vs is the energy function of the Lennard-Jones potential, which is used to describe the

van der Waals energy between two atoms i and j found at distance r;;,

o\ 12 N\ 6
wppel@-G] e

i j>1

where €;; and o;; are the depth and the width of the Lennard-Jones potential.
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Veoul describes the electrostatic interaction between two atoms found at distance r;; fol-

lowing Coulomb’s Law,
qiqj
471'807‘,']'

Vcoul = (29)

where € is the dielectric constant, and g; and g are the partial charges at atoms i and ;.

Each atom in the system might be involved in one or more types of interactions. The
summation of all the interactions on each atom gives the total potential energy of the system.
The pairwise force between atoms i and j at distance r;; can be directly derived by the
potential energy V given in Egs. (2.4) to (2.6), (2.8) and (2.9) with,

av

F:=—
Y 87‘,']‘

(2.10)

The total force on an atom, i, is thus given as the sum of all forces acting on this atom and

expressed as:
F,=Y Fj (2.11)
J

2.1.2 Water model

Water is the solvent of biological systems and provides the natural environment for almost
all proteins. Therefore, in order to simulate a system as close as possible to in vivo, the
molecular simulations need to include the surrounding water.To illustrate the principles and
limitations of classical force fields, this section discusses the structure and force fields of

water.

The two hydrogen atoms and the oxygen atom in a water molecule form a 104.48 degree
angle instead of the typical tetrahedral angle of 109 degrees. The reason is the presence of
two non-binding electron pairs of the oxygen atom, which push the sigma-orbitals of the
O-H bond closer to each other. The central oxygen atom is partially negatively charged
in contrast to the hydrogen atoms, which are partially positively charged. Because of the
charge difference, the hydrogen atom is attracted by electronegative atoms, including flu-
orine, oxygen, or nitrogen, to form a so-called hydrogen bond. Water molecules can form
hydrogen bonds with proteins and with themselves. One water molecule can accept and
donate two hydrogen atoms by forming maximum of 4 hydrogen bonds. This leads to the

formation of a spatial network of hydrogen bonds in the solvent, which is responsible for
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the high melting and boiling temperature of water. Moreover, the effect of solvent on the
protein conformation is significant. The forces derived by the solvent, such as the hydropho-
bic effect, plays a pivotal role in the regulation of protein unfolding. Thus, a proper water

model is crucial for MD simulations.

a)

Figure 2.4 This figure shows the general shape of three-site (a), four-site (b), five-site (c) and six-site
(d) water models. The oxygen atoms are shown red, the hydrogen are shown in white and the dummy
atoms, which only carry a negative charge, are shown in yellow.

Until now, a variety of water models have developed for different kinds of computer
simulations of liquid water. For MD simulations of biological systems, a handful of simple
water models are usually used (Fig. 2.4). The three atoms in a water molecule are repre-
sented as three interaction points in a 3-site model. Each point has a point charge and the
same mass as its corresponding atom. Lennard-Jones parameters are assigned to the oxy-
gen atom. Both SPC [56] and TIP3P [57] models belong to this category of water models.
The 3-site model is commonly used jointly with protein force fields, such as Charmm [58],

Amber [59] and Gromos [60], and provides high computational efficiency.

As described above, the charge difference in a water molecule decides the direction
of the dipole moment between oxygen and hydrogen atoms, i.e., intermolecular hydrogen
bonding in water requires a correct orientation of water molecules. However, the 3-site
model is not able to reproduce the correct orientation because of the inaccurate dipole mo-
ment. To improve this, a negatively charged dummy atom is attached the oxygen atom
along the bisector of the H-O-H angle resulting in a 4-site model, such as TIP4P [57] (Fig-
ure 2.4b). This dummy atom carries the charge of the oxygen atom, while the oxygen atom
only has a mass and Lennard-Jones parameters. The TIP4P model is also implemented in
computational chemistry software packages such GROMACS [61]. By combining TIP4P
with the OPLS force field [62], it provides accurate reaction environment for biomolecular

systems.
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2.1 Molecular Dynamics simulation

In a 5-site model, such as TIPSP [63], two massless and negative charged dummy atoms
are added to represent the two free lone-pairs of the oxygen atom (Figure 2.4c). The TIP5P
model reproduces the tetrahedral structure of the water molecule, which greatly improves
the hydrogen bonding geometry. In the last decade, even a 6-site water model has been
developed (Figure 2.4d). However, the more particles are involved in the water model,
the higher the computational expense. For a 3-site model, 9 distances between two water
molecules (3x3) are required to be calculated to obtain the electrostatic interaction between
them. For a 4-site model, one additional distance between the oxygens is required to cal-
culate the Lennard-Jones potential, resulting in 10 distances. Further, for the 5-site model,
each water molecule has 4 charge sites and one Lennard-Jones site, thus, 17 (4x4+1) dis-

tances are required, and 26 distances are required for the 6-site model.

It is important to choose a water model with a balance between accuracy and computa-
tional cost. In this work, the TIP4P water model with the OPLS-AA force field was used
in all simulations in absence of a membrane. CHARMM for protein and membrane together
with a modified TIP3P water model was used for the simulations in presence of the mem-
brane. In contrast to the standard normal TIP3P model, this TIP3P water model also places
Lennard-Jones parameters on the hydrogen atoms, which makes the calculation two times
slower. However, previous studies [64] showed that the CHARMM modified TIP3P water
model is crucial for reproducing correct membrane densities. This was also the case in our
study (see Chapter 4).

2.1.3 Applying an external force

As introduced in Section 1.1, the activation of mechano-sensing proteins is regulated by
mechanical force, which induces either protein unfolding or dissociation from an auto-
inhibitory domain, leading to the exposure of the protein activation site. Single molecule
force spectroscopy can be used to investigate such biochemical processes as explained in
section 1.2. In this work, MD simulations were carried out to study such force regulated
biochemical processes by mimicking the way of force application used in the experiment
or thought to be at play in vivo. Such MD simulations are called Force-Probe Molecular
Dynamics (FPMD) [65] or Steered Molecular Dynamics [66]. As with AFM, FPMD simu-
lations can be performed with either a constant force of a constant pulling velocity assigned

on the desired force application point.
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The limitations of computer resources allow the MD simulation to be performed within
a varying length of time from nanoseconds (short simulations) to microseconds (long sim-
ulations), or more recently to milliseconds with dedicated hardware [67]. Such time length
is usually much shorter than the time length of an unfolding process in vitro. Applying a
large mechanical force or a fast pulling velocity on the protein can the unfolding process,
however, it can also lead to artifacts. As mentioned in Section 1.2, fast pulling shifts the
system far away from equilibrium, i.e. a too high force or a too fast velocity could result in
an unrealistic unfolding mechanism. Thus, to reproduce experimental conditions, it is very
important to choose a reasonable pulling force or pulling velocity, a tradeoff between com-
putational expense and realistic time scales, which strongly depends on the size and nature

of the system under investigation.

Figure 2.5 FPMD simulation setup of FAK as used in the thesis. The basic patch (red, left) and the
C-terminus (red, right) are pulled by virtual springs away from each other inducing unfolding and
dissociation.

To reproduce the experimental environment as close as possible, FPMD simulations use
the same solvent environment and the same direction and application point of the external
force. Fig. 2.5 illustrates how to apply force on a protein in FPMD simulations. A harmonic
potential acting as a virtual spring is assigned to each force application point. The force
application point can be either a single atom (as the right spring shown in Fig. 2.5) or the
center-of-mass (COM) of a set of atoms (as the left spring shown in Fig. 2.5). By moving
the virtual spring along the pulling direction with a constant velocity v, the mechanical force
F;(t), which is eventually induces protein unfolding, can be detected by using the following
equation,

Fi(t) = ko 2i() — Zopring. (1), (2.12)

where kg is the force constant of the spring, z;(¢) is the position of force application point,
and Zspring,; 18 the position of the spring and given as Zspring,i(f) = zi(0) == Az(t), where

Az(t) = vt.
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2.2 Molecular docking

FPMD simulations were the method of choice for the investigation of force-induced
FAK activation (Chapter 4). In the simulations of a single FK-FAK molecule in absence of
a membrane bilayer, force was applied to the Ca atom of the kinase C-terminal residue and
the COM of the Cor atoms of the basic patch in the FERM domain using constant velocity
pulling (Fig. 2.5). In the simulations of the

FK-FAK-membrane complex, the force was as-

signed to the Ca atom of the kinase C-terminal To

residue and the COM of the membrane bilayer. % =

Due to the harmonic fluctuations of the force § |

application points, the resulting unfolding force 8

varied over a large range with high frequency = g;

(black area in Fig. 2.6). Thus, the resulting force "0 200 400 600 800

. . . Time (ns)
signals were smoothed by using Fourier trans-
forms (red line in Fig. 2.6). The highest value in Figure 2.6 An example of a force profile
resulting from an FPMD simulation of FK-

FAK in absence of a membrane. The red line
rupture force, and is used as a measure for the g the smoothed force signal.

the smoothed force profile was then recorded as

force required for the dissociation between FAK
FERM and kinase domains.

2.2 Molecular docking

Molecular docking is an approach to predict
a preferred structure of a complex formed
by two molecules such as two proteins or a
protein and a ligand, which are supposed to
bind to each other and form a stable com-
plex (Fig. 2.7). It is widely used in the field

of drug design. By calculating the interac-

tion geometry and strength energy between

a protein and different ligands, more effec- Figure 2.7 The best scored FK-FAK-PIP; struc-
ture obtained from docking. The highly negatively
o ] ) ] charged PIP; binds directly to the highly posi-
protein, interacting with specific molecules tively charged basic patch in the FAK FERM F2
to form complexes, is called a binding site. lobe

tive drugs can be developed. The area of a

Such binding sites usually have a unique ge-
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ometric shape that can be matched by the complementary shape of another molecule.

A plethora of docking approaches has been developed, that here shall be grouped into
two groups, namely rigid docking (lock-and-key [68]) and flexible docking (induced-fit [69]).
In the first model, the protein is regarded as a “lock’ and the ligand is the “key”. Only the
key (ligand) with correct size and shape can enter the key hole (binding site) of the lock (re-
ceptor protein) in the correct orientation. This model describes the “best fit” orientation of a
ligand bound to a particular protein, assuming conformational changes of protein or ligand
to be absent. However, since both ligands and molecules are flexible, lock-and-key model
cannot explain all experimental findings. Thus, models called “induced-fit” and “conforma-
tional selection” [70] were proposed. The “induced-fit” suggests that the binding of a ligand
to the target protein is analogous to “hand-in-glove” [71]. During this process, the ligand
and the protein adjust their conformation to fit one another. Similarly, protein and ligand
in the unbound state straggly fluctuate, and only a subset of conformations is selected for

binding.

The evaluation of the predicted structure depends on the strength of the intermolecular
interaction and the energy of the complex, which are estimated with the help of a scoring
function. Most scoring functions are based on molecular mechanics force fields (see sec-
tion 2.1.1) to calculate the non-bonded energy between two molecules. A low interaction

energy of a complex indicate a stable bind-

ing between ligand and protein. The inher- o——T———T— 7
ent flexibility, leading to induced-fit or con- I
formation selection, needs to be taken into

account for accurate docking predictions.

The interactions between two molecules

usually belong to four categories, namely,

L 1 1 | L 1 1 | 1
electrostatic forces (Coulombic interac- 0 2000 4000Time6?p0£ 8000 10000

tion), electrodynamics forces (van der

Waals or Lennard-Jones potential interac- Figure 2.8 The short range coulombic interaction
between FAK basic patch and PIP; head group in

the ten best complex structures predicted by the
related forces (like hydrophobic effects). UCSF DOCKS6.5 suite are calculated by perform-

According to the nature of the binding be- ing MD simulations.

tween two molecules, different intermolec-

tion), steric forces (entropy) and solvent-

ular interactions can be selected to score the possible complex poses. In this work, MD
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2.3 Force distribution analysis

simulations were used to predict the best geometry of PIP, bound to FK-FAK. The basic
patch in the FAK F2 lobe is highly positively charged, which binds directly to the highly
negatively charged PIP; lipid We used the UCSF Dock 6.5 suite (see Section 3.2.1) for flex-
ible docks of PIP; to the FAK basic patch. The interactions between the two partners were
mainly electrostatic nature. To score the obtained docking poses, the short range Coulombic
interactions between FK-FAK and the PIP, head group was calculated during subsequent
MD simulations. As shown in Fig. 2.8, Coulombic energies strongly varied. The struc-
ture of FK-FAK-PIP; complex with the lowest Coulombic interaction energy was chosen as

"best’ structure.

2.3 Force distribution analysis

The activation and function of mechano-sensing or more generally allosteric proteins are
related to the conformational changes induced by an external perturbation such as ligand
binding and external forces (Chapter 1). The perturbation gives rise to an internal distribu-
tion of this signal in terms of interaction forces, analogously to the stress in a macroscopic
structure upon external loading. Thus, understanding the distribution of external mechanical
stress within a protein is crucial for revealing the pathway of allosteric signal propagation,
which is useful for the prediction of functional mutagenesis and regulation. However, in
many cases, the atomic displacements induced by the external perturbation are minor, the
site of perturbation and the observed conformational change very distant from each other,
which increases the difficulty for most experimental and theoretical methods to observe
the complete communication pathway at the coordinate level. Therefore, force distribution
analysis (FDA) [72, 73] has been developed in our group for this specific task to detect
the changes in forces directly. Analyzing the intramolecular force is a much more sensi-
tive measurement than tracing the atomic displacements [73], because internal forces can
be high even when atomic coordinate changes are small, as it is the case in rigid regions of

proteins.

FDA provides a variety of output options [73]. The most common one is the scalar pair-
wise force between atoms or residues. An atomic pair-wise force is defined by the force

field according to Equation 2.10. A residue pair-wise force is obtained by vector summation
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of atomic forces as expressed in Equation 2.13,

Fu= Y TFi (2.13)

icri,jerj

where i is an atom of residue ri and j is an atom of residue rj, with ri and rj being different.
Angle and dihedral forces are decomposed into pairwise forces between the three or four

involved atoms, respectively. Forces from PME are not pairwise and ignored.

In Chapter 3, FDA is used to study the conformational changes of FK-FAK induced
by ATP and PIP, binding. The residue pair-wise forces of different states are collected
respectively, and averaged over all simulation steps for each state. A change in pair-wise
force reflects the change of internal strain and thus can be considered as a measure for
the allosteric effect of ligand binding on the protein structure. The network formed by
connecting the residues pairs that have significantly changes in pair-wise forces in different

states gives the pathway of allosteric signal propagation upon ligand binding.

The second way is to compute the sum of the time-averaged scalar pairwise forces acting

on a residue 7i (or an atom):
Sri:Z|Fri,rj| (214)
J

which measure the total stress acting on the residue ri. This stress is called punctual
stress [73] and expressed in units of force. The punctual stress is similar but not equal
to other molecular stresses such as the viral stress [74]. Punctual stress can be understood
as a very sensitive sensor, which is capable of detecting the “hot-spots” within a complicated
network at the atomic level. Mapping the punctual stress as color code onto the correspond-
ing residues provides a direct view of where pair-wise forces accumulate. More details see
Chapter 3.

It is often difficult to identify mechanism of the dissociation between two complex
molecules such as two protein domains, because there are numerous contacts between them,
and the residues at the domain interface swap their partners during the dissociation process.
Here, time resolved force distribution analysis (TRFDA) was employed in this work to iden-
tify the residues at domain interface, which primarily contribute to the rupture force required
for the dissociation between the two domains. Using TRFDA, both pair-wise forces and
punctual stresses can be computed at each time step along a trajectory instead of averaged

over whole simulation.
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2.4 Principal component analysis

In Chapter 4, TRFDA was carried out to calculate the vector pairwise forces between
residues as a function of simulation time. The pairwise force measures the interactions,
including short-range Coulomb and Lennard-Jones potentials between residues ri in the
FERM F2-lobe and rj in the kinase C-lobe according to Equation 2.13. The punctual stress
is calculated by summing up the absolute values of the vector pair-wise forces acting on ri
in the z,

Sri = Z |Fy rirjl (2.15)
rj

S, thus measures the stress acting on the residues located at the domain interface with-
standing the external force. The punctual stress here serves as a simple measure for where
pair-wise forces accumulate along the pulling direction. TRFDA was carried out on the tra-
jectories obtained from the FPMD simulations, whereas classical FDA is more commonly

carried out on the trajectories of equilibrium MD simulations.

2.4 Principal component analysis

The structure of a protein is not rigid. In equilibrium, it often deviates from its mead or
minimum energy equilibrium structure by showing a variety of dynamic motions in a wide
range of time scales, from femtoseconds (bonds vibrations) to microseconds or even longer
(protein folding). Large tertiary and quaternary protein conformational changes are often in-
volved in protein function. However, the thermal noise due to the fast harmonic fluctuations
make it difficult to identify large scale collective motions of a protein by visual analysis of
trajectories. Principal Component Analysis (PCA) has been shown in many studies to be a

valuable technique to extract collective motions of biomolecules from MD trajectories.

PCA is a statistical analysis for reducing the dimensions of multivariate datasets with
minimal loss of original information. It is based on the covariance matrix, which allows
only large-amplitude motions to be detected. The collective motions detected by PCA are
called essential dynamics, or principal components (PCs), which argues that only the largest
PCs can represent the functional dynamics of a protein such as FAK. Applying PCA on the
different protein systems, such as apo and ligand-bound FAK, which we study in Chapter
3, provides a straightforward insight into the different protein dynamics of different states.
Below, the steps of determining the principal components of a trajectory are explained based

on the original paper by Amadai at al. [75].
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For a trajectory of N atoms, the vector x(7) = (x;(¢),yi(¢),zi(¢)) describes the coordinates
of all the atoms during the simulation, where i = 1,2,...N and ¢t = 1,2,...Z, with Z equal
to the length of simulation time. The covariance matrix C, which represents the positional
deviations between atomic displacements and the time-averaged structure, (x), is expressed

C = {(x— () —{x)") (2.16)

The symmetric matrix C is then diagonalized by an orthogonal coordinate transformation T

into a diagonal matrix A with the eigenvalues A;:
C=TAT" or A=T'CT (2.17)

The ith column of 7" corresponds to the eigenvectors u; of covariance matrix C, the so called
PC;. Each eigenvector u; can be illustrated as N 3D vectors, which describe the magnitude
and direction of the root mean square (RMS) fluctuation at each atom within the PCi. The
projection of each frame within the MD trajectories (P) onto each eigenvector u; yields the

scaler product of atomic displacements with each eigenvector (Eq. 2.18).

Pe) =i+ ()~ () 218

The variance of the distribution of each resulting projection (#;) is equal to the eigenvalues
(A;), which describe the total mean square fluctuation of the detected motion (PCi) during
the simulation. PCA in this work is carried out with Gromacs tools, g_cover and g_anaeig.

Results are given in Section 3.4.

2.5 PFartial least squares functional mode analysis

Partial least squares functional mode analysis (PLS-FMA) is used to reduce the dimension-
ality of protein dynamical motions and in this respect is similar to PCA (see above). But in
contrast to PCA, PLS-FMA is used to identify not any collective motions but those directly
related to a functional property of interest. To this end, PLS-FMA is able to provide a score

of the correlation between datasets Y and X.
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PLS-FMA [76] is a multiple linear least-square regression of the form:
Y(t)=X(t)b+e (2.19)

It is carried out in this work to identify similar dissociation motions of the FAK FERM-
kinase fragment in the presence or the absence of the membrane (see Chapter 4). Here, a
time-dependent functional variable Y is expressed in terms of the time-dependent 3D atomic
coordinates X (7) of the protein or a set of atoms, through a collective (PLS) vector b and
residuals e. By minimizing the residuals e, the correlation between Y and b is maximized.
The PLS vector b is established as a linear combination of uncorrelated regressors (PLS
components), k, which are obtanied via linear combinations of the original coordinates X

with maximal covariance with Y.

2.6  Kinetic modeling

Chemical kinetics concerns the study of rates of chemical reactions. From an aspect of
physical chemistry, i.e., the quantitative features of the regulation of a given reaction. From
the aspect of biological function, protein kinetics give insight into biological processes such
as cell signaling. Biological processes often consist of an extensive chain of chemical reac-
tions, which often are kinetically regulated by one or few certain steps, such as the signaling
cascade triggered by FAK activation. In our case, a kinetics model can provide information
about the influence of mechanical force on the system at different levels of organization,
from the single step of FAK catalytic turnover to the formation of multiple protein com-
plexes of FAK with downstream proteins, all the way down to the phosphorylation of Ras
GTPase.

To characterize a chemical reaction or biological process, three aspects of this reaction
need to be considered. The first is the influence of different experimental conditions, includ-
ing temperature, pressure, concentrations, reaction medium and catalysts, on the rates of a
chemical reaction. The second is the reaction mechanism, which defines how many steps
and transition states exist in the reaction process. The third is to choose proper reaction
laws, which describe the change of the reaction rate upon the concentration of reactants.
The systematic collection of these information is the prerequisite for the construction of a

mathematical model to describe the reactions. The kinetic model of a simple mechanism of
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an enzymatic process is presented as an example in the text below.

In biochemistry, a simple mechanism of enzymatic process is written as:

ki ko kp
T B - FP

E+S E+P

where enzyme (E) binds to a substrate (S) to form a transition complex (ES), which can
rapidly be transformed to another transition complex (EP). Then, EP can be very fast con-
verted into a product (P) and the enzyme. The forward (and backward) rates of the three
steps, ki, ky and k, (as well as k_1, k_», and k_, respectively describe the kinetics of the
overall reactions. In this catalytic process, the enzyme acting as a catalyst just accelerate

the reaction by lowering the activation energy without affecting the reaction equilibrium.

To describe a reaction in dynamic equilibrium such as S = P, Peter Waage and Cato
Guldberg formulated the law of mass action in 1864, which initiated the development of
chemical kinetics. According to this law, the equilibrium can be described by an equilibrium
constant, K.,, which is expressed as: K.,=[P]/[S] = ki/k—_;. The free energy difference
between S and P is expressed as: AG? = -RTInK,,.

The rate of a reaction or process is defined as appearance of products [P] per unit time
and is determined by the multiplication between the rate constant, k, and the concentration
of the reactant (or reactants). For a reaction as:

nASI+nBSZ i) P

the reaction rate is given as v = d[P]/dt = K[S11%[S2]°. The sum of a and b is called the order
of reaction, which can be measured by experiments. For a + b = 1, the reaction is called
the first-order reaction, the reaction rate k has units of s~! . For a + b = 1, it is called the

second-order reaction, the reaction rate k has units of M~ 1s~1.

The Mechaelis-Menten mechanism is one of the best-known models to describe an en-
zymatic process. It is based on two assumptions. The first assumption is that the reverse
reaction (P — S) is negligible, because the product is assumed to immediately interact with
downstream proteins (or other species). Based on this assumption, the enzymatic mecha-

nism can be simplified to:

1 kcat
— >

E+P




2.6 Kinetic modeling

Applying the reaction law gives a set of non-linear ordinary differential equations (ODEs)

that describe the changes in concentrations of reactants over time.

% = k1 [E][S] + k_1 [ES] + ke [ES]
% — I [E][S] + k1 [ES]
MBSt 115) k5] — ke[S
dlP] _

7 = kcat[ES]

To solve these equations, another very important assumption is required, the quasi-steady-
state assumption. It assumes that the concentration of any intermediates such as [ES] re-
mains constant over time, i.e., d[ES]/dt = 0. Since [ES] + [E] = [E]p according to the

enzyme conservation law, the concentration of the complex [ES] becomes:

[E]o[S]
ES| =
[ES] Ky + [S]
where,
k—l"‘kcat
K,=————
m kl

is known as the Michaelis constant. Hence, the rate v of the reaction is solved and expressed
as:

dES]  Vmax[S]

dt Kn+[S]

where vy = kear[Elo.

Similar to the construction of the mathematical model of an enzymatic process, a kinetic
model of FAK signaling has been formulated in this thesis. Kinetic modeling is based on
an extensive collection of experimental data. However, the force-dependent rate of FAK
mechanical activation has not yet been identified experimentally. We here obtain the kinetic
parameters from MD simulations (see Chapter 4). By performing MD simulations, we in-
vestigated the mechanism of FAK mechanical activation, which switch on the activation of
downstream proteins. Applying the DHS model (see Section 1.3) gives a force-dependent
reaction rate (Equation 1.3) of FAK catalytic turnover. Combining this reaction step with the
downstream reactions kinetics of which has been quantified in previous studies, a mechano-

biochemical network of FAK signaling was constructed. Each chemical species in the net-
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work is represented by an ODE, which is used to trace the dynamics of the concentrations
of chemical species over time. The ODEs are solved by using COPASI. COPASI is free
software package for modeling and simulations of biochemical networks [77]. Analysis of
the results, in particular the force dependency of downstream Ras signaling, is presented in
Section 4.8.
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CHAPTER 3

ALLOSTERIC REGULATION OF FAK BY LIG-
ANDS BINDING

This chapter focuses on the dynamics and structural changes of the FAK FERM-kinase
fragment induced by ATP and additional PIP, binding. As showed by recent fluorescence
resonance energy transfer (FRET) experiments, ATP binding results in a closure of the
FERM-kinase interface, which is reversed by additional PIP, binding [41]. To reveal the
atomistic details of this open-to closed motion of FAK, a series of all-atom MD simulations
was perfomed in the absence or presence of ATP and PIP, followed by principal component
analysis (PCA) and force distribution analysis (FDA).

3.1 Introduction

Chapter 1 presents an important role of FAK as a cellular mechano-sensor at the cross-
roads of multiple signaling pathways. In short, FAK is activated at focal adhesion sites
through protein-protein interactions of its C-terminal FAT domain with intergrin and actin-
associated proteins, such as paxilin and talin [14, 78, 79]. The activation of FAK regulates
the formation and function of FAs, which enables the integration of mechanical and bio-
chemical signals between the outside and inside of cell and establish a mechanical link of
the cellular cytoskeleton with the ECM [14]. Thus, FAK is crucial for the regulation of mul-

tiple cellular processes, including cell signaling, proliferation, migration and development.
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Allosteric regulation of FAK by ligands binding

Understanding its mechanism of activation and function are of pivotal importance for the
rational design of new treatments of severe human diseases, in particular treatment-resistant
cancers [80]. To reveal the mechanism of FAK activation, many stimuli have been investi-
gated. Recent study showed that the direct binding of PIP; to the basic patch in the FERM
domain can induce partial activation of FAK [42, 44]. Therefore, the study of PIP; induced
FAK allostery might be helpful for revealing the mode of FAK activation.

In order to achieve this goal, bio-
chemical, structural, and FRET experi-
mental studies have recently been carried
out [41]. The experimental results shows
an increased FRET efficiency measured be-
tween the N-termini of the kinase N-lobe
and the FERM F1-lobe induced by the bind-
ing of ATP to the activation loop of the ki-

nase domain, which suggests a closure of

FERM-kinase interface. 1In contrast, the Figure 3.1 Molecular structure of FAK FERM-
conformational rearrangement induced by kinase fragment. The positions of ATP (red and
PIP, (purple) are shown at representative posi-

. tions, as observed during the simulations. Sites
FERM-F2 results in an even lower FRET of FRET labels (Arg35 and Asp414, shown as

additional PIP, binding to a basic patch of

efficiency than FK-FAK in absence of lig- sphere) and the basic patch dark green are high-
and binding, indicating a partially opened lighted:

PIP,-bound FERM-kinase fragment (FK-

FAK) structure. These conformational transitions upon ATP and PIP, binding enhanced
the efficiency of auto-phosphorylation of Tyr397 at FAK linker. However, binding was still
not able to induce sufficient conformational changes required for the phosphorylation of the

key tyrosine residues (Tyr576/577) resulting in maximum activation of the kinase domain.

Molecular simulations can provide direct insight into the underlying molecular mech-
anism of such allosteric effects at high spatial and temporal resolution, which cannot be
achieved by biological experiments. In this study, only the FERM and kinase domains of
FAK were considered. The structure and dynamics of FK-FAK in three systems have been
studied. These were: (1) FK-FAK in absence of ligands (apo-FK); (2) FK-FAK bound to
ATP (FK-ATP); (3) FK-FAK bound to ATP and PIP, (FK-ATP-PIP,). By performing a
series of MD simulations, a model of ATP and PIP,-bound FAK complexes at atomistic

scale have been proposed. These models have been based on previous structural and muta-
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tional data (Figure 3.1), which detected distinct long-range conformational changes in the
kinase and FERM domains. Then, global motions of FAK fragments were analyzed using
PCA (see Section 2.4). We have found that ATP binding leads to closure of the two kinase
lobes, which is reversed by subsequent PIP, binding with structural consequences at the
FERM-kinase interface. Next, FDA (see Section 2.3) has been carried out in order to char-
acterize the stress distribution in the FAK protein upon ligand binding, allowing to identify
the allosteric network of primarily electrostatic interactions. This network spans from the
PIP, binding site to the distant interface between the kinase N-lobe and the FERM F1-lobe
and comprised candidate residues for site-directed mutagensis experiments to validate the

mechanism proposed herein.

3.2 Materials and Methods

3.2.1 Molecular Docking

For all simulations, the crystal structure
(PDB code: 2J0J) of the FAK fragment
comprising the FERM and kinase domain
(residues 35-686) [36] was used as start-
ing structure. Coordinates of flexible loops,
including those of residues 362-394, 402,
and 574-583, were not resolved and were
completed by MODBASE [81]. The struc-
ture of FK-ATP was obtained by inserting

ATP/Mg”*t in the same binding pose re-

solved in the crystal structure of FK-FAK in Flgure 3.2 The system of gr.id—based molecular
docking. The FAK fragment is shown as cartoon

complex with ANP (PDB: 2JOL) [36]. The colored by corresponding colors, and the force
initial geometry of the FK-ATP-PIP, com- field grid is outlined by the white box. The vio-
plex was obtained using a molecular dock- let Balls indicate sphere of the Binding pocket.
ing procedure, with the putative PIP, bind-

ing site assigned to the FERM basic patch (residues 216-222). Partial atomic charges on
the PIP; molecule were assigned using the RESP methodology [82—-84] and obtained by

REDS [82, 83], using HF/6-31G* as basis set. The total charge on the PIP, head group
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Allosteric regulation of FAK by ligands binding

was set to -5, which corresponds to the fully deprotonated state, since potential protons
of PIP; in its most common state with -4 as a total charge [85] are likely to be displaced
by Lys/Arg interactions upon binding to FAK. Molecular docking was performed with the
UCSF DOCKGO6.5 suite [86], using the semi-rigid docking procedure and energy grid scor-
ing in an implicit solvent. The grid spacing was 0.025 nm, and the grid included 1.2 nm
beyond the FAK basic patch (Fig. 3.2). The energy score was the sum of electrostatic and
van der Waals contributions. In the course of the docking procedure, the PIP, molecule
was subjected to 2500 cycles of molecular-mechanical energy minimization. The number
of maximum ligand orientations was 5000. The best-scoring 25 FK-ATP-PIP, complexes
were further analyzed by means of MD simulations. The best structure was chosen accord-
ing to the most favorable Coulombic interaction between the PIP; head group and the basic
patch in the FERM domain.

3.2.2 Molecular Dynamics simulations

All MD simulations were carried out us-
ing GROMACS 4.0.5 [61]. The OPLS all- PR RPN i
atom force field [62] for the protein and the
TIP4P water model [57] were used. The
temperature was kept constant at T=300K
by using velocity rescaling with a coupling

time of 0.1 ps. The pressure was kept con-

stant at 1bar using an isotropic coupling /
to Parrinello-Rahman barostat with a cou-
pling time of 0.1 ps [87]. A cut-off of 1 nm

was used for all non-bonded interactions.
Figure 3.3 The cubic simuation box contains pro-

) ) tein with ligands solved TIP4P water and neutral-
treated with the PME [88] method using a jzed by sodim and chloride ions.

Long-range electrostatic interactions were

grid spacing of 0.12 nm with cubic interpo-
lation. All bonds between hydrogens and heavy atoms were constrained using the LINCS
algorithm [53]. An integration time step of 2 fs was used. During all simulations, the

neighbor list was updated every 10 steps.

Each of the three structures, apo-FK, FK-ATP and FK-ATP-PIP;, were immersed in a
cubic TIP4P water box containing about 200,000 atoms (Figure 3.3). Sodium and chlo-
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3.3 ATP and PIP2-induced conformational changes of FAK

ride counter-ions (0.1 M concentration) were added to neutralize the system. Prior to the
MD simulations, all investigated systems were energy-minimized using the steepest descent
method for 10000 steps. This was followed by 2 ns MD simulations, during which posi-
tion restraints were used on all protein atoms. Finally, each system was equilibrated during
200 ns MD simulations. The last 120 ns trajectories of each simulation were used for anal-

ysis.

3.3 ATP and PIP2-induced conformational changes of FAK

In order to characterize the interactions be-
tween ATP, PIP, and FAK at atomistic de-
tail, MD simulations of following systems
have been performed: (1) the FAK fragment
containing the FERM and kinase domain
(apo-FK), (2) the same fragment with ATP
bound (FK-ATP) and (3) the same fragment
bound to ATP and PIP, (FK-ATP-PIP;)

(Figure 3.1). All simulations were carried

out under the same conditions. It should
be noted that that the FK-ATP-PIP, com-
plex contained only the PIP, head group
(C2-PIP;), not the whole lipid. This is jus-
tified, since the hydrophobic tail of PIP,

Distance (nm)

3.0

is supposed to be embedded in the mem-

brane and does not contribute to the protein- 2.94

apo-FAK  FAK-ATP  FAK-ATP

lipid interaction. The interaction of the FK- PIp
- 2

FAK fragment with the PIP; enriched mem-

brane is described in Chapter 4. In a so- Figure 3.4 Average and deviations of the distance
between the centers of mass of the FERM F2-lobe
and the kinase C-lobe are shown. ATP and PIP,
net-charge of -4, which corresponds to the binding do not effect the F2-C interface

lution with pH7, PIP, carries most likely a

singly-protonated state. [85]. However, in
our simulations the net charge of -5, corresponding to the fully-protonated state, has been
assigned to the PIP; head group. The reason for this was that the proton bound to PIP; is
likely displaced upon binding the FAK [85].
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Allosteric regulation of FAK by ligands binding

In all simulations, comprising 3 x 0.2 us for each state, there was no sign of a full
dissociation of the inhibitory FERM domain from the catalytic kinase domain. Instead,
the distance between the FERM F2-lobe and the kinase C-lobe remained unchanged during
the whole simulation (Figure 3.4). However, some allosteric conformational changes at the
interface of FERM and kinase domans induced by ATP and PIP; binding were observed.
To validate these conformational changes and to compare them with FRET data [41], the
distances between Arg35 (the N-terminal residue of the FERM domain) and Asp414 (the
N-terminal residue of the kinase domain), which were the labeling sites for FRET sensors,

were computed for the MD simulation trajectories (Figure 3.5a).

. 4.5 1

3.0 -

Distance (nm)
e > >
(9] [} W
Distance (nm)
w IN
[ o

3.0 1

apo-FAK FAK-ATP FAK-ATP 0 1 2 apo-FAK FAK-ATP FAK-ATP 0 2 4
-PIP, Density -PIP, Density

Figure 3.5 Conformational changes upon ATP/PIP, binding measured by inter-domain distances as
observed in MD simulations of the three states of FAK, namely apo-FAK (yellow), FK-ATP (red) and
FK-ATP-PIP; (blue). (a) Distribution (right) and deviations (left) of distance between the residues
where FRET labels were inserted in the FERM and kinase domain. b) Distribution (right) and

deviations (left) of distance between the centers of mass of the FERM F1-lobe and the kinase N-
lobe.

As shown in Fig 3.5 (a), the shortest median FRET distance for FK-ATP was about
3.2nm, whereas the FRET distances of apo-FK and FK-ATP-PIP, were equal and above
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3.3 ATP and PIP2-induced conformational changes of FAK

3.5 nm, respectively. This trend is in very good agreement with the experimental data, which
gave a larger FRET efficiency for ATP-bound FAK and a lower FRET efficiency for ATP-
PIP,-bound complex as for apo-FK [41]. However, the distances between the FRET labels
cannot reflect the inter-domain distance. As can be seen in Fig 3.5 b, more than 50 % of apo-
FAK center-of-mass (COM) distances between the N-lobe and F1-lobe were in the range of
3.1 of 3.3 nm, which is shorter than the median COM distance of FK-ATP (3.5 nm) and FK-
ATP-PIP; (3.8 nm). Thus, the binding of ATP to apo-FAK induces an apparent closure in
the simulations, similar to what was measured by the FRET labels in experiments. However,
the experimental results did not show an opening of the respective sub-domains, the N-lobe
and F1-lobe, relative to each other. In contrast, PIP, binding to FK-ATP resulted in a partial
opening at the interface between N-lobe and F1-lobe leading to increased distances of both
the COM of the two domains and the respective FRET labels. Thus, the addition of PIP; to

FAK could induce the switch from an inactive to an active kinase domain.

To understand the effect of ATP and PIP, on the FK-FAK, the backbone fluctuations of
FERM and kinase domain in all simulations were calculated and averaged over the trajec-
tories for each state. Figure 3.6 shows the changes of residue fluctuations within the FERM
F2-lobe upon on ATP and PIP, binding. The highlighted areas indicate the basic patch
(light green) and a loop (residue: 180-190, light violet) at the F2/C interface. This loop
seems to be disordered in the crystal structure (PDB ID: 3ZDT) [41] of the FERM domain
in absence of the kinase domain (F-FAK)

containing charge-neutralized mutations of L - L B B
Residue: 180-190 A

Basic patch

A AI\AAA h[\J\A A A./\AM

THT Yo e

\]
T

the basic patch. In the experiment, the ba-

sic patch mutation was meant to mimic the

—
T T
1

effect of PIP,. However, in MD simula-

tions, the fluctuation of this lobe is just
slightly increased in FK-ATP-PIP;. Instead,

1
—
T T

A Fluctuation (&)
(e)

1
\S]

the fluctuations of residues between these i ]
two highlighted areas at the domain inter- Y U U Y I

140 160 180 200 220 240
face are overall increased in FK-ATP. Residue index

Figure 3.6 The changes of Root mean square fluc-
o ] tuations (RMSFs) of FERM F2-lobe upon ATP
binding can induce long-range rearrange- ,nq PIP; binding. Differences in RMSFs to the

ments of the F2/C-lobe interface, which re- apo-state as reference are shown in red for FK-
duces the interaction between the FERM ATP and in blue for FK-ATP-PIP;.

A plausible explanation is that ATP

F2- and kinase C-lobe and consequently
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Allosteric regulation of FAK by ligands binding

leads to a high flexibility of the residues within the F2-lobe in FK-ATP as compared to
F-FAK. The additional basic patch mutant in F-FAK attenuates the interactions of the ba-
sic patch with its adjacent helices and induces further destabilization (or disorder) of the
loop 180-190. Similar to the basic patch mutant, additional PIP, binding neutralizes the
charges on the basic patch and reduces the electrostatic interactions of the basic patch with
its adjacent helices. At the same time, it also enhances the rigidity of F2-lobe by forming
salt-bridges with the basic patch and its adjacent helices, inducing a rearrangement of the

F2/C-lobe interface.

a) 3P : : :
apo-FAK/FAK-ATP |
apo-FAK/FAK-ATP-PIP,

A Fluctuation (A)
\

| L | | L || L |
450 500 550 600 650

Residue index
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1
—

apo-FAK/FAK-ATP apo-FAK/FAK-ATP-PIP,

Figure 3.7 RMSFs of the kinase domain upon ATP and PIP, binding. (a) Differences in RMSFs to
the apo-state as reference are shown in red for FK-ATP and in blue for FK-ATP-PIP,. Regions with
large significant changes of residue fluctuations have been labeled with different colors. (b-c) Kinase
domains are colored according to the differences in RMSF shown in (a).

Next, changes of residue fluctuations within the kinase domain (Figure 3.7a) were ana-
lyzed. The kinase domains in FK-ATP (Figure 3.7b left) and in FK-ATP-PIP; (Figure 3.7b

right) were colored according to the differences in RMSFs to the apo-state as a reference.
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3.4 Detection of functional modes in FAK dynamics

The presence of ATP in the active site leads to a maximal stabilization of the fC-sheet and
the activation loop as shown in Figure 3.7b left. It also increased the flexibility of aC-, «EF-
and oeG-helices. The binding of PIP; reduced the stabilization of the fC-sheet and the acti-
vation loop induced by ATP binding and further enhanced the fluctuations of the activation
loop, aC-, «EF and aeG-helices. All these sites are located at the domain interface and are
part of the auto-inhibitory interaction sites of the kinase domain with the FERM domain.
Overall, the allosteric effects of ATP and PIP; on the active site of the kinase domain appear
to be of opposite nature, not only in terms of inter-lobe distances (Figure 3.5), but also in

terms of fluctuations (Figure 3.7).

To summarize, we propose that the binding of ATP and PIP, results in changes at the
FERM F2/kinase C-lobe interface. These affect the rigidity at the FERM-kinase interface,
as suggested by the RMSF, and allows for the allosteric open-to-closed motion between the
N-lobe and F1-lobe, as suggested by the distance measurements. In none of the three states
examined, the phosphorylation site Tyr576/577 was released from the FERM domain. These
observations strongly suggest that the FRET-sensors only measured partial FAK activation.
The validation of the observed ATP and PIP, dependent dynamics in FAK by comparison

to FRET experiments allows for functional analysis of the ligand-dependent dynamics.

3.4 Detection of functional modes in FAK dynamics

To analyze the functional motions underlying the observed distance changes and the oppo-
site allosteric effects of ATP and PIP; at the active site in the kinase domain, a principal
component analysis (PCA) [89] of the kinase domain in the apo state was carried out. Two
major motions were observed, as reflected by the projection of the MD trajectory on the first
two eigenvactors, which accounts for ~45% of the overall protein motion (Figure 3.8a). As
shown in Figure 3.8, eigenvalue 1 (EV1) represents an open-to-closed motion between the
C- and N-lobe, and EV2 corresponds to a twisting motion of the FAK kinase domain. To
study the differences between the protein’s conformational motions in its three states, the
trajectories of the kinase domain in the FK-ATP and FK-ATP-PIP; states were projected

onto the eigenvectors calculated for the apo state.

As can be seen in Figure 3.9, apo-FK samples a broad range of conformations, including

both the open-to-closed inter-domain motion and the intra-domain twisting motion (yellow).
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Figure 3.8 Collective motions of the kinase (a) 20 largest eigenvalues from PCA of kinase domain
C atoms as observed for apo-FAK. The first two modes describe 45 % of the total motion of this
domain (b-c) Porcupine plot of the FAK kinase domain, illustrating the motion along the first (b) and
second (c) eigenvectors (EV) obtained from PCA. Coloring according to the deviation in eigenvalue
between the two extreme structures along the respective EV. EV1 (b) describes an opening, EV2 (c)
a twisting motion.

The binding of ATP between the kinase N and C-lobe restricted the open-close transition
and constrained the residues in the active sites. PIP; binding to the basic patch in the FERM
domain, in turn, released some of these constraints, and the kinase domain was found in
a more open conformation (negative eigenvalues of EV1). These results are in agreement
with the RMSF measurements (Figure 3.7) and can explain the increased distances observed
experimentally (Figure 3.5).

In addition, the available X-ray structures were also projected onto the collective coor-
dinates (Figure 3.9). The experimentally resolved crystal structures, including the FERM-
kinase domain in the presence of staurosporine (PDB:2J0J, violet) and the ANP bound
kinase domain (2JOL, green) [36] lie well within the dynamics observed in our MD sim-
ulations for three states. For comparison, a number of structures of the true apo-state of
the kinase in absence of the auto-inhibitory domain or any ligand bound to the active site
(black), reproduced the large variability of the apo state along EV1. Along EV2, they dis-
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3.4 Detection of functional modes in FAK dynamics

tributed in the conformational space observed in the MD simulations for FK-ATP and FK-
ATP-PIP,. A possible interpretation is that the interaction of kinase domain with FERM
domain leads to an apparent shift of the twist in the kinase domain, which can be reversed
by dissociation of the kinase from the FERM domain or by weakening of the FERM-kinase
interface upon ATP and PIP; binding. It should be emphasized that until now there is no
experimental structure of FK-FAK in the apo state available. All crystal structures were
obtained either with a bound ligand or in absence of the FERM domain. Therefore, a direct

comparison between our simulated FK-FAK fragment and the experimental structures is not

straightforward.
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Figure 3.9 Conformational changes upon ATP/PIP, binding measured by principal component anal-
ysis (PCA). a) apo-FAK (yellow), FK-ATP (red), FK-ATP-PIP; (blue) during MD simulations, and
crystal structures of the apo-FERM-kinase (violet, 2J0J), the ANP-bound FAK kinase (green, 2J0L),
and apo-kinase domains (black) were projected on the first two eigenvectors obtained from a PCA
of the fluctuations of apo-FAK C, atoms. Distributions of the three states along the two apo eigen-
vectors are also shown.
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3.5 ATP and PIP2 induced allostery of FAK

In the MD simulations, large-scale conformational changes in the FAK kinase domain and
at the FERM-kinase interface could be observed. The changes were induced by ATP and
PIP; binding. These two opposite effects of ATP and PIP, seem to be related, although
their binding sites are located far away (4 nm and more) from each other, and also far away
(1.5 nm and more) from the N/F1 interface and the auto-phosphorylation site. This leads
to the question how these two ligands induce conformational changes in the protein at such
distant sites. In order to answer this question, the molecular nature of the allosteric pathway
connecting the involved sites was studied. To address this issue, we performed Force Distri-
bution Analysis (FDA) of the ligand-protein complexes. FDA is a very sensitive technique,
which measures changes in internal pair-wise forces induced by external perturbations such
as ligand binding (see Section 2.3). Matrices of inter-residue forces were averaged over all
trajectories for each state (apo-FK, FK-ATP, FK-ATP-PIP,).

First, the allosteric effect of ATP, which induced FERM-kinase domain closure observed
in previous experiment and in MD simulations, was studied. By comparing the inter-residue
forces in apo-FK and FK-ATP, the residue pairs, with force differences between the two state
beyond a certain cutoff, were identified and connected, and a force transduction network
was generated. To reduce the noise, only connected graphs with more than 5 residues is
displayed as a vertex [90]. Also, the two termini of the protein were excluded from the
analysis as forces in these fluctuating regions are particularly noisy. When considering a
high force cut-off (500 pN), the determined force network spreads from the ATP binding
site through the activation loop, to the FERM F1 domain (Figure 3.10a). Apparently, ATP
and Mg?* act as an electrostatic “lock” by interacting with the adjacent charged residues,
This leads to a restriction of inter-lobe fluctuations as observed in RMSFs measurement
(Figure 3.7) and closure between the N- and C-lobe within the kinase domain as observed
in PCA (Figure 3.9). With decreasing force cutoff (Figure 3.10b—c), the force transduction
network expands to the PIP; binding site in the FERM F2 lobe until almost covering the
whole FERM-kinase domain interface, resulting in a destabilization of the helices within
the kinase C-lobe at F2/C-lobe interface (Figure 3.7), though without a dissociation between
the FERM and kinase domains (Figure 3.4).
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3.5 ATP and PIP2 induced allostery of FAK

Figure 3.10 Force distribution upon ATP binding. (a-c) The network of force differences between
apo-FAK and FK-ATP state simulations is shown as sticks. Only the networks of forces connecting
more than 5 residues are shown. ATP (purple) is shown at a representative position, as observed
during the simulations. The different colors of sticks indicate different force cutoffs, namely at a)
500 pN. b) 300 pN and c) 200 pN. d) Difference of punctual stress, the sum of force differences
acting on a given residue. Residues with stresses > 3000 pN are shown as spheres.
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Figure 3.11 Force distribution upon PIP; binding. (a-c) The network of force differences between
FK-ATP and FK-ATP-PIP, state simulations is shown as sticks. Only the networks of forces con-
necting more than 5 residues are shown. ATP and PIP; (purple) are shown at representative position,
as observed during the simulations. The different colors of sticks indicate different force cutoffs,
namely at a) 350 pN, b) 300 pN and c) 200 pN. d) Difference of punctual stress, the sum of force
differences acting on a given residue. Residues with stresses > 3000 pN are shown as spheres.
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Figure 3.12 Force distribution upon ATP and PIP, binding. (a-c) The network of force differences
between apo-FAK and FK-ATP-PIP, state simulations is shown as sticks. Only the networks of
forces connecting more than 5 residues are shown. ATP and PIP; (purple) are shown at representative
positions, as observed during the simulations. The different colors of sticks indicate different force
cutoffs, namely at a) 500 pN. b) 300 pN. c) 200 pN. d) Difference of punctual stress, the sum of force
differences acting on a given residue. Residues with stresses > 3000 pN are shown as spheres.
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Next, the inter-residue forces in FK-ATP and FK-ATP-PIP, were compared to under-
stand the reverse allosteric effect of additional PIP, binding on the inter-lobe closure within
the kinase domain. This allosteric change resulted in a pronounced increase in the distance
between the FERM F1 lobe and the kinase N-lobe. This is even more eyestriking than the
ATP dependent allostery given the large distance of this region to the PIP; binding site at
F2. According to the force network depicted in Figure 3.11b-c, additional PIP; binding to
ATP-bound FAK results in a spatially connected force network, which spans the F2/C-lobe
interface and the ATP binding site all the way up to the linker. The PIP, head group is very
negatively charged. The total charge on the whole molecule varies from -5 to -4, depending
on the PIP, protonation state [85]. Thus, binding of PIP; to the basic patch in the FERM
domain causes substantial changes in the protein electrostatic potential right at the F2/C-
lobe interface, such that PIP, binding indirectly adjusts the salt-bridge interactions in this
region [41]. These structural adoptions then further distribute into the kinase N-lobe and

adjacent linker, according to our FDA.

The network induced by the binding
of PIP, to ATP-bound FAK was detected
at a force cut-off of 200 pN, which is
much lower than the forces induced by
ATP binding. A possible reason is that
PIP, resides at the well-structured FERM
domain, in which both force transmission
and structural changes are much less pro-
nounced than in the susceptible kinase do-
main to which ATP binds. Indeed, with
increasing force cutoff, the force network
shrunk from the whole FERM-kinase in-

terface to the dynamic kinase inter-lobe re-

i . ‘ . ) Figure 3.13 The force network (orange) connects
gion domain 3.11a, a site overlapping with regjdue pairs with a change > 250 pN upon ATP
the hinge of the opening-closure motion. binding and a reverse change of > 250 pN upon

. .o PIP, binding. (Marked red in Suppl. Table 1).
Th dicates that the PIP, bind -
15 hdicates that the 2 dding e Positively (blue) and negatively charged residues

motely regulates the opening of the kinase (;eq) in this network are shown as sticks. The acti-

domain without inducing large conforma- vation loop (residue 569-584, dark green) and the

tional changes within the F2-lobe. loop 181-189 (cyan) are shown as cartoon.

Since both computational results and
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3.5 ATP and PIP2 induced allostery of FAK

experimental results reported to date support the finding of the opposite allosteric effect
of ATP and PIP; on the FERM/kinase interface, it is not surprising to observe two largely
overlapping force networks upon ATP and PIP; binding, consisting of similar residue pairs
(Figure 3.10 and Figure 3.11). In order to find a possible explanation for the distinct struc-
tural closure and opening motion induced by ATP and PIP; respectively, the inter-residue
forces of the residue pairs involved in these two allosteric networks are listed in Table 3.1
and analyzed according to their changes in the three states. If the inter-residue force of
one residue pair is change by ATP binding (> 250 pN) and then rescued by PIP, binding
(also > 250 pN), this residue pair is marked red in the table. In Figure 3.13, these residue
pairs with significant reverse force changes are shown as sticks. This pathway includes all
residues, which might regulate the motions giving rise to the FRET signal changes upon lig-
and binding. As can be seen in this pathway, one or both residues in each highlighted pair
is either located in the activation loop (residues 569-584) or in the loop (residues 180-190)
at the F2/C-lobe interface. The former is known for its pivotal role in allosteric regulation
of kinases. The latter has been detected to be disordered in the FAK FERM domain con-
taining a basic patch mutated by charge-neutralizing residues that is meant to mimic PIP,
binding [41]. It is remarkable that all except one of the interactions within the resulted
pathway are salt-bridges that reversibly swap partners. This relative motions of the residues
identified in the force pathway, which are based on electrostatic interactions, seem to be the
molecular basis for the dramatic conformational changes within kinase domain and between

the kinase domain and the auto-inhibitory FERM domain.
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Table 3.1 Average residue pairwise forces within connected networks upon ATP and PIP, binding
as pointed out by FDA and as shown in Figures 3.10 and 3.11. Residue pairs with a change >
250 pN upon ATP binding and a reverse change of > 250 pN upon PIP, binding are marked in red
and highlighted in Figure 3.13. All of them except one are salt-bridges.

Residue APO | ATP | ATP-PIP, Residue APO | ATP | ATP-PIP,
pair (pN) | (pN) (pN) pair (pN) | (pN) (pN)

R35 | D60 -559 | -937 -403 | E404 | R569 | -104 | -447 -195
R35 | R108 637 | 1014 796 | K454 | E471 | -538 | -941 -630
R35 | E109 -7 | -988 -114 | K454 | K581 | 1473 322 3
R35 | E112 | -829 | -1179 -1082 | K467 | E403 | -258 | -489 -14
R35 | E118 | -885 -8 -330 | K467 | E471 | -108 | -418 =757
R35 | D395 0| -351 -105 | K467 | K578 266 554 125
K38 | E403 -785 -26 -9 | E471 | Q470 270 582 378
R57 | D462 | -635 -50 0 | E471 | D564 16 413 378
D60 | R108 | -552 | -234 -668 | E471 | R569 | -952 -74 -682
D60 | E109 15 521 232 | E471 | K581 0| -845 2
D60 | D395 1 400 245 | H482 | Q529 91 49 773
E109 | E112 130 458 168 | H482 | D558 32 -62 481
E118 | K38 -185 | -1272 -1144 | H482 | C559 64 6 1084
R177 | E182 | -174 | -620 -410 | H482 | V560 | -124 -67 1352
R177 | R184 120 466 173 | R545 | E572 | -126 | -1038 -1094
E182 | M183 636 309 300 | D546 | K583 | -779 | -1675 -1158
E182 | R184 | -649 | -943 -546 | D564 | H544 -80 256 194
E182 | R597 | -502 | -176 -397 | D564 | D546 677 | 2231 2381
R184 | K190 164 10 319 | D564 | R550 | -986 | -528 -324
R184 | E636 | -367 -76 -693 | D564 | F565 391 -37 111
E189 | R221 -6 | -546 -650 | D564 | K583 | -222 | -557 -412
E189 | K222 | -109 | -419 -294 | R569 | D405 | -202 | -725 -765
E189 | R229 | -915 | -477 -675 | E572 | Y570 | -289 135 105
K190 | E592 | -799 | -563 -37 | E572 | D573 400 725 681
K191 | K218 155 143 475 | K578 | E404 41 -669 -905
K191 | R221 339 455 858 | K578 | E572 | -1215 6 1
R221 | E195 | -1109 | -505 -151 | K578 | Y576 120 583 604
R221 | E198 | -1178 | -479 -168 | K578 | S580 361 -32 -1
R221 | K199 608 174 73 | L580 | A579 | -190 178 112
R221 | K222 488 671 1277 | K581 | D564 -8 | -542 -2
D395 | R57 0| -405 -393 | K583 | R550 492 | 1166 475
D395 | D63 532 119 22 | R597 | R545 -9 540 316
D402 | K467 | -1068 | -620 -44 | R597 | E572 -32 | -874 -568
D402 | K578 | -136 | -1193 -1248 | R597 | D573 | -1025 | -439 -663
E403 | D402 609 916 664 | R597 | T575 309 -3 -3
E403 | K578 31 -723 -358 | E636 | E592 458 365 61
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3.6 Discussion and Conclusions

We used molecular simulations to study the allosteric effects of ATP and PIP; on FK-FAK.
The computational results can complement the experimental findings [41], and reveal the
underlying molecular details of PIP,-mediated FAK partial activation. Using MD simula-
tion for the three different protein systems (apo-FK, FK-ATP, FK-ATP-PIP,), we observed
the same low-frequency motion of the partial opening of FK-FAK as detected by previous
FRET measurement. Further analysis, namely PCA and FDA, allowed to identify and to
describe the role of ATP and PIP; in this dynamic allostery.

The highly charged ATP/Mg?* acts as a hub for electrostatic interactions with the charged
residues in the active site of the kinase domain and, thus, restricts the inter-lobe motion be-
tween the kinase N- and C-lobe, including twisting and opening. The additional binding
of the highly negatively charged PIP; at the basic patch in the FERM F2-lobe changes the
electrostatic interactions between the basic patch (residues 216-222) and its adjacent o-
helix (residues 181-198) at the F2/C-lobe interface. This leads to a domino-like cascade of
changes in salt-bridges from F2/C-lobe interface through the kinase domain to the F1/N-
lobe interface and to a sequential decrease of the auto-inhibitory interaction between the
FERM and kinase domains.

Based on these results, we can conclude that the allosteric effect of PIP; is mainly the
change of the electrostatic nature of the FERM F2-lobe leading to a restriction of F2-lobe
fluctuations and a consequent rearrangement of the interaction the between FERM F2 and
kinase C-lobe. We believe that the other basic patch interaction partners, such as C-Met [91]

or the FAT domain, might affect FAK dynamic allostery in a similar way.

Besides the molecular description of PIP; mediated FAK partial activation, the com-
putational results described in this chapter allowed to identify important residues involved
in this allostery to predict mutations, which might be critical for the FAK activation. By
considering the position of each highlighted residues in Table 3.1 and the number of its
connections with the nearby residues, we suggest to test the mutations at R184 and R597 of
ATP and PIP,-dependent allostery.

As proposed in the the complex model of sequential FAK activation described in a pre-
vious study [41], we were able to observe the opening between FAK FERM F1- and kinase

N-lobe. Y397 is located in the area of the linker, which formed a 3-sheet conformation with
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Allosteric regulation of FAK by ligands binding

the F1-lobe. The experimental study demonstrates that PIP; binding leads to the dissocia-
tion of the linker from the F1-lobe and, thus, enhances the auto-phosphorylation of Y397
according to the experimental phosphorylation assays. However, we could not detect any
significant change in structure or dynamics of Y397 in the relaxed FERM/kinase confor-
mation, which would explain the PIP,-dependent regulation of FAK. The reason for that
might be the limited sub-microsecond time scale of the MD simulations that was reached.
As described in the previous studies on other proteins [92, 93], FDA is a versatile method
able to reveal signal propagation in the protein by monitoring internal forces even upon mi-
nor conformational distortions, which initiate the large scale and ofter show conformational

transitions.

Since the activation loop is critically in-

volved in the detected allosteric pathway,

3
we calculated its fluctuations. As shownin 5 I
Figure 3.14, ATP binding strongly reduced ‘% -
the flexibility of most residues in the acti- § : i
vation loop, including the major phospho- Eg 0
rylation site of Y576/577. However, PIP, < 1 I
binding released this constraint. That is Al

200 L oy Lo Lo Lo o Ly Ly |
to say that the relaxed FAK FERM/kinase 366 568 570 572 QZS‘}dSZ i6m15e18 580 582 584

conformation upon PIP, binding can not
P 2 £ Figure 3.14 Ligand-induced changes in the activa-

only enhance the efficiency of FAK auto- (jon 1oop at the FERM-kinase interface, where the

phosphorylation, but can also lead to the in- major phosphorylation site Y576/577 is located.
Differences in root-mean-square (RMS) fluctua-
) ) ) tions to the apo-state as reference are shown in
as observed in the experiment [41] by in-  pjye for FK-ATP and in red for FK-ATP-PIP;.

creasing the flexibility of the activation

crease in Src phosphorylation of Y576/577

loop.

In agreement with the experimental data [41], none of the simulations showed full open-
ing of FK-FAK. In other words, PIP, alone is not sufficient to induce catalytic turnover
of FAK which is required for Src recruitment for subsequent Y576/577 phosphorylation.
Therefore, an additional stimulus, such as external mechanical force, might also contribute
to FAK activation. For several focal adhesion proteins, it has been shown that stretching
forces can regulate focal adhesion maturation and signaling [13, 94, 95]. Moreover, several
studies described FAK as a key tension sensor in focal adhesions [31, 96, 97]. FAK’s FAT
domain binds to actin filaments via paxillin [98], and FAK’s FERM domain binds to the
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3.6 Discussion and Conclusions

membrane via PIP, [41, 42]. It is therefore feasible that stretching forces at focal adhe-
sion sites propagate through these attachment points to FAK and enhance FAK activation.
The calculations performed in the framework of this chapter have shown that PIP; and ATP
binding are important first steps in FAK allosteric control. In the next chapter, we shall

describe results on the force-regulated activation of FAK.
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CHAPTER 4

FORCE-INDUCED ACTIVATION OF FOCAL
ADHESION KINASE

This chapter presents the results of out investigation on how an external force can release
the major phosphorylation site Y576/577 from the auto-inhibitory FERM domain of FAK.
The extensive FPMD simulations (Section 2.1.3) of the FAK FERM-kinase fragment under
various conditions were carried out to test if a mechano-activation of FAK at FAs is a plau-
sible scenario. Then, the obtained force-dependent kinetic parameters were employed in a
biochemical reaction model to study the role of FAK as a mechano-enzyme in the regulation
of the GTPase Ras.

4.1 Introduction

The dynamic allostery of FK-FAK upon ATP and PIP; binding has been discussed in Chap-
ter 3. Both experimental [36] and computational observations show that the binding of
PIP, to ATP-bound FAK can induce partial opening of FK-FAK, resulting in an increase
in FAK auto-phosphorylation. However, PIP, cannot induce FAK catalytic turnover, which
requires a fully opened state of the FAK FERM-kinase fragment. Thus, FAK activation re-
quires an additional biochemical stimulus or, potentially, external force, to fully release the

auto-inhibitory FERM domain from the kinase domain.
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Force-induced activation of Focal Adhesion Kinase

The function of FAK as a cellular mechano-sensor involved in the regulation of multiple
signaling pathway has been emphasized in Chapter 1. On this basis, we suggest external
force as an additional stimulus for FAK activation. To test our hypothesis, the first ques-
tion to be answered is how mechanical force propagates to FAK. PIP, appears to be an
excellent candidate for propagating force onto FAK. PIP, is an ubiquitous second mes-
senger enriched in the innerleaflet of the plasma membrane and concentrated at FAs. Ex-
periments have shown that PIP, regulates the interaction of cytoskeletal proteins with the
membrane [99-101]. Although the global concentration of PIP, in the cell membrane is
only 1% [102], the local accumulation of PIP, at the site of docked vesicles exceeds the
cellular PIP, concentration [103]. Recent experiments also showed that PIP, clusters can
be induced by PIP,-protein interactions [102, 104] or by simply adding calcium or other di-
valent ions [105, 106]. In addition, local Ca>* concentration elevations have been suggested
to be able to increase the residency of FAK at FAs [107]. All these findings indicate that the
aggregation of PIP, at FAs might be critical for in the FAK activation.

Extracellular matrix

Integrin

Cytosol

Figure 4.1 Mechanical model of FAK activation represents how FAK connects membrane and cy-
toskeleton. The basic patch (dark green) in the FERM domain (blue) binds to the membrane (light
yellow) through direct interaction with PIP, cluster (red). The major phosphorylation site, Y576/577
(purple star), located at the activation loop (light green), is auto-inhibited by the FERM domain in
equilibrium. Through a disordered proline rich region, the kinase domain (orange) is connected to
the FAT domain (violet). FAT domain binds indirectly to integrin and actins via talin.

The following aspects support the notion of FAK as a mechano-enzyme. First, FAK
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4.2 Materials and Methods

is tethered between the PIP,-enriched membrane and the cytoskeleton, likely acting as a
force-carrying link in FAs. Second, the FERM-kinase structure suggests itself as a mechano-
responsive scaffold, in which force could specifically detach the auto-inhibitory FERM do-
main. Third, FAK would be the first mechano-enzyme of FAs, allowing a direct trans-
duction of a mechanical signal into an enzymatic reaction and downstream events, which
would yield a mechanistic explanation of FAK’s mechano-sensing role [30]. Indeed, two
analogous cases of mechanically activated enzymes have been previously identified, both
of which are kinases and feature force-induced activation by removal of an auto-inhibitory

domain, namely titin and twitchin kinase in muscle [47, 108—110].

To test the hypothesis of FAK as a force-sensor, extensive Force-Probe Molecular Dy-
namics (FPMD) simulations of the structurally known FK-FAK have be carried out under
various conditions. Force can propagate onto FAK from the membrane through its PIP,
binding site of FERM and from the cytoskeleton-targeting FAT domain through the proline-
rich linker to the kinase domain as illustrated in Figure 4.1. We find this mechanotransduc-
tion pathway to specifically open the hydrophobic FERM-kinase interface, leading to FAK
activation prior to the unfolding of the kinase domain. Given the mediocre stability of the
largely a-helical kinase and FERM domains, this is remarkable. The enforced activation is
robust with regard to a large range of pulling velocities, but sensitive to the pulling direction.
Extrapolation to physiological time scales and employment of a biochemical reaction model
allowed to quantitatively infer the FAK-mediated mechanotransduction into the Ras path-
way. Our force-induced activation pathway suggests a direct mechano-enzymatic function
of FAK in FAs.

4.2 Materials and Methods

4.2.1 FPMD simulations

Two systems were subjected to force during FPMD simulations: (1) the FAK fragment
consisting of the FERM and kinase domains as a single protein, and (2) the same frag-
ment in complex with a membrane. The initial structure of the FAK fragment (sequence
region: 35-686) was taken from its crystal structure [36] (PDB code: 2J0J), completed by
MODBASE [81], and equilibrated for 200 ns as described in the previous equilibrium MD

simulations (see Chapter 3).
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Force-induced activation of Focal Adhesion Kinase

In the FPMD simulations of the FAK in absence of membrane, the C-terminus of the
kinase domain and the FERM basic patch were pulled away from each other at a constant
pulling speed V (Figure 2.5). The pulled elements were subjected to a time-dependent
harmonic force, by attaching them to moving harmonic springs with constant velocities.
The applied force reads

Fi(t) = —k[zi(r) — Vit], 4.1)

where the elastic constant & is equal to 500 kJ/mol, z;(¢) is the position of the center of mass
of the kinase C-terminus (i = 1) and the FERM basic patch (i = 2) along the pulling coor-
dinate z, and V; is the velocity of the moving springs (V;=—V /2 and V,=V /2). V =0.006,
0.014, 0.03, 0.05, 0.07, 0.08, 0.09, 0.1, 0.16, 0.24, 0.3, and 0.5 nm/ns were used.

FPMD simulations were carried out using GROMACS 4.0.5 [61]. The protein was ac-
commodated at the center of a water box of 18 x 10 x 10 nm? dimension. The protein
OPLS all-atom force field [62] and the the TIP4P water model [57] were used for the sim-
ulations. All bonds were constrained using the LINCS algorithm [53]. The temperature
was kept constant at T= 300K by using the velocity rescaling thermostat [111], with a cou-
pling time of 0.1 ps. The pressure was kept constant at 1 bar by coupling the system to a
Parrinello-Rahman barostat [87] with a coupling time of 0.1 ps. The electrostatic interac-
tions were treated with the Particle Mesh Ewald [88] method using a grid spacing of 0.12
nm with a cubic interpolation. Short-range interactions were modeled through a Lennard-
Jones potential. An integration time step of 2 fs was used. After an energy minimization
of 10000 steps using the steepest descent algorithm, the whole system was equilibrated by
a 2ns MD simulation with harmonic constraints on the protein and membrane heavy atoms
with a force constant of k=1000 kJmol !,

In the simulations including the membrane, the FERM domain was anchored via PIP;
lipids to a palmitoyloleoylphosphatidylethanolamine (POPE) lipid bilayer built by the Charmm-
GUI [112] as shown in Figure 4.2. The ATP/Mg?* were placed at the kinase domain in the
orientation close to the one observed for the ANP in the crystal structure (PDB: 2JOL) [36].
The PIP, head group (C2-PIP,) was docked to the FERM basic patch (*'®KAKTLR??!) [41,
42], using the UCSF DOCKG®6.5 suite [86] (see Section 2.2). The resulting structure was
equilibrated during 150 ns of MD simulation. Three different concentrations of PIP, lipids
(1 %, 10 %, and 15 %) in the lipid membrane were tested. The resulting membranes con-
taining PIP, and POPE lipids were equilibrated during 100 ns of MD simulations. The head
group of one of the PIP; lipids, embedded in the bilayer, was then replaced by the FAK
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4.2 Materials and Methods

PIP,-head-group complex, in order to obtain a FAK-PIP,-membrane complex. Such ob-
tained complex was immersed in a triclinic water box. 0.1 M NaCl was added to the system
and the charge of the unit was neutralized by adding Ca®>* ions. The complex was equili-
brated by 150 ns of MD simulations, and the last snapshot was considered as the starting

conformation for the FPMD simulations.

FPMD simulations were carried out using GROMACS 4.5.5 [113]. The protein-membrane
complex was accommodated at the center of a water box of 15x10x 17 nm? dimension .
The modified CHARMMZ36 force field containing parameters of PIP, lipid [114] and the
TIPS3P water model [115], was used for the simulations of the protein-membrane complex.
Bonds involving hydrogen atoms were constrained using the LINCS algorithm [53]. The
temperature was kept constant at T= 300K by using the velocity rescaling thermostat [111],
with a coupling time of 0.1 ps. The pressure was kept constant at 1 bar by coupling the sys-
tem to a Parrinello-Rahman barostat [87] with a coupling time of 0.1 ps. The electrostatic
interactions were treated with the Particle Mesh Ewald [88] method using a grid spacing
of 0.15 nm with a cubic interpolation. Short-range interactions were modeled through a
Lennard-Jones potential. An integration time step of 2 fs was used. After an energy mini-
mization of 10000 steps using the steepest descent algorithm, the whole system were equi-
librated by a 2 ns MD simulation with harmonic constraints on the protein and membrane

heavy atoms with a force constant of k=1000 kJmol .

In the FAK-membrane complex simulations, the C-terminus of the Kinase domain was
pulled away from the membrane, in vertical (90°) or diagonal (45°) direction to the mem-
brane plane (Figure 4.2). The same harmonic forces were exerted on the pulled elements
as in the FAK single protein simulation (Eq 4.1), but the kinase C-terminus was pulled at a

speed of V =0.03 and 0.05 m/s, while the membrane was maintained at rest (V, = 0).
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Force-induced activation of Focal Adhesion Kinase

Figure 4.2 Simulation system of the FAK-membrane complex in a water box. FK-FAK (shown as
cartoon) interacts with the POPE membrane (shown as sticks in yellow) via PIP, (shown as spheres
and colored according to atom types). The gray springs represent the harmonic potentials applied
on the Ca atoms of the kinase C-terminal residue (shown as red dot) in vertical (90°) and diagonal
(45°) directions.
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4.2 Materials and Methods

4.2.2 PIP2 aggregation in POPE membrane bilayer

To detect the effect of PIP; lipids on the force-induced FAK activation, different POPE
membrane systems with 1 %, 10 % and 15 % PIP, concentrations were set up and equi-
librated using the CHARMM36 force field (details see Section 4.2.1). PIP; lipids in the
membrane are supposed to aggregate in the environment with Ca>* by forming so-called
lipid rafts [107]. To trace the aggregation or at least an interaction within PIP, molecules in
the membrane, the distances between phosphor and phosphor atoms and between phosphor
and calcium atoms were calculated. If the P-P length was shorter than 0.6 nm or a P-Ca
length was shorter than 0.4 nm, the two atoms were considered to interact. By building a
N x N matrix, where N is equal to the total number of phosphor and calcium atoms, and
assigning 1 to each interacting pair or 0 to each non-interacting pair, clustering within P
and Ca atoms was determined. If a group of interacting atoms contained more than three
phosphor atoms, it was defined as a cluster [116] of aggregated PIP;. The numbers of PIP;
clusters and aggregated PIP, lipids were determined at each simulation step, which allowed
us to trace the process of PIP, aggregation. We note that due to the limited system size,
clustering here refers to microclusters of only a few PIP, molecules, in contrast to the larger

rafts observed commonly in experiments.

4.2.3  Fitting of rupture forces at varying loading rates

The Dudko-Hummer-Szabo (DHS) [50] and the Hummer-Szabo (HS) [51] models were
employed to fit the resulted rupture forces (see Section 2.1.3) as a function of the loading
rate. At the intermediate loading-rate regime, where stochastic motions are relevant, the
average of the rupture force (F) can be expressed in terms of the loading rate L = kV (k is

the spring elastic constant and V the pulling speed) according to the DHS model [50]:

BaG+y]Y
<F>:E{1_ Ly, koe y] } 4.2)

vx BAG xBL

Here, AG, x and v reflect the underlying free energy landscape governing the dissociation
process: x is the distance between the FK-FAK closed state and the transition state, AG
represents the height of energy barrier, and v = 1/2 corresponds to a cusp shape of the free

energy surface ky is the dissociation rate at zero force; § = 1/kgT, with kg the Boltzmann
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Force-induced activation of Focal Adhesion Kinase

constant and 7' the temperature, and ¥ = 0.5772... is the Euler-mascheroni constant.

If the pulling velocity was sufficiently large, and thereby the loading rate was much
larger than the critical loading rate (L., = koePAG /(Bx)), the stochastic motions are irrele-
vant and (F) depends on L according to the DHS model [50]:

AG XL 8DBAG?\ /?
= " 2ppag | P ( ) ! (*3)

XL

where, D, the diffusion coefficient, is given by D = kov/2m(2BAG) 3/2x% exp(BAG), based
on Kramer’s theory [50]. Here it has been assumed that 2BAG/x*> > k, i.e. the intrinsic
spring constant of the free energy surface is larger than the elastic constant of the pulling

spring.

The average rupture forces obtained from the FPMD simulations at different loading
rates were fitted by using AG and x, and L., as fitting parameters. Note that ko can be
computed from these three parameters, from the definition of the critical loading rate. A
Monte Carlo sampling was used to do the fitting. AG, x and L.,; values were randomly
chosen, with AG in the range from 25 kgT to 60 kgT, x from 0.2 nm to 1.8 nm, and L
from le-7 pN/ps to 5 pN/ps (Figure 4.16).

With these parameters, the rupture force (F,,q4.;)) was computed for all loading rate val-
ues used in the FPMD simulations by using Equation 4.2 (for L <= L) and Equation 4.3
(for L > L.,t). The root mean square deviation (RMSD) between predicted (F,,,4.;) and the

resulting (F') rupture forces was given as

1 Y 2
RMSD = \/ ~ 2 (Fi= Fimoder) (4.4)
i=1

and used to score the predicted kinetic parameters.
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4.3 Force induced exposure of the activation loop.

4.3 Force induced exposure of the activation loop.

In vitro, in absence of additional stim-

uli, no phosphorylation of the activation 501
loop of FAK is observed, neither in the
p 104 ‘_‘:I__‘_
free form [36] nor when bound to PIP,- 2 o~
.. . 8 [
containing vesicles [41]. Based on pre- E 3p] F2vsColobe nm/ps
=
vious studies, external force is suggested E, i — B 5B+
as an additional biochemical stimulus to § e s
) .. £ [
expose the buried activation loop between 2 " p
FAK FERM and kinase domains. Thus, 577 pe M
extensive FPMD simulations were carried 0+ i Y i i
out to examine the effect of tensile stress 10 D 12(nm) 14
(S

on the auto-inhibited FK-FAK conforma-

Figure 4.3 The accumulative number of simu-
lations as a function of the distances between
two pulling groups (D._.) when kinase C-lobe
force transmission from the membrane onto (left) and Tyr576-577 (right) are dissociated from
the basic patch of the FERM domain and FERM domain respectively. The color gradient is

L o ) decided by the varying pulling velocities.
from the paxillin/talin-interacting FAT do-

tion. FAK is tethered between the mem-

brane and the cytoskeleton, resulting in

main through the proline-rich linker onto

the kinase C-terminus (Figure 4.1). Accordingly, in these simulations, a pulling force was
applied to the basic patch of FERM and the C-terminus of the kinase domain in opposite
directions with 12 different pulling velocities from 6e-6 nm/ps to 5e-4 nm/ps. The slowest
pulling simulation covered 1 us. We observed the dissociation between the FERM and ki-
nase domain in 43 out of 48 FPMD simulations and conformational damage of either the
FERM F2-lobe or Kinase C-lobe in the remaining 5 simulations. The dissociation started
from the region of the interface proximal to the points of force application, and resulted
in the exposure of the critical activation loop (Figure 4.5). Exposure of the activation loop
hosting the critical Tyr576/577 site (state 3 in Figure 4.5) indeed always required the disso-
ciation of the F2-C lobes (state 2 in Figure 4.5), as we observed the release of Tyr576/577
from FERM always after, i.e. at larger distances (D._.) between two force application
points, than the dissociation of the C-lobe from the F2-lobe (Figure 4.3).

As evident from Figure 4.5, we observed partial unfolding at the kinase C-terminus prior

to exposure of Tyr576/577. The extent of unfolding prior to dissociation, however, is minor,
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Force-induced activation of Focal Adhesion Kinase

comprising a maximally 15 nm increase in D,_, (Figure 4.5) or 30 residues at C-terminus
of the kinase domain. They belong to the
first C-terminal «a-helix and an adjacent
loop of the kinase domain (highlighted in
red in Figure 4.4). This is remarkable, given
that protein unfolding of the supposedly
only moderately stable o-helical F2 and C-
lobe structures competes with the dissoci-

ation from one another. According to the

color gradient in Figure 4.3, which corre-

sponds to varying loading rates in the range Figure 4.4 The unfolded helix induced by exter-
. Kinase domain shown in cartoon.

unfolding before rupture was mostly ob-

served in the simulations with high loading

rates. Since the loading rates used in the simulations are about four to six orders of mag-
nitude higher than the experimental loading rates, strong FERM or kinase distortion or
unfolding, which are favored over dissociation in 5 of our 48 FPMD simulations, were sug-
gested as artifacts from fast pulling. We thus conclude that force induces removal of the
inhibitory FERM domain and kinase activation rather than unfolding of the domains, which

would lead to kinase inactivation.

As we mentioned in Section 1.1, besides PIP,, more binding partners of the FERM do-
main were suggested as stimuli for the FAK catalytic turnover, such as integrin [37] and
growth factor receptors [38—40]. Although the docking sites in the FERM domain for these
interactions are still unknown to date, we tested respective force applications on other poten-
tial docking sites in the FERM F1- and F3-lobes. As shown by our FPMD simulations with
either two termini (Figure 4.6a) or the C-terminus and COM of F3-lobe (Figure 4.6b) serv-
ing as force application points, applying a stretching force to these sites leads to pronounced
unfolding at the C-terminus of kinase domain (> 60 amino acids) without occurrence of dis-
sociation between the FERM and kinase domain. In contrast, only when applying force on
the basic batch, unfolding does not exceed 30 amino acids before domain opening (Fig-
ure 4.4). Thus, the kinase domain can also feature an only mediocre stability against me-
chanical unfolding, i.e. the preference between FAK deactivation through kinase unfolding
and its activation through FERM-kinase dissociation is strongly dependent on the points of

force application.
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4.3 Force induced exposure of the activation loop.

State 2

State 3

Figure 4.5 Mechanism of FAK activation by releasing the phosphorylation site, Tyr576/577, from
the FERM domain under external force. Two virtual springs were applied at the basic (red) patch
in the FERM and the C-terminal residue of the kinase domain in the initial protein structure. The
C-lobe dissociated from FERM first, followed by the phosphorylation site, Tyr576/577. After only
partial unfolding at the C-terminal site of the kinase domain, Tyr576/577 (violet) is released from the
autoinhibition of FERM domain.
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Figure 4.6 Unfolding dissociation for different force applications. The number of unfolded amino
acids at the C-terminus of the FAK kinase domain is shown as a function of the number of contacts
between the FERM F2- and kinase C-lobe (x-axis) in simulations with the external force applied to
the N-terminus of the FERM F1-lobe (a) or the COM of the FERM F3-lobe (b).
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Force-induced activation of Focal Adhesion Kinase

4.4 PIP2 aggregation in POPE membrane bilayer

At FAs, FAK is anchored to membranes
through a specific interaction of the FERM
basic patch with PIP,. We previously ob-
tained a model for PIP, bound FK-FAK and
observed an allosteric change at the FERM-
kinase interface, but no full opening [41].
The question arises, if the force-induced
full domain opening of FAK observed in so-
lution also occurs when FAK is anchored to
a membrane via PIP,. This would require
both the PIP;-containing membrane as well
as the PIP,-FERM link to be mechanically
more robust against rupture than the FERM-

kinase interaction. To test this, we set up

POPE membranes containing 1 %, 10 %
and 15 % (mol/mol) of PIP;, in the upper
leaflet of the membrane, which was sur-

rounded by water and neutralized by CaCl,.

To characterize the membrane structure

in our simulations, the lipid surface area

(A/lipid), which is a straightforward mea-

sure of the density of the membrane bi- = 150 ns (with protein)

layer, was calculated for each system by Figure 4.7 Clustering of PIP, as observed dur-

dividing the overall membrane area by the jng MD simulations of the membrane containing
number of lipids in the upper-leaflet of 15 % PIP; lipids. PIP; clusters (spheres) formed
from indicidual PIP; lipids (yellow spheres) and
are neutralized by Ca”>* ion (green sphere, fop).
lipid from different simulations are listed  After 100 ns of MD simulations, 35 % PIP; lipids
in Table 4.1. The area/lipid from MD mediated by Ca%t clustered (middle). After fur-
ther 150 ns of MD simulations in the presence of
protein, 50 % PIP, lipids got clustered (bottom).

the membrane. The resulting areas per

simulations of the membrane system with
1 % PIP, (57.4 A/lipid) is slightly smaller
than the suggested reference value of the
area/lipid of the POPE membrane in absence of PIP; (58 A/lipid). A possible reason is
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an effect of PIP, on the local area of the membrane surface [117]. Indeed, we observed a

further decrease of area/lipid when increasing the PIP, concentration (Table 4.1).

PIP, is known to enrich at FAs resulting in high local PIP, concentrations [41, 103].
Previous studies showed PIP, cluster formation to be mediated by divalent cations such
as Ca2t [107]. Thus, we traced the formation of PIP, clusters in POPE membranes upon
different PIP, concentrations and protein binding. All the MD simulations started from
individual PIP; molecules (Figure 4.7 fop). Within 100 ns of MD simulations of the mem-
brane containing 15 % PIP, lipids, we observed the formation of small PIP, clusters (see
Section 4.2.2) involving two or more lipids and Ca®>* (Figure 4.7, middle), accompanied
by a decrease of area per lipid by ~1 A2, Clustering was less pronounced for smaller PIP;
concentrations (1 % and 10 %) (Table 4.1). Subsequently, the protein was anchored to mem-
branes with 1 % and 15 % PIP,. In both cases, and independent from the initial rotation
of the protein relative to the membrane plane, the protein remained stably bound to the
membrane through the FERM-PIP; link and additional favorable electrostatic interactions
that spontaneously and reproducibly formed between the kinase C-lobe and the membrane
(Figure 4.8). The protein-membrane interactions induced further increase of PIP, clustering
and decrease of the area per lipid in the membrane (Table: 4.1). We observed the clusters
of PIP, to often have a string-like shape, which is consistent with a previous computational
study [118].

Table 4.1 Structural properties of the membranes with different concentrations of PIP; lipids.

Systems * Area/lipid *Aggregated PIP; % | *Nr. of clusters
POPE + 3 PIP, 57.36 £ 0.0060 0 0
POPE + 10 % PIP, 56.81 £ 0.0056 15 % 2
POPE + 15 % PIP, 56.40 £ 0.0061 35 % 7
POPE + 15 % PIP; + Protein | 55.38 £ 0.0100 50 % 8

*see Section 4.2.2

4.5 FAK-membrane interactions

To monitor the mechanical response of membrane-anchored FK-FAK, extensive FPMD sim-
ulations were carried out for the membrane-protein systems containing high (15 %) or low
(1 %) PIP; concentrations with varying directions of force application. External force was

applied to the protein in form of a moving harmonic spring attached to the kinase C-terminus
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with constant velocity along a direction vertical or diagonal to the membrane (Figure 4.2),

while position restraining the center-of-mass of the membrane bilayer.

When an external force was applied to FK-FAK anchored to a membrane at 15 % PIP;
concentration, independent of the pulling direction, we observed a loss of contacts of the
kinase domain with the membrane and with the FERM domain, while the FERM-membrane
interaction remained intact (upper half of Figures 4.8 and 4.9). While diagonal pulling
dissociates the kinase domain from the membrane and from the FERM domain concurrently,
vertical pulling results in a kinase-membrane dissociation (inactive and bound FK-FAK, i
and b) prior to kinase-FERM dissociation (active FK-FAK, a). In none of these simulations,
we observed kinase unfolding prior to dissociation. Also, for both pulling directions, the
membrane and the PIP,-FERM interaction were mechanically more robust than the FERM-
kinase interface. Thus, the membrane simulations reproduced the process predominantly
observed for FK-FAK in solution (compare Figures 4.3 and 4.5), namely the force-induced
removal of the auto-inhibitory FERM domain and exposure of the activation loop carrying
the Tyr576/577 phosphorylation site.

The anchorage of FK-FAK to a membrane containing only 1 % PIP, occurs through a
single PIP; molecule. When force is applied to FK-FAK in diagonal direction of the mem-
brane, only the loss of connects between the kinase domain and the membrane was observed
under force (inactive and bound FK-FAK, b), accompanied by a horizontal translocation of
FK-FAK along the membrane (lower half of Figure 4.8 and 4.9), that is to say, the ex-
ternal force only functioned on FK-FAK in horizontal direction. As shown in Figure 4.8,
force application in vertical direction leads to the detachment of the kinase domain from the
membrane, followed by the detachment of also the FERM domain (inactive and unbounded
FK-FAK, u). Full loss of membrane anchoring naturally stops force transmission and im-
pedes activation. Thus, an interaction of the FERM basic patch with a single PIP,, which is
likely at low PIP, concentrations, is insufficient for mechanical FK-FAK activation. Only
a membrane containing clusters of multiple PIP; lipids can provide a sufficiently stable
membrane-anchorage of the FERM domain outlasting the exposure of the activation loop
of FK-FAK under force. The pulling direction at these high PIP, concentrations, instead,
appears to be less relevant.
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diagonal (multiple PIP,):

vertical (single PIP,):

Figure 4.8 Mechanism of FAK activation in presence of the membrane bilayer by releasing the
phosphorylation site, Tyr576/577, from the FERM domain (blue cartoon) under external force. One
virtual spring attached to the COM of the membrane bilayer (gray) kept the membrane in its initial
position, whereas the other spring at the C-terminal residue pulled the kinase domain (orange car-
toon) in vertical (90°) or diagonal (45°) direction away from the membrane with multiple (15 %) or
signal (1 %) PIP,. The labels, i, a, b and u, correspond to the inactive states of FK-FAK as shown in
Figure 4.9.
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Figure 4.9 Dissociation mechanisms of FK-FAK under force at varying pulling directions and PIP,
concentrations. The number of contacts between the FERM F2- and the kinase C-lobe is shown as a
function of the number of contacts between kinase domain and membrane or between FERM domain
and the membrane for all simulations of the FAK-membrane system with a pulling velocity of 0.03
nm/ns. The labels, i, a, b and u, in purple correspond to the inactive, active, bound and unbound
states of FK-FAK as shown in Figure 4.8. The red dash lines illustrate the behavior of FK-FAK in
free form. The green solid lines are the polynomial fits.
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4.6  Mechanism of force-induced FK-FAK opening

4.6.1 Collective opening motion of FK-FAK

We next analyzed in further detail the dynamics underlying the force-triggered FK-FAK
domain-domain rupture. Partial least square functional mode analysis (PLS-FMA) was car-
ried out to test if the dissociation between the FERM F2 and the kinase C-lobe follows the
same mechanism in absence and presence of the membrane. This method is described in
section 2.5. In this work, the time-dependent functional variable Y was the separation be-
tween F2- and C-lobe, reflecting the closing-to-opening motion of FK-FAK (black line in
Figure 4.10b). X (¢) were the collective coordinates of all backbone atoms of FK-FAK along

the concatenated simulation trajectories.

From the concatenated trajectories of FPMD simulations in absence of the membrane,
the first 50000 frames (marked in red in Figure 4.10b) were used to compute the PLS vec-
tor b, by considering all possible pulling velocities (model building part). The remaining
500000 frames of FPMD simulation trajectories in absence of membrane (green in Fig-
ure 4.10b, model validation part I) and about 8000 snapshots of FPMD simulations in pres-
ence of membrane (blue in Figure 4.10b, model validation part II) were used to validate the

computed b.

The PLS vector b was a combination of uncorrelated PLS components. By increasing
the number of PLS components, the correlation of dissociation processes in different simu-
lations, including model building part (red), validation part I (green) and validation part II
(blue), was monitored and shown in Figure 4.10a. When considering about 11 PLS compo-
nents, we obtained a collective motion of FK-FAK in solution form (cyan) to opening form
(grey) that maximally correlates with the increase in minimal distance between the F2 and
C-lobes (Figure 4.10c). A very strong correlation larger than 0.9 was also obtained for the
trajectories of membrane-bound FAK-FK, suggesting that the PLS components capture the
essential opening dynamics of FK-FAK both in solution and when membrane-bound. This
agreement of the observed dynamics also implies that the simplified system of FK-FAK
in solution shows a FERM-kinase dissociation mechanism highly similar to the one in the
more realistic membrane system, even though it lacks effects from FERM/kinase-membrane

interactions.
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Figure 4.10 Partial least square functional mode analysis. (a) Correlation of dissociation processes
in the simulations in the presence or the absence of the membrane bilayer. (b) Projection of minimum
distances between F2- and C-lobe with 11 PLS components for all concatenated trajectories on the
minimum distances obtained from FPMD simulations. (c) Collective motion of FK-FAK from a
closed form (cyan) to an open form (grey) by considering 11 PLS components.
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4.6 Mechanism of force-induced FK-FAK opening

4.6.2 Identifying force-carrying interactions at FERM F2- and kinase C-
lobe

We next analyzed in further detail in the opening mechanism of the F2/C-lobe interface to
identifying the interactions giving primarily rise to the rupture force. Figure 4.11 shows
the force profiles and F2/C-lobe interaction areas as a function of spring dislocation for a
subset of trajectories. Independent from the loading rate and for both FK-FAK in solution
and bound to the membrane, we observed a reduction in interaction area between the two

lobes (black) in two steps, both of which coincide with noticeable force peaks (blue). The

a) no membrane
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Figure 4.11 Interfacial area between the F2- and C-lobe and overlayed force profile as a function of
spring distance. The red lines indicate the moment when the force reaches a maximum coinciding
with a first drop in interfacial area from first (3-4.5 nm?) to second step (1.5-2.8 nm?2).
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maximal force is reached when the first decrease (from 3-4.5 Ato1.5-28 /QX) in inter-lobe
area occurs (red solid line). This leads to a short-lived intermediate, as reflected by a second
peak in the distribution of the F2/C-lobe interface area (Figure 4.12), until full dissociation
of the two lobes occurs. We note that the intermediate becomes less evident for faster pulling

velocities.

According to the auto-inhibitory con-
formation of FK-FAK [36], the interac-

tion between the FERM F2- and kinase 0.6 /'5

C-lobe comprises two parts, a hydropho- f |

bic pocket (Y180, M183, V196, L197 and 50.4- ’

F596) and a set of hydrogen bonds and salt- g Stepl

bridges. In the FPMD simulations, some 2 0.2

of the residues at the F2/C-lobe interface 1 p Step2

were even observed to swap their inter- 0.0 A e
acting partners, complicating the analysis 0 i‘rea (nm?) : ¢

of the mechanism of the dissociation pro-

cess. However, identifying the contribu- Figure 4.12 Distribution of interfacial areas be-

tion of each residue at the F2/C-lobe inter- tween the FERM and the kinase domain for all
face to the resistance to the domain opening FPMD simulations.
is helpful for understanding the mechanical

activation of FAK. Therefore, TRFDA was carried out (see Section 2.3).

By means of TRFDA, the vector pairwise force representing the non-covalent interac-
tions between residues ri in the FERM F2-lobe and rj in the kinase C-lobe at each simu-
lation step was calculated by according to Equation 2.13. Summing up the absolute values
of the vector pairwise forces acting on ri or rj in the direction of force application (Equa-
tion 2.15) gave the punctual stress (see section 2.3) at the F2/C-lobe interface induced by the
external force. The punctual stress represents here the non-bonded interactions of residue ri
in kinase domain with the FERM domain or vice versa. According to the change in punctual
stress of the residues in the FERM or kinase domain over the simulation time, the role of
each interface residue during the dissociation steps can be monitored. Note that a quan-
titative comparison between the internal punctual stress and the externally probed rupture
force is not straightforward, although they are expressed in the same units. However, the
decay of punctual stress coincides with the increase of rupture force (compare Figure 4.13

and 4.11). The red line in Figure 4.13, which indicates the maximal force in the relevant
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4.6 Mechanism of force-induced FK-FAK opening

force profile, separates the punctual stress profile into two parts. Remarkably, these two
parts are consistent with the two steps of decrease in the interfacial area induced by the
external force (Figure 4.12). Before reading the rupture force (step 1), residues largely
maintain their interaction with the other domain, whereas some of them lost the interactions
right when the rupture force has been reached (right of the red line), leading to an interme-
diate with only some F2/C-lobe interactions still maintained. Thus, we can conclude that
the residues, which lose their interactions with the other domain at step 1, contribute most
to the occurrence of the maximal force. These residues are crucial for the FAK mechanical

stability.

TRFDA was carried out for three non-membrane FPMD in low pulling velocities and
two complex FPMD simulations in diagonal pulling direction. The probability of a residue
at domain interface to lose its interaction with the other domain in the two dissociation
steps was counted and is listed in the Table 4.2. If a residue was identified in more than 4
simulations at the same step, it is colored in green, blue and cyan (for step 1) or in magenta
(for step 2).

Based on the results in Table 4.2, inter-lobe interactions reproducibly rupturing at one
of the two dissociation steps are highlighted in Figure 4.14a. The first major rupture step
requires the breakup of a hydrophobic cluster composed of residues Y180, M183, N193,
V196, and F596 and of an additional salt bridge (D200-R598, Figure 4.14b). All of these
interactions remained intact during the five simulations not showing dissociation but unfold-
ing of FK-FAK, while in the other cases (90% of trajectories), their rupture gave rise to the
maximal force, stressing the critical stabilizing role of this hydrophobic cluster. In agree-
ment, mutations Y 180A, M183A and F596D resulted in a constitutively active FAK due to
the opening of the FERM-kinase interface [36]. Residue pairs rupturing at the second step
are located further away from the points of force application, i.e. the membrane anchor, and
include residues of mostly electrostatic nature (E182, R184, K190 and N595, N628, N629,
E636). This second rupture step is immediately followed by the opening of the remaining
FERM-kinase interface established between the FERM F1 and the kinase N-lobe, including
the exposure of Tyr576/577. Thus, the rupture process resembles a zipper-like mechanism,
during which the FERM and kinase interface is sequentially opened. Herein, the membrane-
proximal hydrophobic patch around F596 represents the most robust mechanical clamp to

be opened first.
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Figure 4.13 The color gradient represents the punctual stress (> 50 pN) acting on the residues at
F2/C-lobe interface as a function of spring distance in unit of force. The red line indicated the
maximal force in the relevant force profile for three non-membrane FPMD in low pulling velocities
and two complex FPMD simulations in diagonal 7@lling direction.



4.6 Mechanism of force-induced FK-FAK opening

Table 4.2 The probability of a residue in the FERM (left) and kinase (right) domains to lose its
interaction with the other domain in one of the two major dissociation steps, step 1 and step 2, based
on the TRFDA results (Figure 4.13). Residues dominating the first rupture step are shown in green
(hydrophobic interaction), blue (salt bridges) and cyan (varying partners), and residues dominantly
involved in the second step in magenta (mostly electrostatic interactions). Compare Figure 4.14.

FERM | step 1 | step 2 | elsewhere | kinase | step 1 | step 2 | elsewhere
R177 0.2 0.6 0.2 1586 0.2 0.8
S179 0.6 0.4 E592 | 0.2 0.2 0.6

0.8 0.2 1594 0.2 0.6 0.2
W18l 0.2 0.8 N595 | 0.2 0.8
E182 1 1

1 R597 0.6 0.4

R184 1 R598 1
NI186 | 0.8 0.2 K627 0.6 0.4
K190 | 0.2 0.8 N628 0.8 0.2
S192 0.4 0.6 N629 1

0.8 0.2 D630 | 0.2 0.6 0.2
E195 0.4 0.6 1632 0.2 0.8

1 G633 | 0.2 0.6 0.2

L197 0.2 0.8 R634 | 0.2 0.4 0.4
K199 | 0.6 0.4 E636 1
D200 | 0.8 0.2 N637 | 0.6 0.4
R205 0.4 0.6 Y661 | 0.2 0.2 0.6
N235 0.2 0.8 D662 | 0.2 0.8
R236 0.6 0.4
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Figure 4.14 Based on the TRFDA results, the residues at the domain interface were classified ac-
cording to the moment when they lose their interactions with the other domain. (a) Residues dom-
inating the first rupture step (Figure 4.12 and 4.11) are shown in green (hydrophobic interaction),
blue (salt bridges) and grey (varying partners), and residues dominantly involved in the second step
(Figure 4.12 and 4.11) in magenta (mostly electrostatic interactions). (b) The major force-carrying
hydrophobic pocket including Y180, M183, N193, V196, and F596 and the salt bridge (D200-R598).
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4.7 Force-dependent activation rates

According to our MD simulation data, the auto-inhibition of FAK can be relieved by me-
chanical force. The question arises if the increase in activation rate expected from our
simulations is in line with the experimental observations of FAK activation in cells under
stretching conditions. We obtained maximal rupture forces, i.e. forces for FAK FERM-
kinase dissociation (compare Figure 4.11) from the 43 trajectories showing dissociation, at
twelve different loading rates covering two orders of magnitude (Figure 4.154, black dots).
FK-FAK activation forces varied at our MD time scales between 190 and 350 pN, which
covers a range below the one observed for titin kinase (400pN at 0.4 m/s), a kinase known
to be mechanically activated by forces present in muscle [47, 109, 119]. Our calculated fore
regime is similar or slightly lower than those predicted by MD simulations for the focal ad-
hesion proteins talin and vinculin (250-400 pN for nanosecond scale activation of talin [6]

and 100 pN for sub-nanosecond activation of vinculin [11]), respectively.
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Figure 4.15 DHS fitting of rupture forces. (a) Rupture forces obtained by FPMD simulations of
FAK only (see Section 2.1.3 black) as a function of the logarithm of the loading rate L. The gray area
represents the possible prediction provided by DHS model (see Section 4.2.3). For the best fit, we
obtained a residual root-mean square deviation (RMSD) of 17 pN, and the gray area represents fits
with up to 20 pN of RMSD. Rupture forces determined from the FPMD simulations of membrane-
bound FAK are shown in green (for diagonal pulling) and magenta (for vertical pulling). The DHS
model gives different loading rate dependences at the slow (blue) and fast pulling regimes, which
are separated by the critical loading rate. (b) The force-dependent activation rate of FAK, kg, as
obtained from the DHS model with parameters from the fit in (a), normalized by its activation rate
at zero force, kg. As in (a), the gray area shows the predictions within an RMSD of < 20 pN. The
dashed lines indicate the upper and lower limits of the fits obtained from the estimated error ranges
in Table 4.3.
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The Dudko-Hummer-Szabo (DHS) model was employed to estimate force-dependent
FAK dissociation rates k7 at the more relevant lower force regime (see Sections 1.3 and 4.2.3).
This model takes the shape of the free-energy barrier and its shift under forces into account
by introducing an additional parameter v, with <F> ~ (InV)Y. RMSD values between pre-
dicted forces and the obtained rupture forces from MD simulations obtained for 500000
Monte Carlo random steps was used to score the fitting with the DHS model. It is shown
as a function of L., in Figure 4.16. The best fit yielding the smallest RMSD provided the
estimations of a distance to the transition state, X;, of 1 nm, a free energy barrier AG* of
37 kgT, and a zero-force rate constant ky of 5x 1072 ps_1 (Table 4.3) and shown as solid
line in Figure 4.15a). Finally, the parameters yielding the best fit were used to estimate the
increase in the dissociation rate upon external force (black line in Figure 4.15b) according

to Equation 1.3.
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Figure 4.16 Uncertainty in the DHS fitting of rupture forces. (a) 500000 RMSD values were obtained
from Monte Carlo sampling with random kinetic parameters AG, x and L.,; as fitting parameters and
projected as a function of critical loading rate. The blue square include all fits with an RMSD lower
than the largest error (50 pN) of the rupture forces from FPMD simulations. (b) Zoom of (a) (blue
square), kinetic parameters with an RMSD < 20 pN (red line) were used to quantify their mean and
variations (Table 4.3 and Figure 4.17).

Given the large scattering of the rupture forces (50 pN) in our limited sample of 43
events along 12 different loading rates, all fits with RMSD < 50 pN were selected to analyze
the uncertainty of fitting (labeled as blue square in Figure 4.16a). After zooming into the
distribution of RMSD along L, three local minima could be observed (Figure 4.16b).
However, as L. is inversely proportional to Xj, the fits at the left local minimum with
Lerie < 1x 1074 pN/ps resulted in an unrealistic large X}, (> 1.4 nm). Therefore, the fits
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with RMSD < 20 pN (under the red line in Figure 4.16b) were selected to estimate the
variability of our fitting and is shown as gray area in Figure 4.15. Figure 4.17 shows the
respective distributions of parameters from fits with RMSD < 20 pN. The interquartile range
(IQR) in the boxplot, representing the range of data between the upper quartile and lower

quartile, was considered as the uncertainty of each parameter (Table 4.3).

Table 4.3 Kinetic parameters obtained from fitting the DHS model to the FPMD simulation data.

RMSD (pN) ko (ps™1) AG*(kgT) Xp (nm) | Leyir (pN/ps™h)

*17.6 5.3e-21 37.0 1.0 7.5e-2

<20 7.3e-25 —5.0e-20 | 34.6 -46.00 | 0.94 —1.30 | 9.5e-2 — 1.5e-1

*Best fit with DHS model (see section 4.2.3)
"IQR in the boxplot of each kinetic parameters obtained from all fits with RMSD< 20.

Rupture forces from the FPMD simulations of membrane-bound-FAK with diagonal
pulling (green) are consistent with the forces obtained from FAK-only FPMD simulations,
whereas the forces resulting from the vertical pulling (magenta) are much lower and outside
of the gray area. Vertical pulling results in a zipper-like opening, supporting the opening
motion of FAK under force (Figure 4.10c). The primary force direction in the cellular
context is unknown, and the FAK-only results are used in the following as an upper force

limit.

The application of an external force leads to a lowering of the free energy barrier, result-
ing in a higher rate of the FERM-kinase domain dissociation. According to the relationship
between k¢ and kg provided by the DHS model, we estimate that a force of around ~20 pN)

can accelerate the activation rate of FAK by more than 5 orders of magnitude (Figure 4.15b).
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Figure 4.17 Uncertainty in the parameters from DHS fitting. Distributions of the estimated kinetic
parameters obtained from the fits with RMSD < 20 pN, including AG (a), x; (b), ko (c), L. (d) are
shown as histogram and boxplot. The interquartile range (IQR) in the boxplot, the range between
upper quartile and lower quartile, is considered as erro bar of each parameter.
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4.8 Kinetic model of FAK signaling.

As illustrated in Figure 1.1 in Sec-

tion 1.1, FAK acting as a cellular mechano- N
sensor transduces mechanical signals from FERM
the cell surface to the nucleus. Pre- Y397
vious studies reported that Ras activa- SH2 ey
tion regulated by FAK, Src and SHC binding
1s essential for the ERK activation [120,
121]. In the ERK/MAPK signaling cas- Y57.6/577
kinase

cade, signal transduction through FAK is
achieved by multiple Grb2-mediated sig-
naling pathways [121] (Figure 4.18): (1)
The SH2 domain of Shc binds to the Y925
auto-phosphorylated tyrosine site Tyr397 FAT

in FAK, and then is trans-phosphorylated C
by FAK. Phosphorylated Shc provides the
binding site for Grb2. Subsequently, the Figure 4.18 Schematic diagram of the interactions

. . of FAK either directly or via Shc to Grb2. The
FAK-She-Grb2 complex associates with SH?2 domain of Shc and c-Src can bind to the auto-

SOS and accelerates the exchange of GDP  phosphorylation site Tyr397 in FAK. The SH3

in Ras against GTP. (2) The SH2 domain domain of Grb2 can bind to the phosphorylated
Tyr317 in Shc and the phosphorylated Tyr925 in

of c-Src binds to the auto-phosphorylated FAK.

tyrosine site Tyr397 in FAK and trans-
phosphorylates Tyr925 in the FAT domain,
which binds subsequently to Grb2. The FAK-Src-Grb2 complex associates then with SOS
and contributes to the acceleration of the exchange of GDP/GTP in Ras protein. On the
basis of these reaction steps, we established a kinetic model of a FAK-mediated signaling

pathway, which contributes to the mechanical regulation of ERK activation (Figure 4.21).

The FAK-mediated signal transduction starts with the auto-phosphorylation of the tyro-
sine site of Tyr397 at the linker between the FAK FERM and kinase domain. Two mech-
anisms of FAK auto-phosphorylation have been suggested [122] (Figure 4.19): (1) Tyr397
undergoes intermolecular phosphorylation due to FAK dimerization or multimerization at
the cell periphery (trans-phosphorylation), or (2) Tyr397 is able to access the active site of

the same FAK protein (cis-phosphorylation). Phosphorylation, being if cis or trans, is re-
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quired to open FAK. Also, studies have showed that the auto-phosphorylation of Tyr397 is
regulated by external force [33, 123, 124]. Thus, the opening motion of FAK is considered
as the first reaction in our kinetic model. Since force also acts against a closing of the open
state, and the subsequent immediate association with c-Src futher reduces the possibility of
FAK closing, the opening motion of FAK is considered as an irreversible process and treated
as a first order reaction. The force-dependent FAK FERM-kinase dissociation rate obtained
from our FPMD simulations is used as a parameter to describe this reaction. Recent stud-
ies [41, 125] have shown that the clustering of FAK is critical for the auto-phosphorylation
of Tyr397. Hence, the auto-phosphorylation reaction is treated as a Michaelis Menten mech-
anism with FAK as the enzyme for itself. However, the auto-phosphorylation rate of the
tyrosine site in FAK is still unknown and redundant, the parameter of the tyrosine auto-

phosphorylation in Src is used here.

(a) f\gﬁ (b)

K Y397 )

Cg <&

o

Figure 4.19 Schematic representation of two FAK auto-phosphorylation mechanisms: (a) FAK
dimerization-induced intermolecular phosphorylation and (b) intramolecular phosphorylation of
Tyr397. The dark green sticks show the localization of ATP in activation site.

The upstream mechanical activation of Src is not well understood yet, but experiments [126]
have shown that the auto-phosphorylation of Tyr416 in Src is responsible for the activa-
tion of Src. Thus, the activation of Src is simplified in our model, and only the step
of auto-phosphorylation at Tyr416 is considered. The downstream steps of our proposed
kinetic model are based on two existing mathematical models. The first model, put for-
ward by Kholodenko et al, describes the signal transduction mediated by the EGF recep-
tor [127], which is constituted by similar interactions through two Grb2-mediated signal-
ing pathways as FAK signaling (Figure 1.1). Except from the sequential phosphoryla-
tions in FAK (Tyr397, Try576/577 and Try925) after the force-induced domain opening,
all parameters from Kholodenko’s model were adopted to our model, including the ther-

modynamic restrictions along cyclic pathways in the reaction scheme (Figure 4.21), e.g.
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4.8 Kinetic model of FAK signaling.

kio-kia-kig-kiglk_10-k_14-k_16-k_13 = 1. Parameters for the activation of the GDP/GTP
exchange in Ras accelerated by FAK-Grb2-SOS complex is taken from Hatakeyama’s study [128],
which describes this process with an approximate Michaelis-Menten mechanism.
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Figure 4.20 Results of downstream FAK signaling. (a) Time course of FAK opening (black) and the
GDP/GTP exchange in Ras protein (red) obtained with a varying external force in range between 9
and 18 pN (along the direction pointed by the blue arrow). Black: decrease in the concentration of
closed FAK. Red: decrease in the concentration of GDP bound Ras protein. (b) Time at which 50 %
of GDP-bound Ras protein is consumed under varying external force, corresponding to the cross
points of the green and red lines in (a). Black: data for kinetic parameters ko, AG* and Xj, of the
best fit (Table 4.3). Gray: estimated upper and lower limits using the error ranges of the parameters

(Table 4.3).

Based on the proposed kinetic model, we computed the time course of the responses to
external forces. Figure 4.20a illustrates how the total concentrations of FAK in the closed
state (black lines) and of GDP bound Ras protein (red lines) reduced upon the external forces
varying from 9 to 18 pN. Both FAK opening and GDP/GTP exchange in Ras are accelerated
by the external force. For forces smaller than 15 pN, the increase in GDP/GTP exchange
rate with force was strongly follows the one of FAK opening and thus is regulated by this
force-dependent process (Figure 4.20a). In contrast, when the force was larger than 15 pN,
the GDP/GTP exchange does not further accelerate, but instead saturates, in contrast to the
steadily increase FAK opening rate.

To trace this force-dependent regulation of Ras activation more precisely, the time when
50 % of GDP in Ras proteins were exchanged against GTP are shown as a function of
external force in Figure 4.20b (black line). With a small external force (< 5 pN), Ras
activation cannot occur within one day, but occurs within seconds to minutes at intermediate
forces. The activation rate of Ras then remained stable when further increasing the external
force (> 15 pN). The ranges of estimated errors of kg, AG* and X, (Table 4.3) were used

to predict the variation of the mechanical regulation of Ras activation. The upper limit
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Force-induced activation of Focal Adhesion Kinase

(upper gray line in Figure 4.20b) was predicted with the largest ky and the smallest AG*
and X}, which represented the lowest estimated energy barrier of FAK opening motion. The
smallest ko and the largest AG* and X}, were used to predicted the lower limit (lower gray
line), which corresponded to the highest estimated energy barrier between FAK closed and
opened states. While the Ras GDP/GTP exchange rate varies strongly (by several orders of
magnitude) within the parameter uncertainty, the increase in rate toward a second scale is

reached in all cases at around 20 pN.
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Figure 4.21 Kinetic scheme of FAK signaling regulated by external force. Numbering of individual
reactions is arbitrary.
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4.8 Kinetic model of FAK signaling.

Table 4.4 List of parameters for FAK signaling model.

Units Model value | Ref. value Ref.
ko | s7! 5.3e-9 — —
F* | pN 0 ~ 50 — —
X, nm 1.00 — —

AG™ | kgT 37 — —
kopear | 87! 9.33 | 560 min~' | [126]
koom | nM 0.132 0.132 | [126]
kozear | s7! 9.33 | 560 min—! | [126]
kozm | nM 0.132 0.132 | [126]
kos | nM~1s™! 0.09 0.09 | [127]
koap | s7! 0.6 0.6 | [127]
kos | s7! 9.33 9.33 | [126]
kog | s~ 9.33 9.33 | [126]
ko7 | nM~1s™! 0.09 0.09 | [127]
ko | 57! 0.6 0.6 | [128]
kog | nM~1s~! 6 6 | [127]
kosp | s7! 0.06 0.06 | [127]
koo | s7! 0.3 0.3 | [127]
koop | nM~1s! 0.0009 0.0009 | [127]
kip | nM~1s™! 0.003 0.003 | [127]
kiop | s7! 0.05 0.05 | [127]
kip | nM~1s7! 0.003 0.003 | [127]
kip |s7! 0.1 0.1 | [127]
kizm | M 340 340 | [127]
Viomar | nMs™! 1.7 1.7 | [127)
kiz | nMls7! 0.003 0.003 | [127]
kizp | s7! 0.1 0.1 | [127]
kis | nM~1s7! 0.0015 0.0015 | [127]
kigp |s7! 0.0001 0.0001 | [127]
kis | nM~1s7! 0.03 0.03 | [127]
kisp | s7! 0.064 0.064 | [127]
kig | nM~1s™! 0.01 0.01 | [127]
kigp | s7! 0.06 0.06 | [127]
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ki7 | nM1s7! 0.021 0.021 | [127]
ki | s7! 0.1 0.1 | [127]
kig | nM~1s™! 0.0045 0.0045 | [127]
kigp | s7! 0.03 0.03 | [127]
kig | nM~1s7! 0.01 0.01 | [127]
kigp | s7! 0.0214 0.0214 | [127]
ko | nM~1s™! 0.009 0.009 | [127]
kaop | 57! 0.0429 0.0429 | [127]
kyy | nM~1s7! 0.12 0.12 | [127]
kyp | s7! 0.000214 | 0.000214 | [127]
ky | s7! 0.222 0.222 | [128]
kym | nM 0.181 0.181 | [128]
kym | nM 0.0571 0.0571 | [128]
Voomax | nMs ™! 0.289 0.289 | [128]
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4.8 Kinetic model of FAK signaling.
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4.8 Kinetic model of FAK signaling.

Table 4.6 List of species in FAK signaling model.

Species Name Initi.nal Ref.
Concentration

FAK Focal adhesion kinase 80 nM | [129, 130]

FAK, Opened FAK O0nM | —

FAK,-p Opened FAK-py397 O0nM | —

Src Src kinase 90 nM | [129, 130]

Src-p Auto-phosphorylated Src-py416 O0nM | —

Shc Shc adaptor protein 1000 nM | [128, 129]

Shc-P phosphorylated Shc 0OnM | —

Grb2 Growth fact?r receptor 48 1M | [130]
bound protein 2

ShP-G Protein complex OnM | —

SOS Son of Sevenless 62 nM | [130]

G-S Grb2:SOS adaptor protein O0nM | —

ShP-G-S Protein complex 0 nM

Src-p-FAK,-p Protein complex O0nM | —

Ste-p-FAK,-pp Protein complex onM | —
(FAK-py397-py576/577)

Ste-p-FAK,-ppp Protein complex onM |
(FAK-py397-py576/577-py925)

Src-p-FAK,-ppp-G Protein complex O0nM | —

Src-p-FAK,-ppp-G-S | Protein complex OnM | —

FAK,-p-Sh Protein complex OnM | —

FAK,-p-ShP Protein complex O0nM | —

FAK,-p-ShP-G Protein complex O0nM | —

FAK,-p-ShP-G-S Protein complex OnM | —

Ras-GDP Ras protein (GDP state) 120 nM | [128, 129]

Ras-GTP Ras protein (GTP state) OnM | —

RG-S Protein complex containing 0nM | —

Grb2:SOS
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4.9 Discussion and Conclusion

We here provide computational evidence for a force-induced activation pathway of FAK.
It is non-trivial that the exertion of a pulling force at opposite sites of the FERM and ki-
nase domains leads to their dissociation. Other likely scenarios are protein unfolding and
PIP;-protein dissociation, both of which would lead to FAK deactivation, as obviously an
intact kinase structure but also PIP; binding [41] are required for FAK activity. We here
find domain-domain dissociation to be strongly preferred over unfolding or membrane de-
tachment, over a large range of pulling velocities, and robust with regard to the membrane

attachment, decidedly arguing for a mechano-sensing function of FAK.

Force application sites in FAK are critical for the FERM-kinase domain opening. Ap-
plying a stretching force to FERM F1- or F3-lobe leads to a preference of FAK deactivation
through kinase unfolding over its activation through FERM-kinase dissociation. In contrast,
applying mechanical force on the basic patch in FERM and C-terminus of kinase domain
results in domain dissociation with minor structural unfolding, which strikingly emphasizes

the crucial role of positively charged basic patch in the force transduction through FAK.

o-helical proteins are known to unfold at forces typically lower than f3-sheet proteins[131],
and both the kinase C-lobe and the FERM F2 domain feature mainly &-helical secondary
structure. In this regard, force-induced FAK unfolding would be an expected result. Never-
theless, in the particular and physiologically relevant case that force is applied to the PIP,
binding site and the kinase C-terminus, the ¢-helical regions subjected to the pulling force
refrain from unfolding. They instead transduce the load to the F2/C-lobe interface, which
readily opens prior to substantial kinase unfolding. We suggest that it is the zipper-like
topology, with the force application sites both located at the membrane-proximal basis of
the two domains, that mechanically weakens the domain interface, resulting in efficient FAK
opening and activation. Force transduction through the two termini, in contrast, results in
shearing the two domains relative to each other, making them less prone to dissociate. The
lower mechanical resistance of zipper versus shear-type topologies has been described ear-
lier, primarily for B-sheets [46, 47], and FAK force-induced domain-domain rupture and

activation appears to be another variation of this theme.

The interaction at the domain interface is highly dynamic. Especially during the un-

folding process, the interface residues repeatedly exchange interaction partners. TRFDA
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4.9 Discussion and Conclusion

has been shown earlier in this study to be an efficient computational approach to track
protein allostery even with minor conformational changes (Section 4.6.2). Here, by using
TRFDA, residues playing essential roles for protein mechanical stability can be identified.
This helped us to predict interesting candidates for functional mutagenesis. We here sug-
gest D200 and R598, as such candidates mutagenesis. They contribute together with Y180,
M183, V196 and F596, which previously have been shown to stabilize the auto-inhibited
state [36], to the rupture force and their mutation is expected to result in increased FAK

activity, according to our results.

By performing extensive FPMD simulations in presence of the POPE membrane bilayer
with varying PIP; concentration, we tested our proposed model of FAK mechano-sensing.
In this model, tensile force propagates from the membrane through the PIP; binding site of
the FERM domain and from the cytoskeleton-anchored FAT domain. They activate FAK by
relieving the occlusion of the central phosphorylation site of FAK (Tyr576/577) by the auto-
inhibitory FERM domain. We observed that the dissociation of the kinase domain from the
membrane and the FERM domain induced by an external force applied on the C-terminal of
kinase domain is independent of the force application directions. However, it is dependent
on the concentration of PIP, in the membrane. The interactions of FERM domain with a
single PIP, lipid is insufficient to hold FAK until the dissociation between FERM and kinase
domain occurs, i.e. only aggregated PIP; lipids in the membrane can trigger the mechanical
activation of FAK.

Using an advanced dynamic force spectroscopy model by Dudko, Humer, and Szabo, the
kinetic parameters, which describes the energy landscape of the transition of FAK from the
closed to the opened state, were estimated (Section 4.7). However, the rupture forces from
our simulations show a large variations, which increases the uncertainty of the predicted
kinetic parameters. The large scattering of the obtained forces is due to the limitation of
computer resources. Increasing the sampling and extending it to even lower loading rates

can effectively minimize the error of the extrapolated parameters.

On the basis of the interactions in the FAK-mediated downstream signaling pathway,
we established a kinetic model to analyze the enzymatic effect of FAK on Ras activation,
which regulates the gene expression via ERK activation (Section 4.8). The proposed kinetic
model is based on two previously established mathematical models. However, the upstream
mechanical activation of FAK has so for been missing. Our results in this work can fill

this gap, which is still inaccessible to the experiment yet, and bring the factor of force into
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the regulation of downstream reactions. We observe that external forces within 20 pN can
significantly accelerate the activation of Ras, whereas a larger external force (> 20 pN) does
not further promote the GDP/GTP exchange process in Ras. We thus overall observe two
force regimes. Firstly, within 50 pN or less, the activation of FAK can be increased about ten
orders of magnitude (Figure 4.15b), i.e. the time scale of FAK activation comes down to a
few seconds, and secondly, only external forces within 20 pN contribute to the acceleration
of Ras activation (Figure 4.20b). Recent experiments [132] showed that the tensile force
acting on integrin lies mostly in the range of 33 to 43 pN, which is in good agreement with
our computational results. Further more direct evidence of the force levels on FAK and

downstream effects are needed to test our computers predictions.
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CHAPTER 5

CONCLUSIONS AND FUTURE PERSPECTIVES

An increasing number of mechano-sensing proteins are gaining attention due to their cru-
cial role in the conversion of external forces from extracellular matrix into intracellular
biochemical reactions. FAK is recognized as force sensor at the cytoplasmic site of cell
membrane. Multiple studies have shown that the malfunction of FAK can lead to errors in
embryonic development and survival [28-30]. Thus, understanding the mechanism of FAK
mediated signaling is helpful for the development of treatments for diverse human diseases
such as cancer or cardiovascular diseases. Here, we addressed two major questions: First,
how does FAK respond to an external biochemical (ligand binding) or mechanical (force)
signal? Second, how does FAK as a mechano-sensor affect the regulation of downstream

signaling?

To answer the first question above, the dynamics of FK-FAK in three protein systems in
absence (apo-FK) or presence of ATP (FK-ATP) and additional PIP, (FK-ATP-PIP,) were
compared by performing all-atom MD simulations (Chapter 3). We identified an open-
ing motion between the FERM and kinase domains (upon ATP binding) and a reversible
closing (upon ATP binding) and opening (upon additional PIP,) motion within the kinase
domain, which is in good agreement with FRET experiment. However, no full dissocia-
tion as required for FAK catalytic turnover, was observed between the FERM and kinase
domains [41]. This result hints towards a requirement of an additional biochemical or me-
chanical stimuli for FAK activation. Accordingly, a model of FAK mechanical activation
was proposed and tested by applying an external force on FK-FAK in FPMD simulations,
which is meant to mimic the propagation of tensile force through FAK (Chapter 4). We
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observed a specific opening between the FERM and kinase domains, however only when
applying force on the basic patch in the FERM domain and C-terminus of the kinase do-
main. This strongly underlines that the interactions of basic patch with its binding partner

1s crucial for FAK activation.

To validate this mechano-activation mechanism in the more physiological context of
membrane-bound FAK, protein systems with membranes containing different PIP; concen-
trations were built and FK-FAK kinase C-terminus was pulled away from the membrane.
The simulation data showed force-induced activation, i.e. dissociation of the kinase domain
from the FERM domain prior to the dissociation of the protein from membrane at a high
concentration of PIP, (15 %) in the membrane. In contrast, a membrane with low concen-
tration of PIP; (1 %), in which the FERM domain interacts with a single PIP,, cannot hold
FAK until the dissociation between FERM and kinase domains occurs. We can conclude

that PIP,-clustering is a prerequisite for FAK mechanical activation.

To answer our second major question on downstream consequences of FAK mechano-
sensing, a signaling network connecting the initial opening of FAK by force to downstream
Ras activation was established. Force-dependent FAK activation turns also Ras GDP/GTP
exchange along with further downstream ERK/MAPK signaling into a force-regulated pro-
cess. Our kinetic model provides straightforward insight into the enzymatic role of FAK in
the signal transduction from the cell surface to the nucleus. A major finding is that force
leads to a steady acceleration of FAK activity, which translates into an acceleration of Ras-
GTP formation only up to a certain force threshold, estimated to lie in the 15-25 pN range,
this has interesting implications for the role of FAK as mechano-sensor in the cell. To date,
many kinetic models of the MAPK signaling pathway have been suggested [128, 133] which
solely focus on the chemical triggering of the MAPK signaling, namely by epidermal growth
factors as stimuli. However, the mechanical signaling along the MAPK pathway has not yet
been investigated as parameters on upstream mechanical activation reactions. We here fill
this gap and for the first time, to our knowledge, propose a mechano-biochemical combined
signaling pathway, in which the first step is triggered by force. Introducing our proposed
activation mechanism of FAK into the downstream signaling network allows to predict ERK
activation kinetics as a function of external force, a dependency already observed previously

in multiple experiments [123, 134].

Given the limitation of computational resources, a large scattering of rupture forces

with varying loading rates was obtained in our simulations, which can lead to errors in the
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estimation of kinetic parameters that describe the energy landscape of the transition from
the closed to the opened state. To minimize the uncertainties in the rupture forces and
thereby in the extrapolated parameters, one would need to increase the sampling at each
loading rates or to extend the simulations to millisecond time scales. Simulations at mil-
lisecond time scales have come into reach, in particular on hardware optimized for MD
simulations. [135] A combination of all-atom simulations as presented here with simula-
tions of more coarse-grained models can additionally extend the accessible time scales.
Most notably, the Self-Organized Polymer (SOP) model has proven useful in a series of
simulations of force-induced protein unfolding or dissociation such as ubiquitin reversible
unfolding [136]. In the case of FAK, it remains to be seen, however, if the delicate balance
between domain-domain dissociation and domain unfolding of FAK is correctly captured by
a model such as the SOP model, in which all residue-residue interactions are treated equally

strong.

Due to the computational cost of considering all atomistic details, the loading rates used
in our computational force-spectroscopy like simulations were four to six orders of mag-
nitude faster than those used in experimental force-spectroscopy measurements. The DHS
model allowed to extrapolate to longer time scale, though with high uncertainty, as discussed
above. Also, two regimes separated by the critical loading rate needed to be considered in
our fitting with DHS model. Recently, a theory of rapid force spectroscopy has been sug-
gested by Bullerjahn et al. [137], which can be used to fit force spectroscopy data at a large
range of time scales including those of our simulations (up to 10'! pN/s). Applying this new

model to our data will be a subject of future work on FAK.

Interestingly, FAK is not the only upstream signaling protein, which has an auto-inhibitory
conformation and is regulated by force. Src is another well-studied example which responds
to cellular stresses, presumably by releasing its kinase domain from the interactions with its
inhibitory SH2 and SH3 domains [138]. The binding of Src to FAK induces one of the
FAK mediated signaling pathways leading to Ras activation. Thus, the strongly simplified
activation of Src in our proposed model, in which only the step of auto-phosphorylation is
considered, could lead to an overestimation of the Src activation rate. Thus, studying Src
mechanical activation using FPMD simulations as presented in this thesis for FAK would
allow to analyze the role of Src as a mechano-enzyme. Such results could also improve
the accuracy of our predictions of the mechanical regulation of the ERK/MAPK signaling
pathway. However, auto-inhibited proteins such as FAK and Src at membrane surface are
numerous. Other candidates, e.g. ERM, SNARE and WASP proteins, are also well known
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for their auto-inhibitory conformations [138] and their role in the regulation of downstream
signaling. Extending our computational analyses systematically to a wider range of auto-
inhibited membrane proteins might help to explore how widespread mechanical regulation

at the membrane surface is.

We identified a crucial role of PIP;-clustering and force propagation through the PIP;
enriched membrane for FAK-mediated signaling by our MD simulations. This might be a
common theme also for other mechano-transduction mechanisms. The supposedly multi-
valent binding of FAK to PIP, as suggested by our results have yet to be confirmed by ex-
periments. Surface Plasmon Resonance (SPR) might be a candidate to more quantitatively
assess the binding of FAK with PIP; micro-domains. As a further test of our predictions,
it remains to be investigated experimentally to what extent FAK mechanical activation de-

pends on calcium ions, which can enhance PIP, clustering.

Two force regimes have been observed in our study. First, within 40 pN, the activation
of FAK can be increased by 5-10 orders of magnitude; second, within 20 pN, the activation
of Ras is accelerated with increasing of external force. The force acting on FAK at FAs is
still unknown. For other proteins at FAs, previous studies reported that the unfolding rate
of a talin rod can reach a time scale of seconds with an external force of ~12 pN measured
by magnetic tweezers [94]. Grashoff et al. [95] could quantify the tension across single
vinculin molecules in FAs to be approximately 2.5 pN, using a FRET-based mechanosensor.
A recent study by Wang et al. [132] demonstrated that the tensile force acting on single
integrin-ligand interactions at the cell surface is about 40 pN, which is in good agreement
with our computational result. To further validate the predicted molecular mechanism of
FAK activation, experiments applying a stretching force on single FAK protein are required.
We cooperate with Hermann Gaub’s lab in Munich to test FAK mechanical unfolding with
atomic force microscopy experiments. The unfolding from the N- and C-terminus of the
FK-FAK fragment can be easily achieved by attaching the cantilever to the termini through
a biochemical handle. These experiments have yielded preliminary data, that largely is in
line with our observations. However, the catalytic turnover of FAK requires the force to be
applied to the FERM basic patch and the C-terminus of the kinase domain, which is much
more challenging, because a loop carrying a covalent handle is required to be inserted within
the basic patch. Also, cyclic stretch experiments would be of interest to test the enzymatic
effect of FAK for the GDP/GTP exchange in Ras, as predicted in our proposed signaling
network. It would be also of high interest to quantify the force transmitted through FAK
within FAs using the FRET-based sensor of Grashoff and co-workers.
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Taken together, our Molecular Dynamics simulations provided evidence on the molec-
ular level for that FAK can be allosterically regulated both by biochemical and mechani-
cal stimuli or rather a combination thereof. Biochemical modeling and in general systems
biology approaches can be extended to incorporate mechanical, a crucial biological stim-
ulus that remains to be often overlooked in this field. Our hybrid approach of molecular
simulations and biochemical network modeling, combining a biophysical and biochemical
perspective of a cellular process, is likely to be useful for studying other potential cellular

or extra-cellular mechano-enzymes.
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