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Abstract

Cells are subjected to mechanical forces and must sense and adequately react to them in
order to develop and survive — a process known as mechanotransduction. This conversion
of mechanical into biochemical signals is clustered at mechanotransduction hubs, i.e.
protein complexes specialized for this purpose. Two examples of such hubs are on the one
hand focal adhesions at the plasma membrane, which mediate signaling of the cellular
inside with the outside matrix, and on the other hand the kinetochores, which control
the proper segregation of chromosomes during cell division. In this work, I primarily
used molecular dynamics simulations to investigate one protein from each of these
two mechanotransduction hubs to further decipher their mechanisms for transducing
mechanical signals.

For the crucial focal adhesion component Integrin-linked Kinase (ILK) I elucidated
a non-conventional function of ATP-binding to the pseudokinase ILK. ATP promotes
the structural stability of ILK and allosterically influences the interaction between ILK
and its binding partner parvin, which leads to enhanced mechanoresistance of the
ILK:parvin complex. Cell-level experiments from collaborators demonstrated that these
features result in focal adhesion stabilization and proper traction force buildup, which
manifests itself in efficient cell migration. Combined, these results suggest that ILK,
stabilized and altered by the presence of ATP, might be capable to function as an active
mechanotransducer.

The partially disordered inner centromere protein (INCENP), on the other hand, is a
passive participant in mechanotransduction at kinetochores. I detected that its disordered
region transitions from globular to coil states in response to phosphorylation, which
considerably tunes its length and may influence its phase separation properties. These
features would allow INCENP to act as length-variable tether to regulate the activity of
the chromosome segregation kinase Aurora B by controlling Aurora B’s access to targets
in response to kinetochore tension.

My work thus sheds light on two widely different mechanisms by which non-enzymatic
scaffold proteins are involved in mechanotransduction. In this way, we are expanding
our palette of the manifold principles of mechanical signaling and thereby coming closer
to grasping the complexity of cells.






Zusammenfassung

Zellen sind mechanischen Kraften ausgesetzt und miissen diese, um sich zu entwickeln
und zu {iberleben, wahrnehmen und angemessen darauf reagieren — die sogenannte
Mechanotransduktion. Diese Umwandlung von mechanischen zu biochemischen Sig-
nalen findet an Mechanotransduktionszentren statt, d.h. in Proteinkomplexen, die fiir
diesen Zweck spezialisiert sind. Zwei Beispiele solcher Zentren sind zum einen die
fokalen Adhésionen an der Zellmembran, welche die Signaliibertragung zwischen dem
Zellinneren und der dulleren Matrix vermitteln, und zum anderen die Kinetochore, die
im Zuge der Zellteilung die korrekte Trennung der Chromosomen sicherstellen. Unter
Verwendung von in erster Linie molekulardynamischen Simulationen habe ich in dieser
Arbeit jeweils ein Protein dieser beiden Mechanotransduktionszentren untersucht, um
ihre Mechanismen zur Ubertragung mechanischer Signale weiter zu entschliisseln.

Fiir die Integrin-linked Kinase (ILK), eine wichtige Komponente fokaler Adhéasionen,
habe ich eine unkonventionelle Funktion der ATP-Bindung an die Pseudokinase ILK
aufgeklart. ATP unterstiitzt die strukturelle Stabilitdt von ILK und beeinflusst allosterisch
die Interaktion zwischen ILK und seinem Bindungspartner Parvin. Dies fiihrt zu einer
erhohten mechanischen Widerstandsfiahigkeit des ILK:Parvin-Komplexes. Experimente
von Kollaborationspartner*innen auf Zellebene zeigten, dass diese Eigenschaften eine
Stabilisierung fokaler Adhésionen und eine ordnungsgemal(3e Erzeugung von Zugkréften
bewirken, was sich in effizienter Zellmigration duflert. Diese kombinierten Ergebnisse
deuten darauf hin, dass ILK, stabilisiert und verandert durch die Anwesenheit von ATP,
in der Lage sein konnte als aktiver Mechanotransduktor zu fungieren.

Das zum Teil ungeordnete innere Zentromerprotein (INCENP) hingegen ist ein passiver
Teilnehmer der Mechanotransduktion an Kinetochoren. Ich habe nachgewiesen, dass der
ungeordnete Bereich von INCENP in Abhéngigkeit von Phosphorylierungen von kom-
pakten, kugeldhnlichen Zustdnden zu gestreckten Zustdnden iibergeht, was seine Lange
erheblich verdandert und seine Phasentrennungseigenschaften beeinflussen kann. Diese
Merkmale wiirden es INCENP erlauben, die Aktivitdt der Kinase Aurora B zu regulieren,
indem es als langenverdnderlicher Anker agiert, um so den Zugriff von Aurora B zu
seinen Substraten im Zusammenspiel mit der Kinetochorspannung zu kontrollieren.
Meine Arbeit beleuchtet somit zwei sehr unterschiedliche Mechanismen, durch die
nicht-enzymatische Geriistproteine an der Mechanotransduktion beteiligt sind. Dadurch
erweitern wir die Palette der vielfaltigen Prinzipien von mechanischer Signaliibertragung
und kommen so dem Verstdndnis der Komplexitit der Zelle ndher.
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1.1

Introduction

The same few dozen organic molecules are used
over and over again in biology for the widest
variety of functions.

— Carl Sagan

All structures, from rocks to humans, require physical forces to hold themselves together.
Only due to mechanical forces nature was able to build and operate the most complex
biological structures we know of — arguably the human body. Nevertheless, most of
the enormous success in explaining biological phenomena is still only attributed to
the explanatory power of the omnipresent reaction-diffusion model of biochemistry.
However, this chemical mindset is not always sufficient to explain biological processes.
Consequently, over the last years mechanical forces have emerged more and more as
one missing factor of biological signal transduction and thus as a universal concept of
biological language across all kingdoms of life.

Mechanical force in biology

The effects of forces in the biological context are perhaps most evident on larger scale
processes like physical exercise, breathing and blood flow, among others. But underlying
all those processes lies the potential of forces to regulate biological processes on the
microscopic scale. Recently this was highlighted by the awarding of the Nobel price in
physiology/medicine to David Julius and Ardem Patapoutian in October 2021 for their
discoveries of receptors for temperature and touch — ion channels that mediate thermal
and mechanical signal transduction'. Beyond to such specialized sensory cells, nearly
every cell is subjected to mechanical force and as a result they can adjust their shape,
migration, differentiation and proliferation. Stem cells for example differentiate into
their fated specialized cells in response to the geometry and stiffness of the substrate
on which they grow (L. R. Smith et al., 2018). Likewise, the function of many other

!The Nobel Prize in Physiology or Medicine 2021. NobelPrize.org. Nobel Prize Qutreach AB 2022. Tue. 8
Mar 2022. <https://www.nobelprize.org/prizes/medicine/2021/summary/ >
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cells highly depends on the connection of the cell to the so-called extracellular matrix
(ECM) to which they adhere. Therefore, it is not surprising that many diseases arise
from defects in proper conversion of mechanical into biological signals, such as deafness,
heart muscle disease, asthma, cancer and many more (Jaalouk and Lammerding, 2009;
Ingber, 2003).

The ability of cells to sense mechanical signals from their environment is defined as
mechanosensing. The detected physical cues are then transformed into an adequate,
context-specific biological response in a process called mechanotransduction. Therein, a
protein or protein complex that triggers biochemical signaling in response to a mechanical
stimulus is defined as a mechanotransducer.

Converting force into biochemical signals

To understand the big picture of cellular mechanotransduction we require knowledge of
the mechanical properties of proteins and other biomolecules. To fulfill mechanorespon-
sive functions, proteins need to be embedded in molecular networks that are physically
coupled to force-bearing cellular structures like for example the contractile cytoskeleton.
Therefore, the crucial question in mechanotransduction concerns the different ways in
which proteins and their corresponding biological signaling networks are designed on
the nanoscale to respond specifically to mechanical forces. Of particular interest here are
the integration principles of such events into mechanoresponsive pathways.

The equilibrium structures and functions of proteins are extensively studied. Insight
into protein dynamics and the resulting relation between mechanical force and altered
protein conformations has further emerged in the last years. The nature and degree of
responses to mechanical stimuli on proteins is greatly variable. Those include, but are not
limited to, formation or disruption of protein-protein interaction (Y. Chen et al., 2015),
introduction or removal of post-translational modifications (Qin et al., 2015; Hashimoto
et al., 2019), exposition of molecular recognition sites (Butera et al., 2018) and protein
unfolding (Jagannathan and Marqusee, 2013). For the latter, the mechanical stability
of a protein to unfolding is regulated by the positions of its secondary structure motifs
and the interaction between them. How these motifs are oriented relative to the external
force vector ultimately determines the protein unfolding pattern, including the order in
which force-bearing interactions rupture (Vogel, 2006; Carrion-Vazquez et al., 2003).

While single-molecule rupture experiments like atomic force microscopy (AFM) (Nandi
and Ainavarapu, 2021) or optical tweezers (Bustamante et al., 2020) can determine the
overall effect of force on proteins, the investigation of such mechanical effects on the

Chapter 1 Introduction
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Fig. 1.1.: Sites of cellular force transduction. So called mechanotransduction hubs exist
both at the cell membrane for mechanical communication between cellular outside
and inside (for example focal adhesions and adherens junctions) and also within the
cell for intracellular force signaling (for example the kinetochore and the linker of
nucleoskeleton and cytoskeleton (LINC)).

atomic level requires sophisticated computational methods such as force-probe molecular
dynamics simulations (Grubmiiller, 2005), which are described in detail in chapter 2.
Both computational and biophysical methods are best combined for cross-validation and
full determination of the biological process.

Cellular mechanotransduction hubs

The combined effort in the field of mechanosensing achieved the identification of various
subcellular structures that mediate cellular force transduction, so called mechanotrans-
duction hubs. Such large and specialized protein complexes exist both at the plasma
membrane managing the froce signaling between the cellular outside and inside, and
equally at compartments inside the cell, including intracellular membranes mediating
intracellular force transduction (Figure 1.1). For example, cells probe the mechanical
stiffness of their environment at focal adhesions (FAs), contacts between the cell and
the ECM. FAs are membrane-attached signaling platforms at the interface between intra-
and extracellular tension (Burridge, 2017). The intracellular forces are generated by the
actin-myosin cytoskeleton machinery, whereas mechanical signals from the extracellular
space depend on the density, topography and stiffness of the ECM. Further, cells are
able to regulate the mechanical coupling between neighboring cells by cell-cell junctions
(Angulo-Urarte et al., 2020).

Regarding intracellular force transduction, the nucleus and its transcriptional programs
are mechanically coupled to the cytoskeleton through the linker of nucleoskeleton and

1.3 Cellular mechanotransduction hubs
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cytoskeleton (LINC) (Lityagina and Dobreva, 2021). Furthermore, in the process of
cell division, kinetochores mechanically control faithful chromosome separation. Kine-
tochores are large protein complexes that assemble on the centromeric region of the
chromosomes during mitosis (Cheeseman, 2014). They mediate the attachement of the
mitotic spindle microtubules to the chromosomes to ultimately separate the two chro-
matides and pull them to the opposite cell poles. Only correct chromosomal bi-orientation
lead to faultless division of the genomic material. The build-up of molecular tension due
to microtubule binding and pulling is used to detect such correct bi-orientation. How-
ever, the precise molecular mechanisms governing force transduction at those different
intracellular structures are still largely poorly understood.

Overview of this thesis

This thesis aims to contribute to the understanding of signaling mechanisms employed
by cells to transduce mechanical forces inside force transduction hubs by means of
molecular simulations. These mechanisms on the molecular level can only fully be
grasped by molecular simulations as those provide the necessary resolution. In contrast,
experimental methods can determine the larger scale effects of such molecular alterations.
This thesis covers the investigation of a protein involved in outside-in signaling and one
protein implicated in intracellular force transduction. A detailed biological overview of
the two studied force transduction hubs, namely FAs and the kinetochore, and of the
specific proteins under investigation, that is ILK and INCENP, are addressed further in
the background sections of the corresponding chapters.

Case Study I: ILK at Focal Adhesions The first results chapter (chapter 3) concerns the
function of the pseudokinase ILK, a crucial component of FAs. The investigations elucidate
the non-canonical effect of the small molecule ATP, normally critical for kinase catalysis,
on the signaling of a non-catalytic mechanotransducer. The molecular simulations are
combined with cellular and biochemical experiments, including traction force microscopy,
performed by Michele Nava and Sara Wickstrém (Helsinki University, Finland) to cross-
validate and complement the simulation results providing a view of ILK across two
different orders of magnitude.

Case Study II: INCENP at the Kinetochore The second results chapter (chapter 4) sheds
light onto a more passive participant in the big picture of mechanotransduction at
kinetochores, the inner centromere protein (INCENP). It is co-responsible for correct

Chapter 1 Introduction



chromosome segregation by scaffolding and thereby regulating the kinase Aurora B
which removes incorrectly attached microtubules. Based on a current hypothesis, the
detection of correct kinetochore tension is achieved through the distance-restricted access
of Aurora B to substrate proteins. Molecular simulations at different resolutions allowed
to explore to role of INCENP within this mechanism by examining the conformational
ensemble of INCENP’s intrinsically disordered region as a function of its phosphorylation
state as well as exploring its phase separation capacity.

1.4 Overview of this thesis






2.1

Theory of Simulations and
Experiments

This chapter describes the general theories behind the methods used in this thesis. For
the molecular simulations, these include molecular dynamics simulations (section 2.1),
its biasing and analysis techniques (section 2.2, section 2.3) as well as molecular docking
(section 2.4). Additionally, traction force microscopy experiments are outlined in sec-
tion 2.5. Details on the specific parameters used for the different biological systems can
be found in the methods section of the respective results chapters.

Molecular dynamics simulations

Comprehension of protein dynamics is essential to our understanding of the underlying
mechanisms of biological processes. Molecular dynamics (MD) simulations, that follow
the structure and properties of molecules as they evolve in time, are one technique to
decipher protein dynamics at atomic resolution (Hollingsworth and Dror, 2018; Gonzdlez,
2011; Karplus and Kuriyan, 2005). In MD simulations, the motions of molecules can
be described on timescales from bond-vibrations occurring within femtoseconds to
large-scale conformational transitions within microseconds and beyond.

Figure 2.1 shows a simplified workflow of a typical MD simulation. In short, the initial
starting structures, namely the atomic coordinates in 3-dimensional space, are usually
obtained from experimental techniques such as X-ray crystallography (Shi, 2014) or
nuclear magnetic resonance (NMR) (Marion, 2013). The atoms are assigned initial
velocities and their positions are then propagated in time by integration of Newton’s
equations of motion. To do so, an accurate description of the forces between atoms
is needed. Ideally, forces would be derived from first principles, i.e. by solving the
electronic structure and subsequently calculating the resulting forces on each atom with
quantum mechanical calculations (Kohanoff, 2006). However such computationally
expensive treatment is only feasible for a few tens to hundreds of atoms, while typical
protein systems can encompass up to millions of atoms. Therefore, in MD simulations
the atoms are represented as spheres interacting with spring-like potentials, which are
described in so called ’force fields’.
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Fig. 2.1.: Typical workflow of MD simulations. First, the positions of atoms and interactions
between them are defined. Taking into account their interatomic forces, which are
described by force fields, the atom positions are propagated in time by integration of
Newton’s equations of motion for a small timestep. The integration is repeated until
the desired trajectory length is reached. The dynamic properties are calculated and
visualized in the post-processing step.

Force fields

A force field mathematically describes the dependence of the system’s energy on its atomic
coordinates. It contains an empirical set of functions and their respective parameters
defining the interatomic potential energy (V(rl, r2, ..., rN)) as a function of the atom
positions (rl, r2 ..., rN). This potential energy function consists of the sum of the
individual bonded and non-bonded interactions (Figure 2.2). The bonded terms define
the interactions between covalently bound atoms (i.e. bonds, angles, dihedrals). The
intra- and intermolecular interactions between atoms that are not linked by covalent
bonds are termed the non-bonded interactions and comprise electrostatics and van der
Waals interactions. Thus the potential energy function is defined as

V' = Vhond + Vzmgle + Viihedral + VL + Veoulomb- 2.1

Therein, the bond energy resulting from the covalent interaction of atoms i and j is
defined as

1
Vbond = Z §kl‘)ond<rij - TO)Q (2.2)
bonds

where r;; is the actual bond length between two atoms, r is the equilibrium bond length
and kP°"d is the harmonic force constant.

The energy of angle bending relative to the equilibrium bond angle 6, can be described
as

1
Vangle = Z ik?ngle(gi - 90)2 (23)

angles

Chapter 2 Theory of Simulations and Experiments
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Fig. 2.2.: Atomic interactions in force fields. In a classical force field the energy contributions
from bonded interactions including bond stretching, angle bending and dihedral
torsions are combined with the non-bonded interactions comprising van der Waals
interactions and electrostatics.

angle

y is the harmonic force

where 6; is the actual bond angle between three atoms and &
constant.

In a system of four atoms, the energy due to deviation from the equilibrium dihedral
angles ¢ is calculated according to:

1
Viihedral = Y 516'? (1+ cos(ng —7)) 2.4
dihedrals

where kf is the height of the torsional energy barrier, n is the multiplicity of the potential
function and ~ is the phase shift angle.

The non-bonded van der Waals interactions are described by a Lennard-Jones potential
where the interaction energy between the atoms i and j at distance r;; is defined as

12 6
Ois Ois
1] 1]

in which ¢;; and o;; are the depth and the width of the 6-12 Lennard-Jones potential. ¢
is commonly refereed to as the dispersion energy and o describes the particle size and
thereby marks the distance at which the particle-particle potential energy is zero.

The non-bonded electrostatic interactions are described by Coulomb’s law where the
electric potential between a pair of atoms with charges ¢; and ¢; at distance r;; is defined
as

q:q;
Vcoulomb = 47T;Oi” (2.6)
ij

with gy being the dielectric constant.

The accuracy of MD simulations is directly related to the quality of the force field
parameters, which are calibrated by quantum mechanical calculations and experiments
of small model molecules. Further, the ability of force fields to reproduce physical
properties is ensured by comparison to experimental methods like for example small

2.1 Molecular dynamics simulations
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angle X-ray scattering (Boldon et al., 2015; Latham and B. Zhang, 2019). Consequently
each force field is optimized for the specific class of molecules that they are developed
for, i.e. proteins for the AMBER fore field used here.

Integrating the equations of motion

Once the potential energy of the system (V') is known, the forces acting on each atom
(F;) depending on the atomic coordinates (r;) are calculated as:

F=- @7
5’/‘i

Subsequently, the motions of the nuclei are described classically — as opposed to an
extremely computationally expensive quantum mechanical treatment — by Newton’s
equations of motions:

2

F, =m;a; = mz% (2.8)
where F; is the total force acting on atom i and m;, a;, and r; are its mass, acceleration
and position, respectively. Newton’s equations of motion are numerically integrated,
as they cannot be solved analytically, using the Verlet algorithm (Verlet, 1967) which
is based on the Taylor expansions for velocity and position or the leap-frog algorithm,
which is mathematically equivalent to Verlet, but updates the positions and velocities
asynchronously.

This integration, performed for each atom separately, is executed over a small, finite
time increment, a timestep, to calculate the atomic positions at the next timestep. By
subsequently repeating these steps, the temporal evolution of the system, a trajectory,
is generated. Therein, the timestep (At¢) must be small in comparison to the fastest
motions in the system to accurately represent those high-frequency vibrations. Bond
vibrations involving hydrogens that occur within a few femtoseconds would impose a
timestep of 1fs (Gonzalez, 2011). However, these have only a negligible effect on the
protein’s time evolution. Therefore, we can constrain the bong lengths and bond angles
between heavy atoms and hydrogens. This allows the timestep to be increased to 2fs,
effectively doubling the time that can be simulated in one timestep and halving the
computational effort for a given trajectory length. To this end, many algorithms for
H-bond constraining were developed and are currently used in standard MD simulations,
like the LINCS algorithm employed in this thesis (Hess, 2008).
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2.1.3 Advanced procedures of MD simulations

Calculation of long-range interactions

The evaluation of non-bonded interactions is the limiting factor for the computational
efficiency of each integration step in MD simulations. Therefore, the calculation of
the non-bonded interactions is commonly restricted to atoms within a set cutoff which
greatly enhances the computational efficiency. Such cutoff-based approaches work
well for the Lennard-Jones potential that decays rapidly with distance. However, the
Coulomb potential does not decay fast enough to allow for safe truncation with a simple
cutoff. Thus, the contribution of the long-range electrostatic interactions is typically
approximated using the Particle Mesh Ewald (PME) scheme that possesses more favorable
scaling properties (Darden et al., 1993; Essmann et al., 1995). In short, using PME the
coulomb potential beyond the cutoff is calculated in the reciprocal space via a Fourier
transform. The charge density is evaluated on a discrete mesh using interpolation, where
each grid point contains a charge based on the atoms in its immediate neighborhood.
The convolution of each mesh point with every other, denoting the interaction between
mesh points, can be performed by taking the Fourier transform of the original density
mesh. The back-transformation applies the resulting forces to each atom based on its
position within the mesh. This way, a high accuracy in the evaluation of the long-range
interactions can be maintained while drastically increasing computational speed.

Water models

The natural environment of proteins is usually the aqueous cytoplasm. In simulations,
proteins are consequently solvated by the addition of water molecules supplemented with
sodium and chloride ions in physiological concentration. The computational treatment of
this solvent is the biggest factor that determines the system size, i.e. the number of atoms,
both proteins and solvent, to be simulated. Thus, the system size ultimately dictates
the accessible timescale. Several water models have been developed to represent water
in simulations. A water molecule in a three-site model, like the commonly used TIP3P
water model (Jorgensen et al., 1983), contains three interaction points corresponding to
the three participating atoms. Here, each site is assigned a point charge. Additionaly,
Lennard-Jones parameters are given to the site corresponding to the oxygen. Further,
the model uses a rigid geometry to match that of actual water. Such three-point water
models usually provide enough accuracy of the water properties while at the same time
maintaining a reasonable computational effort.

2.1 Molecular dynamics simulations
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However, the use of more elaborate water models can be beneficial for specific ap-
plications. With the above described water model, the conformational ensembles of
disordered proteins (subsection 4.1.5) are structurally too compact in comparison to
experiments. One way of counteracting this is the use of an optimized water model for
disordered proteins, TIP4P-D (Piana et al., 2015). This four-site model contains four
interaction points by adding a dummy atom near the oxygen. Additionally, it corrects
for the underestimation of water dispersion interactions thereby improving the elec-
trostatic distribution around the water molecule. Simulated with the TIP4P-D water
model, disordered proteins are typically substantially more expanded and therefore in
better agreement with experiments. However, such a four-point water model significantly
increases the computational cost by the introduction of a fourth particle in each solvent
molecule.

The particle number can be drastically reduced by treating the solvent implicitly. Here,
the explicit solvent molecules are replaced by a continuous medium describing electro-
static interactions of the solvent with a solute molecule. The solute, in most biological
cases a protein, is encapsulated in a tiled cavity which is embedded in a homogeneously
polarizable continuum describing the solvent. The solvents dielectric constant (¢) deter-
mines the degree of its polarizability. The implicit solvent interacts with the charges on
the cavity surface, that are defined by the enclosed protein which in turn changes the
polarization of the protein. In this thesis, implicit solvent was used in combination with
the coarse-grained model described in subsection 2.1.4.

Adjusting temperature and pressure

The integration of Newton’s equations of motions keeps the number of particles (N), the
volume of the simulation box (V) and the total energy of the system (E) constant. Thus,
a trajectory in the microcanonical (NVE) ensemble is generated, where an ensemble
describes the probability distribution of a system’s states. However, due to numerical
integration errors and the approximations used to evaluate the non-bonded interactions,
the total energy of the system is not completely conserved. Further, to ensure compara-
bility with experiments, MD simulations are often performed at constant temperature
or/and pressure. Thus, the newtonian MD scheme is modified by thermostat or/and
barostat algorithms to sample conformations from an NVT (canonical) and NPT ensemble,
respectively.

The macroscopic temperature of a system is directly related to its average internal kinetic
energy according to the equipartition theorem. Therefore, a constant temperature can be
maintained by adjusting the atom velocities. In the commonly used Berendsen thermostat
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(Berendsen et al., 1984), the temperature of the system is adjusted by a weak coupling
of the system to a heat bath with reference temperature Ty, according to

dl'  Toamn — T
S bath (2.9)
dt Tt

with the coupling constant 7y determining the strength of the coupling. The different
parts constituting the simulation system, here protein atoms and solvent atoms, are
coupled to separate heat baths.

However, the ensemble generated by the Berendsen thermostat is not a true canonical
ensemble. Occasionally, energy is transferred from high frequency to low frequency
degrees of freedom (Harvey et al., 1998). These artifacts are summarized by the term
"flying ice cube effect". Building upon Berendsen, the stochastic velocity rescaling
thermostat employs the same scaling using 7; but the stochastic term ensures a proper
canonical ensemble (Bussi et al., 2007). This thermostat was used for the MD simulations
presented in this thesis.

Similarly to the thermostats, the pressure is kept constant by a barostat. The adjustment
of pressure relies on the virial theorem that relates the average kinetic and potential
energy. The pressure is controlled by scaling the volume of the unit cell. In this thesis,
the Parinello-Rhaman barostat was used which additionally allows for changes in the
shape of the simulation cell (Parrinello and Rahman, 1981).

Periodic boundary conditions

In MD simulations with explicit solvent, most particles represent solvent molecules. Thus,
the dimensions of the simulation box critically determine the system size. However, a
finite box size poses the question of how to treat the system boundaries while subjecting
the protein to the same forces as in a bulk solvent. The use of periodic boundary condi-
tions (PBCs) is a standard way to treat the system boundaries without the introduction
of large artifacts. Here, the unit box is virtually and infinitely replicated in all directions
giving the appearance of a limitless system. An atom that moves beyond its box appears
to re-enter the box on the opposite boundary, keeping the number of atoms in the actual
box constant. With this technique it is still crucial to use a sufficiently large box size to
avoid artificial long-range interactions between the protein and its mirror image. Usually,
this is ensured by selecting a distance to the boarder of at least 1.5 nm.

2.1 Molecular dynamics simulations
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Coarse-grained modeling

The reachable timescales of MD simulations are limited by the system size. To study
processes on longer timescales and/or larger systems, for example phase transition
events, one technique of reducing the computational effort is coarse-graining. Here,
several single atoms are condensed into one coarse-grain (CG) bead according to specific
mapping operators. The properties of the CG bead should represent the properties of all
the summarized atoms. In general, all CG approaches aim to significantly increase the
simulatable timescale while at the same time accurately reproducing the all-atom behav-
iors. Therefore, one should reduce only those degrees of freedom that are considered
negligible for the specific problem under study.

Within the CG framework employed in this thesis a peptide is modeled as a chain of CG
beads, where each bead represents one aminoacid (Dignon, W. Zheng, Kim, et al., 2018;
Mammen Regy et al., 2021). The chemical properties of each aminoacid are incorporated
by the hydropathy scale model (Kapcha and Rossky, 2014) providing sequence specificity.
To obtain the hydrophobicity (\) at the residue level, \ at the atomic scale is summed
up and scaled from O to 1. This simple spectrum captures the anticipated hydrophobic
character for those residues. The bonded interactions are modeled by harmonic springs
connecting the beads. Additionally, beads that are separated by at least two bonds interact
by non-bonded short-range (Vsgr) and electrostatic interactions (Vg). The short-range
pairwise potentials also account for the protein-solvent interactions. The attractiveness
of these interactions are scaled by the average hydrophobicity of the two interacting
aminoacids (\;; = (A; + A;)/2) within the Ashbaugh-Hatch functional form (Ashbaugh
and Hatch, 2008). This Lennard-Jones like functional form has previously been applied
to study disordered proteins (Miller et al., 2016). Here, the non-bonded interactions of
two beads that are separated by a distance r;; are described by:

Vsr(,7) = Vg + (1 — Aij)e, if’l‘i'<7”
sr(i,7) 1+ ( J) J 0 (2.10)
= \ijViy, otherwise.

where o = 21/ 6O'ij i.e. the distance at which the Lennard-Jones potential takes a
minimum value. Vi is the Lennard-Jones potential (Equation 2.5) where in this case
oij = (0; + 0)/2 with o; and o; being the size of each aminoacid obtained to match the
van der Waals volume of an aminoacid to a sphere.

The electrostatic interactions are modeled using a coulombic term with Debye-Hiickel
electrostatic screening (Debye and Hiickel, 1923) defined by:
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qiq; T
E;; = —= 2.11
K (r) 47T€0€r7“e " ( )

where ¢ is the net charge of each bead, ¢ is the vacuum permitivity, e, is the dielectric
constant of the solvent, here water, and « is the Debye-Hiickel screening length, that
relates to the ionic strength of the solvent. The solvent implicity is further taken into
account by a random force and a viscous force, representing the effect of collisions with
the solvent and the solvent’s viscous aspect, respectively, within the employed stochastic
dynamics.

Biasing MD simulations

Replica-exchange MD

MD simulations are limited by the accessible timescale that with today’s computational
power and system sizes can rarely exceed the lower microsecond range. Additionally, the
conformational landscape usually contains many states characterized by a local minimum
of the energy. The system can only overcome the barriers between the energy wells if the
barrier height is smaller than a few kgT, where kp is the Boltzmann constant. Therefore,
the system might not overcome higher energy barriers resulting in a trajectory that does
not sample all physiologically reachable configurations. To solve this problem, several
advanced MD simulation methods are nowadays used to enhance the conformational
sampling, one of which is replica exchange molecular dynamics (REMD) (Sugita and
Okamoto, 1999).

In REMD simulations, replicas of the system at different temperatures are simulated with
conventional MD. After a defined amount of MD steps, pairwise exchange between the
replicas is attempted where the exchange probability is calculated using a Metropolis
criterion. In this way, a system trapped in an energy minimum at a low temperature can
escape it by overcoming the energy barrier at a higher temperature. A prerequisite for
successful exchange between the replicas is sufficient overlap between the two potential
energy distributions. Satisfactory acceptance ratios (of 10 % to 50 %) are ensured by
small temperature differences between the replicas and a low number of degrees of
freedom of the system. The latter is often achieved by limiting the system size to a few
thousand atoms, which in many cases requires the use of implicit solvents.

2.2 Biasing MD simulations
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2.2.2 Force-probe molecular dynamics
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Mechanical force impacts many biological processes and can be investigated in simu-
lations through the application of a well-defined external force using force-probe MD
simulations (Grubmidiller, 2005). In addition, force-probe MD can also help to simulate
otherwise very slow processes within the accessible timescales of MD by pulling the
system along a certain reaction coordinate.

The force can be applied to a single atom or a group of atoms, a so called pull group. In
the latter case, the force is distributed in a mass-weighted fashion to the center of masses
(COMs) of the atoms involved. The external force is added directly to the atomic force at
each simulation step by subjecting the pulled atoms to harmonic spring potentials:

Vspring,i(t) = kolzi(t) — Zspring,i(t)]2 (2.12)

where £k is the force constant of the spring, z;(¢) the position of the COM of the pulled
atoms, and zgpring ; is the position of the spring. The force can either pull one atom or pull
group in a specific direction or move two pull groups in opposite directions. In the latter
case, the force is applied along the vector connecting the two pull groups. Generally, the
distance between the pull group and a reference point regulates the magnitude of applied
force. In constant velocity pulling, as used in this thesis, the reference point travels at a
constant speed along the pulling direction. Here, mechanical stress is administered by
moving the spring or multiple springs in the direction of pulling with a constant velocity
v according to:

Zspring,i(t) = 2i(0) & Az(t) (2.13)

where Az(t) = vt is the spring dislocation.

The pulling speeds for protein simulations in explicit solvent have decreased over the
I even extending to 0.001ms~' (Rico et
al., 2019; Goktas et al., 2018). Therefore, the velocities reachable in MD simulations

approach or even partially overlap with the simultaneously increased velocities of single-

years and can now reach well below 1ms~

molecule pulling experiments such as AFM or optical tweezers (Franz et al., 2020). Yet
in this thesis, the results of force-probe MD are compared and related to higher scale
cellular processes triggered by force that are far beyond the currently achievable time
and length scales of simulations or single molecule experiments.
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2.3

2.3.1

2.3.2

Analysis of MD trajectories

Root mean square deviation and fluctuation

The root mean square deviation (RMSD) is a numerical measure of the difference
between two structures, where a small RMSD indicates a high degree of similarity. In a
protein system, the RMSD at each time step is commonly calculated for the Ca atoms
with respect to the starting structure after rigid superposition. The RMSD between the
current coordinates (r;(¢)) and the reference coordinates (r;(t.f)) for a set of N points is
calculated by:

2

LN
RMSD(t, tref) = i ST mg ri(ty) = ri(ter) |1 (2.14)
=1

where M = S>¥  m; and m, is the mass of atom i.

In contrast, the root mean square fluctuation (RMSF) gives an estimate of the flexibility
of a specific atom or residue. For proteins, the RMSF is typically calculated for the Ca
atoms of each residue, giving insight into the flexible regions of a protein. It measures
the variance of the fluctuation around the mean atom position:

T (tz) — Tref

2

1 T

.12
] (2.15)

7

where r°f is the reference position of particle i i.e. the position of i averaged over time
T.

Thus, the difference between RMSD and RMSF is that the RMSD averages the fluctuations
over the atoms leading to a time trajectory, whereas the fluctuations in the RMSF are
averaged over time giving estimates for each atom or residue.

Radius of gyration

As a rough measure for the compactness of a protein, the radius of gyration (R,) can
be calculated. The R, is the root mean square distance from each atom to the protein’s
COM according to:

2m\ 2
R, = (zgw) (2.16)

2.3 Analysis of MD trajectories
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where m; is the mass of atom ¢ and r; the position of atom 7 with respect to the center of
mass of the molecule.

The distribution of the R, is especially useful to represent the large conformational
ensemble of an intrinsically disordered protein (see subsection 4.1.5 and subsubsec-
tion 4.2.3). Thus, their compactness represented by R, can be compared to other
sequences of similar lengths.

Principle component analysis

The extraction of correlated and significant motions from high-dimensional MD data is
one challenge in the analysis of MD simulations. Principle component analysis (PCA)
simplifies the complexity of MD data by identifying coordinate transformations that
describe lower-dimensional, major movements (Sittel et al., 2014). These so called
principle components (PCs) are geometrically orthogonal, which means that the motions
described by two PCs are uncorrelated.

At the heart of PCA, the atomic fluctuations are expressed in terms of their covariance.
The diagonalization of this positional covariance matrix gives a set of orthogonal eigen-
vectors. These eigenvectors describe the direction of the extracted collective protein
motions. The eigenvalues corresponding to each eigenvector describe the magnitude of
the movement along that eigenvector. Therefore, eigenvalues represent the energetic
contribution of each principle component to the global protein motion. Eigenvectors
are naturally arranged in decreasing order meaning that the first principle component
explains the majority of the system’s covariance. Most of the variance in the original data
is usually described by only a few principle components. Hence, the motions along those
PCs dominate the dynamics and contain the most important structural fluctuations of the
system.

Projection of the MD trajectory onto the subspace spanned by a specific eigenvector is
achieved by forming the dot product of atomic displacements with that eigenvector at
each timestep. This projection allows to visualize the motion of the protein captured by
that principle component.

Force distribution analysis
Force distribution analysis (FDA) is an analysis technique for MD simulations that can

detect the internal distribution of atomic-level stresses in equilibrium states or as a
response to mechanical or allosteric cues (Stacklies et al., 2011; Costescu and Gréter,
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2013). FDA can visualize the propagation of these internal forces through the protein
core and side chains. Thereby, it is able to identify low-amplitude fluctuations of stresses
with potential significance for protein function.

During a conventional MD step the forces acting on one atom are calculated by the sum
of pairwise forces between that atom and any other interacting atoms. In contrast, FDA
recovers the individual pairwise forces between atom ¢ and a specific atom j. Thus, these
pairwise forces can be non-zero even in equilibrium simulations and can consider all
interaction types (bonded, nonbonded) separately or summed up. Further, the pairwise
forces describe the atomic interactions independent of the actual positions and are
therefore a more sensitive measure for alterations in internal strain.

The examination of pairwise forces on single atoms might not be conclusive for detecting
allosteric events and moreover is computationally expensive. Instead, calculating the
residue-based pairwise forces provides a mapping of the disturbed parts to the primary
and secondary structure of a protein. For such residue-wise analysis, the pairwise force
between residues « and v that acts on the COMs of the two residues is calculated:

Fuo= Y F; (2.17)

1€EU,JEV

where 7 is an atom of residue u and j is an atom of residue v, with u and v being
different.

The effect of any perturbation, mechanical or allosteric, can be extracted by comparing
the pairwise forces to an undisturbed reference. In this work, FDA is used to study the
differences between a protein in its apo and holo state. Therefore, the non-bound state
is used as a reference to identify the effect of the ligand. To visualize such perturbations,
pairwise forces are mapped onto the protein structure, generating a network representa-
tion. Here, the pairwise forces are represented as edges connecting the residues. These
edges are weighted by the magnitude of AF,, ,. For force differences larger than a given
threshold, a set of paths (i.e. connected edges) is generated. The path lengths depend
on the defined minimal number of connected edges.

To identify perturbed single atoms or residues, in contrast to residue pairs, a mapping of
the pairwise space to the atom space can be employed. Here, the punctual stress is the
sum of the absolute values of scalar pairwise forces acting on each atom or residue i:

Si =Y |Fjil (2.18)
J

2.3 Analysis of MD trajectories
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2.4 Molecular docking
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Interaction with other proteins or ligands often is a prerequisite for protein function.
Those interactions are mainly controlled by a complex array of intermolecular contacts
involving the lingand’s binding pocket as well as the outside of the pocket. Additionally;,
the binding pocket is usually quite flexible and can undergo structural changes upon a
binding event. Taken together, the determination of protein-protein or protein-ligand
complexes can be quite challenging. While many experimental methods, like yeast
two-hybrid screening, Forster resonance energy transfer, X-ray crystallization or NMR,
are available to investigate such complexes at different resolutions, the full picture in
atomic detail and/or dynamic information is often missing.

Computational predictions of protein-protein or protein-ligand complexes are one solu-
tion to this dilemma. Generally, such docking algorithms generate a large number of
diverse conformations and use empirical scoring functions to rank the predicted com-
plexes according to their likelihood to be correct. Although in some cases, molecular
docking can generate complexes virtually identical to experimental structures, an approx-
imately correct model is rarely the top-scoring one (Radom et al., 2018; Kozakov et al.,
2008). Reasons for this are the intrinsic flexibility of proteins, the ruggedness of the
free-energy landscape and approximations used in the scoring functions. Therefore, the
main challenge in molecular docking is still the discrimination of near-native structures
from decoys.

One way to improve the quality of the docking ensemble is to drive the docking process
by biochemical and/or biophysical data on the complex formation. Employed in this the-
sis, the molecular docking software HADDOCK (High Ambiguity Driven Protein-Protein
Docking) (Dominguez et al., 2003; van Zundert et al., 2016) uses so called ambiguous
interaction restraints (AIRs), i.e. residues that are involved in the intermolecular in-
teraction. These AIRs are derived from any experimental information like for example
mutagenesis data or chemical shift perturbation data from NMR experiments. HADDOCK
distinguishes between "passive" and "active" binding residues. Active residues were
shown to be directly involved in complex binding and are solvent exposed. The passive
residues are surface neighbors of the active residues and show a solvent accessibility
of over 50 %. HADDOCK employs a three-step docking protocol where as a fist step
the orientations of the ligand are randomized and a rigid-body energy minimization
is performed. In a second step, a semirigid simulated annealing is executed in torsion
angle space. Here, movement of amino acids at the interface is allowed to optimize the
interface packing. Thirdly, the docking is refined with explicit solvent in Cartesian space.
The docking itself is followed by a cluster analysis where the structures are clustered
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according to their pairwise backbone RMSD at the interface. The clusters are ranked
according to their average buried surface area and interaction energies, that is the sum
of electrostatic, van der Waals and AIR energy termes.

Traction force microscopy

Adherent cells exert active force, so called traction force, to probe the mechanical
properties of the underlying surface. In experiments, traction forces are not measured
directly but can be quantified by traction force microscopy (TFM) (for recent reviews see
Hur et al., 2020; Lekka et al., 2021). This perturbation-free method produces a spatial
image of the positions and magnitudes of the exerted stresses. The traction forces are
reconstructed from the deformations that a cell applies to the surface (Roca-Cusachs et al.,
2017). Hence, cells are seeded onto an optically transparent gel that mimics the ECM,
usually a polyacrylamide hydrogel. The stiffness of these gels can be tuned over a large
range — from single pascal to hundreds of kPa — to match the physiologically relevant
mechanics of the ECM under study. Embedded in the gel are fluorescent microbeads,
that get displaced by the exerted force of the spreading and/or migrating cell. The
cell surface and the bead displacement is recorded by confocal fluorescence microscopy.
Typically, the first image consists of the beads surrounding an isolated cell, the reference
configuration, and the second image contains the displaced beads after cell detachment.
Subsequently, a displacement field is calculated by comparing the position of the beads.
As a last, but computationally elaborate step, the traction forces are calculated from the
displacement field by making use of a mechanical model of the elastic substrate. The
traction force experiments described in this thesis where performed and analyzed by
Dr. Michele Nava (Helsinki University, Finland) according to the protocol described by
Dembo and Y. 1. Wang, 1999.

2.5 Traction force microscopy
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3.1

3.1.1

Case Study I: Integrin-linked
Kinase at Focal Adhesions

This chapter introduces focal adhesions and pseudokinases and describes the results
from MD simulations of the pseudokinase ILK both in equilibrium condition and under
mechanical load to explore its mechanosenstivity. Those simulations are complemented
by biochemical and cellular experiments provided by Dr. Michele Nava and Prof. Dr. Sara
Wickstrom ("Stem cells and tissue architecture" group, University of Helsinki, Finland) to
assess the implications of the simulation results on the cellular scale. Interpretation of
the results in the light of the simulations was a joint effort. The combined results were
published in PNAS in March 2022 (I. M. Martin, Nava, et al., 2022).

Background: Focal adhesions — the main hub for
cell-matrix interaction

The extracellular matrix

Cells are capable of sensing and responding to a broad range of signals of biochemical
and mechanical nature from their surrounding microenvironment. As one such external
component, the extracellular matrix (ECM) serves as a physical scaffold for tissues.
Generally, the ECM is composed of proteoglycans and fibrous proteins like collagens,
elastins, fibronectins and laminins (Frantz et al., 2010). Collagen, the most abundant
protein of mammals (Di Lullo et al., 2002) provides structural support to resident cells.
Proteoglycans fill the extracellular space in the form of a hydrogel to be ale to withstand
compressive forces. The ECM is produced and actively remodeled by cells and thus its
detailed composition and topology is unique for each tissue. Further, the ECM guides
tissue homeostatis and development by regulating a broad range of cellular processes
including cell growth and differentiation, adhesion as well as cell migration (Hynes,
2002; Legate, Wickstrom, et al., 2009).

This bidirectional cell-ECM signaling is mediated by the direct contact between the cell
membrane and the ECM through members of the integrin family of cellular surface
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Fig. 3.1.: ILK-containing focal adhesions. FAs are the major mechanical and biochemical
signal integration platform between the extracellular matrix and the intracellular
cytoskeleton. From the over 100 constituents, selected proteins are shown which are
important for Integrin-linked kinase (ILK)-containing FAs like parvin, paxillin and
kindlin-2. (RTK: Receptor tyrosine kinase).

receptors. Binding of integrins to the ECM leads to recruitment of filamentous (F -) actin.
Thus, mechanotransduction and force generation through the actomyosin cytoskeleton is
mediated by integrin-based cell-matrix adhesions.

Focal adhesions

Mechanotransduction through integrins depends on establishing and maintaining large
complexes that link the ECM to the actomyosin cytoskeleton, so called focal adhesions
(FAs) (Schiller et al., 2011; Burridge, 2017). Upon contacting a stiff substrate the
cell develops small, dot-shaped nascent adhesions. Those mature into proper FAs
by a hierarchical, force-dependent process (Oakes et al., 2012). FAs are the major
signal integration platform of cell adhesions that mediate the precise spatio-temporal
coordination of integrin-based signalling (Geiger and Yamada, 2011; Hoffman et al.,
2011). Consisting of over 100 different proteins, FAs are of dimensions on the order
of a micrometer, and have a lifetime of minutes to hours. They are structured into the
integrin-containing transmembrane layer and the intracellular layers which consists of
actin-binding and -regulatory proteins, since integrins themselves lack enzymatic activity
(Kanchanawong et al., 2010). An additional level of complexity in integrin signaling
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is conveyed by different molecular compositions of FAs. This chapter focuses on the
ILK-containing focal adhesions (Figure 3.1, subsection 3.1.3).

FA kinetics and associated mechanotransduction are proposed to be regulated by force-
dependent, conformational changes of the constituent proteins. Forces transmitted over
a period sufficient to alter protein conformation are able to regulate cellular processes,
whereas forces high enough to induce protein dissociation will terminate the force
transmission (Vogel, 2006). Thus, the magnitude and duration of force application
are critical factors affecting the balance of conformational change and bond breakage,
especially for FAs under high traction stresses (Hoffman et al., 2011; Kechagia et al.,
2019). Previously identified examples of force-regulated FA proteins include focal
adhesion kinase (FAK) and talin. Their mechanosensing roles have been shown to
depend on parameters such as loading rate and direction of force, which influence the
competition between force-induced unfolding and rupture from binding partners (Zhou
et al., 2015; Tapia-Rojo et al., 2020; Goult et al., 2018; Mofrad et al., 2004; Rahikainen
et al., 2019; Bauer et al., 2019).

FA dynamics and actomyosin contractility are modulated by mechanical cues such as
ECM rigidity, tension and shear (Martino et al., 2018). Plating cells on stiff substrates
or exposing them to large, rapidly applied forces results in FAs that exchange adaptor
molecules at a slower rate which leads to longer FA lifetimes (Elosegui-Artola et al., 2018).
This dynamic nature of the cytoskeleton-ECM connection and its relationship to cell
movement is collectively termed the molecular clutch model. The precise coordination
of FA stability and their actomyosin linkage is thus a prerequisite for effective traction
force generation during mechanotransduction as well as during cell migration (Hoffman
et al., 2011; Kechagia et al., 2019).

Cell migration Cell migration is defined as the directed movement of cells following
mechanical and chemical signals (Figure 3.2). It is essential in biological processes like
tissue development, wound healing and immune response but also for cancer metastasis
(Ridley et al., 2003; Friedl and Gilmour, 2009; Trepat et al., 2012). Tight regulation of
cellular adhesion assembly and disassembly is necessary for successful cell migration
(D. J. Webb et al., 2002). Through actin polymerization at the leading edge, the cell
extends protrusions in the direction of desired movement. These finger-like protrusions
contain thick, contractile actin-bundles called stress fibers, that contact FAs and are
especially prominent under high-force conditions (Tojkander et al., 2012; Livne and
Geiger, 2016). Where the cell contacts the substrate, nascent adhesions form which
rapidly link to the actin network. They can either be turned over or can mature into FAs
in a force-dependent manner (Oakes et al., 2012). According to the molecular clutch
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Fig. 3.2.: Mechanism of cell migration. (1) A cell is adhering to the matrix. Direction of
intended movement to the right. (2) Polymerization of actin filaments occurs at the
leading edge which develops protrusions. (3) Membrane protrusions contact the
matrix. New adhesions are produced and rapidly linked to the actin network. (4)
Retrograde actin flow and contractile forces generate a net forward movement of the
cell body. Adhesions at the cell rear are disassembled.

model, FAs tethered to the ECM impede the retrograde flow of actin, i.e. opposite the
direction of cell movement, resulting in the generation of traction stresses. At the rear
end of the cell, FAs are disassembled in a less well understood process. This leads to
retraction of the cells trailing edge and, in combination with cytoskeletal contractions,
to a net forward movement of the cell body. The traction forces exerted by the cell
to the substrate can be visualized and quantified by traction force microscopy (TFM)
(section 2.5).

The ILK/PINCH/parvin complex

Integrin-linked kinase (ILK), one of the few essential and evolutionary conserved FA
components, regulates the stability and dynamics of FAs downstream of 51 integrins
(Chuanyue Wu, 2004; Legate, Montafiez, et al., 2006). ILK consists of two distinct
domains (Figure 3.1, Figure 3.3): its N-terminal ankyrin-repeat domain is associated
with PINCH (particularly interesting new cysteine-histidine rich protein) (Chiswell et al.,
2008) and its C-terminal atypical kinase domain binds to the CH2 (calponin-homology)
domain of a-parvin (K. Fukuda, Gupta, et al., 2009). Thus, ILK is the central component
of the tripartite IPP-complex (ILK/PINCH/Parvin-complex) (Wickstrom et al., 2010), that
is currently thought to serve as a signal processing platform by recruiting a variety of
proteins (Figure 3.3 B).
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Fig. 3.3.: Integrin-linked Kinase (A) ILK:parvin complex rendered from PDB-code: 3KMW (K.
Fukuda, Gupta, et al., 2009). ILK contains a kinase-like domain and binds ATP in the
nucleotide cleft in an unusual binding mode. (B) Schematic overview of ILK and its
associated proteins.

For example, PINCH influences receptor tyrosine kinases via interaction with nck2 (Ve-
lyvis et al., 2003) and «-parvin directly interacts with paxillin (Nikolopoulos and Turner,
2001; Lorenz et al., 2008; X. Wang et al., 2008). Additionally, both PINCH and parvin
contain WASP-homology domains that bind F-actin (Vaynberg et al., 2018; Yang et al.,
2021) connecting the IPP to the cytoskeleton and promoting actin bundling. Apart from
the N-terminal WASP-homology domain, «-parvin contains two C-terminal CH-domains,
the second of which is the one interacting with ILK. In addition to the ubiquitously
expressed a-parvin, two more parvin isoforms exist, namely -parvin expressed primarily
in heart and skeletal muscle and «-parvin in the heamatopoietic system (Nikolopoulos
and Turner, 2001; Olski et al., 2001; Tu et al., 2001; Yamaji et al., 2001; Chu et al., 2006;
Sepulveda and C. Wu, 2006).

As a cell-matrix signal transduction platform, the IPP is also connected to the ECM.
Upon its discovery, ILK was believed to directly associate with §-integrin tails (G. E.
Hannigan, Leung-Hagesteijn, et al., 1996), though more recent studies show that ILK
rather indirectly contacts integrins by binding to kindlin-2 (Montanez et al., 2008; Huet-
Calderwood et al., 2014; Kadry et al., 2018). Kindlin-2 itself directly contacts S-integrins
(Calderwood et al., 2013; Harburger et al., 2009; H. Li et al., 2017; Qadota et al., 2012;
Jahed et al., 2019) and binds to a conserved patch in the C-terminus of ILK (Kadry
et al., 2018). The non-typical FERM (4.1-ezrin-radixin-moesin) domain of kindlin-2
is interrupted in the F2 subdomain by a PH-domain (pleckstrin homology domain).
This PH-domain mediates the interaction of kindlin-2 with the membrane lipid PIP2
(Jianmin Liu et al., 2011; Y. Liu et al., 2012; Yamamoto et al., 2016; Palmere et al.,
2021), anchoring the IPP at the cytoplasmic face of the plasma membrane at sites of
FAs.

On the cellular level, ILK deficiency leads to aberrant cytoskeletal remodeling and also
compromises FA formation, cell migration and ECM remodeling (Friedrich et al., 2004;
T. Fukuda et al., 2003; Sakai et al., 2003; Stanchi et al., 2009; Wickstrom et al., 2010).
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The importance of the IPP on the organismial level is evident by deletion studies where
ILK depletion results in failure in epiblast polarization and severe defects in F-actin
organization leading to embryonic lethality (Sakai et al., 2003). Moreover, tissue-specific
deletion of ILK is associated with heart diseases (Gregory E. Hannigan et al., 2007),
cancer progression (C.-C. Zheng et al., 2019) and might also play a role in ageing (Olmos
et al., 2017).

Integrin-linked kinase as a pseudokinase

Given the importance of the IPP as a whole and its component ILK in detail for the
integrin-actin connection, it is unfortunate that the specific function of ILK is still widely
unknown. Contrary to what its name suggests, the catalytic activity of Integrin-linked
kinase has been heavily debated about (G. Hannigan et al., 2005; Legate, Montafiez,
et al., 2006; K. Fukuda, Gupta, et al., 2009; K. Fukuda, Knight, et al., 2011; Maydan
et al., 2010; Wickstrom et al., 2010; G. E. Hannigan, McDonald, et al., 2011). Now, ILK
is widely regarded as a pseudokinase.

Catalytic kinases Protein kinases play a pivotal role in regulating cellular processes
and maintaining homeostatis. They catalyze the transfer of phosphate groups from
phosphate-donors, most commonly ATP (Adenosine triphosphate), to specific substrates.
This shared enzymatic function entails the conservation of the bilobed kinase fold in
which the core catalytic elements show only little variation. The conserved core of
catalytically competent kinases thus exhibits three functions: (1) to bind ATP, which is
mediated by a gylcine-rich loop and a lysine residue of the VAIK motiv within the N-lobe;
(2) coordination of two Mg?* by an aspartate in the DFG-motif of the activation loop,
that also orients ATP and (3) to finally catalyze the phosphoryl transfer, carried out by
an aspartate, acting as the catalyic base, from the HRD-loop of the C-lobe (Kemp and
Pearson, 1990; Hanks et al., 1988; Manning et al., 2002; Nolen et al., 2004; Mobitz,
2015). Despite their preserved kinase fold and associated catalytic residues, members of
the kinase family are remarkably diverse in their ability to recognize unique substrates.

Pseudokinases Interestingly, approximately 10 % of the over 500 known human kinases
are predicted to be inactive because their sequence lacks one or more of those critical,
conserved residues (Boudeau et al., 2006; Manning et al., 2002; Zeqiraj and van Aalten,
2010). These members of the kinase family are termed pseudokinases classifying them
as the catalytically defective counterparts of conventional kinases. Due to the large
percentage of pseudokinases in the kinome, they are suggested to have remarkably
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diverse noncatalytic functions (Jacobsen and Murphy, 2017; Mace and Murphy, 2021).
The study of pseudokinases have led to the realization that pseudoenzymes in general,
despite their catalytic inactivity, perform important biological functions (Ribeiro et al.,
2019). This shift from thinking about pseudokinases as dead evolutionary remnants to
active participants in biological pathways was also governed by a large body of work
deciphering their precise functions. They act for example as allosteric modulators,
scaffolds for signaling complexes, competitive inhibitors or protein-based switches (Mace
and Murphy, 2021). The common theme for these functions is that they evolutionary
repurpose the versatile kinase fold as a protein-protein interaction platform. Thus,
pseudokinases provide an opportunity to understand the potential for nonenzymatic
functions inherent in the kinase fold that also might be performed by their active
counterparts.

The ILK pseudokinase controversy

Since the initial discovery of ILK (G. E. Hannigan, Leung-Hagesteijn, et al., 1996) its
kinase activity has been doubted despite its high degree of sequence similarity to Ser/Thr
kinases. Although ILK lacks crucial conserved motifs of conventional kinases, one can
not prematurely exclude the possibility of a catalytically active ILK as it may have a non-
conventional active site where key residues are spatially compensated for by alternative
residues.

Initially, ILK was shown to be able to phosphorylate 51 integrin by in vitro kinase assays
(G. E. Hannigan, Leung-Hagesteijn, et al., 1996) and potential ILK targets were identified
(Persad et al., 2001; Legate, Montafiez, et al., 2006). Although several mutations have
been described to eliminate the kinase activity (S343A, R211A, K220M) or to result in
a constitutionally active kinase (S343D) (Persad et al., 2001; Filipenko et al., 2005),
those mutations were also shown to disrupt the interaction of ILK with essential binding
partners (Attwell et al., 2003; Yamaji et al., 2001; Lange et al., 2009). Further, kinase-
dead mutants were able to rescue ILK deficiency in invertebrates (Zervas et al., 2001;
Mackinnon et al., 2002) and did not alter the phosphorylation pattern in mice (Sakai
et al., 2003; Lange et al., 2009).

Only upon determination of the molecular structure of ILK did its pseudokinase nature
fully become apparent (K. Fukuda, Gupta, et al., 2009; K. Fukuda, Knight, et al., 2011).
ILK contains a kinase fold with a characteristic bilobal structure and, surprisingly, was
able to bind ATP, although previous sequence-based analysis suggested that ATP might
not be bound by ILKs dramatically altered ATP-binding loop (Scheeff et al., 2009). While
there was a well defined ATP-molecule in the nucleotide-binding cleft, demonstrating
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Fig. 3.4.: ILK as a pseudokinase. (left) Conventional ATP-binding to kinases exemplified
by Protein Kinase A (PDB-code: 1ATP). (right) Abnormal ATP-binding to ILK. ATP
coordinates only one Mgt or Mn?* and its y-phosphate is rotated, interacts with
K341 from the degraded DFG-loop (D339, V340, K341) and is ~ 9 A away from the
degraded catalytic loop (A319, N321).

that ILK is not able to hydrolyze ATP, it is bound in an unusual binding mode (K.
Fukuda, Gupta, et al., 2009): ATP is far away from the putative activation loop and
its y-phosphate is coordinated by K341 of the ILK activation loop and is thus rotated
compared to conventional kinases (Figure 3.4). Further and different from functional
kinases, the degraded DFG-loop is locked in the active, ’flipped in’ conformation and the
activation loop is well-ordered (K. Fukuda, Gupta, et al., 2009). Additionally, parvin
binds to the putative substrate entry site within the kinase domain and disruption of
ILK:parvin binding reduces the localization of ILK to FAs (K. Fukuda, Gupta, et al.,
2009).

Previous studies of ILK possessing kinase activity as well as claims of ILK as a functional
kinase depending on Mn?T as a cofactor instead of Mg?* (Maydan et al., 2010) were
convincingly disproved by a comprehensive structural, biochemical and thermodynamic
study (K. Fukuda, Knight, et al., 2011). It revealed that the observed ILK kinase activity
was most likely an artifact of active kinases retained in the purified ILK to a small extent.
Taken together, overwhelming evidence supports the notion of ILK as a pseudokinase
that is incapable of catalysis while interestingly still being able to bind ATP.

Aim of this project

Since the pseudokinase ILK still has the ability to stably bind ATP, it can be speculated that
ATP has acquired a new role beyond acting as a phosphate donor. Elucidating the function
of ATP might provide a new mechanism of pseudokinase signal transduction. However,
the molecular mechanism by which ATP impacts ILK function within FAs remains fairly
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unclear. First hints towards a molecular function of ATP apart from biochemical catalysis
came from studies with an ATP-binding deficient ILK (L207W) that impairs actin bundling
in stress fibers (Vaynberg et al., 2018).

ILK stability is required for its interaction with parvin and ILK turnover is regulated
by the E3 ligase CHIP-Hsp 90 axis (Radovanac et al., 2013). Disruption of proper
ILK turnover leads to its detachment from FAs, which is accompanied by reduction of
cellular force generation and migration (Radovanac et al., 2013). Additionally and as
described above, intrinsic and extrinsic forces lead to dynamic assembly and disassembly
of adhesions during processes like cell migration. Force-induced disruption of ILK is thus
one imaginable mechanism to influence FA signal transudction by promoting disassembly
of force-bearing adhesions. However, how ILK responds to mechanical forces is not yet
investigated.

In this chapter, I examine the role of retained ATP-binding to the pseudokinase ILK
and probe the mechanosensitivity of ILK and its molecular relevance for FA signal
processing. I therefore employ extensive MD simulations in equilibrium conditions and
under mechanical load. These are complemented by and coupled to biochemical and
cellular experiments performed by Dr. Michele Nava in the group of Prof. Dr. Sara
Wickstrém (University of Helsinki).
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Methods

The methodological details, both in simulation and experimental, used in the ILK project
are described below. I carried out all simulations and analysis while the experiments
were performed and analyzed by Dr. Michele Nava (University of Helsinki). For both the
simulations and the experiments, the statistical analysis was performed using Python and
Graphpad Prism. Statistical significance was determined by the specific tests indicated
for each figure. No datapoints were excluded from the analysis.

Simulation details

This section describes the specific simulation conditions and analysis parameters. The
underlying principles of the simulation and analysis methods are described in chapter 2.

Equilibrium MD simulations

The atomic coordinates used as starting configurations for the MD simulations stem from
crystal structures of the human ILK(WT) kinase domain in complex with the CH2-domain
of a-parvin either including ATP (PDB-code 3KMW, (K. Fukuda, Gupta, et al., 2009))
or without ATP (3KMU, (K. Fukuda, Gupta, et al., 2009)). The point mutations from
arginine to alanine for the ILK(R225A/R349A) mutant were introduced to the holo and
apo structures using PyMOL (Schrodinger, LLC, 2015). For simulations without parvin,
the parvin coordinates from the previously mentioned crystal structures were deleted.
Simulations with the ILK(L207W) mutation were carried out using the crystal structure
solved by Vaynberg et al., 2018 (PDB-code 6MIB).

MD simulations were performed with the molecular simulation suite GROMACS 2018.1
(Abraham et al., 2015) alongside the Amber99sb*-ILDNP force-field (Best and Hummet,
2009; Aliev et al., 2014) and ATP-parameters (Meagher et al., 2003). The starting coor-
dinates derived from the crystal structures were placed in the center of a dodecahedron
box with (at least) 3 nm between the periodic images and solvated with water molecules
represented by the TIP3-water model (Jorgensen et al., 1983). A system with overall
zero charge and physiological salt concentration of 100 mM was achieved by replacing
solvent molecules with sodium and chloride ions. The simulation protocol included
an energy minimization using the steepest descent method, followed by 500 ps in the
NVT and 500 ps in the NPT ensemble with harmonic constraints on all protein atoms
with a force constant of 1000 kJ mol~! nm~! to equilibrate water and ions. During the
production runs in the NPT ensemble no constraint was applied to protein heavy atoms.
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Here, only bonds between hydrogens and protein heavy atoms were constrained using
the LINCS algorithm (Hess, 2008) imposing a timestep of 2fs. The temperature was
kept constant at T = 300 K using the velocity rescaling thermostat (Bussi et al., 2007)
with a coupling time of 0.1 ps. All protein atoms including ATP atoms were coupled to
a separate heat bath as compared to all water atoms and ions. The pressure was kept
constant at 1 bar using the isotropic Parrinello-Rhaman barostat (Parrinello and Rahman,
1981) with a coupling time of 2 ps and a compressibility of 4.5 x 1075 bar~!. Using the
Verlet scheme, the neighbors list was updated every 10 fs. All non-bonded interactions
were cut off at 1.0nm. Long-range electrostatic interactions were treated using PME
(Darden et al., 1993) with a grid spacing of 0.16 nm with cubic interpolation.

Each system was simulated for 20 individual production runs, each with new random
velocities and own equilibration phases. Each run was 500 ns long, and the first 20 ns
were neglected as equilibration period, as inspected from the protein backbone RMSD,
totaling to a total simulation time used for the analysis of 9.6 us per condition.

Molecular docking

A molecular modeling and guided molecular docking approach was employed to deter-
mine a patch of residues within ILK that is most likely in contact with kindlin-2.

The only nearly complete crystal structure of a kindlin-2 (PDB: 5XPY, H. Li et al., 2017)
is from Mus musculus (mouse) and is missing a loop within the F1 domain, which is
far apart from the ILK binding site and can thus be regarded negligible for ILK binding.
More importantly, the kindlin-2 main body structure does not include the PH-domain
and instead has an artificial connection between the two halves of the F2 domain (see
Figure 3.14). The ILK-binding helix (PDB: 2MSU, K. Fukuda, Bledzka, et al., 2014) is
however only partially included within the sequence of the near-complete structure as
it is located at the edge of the PH-domain. Also, the two available structures of the
free PH-domain (4F7H and 2LKO; Jianmin Liu et al., 2011; Y. Liu et al., 2012) do not
have direct sequence contact to the near-complete structure. Therefore, I strcuturally
aligned these partial kindlin-2 structures, including the one for the N-terminus (2LGX;
Perera et al., 2011) with the main body of kindlin-2 (PDB: 5XPY) using UCSF-Chimera
(Pettersen et al., 2004). The basis for this structural alignment was a sequence alignment
of the partial mouse structures with the human kindlin-2 generated with T-coffee (Di
Tommaso et al., 2011).

As stated above, the available structures of the free PH-domain do not overlap in sequence
with the structure of the main kindlin-2 body. Thus, I placed them near the artificial
connection within the F2 domain in such a way that the residues that follow in the
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sequence have a minimal distance to each other, generating six rotations of the PH-
domain (Figure A.5). Homology modeling using MODELLER (B. Webb and Sali, 2016)
based on the positions of the placed fragments generated final full models of the human
kindlin-2. For each of the six conformations, four models were generated. Eleven
models in which the F1-loop was not threaded through the protein were subjected to
short, 20 ns to 30 ns MD simulations. The most populated structure from each trajectory,
as determined by cluster analysis, was selected for guided molecular docking with
HADDOCK2.2 (van Zundert et al., 2016). The most populated structure from a 100 ns
MD simulation of holo ILK (PDB: 3KMW) provided the structure of ILK for the docking.
The experimentally validated residues of ILK that are in direct contact with kindlin-2
(K423, 1427; Kadry et al., 2018) were chosen as the active residues. Residues within
kindlin-2 that directly interact with ILK (1353, E354, L.357, E358; K. Fukuda, Bledzka,
et al., 2014) were also set as active residues. For both proteins, passive residues were
automatically defined around the active residues. Six successful docking protocols,
generating over 160 highest scoring docking poses, were used for further analysis.

Determination of pulling sites

From the above described ILK:kindlin-2 docking poses, I determined a cluster of residues
on ILK that is most physiological for mechanical perturbation . All residues of ILK that
contact kindlin-2 within a cutoff of 0.35 nm were determined. Those residues occurring
in most of the docking poses (P419, H420, K423, 1427, K435, M441, K448), within a
cutoff of at least 90 docking poses, were set as the patch of residues for force-probe
MD.

For parvin, a similar approach was adopted to determine the cluster of residues to be
pulled. Those residues of the parvin CH2-domain interacting with the paxillin LD1
domain within the same threshold of 0.35 nm were determined from parvin:paxillin
crystal structures (PDB-codes: 4EDN (Lorenz et al., 2008) and 2K2R (X. Wang et al.,
2008)). The resultung residues (A249, T252, V264, T267, R369) were set as the pulling
patch on parvin.

Force-probe MD simulations

The effects of mechanical perturbation on the system were determined in simulations
using force-probe MD. The end-conformations of 10 equilibrium simulations (subsubsec-
tion 3.2.1) were used as starting structures and thus placed in the center of a rectangular
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box with dimensions of 30A x 15A x 15A. They were rotated such that the vector con-
necting the pulling patches is in line with the x-axis of the box. Upon solvating the system,
an energy minimization was followed by short simulations in the NVT and NPT ensemble
as described above. In the production runs, the residue patches as identified above
were subjected to harmonic spring potentials with a force constant of 50 kJ mol~! nm 2
moving in opposite direction with constant velocities of I ms~!, 0.1ms~! and 0.01 ms~1.
For each velocity and condition, 10 force-probe simulations were performed and stopped

upon dissociation of ILK:parvin (paragraph 3.2.1).

MD analysis and visualization

GROMACS tools and Python 3 were used for the computational post-processing of
MD simulations. If not stated otherwise, the first 20 ns of each equilibrium simulation
were excluded from the analysis as equilibration period. I used VMD (visual molecular
dynamics; Humphrey et al., 1996) for visualization of protein structures and Inkscape
for the generation of the final figures.

RMSD/RMSF The RMSD and RMSF calculations were carried out on the backbone
atoms and calculated in relation to the first frame of the production run.

PCA To identify the major correlated structural motions, I performed PCA with GRO-
MACS utilities covar and anaeig on the C-« atoms of the cumulative trajectories. Here,
the translational and rotational motions were removed by superimposing the structures
onto the invariant core along the trajectory. The trajectories were projected onto the
eigenvectors of the apo state to display the protein movement along this mode of motion.
The top two eigenvectors were considered to construct the two-dimensional histogram.

FDA Force distribution analysis implemented into GROMACS (Costescu and Gréter,
2013) was used to determine the changes in internal force between the holo and apo
states. All interaction types between protein atom pairs (bonded, nonbonded) were
considered. The pairwise forces between two residues were calculated from the pairwise
forces on the atom-level according to Equation 2.17. The pairwise forces per condition
were computed for each individual equilibrium trajectory and averaged over the trajectory.
To determine the effect of ATP on ILK, the time-averaged pairwise forces of the apo
state were subtracted from those of the holo state. The internal force differences were
visualized by a network of at least 3 connected edges. Here, each edge represents a
statistically significant force difference (Mann-Whitney test, p < 0.05) above a given
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threshold as indicated in the corresponding figure. Note that the sign and magnitude
of the changes in force do not necessarily represent a strengthening of weakening of
the interaction but are indicative of change on internal force upon lack of ATP. To
identify perturbed single residues, I calculated the punctual stress using FDA according
to Equation 2.18.

Saltbridge occupancy The number of frames out of the whole trajectory with a residue-
residue distance below 0.35 nm was defined as the residue contact probability, i.e. salt-
bridge occupancy in cases of saltbridge forming residues.

Interface area The interface area between ILK and parvin was calculated using the
solvent accessible surface area (SASA) (Eisenhaber et al., 1995) of both proteins alone
and the complex according to

1
interface area = §(SASA1LK + SASAparvin — SASAcomplex) 3.1

A complex dissociation event is defined to occur at the extension at with the interface
area drops below 0.6 nm for the first time.

Experimental methods

This section briefly describes the experimental protocols used by Dr. Michele Nava to
obtain the results discussed below. An extended description of the experimental protocols
can be found in our joint publication (I. M. Martin, Nava, et al., 2022).

Plasmid constructs, transfection, and cell culture ILK mutants were generated by site-
directed mutagenesis using the Quik Change IT Mutagenesis Kit (Agilent) in mouse
ILK cDNA cloned into pEGFP-N1 (Clontech). Plasmids have been deposited in the
Addgene database (accession numbers: 176896 (mILK-EGFP), 176897 (mILK-R255A-
EGFP), 176898 (mILK-R349AEGFP), 176899 (mILK-R225A/R349A-EGFP), and 176900
(mILK-L207W-EGFP)). ILK-/- mouse fibroblasts were obtained (Radovanac et al., 2013)
and transiently transfected with Lipofectamine 3000 for 24 h.
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Immunoprecipitation GFP immunoprecipitation was performed using Miltenyi Biotec
MultiMACS GFP Isolation Kit (MylteniBiotec 130-091-125). After elution of the im-
munocomplexes in Laemmli sample buffer, they were analyzed with western blotting.
Quantification of western blots were performed from four independent experiments
using densitometry in ImageJ (Schindelin et al., 2012).

Substrate engineering and traction force microscopy Polyacrylamide gels were cast
with fibronectin being chemically crosslinked on gels using Sulfo-SANPAH (Pierce) and
their stiffness was measured (Pelham and Y. 1. Wang, 1997). Traction force microscopy
was performed as previously described (Dembo and Y. 1. Wang, 1999), using a spinning
disc microscope to image the cells before and after detachment by addition of 10X trypsin
to obtain images of bead displacement. Calculation of traction forces was performed as
described (Tseng et al., 2011) using particle imaging velocimetry and Fourier transform
traction cytometry with Fiji (Schindelin et al., 2012) analyzing at least 30 cells per
condition.

Live imaging for migration assay and cell tracking Micropatterned adhesive surfaces
(crossbow-shaped micropatterns) were generated using the PRIMO optical module
(Alveole, France) with a uniform coating of 10 ug/ml fibronectin, to which cells adhered
for 16 h. Live cell imaging was performed with a Zeiss Axiovert inverted microscope
coupled to a CSUX1 spinning-disc device (Yokogawa), a 488 nm laser and sCMOS camera
(Hamamatsu). FA dynamics were imaged for 30 min (1 frame/30s) and cell migration
over 12h (1 frame/30 min). FA dynamics were monitored by the Focal Adhesion Server
Analysis (Berginski and Gomez, 2013), with the FA count per cell being normalized to the
cell area obtained by manual cell edge tracing. Migration was analyzed by manual cell
tracking performed with the Fiji plugin Trackmate (Tinevez et al., 2017). By averaging
the cell displacement and velocity between consecutive frames, the mean cellular velocity
and migrated distances was determined.

Immunofluorescence stainings and confocal microscopy Cells were fixed 4 % para-
formaldehyde, stained with antibodies against a-parvin, phospho-Myosin Light Chain
2 (Thr18/Ser19) and paxillin as well as labeled for Actin with Alexa Fluor 568 or
647-conjugated phalloidin. Fluorescence images were collected by laser scanning con-
focal microscopy (SP8X; Leica) with Leica Application Suite software (LAS X version
2.0.0.14332a). FAs were quantified with an intensity-based threshold area (10 pixels)
and FA surface area was measured by Analyze particle tools in Fiji (Schindelin et al.,
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2012). FA numbers were normalized by cell area, which was measured by manually
tracing the cell boundary given by FA, phalloidin, and pMLC2 stainings.
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3.3 ATP stabilizes ILK and focal adhesions

ATP structurally stabilizes the ILK pseudokinase domain

I set out to explore the effect of ATP on the equilibrium dynamics of the ILK pseudokinase
using all-atom MD simulations with explicit water at the microsecond scale. I compared
simulations of the wild type (WT) ILK in the holo state (with ATP; PDB-code: 3KMW)
to the apo state (without ATP; PDB-code: 3KMU) and an ATP-binding deficient ILK
(ILK(L207W); PDB-code: 6MIB). This ATP-deficient ILK contains the L207W mutation
in the pseudokinase domain that was presented to sterically occlude ATP-binding to ILK
without affecting the structural integrity of the protein (Vaynberg et al., 2018). To mimic
the cellular conditions as closely as possible, I simulated each of the ILK pseudokinase
domains mentioned above in complex with the obligate binding partner of ILK, the
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Fig. 3.5.: Destabilization of ILK pseudokinase without ATP. (A) Backbone RMSD of holo and
apo ILK(WT) and apo ILK(L207W). n=20 trajectories, median of each trajectory is
shown; ** p = 0.001, one-way ANOVA/ Tukey HSD. (B) Backbone RMSD of parvin
from the holo or apo complex, calculated as in A. (C) PCA of holo and apo ILK(WT)
and ILK(L207W); trajectories from equilibrium MD simulations are projected onto
PC axes for the first and second PC of apo ILK(WT). Red and blue structures indicate
the extreme conformations of apo ILK along PC1 and PC2 and are overlayed based
on a least-squared fit to the C-lobe of the pseudokinase domain. Large-scale motions
described by PC1 and PC2 are indicated by arrows and described by a schematic.
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a-parvin CH2-domain. Due to the inherent instability of ILK alone, the crystal structures
I used for the simulations already included the «a-parvin CH2-domain bound to ILK.

The overall flexibility of the ILK(WT) pseudokinase domain, as quantified by the backbone
RMSD relative to the respective starting structures, is significantly increased in the
apo state compared to the holo state (Figure 3.5 A). Intriguingly and contrasting ILK,
the RMSD of parvin is not influenced by the presence of ATP in the pseudokinase
(Figure 3.5 B). Further it should be noted, that the starting structures of the holo and
apo complex were found to be "essentially identical" to each other (K. Fukuda, Gupta,
et al., 2009). Taken together, both illustrate that the increased RMSD of apo ILK(WT)
is not reflective of differences in the starting structures of the holo and apo ILK:parvin
complex. The ILK(L207W) mutant shows a similar destabilization than the holo ILK(WT)
pseudokinase (Figure 3.5 A). Thus, ATP-binding decreases the internal kinase dynamics
and therefore leads to an increased ILK stability.

I further characterized the effect of ATP on ILK dynamics using principle component anal-
ysis (PCA) to examine the differences in large-scale coordinated motions (Figure 3.5 C).
Both pseudokinases without ATP, namely apo ILK(WT) and ILK(L207W), explore more of
the available conformational space. This is especially pronounced along the most promi-
nent motion (PC1), which describes an "inter-lobe wringing". Here, the N-lobe of the
kinase fold twists on top of the C-lobe and thus turns around the nucleotide binding cleft.
On the other hand, PC2 describes a "clamping" motion of both lobes. Hence, the higher
internal dynamics of ILK lacking ATP manifests mainly in enhanced inter-lobe wringing
of the pseudokinase domain which contributes to the increased internal flexibility of apo
ILK.

Since the stability of ILK is required for proper FA and actin cytoskeleton architecture
(Radovanac et al., 2013), I was interested whether focal adhesions also are generally
affected by ATP-binding to ILK. The functional consequences of this requirement of
ATP for the stabilization of ILK at the cellular level can however not be assessed by
such small-scale, molecular simulations. Thus, for the next section I collaborated with
Dr. Michele Nava and Prof. Dr. Sara Wickstrom (University of Helsinki, Finland) and
describe the results of their cellular experiments aimed to analyze the cellular effects of
ATP-binding on the ILK:a-parvin interaction.

ATP-binding to ILK stabilizes focal adhesions particularly on rigid substrates
Experiments and corresponding figures of this subsection were provided by Dr. Michele Nava

and Prof. Dr. Sara Wickstrom (University of Helsinki). Text is adapted from our joint
publication (I. M. Martin, Nava, et al., 2022).
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Fig. 3.6.: Loss of ILK:ATP binding destabilizes focal adhesions particularly on stiff sub-
strates. Experiments and figure including legend were provided by collaborators Dr.
Michele Nava and Prof. Dr. Sara Wickstrém, University of Helsinki. Results were pub-
lished in I. M. Martin, Nava, et al., 2022. (A) Quantification of adhesion disassembly
rate and lifetime in ILK(WT)-GFP and ILK(L207W)-GFP cells plated on 8 kPa and
40 kPa substrates (n >22 cells/condition pooled across 4 independent experiments,
*1p=0.0469, *>p= 0.0437, *3p= 0.0479, Mann-Whitney). (B) Quantification of mean
FA size/cell and number of adhesion/cell area in ILK(WT) and ILK(L207W)-GFP cells
cultured on 8 kPa and 40 kPa substrates from live imaging. FA area threshold set to 20
pixels. (n >22 cells/condition pooled across 4 independent experiments, *!p= 0.0396,
*2p= 0.0258, **p= 0.0022, Mann-Whitney).

Dr. Michele Nava reconstituted ILK-deficient murine fibroblasts (Sakai et al., 2003) with
either ILK(WT)-GFP or ILK(L.207W)-GFP and performed co-immunoprecipitation assays.
Similar to earlier studies (Vaynberg et al., 2018), subsequent western blot analyses
showed that the L207W mutation does not introduce a substantial effect on steady-state
a-parvin binding (Figure A.1 A). Consistently, ILK and parvin localization to FAs were not
affected in ILK(L207W) cells compared to ILK(WT) cells in immunofluorescence analysis
(Figure A.1 B).

With ILK and parvin still localized properly to FAs in L207W cells, we were interested
in the effect of this mutation of the general stability of FAs, especially in conditions of
low and high traction forces i.e. at low and high matrix stiffness. Time-lapse imaging of
ILK(WT)-GFP and ILK(L207W)-GFP cells plated on polyacrylamide (PAA) gels with either
low (8 kPa) or high (40 kPa) stiffness allowed to quantify the FA dynamics. Regardless of
the substrate stiffness, the FA assembly rate is not significantly different in WT and L207W
cells (Figure A.1 C). In contrast, the L207W mutant shows faster adhesion disassembly
rates in combination with decreased FA lifetimes compared to WT (Figure 3.6 A). This
effect is visible on both soft and stiff substrates but is more pronounced on rigid substrates.
Consistently, analysis of FA morphology showed overall fewer FAs per cell area in L207W

3.3 ATP stabilizes ILK and focal adhesions
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Whitney test). Secondary structure elements and ATP-binding patches are indicated.

cells compared to WT (Figure 3.6 B) as also reported previously (Vaynberg et al., 2018).
Additionally, FA were of slightly smaller size in L207W cells (Figure 3.6 B), as also
confirmed by paxillin staining (Figure A.1 D/E). As observed for the disassembly rate
and lifetime, both the decreased FA number and FA size were more pronounced on stiff
substrates. In conclusion, defects in ILK to bind ATP destabilize FAs, particularly on stiff
substrates which entail high traction stresses, even though lack of ATP-binding does not
substantially impair the ILK:«-parvin interaction.

3.4 ATP allosterically influences parvin-binding saltbridges

The ATP-dependent change in collective kinase dynamics and its effects on FA stability
suggest that ATP not only influences residues in its immediate binding pocket, but would
also exhibit long-range effects within the kinase-like domain. Thus, I investigated the
specific residues that are explicitly altered by the presence of ATP on the molecular level.
Using force distribution analysis (FDA) (Costescu and Grater, 2013, subsection 2.3.4), I
calculated the change in time-averaged punctual stresses on each residue upon binding of
ATP to the pseudokinase. As predicted, ILK-residues both within the ATP-binding pocket
and also interestingly in regions farther away from the pocket show notable differences
in punctual stress which suggests ATP-dependent allostery (Figure 3.7). In contrast, only
minor differences between the holo and apo state across a majority of ILK residues can
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Fig. 3.8.: ATP allosterically influences parvin-binding saltbridges (A) Residue-based, pairwise-
forces compared between ILK holo and apo (purple lines) with different force thresh-
olds. Approximate positions of the ATP-binding pocket (orange arrow) and saltbridge-
forming arginines R225 and R349 (purple arrows) are shown. For all significantly
changed pairwise forces see Table A.1. (B) Renders of selected ATP-influenced salt-
bridges and residue contacts between ILK and parvin as identified from FDA.

be detected calculating the RMSF (Figure A.2). This highlights the sensitivity of internal
force calculations in revealing such long-distance allosteric effects.

Since determinations of altered punctual stresses do not allow to comprehend the
allosteric pathways of ATP-dependent changes in internal force propagation, I further
calculated the residue-based, pairwise forces from FDA. Here, those residues with altered
pairwise forces to every other residue between the holo and the apo complex are
influenced by the presence of ATP (Table A.1). The connected network of residue pairs
exhibiting significant changes in pairwise forces larger than a given threshold visualizes
the potential pathways to mitigate the ATP-induced allosteric effects (Figure 3.8 A). As
already indicated by the punctual stresses, many residues composing the ATP-binding
pocket adapt upon binding of ATP (Figure 3.8 A, orange arrow) and ATP also strongly
affects residues outside of its binding pocket in the kinase N- and C-lobe.

Strikingly, the changes in force distribution patterns even extend into parvin, proposing
that ATP has an allosteric effect on the obligatory binding partner of ILK. Two arginines
at the ILK:parvin interface appear particularly important for this intermolecular allostery
(Figure 3.8 A purple arrows, and B): R225 which is located on a loop of the kinase
N-lobe and R349 which belongs to the activation segment known from conventional
kinases. Structural inspection of these arginines revealed that they form previously
unacknowledged saltbridges with E332 and D336 in parvin. R349 additionally interacts
with L333 of parvin.

3.4 ATP allosterically influences parvin-binding saltbridges
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(C) Pathway II involving the saltbridge-forming residue R349.
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The shortest pathway of significantly altered pairwise forces gives the predicted allosteric
pathway from ATP towards the saltbridge-forming residues. The pathway of internal
force changes from ATP to R225 encompasses a residue cascade involving N202, K223
and V224 (Figure 3.9 A and B). Further, FDA also hinted towards a secondary R225-
dependent pathway involving K341 and S346 (Figure A.3). I observed R349 to be
allosterically influenced by ATP over the ATP-coordinating residue K341 (Figure 3.9
A and C). Interestingly, K341 corresponds to a glycine from the crucial DFG motif of
conventional kinases (K. Fukuda, Gupta, et al., 2009). Seemingly, since ILK is not
catalytically active, a glycine of the DFG loop mutated to a residue that acquired a new
function in the pseudokinase in mediating the ATP-dependent allosteric effect.

Influence of the saltbridges on the interaction with parvin

I further validated the importance of the two saltbridge-forming arginines for parvin
binding by performing MD simulations of the holo ILK(WT) without parvin. In the
absence of parvin, the two saltbridge-forming arginines R225 and R349 increase in
flexibility (Figure 3.10 A). Previous investigations of the ILK:parvin binding interface
primarily focused on the parvin-binding helix (a-G-helix) containing M402 and K403,
which lead to a loss of ILK:parvin binding when mutated to alanine (K. Fukuda, Gupta,
et al., 2009). In addition to R225 and R349, the a-G-helix also shows a higher flexibility
in the MD simulations. This indicates that one of the main functions of R225 and R349
is to bind parvin.

By calculating the residue contact probability (i.e. percentage of total simulation time
in which two residues are in contact) from MD simulations of the ILK:parvin complex,
I could further assess the ability of the arginines to maintain saltbridges with parvin
(Figure 3.10 B,C). The average occupancy for the R225-E332, R225-D336 and R349-
D336 saltbridges of around 80 % in holo ILK corroborates their functional importance as
parvin-binding residues. On the other hand, the average R349-L333 contact percentage
of around 25 % implicating that this residue pair is of reduced importance for parvin
binding.

The ATP-dependent ILK:parvin interaction as determined by FDA was further supported
by my comparison of the contact probability of the studied interface residues between the
ATP-bound state and the apo state. Interestingly, the absence of ATP significantly lowered
the occupancy of the R225-E332 and of the R225-D336 saltbridges (Figure 3.10 B).
This suggested an allosteric stabilization of the contacts between the ILK N-lobe and
parvin upon ATP binding. Likewise, the contact probability of R349-L.333 is also de-
creased in the absence of ATP. The two saltbridges involving R349 (R349-E332 and

3.4 ATP allosterically influences parvin-binding saltbridges
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Fig. 3.10.: ATP alters contact probabilities of selected residues between ILK and parvin
(A) RMSF of ILK in complex with parvin (orange) and without (cyan) computed for
the backbone atoms as a function of residue number. Error bands denote the 95 %
confidence interval. (B) Residue contact probability (threshold 0.35nm) between
ILK R225 and selected parvin residues depending on the presence of ATP (averaged
from n = 20 independent trajectories. **p= 0.0096, *p= 0.013, Mann-Whitney).
(C) Residue contact probability between ILK R349 and selected parvin residues
as in B; *p= 0.017, Mann-Whitney. (D) Backbone RMSD of holo ILK(WT) and
ILK(R225A/R349A). n=20 trajectories, median of each trajectory is shown; * p =
0.044, ** p = 0.001, one-way ANOVA/ Tukey HSD.).

R349-D336), however, did not significantly change their occupancy upon ATP removal
(Figure 3.10 C). Thus, the lack of ATP appears to weaken the ILK:parvin interface while
not fully abolishing the intra-molecular contacts. In conclusion, my equilibrium MD
simulations provide evidence for the functional extension of the parvin binding interface
towards the activation loop and N-lobe of ILK involving R349 and R225, respectively.
Moreover, those interactions, which are allosterically influenced by ATP presumably,
contribute to the stability of the ILK:parvin complex.

To examine the consequences of disruption of the ATP-dependent allosteric effect, I
designed a double saltbridge mutant in which both saltbridge-forming arginines are
mutated to alanine (R225A/R349A). Presumably, the exchange of the charged arginines
to neutral alanines abolishes their abilities to form saltbridges and thus at least decreases
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their interaction with the parvin residues. Interestingly, although I simulated this mutant
still binding ATP, it displays an increased flexibility at an intermediate level between
ILK(WT) holo and ILK(WT) apo (Figure 3.10 D). This provides a further hint towards a
stabilizing ability of the two saltbridge-forming arginines on the ILK:parvin complex.

To verify that the saltbridges indeed confer parvin binding, I again collaborated with
Dr. Michele Nava and Prof. Dr. Sara Wickstrom (University of Helsinki, Finland) for
biochemical experiments. Furthermore, having established that the two saltbridge-
forming residues are allosterically affected by ATP and show a tendency to affect ILK and
ILK:parvin stability from MD simulation, I became interested in the cellular implications
of saltbridge disruption. Motivated by my MD simulations suggesting that at least part of
the effect of ATP is mediated by the salt bridges, it can be predicted that disruption of
the saltbridges will have similar effects on focal adhesions as a whole as was observed
for disruption of ATP. Thus, in the next section, I describe the results of cell-based
experiments from my collaborators to test these two hypotheses and thereby determine
the functional role of the saltbridge residues on the cellular level.

Saltbridge-coordinating residues stabilize a-parvin
binding and focal adhesions

Experiments and corresponding figures of this subsection were provided by Dr. Michele Nava
and Prof. Dr. Sara Wickstrom (University of Helsinki). Text is adapted from our joint
publication (I. M. Martin, Nava, et al., 2022).

To determine the ability of the saltbridge residues to convey a-parvin binding, Dr. Michele
Nava generated single R255A and R349A mutants as well as the R255A/R349A double
saltbridge mutant and reconstituted ILK -/- cells with these. Co-immunoprecipitation
assays with a-parvin revealed that both R255A and R349A single mutants exhibit reduced
parvin binding compared to ILK(WT). Strikingly, the R255A/R349A double mutant almost
completely abolished parvin-binding (Figure 3.11 A). Furthermore, ILK(R255A/R349A)
is still able to localize to FAs as shown by immunoflourescence analysis by Dr. Michele
Nava. However, a-parvin fails to display correct FA localization and is instead present
throughout the cytoplasm in dot-shaped patterns (Figure 3.11 B).

Since the saltbridges evidently mediate parvin binding we set out to understand how
they affect FAs as a whole, especially considering varying degrees of traction forces.
Qualitative analysis of FA dynamics by Dr. Michele Nava revealed that, in contrast to the
ATP-binding mutant, the double-saltbridge mutant exhibits decreased FA assembly rates

3.5 Saltbridge-coordinating residues stabilize a-parvin binding and focal
adhesions
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Fig. 3.11.: Point mutations in saltbridge-forming residues destabilize a-parvin binding and

FAs. Figure and experiments were provided by the collaborators Dr. Michele Nava and
Prof. Dr. Sara Wickstrom, University of Helsinki. Figure adapted from our joint publica-
tion (I. M. Martin, Nava, et al., 2022). (A) Quantification of a-parvin to GFP ratio
from GFP pull-down experiments from ILK -/- fibroblasts expressing GFP, ILK(WT)-
GFP, ILK(R225A)-GFP, ILK(R349A)-GFP and ILK(R225A/R349A)-GFP mutants (mean
+ S.D., n=4 independent experiments, **p= 0.0035, Friedman/Dunn). (B) Represen-
tative immunofluorescence images of «-parvin and ILK. a-parvin co-localizes at FAs in
ILK(WT)-GFP cells (arrowheads); no obvious localization of a-parvin to adhesions in
ILK(R225A/R349A)-GFP cells. Right panels: zoom of the area indicated by the white
box. Scale bars 20 um. (C) Quantification of FA assembly, disassembly and lifetime in
ILK(WT)-GFP and ILK(R225A/R349A)-GFP cells on 8 kPa and 40 kPa substrates (n
>20 cells/condition pooled across 4 independent experiments, *!p= 0.0394, *?p=
0.0210, *3*p= 0.0113, **p = 0.0084, Mann-Whitney). (D) Quantification of the mean
FA size and adhesion number in ILK(WT)-GFP and ILK(R225A/R349A)-GFP cells on
8 kPa and 40 kPa substrates. Area threshold set to 20 pixels. (n >25 cells/condition
pooled across 4 independent experiments, *p= 0.0454, **1p= 0.0016, *?>p= 0.0054,
Mann-Whitney).

Chapter 3 Case Study I: Integrin-linked Kinase at Focal Adhesions



3.6

(Figure 3.11 C). Particularly evident on stiff substrates, ILK(R225A/R349A) additionally
increases FA disassembly rates accompanied by decreased FA lifetimes, similar to the
ATP-binding mutant. Consistently, FAs in ILK(R255A/R349A) cells are significantly

smaller and present in overall lower numbers compared with WT cells (Figure 3.11 D).

Decreased FA area was also confirmed by paxillin staining (Figure A.4). Again and similar
to the ATP-binding mutant, the double saltbridge mutant generally exhibited a more
pronounced phenotype on 40 kPa stiff gels.

In conclusion, the disruption of ATP-induced intra-molecular allostery eliminates «-parvin
binding to ILK which, particularly on stiff substrates, leads to slower FA turnover.

ATP increases the mechanical stability of the
ILK:parvin complex

Especially on stiff substrates, cells exhibit high traction forces and that is precisely where
we observe a particular destabilization of FAs by disruption of ATP-binding or of the
ATP-triggered allostery between ILK and parvin. This hints towards an implication of the
ILK:parvin:ATP complex in force-dependent regulation of FAs. Therefore, it is extremely
interesting to not only study the equilibrium behavior of ILK, but furthermore to ask how
the ILK:parvin complex behaves under mechanical load and how ATP affects it in this
condition. To this end, I set out to perform force-probe MD simulations of the ILK:parvin
complex with regard to the influence of ATP.

Considering the IPP, since the mechanical stability of proteins and protein complexes
is linkage-dependent (Carrion-Vazquez et al., 2003), the first question we need to ask
is where the force acts on this complex. Mechanical force is transmitted to the IPP
complex by both the ECM/integrins and the actomyosin network. Examining the overall
composition of FAs (Figure 3.1), it becomes apparent that the most likely mediator
of force from the cytoskeleton to the IPP is parvin, as it directly binds F-actin with its
N-terminus.

For forces originating from the extracellular, two possible pathways for these forces to
reach ILK within IPP can be identified: (A) originating from integrins, force could be
transmitted to the ILK pseudokinase domain by kindlin-2, which binds both integrins and
ILK (Montanez et al., 2008; Huet-Calderwood et al., 2014; Kadry et al., 2018), and (B)
originating from receptor tyrosine kinases, force could be transmitted to the N-terminal
ankyrin repeats of ILK via several adaptor proteins (Chiswell et al., 2008). However,
without adequate and detailed characterization of the forces within focal adhesions,

3.6 ATP increases the mechanical stability of the ILK:parvin complex
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Fig. 3.12.: Pulling directions in force-probe MD of ILK:parvin. Stretching force along the
ankyrin-actin axis (A) and the kindlin-actin axis (B) is applied to ILK and parvin in
the form of virtual springs at indicated positions.

those two pathways can neither be differentiated nor prioritized. Therefore, as an initial
exploratory investigation, I simulated the force propagation on the ILK:parvin complex
from both conceivable directions separately, the results of which are presented in the
following sections.

Force through the ankyrin-actin axis

To study the forces transmitted across the ankyrin-actin-axis, I chose a simple, first-order
approximation for the pulling-patches. The ILK kinase domain is preceded in sequence
by ankyrin repeats, however, a complete ILK crystal structure is not available to provide
information on possible interdomain interactions. Thus, one can approximate that the
force transmitted from the membrane propagates to the ILK kinase domain through its
N-terminal residue. A similar approach can be taken considering the cytoskeletal side
of the IPP force propagation pathway. «-parvin binds actin with its N-terminus over
the recently discovered WASP-homology2 domain (Vaynberg et al., 2018) and again no
complete parvin structure is available. Similarly, one can approximate that the force
transmits through the N-terminus of the parvin CH2 domain. Therefore, I subjected
the N-terminal residues of both ILK (H185) and parvin (A249) to harmonic pulling
potentials moving in opposite directions with constant velocities of 1 m/s to 0.01 m/s and
probed the effect of ATP removal on the mechanical stability of the ILK:parvin complex
(Figure 3.12 A).

Given the subjected tension on the N-terminal residues of the two proteins, it is not
unexpected that both termini begin to unfold (illustrated in Figure 3.13 A). Considering
the separate unfolding distances of ILK and parvin (Figure 3.13 B and C), it becomes
apparent that, irrespective of ATP, partial unfolding of parvin (up to ~8 nm) is followed
by mutual further unfolding of ILK and parvin (up to~9.5 nm for both proteins) in most
trajectories. Interestingly, beyond that, almost all trajectories continue to further unfold
parvin in the holo complex. In contrast, both parvin and ILK unfolding occurs with more
equal rates in the apo complex. These data provide first hints towards a stabilization
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Fig. 3.13.: Pulling on ILK:parvin via the anykrin-actin axis. (A) Snapshots of ILK (pink)
with ATP in complex with parvin (blue) in force-probe MD simulations before and
after complex dissociation. N-terminal unfolding of both proteins is occurring. (B)
Individual extensions of ILK and parvin in simulations with ATP or (C) without
ATP. 10 trajectories per velocity (1ms~!, 0.1ms~! and 0.0l ms~!) totaling to n
= 30 independent trajectories. Trajectories are smoothed with a rolling average.
Simulation time is presented as fractions of the whole trajectory length.

of ILK through ATP-binding in conditions of mechanical stress. Owing to the observed
N-terminal unfolding, the N-lobe of ILK, to which ATP is bound, appears to be better
protected from unfolding during pulling. However, since integrins are regarded as the
major players in cell-ECM signaling, a force transmission pathway involving integrins
might be considered more physiological. Therefore, I further simulated mechanical force
across the kindlin-actin axis, as described in the next section.

Force through the kindlin-actin axis

Besides the ankyrin-actin axis, the IPP can be reasoned to experience force via the
kindlin-actin axis (section 3.6). Here, parvin binds directly to actin, as described above,
whereas the C-terminal part of the ILK kinase domain is connected to integrin via the
adaptor protein kindlin-2. The pulling patches needed to describe the force along this
axis cannot be approximated as straightforwardly as the ones used for the anyrin-actin
axis. Thus, this subsection describes the determination of pulling-patches on ILK and
parvin and presents the subsequent pulling simulations considering the kindlin-actin

axis.

3.6 ATP increases the mechanical stability of the ILK:parvin complex
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Fig. 3.14.: ILK:kindlin-2 docking to determine the ILK:kindlin pull group. (A) Schematic
overview of available kindlin-2 partial crystal structures with associated PDB-codes.
(B) 4 exemplary and diverse ILK:kindlin-2 docking poses from guided molecular
docking (for more examples see Figure A.5). ILK in pink and kindlin-2 in light grey.
N- and C-termini of kindlin-2 are labeled. (C) Contact residues (black sticks) between
ILK (pink) and a kindlin-2 model (grey scheme) are defined as the ILK pulling patch.
Contact residues (black sticks) between parvin (cyan) and paxillin-LD1 (grey) are
defined as the parvin pulling patch.

Molecular docking of kindlin-2 to ILK

Within the kindlin-actin axis, the residue-patch within ILK that is most likely under force
encompasses the binding site between ILK and kindlin-2. This is due to ILK itself not
being able to bind integrins, but instead kindlin-2 associates both with ILK and integrins,
as well as localizes to the membrane (Jianmin Liu et al., 2011; Yamamoto et al., 2016;
Palmere et al., 2021). However, a crystal structure of the ILK:kindlin-2 complex is not
available, yet the ILK residues K423 and 1427 have been experimentally validated as
interacting with kindlin-2 (Kadry et al., 2018). Since it is highly unlikely that kindlin
would only encounter these two residues within ILK, a larger binding patch is expected.
Consequently, the force from the ECM would propagate over this binding patch.

I used a combined homology modeling and guided molecular docking approach to predict
a more extensive set of ILK:kindlin binding residues. There exists a nearly complete
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kindlin-2 crystal structure in mouse and several single-domain structures, such as the
free PH domain and interestingly, the ILK-binding helix (Figure 3.14 A). I modeled
the full human kindlin-2 from this array of partial kindlin structures using homology
modeling (subsubsection 3.2.1). These models differ primarily in the position and
orientation of the PH domain (Figure A.5). I further used these kindlin-2 models to
perform guided molecular docking of kindlin-2 to ILK using the experimentally validated
binding residues within ILK as mandatory contact residues (Figure 3.14 B). Of note here
is that the docked positions of kindlin:ILK do not appear to structurally interfere with
kindlin’s ability to bind the membrane (Yamamoto et al., 2016) which is a prerequisite
for proper kindlin function. All docking positions include the experimentally confirmed
binding residues, as required, and also comprise a number of recurrent binding residues
as well as less frequently identified residues. From the heterogeneous ensemble of
docking positions, I extracted those ILK residues that were reproducibly identified as
interacting with kindlin-2 across all docking positions. While also interesting on their
own, the ILK:kindlin-2 interacting residues proposed here can be considered the most
likely force-bearing residues on the surface of the ILK kinase domain (Figure 3.14 C).

Considering the force propagation from the cytoskeleton, the force would most likely be
transferred from actin to the N-terminal part of the CH2 domain, as is the case in the
ankyrin-actin axis. However, in a scenario of two largely asymmetric pulling sites — a
residue patch on ILK and one residue in parvin — simulation artifacts would result from a
highly unequal force distribution. Thus, increasing the size of the parvin pulling patch
alleviates the possibility of such artifacts. In addition, the N-terminus of parvin CH2 is

in contact with the LD1 domain of paxillin (Lorenz et al., 2008; X. Wang et al., 2008).

Paxillin further interacts with vinculin, which is another important focal adhesion protein
that is likely under force (Dumbauld et al., 2013). In this way, paxillin is likely interfering
with the inter-domain contacts within parvin and thus alters the force transmission
pattern. Accordingly, the forces reaching the parvin CH2 domain would distribute over
the residues that are encompassed by paxillin. For these combined reasons, I chose the
CH2:paxillin binding residues as the pulling patch of parvin (Figure 3.14 C).

Force-probe MD of ILK:parvin

In force-probe MD simulations, I subjected the two pulling patches of force-bearing
residues (Figure 3.14 C) to harmonic pulling potentials moving away from one another
with constant pulling velocities of 1 m/s to 0.01 m/s. I compared the differences between
the holo and apo state of the ILK:parvin complex and further related those results to the
behavior of the double saltbridge mutant.

3.6 ATP increases the mechanical stability of the ILK:parvin complex
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Fig. 3.15.: ATP stabilizes ILK:parvin under mechanical tension via the kindlin-paxillin-
axis. Cumulative number of complex dissociation events as a function of distance
between the pull-groups at dissociation (D,._.), with a dissociation being defined by
an interface area below 0.6 nm?. n = 30 independent trajectories, 10 per velocity
(Ims~!, 0.1ms™!, 0.01ms~1), single trajectories of each velocity are shown in
Figure A.6. ILK holo vs. ILK apo: *p = 0.028, ILK(WT) vs. ILK(R225A/R349A):
**p = 0.001, one-way ANOVA/Tukey HSD. Schemes and black arrowheads visualize
the highest and lowest achieved D, _. before dissociation. Colored arrowheads and
corresponding snapshots indicate the median structure of each condition at the time
of dissociation; snapshots of 15th and 85th percentile per condition are shown in
Figure A.6.

In contrast to the ankyrin-actin axis, pulling along the kindlin-actin axis induced unfolding
of predominantly parvin, as well as complex dissociation. The protein unfolding can
be quantified by the distance between the pulling patches, D. ., whereas complex
dissociation was measured by a decrease in interface area. I here defined a complex
dissociation event to occur if the interface area drops below a low threshold (0.6 nm?).

Across conditions and velocities, dissociation events could be observed with various
stages of preceding protein unfolding. These ranged from dissociation events when only
small portions of the proteins had straightened and unfolded (D._. ~9nm) to events in
which parvin underwent massive unfolding (D._. ~28 nm). Strikingly, upon depletion
of ATP from the wildtype complex, the balance between dissociation and unfolding is
shifted towards dissociation at lower extensions. In contrast, the ATP-bound complex
only dissociates after more extensive parvin unfolding. The ATP-bound double-saltbrdige
mutant showed an indistinguishable behavior from the wildtype apo complex. Thus, a
decrease in mechanical stability of the ILK:parvin interface relative to the stability of the
individual proteins can be observed upon disruption of ATP-induced allostery and loss of
ATP-binding.

As a common feature of both pulling axes, ATP appears to act as a stabilizing agent, both
to stabilize ILK and the ILK:parvin interface. These data corroborate and build upon
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my finding of ATP as an allosteric regulator of the ILK:parvin complex in equilibrium
conditions (section 3.4). Further, the experimentally observed destabilization of FAs
especially on stiff substrates i.e. in the presence of high traction forces (section 3.5),
could be mechanistically explained by a weakened ILK:parvin interface. Therefore, it
can be assumed that processes based on the generation of traction forces are affected
by binding of ATP to ILK. Thus, I predicted that ILK mutants, which are defective in
ATP-binding or ATP-based internal signaling would exhibit deficits in the establishment
of traction forces and associated cellular processes. These predictions were again tested
through cell-based experiments from Dr. Michele Nava and Prof. Dr. Sara Wickstréom
(University of Helsinki) which are described in the next section.

ATP- and a-parvin-binding defective ILK impairs
traction force generation and cell migration

Experiments and corresponding figures of this subsection were provided by Dr. Michele Nava
and Prof Dr. Sara Wickstrom (University of Helsinki). Text is adapted from our joint
publication (I. M. Martin, Nava, et al., 2022).

Traction force microscopy (TFM) is perfectly suited to explore the influence of ATP within
ILK on force-generating processes. Intriguingly, TFM performed by Dr. Michele Nava
revealed that both loss of ATP (1.207W mutant) and loss of the ATP-influenced saltbridges
(R225A/R349A mutant) result in lower mean traction stresses compared to WT cells
(Figure 3.16 A,B). Further, the reduced traction stresses are associated with impaired
actomyosin contractility as both L207W and R225A/R349A mutants showed a substantial
reduction in actin stress fibers and myosin II activity (Figure A.7).

The process of cell migration heavily relies on stable FAs and actomyosin contractility
and which are both promoted by traction stresses (Ridley et al., 2003). Therefore, we
predicted that ILK mutants which cause reduced traction forces also would impair cell
migration. Indeed, analysis of migration trajectories of single cells by Dr. Michele Nava
showed that ILK(R255A/R349A)-GFP cells exhibit a migration defect with migration
rates smaller than ILK(WT)-GFP cells and comparable to ILK-/- cells (Figure 3.16 C). Col-
lectively, these experimental results show that destabilization of the ILK:parvin interface,
either by loss of ATP or loss of ATP-influenced saltbridges, prevents proper build-up of
traction forces and actomyosin contractility and thus impairs the migratory capacity of
cells.

3.7 ATP- and a-parvin-binding defective ILK impairs traction force
generation and cell migration
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Fig. 3.16.: Impaired ATP- and a-parvin binding prevent traction force generation and leads

to migration defect. Experiments and figure including legends were provided by
collaborators Dr. Michele Nava and Prof. Dr. Sara Wickstrém, University of Helsinki.
(A) Representative images and traction force heat maps (left) and quantification of
mean traction stresses (right) of ILK(WT)-GFP and ILK(L.207W)-GFP cells. n >59
cells/condition pooled across 4 independent experiments, **p = 0.0047, Kolmogorov-
Smirnov. Scale bars 20um. (B) Representative images and traction force heat
maps (left) and quantification of mean traction stresses (right) of ILK(WT)-GFP
and ILK(R255A/R349A)-GFP cells plated on 8 kPa PAA gels. n >78 cells/condition
pooled across 4 independent experiments, ****p= 0.0001, Kolmogorov-Smirnov).
Scale bars 20um. (C) Quantitative analysis of average distance (um, left Y-axis)
and velocity (um/min, right Y-axis) of ILK -/- GFP, ILK(WT)-GFP, ILK(L207W)-GFP
and ILK(R255A/R349A)-GFP cells. (n = 3 independent experiments with >35
cells/condition/experiment , *!p= 0.0114, *2p= 0.0269 Friedman/Dunn). Cell
trajectories from 12 h acquisition.
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3.8 Discussion

3.8.1

The data that I presented in this chapter show a combined computational and experi-
mental approach to broaden the understanding of how the pseudokinase ILK integrates
and transduces biochemical and mechanical signals. Particularly, I asked if and how
ATP, which is interestingly still bound to the pseudokinase, plays a role in the molecular
interactions of ILK and its function and especially in mechanotransduction.

Although pseudokinases are not capable of phosphoryl transfer, interestingly a large
fraction of them nevertheless bind ATP with largely unknown functions. For some
cases, specific functions have been assigned for ATP binding to pseudokinases. For
example, in the case of the pseudokinase STRAD«, ATP-binding was shown to alter the
conformation of the pseudokinase domain and to maintain it in a closed conformation to
allow for efficient target binding and downstream signaling (Zeqiraj, Filippi, et al., 2009).
Another example is the pseudokinase MLKL, where ATP-binding may serve to measure
the propensity of the pseudokinase domain to undergo conformation switching (Mace
and Murphy, 2021; Murphy, Czabotar, et al., 2013; Murphy, Lucet, et al., 2014).

For ILK on the other hand, initial evidence for ATP-function was provided by the obser-
vation that F-actin bundling is sensitized by ATP bound to ILK (Vaynberg et al., 2018).
However, the exact molecular mechanism of ATP, particularly in the context of mechani-
cal force, remained unclear. The data presented in this work point towards a multifaceted
role for ATP in ILK function: ATP enhances the structural integrity of ILK, allosterically
impacts the ILK:parvin interaction and increases the resistance of the IPP complex to
dissociation upon force.

ILK stability and its binding partners

ILK likely co-evolved with a-parvin as an obligatory binding partner as seen from the
fact that purified ILK forms highly insoluble aggregates in the absence of parvin (K.
Fukuda, Gupta, et al., 2009). The inherent instability of ILK is further underlined by
the requirement for the heat shock protein Hsp90 for a stable ILK:parvin interaction
(Radovanac et al., 2013). Hsp90 is a molecular chaperone that interacts with client
proteins to stabilize their structure and thus to ensure they acquire a functional active
conformation (Schopf et al., 2017). This means that without the protection of its
structural integrity by the chaperone Hsp90, ILK is subjected to proteasomal degradation
(Radovanac et al., 2013). Inhibition of the Hsp90 chaperone further leads to removal
of ILK from FAs which impairs fore generation on the ECM as well as cell migration

3.8 Discussion
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(Radovanac et al., 2013). Combined, these findings signify that ILK is inherently unstable
and requires protein interactions for stabilization.

Upon determination of the ILK crystal structure, ATP was found to only exhibit a negligible
effect on the overall static ILK structure, in fact both the apo and holo structure were
described as "essentially identical" (K. Fukuda, Gupta, et al., 2009). My simulation
data reveals that ATP instead alters the dynamic properties of the ILK kinase domain.
ATP influences the stability of ILK and the ILK:parvin complex which proposes ATP as a
secondary binding partner, in addition to parvin, for structural integrity.

The ILK mutant deficient in ATP-binding, ILK(L207W), was originally described to
sterically occlude ATP binding without affecting the structural integrity of the kinase
domain (Vaynberg et al., 2018). Indeed, this mutant is still able to bind parvin (Vaynberg
et al., 2018, subsubsection 3.3) which underlines its global structural integrity. However,
on an atomistic level, my MD simulations show that the kinase-like domain of this mutant
is more flexible compared to the wildtype holo complex and similar to the wildtype
apo complex. Further, and analogous to apo ILK(WT), ILK(L207W) displays a more
pronounced inter-lobe wringing motion. Although the structural integrity appears to be
maintained on the global level, the loss of ATP results in considerable structural changes
on the atomic level. Moreover, the cellular experiments from Dr. Michele Nava and Prof.
Dr. Sara Wickstrom presented in this thesis, demonstrate that loss of ATP-binding to ILK
leads to destabilization of FAs resulting in decreased FA numbers. Combined, these data
suggest a more intriguing role of ATP for ILK function.

ATP-induced allostery

As the results discussed above point towards a more involved role for ATP in ILK function,
I was interested in further investigating the detailed molecular effect of ATP. Here, my
MD simulation data extended with FDA provide further evidence for two propagation
pathways of internal forces triggered by ATP. Within those, I found ATP to allosterically
influence previously unacknowledged saltbridge-forming residues (R225 and R349) that
interact with parvin.

Regarding my examined pathway by which ATP affects the R225 and R349 saltbridge
residues, it must be taken into account that the FDA method as used in this study
is an end-point method, which means that it can only compute the differences in
forces between two states, here ATP-bound and unbound. From those differences
in interactions, one can deduce the shortest path of significantly altered interactions.
However, this might be different from a sequential mechanistic pathway, which is not
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possible to determine from FDA. Nevertheless, this method provides verifiable predictions
of important residues within the force-propagation pathways. Importantly, collaboration
with Prof. Dr. Sara Wickstrém and Dr. Michele Nava proved that R225 and R349 do
indeed confer parvin binding. They cooperate in parvin binding with the previously
analyzed residues M402/K403 in the C-lobe of ILK (K. Fukuda, Gupta, et al., 2009).

From the MD simulations, I could also determine that ATP reduces the saltbridge oc-
cupancy between both arginines and parvin residues, indicating that ATP inherently
stabilizes the interaction between ILK and parvin. However, in contrast to the experi-
mental data, parvin does not detach from ILK in the simulations upon mutation of the
saltbridge residues. This is presumably at least partly due to an artifact of MD, as it tends
to overstabilize proteins and thus also causes saltbridges to appear more stable than
they actually are (Ahmed et al., 2018). In addition, the timescales considered in the
simulations are seemingly too short to observe such a large-scale detachment event.

As expected, since the double-satlbridge mutant cannot bind parvin in experiments,
it also fails to recruit parvin to FAs. Interestingly and in contrast to the previously
studied parvin-binding M402A/K403A mutant (K. Fukuda, Gupta, et al., 2009), the
double saltbridge mutant (R349A/R225A) itself still localizes correctly to FAs. In this
way, the double saltbridge mutant phenotypically resembles the ILK mutant deficient
in ATP-binding L207W. Similarly, ILK(L207W) contrasts another ATP-binding defective
mutant (N200A/K341A) which fails to localize correctly to FAs (K. Fukuda, Gupta, et al.,
2009). My FDA results imply that the reason for this mislocalization of the N200A/K341A
mutant could be that K341 and ATP directly influence each other, which might greatly
destabilize ILK. Very recently and also using MD simulations, three additional point
mutations were identified to also alter the stability of the ILK:parvin complex which
results in impaired kidney development in mice (Bulus et al., 2021). Those mutations
were found to have an allosteric effect on parvin as well, which however has not yet
been further characterized.

The combined computational and experimental data thus suggests a model that features
two distinct parvin-binding modes within ILK: one ATP-dependent mode across the kinase
N-lobe and activation segment which governs the two saltbridge-forming arginines and
the previously established C-lobe pathway which seems independent of ATP. Intriguingly,
it appears as though only the ATP-independent mode is required for localizing ILK into
FAs, whereas ATP-dependent binding is required for adhesion stability.

3.8 Discussion
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ILK under mechanical stress

Beyond the equilibrium condition, where ATP stabilizes the pseudokinase, the presented
data further shows a stabilizing effect of ATP on the ILK:parvin complex under mechanical
force. The altered mechanical resistance I observed in the MD simulations at the
molecular level is based on the assumption that forces within adhesions are transmitted
to the IPP from F-actin as well as over two different axis from the ECM: the ankryin-actin
axis and the kindlin-actin axis. These force-transmission pathways were reflected in the
choice of residue-patches for the force-probe MD.

Regarding the kindlin-actin axis, I used a combined molecular modeling and docking
approach for the ILK:kindlin complex. In this way, I identified kindlin-binding residues
within ILK, allowing robust simulation along the resulting pulling direction, at least
according to the current limited knowledge. Thus, a more comprehensive view onto
mechanotransduction across the kindlin-ILK axis can only be studied in simulation
once an experimental ILK:kindlin structure is available. Given the critical role of the
pulling direction on protein mechanical response (Carrion-Vazquez et al., 2003), the
characterization of both force-transmission axes would also greatly profit from extended
structural information of the full IPP complex and associated proteins. These would
include inter-domain and protein interactions that could alter the direction of force
transmission. First explorations in this direction stem from structural modeling of the
IPP based on small-angle X-ray scattering (SAXS) data (Stiegler et al., 2013). However, a
more detailed representation of the complete IPP complex using for example cryo-EM
would be valuable.

The results of both force application routes point towards a role of ATP in mechanical
stabilization of the ILK:parvin complex, although both axes manifest in different readouts
from the simulation and appear to differently affect the ILK:parvin complex. Within
simulations of force along the kindlin-actin axis, ATP shifts the distribution of complex
dissociation to parvin unfolding while ILK remains folded. In contrast, in simulations of
force through the ankyrin-actin axis, ATP shifts the balance from ILK unfolding to parvin
unfolding. However, another intriguing question is whether the IPP actually receives
forces via both axes and not just one, which is plausible since FAs are inherently complex
structures. In this case, the observable role of ATP could shift again. However, setting
up such a scenario of stress distributing through both axes in a way that is as close to
reality as possible is inherently complex and requires further experimental studies of how
force actually flows inside focal adhesions. Nevertheless, exploratory simulations could
provide valuable hints towards experimentally testable predictions of various combined
pulling scenarios. Additionally, such large-scale mechanotransduction investigations
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could potentially also extend towards force propagation via the membrane as was done
for FAK (Goiii et al., 2014; Zhou et al., 2015).

Beyond the sole effect of ATP, my simulations additionally showed indistinguishable
mechanical instability of apo ILK and the double-saltbridge mutant, which is still capable
to bind ATP. This leads to the hypothesis that the allosterically influenced saltbridges
mediate, at least in part, the ILK:parvin stabilization by ATP which is observed under
mechanical force. Assuming cellular force generation requires an intact ILK:parvin
interface, the double-saltbridge mutant is thus predicted to resist generation of cellular
forces due to its apparently weaker interface under mechanical load. Indeed, both
the experimental disruption of ATP- and parvin-binding to ILK within the L207W and
R225A/R349A mutant results in reduced force generation as well as cell migration.
The joint computational and experimental results thus support the hypothesis that the
stability of the ILK:parvin complex determines the resilience of FAs towards mechanical
loads. One could even go so far as to propose ILK as a pseudo-mechanokinase, where
ATP would convey a mechanosensory role.

Generally, it would be valuable to confirm the molecular-scale changes of the ILK:parvin
complex in response to mechanical force using single-molecule force spectroscopy tech-
niques such as AFM or optical tweezers (Nandi and Ainavarapu, 2021; Bustamante et al.,
2020). This would narrow the current resolution gap between my simulations and the
large-scale cellular effects. Traditionally, such comparison was tedious due to the vastly
different loading rates used in simulation and experiment. With the recent advances in
both high-speed AFM and acceleration of simulations, this time-scale gap is closing more
and more, thus facilitating a direct comparison (Franz et al., 2020; Rico et al., 2019).
The velocities I used for force-probe MD range between the highest velocity considered
reliable, 1 ms~! (Sheridan et al., 2019), and the lowest that was still computationally
feasible for this project, 0.01 ms~!. Within one condition, the overall results are similar
across different velocities, indicating that the velocities are within an adequate range
of pulling speeds. In this way, especially with respect to the lowest simulation speed,
the possibility of direct verification with high-speed AFM is within reach (Rico et al.,
2019).

Focal adhesion dynamics

Binding of parvin to ILK and thus assembly of the IPP complex likely occurs prior to the
formation of cell-ECM adhesions (Y. Zhang et al., 2002). When quantifying FA assembly
rates, the parvin-binding deficient mutant R225A/R349A leads to reduced assembly
rates. This might point towards a function of ILK:parvin interaction in the formation of
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focal adhesions, which is generally driven by the presence of the IPP. On the other hand,
both R225A/R349A and L207W more severely perturb FA disassembly, indicating that
both parvin and ATP bound to ILK regulate the disassembly of adhesions. Moreover, this
influence on FA disassembly can be attributed to IPP stability under mechanical force,
since the disassembly defects are more severe on stiff substrates where higher traction
stresses are present.

The combined data on ILK:parvin stability and FA turnover hint towards a model where
ATP acts as one adjusting factor to influence the amount of force build-up within FAs
that is needed to disrupt the ILK:parvin interface. Ultimately, this termination of force
signaling through disrupted IPP would lead to adhesion disassembly. In the context
of cell migration, disassembly is required for efficient retraction of the cells rear-end
(D. J. Webb et al., 2002; Cramer, 2013). In this way, the small molecule ATP would
participate in the very large-scale process of cell migration.

Outlook on ILK as a pseudokinase

This work not only expands the knowledge of integrin-actin communication and the
effect of ILK on FA dynamics, but also beyond that contributes to the understanding of
pseudokinase evolution and function. In general, pseudokinases have proven to be useful
models to study the non-catalytic properties of the kinase fold in isolation (Jacobsen and
Murphy, 2017; Kung and Jura, 2016; Mace and Murphy, 2021). Many pseudokinases,
including ILK, have in common that their non-catalytic functions exploit the nature
of the kinase fold as a versatile hub for protein-protein interactions. Like ILK, whose
functions rely on its substrate-recognition site that now constitutively binds parvin, other
pseudokinases also show specifically divergent regions compared to active kinases that
correlate with their mechanism of function (Mace and Murphy, 2021).

Conventional kinases are recognized as particularly druggable proteins because small-
molecule inhibitors can effectively displace ATP, thereby blocking phosphoryl transfer.
This is reflected by the fact that in 2021, over 60 therapeutic agents that target kinases
were approved for clinical interventions by the U.S. Food and Drug Administration
(Roskoski, 2021). Considering the current landscape of small molecules that can also
modulate the non-catalytic functions of pseudokinases, it is not surprising that also
pseudokinases are currently under investigation as therapeutic targets (Kung and Jura,
2019; Lucet and Murphy, 2018; Mace and Murphy, 2021; Byrne et al., 2017). ILK’s
dependence on the active site opens the possibility of modulating its scaffolding func-
tions with small molecule antagonists that might displace ATP, similar to conventional
kinases. With knowledge of the ATP-dependent allosteric pathway, one could now use
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this molecular information to develop specific chemical probes that target ILK function
without greatly disrupting focal adhesion signaling. In fact, efforts have already been
made to design tripeptides that mimic an «-parvin segment for therapeutic purposes
(Garcia-Marin et al., 2021). Further insights into ILK function thus might culminate in
therapeutic implementations to specifically target ILK not as a biochemical kinase, but a
non-catalytic mechanotransducer. Concluding, mechanotransducing (pseudo)kinases are
uniquely suited to integrate mechanical signals into other signaling pathways, and more
members of this intriguing class of proteins likely remain to be determined.

3.8 Discussion
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Case Study Il: INCENP at the
Kinetochore

This chapter first introduces kinetochores as force transduction hubs and describes the
function of INCENP within kinetochores. Then it presents the results of MD simulations on
two levels of resolution to determine the effect of phosphorylation on INCENP dimensions
and conformational ensemble. My simulations on the atomic level are complemented
by coarse-grain simulations by Dr. Camilo Aponte-Santamaria (Heidelberg Institute for
Theoretical Studies (HITS), Heidelberg) which we mutually analyzed and interpreted.
The joint results were published in the Journal of Molecular Biology (JMB) in January
2022 (I. M. Martin, Aponte-Santamaria, et al., 2022).

Background: Keeping genomic integrity

Cell division

Cell division is fundamental for life itself, enabling reproduction and organism growth.
With the correct transfer of genetic material to their offspring, cells preserve the integrity
of the organism’s genome. Within the cell cycle, the genetic material of a cell is duplicated.
In the final phase of the cell cycle, the mitotic phase, the replicated genetic content is
evenly distributed into two identical daughter cells.

During mitosis, the DNA condenses into chromosomes which align in the center of the
cell. There, the chromosomes are bi-oriented by microtubules (MTs) extending from
the opposite cell poles, where the mitotic spindle is located. After the chromosomes
are correctly aligned, their two identical sister chromatides are detached and pulled to
each pole by shortening of the spindle MTs (Kapoor and Compton, 2002; Scholey et al.,
2003). With subsequent cell division, each resulting daughter cell shares exactly the
same genetic material.
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Fig. 4.1.: Correct and incorrect kinetochore-microtubule attachments. Proper bi-orientation
of chromosomes is mediated by amphitelic kinetochore-microtubule attachment, in
which each of the two sister kinetochores binds microtubules from opposite spindle
poles. There are multiple types of incorrect attachment: In synthelic attachment, both
sister kinetochores are attached to the same pole, whereas in merotelic attachment,
one kinetochore is attached to both poles simultaneously. In addition, incomplete
attachments e.g. completely unattached chromosomes or monotelic attachments, in
which only one kinetochore is correctly attached, occur frequently. Both incorrect and
incomplete attachments have to be resolved before completion of mitosis.

Kinetochore-microtubule attachments

The attachment of sister chromatides to the spindle MTs is established by large protein
structures that assemble at the centromeric region of the chromatin, the kinetochores
(KTs) (Santaguida and Musacchio, 2009; Cheeseman, 2014). To ensure correct distribu-
tion of chromosomes, both sister KTs have to attach to MTs from opposite poles, which is
termed amphitelic attachment (Figure 4.1). These correct attachments, which provide
chromosome bi-orientation, become stabilized (Nicklas and Koch, 1969; X. Li and Nicklas,
1995). However, chromosomes can also remain (partially) unattached or attached to
the wrong spindle poles (Figure 4.1). Such erroneous attachments must eventually be
destabilized and corrected before the onset of anaphase of mitosis, during which the
chromosomes are pulled apart (Cimini, Moree, et al., 2003; Lampson, Renduchitala,
et al., 2004; Nicklas and Koch, 1969).

Correct chromosome bi-orientation and thus segregation is ensured by a combination of

the spindle-assembly checkpoint (SAC) and the error correction mechanism (Musacchio
and Salmon, 2007; Nicklas and Ward, 1994; Lampson and Grishchuk, 2017). The
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Error correction:

KT-MT attachments are destabilized
Incorrect attachement by phosphorylation of KT targets Retry: Correct attachement

L

Fig. 4.2.: Mechanism to correct wrongly attached microtubules. Due to lack of tension, incor-
rectly attached kinetochores are destabilized by phosphorylation of outer kinetochore
targets. Newly released kinetochores are provided with a new opportunity to reattach
correctly.

SAC prevents mitotic exit on a global level until all chromosomes are properly attached
while the error correction mechanism eliminates erroneous attachments to allow for
proper attachment. The discrimination between correct and incorrect KT-MT connections
depends on mechanical tension within the KT that is generated by successful attachment
(Lampson and Cheeseman, 2011; Lampson and Grishchuk, 2017; Nezi and Musacchio,
2009). Apparent from the geometry of the mitotic spindle, amphitelic attachments
produce the highest tension on both sister kinetochore, whereas incorrect attachments
fail to generate sufficient tension. Missing tension triggers the error correction mechanism
to promote attachment turnover by phosphorylation of kinetochore targets (Figure 4.2)
(Nicklas, 1997; Lampson and Grishchuk, 2017).

INCENP: Scaffolding the chromosomal passenger complex

Essential to the tension-dependency of KT-MT attachment stability is the Chromosomal
Passenger Complex (CPC) localized at the inner centromere (Carmena et al., 2012;
Adams, Maiato, et al., 2001; Tanaka et al., 2002). Impaired CPC function leads to
defective chromosome segregation due to stabilization of incorrect KT-MT binding and a
malformed mitotic spindle (Carmena et al., 2012).

The inner centromere protein (INCENP) (Cooke et al., 1987) is the scaffold of the CPC
that connects its chromosome localization module to its kinase module (Figure 4.3). The
INCENP N-terminus, the CEN-box, forms a triple-helix bundle with survivin and borealin
to anchor the CPC to the inner centromere (Ambrosini et al., 1997; Gassmann et al.,
2004; Klein et al., 2006; Jeyaprakash et al., 2007). The C-terminus of INCENP contains
the IN-box domain, that binds and allosterically activates the Ser/Thr kinase Aurora B
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Fig. 4.3.: Architecture of the chromosomal passenger complex. INCENP is the scaffold of the
CPC. It forms a three-helix bundle with borealin and survivin to tether the CPC to the
chromosomes. Further, it binds and activates the kinase Aurora B, that destabilizes
wrongly attached kinetochores. INCENP additionally contains a large unstructured
domain, two microtubule binding sites and a single a-helix.

(Kimura et al., 1997; Adams, Wheatley, et al., 2000; Sessa et al., 2005; Honda et al.,
2003), which is central to dissolve wrong KT-MT attachments.

Connecting the N- and C-terminal modules is the large middle domain of INCENP. It
comprises a large unstructured domain of ~440 aminoacids (residue numbers ~80-520)
which is flanked on either end by a microtubule-binding site (Sally P. Wheatley et al.,
2001; Samejima et al., 2015). Adjacent to the unstructured region is a single a-helix
(SAH) between residues 503-715 (Samejima et al., 2015; Wheelock et al., 2017). In
contrast to the well-defined roles of the INCENP N- and C-terminus, the function of its
middle domains has not yet been fully elucidated. While there are theories about the
importance of the SAH (described in subsection 4.1.4), the unstructured linker remains
unexplored and its function has yet to be determined.

Mechanism of Aurora B action

Aurora B is the key kinase for regulating the stability of the KT-MT attachments (Ci-
mini, Wan, et al., 2006). By phosphorylating outer kinetochore-associated targets like
Ndc80/Hecl it destabilizes incorrect KT-MT attachments in the absence of tension
(DeLuca et al., 2011; Welburn et al., 2010; Yoo et al., 2018; Doodhi et al., 2021; G.-Y.
Chen et al., 2021). Phosphorylated Aurora substrates generally display a lower MT bind-
ing affinity, thus triggering higher attachment turnover. The phosphorylation potential
of Auroa B was found to be inversely proportional to tension within the KTs which led
to the spatial separation model for correcting aberrant attachments (D. Liu et al., 2009;
Krenn and Musacchio, 2015; Tanaka et al., 2002).
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Fig. 4.4.: Dog-leash mechanism of Aurora B regulation. Correct chromosome bi-orientation
generates kinetochore tension that separates the outer kinetochore from the cen-
tromere. The CPC scaffold INCENP may behave as a length-flexible dog-leash to
determine the radius of Aurora B’s action, thus regulating KT-MT attachment stability.

Herein, the phosphorylation of Aurora B targets is not controlled by regulation of intrinsic
kinase activity but through a tension-dependent, physical separation between the kinase
and its substrates. With improper attachment, the lack of tension allows Aurora B to
reach the outer kinetochores targets to ultimately release wrongly attached microtubules.
In contrast, symmetric tension created by correctly bi-oriented chromosomes moves the
sister kinetochores away from the inner centromere. This spatially restricts the accessibil-
ity of the outer kinetochore targets from Aurora B, thus decreasing their phosphorylation
level. In fact, the phosphorylation potential of Aurora B decreases sharply in the presence
of sufficient intra-kinetochore stretch (D. Liu et al., 2009; Krenn and Musacchio, 2015;
Welburn et al., 2010).

This mechanism allows to sense tension through the localization of Aurora B relative to
outer KT substrates. It requires that Aurora B can extend into the outer kinetochore in
the absence of tension, while the CPC itself remains tethered to the centromere. The
CPC scaffold INCENP is a prime candidate to enable the spatial flexibility of Aurora B
through its large middle domains. Summarized by the "dog-leash" model, it was proposed
that the INCENP single a-helix domain could dynamically stretch upon physiological
tension (Samejima et al., 2015). In this way, INCENP could act as a dog-leash for
Aurora B, restricting or extending Aurora B’s radius of action depending on its length
(Santaguida and Musacchio, 2009; Samejima et al., 2015; Figure 4.4). The exact length
INCENP requires and its fine-tuning through force or additional regulators is still under
investigation.

Intrinsically disordered proteins

As predicted from its sequence content, INCENP is one example of a protein partially
lacking a fixed tertiary structure, i.e. containing an intrinsically disordered region (IDR)
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(Krenn and Musacchio, 2015; Oates et al., 2013). Such proteins which either comprise
an IDR or are entirely disordered (intrinsically disordered proteins (IDPs)), are enriched
at the kinetochore (Audett and Maresca, 2020).

According to the well-established structure-function paradigm, the function of a protein
is tightly coupled to its three-dimensional structure which in turn results from the
intrinsic properties of its amino acid sequence (Anfinsen, 1973). Nowadays, however,
this requirement of a clearly defined structure for proper function is increasingly being
contradicted. In recent decades, it has become apparent that over 40 % of the eukaryotic
proteome consists of proteins with disordered regions (Babu, 2016; J. Chen et al., 2020;
Bugge et al., 2020; Morris et al., 2021).

Instead of adopting a stable structure, IDPs exist in an ensemble of rapidly alternating
conformations of almost equal energy (Fisher and Stultz, 2011). In contrast to the
well-defined energy minimum observed for folded proteins, the energy landscape for
an IDP is considerably flatter and does not exhibit a deep minimum. Still, the amino
acid composition, such as the distribution of charges, determines the accessible states
and ultimately dictates whether IDPs adopt predominantly extended or compact con-
formations (Mao et al., 2010; Das and Pappu, 2013; Miiller-Spath et al., 2010; Das,
Ruff, et al., 2015). The conformations of IDPs are therefore also particularly sensitive to
post-translational modifications like phosphorylation (E. W. Martin, Holehouse, et al.,
2016; Jin and Grater, 2021; Rieloff and Skepo, 2021b). In addition, the environmental
context around IDRs, such as flanking domains, influences the conformational ensemble
(Bugge et al., 2020).

The function of IDPs depends on the entirety of its conformational ensemble, which
cannot be described by traditional high-resolution structure determination methods.
Instead, experiments that characterize ensembles like NMR, SAXS or MD simulations are
necessary to fully capture the potential of IDPs (Chan-Yao-Chong et al., 2019; Fisher and
Stultz, 2011).

Aim of this project

The IDR of INCENP has not yet been characterized but INCENP has been shown to
contain numerous phosphorylation sites (Papini et al., 2019; Hornbeck et al., 2015). For
example, the phosphorylated threonine and serines (892-894) that form the TSS-motif
within the C-terminal IN-box domain activate Aurora B (Honda et al., 2003). Within
the IDR, phosphorylation of Thr-59 and Thr-388 mediate recruitment of Plk1 to the
kinetochore (Goto et al., 2006) and Ser91-P promotes the direct association of INCENP
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with the kinesin-6 motor protein MKLP2 (Petsalaki and Zachos, 2021). However, apart
from these few key examples, the function of INCENP’s phosphorylation sites especially
within the IDR remains largely unknown.

Due to its disordered nature and its multitude of phosohorylation sites, the IDR is also a
prime target for dynamic extension in addition to the SAH. Therefore, it is conceivable
that the IDR is involved as an additional player in the dog-leash mechanism for collective
regulation of Aurora B phosphorylation potential. Altogether, one can propose that the
regulatory ability of INCENP within the dog-leash model is directly related to its partially
disordered nature. Thus, it is critical to characterize INCENP not just as a rigid scaffold
but as a flexible IDP.

In this chapter, I explore the conformational ensemble of the INCENP IDR which is
reflective of its average length using MD simulations. Further, I examined how varying
degrees of phosphorylation affect the size of INCENP. Simulations of INCENP fragments
on the all-atom level are complemented and expanded by simulations of the whole IDR
on the coarse-grain (CG) level. The CG-level also allowed to investigate the effects of
phosphorylation on the phase behavior of a condensate of INCENP IDRs, reminiscent of
the dense environment of the centromere and kinetochore.
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This section describes the detailed protocol of the simulations used for this chapter. I
carried out and analyzed the all-atom simulations; the coarse-grained simulations were
carried out by Dr. Camilo Aponte-Santamaria (HITS, Heidelberg). We jointly performed
the analysis and the interpretation of the CG trajectories.

All-atom simulations
Structure generation

In collaboration with Lisa Schmidt, an intern student I supervised, I divided the sequence
of the human INCENP disordered region into fragments of 75 residue length covering
the entire IDR sequence (Figure 4.8 A, Table B.1). To generate starting structures
for the all-atom MD simulations, I performed de novo structure prediction using the
CABS-fold server (Blaszczyk et al., 2013) from which I chose quasi-linear structures
without secondary structural elements. All fragments were capped with an ACE (acetyl
group) and NME (N-methyl amide) at the N- and C-terminus, respectively using PyMOL
(Schrodinger, LLC, 2015).

I simulated either native (n=10) or phosphorylated (n=9) fragments, and the compar-
ison between the two conditions was performed only for fragments simulated in both
states. Conversely, separate analysis i.e. the correlation between the charge and the
size of the protein considered all simulated fragments. All detected phosphorylation
sites on INCENP are summarized in the PhosphoSitePlus database (Hornbeck et al.,
2015). I used the number of publications that detect a certain phosphorylation to set
different phosphorylation levels (P-levels). In the all-atom simulations, I assumed all
phosphorylation sites to be phosphorylated that display a P-level of 10. Accordingly,
P-level 10 includes all phosphorylation sites that are evidenced by at least 10 publications.
Phosphorylated residues were generated using the PyTMs plugin for PyMOL (Warnecke
et al., 2014).
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All-atom molecular dynamics simulations

Certain preliminary simulations and equilibrations were performed by Lisa Schmidt, all
trajectories used for analysis were generated and evaluated by myself.

I performed all-atom (AA) MD simulations with GROMACS versions 2018.1, 2018.3
and 2020.4 (Abraham et al., 2015). Further, I used the Amber99sb*-ILDNP force-field
(Best and Hummer, 2009; Aliev et al., 2014), phosphate parameters (Homeyer et al.,
2006) and the TIP4P-D water model (Piana et al., 2015), that was developed for IDPs. I
solvated the starting structures in the center of a dodecahedron box with (at least) 3 nm
between the periodic images. During the whole simulation the minimal distance of the
protein to each periodic image was kept above the cut-off distance of the long-range
interactions. Sodium and chloride ions corresponding to a physiological concentration of
100 mM were added resulting in a system with overall zero charge.

The equilibration protocol was a follows: energy minimization using the steepest descent
method, 500 ps in the NVT ensemble followed by 500 ps in the NPT ensemble, both with
harmonic constraints on all protein atoms with a force constant of 1000 kJ mol~! nm~!
to equilibrate water and ions. In the subsequent production runs in the NPT ensemble,
only the bonds between hydrogens and protein heavy atoms were constrained using the

LINCS algorithm (Hess, 2008) which allowed to use a timestep At=2fs.

The simulation was kept at a constant temperature (T) of 300 K using the velocity
rescaling thermostat (Bussi et al., 2007) with a coupling time of 0.1 ps. I chose two
temperature coupling groups: (1) all protein atoms and phosphorylations and (2) all
water and ions. The pressure was kept constant at 1 bar using the isotropic Parrinello-
Rhaman barostat (Parrinello and Rahman, 1981) with a coupling time of 2 ps and a
compressibility of 4.5 x 107> bar~!. Using the Verlet scheme, the neighbors list was
updated every 10fs. I used a cutoff of 1.0nm for all non-bonded interactions while
treating long-range electrostatic interaction using PME (Darden et al., 1993) with a grid
spacing of 0.16 nm with cubic interpolation.

To generate an initial conformations ensemble that is independent of the starting struc-
tures, the 75-residue fragments were simulated for 300 ns. I generated six new starting
structures from these initial trajectories by extracting the coordinates every 50 ns. Consis-
tently, six individual production trajectories were carried out with random velocities and
own equilibration phases as described above. This procedure ensures adequate indepen-
dence of the production trajectories from the initially generated, nearly linear structures.
Additionally, this protocol broadens the conformational ensemble by diversifying the
starting configurations. After inspection of the protein backbone RMSD, the first 20 ns of

4.2 Simulation details

73



422

74

each production trajectory were neglected as equilibration period. In this way, the total
simulation time per fragment and phosphorylation condition is 1.7 us.

Coarse-grained simulations

These coarse-grained simulations were set up and run by Dr. Camilo Aponte-Santamaria,
HITS, Heidelberg.

Coarse-grained model

Dr. Camilo Aponte-Santamaria carried out coarse-grain (CG) simulations of eleven
75-residue fragments, spanning the disordered region of human INCENP (Table B.1).
Moreover, the entire predicted disordered region, ranging from residues 80 to 520 com-
prising a total of 441 aminoacids, could be simulated at the CG-level. The fragments and
whole IDR were simulated either in their non-phosphorylated form or with different levels
of phosphorylation. As described for the AA simulations, the phosphorylation levels were
based on the number of literature detections according to the PhosphositePlus database
(Hornbeck et al., 2015). Here, P-levels 1, 10, 20, 50 and 100 were considered, i.e. any
residue mentioned as phosphorylated at least once in the literature was phosphorylated
for P level 1. Accordingly, for a residue to be considered phosphorylated in P-level 100, it
must have been detected in at least 100 studies.

As described in subsection 2.1.4, a chain of CG beads describes the peptide sequence, with
one bead representing one amino acid. The harmonic springs connecting the beads had an
elastic constant of 8368 kJ mol~! and an equilibrium distance of 0.38 nm. The short range
interaction potential between two beads was calculated according to the Ashbaugh-Hatch
functional (Equation 2.10, Ashbaugh and Hatch, 2008). Therein, the strength of the
interaction of the Lennard-Jones potential (¢, Equation 2.5) was set to 0.8368 kJ mol~!.
Parameters for the hydrophobicity (\) and the size (o) of standard amino acids were
taken from Mammen Regy et al., 2021, whereas for their phosphorylated versions they
were taken from Perdikari et al., 2021.

The electrostatic interaction between the beads was described according to the Debye-
Hiickel potential (Equation 2.11, Debye and Hiickel, 1923). Therein, the dielectric
constant of the solvent was ¢, = 80 and the Debye-Hiickel length was x = 0.974 138 nm,
which approximately represents 0.1 M ionic strength at 300 K. Charges for unphosphory-
lated and phosphorylated amino acids were taken from Mammen Regy et al., 2021 and
Perdikari et al., 2021. Both, short-range and electrostatic interactions were truncated at
a cutoff of 5nm, i.e. ~ 5k.
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Replica exchange stochastic molecular dynamics simulations

The fragments were assumed to have an initial fully extended conformation. A cubic
box with dimensions 56.24 nm x 56.24nm x 56.24 nm for the 75-residue fragments and
334.4nm x 334.4nm x 334.4nm for the whole 441-residue fragment was suitable to
accommodate the completely linear fragments. Within the NVT ensemble, the size of
the simulation box was kept constant. The CG beads were simulated with stochastic
molecular dynamics using the leap-frog stochastic dynamics integrator in GROMACS
version 2019 (Abraham et al., 2015) with a timestep At=10{s. The friction coefficient
was computed as the mass of each aminoacid (Mammen Regy et al., 2021; Perdikari
et al., 2021) divided by the relaxation time 7,=1 ps (Dignon, W. Zheng, Kim, et al., 2018;
Mammen Regy et al., 2021). Both short-range and electrostatic interactions were passed
to GROMACS as user-defined, tabulated potentials.

To enhance the conformational sampling, Dr. Camilo Aponte-Santamaria used tem-
perature replica-exhange simulations. For the 75-residue fragments, the reference
temperatures were 157.26 K, 172.46 K, 189.13 K, 20741 K, 227.46 K, 249.45K, 273.56 K,
300.00K, 329.00K, 360.80K, 395.67K, 433.92K, 475.86 K, 521.86K, 572.30K, and
627.62 K. For the whole 441-residue fragment, the reference temperatures were 154.76 K,
164.36 K, 174.55 K, 185.38 K, 196.87 K, 209.08 K, 222.05 K, 235.82 K, 250.45 K, 265.98 K,
282.48 K, 300.00 K, 318.61K, 338.37 K, 359.35 K, 381.64 K, 405.31K, 430.45 K, 457.15K,
485.50 K, 515.61 K, 547.59 K, 581.55 K, and 617.62 K.

Accordingly, 16 replicas for the 75-residue fragments and 24 for the whole 441-residue
IDR at the indicated temperatures ran in parallel, while swapping of coordinates between
adjacent replicas was allowed every 1 ns. Each replica was simulated for a total of 2 us.
The first 500 ns were excluded from the analysis as equilibration period.

Coarse-grained simulations of INCENP condensates

A condensate system of 100 whole IDR fragments in the above described coarse-grain
model were simulated in three phosphorylation conditions: not phosphorylated, P-
level 50 and P-level 10. The 100 initial conformations were extracted from the single-
IDR simulations and subsequently placed in a cubic box with random positions and
orientations. The box dimensions were 104.314nm x 104.314nm x 104.314 nm for non-
phosphorylated, 115.095nm x 115.095nm x 115.095nm for P-level 50 and 121.595 nm
x 121.595nm x 121.595 nm for P-level 10. Within 100000 integration steps (At = 10{s)
the box was shrunken to a target volume of V = (4/3)mr® x N, where r = 0.68/2nm
the typical size of one coarse-grained bead, and N=44100 the total number of beads.
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The systems starting configuration was defined when the pressure surpassed 1 bar. Using
the Berendsen barostat (Berendsen et al., 1984) with a coupling time constant of 5 ps
and reference compressibility 4x 107> bar~!, the pressure was kept constant at 1 bar
during the stochastic MD simulations as described above. The reference temperatures
for the eleven independent simulations of each condition were 265.983 K, 282.48 K,
300K, 318.607K, 338.367 K, 359.354 K, 381.641K, 405.312K, 430.45K, 457.147K, and
485.501 K.

Analysis of simulations and predictions

This section describes the different methods both Dr. Camilo Aponte-Santamaria and
I used for the joint analysis of simulation trajectories through GROMACS tools and
Python 3+, shell and awk. VMD (visual molecular dynamics) (Humphrey et al., 1996)
and PyMOL (Schrodinger, LLC, 2015) were used to visualize the protein structures.
Time-averages and standard deviations are given for the results, otherwise the performed
statistical analysis is mentioned in the corresponding figure.

Analysis of net charge and x-value

I used the R-package 'Peptides’ (Osorio et al., 2015) to determine the net charge of
fragments and the whole IDR at pH = 7 with pKscale 'Lehninger’; one unprotonated
phosphorylation contained a charge of —2. For the coarse-grained fragments, net charge
was determined by inspecting the GROMACS topology files. Using the python-package
"localCIDER’ (Holehouse et al., 2017) I calculated the x—value of the fragments.

Radius of gyration

As a measure of the conformational dynamics of the IDR and fragments therein, I
calculated the radius of gyration Ry with GROMACS gmx polystat tool. For the 75-
residue fragments, the R was either obtained from all-atom simulations or from the
coarse-grained replica at 300 K. The R, of the whole IDR was calculated at different
temperatures.
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Fig. 4.5.: Visualization of non-trivial contacts. Frequency polygons of R;; in AA simulations of
different 75-residue fragments. Inset shows enlargement of the boxed region, red lines
indicate the cutoff used to determine NTC (non-trivial contacts).

Inter-residue distances and non-trivial contacts (NTC)

Using all possible residue pairs (4, j), I calculated the distribution of distances (P(R;;))
between coarse-grain beads for all simulation frames using the gmx pairdist tool. In the
case of all-atom simulations, I calculated the distance matrix between each possible pair
of Ca—Ca atoms. From these distributions, I computed the fraction of total simulation
time two non-adjacent beads or residues are in contact and termed it non-trivial contacts
(NTC). This fraction corresponds to the area corresponding to the second major peak of
P(R; ;) (Figure 4.5). Thus, for the CG simulations, NTC was calculated as the fraction
of distances R;; between 0.47nm < R;; < 0.8 nm. For the AA case, NTC was calculated
as the fraction of distances R;; between 0.43nm < R;; < 0.79nm, as seen from their
respective histograms.

Globule-to-coil transition temperature

The temperature at which an IDP converts from a globular to a coiled conformation is
denoted as Ty (Panagiotopoulos et al., 1998; Dignon, W. Zheng, Best, et al., 2018). At
this temperature, the protein behaves like an ideal chain since the repulsive excluded
volume interactions cancel the attractive interactions inside the protein (Flory, 1949). Ty
theoretically coincides with the critical temperature for liquid-liquid phase separation
(LLPS) at the limit of infinite chain length. This relationship was shown to also be
applicable to heteropolymeric, finite-length IDPs (Dignon, W. Zheng, Best, et al., 2018).

For single-chain simulations of IDPs, Ty can be calculated by exploiting the relationship
between R, the chain length (/V) and the Flory scaling exponent (v) (Flory, 1949;
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Fig. 4.6.: Scaling exponent of the whole IDR. Scaling exponent (v) of the whole INCENP IDR
at different temperatures. Globule-to-coil transition temperature (7}) is determined at
v = 0.5 (dashed line).

Dignon, W. Zheng, Best, et al., 2018): R, o< N". I estimated v (Figure 4.6) for different
temperatures as described in (Dignon, W. Zheng, Best, et al., 2018) by fitting to

(rij) =0bli—j|" (4.1)

where b is the Kuhn length determined for IDPs to be 0.55nm, (r;;) is the average
distance between residues i and j and |i — j| is the chain separation between the i-th and
j-th residue. I further determined T} by interpolating the temperature at which v = 0.5
according to Dignon, W. Zheng, Best, et al., 2018.

Chain cohesiveness

This analysis was performed by Dr. Camilo Aponte-Santamaria.

Insights into the cohesiveness of the chains were gained by fitting the simulation data to
the analytical equation of state (Sanchez and Lacombe, 1976; Sanchez and Lacombe,
1978) and solving it for 7 while taking 7*, P, and V* as free fitting parameters:

1 17 1
= [m (1 - @) - @] ~ 72 (4.2)

where P = P/P*,T = T/T*, and © = V/V* are the pressure P, temperature 7', and
volume V reduced by the critical values P*, 7™, and V*, respectively. The parameter

P
T

T* is related to the overall interaction energy between chains and P* evaluates the
interaction energy of the chains per critical volume V*.
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Phosphorylation prediction

This analysis was performed by Marius Hedtfeld, Adel Iusupov and Andrea Musacchio at
Max Planck Institute of Molecular Physiology, Dortmund.

Using the webservers NetPhos 3.1 (Blom et al., 1999) and MusiteDeep (D. Wang et al.,
2020), prediction of generic phosphorylation sites was performed, where serine and
threonine residues with a score greater than 0.5 were considered as phosphorylated

Additionally, kinase-specific phosphorylation for four different kinases was predicted. For
CDK1, NetPhorest 2.1 (Horn et al., 2014) and Group-based Prediction System (GPS) 5.0
(C. Wang et al., 2020) with thresholds of 0.1 and 5.354, respectively, were used. MPS1
(threshold 19.314), PLK1 (threshold 12.239), and Aurora B (threshold 0.015) dependent
phosphorylations were predicted using GPS. All kinases are located in the serine/threo-
nine kinase tree of the GPS 5.0 server and were selected according to the following paths:
CDK1: CMGC/CDK/CDC2; MPS1: Other/TTK; PLK1: Other/PLK/PLK1 and Aurora B:
Other/Aur/AurB. The threshold for the GPS 5.0 is based on the theoretically maximal
false positive rate of 6 %. Aurora B phosphosite predictions were further validated using
Prediction of PK-specific phosphorylation site (PPSP; threshold 3.2) (Xue et al., 2006).
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Charge distribution of INCENP IDR is altered by
phosphorylation

To characterize the disordered segment of INCENP, I first further corroborated the as-
sumed disordered nature of this region by combining several webservers that predict
disorder (Figure B.1). Further, I set out to characterize the effect of phosphorylation
on the INCENP IDR from sequence-based calculations. Given the lack of determination
of a physiological phosphorylation pattern on INCENP, particularly in different phases
of the cell cycle, I categorized the reported phosphorylation sites from the Phospho-
SitePlus database (Hornbeck et al., 2015) into different phosphorylation levels (P-levels)
(Figure 4.7 A; Table B.2). These P-levels are based on the number of studies, mostly
high-throughput studies, in which a particular residue was detected to be phosphory-
lated. Following previous work (H. Li et al., 2017; Matte et al., 2021), I assumed that a
residue frequently detected in high-throughput studies is more likely to be a functional
phosphorylation site across many celllular conditions and cell cycle phases. Accordingly,
with the weakest P-level 100, I considered all phosphorylation sites that were detected
at least 100 times, thus only leaving a few residues phosphorylated. Consequently, the
most extreme P-level 1 includes every phosphorylation site mentioned in at least one
study which produces a highly negatively charged IDR. Indeed, especially the higher
P-levels are consistent with bioinformatic phosphorylation predictions based on the
INCENP sequence by Adel Iusupov, Marius Hedtfeld and Andrea Mussachhio (MPI of
Molecular Physiology, Dortmund) (Table B.3). Generally, 35 out of 78 sites in P-level
1 were predicted to be phosphorylated by any of the kinases CDK1, PLK1, MPS1, or
Aurora B. Further, 47 out of 78 P-sites were predicted to be unspecifically phosphorylated.
Importantly, all sites considered with P-level 20 and above, including numerous sites
below P-level 20, are predicted to be phosphorylated by both specific and nonspecific
kinases based on consensus motifs (Figure B.2).

I calculated the charge distribution of the INCENP IDR for sliding windows matching the
achievable fragment lengths from all-atom (AA) MD simulations. Additionally, I probed
the change in charge distribution upon introducing phosphorylations corresponding
to the P-levels define above (Figure 4.7 B). The unphosphorylated INCENP IDR shows
four differentially charged regions: (1) the N-terminal region from residues 50 to 100,
which also corresponds to a microtubule binding site, is highly positively charged, (2)
the C-terminal region from residues 420 to 550 also carries a high positive charge,
(3) from residues 300 to 420 the IDR is highly negatively charged and (4) the middle
segment of IDR from residues 100 to 300 is mostly neutral. Upon phosphorylation, the
charge distribution naturally shifts toward negative, since each phosphorylation in the
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Fig. 4.7.: Sequence properties of INCENP (A) Phosphorylation sites within the INCENP IDR
detected from low- and mostly high-throughput studies (Hornbeck et al., 2015).
Colors represent the minimal P-level based on the number of studies detecting a
phosphorylation site. (B) Charge distribution of the INCENP IDR along the aminoacid
sequence using 75-residue sliding windows (left) or the whole disordered region
(residues 80-520, right). The charge corresponds to the fragment starting with the
indicated residue. Charge variations due to phosphorylations corresponds to the P-
levels described in A (np: non-phosphorylated).

unprotonated state introduces two net negative charges. Herewith, phosphorylations
across all P-levels most drastically affect the neutral middle region. While the global
charge maxima for most P-levels remain at the N- and C-terminal regions, the charge
minimum shifts from residues around 360 to residues around 150. The whole IDR
displays its most neutral charge at P-level 50, while it is massively negatively charged at
P-level 1 due to the introduction of a total of 78 phosphorylations. As evident from the
fact that the dimensions of an IDP are greatly influenced by its net charge and charge
distribution (Mao et al., 2010; Jin and Gréter, 2021; Rieloff and Skepo, 2021b; Bugge
et al., 2020; Das and Pappu, 2013) it can be predicted that the phosphorylation-induced
shifts in charge distribution will affect the IDR expansion both locally and globally. To
accurately determine the size and explore its changes due to phosphorylation, I chose to
perform MD simulations on the all-atom level, described in the next section.

4.3 Charge distribution of INCENP IDR is altered by phosphorylation
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4.4 Conformational ensemble of 75-residue fragments

Using all-atom (AA) MD simulations, I simulated fragments spanning the entire INCENP-
IDR (Table B.1, Figure 4.8 A). The length of the fragments was set to 75 residues to
balance computational feasibility with local information content on conformational dy-
namics. Their location was manually chosen by myself and Lisa Schmidt, an intern
student I supervised, to provide overlap between fragments on the one hand and to
include interesting features related to the net charge and phosphorylation pattern on
the other hand. Also due to the computational limits of all-atom simulations, I could
only investigate the fragments in the non-phosphorylated (np) form and in one phospho-
ryalated condition. For this purpose, I chose P-level 10, where each residue is sufficiently
demonstrated to be phosphorylated, but still allows each fragment to contain at least
one phosphorylated residue.

I determined the collapse propensity of the fragments by calculating the radius of gyration
(Ry). Across fragments and phosphorylation condition the R, varies from 1.5nm to
3nm (Figure 4.8 B). For certain fragments like 121-195 and 453-527, phosphorylation
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Fig. 4.8.: Properties of the INCENP IDR in all-atom MD simulations. (A) Scheme of INCENP
with enlarged IDR. Dashes represent the 75-residue fragments simulated in all-atom
MD simulations. The fragments were selected jointly by myself and Lisa Schmidt. (B) R,
of 75-residue fragments in non-phosphorylated (np; n=10) and a moderately-high
phosphorylation state (P-level 10, n=9). (C) Correlation of R, with the net charge
of the fragments. Colors indicate the charge patterning parameter « (Das and Pappu,
2013). Dashed line highlights the V-shaped dependency predicted in previous all-atom
simulations of IDPs (Jin and Gréter, 2021), here adjusted to 75-residue fragments
(rg = a+ blq|, with @ =1.73nm and b =0.048 nm/e).
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increases their R, while for others like 81-155 phosphorylation leads to a decrease in
R,. Many fragments, however, do not dramatically change in R, upon phosphorylation.
Regarding the global fragment properties, highly charged fragments, either positive like
56-130 or negative like 365-440, generally show higher R, than the more neutral ones
(Figure 4.8 B). This observation is consistent with previous studies that demonstrated that
sequences with higher net charge exhibit a higher R, (Jin and Gréter, 2021; Perdikari
et al., 2021; E. W. Martin, Holehouse, et al., 2016; Dignon, W. Zheng, Kim, et al., 2018).
Thus, the collapse propensity depends on the net charge and follows a V-shape (Jin and
Gréter, 2021). This observation is corroborated by the fact that my data on various
fragments accommodates well around that prediction (Figure 4.8 B).

Interestingly, not all fragments follow the V-shape and show a lower or higher R, than
expected. Apart from the net charge, also the local charge patterning, described by the
patterning parameter « (Das and Pappu, 2013), can influence the extension of IDPs. Even
with equal net charge, IDPs with well-mixed charges (low x) display a more extended
conformation while IDPs which exhibit local charge compensation (high «) are generally
more collapsed. However, the deviation from the V-shape in some fragments cannot be
unambiguously explained by their . For example, although the fragments 365-440 and
the phosphorylated version of 245-319 exhibit a comparable &, their R, is considerably
different. Therefore, I suspected that additional internal contacts which cannot be fully
described by the charge patterning influence the average size.

Therefore, I quantified the residue-residue contacts within one fragment and corre-
lated them to changes in R,. As a measure of intra-fragment contacts, I calculated
the probability that two non-adjacent residues come into contact and termed it NTC
(subsubsection 4.2.3). Across all fragments and phosphorylation conditions, R, nega-
tively correlates with the NTC (Figure 4.9 A), confirming that naturally more extended
fragments display less intra-fragment contacts. To pinpoint the effect of phosphorylation
on the internal contacts, I calculated the changes in R, and NTC upon phosphorylation
(Figure 4.9 B). Still, negative correlation between AR, and ANTC is maintained and
most fragments show no changes in either R, or NTC upon phosphorylation. However,
interestingly, for some cases phosphorylation either leads to an increase in R, accompa-
nied by a reduction in NTC (for example 121-195) or to a lowered R, with increased
contacts (for example 81-155).

However, the presented global NTC only measures the average contacts within a frag-
ment. I was therefore interested in the contacts at the residue-level and their changes
due to phosphorylation, as these may contribute to explaining the observed changes in
R,. 1visualized those contact differences between the phosphorylation-altered residues
as contact maps (Figure 4.10, Figure B.3). For the fragment 81-155, which upon phos-

4.4 Conformational ensemble of 75-residue fragments
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Fig. 4.9.: Contacts within the INCENP IDR fragments. (A) Correlation between non-trivial
contacts (NTC) and R, of INCENP IDR fragments in all-atom simulations. Average +
standard deviation of six independent simulations; also for B. np: non-phosphorylated.
(B) Difference in NTC between phosphorylated and non-phosphorylated states versus
difference in R, between phosphorylated and non-phosphorylated states. Color indi-
cates the fragment’s starting residue.

phorylation decreases in size and increases its internal contacts, I explored which specific
contacts may lead to the compaction (Figure 4.10 A). I identified a small cluster of
phosphorylation-induced contacts between residues 143-146, including the phospho-
serine S143-P, and residues 114-115. This increased interaction manifests itself in the
formation of a loop, that presumably compacts the fragment. For the fragment 201-275,
which appears more compact in its phosphorylated state than its charge and moderate
r-value suggest (see Figure 4.8 C), I examined which contacts could be responsible for
the apparent compaction. Residues 232-239, including the phosphothreonine T239-
P, increases in contacts to residues 254-259, which again promotes loop formation
(Figure 4.10 B). On the contrary, the phosphorylated fragment 453-527 is especially
interesting since its R, is higher than expected from its charge, displaying a decreased
NTC and increased R, upon phosphorylation. On the residue-level, this behaviour
might be explained by many reduced contacts that appear to be rather a result of global
conformational shifts introduced through phosphorylation (Figure 4.10 C).

In summary, my all-atom simulations identified the size of INCENP IDR fragments and
the effect of phosphorylation on them on a local level. Their R,’s generally follow a
linear, V-shaped dependency on the net charge, with deviations due to the formation of
non-adjacent residue-residue contacts upon phosphorylation. While the AA simulations
provide an accurate description of IDRs, their computational cost dictated the use
of only fragments of the whole ~440-residue IDR in one phosphorylation condition.
These limitations can be overcome by reducing the resolution in the simulations. To
accomplish this, I collaborated with Dr. Camilo Aponte-Santamaria (HITS, Heidelberg),
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who adopted a previously proposed coarse-grain (CG) description of the fragments,

whose establishment and validation is detailed in the next section.

Fig. 4.10.:
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Intra-fragment contacts upon phosphorylation. (A-C) Differences in contact
fractions for each residue pair ¢, j between phosphorylated and non-phosphorylated
states for selected fragments (remaining fragments in Figure B.3). Blue and red depict
reduced and increased contact probability in the phosphorylated state compared to
non-phosphorylated. Cartoons highlight contacts that formed upon phosphorylation
between the residues depicted as sticks, corresponding to the red patches in the
contact maps. Position of phosphorylations indicated in yellow.

4.4 Conformational ensemble of 75-residue fragments

85



4.5 Establishment of a coarse-grain framework for

86

INCENP

Simulations of this subsection were executed and analyzed by Dr. Camilo Aponte-Santamaria
(HITS, Heidelberg). Text is adapted from our joint publication (I. M. Martin, Aponte-
Santamaria, et al., 2022).

Within the coarse-grain description, that has already been proven suitable for IDPs, each
amino acid is represented as one CG-bead that interact based on their HydroPathy Scale
(Dignon, W. Zheng, Kim, et al., 2018; Mammen Regy et al., 2021) (subsection 4.2.2,
subsection 2.1.4). The degree of correlation between radii of gyration recovered from
GC and AA simulations is consistent with that obtained for such GC models compared
to experiments (Figure 4.11 A, Dignon, W. Zheng, Kim, et al., 2018). In contrast to
the AA simulations, the CG description allowed the investigation of more than one
phosphorylation level. Therefore, Dr. Camilo Aponte-Santamaria simulated all fragments
in the five different P-levels and found each fragment following a similar trend as
observed from the AA simulations with P-level 10. Here, stronger phosphorylation i.e.
P-level 1, generally leads to greater fragment expansion, while low phosphorylation i.e.
P-level 100 or 50, can lead to fragment compaction, especially for the positively charged
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Fig. 4.11.: Coarse-grained description of INCENP intrinsically-disordered fragments. Sim-
ulations and content of the Figure provided by Dr. Camilo Aponte-Santamaria (HITS,
Heidelberg). (A) R, from CG simulations (Rgcg) versus that from AA simulations
(Rg,aa) for 75-residue fragments in non-phosphorylated (black) and phosphorylated
(P-level 10, red) states. Average + standard deviation is shown. Correlation coef-
ficient = 0.839. Dashed line indicates perfect correlation. (B) R, as a function of
the fragment’s net charge. For clarity, only averages are shown. Dashed line depicts
linear regression to the data, ry = a + b|g|, with ¢ =1.66 nm and b =0.0433nm/e
(correlation coefficient = 0.948) which is in good agreement with previous studies
(a =1.73nm and b =0.048 nm/e; Jin and Gréter, 2021). np: non-phosphorylated.
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fragments (Figure B.4). However, and as also evident from the slope < 1 in Figure 4.11
A, the IDR ensemble in the CG model is slightly less responsive to phosphorylation than
in the all-atom case.

Thus, Dr. Camilo Aponte-Santamaria next investigated whether the fragments in the CG
description follow the same V-shaped, collapse propensity along the net charges. Indeed,
across all fragments and all phosphorylation conditions, the R, correlated well with
the fragment’s net charge (Figure 4.11 B). Again, this is in good agreement with the
dependence previously found in all-atom simulations for other IDPs at a similar ionic
strength (Jin and Gréter, 2021). As such, the simulations of the 75-residue fragments on
the CG-level can replicate the probed behavior of the AA simulations reasonably well.
The CG-framework therefore permits to explore the conformational dynamics of the
whole disordered segment of INCENP in several phosphorylated states.

Phosphorylation-induced conformational dynamics of
whole INCENP IDR

Simulations of this subsection were executed by Dr. Camilo Aponte-Santamaria (HITS,
Heidelberg). If not stated otherwise, the analysis was carried out by myself.

From trajectories of the whole IDR (residues 80-520) in the above described CG-
framework from Dr. Camilo Aponte-Santamaria, I determined the average R, of the IDR
at different phosphorylation levels and across different temperatures (Figure 4.12 A).
Apart from the most extreme phosphorylation, all conditions lead to an S-shaped distribu-
tion of the R, across temperatures, indicative of a critical conformational transition. The
low to moderately phosphorylated states, P-levels 100, 50 and 20, cannot be distinguished
from the non-phosphorylated state, whereas at P-level 10 and for temperatures above
300K the R, increases slightly compared to non-phosphorylated. In contrast, maximal
phosphorylation (P-level 1) leads to a substantial increase in R, which does not follow
the S-shape. Naturally, the fraction of non-trivial contacts decreases with increasing
temperature. In this way, the behavior of the NTC also hints towards a global transition
behavior since the steepness of the NTC decrease flattens above 400 K for all phospho-
rylation conditions except the extreme phosphorylation. In resemblance of the R, the
low to moderate phosphorylations are indistinguishable from the non-phosphorylated
condition while P-level 10 behaves slightly differently. Especially at temperatures below
500 K, P-level 10 (i.e. phosphorylation of 27 sides) leads to a small decrease in contacts
compared to non-phosphorylated. However, upon phosphorylation of 78 sites (P-level 1)

4.6 Phosphorylation-induced conformational dynamics of whole INCENP
IDR
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Fig. 4.12.: Phosphorylation influences the conformation of the whole INCENP IDR. (A)

Temperature dependence of the mean R, (top) and the fraction of non-trivial contacts
(NTC) (bottom) of the whole 441-residue-long IDR at different P-levels; np: non-
phosphorylated. (B/C) Difference in the fraction of contacts between phosphorylated
and non-phosphorylated states for each residue pair 4, j at 300 K. Red: increased
contacts upon phsphorylation, blue: decreased contacts upon phosphorylation. (B)
Phosphorylation at P-level 10. Black bars indicate the positions of the 75-residue
fragments simulated at the AA-level. (C) Phosphorylation at P-level 1. (Contact maps
for remaining P-levels are shown in Figure B.6.)
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the IDR exhibits greatly reduced contacts compared to unphosphorylated across all
temperatures.

Another advantage of investigating the entire IDR is that one can observe the long-range
contacts at physiological temperature that extend beyond the 75-residue fragments
i.e. would represent inter-fragment contacts. In general, the unphosphorylated IDR
shows no internal secondary structure, as apparent from the missing stable residue-
residue contacts within the contact maps (Figure B.5). This provides further evidence
of the disordered nature of this segment. Upon phosphorylation at P-level 10, many
transient intra-chain contacts are reduced compared to the non-phosphorylated case
(Figure 4.12 B), reflecting the decrease in global NTC associated with the increase in R,.
In addition, the introduction of phosphorylated residues leads to selectively enhanced
contacts. Within the whole IDR, these include the highly phosphorylated residue patch
205-220 which contacts residues 82-92, 97-102 and 330-346 (black boxes in Figure B.5
B). Such long-range contacts would correspond to interactions between the individually
simulated, short fragments. In stark contrast, the drastically reduced contacts throughout
the IDR upon extreme phosphorylation (P-level 1; Figure 4.12 C) are consistent with its
enormous R, and very low NTC.

Since the conformational dynamics of the single chains critically depend on temperature,
I suggested that at this point the IDR transitions from a compact globular state to
expanded coil states. This temperature at which the thermal fluctuations balance the
intramolecular interactions and a sequence hence abruptly switches from compact to
extended conformations is referred to as the globule-to-coil transition temperature, Ty
(Flory, 1949; Dignon, W. Zheng, Best, et al., 2018 ; subsubsection 4.2.3). Indeed, the Tj
I calculated for the IDR coincides with the inflection point of the R, distribution over
temperature and the temperature of regime change in NTC (Figure 4.13 A, compare to
Figure 4.12 A; Table 4.1). Interestingly, introduction of phosphorylation affected 7j in a

P-level # P-sites Ty + s.d. [K]

1 78 NA
10 27 391(24)
20 12 432(24)
50 6  438(19)

100 3 436(28)
np 0 422(30)

Tab. 4.1.: Globule-to-coil transition temperature (7y) for the whole INCENP IDR calcualted
from CG simulations as described in (Dignon, W. Zheng, Best, et al., 2018, subsubsec-
tion 4.2.3). P-levels correspond to different numbers of phosphorylated residues (#
P-sites). np: non-phosphorylated

4.6 Phosphorylation-induced conformational dynamics of whole INCENP
IDR
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Fig. 4.13.: Globule-to-coil transition upon phosphorylation. (A) Temperature of globule-to-
coil transition (7y) for different phosphorylation levels corresponding to different
amounts of phosphorylated residues; np: non-phosphorylated. (Averages + s.d. from
block averages.) (B) Probability to adopt an extended conformation, (Peytended =
P(R, > median)) depending on the number of phosphorylated sites (No. Phos)
which relates to each P-level. The median of R, was obtained from the R, probability
distribution of all temperatures and P-levels as 3.29 nm (Figure B.7). The probability
is shown for 4 temperatures, two near room temperature (300 K and 318 K), one at
the transition temperature (405 K), and one well above the transition temperature
(620 K). The sub-panel B was provided by Dr. Camilo Aponte-Santamaria.

non-monotonic manner. Upon phosphorylation of 27 residues (P-level 10), I observed
the lowest Ty. However, the highest Tj is not obtained for the non-phosporylated
condition, but with low phosphorylation (six phosphorylation sites, P-level 50), which
corresponds exactly to the most neutral fragment (Figure 4.7 B). Since the maximally
phosphorylated and thus highly negatively charged IDR apparently does not collapse
from the extended state, its transition temperature cannot be determined. I can therefore
only provide an upper limit of 200 K for the globule-to-coil transition temperature of the
fully phosphorylated IDR.

Given the effect of phosphorylation on the conformational dynamics of the IDR, I was
intrigued by the minimal number of phosphorylation sites required to elicit the confor-
mational transition. The distribution of R, across all temperatures and P-levels shows
a bimodal distribution, where the globular state (R, ~ 2nm) is separated from ex-
tended conformation (R, > 4nm) by the median R, (3.29 nm; Figure B.7). Dr. Camilo
Aponte-Santamaria used this criterion to calculate the probability that the IDR adopted
an extended conformation (Figure 4.13 B). Here, the most neutral case i.e. P-level 50
exhibits the lowest probability of being extended, thus corroborating its highest globule-
to-coil transition temperature. Interestingly, however, this analysis shows that even below
the critical transition temperature, segments with moderate levels of phosphorylation
exhibit a non-negligible probability to be found in the extended conformation. Accord-
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ingly, at or near room temperature, 12 to 27 phosphorylation sites are sufficient to trigger
extension with probabilities larger than 5%. Corroboratively, mildly phosphorylated
sequences are consistently found in the extended state at temperatures above the tran-
sition temperature, whereas the maximally phosphorylated case is extended across all
temperatures.

Knowing that even small amounts of phosphorylation enables the IDR to populate
extended states, I visualized their explored conformational space in terms of R, and NTC
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Fig. 4.14.: Conformational space of the whole INCENP IDR upon phosphorylation. (A-C)
R, as a function of NTC distributions at 300 K (A), around the globule-to-coil transi-
tion temperature 405 K (B) and at 620 K (C) for the non-phosphorylated fragment
(blue), and for the phosphorylated fragment with P-levels 10 (red) and 1 (orange).
Histograms of R, and NTC are shown at the top and right side, respectively, of each
panel. Structures of whole IDR at the indicated positions of the distributions are
illustrated (each sphere represents one residue colored according to the sequence
from N-terminus (blue) to C-terminus (red) and phosphorylation sites (grey)). Struc-
tures show the highest populated cluster of each distribution, while the additional
structure of P-level 10 at 300 K depicts the behavior of the left distribution edge (red
box); np: non-phosphorylated.
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(Figure 4.14). At 300K, the non-phosphorylated state, as well as the one containing
27 phosphorylated residues (P-level 10) display a horizontal distribution, in which
the IDRs remain compact over a wide range of NTC. However, the phosphorylated
ensemble additionally includes a moderately populated region of higher R, and lowered
contacts, where the IDR forms a bilobed structure, slightly increasing the average R,
(Figure 4.14 A, boxed region). This is in stark contrast to the vertical distribution
observed for the maximally phosphorylated IDR, which contains 78 phosphorylated
residues. Here, the extended states are characterized by an R, from 6 nm to 14 nm over
a relatively narrow range of low contacts, which is maintained across all temperatures.
Conversely, the distributions of the non-phosphorylated and P-level 10 states show a
drastic temperature dependency, which is manifested around Ty (405 K) by an L-shaped
distribution. Here, the fragments non-linearly transition into the regime of high R, and
low NTC. Meanwhile, the non- and moderately phosphorylated states have transitioned
to extended coil structures at the highest temperature (620 K). Their approximately
vertical distributions resemble the fully phosphorylated case, although still at lower R,.

Finally, after examining the sequences purely on the level of R, and contacts, I aimed to
quantify the length of the segments in different conditions. Especially for very extended
states, the R, as a measure of compactness does not convey a meaningful length. Thus, I
related the R, to the fragment’s end-to-end distance (d..) (Figure 4.15) and observed
that at room temperature, the non- to moderately phosphorylated IDRs reach a maximum
end-to-end distance of 10 nm. The maximally phosphorylated segment, on the other
hand, can reach distances between 10 nm and 40 nm regardless of temperature. In the
non- and moderately phosphorylated cases, the critical globule-to-coil transition becomes
apparent as increasing temperature also allows for longer extensions.
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Fig. 4.15.: Correlation between radius of gyration and end-to-end distance. Correlation
between R, and end-to-end distance (d..) of the whole IDR at different phosphoryla-
tion levels (np: non-phosphorylated) for temperatures 300 K, 400 K and 620 K. This
figure was generated by Dr. Camilo Aponte-Santamaria. Data was jointly analyzed.
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In summary, the IDR of INCENP undergoes critical globule-to-coil transition and phos-
phorylation influences the transition behavior and temperature. Within, the highest
tendency to stay collapsed on a global level is maintained for the most neutral segment
i.e. with mild phosphorylation.

Cohesion of INCENP IDR condensates

Simulations of this subsection were executed and analyzed by Dr. Camilo Aponte-Santamaria
(HITS, Heidelberg). Text is adapted from our joint publication (I. M. Martin, Aponte-
Santamaria, et al., 2022).

So far, the simulations described above have only focused on single chains, yet the
environment at the kinetochore is believed to be dense and crowded. Thus, INCENP
would likely encounter multiple copies of itself, which would particularly influence
its critical globule-to-coil transition associated with its phase separation properties
(Dignon, W. Zheng, Best, et al., 2018). To explore the implications of multiple INCENP
chains, I collaborated with Dr. Camilo Aponte-Santamaria, who simulated the packing
properties of a condensate of 100 IDR segments. Across different phosphorylation
conditions, the IDR condensates display volumes well above the closed packing condition

Sr0—T——T— 17— T (K) | P* (bar) | V¥/V
e NP np 299.9 331.3 | 1.063

' P-level 50 1 P-level 50 306.8| 2405 | 1.078
4He P-level 10 - P-level 10 237.4| 107.2 | 1.051

ref
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Fig. 4.16.: Coarse-grained simulations of a condensate of whole INCENP IDR chains. Sim-
ulations and content of the figure provided by Dr. Camilo Aponte-Santamaria (HITS,
Heidelberg). Volume-temperature curves for systems containing 100 INCENP IDR
chains with three phosphorylation conditions (np: non-phosphorylated; average +
s.d.). Vier = (3v/2/m)N(4/3)7r®, with N = 44100, the total number of beads, and
r = 0.6/2nm, the typical size of one coarse-grained bead. Lines denote a fit using
equation of state (Equation 4.2) from the Sanchez-Lacombe model (Sanchez and
Lacombe, 1976; Sanchez and Lacombe, 1978) with fitting parameters 7*, P/P*, and
V* listed (top right). Bottom right: Simulation snapshot for the indicated data point
with each chain in a different color.
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(Figure 4.16). Interestingly, both mild and moderate phosphorylations modify the
volume as a function of temperatures compared to the non-phosphorylated condition.
Phosphorylation of 27 residues per chain (P-level 10) induces a strong volume increase
which is expected for condensates containing high absolute net charge. The volume of a
condensate phosphorylated to P-level 50 (six residues per chain) is even below the non-
phosphorylated state. This behavior is to be expected from the nearly neutral net charge
of these chains. Further, these results are in line with the single-chain globule-to-coil
transition temperature Ty, which displayed a maximum for P-level 50.

The cohesiveness of the chains can be examined by fitting to the analytical equation of
state according to the Sanchez-Lacombe (Equation 4.2, subsubsection 4.2.3). The overall
interaction energy between chains (7*) is the highest for the most neutrally charged
condensate i.e. at P-level 50, whereas both the non-phosphorylated and P-level 10 systems
exhibit lower interchain cohesion, consistent with their higher charge. In contrast, the
interaction energy of the chains per critical volume, described by P*, is two orders of
magnitude larger than the simulated pressure of 1 bar and is monotonically reduced by
increasing phosphorylation. Overall and in agreement with the conformational dynamics
for the single IDR in water, these data suggest that the cohesion of multiple IDR chains is
modulated by phosphorylation with their added net charge.
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4.8 Discussion

4.8.1

Since the the role of INCENP’s disordered central domain, which contains many phospho-
rylation sites, is largely unknown, I here set out to characterize the effect of phosphoryla-
tion on the IDR. One theory concerning the function of INCENP is the "dog-leash"-model
for control of Aurora B activity. Here, variation in the length of INCENP is important to
allow Aurora B to be targeted to the right substrates at the correct place and time within
the cell cycle (Samejima et al., 2015; Krenn and Musacchio, 2015). In this chapter, I
explored possible prerequisites under which the INCENP IDR may function as a constraint
of Aurora B accessibility to substrates within the framework of the dog-leash model. To
this end, I determined the conformational ensemble of the INCENP IDR under different
phosphorylation conditions using all-atom and coarse-grained MD simulations.

Multiscale MD simulation approach

By combining both levels of resolution, the here employed multiscale methodology can
provide a detailed local description as well as a global picture of the IDR. My all-atom
simulations of the short fragments provided both insights into the small-scale changes to
the IDR upon phosphorylation and a data set to validate the coarse-grained methodology.
Although fine-tuned by specific residue-residue contacts, the observed conformational
change of the short fragments upon phosphorylation is mainly due to altered net-charges.
In this way, my data is consistent with previous studies on other IDPs (Jin and Griter,
2021; Perdikari et al., 2021; E. W. Martin, Holehouse, et al., 2016; Miiller-Spath et al.,
2010; Mao et al., 2010; Rieloff and Skepo, 2021a). This confirms that the concept
of a linear charge-size relationship modifiable by post-translational modification also
transfers to a broader range of disordered sequences.

Generally, these phosphorylation-induced changes of R, were comparable between both
levels of resolution considered in this chapter. This agreement was qualitatively similar
to previous comparisons of the employed coarse-grained framework with experimentally
determined data (Dignon, W. Zheng, Kim, et al., 2018). For the atomistic simulations, I
used a water model specifically tailored to IDPs, TIP4P-D (Piana et al., 2015). Although
this water model was designed to correctly capture the solvation of IDPs and therefore
their propensity for hydrophobic collapse, it is also well-established that current force
fields for proteins generally overestimate charge-charge interactions (Ahmed et al., 2018;
Duboué-Dijon et al., 2020). Therefore, it is plausible that the all-atom simulations
exaggerate the electrostatically induced conformation of the fragments. This might
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partially explain the tendency of the all-atom simulations to show structures in the upper
tail of the R, distributions compared to the coarse-grained simulations.

On the other hand, due to the implicit nature of the solvent used for the coarse-grained
simulation, the estimated temperatures are only approximations, which might also take
a part in explaining the slight deviation in R, between the two levels of resolution. This
temperature uncertainty implies that the calculated globule-to-coil transition temper-
atures cannot be considered as absolute values and are not completely comparable to
experiments (Dignon, W. Zheng, Kim, et al., 2018). However, relative comparisons
between conditions of one simulation setup as I performed here are valid and useful.
Additionally, the coarse-grain model, which was state-of-the-art at the time the simu-
lations were prepared, has since been updated to better represent IDPs (Joseph et al.,
2021; Tesei et al., 2021). With the latest generation of parameters, the models tend to
predict less compact structures, and the properties related to phase separation are also
predicted more accurately. Ongoing and further simulations of the INCENP IDR are now
being performed with these improved parameters, allowing to more precisely capture its
properties on the global scale.

Influence of phosphorylation on INCENP

Although many phosphorylation sites were detected within INCENP, to date there is
no comprehensive characterization of its phosphorylation pattern in different stages of
the cell cycle. In this chapter, I approached the classification of phosphorylation sites
into phosphorylation levels by using the number of literature detections as a proxy for
the functionality of a particular phosphorylation site. This is supported by previous
studies that suggested and use such a relationship between the number of references
and functionality (H. Li et al., 2017; Matte et al., 2021). Nevertheless, the number of
literature mentions does not unambiguously infer a function of that phosphorylation
site. However, my goal with the phosphorylation levels was not to generate a scale from
most to least functionally relevant. Rather, I aimed at a simple way to estimate the
likelihood that a particular phosphorylation site would be phosphorylated in the relevant
cell cycle phases. Therefore, I considered a site that is mentioned very frequently in
high-throughput studies, which was over 170 times for some residues, to appear more
likely to be phosphorylated under many cellular conditions. In addition, especially the
higher P-levels are consistent with bioinformatic predictions of phopshorylation based
on the sequence and kinase consensus motifs. Remarkably, all sites considered in P-
level 20, 50 and 100 are predicted to be phosphorylated, either by a specific kinase or
unspecifically. Moreover, many sites below P-level 20, which are considered in P-level
10 or even P-level 1, were also predicted to be phosphorylated. This analysis thus
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supports the P-levels as a means of grading the IDR phosphorylation. I believe that
while my selection of phosphorylated residues in each P-level does not have a purely
functional basis, it still provides valuable biophysical and structural insights into the
phosphorylation sensitivity of the conformational ensemble. For a complete picture of
INCENP, a subsequent experimental determination of its phosphorylation sites during
mitosis is vital.

At the global level, the effect of phosphorylation on IDR extension is mainly mediated
by charge modulation. This manifests itself in a critical globule-to-coil transition whose
temperature is non-monotonically influenced by the phosphorylation status. Below
the transition temperature, the IDR adopts a multitude of compact conformations that
differ greatly in their internal connectivity (NTC), while when Ty is exceeded, it in-
creases dramatically in size and displays a narrow range of NTC. Apart from temperature,
phosphorylation also shifts the conformational population between these two regimes,
demonstrating the regulatory capabilities that phosphorylation provides on INCENP.
Although not as pronounced as for the fully phosphorylated IDR, even moderate lev-
els of phosphorylation, comprising 12-27 phosphorylation sites, show a non-negligible
probability to populate the extended regime and thus already drive swelling. I there-
fore propose the sites corresponding to P-level 10 with special focus to the ones also
present within P-level 20 to serve as a starting point to experimentally validate the
phosphorylation-mediated size dependency.

Combining coarse-grain with all-atom simulations, I was able to detect a further ef-
fect of phosphorylation, besides global changes. Specific local interactions driven by
phosphorylation also lead to a compaction of the IDR due to loop formation. These
include the increased interaction between the residue patch 205-220 with residues 82-92,
97-102 and 330-346 of the whole IDR. But also distinct interactions within the short
fragments, which I determined on the all-atom level, increase. These comprise residues
143-146, including the phosphoserine S143-P, in contact with 114-115 as well as residues
232-239, including the phosphothreonine T239-P, in contact with residues 254-259. It
will therefore be interesting to experimentally validate the size change of INCENP upon
phosphorylation of these proposed phosphorsylation sites, which potentially leads to
compaction through loop formation.

Nevertheless, the effect of phosphorylation mostly stems from its added negative charge
and associated charge shift in the IDR, rather than from individually phosphorylated
positions. Therefore, I propose to test whether the phosphorylation-mediated size of
INCENP depends crucially on the exact positions of the phosphates or rather on the total
number of added negative charges at nonspecific locations. In general, the size of the
full INCENP, its IDR and fragments can be determined experimentally by for example
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SAXS or NMR measurements. Such experiments could first of all be used to validate
the simulations and the applied coarse-grain model. On the other hand, they would
provide data on the interaction between the INCENP IDR and its neighboring domains,
which could not be included in the here presented analysis. Further, it will be crucial to
identify the phosphorylation pattern of INCENP in different phases of the cell cycle, for
example using mass spectrometry or conventional NMR. Also recently an extension to
conventional NMR has been developed to unambiguously track phosphorylation on large
IDPs (Lesovoy et al., 2021) which could be perfectly suited for INCENP.

Participation of the INCENP IDR in the dog-leash model

Having determined the conformational ensemble of the INCENP IDR in multiscale
simulations, the question arises of how these sizes of INCENP relate to its function,
more specifically within the dog-leash model of Aurora B regulation. Here, the length of
INCENP determines the radius in which Aurora B can reach and therefore phosphorylate
its outer kinetochore targets (Figure 4.17). This model was underpinned by previous
work showing that the length of the INCENP SAH has an effect on the phosphorylation
status of Aurora targets in the inner and outer kinetochore (Samejima et al., 2015).

To fully capture the dog-leash model, we require knowledge of the intra-kinetochore
distance that Aurora B, while being tethered to the centromere, must travel to the
outer KT targets. This intra-KT distance varies depending on the state of chromosome
attachment, with bi-orientation streching the outer kinetochore farther away from the
inner kinetochore. Such extension of the intra-KT distance due to spindle tension, the
intra-KT stretch, is observed in Drosophila cells in the range of 65 nm to 100 nm (Maresca
and Salmon, 2009). In human cells, the intra-KT distance was initially estimated
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Fig. 4.17.: A possible combined dog-leash mechanism. The range of action of Aurora B, the
kinase module of the CPC, is defined by the combined length of the INCENP middle
domains (IDR and SAH) that can be imagined to act as a dog-leash for Aurora B.
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to stretch from 20nm to 60 nm (Suzuki, Badger, et al., 2014). However, the exact
determination of the intra-KT distance in different conditions is not straightforward and
also strongly depends on the exact geometry of the spindle (Suzuki, Long, et al., 2018).
Therefore, no reliable values can yet be given for the distance that Aurora B has to cover,
but for human cells it now appears roughly in the range of 40 nm to 60 nm (Suzuki,
Badger, et al., 2014; Roscioli et al., 2020; C. A. Smith et al., 2016; Tauchman et al.,
2015; Suzuki, Long, et al., 2018).

The previously identified SAH was proposed to be ~ 30 nm in length in the compact
state based on its sequence. Under force, the SAH might be able to fully elongate up
to ~ 80nm, or if only the N-terminal part that binds the microtubules is streched, it
may reach a total length of ~ 50 nm (Samejima et al., 2015). These lengths need to be
considered in combination with the mean extensions of the isolated IDR determined in
this chapter. These are in the range of 10 nm to 40 nm for the heavily phosphorylated
IDR and below 10 nm for the non- to moderately phosphorylated cases. The combined
length of both INCENP middle domains is thus in the same order of magnitude as the

approximate displacement Aurora B would require to reach its outer kinetochore targets.

Depending on their mutual interaction, both domains could be considered as serial
dog-leashes, that are regulated independently, or as one combined leash. The distinction
between the two states will therefore benefit greatly from characterizing the interaction
between the SAH and the IDR. Also, the interactions between the middle domains of
INCENP and its N- and C-terminal domains are currently unclear, but will also dictate
the overall length of INCENP. Therefore, a definitive answer to the question of INCENP
length and its impact on the dog-leash model is not possible at the moment.

For the IDR itself, tight control of its phosphorylation status is required for the dog-leash
model to be functional. Phosphoregulation is especially important in regimes close to
the globule-to-coil transition, where small amounts of added phosphorylations lead to a
sudden extension of INCENP. Additionally, we need to consider the interplay between
the phosphorylation state of the IDR and the spindle forces. These forces could elongate
the SAH, but could also stretch the IDR since it is framed by two MT-binding sites, which
however has not yet been directly shown. Although much remains to be investigated to
clarify whether and how precisely Aurora B is regulated by the dog-leash model, my data
on the regulation of INCENP-IDR extension by phosphorylation presents the IDR as a
plausible component of the dog-leash — as a length-tunable spacer between Aurora B and
the chromosome localization module of the CPC.
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Liquid-liquid phase separation

Another interesting possibility arises from the phosphorylation-induced single chain
dynamic properties of the IDR, namely that INCENP may be prone for liquid-liquid
phase separation (LLPS). Macromolecules undergoing LLPS condense into droplets
which enhances the local concentration of biomolecules (Alberti et al., 2019; Banani
et al., 2017; Walter and Brooks, 1995). Surrounding the condensed phase is the
dilute phase, creating a membrane-independent compartmentalization. If energetically
favorable, molecule-molecule interactions are preferred over molecule-water interactions.
Such local concentration of biomolecules can enable biochemical reactions beyond the
possibilities of the more mixed cytoplasm. With their intrinsically disordered regions,
IDPs have emerged as key players within LLPS (Dignon, Best, et al., 2020; Shea et
al., 2021; E. W. Martin and Holehouse, 2020; Darling et al., 2018), with differently
composed sequences showing different recruitment tendencies into phase-separated
protein condensates (Jo et al., 2022).

Phase separation has also been found to occur within the context of cell division (Jie
Liu et al., 2020). For example, driven by its subunit borealin, the CPC was recently
proposed to undergo LLPS (Trivedi, Palomba, et al., 2019; Trivedi and Stukenberg, 2020).
Moreover, the interaction between Aurora B and the presumably partially disordered
small kinetochore-associated protein (SKAP), which is important to guide end-on capture
of the spindle microtubules, also depends on the formation of condensed heterogeneous
droplets (M. Zhang et al., 2022). Thus, since INCENP is both intrinsically disordered
and located in an environment prone for phase separation, it is tempting to consider its
phase separation tendencies. My data on the phosphorylation-induced globule-to-coil
transition indicate a possibility for phase separation since the temperature of globule-
to-coil transition is related to the LLPS critical temperature (Panagiotopoulos et al.,
1998; Dignon, W. Zheng, Best, et al., 2018). Further hints towards phase separation
tendencies of INCENP come from the here presented multi-chain IDR simulations. The
cohesiveness of IDR chains is sensitive to phosphorylation. Based on these observations,
I speculate that the isolated IDR might have the propensity to undergo LLPS mediated
by its phosphorylation status. However, whether these indications of a phase behavior
of the INCENP IDR will solidify and whether they serve any biological function within
faithful chromosome segregation remains to be shown. This would again primarily
require a fundamental characterization of the phosphorylation pattern of INCENP and
the inter-domain interactions within INCENP, as these two parameters largely influence
whether phase separation might occur.

Partly owing to its apparent simplicity, phase separation is currently an explosively grow-
ing topic in biology. However, this simplicity might be deceiving, as opposing voices to
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the phase separation boom argue. For example, many phase separation claims might not
be adequately tested and therefore other explanations for the observed macormolecular
concentration at intracellular compartments are overlooked (Musacchio, 2022). There-
fore, a thorough investigation of phase separation of INCENP in particular and in biology

in general is necessary.

Outlook on INCENP function

To summarize, in this chapter I systematically explored the phosphorylation-dependent
conformational ensemble of the disordered INCENP region using multiscale MD simula-
tions. I was able to show that, driven by extensive phosphorylation, the isolated IDR can
transition from multiple globular to extended states. As already mentioned above, the
next experiments will involve the determination of possible inter-domain interactions
but even more immediately a detailed characterization of the INCENP phosphorylation
pattern during the cell cycle.

Thinking beyond the static phosphorylation pattern I explored, the globule-to-coil transi-
tion might also be achieved by cooperative addition of phosphorylations, and simulations
to test this hypothesis are currently underway. In this case, moderate levels of phospho-
rylation trigger slight expansion of the IDR, rendering additional phosphorylation sites
more accessible. This would create a positive feedback loop for subsequent and rapid
extension of the IDR. Dephosphorylation, on the other hand, would in the same way
lead to abrupt collapse of INCENP, which can result in retraction of Aurora B from the
outer KT. Generally, the transitional behavior of the IDR can be thought to act in tandem
with the single a-helix domain (Samejima et al., 2015) to regulate Aurora B activity by
influencing substrate accessibility.

However, the dog leash model is not the only activation mechanism for Aurora B
hypothesized in the literature. There also exists the chromosomal gradient hypothesis,
in which a gradient of Aurora B diffuses outwards from the centromere which is unable
to reach the outer KT under amphitelic tension. Here, the length of INCENP would
play only a minor role in Aurora B regulation, which is in contrast to previous findings
(Samejima et al., 2015), where the length of the INCENP SAH is important for Aurora B
function. In addition to these two variants of spatial separation of the kinase from its
targets, another possibility is that Aurora B is directly regulated by mechanical forces.
Again, an associated protein such as INCENP could acts as a tensiometer, a spring-like
protein, that deactivates Aurora B upon tension. Although INCENP is know to activate
Aurora B with its C-terminus, no studies have shown that tension directly acts on the
protein, except for the hypothesis that the SAH might be stretched under force.
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Yet we are only at the beginning of correctly grasping the mechanisms behind the remark-
able fidelity that nature has brought to the complex task of chromosome segregation that
underlies every single cell in the human body.
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Concluding Remarks and
Future Perspectives

And following our will and wind we may just go
where no one’s been

We'll ride the spiral to the end and may just go
where no one’s been

Spiral out, keep going

— TOOL
Lateralus (2001)

In recent years, mechanical forces have increasingly emerged as important players in
cellular function and regulation in every aspect of life. This work aimed to expand
our understanding of signaling mechanisms involved in converting mechanical force
into biological signals. This mechanotransduction occurs predominantly in specialized
cellular hubs to coordinate signaling pathways for both communication within the cell
and communication with the cellular environment. Specifically, my dissertation focused
on two proteins within different cellular mechanotransduction hubs, namely ILK at focal
adhesions and INCENP at kinetochores. I investigated how these proteins play their role
in signal transduction in an environment that converts mechanical forces into cellular
output. Naturally, given the sheer number of different proteins and even more possible
protein interactions involved in both focal adhesions and the kinetochore, my findings
only represent a small piece of the vastly complex puzzle that is mechanical signaling.

Signal integration at mechanotransduction hubs

Although both proteins I studied play their role in mechanical signal transduction path-
ways, their mechanisms of action in mediating signals are quite different. The role
of ILK in mechanotransduction might be rather direct. Since the force from the ECM
on the cytoskeleton likely acts directly on the protein complex, it triggers protein un-
folding and complex dissociation. As such, complex dissociation terminates the force
connection between the ECM and the cytoskeleton and thus also mechanosignaling.
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The balance between dissociation and unfolding is altered by the presence of ATP, with
the complex containing ATP being more resistant to dissociation. Hence, my data on
the ATP-influenced ILK:parvin dissociation pattern under force suggest a direct effect
of ILK in the integration of mechanical stress. This is also confirmed by the cellular
experiments showing that the complete ILK:parvin:ATP complex is required for traction
force generation and subsequent cell migration.

On the other hand, INCENP can be currently considered to play an indirect role in
mechanotransduction at kinetochores. Here, correct tension from the mitotic spindle
microtubules pulls the outer KT away from the inner KT and chromosomes. Containing
two MT-binding sites, INCENP might be directly affected by MT pulling force, but this
has not yet been demonstrated. The theory I have been working within relies rather on
indirect, force-induced spatial separation between proteins. In this dog-leash model, the
action radius of the mitotic kinase Aurora B is defined by the length of the linker INCENP.
INCENP, in turn, would be regulated to adapt to lengths required by different modes of
microtubule tension. My data provide a mechanism for this length regulation of INCENP,
and that is through the degree of its phosphorylation.

This illustrates how force plays quite different roles in biological signaling pathways
and can have both direct and more indirect effects on proteins. Apart from these two
possibilities in which proteins can participate in mechanotransduction, nature has come
up with many other fascinating principles. FAK (focal adhesion kinase), for example, is a
catalytically active tyrosine kinase that is also critical for integrin-based signaling within
FAs. Its kinase activity was shown to be directly activated by tensile forces through freeing
a key phosphorylation site from the autoinhibitory domain (Zhou et al., 2015; Bauer
et al., 2019). A different view of such a force-induced presentation of protein domains is
provided by the example of the von Willebrand factor, a blood plasma protein involved in
blood clotting at injured blood vessels. Drag forces generated by the blood stream stretch
and unfold the protein, which exposes protein binding domains for adaptor proteins
(Butera et al., 2018; Fu et al., 2017; Schneider et al., 2007). This mechanopresentation
of domains is regulated by switching of disulfide bonds (Butera et al., 2018). Another
exciting mechanism of how mechanical force can be converted into a biochemical signal
is the recent discovery that force-induced rupture of chemical bonds in the structural
protein collagen leads to the formation of radicals (Zapp et al., 2020). These radicals
may then diffuse into the collagen tissue and can propagate the now chemical signal.

These are just a few examples of how mechanical forces affect proteins, but there exist
many more mechanisms spanning a wide range of biologically accessible time and length
scales (Ricca et al., 2013; Martino et al., 2018). As an example, consider the drastic tissue
movements in early embryonic development (Agarwal and Zaidel-Bar, 2021), where the
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forces and responses to them occur on very different scales than the forces on individual
proteins described in this thesis. Thus, my work contributes to the considerable breadth
of mechanotransductive behavior.

The different roles of scaffold proteins

Although their mechanisms of action are different, ILK and INCENP have in common that
they both function as scaffolding proteins. Cellular scaffolds serve as protein binding
platforms that coordinate the physical assembly of functionally interacting signaling
components required for a particular signaling pathway (Good et al., 2011; Mugabo and
Lim, 2018). In this way scaffold proteins have evolved as organizers of information flow
inside the cell (Good et al., 2011).

In my opinion, it is no surprise that mechanotransduction pathways also make use of
scaffold proteins, and I would even argue that the very presence of mechanical force
might necessitate the existence of scaffold proteins in their signaling pathways. This is
because spatial organization is particularly important here, for instance to properly align
proteins with the direction of force or to maintain appropriate spacing between proteins
in the face of a constantly changing environment due to force. It may therefore be time
to investigate other force transmission pathways as to whether the presence of scaffold
proteins is of importance there as well.

Such a principle of assembling distinct subsets of signaling molecules at the right place
and time to attain specificity of transduction pathways is also a feature of liquid-liquid
phase separation (Musacchio, 2022; Ditlev et al., 2018). Both generate spatially orga-
nized signaling spheres inside the otherwise well-mixed cytoplasm. Therefore, it might
be valuable to gain more knowledge about LLPS and the importance of the established
concept of scaffold proteins therein, and then to further analyze the force transmission
pathways in relation to LLPS and scaffold proteins as suggested above.

Life in the shadow of classic enzymes

In addition to expanding the palette of known signal transduction pathways at mechan-
otransduction hubs, my results also provide insights into signaling mechanisms of proteins
that function beyond classical enzymatic catalysis. Both ILK and INCENP belong to pro-
tein classes that have only recently gained more attention, namely pseudokinases and
IDPs, respectively. These families stood in the shadow of their well-studied conventional

5.2 The different roles of scaffold proteins
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counterparts, which are catalytic kinases for pseudokinases and the folded proteins for
IDPs. It is crucial for us to advance our knowledge of how these protein classes mediate
their various cellular functions if we are to fully understand the cell at the microscopic
level.

As for pseudokinases, my results put forward the idea that this class of proteins is
also proficient in acting as a player in mechanical signaling pathways. In addition to
functioning as scaffolding proteins, which pseudokinases are known to be capable of, my
data suggest that the ILK:parvin complex is able to directly transduce mechanical tension.
In this way, ATP may have evolved from a phosphate donor to a mechanotransducing
component, where it increases the mechanical stability and alters the mechanical behavior
of the complex. Taken to its logical conclusion, the presence of ATP would tune the
force threshold required for the ILK:parvin complex to relay the force signal, especially
in proper focal adhesion disassembly and subsequent cell migration. In this way, not
only do the pseudokinases acquire a new potential role, but also the presence of ATP
within them is given more attention with respect to mediating functions beyond regular
phosphate transfer. This knowledge could be used to construct pseudokinase modifiers
based on mechanisms similar to conventional kinases (Kung and Jura, 2019).

With respect to IDPs, my data contribute to corroborate and further deepen our knowl-
edge of how different degrees of phosphroylation alter the conformational ensemble of
IDPs. This capacity for length adjustment of IDPs hence should be considered important
for the accessibility-radius of bound proteins, which also represents another possible
mechanism of regulating scaffold proteins. For INCENP in particular, my simulations
examining its relationship between length and phosphorylation serve as a starting point
for a targeted experimental characterization of its function in chromosome segregation.
Another possibility, not yet investigated, is that INCENP is also directly influenced by
force itself. In this regard, IDPs are currently also increasingly coming into the focus of
mechanobiology. With their flexibility, they could obviously serve as a force buffer, but
their disordered structure clearly does not provide much force resistance. Therefore, IDPs
are generally interesting potential components of force transmission pathways worth
exploring. Recent work in this direction has identified a force-regulated protein with
an IDR, LIMD1, as important for focal adhesion assembly (Y. Wang et al., 2021). This
scaffold protein condenses at FAs in a force-dependent manner and, intriguingly and
analogous to INCENP, is also regulated by phosphorylation.

Chapter 5 Concluding Remarks and Future Perspectives



5.4 Future perspectives of molecular simulations

My aforementioned advances in various topics were only possible, at least in large
part, through the use of molecular simulations. Their ability to reveal the underlying
dynamics of protein function on time and length scales that are not, or only to a very
limited extent, accessible with experiments makes them perfectly suited to answer the
questions posed in my work. A key element of any simulation is to confirm that the
properties accurately reflect the system under study. Hence, MD simulations continue
to be improved and developed alongside experiments, and certain currently known
shortcomings of simulations I have already discussed in the specific projects above. Still,
it is definitely advantageous to couple simulation results with experiments, as such an
approach maximizes the probability that the investigated properties are valid. This
combination is exactly what takes my simulations of ILK to the next level. Although the
time and length scales of simulations and cellular experiments are rather different, the
ILK molecular properties I discovered with MD simulations can be related to cellular
properties and large-scale effects through simulation-motivated mutations. Nevertheless,
experimental validation of the pulling simulations, e.g. with AFM or optical tweezers,
would add another layer of reproducibility and advancement to this project. For such
single-molecule pulling experiments, the accessible range of loading rates for pulling
is nowadays increasingly converging and even partially overlapping with those from
simulations, not least due to improved computational efficiency (Franz et al., 2020).

Also owing to the increased computational power and effectiveness of MD software,
including advances in coarse-graining schemes, that have all increased notably even
during this thesis, it will soon be possible to simulate even larger systems that encompass
more proteins in each system. For ILK, for example, this would include a more complete
picture of the full ILK scaffold with more of its binding partners. In the case of INCENP,
this would also allow exploration of the entirety of this protein. If the dog-leash model
stands up to specific experimental validation, which is admittedly still lacking in this
work, such large-scale simulations could also be used to actually tether Aurora B using
INCENP and observe how far it can indeed reach.

Large-scale simulations in this regard would, of course, benefit from and require struc-
ture determination of the larger complexes. Here, too, technical progress in recent
years has made it possible to obtain more and more structures at higher resolution that
could previously not be retrieved by experiments. But also computationally, structure
determination has advanced dramatically, not least with the release of AlphaFold, a com-
putational prediction of protein structures with atomic accuracy that can compete with
experimental structures (Jumper et al., 2021). For IDPs, though, these current machine
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learning methods are not particularly well suited because the energy landscape of IDPs
is rugged and multi-funneled, which underscores the importance of MD simulations to
explore their confomational space (Ruff and Pappu, 2021; Strodel, 2021).

Furthermore, with the latest addition to the AlphaFold family, AlphaFold-Multimer,
which has higher accuracy in predicting multimeric interfaces (Evans et al., 2021), we
may be able to move towards simulating multiprotein systems such as focal adhesions
or kinetochores in the future. Such high-level considerations of complete subcellular
systems would truly advance biological science, as it would enable us to understand
the complex interplay within these multiprotein complexes. To this end, we can also
greatly benefit from the advances in super resolution microscopy, revealing the position
and stoichimetry of proteins in certain compartments (Valli et al., 2021; Jing et al.,
2021). Now that their resolutions touch the length scales of simulations, we could aim
to physiologically set up the above mentioned ambitious large-scale simulations. This
interplay between simulation and experiment, as well as interdisciplinary approaches,
established an era in which large-scale MD simulations of whole cellular compartments,
such as the photosynthetic chromatophore vesicle of purple bacteria, are now becoming
possible (Singharoy et al., 2019; Wilson et al., 2021). I believe that these advances will
eventually lead us into a world where one day we could begin to simulate whole cells in
molecular detail; efforts to do so are already underway (Feig and Sugita, 2019; Maritan
et al., 2022). My work thus provides a small puzzle piece that brings us closer to our
common goal of fully understanding mechanotransduction and thereby grasping the
complexity of a cell as a whole.

Chapter 5 Concluding Remarks and Future Perspectives
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Appendix for chapter 3:

Integrin-linked kinase
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Effect of disrupted ATP-binding to ILK. Experiments and figure including legend were
provided by collaborators Dr. Michele Nava and Prof. Dr. Sara Wickstrém, University
of Helsinki. (A) Quantification of a-parvin to GFP ratio from immunoprecipitation
(mean=+S.D., n=4 independent experiments). (B) Representative immunofluorescence
images of a-parvin and GFP. a-parvin localizes at focal adhesions both in ILK(WT)-GFP
and ILK(L207W)-GFP cells. Right panels show a zoom in of the area indicated by the
white box. Arrows indicate colocalization of a-parvin (magenta) with ILK(WT)-GFP
and ILK(L207W)-GFP (green). Scale bars 20 um. (C) Quantification of FA assembly
in ILK(WT)-GFP and ILK(L.207W)-GFP cells plated on 8 kPa and 40 kPa substrates (n
>22 cells/condition pooled across 4 independent experiments). (D) Representative
immunofluorescence images of ILK(WT)-GFP and ILK(L207W)-GFP cells stained
with paxillin on crossbow micropatterned surfaces. Paxillin localizes at FAs in both
conditions. Scale bars 20 um. (E) Quantification of FA size and number as well as cell
area. (n > 25 cells/condition pooled across 4 independent experiments. **p= 0.0052,
***p= 0.0004, Mann-Whitney).
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Fig. A.2.: Backbone root mean square fluctuation (RMSF) as a function of residue number for
ILK holo (orange) and apo (grey). Error bands denote the 95 % confidence interval.
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D1 Protein D2 Protein difference pairwise force [pN] p-value

186 ILK 187 ILK —16.38 0.031517102

190 ILK 192 ILK —16.93 5.89592 x 107°
193 ILK 217 ILK —18.16 0.001014 099

193 ILK 219 ILK 18.75 1.10447 x 1075
194 ILK 195 ILK —22.79 0.004 320 184
194 ILK 211 ILK —43.21 0.000 509073

195 ILK 208 ILK —18.89 1.80745 x 1075
197 ILK 209 ILK 44.86 0.000103 734

198 ILK 199 ILK —36.32 1.10447 x 1075
198 ILK 200 ILK —26.57 6.79562 x 1078
199 ILK 200 ILK 99.66 6.79562 x 108
199 ILK 208 ILK —21.41 6.79562 x 10~8
199 ILK 271 ILK 22.23 3.70512 x 10~°
199 ILK 323 ILK 33.04 6.79562 x 108
200 ILK 201 ILK 128.52 6.79562 x 1078
200 ILK 202 ILK 124.32 6.79562 x 108
200 ILK 206 ILK 16.73 0.000247061

200 ILK 207 ILK —57.99 2.35566 x 10~C
200 ILK 220 ILK 85.98 6.79562 x 1078
200 ILK 283 ILK 18.37 5.22689 x 1077
200 ILK 323 ILK —20.14 0.001 782 376

201 ILK 202 ILK 24.72 0.002 341273

201 ILK 205 ILK 34.27 7.89803 x 1078
201 ILK 206 ILK 53.72 9.17277 x 1078
201 ILK 223 ILK —56.78 6.0148 x 10~7
202 ILK 204 ILK —56.31 0.000 509073
202 ILK 205 ILK —61.46 0.000 160981

202 ILK 220 ILK 62.63 3.49946 x 1076
202 ILK 223 ILK —18.74 0.000 115901

202 ILK 323 ILK 16.67 1.65708 x 1077
202 ILK 351 ILK —31.39 0.005 115262

203 ILK 204 ILK 42.72 0.000 562 904
203 ILK 341 ILK 15.32 0.001 348 582
204 ILK 220 ILK 65.63 6.79562 x 108
204 ILK 223 ILK 53.39 3.29311 x 1072
204 ILK 341 ILK 28.09 4.16576 x 10°
204 ILK 345 ILK —23.17 0.022269911

205 ILK 206 ILK —77.52 1.23464 x 10~ 7
205 ILK 221 ILK —32.38 0.000 160981

206 ILK 207 ILK —25.08 0.003 638 826
206 ILK 208 ILK —24.74 1.57567 x 1076
206 ILK 220 ILK 124.52 9.17277 x 1078
206 ILK 221 ILK —51.21 0.000 374 99

206 ILK 223 ILK 83.74 2.21776 x 1077
207 ILK 208 ILK 145.09 9.12665 x 10~7
207 ILK 218 ILK 77.75 6.79562 x 10~8
207 ILK 219 ILK 57.78 1.80297 x 106
207 ILK 220 ILK 123.34 1.91771 x 10~7
208 ILK 209 ILK —35.12 0.002 798 602
208 ILK 218 ILK 35.85 2.92486 x 107°
208 ILK 219 ILK —63.12 7.57738 x 1076
209 ILK 216 ILK 21.64 2.0616 x 1076
209 ILK 218 ILK 28.88 1.20089 x 1076
209 ILK 271 ILK —50.35 7.89803 x 1078
210 ILK 217 ILK —22.44 0.000 304 799
211 ILK 212 ILK 24.34 0.001014 099
211 ILK 216 ILK 41.67 0.016 668 799
212 ILK 217 ILK —23.13 0.000 144 383
216 ILK 217 ILK 56.04 3.70512 x 10~°
216 ILK 270 ILK —17.65 0.001014 099
216 ILK 271 ILK —58.23 6.79562 x 1078
217 ILK 218 ILK 170.17 6.79562 x 108
217 ILK 219 ILK —25.86 6.61045 x 10~°
217 ILK 254 ILK 21.88 0.001480977
217 ILK 268 ILK —35.18 2.0616 x 106
217 ILK 270 ILK 20.75 2.56295 x 1077
217 ILK 271 ILK —21.35 0.000199 707
218 ILK 219 ILK —40.88 0.019 292 38

218 ILK 268 ILK 62.09 9.12665 x 107
218 ILK 269 ILK —118.51 2.56295 x 10~7
218 ILK 271 ILK —18.88 0.013320516
219 ILK 220 ILK —66.66 1.57567 x 1076
219 ILK 267 ILK —33.75 0.000920913
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D1 Protein D2 Protein difference pairwise force [pN] p-value

219 ILK 268 ILK 47.33 0.002 341273

220 ILK 221 ILK —16.43 0.006 557 193

220 ILK 266 ILK 25.09 0.000 115901

220 ILK 267 ILK —33.81 0.019292 38

220 ILK 338 ILK —30.99 0.001480977

220 ILK 339 ILK 259.93 6.79562 x 1073
220 ILK 340 ILK 76.02 6.79562 x 1078
220 ILK 341 ILK 58.81 6.79562 x 1078
222 ILK 223 ILK —31.91 0.001 227183

222 ILK 224 ILK —30.25 4.53897 x 107
222 ILK 264 ILK —36.15 3.0691 x 1076
222 ILK 265 ILK —22.72 0.031517102

222 ILK 342 ILK —39.45 2.56295 x 107
222 ILK 345 ILK 18.33 0.038 514 96

223 ILK 224 ILK 24.88 0.000 338 195

224 ILK 225 ILK —16.27 0.041 123 594
225 ILK 227 ILK 27.78 0.031517102

225 ILK 332 Parvin —71.31 0.022269911

226 ILK 335 Parvin 22.21 0.007 113 494
227 ILK 228 ILK 28.3 0.000 338 195

227 ILK 259 ILK —23.45 0.036 048 327

229 ILK 233 ILK 23.12 0.041 123 594

232 ILK 259 ILK 46.86 0.000247 061

234 ILK 235 ILK —23.63 0.036 048 327

235 ILK 256 ILK 15.69 0.002 798 602

235 ILK 257 ILK —17.18 0.036 048 327
235 ILK 266 ILK 33.04 0.000 247061

235 ILK 267 ILK —29.47 0.000 160 981

235 ILK 342 ILK 35.44 5.87357 x 1076
236 ILK 240 ILK 25.29 0.000 160 981

237 ILK 240 ILK 15.77 0.008 354 827

238 ILK 242 ILK —25.11 0.002 139261

239 ILK 256 ILK 37.45 3.70512 x 10~°
239 ILK 267 ILK —16.72 0.001 348 582

239 ILK 342 ILK 16.47 0.006 040 33

240 ILK 243 ILK 31.4 0.000274 511

250 ILK 337 ILK —22.47 0.022269911

251 ILK 269 ILK —27.93 0.004 702 533

251 ILK 272 ILK 34.49 7.57738 x 1070
252 ILK 269 ILK 24.74 0.033 717669

253 ILK 267 ILK 28.54 2.92486 x 10~°
254 ILK 268 ILK —86.48 0.000920913

255 ILK 267 ILK 24.3 0.000 199 707

256 ILK 267 ILK —22.03 0.020 734 594
257 ILK 265 ILK 21.2 0.005 560 46

258 ILK 259 ILK —32.62 0.000920913

258 ILK 262 ILK —35.17 0.000415 502

259 ILK 265 ILK —18.15 0.004 320 184

262 ILK 264 ILK —17.29 4.16576 x 10~°
264 ILK 266 ILK 18.83 0.003 966 239

267 ILK 268 ILK —43.51 0.000460073

267 ILK 338 ILK —57.57 3.41558 x 1077
268 ILK 269 ILK —34.37 0.011432 829

269 ILK 270 ILK —50.5 2.92486 x 107°
270 ILK 271 ILK 53.32 0.000 144 383

271 ILK 272 ILK —34.58 0.009 045 397

272 ILK 275 ILK —52.32 3.29311 x 10~°
272 ILK 326 ILK 78.23 2.35566 x 1070
272 ILK 327 ILK —38.48 5.16578 x 1076
272 ILK 328 ILK —26.61 3.70512 x 10~°
272 ILK 334 ILK —23.08 0.000 338 195

273 ILK 274 ILK 73.03 0.000247 061

273 ILK 275 ILK —19.96 6.61045 x 10~°
276 ILK 277 ILK 22.45 0.027 483 422

276 ILK 278 ILK 70.97 2.68977 x 1076
276 ILK 322 ILK 19.16 0.000835 717

276 ILK 325 ILK 34.57 0.006 557 193

276 ILK 326 ILK 83.08 5.16578 x 1076
277 ILK 281 ILK 44.46 0.022269911

277 ILK 322 ILK —24.4 0.025639272

277 ILK 325 ILK —36.37 0.001 348 582

278 ILK 283 ILK —32.07 0.000460073

278 ILK 323 ILK —48.33 9.27796 x 10~°



D1 Protein D2 Protein difference pairwise force [pN] p-value

279 ILK 284 ILK 22.05 0.003 966 239

282 ILK 283 ILK 36.73 0.005 115262

282 ILK 389 ILK 22.03 0.049 863 69

283 ILK 323 ILK 44.59 0.002 139 261

296 ILK 300 ILK —38.04 0.023 903 146

296 ILK 451 ILK 27.75 0.003 638 826

298 ILK 301 ILK 20.67 0.033 717669

300 ILK 304 ILK —18.82 0.014 363 848

300 ILK 332 ILK 16.48 0.046 791615

301 ILK 381 ILK 18.72 0.043 880 384

305 ILK 306 ILK —17.13 0.007 711 805

307 ILK 310 ILK 16.37 0.043 880 384

307 ILK 311 ILK —32.93 0.003 336 179

308 ILK 309 ILK 22.85 0.002 798 602

308 ILK 335 ILK 17.76 0.000835 717

311 ILK 315 ILK —19.88 0.023 903 146

312 ILK 317 ILK 15.55 0.022 207185

315 ILK 340 ILK 16.19 0.031517102

317 ILK 340 ILK 23.39 0.009 786 487

317 ILK 366 ILK 26.95 0.001 782 376

317 ILK 374 ILK 54.25 0.036 048 327

318 ILK 324 ILK —33.84 0.006 557193

318 ILK 335 ILK —41.81 0.000 509073

318 ILK 340 ILK 21.33 0.025639272

318 ILK 341 ILK 27.66 0.011 432829

319 ILK 324 ILK 37 0.000 686 822

319 ILK 339 ILK —32.15 0.000 562 904

320 ILK 321 ILK 67.16 0.000 144 383

320 ILK 377 ILK 52.01 0.000 757 881

320 ILK 378 ILK —29.61 0.003 056 629

321 ILK 323 ILK 60.47 0.001 115947

321 ILK 325 ILK —32.49 0.013 320516

321 ILK 339 ILK 26.37 0.001 782 376

321 ILK 355 ILK 64.66 0.001480977

321 ILK 381 ILK 26.23 0.000 686 822

322 ILK 323 ILK —48.68 0.019292 38

322 ILK 324 ILK —28.73 0.000247 061

322 ILK 381 ILK 32.78 0.002 341273

322 ILK 384 ILK 85 4.54008 x 106
323 ILK 324 ILK —54.77 0.001 115947

323 ILK 326 ILK 52.39 2.56295 x 1077
323 ILK 339 ILK 63.3 0.000415 502

323 ILK 355 ILK —22.34 0.000 129 405

323 ILK 384 ILK 67.31 0.023 903 146

324 ILK 335 ILK —16.84 0.007 711 805

324 ILK 336 ILK 62.02 0.049 863 69

325 ILK 326 ILK —35.23 0.029 440 884

325 ILK 334 ILK —21 0.007 113 494

326 ILK 327 ILK 49.2 0.003 638 826

326 ILK 333 ILK 28.94 0.001 625 258

326 ILK 334 ILK 30.84 0.031517 102

326 ILK 336 ILK 19.12 0.041 123 594

326 ILK 339 ILK —30.83 6.0148 x 1077
328 ILK 332 ILK —36.78 0.009 045 397

335 ILK 336 ILK 94.34 0.000115901

336 ILK 339 ILK 34.29 0.001 227183

337 ILK 338 ILK —54.5 0.003 336179

337 ILK 339 ILK 79.45 0.000 144 383

338 ILK 339 ILK 55.18 0.001 782 376

338 ILK 340 ILK —119.49 1.91771 x 1077
338 ILK 341 ILK —33.41 6.79562 x 1078
339 ILK 341 ILK —113.25 0.000 222203

340 ILK 342 ILK —41.42 2.0616 x 1076
341 ILK 345 ILK 54.02 2.0616 x 1076
341 ILK 346 ILK 40.31 6.79562 x 108
341 ILK 349 ILK 37.75 1.91771 x 1077
341 ILK 351 ILK —15.24 3.70512 x 107°
342 ILK 345 ILK 122.12 1.20089 x 1076
343 ILK 345 ILK —42.76 5.89592 X 107°
345 ILK 346 ILK 63.7 0.000 222203

348 ILK 349 ILK —54.93 0.001 953 348

349 ILK 333 Parvin 32.97 0.049 863 69

355 ILK 356 ILK 26.1 0.036 048 327
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D1 Protein D2 Protein difference pairwise force [pN] p-value

355 ILK 377 ILK 59.59 1.59972 x 10~°
355 ILK 384 ILK 48.48 0.038514 96
359 ILK 360 ILK —24.99 0.000 509073
364 ILK 311 Parvin —19.72 0.007 711 805
365 ILK 366 ILK —16.05 0.003 336 179
366 ILK 370 ILK 21.95 0.016 668 799
370 ILK 373 ILK 20.31 0.020 734 594
370 ILK 374 ILK —97.79 0.004 702533
372 ILK 433 ILK 16.4 0.013320516
376 ILK 377 ILK 22.8 0.006 557 193
380 ILK 381 ILK 29.64 0.027 483 422
380 ILK 383 ILK 26.85 0.025639 272
390 ILK 391 ILK 35.67 0.000 103 734
392 ILK 393 ILK —19.31 0.031517102
397 ILK 398 ILK —16.7 0.010581 211
397 ILK 401 ILK —15.1 0.002 341273
399 ILK 403 ILK 33.51 0.001 953 348
400 ILK 401 ILK 32.92 0.003 966 239
400 ILK 404 ILK —24.26 0.006 040 33
408 ILK 409 ILK —16.62 0.015478 602
432 ILK 436 ILK —16.32 0.038 514 96
436 ILK 437 ILK —17.5 0.033717669
450 ILK 451 ILK —33.86 0.000415 502
254 Parvin 362 Parvin 17.78 0.019292 38
285 Parvin 287 Parvin 31.15 0.046 791615
291 Parvin 352 Parvin 16.99 0.000 103 734
292 Parvin 294 Parvin 25.06 0.002 139 261
296 Parvin 300 Parvin —17.37 0.015478 602
299 Parvin 300 Parvin 40.85 0.001480977
308 Parvin 313 Parvin 19.37 0.005 115262
309 Parvin 311 Parvin 34.06 0.004 702533
310 Parvin 312 Parvin —18.48 0.001 625 258
328 Parvin 332 Parvin 21.7 0.043 880 384
331 Parvin 334 Parvin —15.69 0.001 782376
331 Parvin 335 Parvin 31.26 0.006 557 193
332 Parvin 335  Parvin —52.9 1.80745 x 107°
333 Parvin 335 Parvin —21.47 0.013320516
333 Parvin 336 Parvin —25.48 0.027 483 422
333 Parvin 337 Parvin 39.47 0.001 953 348
334 Parvin 335 Parvin 49.79 0.003 056 629
334 Parvin 336 Parvin —16.11 0.007 113494
334 Parvin 339 Parvin 23.5 0.027 483 422
336 Parvin 337 Parvin —33.96 0.002 798 602
336 Parvin 338 Parvin 27.38 0.020 734 594
339 Parvin 340 Parvin 29.53 0.008 354 827
343 Parvin 344 Parvin 17.88 0.010581 211
344 Parvin 345 Parvin 36.64 0.000 686 822
345 Parvin 346 Parvin 28.86 0.017938613
347 Parvin 348 Parvin —19.89 0.020 734 594
347 Parvin 351 Parvin 21.97 0.009 786 487
348 Parvin 349 Parvin 31.93 0.000 686 822
350 Parvin 352 Parvin 27.12 0.007 711 805
354 Parvin 355 Parvin 21.76 0.049 863 69
356 Parvin 357 Parvin 15.97 0.036 048 327
357 Parvin 358 Parvin 23.12 0.046 791615
359 Parvin 360 Parvin 23.94 0.009 786 487
364 Parvin 368 Parvin 55.99 0.001 625 258
367 Parvin 368 Parvin 21.08 0.041 123594

Tab. A.1.: Significant differences in pairwise forces between the ILK:parvin holo and apo state
calculated from FDA (n = 20 independent trajectories, p <0.05, Mann-Whitney).
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Fig. A.3.: Secondary ATP-dependent pathway of internal force propagation between ILK
and parvin involving the saltbridge-forming residue R225. Average pairwise
forces between the indicated residue pairs calculated from FDA for 20 individual
runs compared between the ILK:parvin apo and holo complex. Statistical significance
determined by Mann-Whitney test. Positive and negative values of force denote
repulsion and attraction, respectively.
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Fig. A.4.: Effect of disruption of parvin-binding saltbridges. Experiments and figure includ-
ing legend were provided by the collaborators Dr. Michele Nava and Prof. Dr. Sara
Wickstrom, University of Helsinki. (A) Representative immunofluorescence images of
ILK(WT)-GFP and ILK(R255A/R349A)-GFP cells stained with paxillin on crossbow
micropatterned surfaces. Paxillin localizes to focal adhesions both in ILK(WT)-GFP and
ILK(R255A/R349A)-GFP cells (right panels). Scale bars 20 um. (B) Quantification of
FA size and number (n > 24 cells/condition pooled across 4 independent experiments.
**xp=0.0001, *p= 0.0260, Mann-Whitney).
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Fig. A.5.: Kindlin-2 modeling and ILK:kindlin-2 docking. (A) Schematic overview of available
kindlin-2 partial crystal structures and associated PDB-codes. (B) Homology models
of the full human kindlin-2. The placements of PH-domains are highlighted in surface
representation and different colors. For visualization purposes one helix within the
PH-domain is represented as cartoon. (C) Additional ILK:kindlin-2 docking poses from
guided docking. ILK in pink and kindlin-2 in light grey. N- and C-terminus of kindlin-2
are labeled.
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Fig. A.6.: ILK:parvin complex under mechanical tension along the kindlin-actin axis. (A)
ILK:parvin interface area as a function of extension between the two force application
patches for ILK(WT) holo and apo and ILK(R225A/R349A) at three different pulling
velocities (1ms™!, 0.1ms™~!, 0.01ms™!). Trajectories were smoothed with a rolling
average. (B) Simulation snapshots at time of complex dissociation representing the
15th and 85th percentile of each distribution.
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Fig. A.7.: Impaired ATP- and «-parvin binding impedes actomyosin contractility and cell
migration. Experiments and figure including legend were provided by collaborators Dr.
Michele Nava and Prof. Dr. Sara Wickstrom, University of Helsinki. (A) Representative
images of ILK(WT)-GFP, ILK(L.207W)-GFP and ILK(R255A/R349A)-GFP cells stained
with phalloidin and pMLC2 on crossbow micropatterns. Corresponding quantification
of fluorescence intensity of phalloidin (blue) and pMLC2 (magenta) using a line scan.
GV = gray values. Scale bars 20 um. (B) Representative cell trajectories of ILK -/- GFP,
ILK(WT)-GFP, ILK(L207W)-GFP and ILK(R255A/R349A)-GFP during 12 h acquisition.
n >30 cell tracks/condition were set to a common origin (intersection of x and y
axes).
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Appendix for chapter 4:
INCENP
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Fig. B.1.: Disorder prediction of INCENP from different disorder prediction servers, accumulated
in the D?P? database of disordered protein predictions (Oates et al., 2013)
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Range

Sequence

56-130¢ MPKTPSQKNRRKKRRISYVQDENRDPIRRRLSRRKSRSSQ
LSSRRLRSKDSVEKLATVVGENGSVLRRVTRAAAA

81-155 PIRRRLSRRKSRSSQLSSRRLRSKDSVEKLATVVGENGSV
LRRVITRAAAAAAAATMALAAPSSPTPESPTMLTKK

121-195 LRRVTRAAAAAAAATMALAAPSSPTPESPTMLTKKPEDNH
TQCQLVPVVEIGISERQNAEQHVTQLMSTEPLPRT

181-255* QHVTQLMSTEPLPRTLSPTPASATAPTSQGIPTSDEESTP
KKSKARILESITVSSLMATPQDPKGQGVGTGRSAS

201-275 ASATAPTSQGIPTSDEESTPKKSKARILESITVSSLMATP
QDPKGQGVGTGRSASKLRIAQVSPGPRDSPAFPDS

211-285f IPTSDEESTPKKSKARILESITVSSLMATPQDPKGQGVGT
GRSASKLRIAQVSPGPRDSPAFPDSPWRERVLAPI

245-319 GQGVGTGRSASKLRIAQVSPGPRDSPAFPDSPWRERVLAP
ILPDNFSTPTGSRTDSQSVRHSPIAPSSPSPQVLA

311-385 SSPSPQVLAQKYSLVAKQESVVRRASRRLAKKTAEEPAAS
GRIICHSYLERLLNVEVPQKVGSEQKEPPEEAEPV

325-399f VAKQESVVRRASRRLAKKTAEEPAASGRIICHSYLERLLN
VEVPQKVGSEQKEPPEEAEPVAAAEPEVPENNGNN

366-440 EVPQKVGSEQKEPPEEAEPVAAAEPEVPENNGNNSWPHND
TEIANSTPNPKPAASSPETPSAGQQEAKTDQADGP

373-4471 SEQKEPPEEAEPVAAAEPEVPENNGNNSWPHNDTEIANST
PNPKPAASSPETPSAGQQEAKTDQADGPREPPQSA

411-485* STPNPKPAASSPETPSAGQQEAKTDQADGPREPPQSARRK
RSYKQAVSELDEEQHLEDEELQPPRSKTPSSPCPA

453-527 YKQAVSELDEEQHLEDEELQPPRSKTPSSPCPASKVVRPL
RTFLHTVQRNQMLMTPTSAPRSVMKSFIKRNTPLR

Tab. B.1.: Sequence of 75-residue fragments considered in the simulations. * Fragment only

considered in all-atom simulations. T Fragment only considered in coarse-grained
simulations. ¥ Fragment only simulated in the non-phosphorylated form in all-atom
simulations.



type residue P-level type residue P-level
SER 91 1 THR 294 1
SER 93 1 SER 296 1
SER 94 1 10 THR 298 1 10
SER 97 1 SER 300 1
SER 103 1 SER 302 1
SER 106 1 SER 306 1 10 20
THR 112 1 SER 311 1
SER 119 1 10 SER 312 1 10
THR 135 1 SER 314 1 10 20
SER 142 1 TYR 322 1
SER 143 1 10 SER 323 1
THR 145 1 SER 330 1
SER 148 1 10 SER 336 1
THR 150 1 THR 343 1
THR 195 1 SER 350 1
SER 197 1 10 20 50 SER 357 1
THR 199 1 10 SER 373 1
SER 202 1 SER 400 1
THR 204 1 THR 406 1
THR 207 1 10 SER 411 1
SER 208 1 10 THR 412 1
THR 213 1 10 20 SER 420 1
SER 214 1 10 20 SER 421 1 10
SER 218 1 10 THR 424 1 10
THR 219 1 10 20 SER 446 1 10
SER 223 1 SER 452 1 10
SER 230 1 SER 458 1
THR 232 1 SER 476 1
SER 234 1 THR 478 1 10
SER 235 1 SER 480 1
THR 239 1 10 20 SER 481 1 10 20 50
THR 250 1 SER 486 1
SER 253 1 THR 494 1
SER 255 1 THR 498 1
SER 263 1 10 20 50 100 | THR 507 1
SER 269 1 10 20 50 100 | THR 509 1
SER 275 1 10 20 50 100 | SER 510 1
SER 201 1 SER 514 1
THR 292 1 10 20 50 SER 518 1

Tab. B.2.: Phosphorylated residues of INCENP (taken from PhosphoSitePlus (Hornbeck et al.,
2015) and their corresponding P-levels according to a threshold concerning the

number of literature mentions.
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residue type MusiteDeep NetPhos 3.1. NetPhorest GPS GPS GPS GPS PPSP
unsp. unsp. CDK1 CDK1 PLK1 MPS1 Aurora B Aurora B
91 S 0.789 0.997 —0.545 7.961 14.282 0.078 6.43
93 S 0.595 0.749 1.931 9.79 12.886 0.01
94 S 0.721 0.997 1.405 9.779 14.244 0.07 5.04
97 S 0.563 0.996 0.052 6.052 10.791 7.199 —0.008
98 S 0.609 0.267 0.047 1.598 5.645 24.468 —0.002
103 S 0.841 0.971 2.809 7.255 15.855 0.012
106 S 0.836 0.984 4.03 9.366 16.077 0.012
112 T 0.307 0.205 1.898 7.335 14.754 —0.006
119 S 0.765 0.015 0.060 2.694 10.679 16.706 —0.003
125 T 0.218 0.651 —0.514 8.191 17.266 0.076 6.9
135 T 0.181 0.046 —9.197 13.231 18.799 —0.0006
142 S 0.618 0.078 0.624 8.957 11.437 0.004
143 S 0.852 0.738 0.200 9.254 11.474 13.181 —0.006
145 T 0.801 0.533 0.115 8.192 9.81 11.48 —0.004
148 S 0.868 0.969 0.269 8.512 10.966 17.514 —0.003
150 T 0.453 0.011 —8.715 9.414 21.638 —0.01
153 T 0.15 0.965 1.633 8.142 16.68 —0.005
161 T 0.085 0.034 —0.462 9.827 10.718 0.001
174 S 0.071 0.345 —0.247 9.96 12.326 —0.003
184 T 0.19 0.029 —1.496 9.484 18.932 —0.002
188 S 0.419 0.761 1.337 9.535 15.957 —5x107°
189 T 0.274 0.017 —0.11 10.076 14.042 —0.005
195 T 0.604 0.319 2.064 12.121 16.446 0.002
197 S 0.844 0.955 0.164 8.785 8.309 10.679 0.009
199 T 0.704 0.065 0.115 9.258 8.523 19.458 —0.005
202 S 0.443 0.462 —0.605 7.973 20.303 —0.004
204 T 0.324 0.026 —0.878 7.14 16.691 —0.005
207 T 0.352 0.032 3.855 4.472 12.392 0.001
208 S 0.556 0.402 1.775 6.28 13.987 —0.001
213 T 0.548 0.925 1.563 10.161 19.738 —0.002
214 S 0.769 0.991 1.061 7.396 22.746 —0.006
218 S 0.511 0.791 0.064 2.769 9.741 12.781 —0.004
219 T 0.843 0.993 0.349 11.135 9.653 14.1 —0.0009
223 S 0.351 0.904 4.007 6.523 14.343 0.014
230 S 0.488 0.066 1.033 11.075 15.71 0.00007
232 T 0.209 0.019 0.94 9.262 22.191 —0.007
234 S 0.201 0.032 0.184 7.122 24.723 0.003
235 S 0.461 0.583 1.176 11.968 17.255 —0.004
239 T 0.806 0.37 0.244 8.387 6.743 12.933 —0.0001
250 T 0.157 0.917 0.791 8.734 7.359 —0.006
253 S 0.252 0.091 2.529 5.797 11.801 0.001
255 S 0.237 0.976 3.241 7.707 15.585 0.001
263 S 0.896 0.972 0.238 8.295 8.982 12.301 0.004
269 S 0.894 0.993 0.189 8.659 10.887 14.224 0.069 3.76
275 S 0.897 0.973 0.321 12.397 15.046 7.126 —0.005
291 S 0.655 0.016 0.344 9.958 6.468 0.0003
292 T 0.86 0.594 0.173 8.453 8.977 12.025 —0.006
294 T 0.505 0.225 2.731 5.463 10.342 0.001
296 S 0.67 0.984 0.553 2.297 11.397 0.004
298 T 0.245 0.02 0.993 9.707 9.772 0.003
300 S 0.591 0.959 0.627 10.27 8.313 0.009
302 S 0.743 0.992 2.817 12.107 13.166 —0.002
306 S 0.897 0.997 0.224 8.143 10.454 14.638 0.069 4.4
311 S 0.715 0.053 1.517 7.63 13.221 —0.002
312 S 0.89 0.986 0.189 8.161 8.534 8.933 —0.005
314 S 0.884 0.548 0.195 9.492 9.852 12.525 —0.005
323 S 0.353 0.004 0.171 11.366 7.504 0.016 5.37
330 S 0.547 0.317 3.182 11.012 8.342 —0.002 3.52
336 S 0.386 0.996 0.022 6.926 13.655 0.078 4.2
343 T 0.158 0.364 1.46 11.945 10.862 0.013
350 S 0.145 0.661 0.399 6.472 12.759 0.002
357 S 0.189 0.489 —0.967 8.922 9.832 0.002
373 S 0.587 0.659 0.041 1.688 6.413 18.952 —0.004
400 S 0.341 0.508 —10.958 10.824 14.219 —0.0007
406 T 0.167 0.052 —0.111 11.488 16.653 —0.003
411 S 0.167 0.943 1.271 8.329 13.127 0.003
412 T 0.558 0.549 0.223 8.216 10.02 11.45 0.0003
420 S 0.801 0.993 2.155 9.964 6.956 0.003
421 S 0.889 0.993 0.145 8.11 10.315 14.141 0.0006
424 T 0.879 0.571 0.202 7.183 10.033 13.73 —0.009
426 S 0.67 0.74 —0.756 7.096 14.406 0.004
434 T 0.19 0.031 0.361 8.785 22.989 0.006



residue

type MusiteDeep NetPhos 3.1. NetPhorest GPS GPS GPS GPS PPSP

unsp. unsp. CDK1 CDK1 PLK1 MPS1 Aurora B Aurora B

446 S 0.753 0.992 0.239 4.213 9.92 10.329 —0.003

452 S 0.819 0.997 —2.1 7.767 11.782 0.028 4.56
458 S 0.874 0.993 —0.046 10.955 14.388 0.002

476 S 0.637 0.86 2.222 6.433 11.546 0.001

478 T 0.857 0.94 0.256 7.697 10.591 20.968 0.002

480 S 0.758 0.848 0.554 9.702 9.469 0.005

481 S 0.876 0.992 0.278 9.725 9.394 13.177 —0.003

486 S 0.279 0.062 0.931 7.242 12.691 0.0005

494 T 0.099 0.053 2.125 8.589 12.607 0.006

498 T 0.122 0.008 2.286 8.793 8.428 0.004

507 T 0.783 0.512 0.157 8.639 9.815 17.62 —0.0003

509 T 0.307 0.164 0.317 6.314 7.425 0.007

510 S 0.668 0.42 2.74 8.03 15.291 —0.005

514 S 0.422 0.987 2.346 9.215 8.656 —0.0008

518 S 0.381 0.08 0.072 3.365 11.279 14.141 0.003

524 T 0.809 0.826 0.290 11.453 9.927 15.254 0.072 3.45

Tab. B.3.: Prediction scores of phosphorylation sites in INCENP with different prediction tools:

Fig. B.2.:

Musite Deep (D. Wang et al., 2020), NetPhos 3.1. (Blom et al., 1999); NetPhorest
(Horn et al., 2014); GPS (C. Wang et al., 2020); PPSP (Xue et al., 2006). Data
generated by Marius Hedtfeld, Adel Iusupov and Andrea Mussachhio (MPI of Molecular
Physiology, Dortmund).
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NetPhos 3.1. (Blom et al., 1999); NetPhorest (Horn et al., 2014); GPS (C. Wang et al.,
2020); PPSP (Xue et al., 2006); see also Table B.3) in relation to the P-levels used in
this work. Thresholds to determine a residue as phosphorylated are described in the
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Molecular Physiology, Dortmund).
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Fig. B.4.:
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was provided by Dr. Camilo Aponte-Santamaria.
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