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“What a good way to begin a science course! Take apart the toy; see how it works. See the
cleverness of the gears, see the ratchets. Learn something about the toy, the way the toy is put

together, the ingenuity of people devising the ratchets and other things.’

RICHARD FEYNMAN
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ABSTRACT. The complex mechanical properties of a living cell are not only a function
of'its structural components but also of the organizational super-structure and the dynamic
interconnection of filaments, proteins and the plasma membrane. Especially, the F-actin
cortex plays a central role in cell adhesion, migration, division, growth and differentiation.
Abnormalities in these essential cellular processes are tightly connected to diseases such
as cancer and malaria. It is thus of pivotal interest to study the determinants of cellular
mechanics.

The main part of this thesis is dedicated to the investigation of a minimal cortex model of
the F-actin cortex. A pre-polymerized network of semi-flexible F-actin polymers is
attached to a lipid bilayer by the physiological cross-linker ezrin. A pseudo-
phosphorylated mutant of ezrin, T567D, is used to study the impact of transient membrane
linkage on the frequency dependent viscoelastic properties. Here, passive as well as active
microrheological measurements are established on these thin composite materials and
frequency spectra ranging from 103-10? Hz are measured. In an intermediate frequency
regime (102-10' Hz) the elastic properties dominate the force response of the model
system. The stiffness of the system is dominated by the mesh size of the self-organized
model cortex, which is in turn a function of the availability of pinning-points in the
membrane. These findings suggest the formation of an affine network. The low frequency
regime (10-10"2 Hz) of the shear modulus is dominated by the transient binding kinetic
of the membrane cross-link ezrin. An apparent unbinding rate constant is determined from
the microrheological data and the transient nature of the membrane attachment is
supported by a low energy barrier for the unbinding. For the high frequency regime (10'-
10% Hz) deviations from the typically found power law scaling of % are observed and
discussed in the context of increased inertia upon F-actin attachment to a solid supported
model membrane. The minimal actin cortex model is compared to entangled networks of
the semi-dilute F-actin filament as well as F-actin membrane composites isolated from
the apical cortex of living cells by the sandwich cleavage method.

In the second part of this thesis, the focus is set on mechanotransduction and rigidity
sensing in epithelial monolayers. Cell mechanics in response to surface elasticity are
studied by active atomic force microscopy based microrheology and interpreted in terms
of (active) soft glassy rheology. Epithelial cells from the kidney (MDCK II) and
mammary gland (MCF-10A) are studied as a function of substrate -elasticity
(E=1-100 kPa). Cells cultured on soft substrates (1 kPa) exhibit similar frequency
dependent viscoelastic properties as cells, which are F-actin depleted by latrunculin A.
Both cell lines behave stiffer when cultured on surfaces of higher elasticity. Above a
certain threshold of substrate stiffness no further changes can be observed upon increase
in surface stiffness. This final cortical stiffness can only be increased for a short time by
the F-actin reinforcing drug jasplakinolide. Additionally, the impact of cell size on the
frequency dependent viscoelastic properties is elucidated.

Altogether, the essential contribution of the membrane linkage to the viscoelastic
properties of the F-actin cortex is shown in a minimal model system and the importance
of extracellular mechanical cues, such as substrate elasticity, on the organization and
mechanics of the F-actin cytoskeleton in living cells is emphasized.
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Introduction

1. Introduction

From a physics perspective, living cells are one of the most complex materials. It is astonishing,
how a cell can be motile and maintain structural integrity at the same time. Key to these
extraordinary properties is the dynamic reorganization of the load bearing cytoskeleton.! The
cytoskeleton is a hierarchicall organized structure of different filaments within the cell, which
defines cellular shape and is crucial to many cellular functions such as adhesion, migration,
division, growth and differentiation. Additionally, many disease patterns and cellular functions are
accompanied by F-actin cytoskeleton reorganization and mechanical alterations on a cellular level.
This relation has already been shown in cancer®* and infectious diseases such as malaria>® among
others. High-throughput mechanical measurements on living cells in suspension recently made it
possible to measure the mechanical fingerprint of diseases and primary stem cells on large scales. !
This mechanical phenotyping developed by Guck, Kis and coworkers emphasizes the role of
biophysical properties in many different diseases and enables the clinical application of mechanical
measurements as a diagnostic tool.!! The increasing interest in cellular mechanics highlights
likewise the importance to understand the interconnections between biochemical alterations in cells
and the resulting mechanical properties. Among these cytoskeletal filaments, F-actin is the most
resistant to external stresses and thus greatly determines the force response of cells.!? The F-actin
cytoskeleton is spatially organized by cross-linking proteins, so called actin binding proteins. Some
of these proteins cross-link, branch or sever the filaments'®. Active motor proteins like myosin II
generate tension and drive the system far from thermodynamic equilibrium!'#'8, Others like the so
called ERM (ezrin, radixin and moesin) proteins anchor the F-actin cytoskeleton at the plasma
membrane'®. This thin®® (=200 nm) shell-like composite of F-actin filaments attached to the plasma
membrane is called the cellular cortex. Here, short F-actin filaments?! (<2 pm) are highly cross-
linked and form dense meshes?>. This F-actin membrane composite greatly determines the

cytoskeletal tension®**,

While already the F-actin filament** and entangled networks of this semi-flexible biopolymer*>2°

exhibit interesting mechanical properties, the rich viscoelastic properties of the construct of F-actin
and the over one hundred actin binding proteins in the cellular cortex are far from being understood.
Cross-links stiffen the F-actin cytoskeleton, but at the same time the transient nature?'°3 of these
cross-links introduce time scale dependent viscoelastic properties®* 3¢, As a result, transiently cross-
linked networks show either a stiff elastic response or flow like a liquid depending on the
investigated time scale.’”3* The interplay of all cross-links in the cytoskeleton, together with
actomyosin generated tension, determine the bulk mechanical properties of cells as well as cellular
processes like motility and mechanosignaling'***. An exemplary study that provides a link
between cortical mechanotransduction and the actin cytoskeleton, especially membrane cross-links,
myosin II, dynacortin and filamin, has been published by Luo et al.*> Adhered cells transmit
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environmental cues from their environment into the cell. The role of the mechanosensitive
transmembrane proteins integrin and cadherin in integration of mechanical signals into the cell has
been reported and is generally referred to as mechanotransduction.*** Cadherin conveys signals
from neighboring cells, while integrin provides a link to the extracellular membrane and allows the
cell to respond to stimuli from the underlying substrate. The impact of the substrate in cell culture
and the design of implant materials has largely been neglected in the past. Even though the substrate
takes a central stage in the differentiation and motility of cells.***~53 Additionally, the majority of
actomyosin generated tension is counterbalanced by the substrate.’* In the last decade, the role of
chemical as well as mechanical properties of the substrate — density of binding motives, porosity
and elasticity — on the F-actin cytoskeleton and cellular mechanics has become of increasing
interest.>> % Additionally, the role of integrin mediated mechanotransduction in the progression of

cancer has become evident in the last years.> ¢

The cellular cortex and the interplay of different proteins in cellular mechanotransduction and other
signaling processes are complex. Model systems are thus developed to quantitatively probe the
impact of cross-linking proteins, fibrous macromolecules, the plasma membrane and their
interconnections, in order to address questions such as what the molecular origin of the rich
mechanical properties of living cells is. The reduction to minimal model cortices is important to
reveal the impact on viscoelastic behavior of each component involved. Additionally, the
quantitative study of living cells in well controlled environments enables conclusions about higher
hierarchical structures such as force transmission in cellular layers and tissues. Both,

bottom-up®¢7 as well as top-down?-63-70

34,36-38,71-73 65,66,74,75

approaches, have been useful means to study the complex

linear and non-linear viscoelastic properties of living cells. These material
properties of living cells and in vitro constituted model systems are commonly probed by
microrheology because only small sample volumes are needed and broader frequency regimes can
be probed than in convential rheometers. In general, the viscoelastic response behavior to a
deformation at different frequencies can either be probed by thermally excited fluctuations of tracer
particles® (passive) or by application of external forces (active). The latter is often achieved by
oscillatory shear measurements. A broad variety of experimental setups can be used for this kind of

65,66 76,77 to

measurements ranging from cone and plate rheometers®-®°, over atomic force microscopy

optical'*”® and magnetic*® tweezer based force spectroscopy.

In this doctoral thesis I focus on two main research questions: (1) What is the impact of transient
membrane linkage via ezrin on the frequency dependent viscoelastic properties of F-actin
networks? (2) How is the viscoelasticity of epithelial monolayers altered by substrate elasticity? To
answer these questions tunable model systems are envisioned (Figure 1) ranging from bottom up to
top down approaches. The impact of transient membrane attachment of F-actin networks via the
physiological cross-linker ezrin to the frequency dependent viscoelastic properties of F-actin
networks is studied in a bottom up minimal cortex model system (5.1.2). Passive video particle
tracking microrheology as well as optical tweezer based passive and active microrheology will be
used to study the linear viscoelastic properties of these composite materials. In addition, the self-
organization of the F-actin membrane composite as well as important network parameters will be
studied with the use of imaging techniques such as confocal laser scanning microscopy and atomic
force microscopy. Microrheological measurements will also be performed on apical cellular
membrane patches (5.1.3), which are isolated from epithelial cells via the sandwich cleavage
method in order to bridge the gap between model systems and living cells (5.2). Second, the impact
of substrate elasticity on the viscoelastic properties of epithelial monolayers is investigated.
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Frequency dependent viscoelastic moduli will be measured via atomic force microscopy based
active microrheology. Relevant viscoelastic parameters obtained by the power law structural
damping model will be reported and interpreted in terms of (active) soft glassy rheology.

Bottom up Top down
(chapter 5.1) (chapter 5.2)

- Coll membrane fragments

Membrane

| Support

¢~ Support

entangled F-actin network minimal cortex model apical cellular membrane patch living cell
(5.1.2) (5.1.2) (5.1.3) (5.2)

Figure 1: Scheme of mechanical model systems for cellular viscoelasticity investigated in the context of
the here presented dissertation. Top down approaches: 3D entangled F-actin networks and 2D F-actin
networks transiently cross-linked to a solid supported membrane via the physiological cross-link ezrin. Top
down approaches: functional apical membrane patches from epithelial cell cortices and living cells.
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2.  Theory

2.1. Soft Condensed Matter

Many materials belonging to condensed matter fall into the classical classes of fluids or solids.
However, there is a class of materials which cannot fully be attributed to either of them. It was
Pierre-Gilles de Gennes who coined the term "soft condensed matter" for this class of materials in
his Nobel Price lecture 1991.7° Soft matter comprises a large class of complex materials such as
foams, colloidal grains, surfactants, liquid crystals and polymers. While solids like steel can be
described by the elastic modulus with moduli on the order of GPa, soft condensed matter exhibits
elastic moduli of about ten to thirteen orders of magnitude lower. Additionally, these materials often
display rich viscoelastic behavior depending on the time scales probed.* Practically all biological
material is "soft" and has been studied in the past years in the context of soft matter. Interesting
examples are lipid membranes, micelles and wormlike micellar solutions®' 3, biopolymers and
networks like DNA, neurofilaments, spider silk®, mucus® as well as scleroproteins'? like collagen®

12,29

and actin'>?’ among other hydrogels®’. But also more complex systems of higher order like single

1538 " cell monolayers® and whole biological tissues exhibit interesting mechanical properties.

cells
Even the swimming behavior of nematodes like C. elegans has been interpreted in terms of soft
matter.® Here 1 am interested in the F-actin cytoskeleton a scleroprotein within the cortex of
eukaryotic cells. While already the networks of the semi-flexible biopolymer F-actin exhibit
complex mechanical properties, the rich viscoelastic properties of the construct of F-actin and the
over 100 actin binding proteins in the cellular cortex is far from being understood. To discuss these
complex mechanical properties and their biological implications, knowledge of basic rheology is

necessary, which will be introduced in the next chapters.

2.2. Viscoelasticity and Rheology

2.2.1. Basic Definitions
Rheology is the study of deformation and flow of materials in response to applied stress. A detailed

overview over mechanics and rheology can be found in many textbooks.”* >

2.2.1.1. Elastic Solid

Elasticity is the characteristic of a material to return to its original shape after being deformed by
an external force. There are several ways to probe the deformability of elastic bodies: isotropic
lateral deformation, bending and shearing. For experiments performed within this thesis shearing is
the dominant deformation. Stress and strain in a material are tensors. However, I am interested in
the uniaxial stress strain relationship, this is why only simplified equations are shown.
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A force F that is acting on a wire with a cross section A is causing a stress ¢ (o0 = F/A). The
material response in form of relative elongation is the strain € (¢ = Al/l). In elastic materials stress
and strain are connected by a materials characteristic value, the elastic modulus E:

oc=E-¢ (D)
This equation is equivalent to Hooke's law. When the material is stretched in one direction it will
contract in the orthogonal direction. The ratio of stretching in one direction Al/l; and the

contraction in the orthogonal direction Ad/d,, is called Poisson ratio v

= _Adl
- Al-d (2)

With the help of the Poisson's ratio the elastic modulus can be easily transformed into the shear
modulus G.”

_ E
G= 2:(1+v) 3)

Most biological material is largely incompressible since a great percentage is water and water is

nearly incompressible at forces generally exerted in biology. Thus, for cells and F-actin networks a
Poisson's ratio of 0.5 is assumed.

2.2.1.2. Viscous Fluid
The simplest case of a viscous fluid is a Newtonian fluid like water, which can be fully characterized
by one characteristic material value, the viscosity 7. In these fluids the stress under laminar flow
conditions is proportional to the shear rate &:

o=1n-& 4)
Another helpful quantity to describe Newtonian fluids is the mass diffusivity D, which is connected
to the viscosity by the Stokes-Einstein equation. For a spherical particle the diffusion in a

Newtonian fluid is described by the Stokes-Einstein equation as follows:

_ kT
~emnr’ ®)]

where kg is the Boltzmann constant, T the temperature and r the radius of the particle.

2.2.1.3. Linear Viscoelasticity
Many other materials like polymers and cells show a so-called viscoelastic behavior. Here, the
material shows both elastic and viscous properties. Time dependent dissipation of elastically stored
energy is a key property of viscoelastic materials. This characteristic appears in stress-strain curves
as a hysteresis between extension and retraction. In step experiments with constant strain, a stress
relaxation and in step experiments with constant stress an increase of strain with time, called creep,
can be observed. For example, the stress and the shear modulus for a stress relaxation following a
strain step d¢ in the linear viscoelastic regime are time dependent functions:

o(t) =G(t)- S¢. (6)
This equation is only true for small strain steps, typically 6 < 0.05. For larger strains the shear
modulus and the shear stress are dependent on the strain and materials might be either shear thinning
or shear thickening. At very large strains plastic deformation can be reached.
According to the Boltzmann Superposition Principle, the stress that results for multiple strain steps
d¢; at time points t; is simply additive:

O'(t) = ?’:1 G(t - ti) . 68i (7)
Or written as integral over all past times t':
o(t) = f_too G(t—t")-&(t)Hdt'. (8)

Equation (8) is a commonly used description for viscoelastic behavior and will be used in the
following in respective equation of motions.
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Most commonly, the viscoelastic behavior of a material is quantified by the shear modulus. The
shear modulus in a viscoelastic medium is a complex number G* with a real part G’ reflecting the
elastic contribution, the so called storage modulus, and an imaginary part G'’, reflecting the viscous
dissipation in the medium, called loss modulus. The storage and loss modulus are not independent:
G"'=G +iG" 9)
The loss tangent, which is the ratio of loss to storage modulus, is another important measure in
rheology. If the loss tangent § = G''/G' > 1 the medium behaves more like a viscous fluid, while
for § < 1 the elastic part dominates and the medium resembles an elastic solid.

The two simplest and most prominent models for linear viscoelastic materials are the Maxwell
model and the Kelvin-Voigt model. A simple way to visualize these models is to use mechanical
equivalent circuits. The elastic contribution is modeled with a Hooke's spring with an elastic
modulus E and the viscous contribution with a dashpot of viscosity 7. The Maxwell model is
essentially a serial combination of the two elements (Figure 2 A), whereas in the Kelvin-Voigt
model the two elements are in parallel (Figure 2 B). While the Kelvin-Voigt model captures the
high frequency creep recovery of networks of semi flexible polymers better, the Maxwell model is
able to describe the stress relaxation of elastically stored energy at low frequencies. Combinations
of both are able to approximately capture the essential mechanical properties of F-actin networks.
In the case of the equivalent circuit pictured in Figure 2 C the series connection within the parallel-
series connection determines the short response time of the system, whereas the second spring
determines the plateau region and the second dashpot represents viscous dissipation to the shear
modulus at long times. However, these models are not well suited to model the weak power law
rheology that living cells exhibit, since large numbers of elements are necessary. For this purpose,
other descriptions as described in chapter 3.3.2 are commonly used.

Alo“ . B 10° clo“ q
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Figure 2: Equivalent circuits and shear modulus of viscoelastic models. A: Maxwell model. B: Kelvin-Voigt
model. C: A more elaborate model capturing most of the rheological properties of F-actin networks. Solid lines:
Storage modulus. Dotted lines: loss modulus.

2.2.2. Rheometry and Rheology

To test the viscoelastic properties of materials many experiments have been developed. As
mentioned above, creep and stress relaxation experiments as well as experiments in which the
hysteresis of a stress strain curve is probed can be performed. Additionally, it is common to access
the frequency dependent viscoelastic properties by appling active oszillations to the material and
measuring its response behavior. The setup used for the measurement of rheological properties is
adapted to the conditions of the sample. For large quantities of material and high stiftness bulk
measurements, like drag flow measurements (sliding plate or cone and plate rheometry) or pressure
flow measurements (capillary flow measurements) and falling ball experiments can be used.”**
However, for soft samples with low elastic moduli and especially for samples of only few
microliters microrheology measurements are required. There are two ways to perform
microrheological measurements. Either by active oscillation similar to the bulk measurements or
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by observing the thermally activated motion of a tracer particle in the viscoelastic medium. Active
microrheology measurements can be performed by magnetic tweezers, optical tweezers and atomic
force spectroscopy. Passive measurements can be performed by video particle tracking (single and
multiple particle) as well as with optical tweezer, dynamic light scattering and diffusing wave
spectroscopy. The range of viscoelastic moduli and frequency that can be probed by the methods
used in this study are summarized in Table 1.

Table 1: Overview of microrheology methods and their measuring ranges.

. approximate range of approximate range of
microrheology method viscoelastic moduli / Pa frequency / Hz
video particle tracking 106-10° 10-3-10?
passive MR optical tweezer 106-10! 10-3-10°
active MR optical tweezer 104-10? 10-3-104
active MR atomic force 102-10° 102-10*

spectroscopy

A comprehensive comparison of the micro-and macrorheological properties of isotropically cross-
linked F-actin networks was published by Luan, Bausch and co-workers.” In their study they show
that the frequency dependent properties are essentially captured in both methods. However, some
deviations occurred. The minimum in the loss modulus was shifted towards lower frequencies and
seemed to be more pronounced in microrheological experiments. Other working groups have found

perfect agreement of these techniques in different model systems.”

Within the passive
microrheological measurements it is possible to perform single and multiple particle measurements.
Liu et al®*® showed that results obtained from two-particle measurements correspond better to
macroscopic measurements than one-particle measurements do. Additionally, the authors stated
that two-particle measurements would probe fluctuations on larger length scales (>5 um) whereas
one-point microrheology would probe the direct environment of the tracer particle on the order of
the mesh size. Multiple particle tracking techniques are also used to probe special heterogeneities.”’
Moreover, when particle tracking methods are used, the choice of tracer particles is important. Apart
from tracking the motion of microspheres, single filaments or nanotubes can be used as tracer
particles in order to obtain rheological information about the system.”®” Depending on their size
and geometry different properties of materials can be probed when the viscoelastic response is
length scale dependent. Additionally, the highly adhesive surface properties can alter the measured
viscoelastic response.'?

2.2.2.1. Microrheology Methods

2.2.2.1.1. Active Microrheology

Equivalently to the classical bulk rheometrical measurements small amplitude oscillatory stresses
or strains can be applied in microrheology to probe the rheological properties of viscoelastic
samples. When a viscoelastic material is deformed by an oscillatory strain with the frequency w
and an amplitude of &y, the resulting stress will be shifted in phase ¢ (w) in respect to strain and the
stress amplitude oy will be damped in respect to the strain amplitude. Amplitude damping and phase
shift are the two observables in active microrheology. Based on the equation of motion of a probe

in the viscoelastic medium, the frequency dependency of the stress and strain can be written as:
* glw) _ oo, .

G (w) x @) % exp(z (p(a))), (10)
where 6(w) and €(w) are the Fourier transforms of stress and strain at w respectively. An ideal
Newtonian fluid will give a phase shift of 90° whereas a fully elastic body will exhibit a phase shift
of 0°. Viscoelastic materials show phase shifts between 0° and 90°. The specific analysis for each

active microrheological experiment depends on the method and can be derived from the equation
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of motion of the testing probe. For the methods used here the resulting specific analysis is shown
in the respective methods chapter (4.1.3.3 and 4.2.7.1).

2.2.2.1.2.Passive Microrheology
In the absence of active motions it is also possible to perform passive microrheological
measurements to assess the microrheological properties of soft biological properties. In contrast to
active microrheological measurements no external strain is applied, but the thermal motion of a
tracer particle embedded in a viscoelastic medium is analyzed. This is possible since in such systems
the fluctuation-dissipation theorem can be applied. It states that in equilibrium the response of a
system to a small external disturbance is the same as the response of the system to a spontaneous
fluctuation. In particular that means that the dissipative response (like friction) is proportional to
spontaneous fluctuations:

2-kgT - C() - 6(t —t") = (fr(0)fr(D)) (11)
where kgT is the thermal energy, §(t —t') an infinitesimal time lag, {(t) the time dependent
memory function or friction coefficient of the material and (fg(0)fr(t)) the autocorrelation of a
fluctuating force that counteracts the viscous dissipation.

The measuring principle of passive methods is quite easy, the motion of a tracer particle is recorded
and tracked. This trajectory of a bead can be transformed into the mean squared displacement, a
helpful quantity, which enables the analysis of the bead motion. One result from Einstein's theory
is that the mean squared displacement MSD or (sz (T)) of a bead in a Newtonian fluid is
proportional to the time lag 7. Generalized for other materials this gives:

(Ax? (1))=2-N-D-19%, (12)
where N is the dimensionality and D the diffusion coefficient. When the mean squared displacement
follows a power law @ = 1 then the particle diffuses normally. When @ < 1 the motion of the
particle is hindered and the type of diffusion is called sub-diffusion, whereas ¢ > 1 refers to super-
diffusion.

According to the equipartition theorem, the mean squared displacement can be either calculated
from one particle trajectory as a time average:

(Ax? (0) == Bi(xi(t + 1) — () (13)
or from an ensemble of N particles, or both. However, when taking the time average the general
assumption that the physical properties do not evolve with time has to be valid. 7 is the elapsed time
and i the index of the time.

In the context of video particle tracking the generalized Stokes-Einstein equation is used, which is

based on a generalized Langevin equation as follows:'?!:1%2
d? t ~ dx(t! ,
mix = f— [fee— ) g, (14)

The Langevin equation states that the motion of a particle is a sum over all forces acting on a particle
counterbalanced by the inertia force where m is the mass of the particle: the integral term is the
restoring force due to viscoelastic damping of the medium where C is a time dependent memory
function, fr(t) are random forces acting on the particle due to inter-particle and stochastic thermal
Brownian forces. Equation (14) can be related to the velocity autocorrelation applying Laplace
transform and simplifications with the following assumptions: (i) the stochastic thermal force is
uncorrelated with the velocity of probe, (ii) the equipartition theorem m - (v2(0)) = N - kgT
applies and (iii) the assumption that inertia can be neglected for the investigated frequency regime
E(s) > m- s, giving:
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(9() v(0)) = 55 (15)

s represents the frequency parameter in the Laplace domain (s = iw in Fourier domain). Based on
this velocity correlation, which dependents on the time dependent memory function £(s), the mean
squared displacement (A%2(s)) can be expressed as a function of the complex viscosity 7(s) using
the proportional relation of the memory function with the complex viscosity 7(s).

E(s) = 6mr - 7i(s). (16)
This equation is exact for purely viscous media and a widely accepted assumption for viscoelastic

fluids.'®" This procedure results in the generalized Stokes-Einstein equation:
N-kgT

=2 —
which together with the relation of the complex viscosity and the shear modulus G (s):

G(s) =1i(s) s (18)
gives a relation between the mean squared displacement and the complex shear modulus:

~, N _  NkgT . . ]

G(S) = sz @z OF in Fourier space: (19)

. _ NkpT
G(@) = s e (20)

where N is the number of dimensions, kg is the Boltzmann constant, T the temperature, r the radius

of the tracer particle, and (A)?Z (w)) the Fourier transform of the mean squared displacement.

In principle equation (20) depicts a simple relation between the complex shear modulus and the
observed particle trajectory, however the evaluation of the Fourier transforms is non-trivial due to
the finite set of data points recorded during the measurement and due to the non-convergence of the
Fourier integral. Different methods have been proposed to circumvent artefacts arising from this

obstacle.!0378

Fit to Mean Squared Displacement after Mason et a/. and Dasgupta et al.

For the video particle tracking based passive microrheology measurements (chapter 5.1.2) 1

calculate the viscoelastic moduli, the complex shear modulus G*(w), the storage modulus G'(w)

and the loss modulus G"' (w), using an alternative form of the generalized Stokes-Einstein equation

derived by Dasgupta et al.!®, which is a modification of a method introduced by Mason et al.:'*
6'(0) = s =t 1)

3nr-F[1+a(w)][1+@] (Ax2(1/w)) (Ax2(1/w))

G'(w) =G6G"(w) {1+Bl’(w)} * cos [mz(w) —B'(w)a'(w) G — 1)]: G*(w)'B (22)

6"(@) = G (@) {5} - sin [ g -a@l(Z-1)]6w:-c @3

2 2

a and p are the 1% and 2™ order log-time derivative of a local polynomial fit function to the mean
squared displacement vs. time lags, «' and /8" are the 1% and 2™ order log-time derivative of a local
polynomial fit function to the shear modulus G*(w) vs. frequency. Truncation errors by the Fourier
transform are avoided by using the local power law, in form of the local first log-time derivative,
of the mean squared displacement to describe the curve progression of the shear modulus. The
additional dependency on the second derivative was introduced based on empirical observations'®,
in order to accomplish more reliable shear moduli in highly curved regions. While this method
works well and has been widely used'%-1%

be smoothed for this procedure.

it masks experimental uncertainty since the data has to
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Direct Conversion of the Compliance after Evans et al.

A method that avoids fitting and smoothing procedures to obtain the viscoelastic moduli from the
mean squared displacement has been reported by Evans e al.!” They use a direct conversion
method of the creep compliance (J(t) = 1/G(t)) into the Fourier domain. In their method they use
the observation that for most materials the compliance approaches linear behavior at long times
(steady state viscosity). Thus, its second derivative vanishes for long times and they were able to
find a convergent Fourier integral. They refrained from fitting the data, instead they use a piecewise
linear function to describe the data:

iw . . .  J1-J)] | exp(-iwty)
) = iw](0) + (1 — exp(—iwty)) e

+ k=2 (%) (exp(—iwte_1) — exp(—iwty))

-1

24

The steady state viscosity n and the compliance at time zero J(0) can be obtained from a plot of the
compliance versus time. This is a general method and has been applied on microrheological and
bulk rheology data, here it is used on data obtained from video particle tracking and optical tweezer
based microrheology (5.1.2.7).
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2.3. F-Actin as a Semi-Flexible Polymer Network

In the following, the most important predictions from polymer theory for mechanical properties of
networks of semi-flexible polymers, like the here investigated F-actin, are briefly summarized.
Already the single F-actin filament exhibits interesting mechanical features. A discussion of the
force extension behavior of the F-actin filament is provided by De La Cruz et al..?* Full descriptions

of F-actin polymer networks can be found elsewhere.>*108-112

Polymers can be categorized in stiff or flexible by their end-to-end distance, which is related to the
persistence length [,. F-actin is a semi-flexible filament. Semi-flexible filaments behave neither
like stiff rods (microtubules) nor like flexible polymers (intermediate filaments). In several single
filament assays, the persistence length of F-actin has been determined to be about

15.6-17.7 um.''3-115 It can be expressed in terms of bending modulus kg:
KB

b= s (25)
The persistence length is the average length over which the angular correlation is lost. At length
scales below the persistence length, the polymer is stiff like a rod. At length scales much longer
than the persistence length the polymer is flexible. This length scale dependency of bending
stiffness is also important in compressional situations of F-actin filaments, which is usually
considered as negligible since the force needed for Euler buckling Fg is anti-proportional to the
second power of the length of a filament [:

2,
Fg = =32 (26)

1.2

For a typical in vitro length of an actin filament (=20 um) the buckling force would be about

0.001 pN, however, for short filaments this enthalpic contribution might also play a significant role
(=0.4 pN).””!1¢ In biological processes, for example when the leading edge of a migrating cell needs
to be pushed forward by actin filaments, the network is highly branched and consists of short
filaments. This might be a necessity to enhance bending rigidity. Networks of F-actin, however,
display a great variety of mechanical properties not only depending on single filament mechanics
but rather network morphology. Viscoelasticity in melts is often described as a function of molar
mass. In hydrogels such as F-actin, it is convenient to use concentration or density of filaments p
and contour length [.. for the description of network properties. Depending on these two parameters
different phases can form (see Figure 3).

A B
loosely entangled
k or sol ly‘l'lol'l &
= 12 |sotrop|ca||v
% [ It A entangled
2 anisotropic phase
A e.g. liquid crystalline

10 100 10 20

log(c (actin)) / pM L/ pm

Figure 3: Phase diagrams of entangled F-actin filaments. A: Dependency of the stiffness (Gy) on the
concentration of G-actin. Isotropically entangled F-actin networks can be obtained at concentrations in the range
of 5-50 uM G-actin (green). Below a concentration of 5 M, solutions of polymers or loosely entangled networks
are formed (blue). At higher concentrations anisotropic phases are forming (red). B: Stiffness (G,) as a function
of filament contour length, illustrating the phase transition from loosely entangled filaments to isotropically
entangled filaments dependent on the filament contour length. Adapted from Palmer et al.!'” and Hinner et al.?8.

Below a certain filament density or average contour length no network will form (blue area:
solution). In an intermediate regime, loosely entangled networks are formed, crossing the line from

solvated polymers to loosely entangled networks. In in vitro experiments, stable networks under a
concentration of 5 pM cannot be achieved. Only at higher density and higher polymer length
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sterically entangled networks will form. Within the entangled phase F-actin can be isotropically
disordered (green area: isotropically entangled) or anisotropically ordered (red area: anisotropic
phase) at higher concentrations.!!® Palmer et al.'!” and others'"” found a transition from the isotropic
to a possible ordered crystalline phase at about 48-64 uM, associated with a change in network
mechanics (see Figure 3 A).

In this study I am interested in semi-dilute actin networks in the isotropically disordered phase
(green range in Figure 3). In this phase, actin is sterically entangled since the average contour length
l. = 20 um of a typical actin filament is longer than the average mesh size ¢ = 500 nm (see Figure
4 A). The length distribution of in vitro polymerized F-actin filaments ranges from a few
micrometers to around 50 um with the most probable length around 12-30 um.?*!?° The schematic
drawing of an isotropically entangled polymer network (Figure 4 A) illustrates the most important
parameters and conceptual ideas in polymer theory. Filaments of a contour length [. and a diameter
of d form an entangled mesh with mesh sizes of ¢. The average distance between two entanglement
points is called entanglement length [,. The steric hindrance originating in the proximity of other
filaments leads to a confinement of the filament to a space between the entanglement positions,
which is described as a tube (according to the tube model from de Gennes and Doi Edwards) in
which the filament is able to move (Figure 4 A inset). This tube and the entanglement positions
greatly determine the elastic properties. On intermediate time scales these entanglement points act
similar to a cross-link since the polymer cannot relax from its original position fast enough, hence
the system responds rather elastically. The mechanical properties of the network in the entangled
regime are entropic in nature since, via the topological constraints of the filaments, the degrees of
freedom in the conformation of the filaments is reduced. Essential dynamics of the polymer that
contribute to the frequency dependent viscoelastic properties are bending movements and so called
reptation (Figure 4 A red indications). Reptation is the long-time diffusion of the polymer along the
previously described tube, which leads to relaxation of internal stresses.

A reptatior'i\ B

y network property length scale
bending‘—;\‘\\"ei"_,/‘ &i@ tube diameter, d 400 nm
——— d mesh size, & 600 nm

entanglement length, [, 1 um
persistence length, [, 17 pm
contour length, [, 30 pm

\‘"\\“!c—’/“-__-_

Figure 4: Schematic drawing of an entangled network (A) and respective length scales (B) of F-actin
networks. A: Green lines: Polymer contours. Most important parameters describing the polymer network are
indicated. &: Average distance between filaments = mesh size. lo: Average length between to entanglements =
entanglement length. [.: Average length of a polymer along its contour = contour length. [,,: Persistence length.
d: diameter of the filament. Inset displays also the tube which is formed by the entanglements. The two basic
movements of a polymer in a tube are indicated in red: high frequency bending movements and long time
diffusion along tube (reptation). B: Important length scales in F-actin networks after Isambert and Maggs.'?!
With the exception of the filament diameter all mentioned network parameters are averages for the
broad distribution of polymer length, mesh size and entanglement length in a network. For
mechanical experiments it is thus preferable to work under isotropic conditions, hence in the
concentration regime between 5-50 uM, to reduce inhomogeniety. In this concentration regime the
contour length of the filament is much larger than any other length scale in the system, followed by

the persistence length. Both are much longer than the mesh size or the entanglement length.
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Isambert and Maggs'?!, who gave the first description of semi-flexible polymers, reported the
approximate length scales shown in Figure 4 B for the description of networks of F-actin.

As described above, network topography and its mechanical properties are strongly associated with
each other. In the following, the most important predictions from polymer theory about the scaling
of the shear modulus of semi-flexible filament networks are reviewed. Extensive descriptions of
semi-flexible polymer theory describing the scaling behavior in a broad frequency regime were
developed by Morse as well as Gittes and MacKinthosh in 1998110111122 [n general it is argued that
the elastic response of isotropically entangled F-actin networks to an applied strain arises from the
stretching of F-actin filaments, which can be considered as an entropic spring. Figure 5 shows
exemplary frequency dependent viscoelastic properties of semi-flexible biopolymer networks such
as F-actin, notably the storage and the loss modulus. It is convenient to distinguish three different
frequency regimes in the viscoelastic behavior of purely entangled networks. The high frequency
regime, which is dominated by the bending fluctuations of the filaments (I: green area). The plateau
region which is dominated by filament entanglement (II: blue region) and the low frequency/long
time translational diffusion of filaments (III: yellow area). These frequency regimes are explained
in more detail in the following sections.

10 -{reptation entanglement bending

.storage modulus
. loss modulus
T

T T T T T
102 100 10° 100 1 10 10t
frequency / Hz

Figure 5: Schematic illustration of the frequency dependent viscoelastic properties of F-actin networks.
Red line: Storage modulus G’. Blue line: Loss modulus G"”. I: High frequency bending modes. II: Plateau
regime, which is dominated by entanglements. III: Low frequency regime, reptation movement of filaments.

I. High frequency scaling: single filament relaxation modes

Above a certain frequency or below a certain time 7., the shear modulus of networks of
semiflexible polymers is dominated by the bending modes of single filaments. This entanglement
time is greatly dependent on the entanglement length since it is the largest possible length scale of
transversal fluctuations:

le4-4n'-1] 4
Tent = earin(3) « L (27)

The expression (41 - 1) /In(&/d) is the transverse friction coefficient of the polymers with & the
mesh size, d the filament diameter and 7 the solvent viscosity. Below this entanglement time or
above this entanglement frequency the storage and loss modulus show a characteristic ¥ scaling
with increasing frequency (see Figure 5; I. green area). This unique % power law scaling has been
observed for F-actin in many experiments®”!'7:123124 This frequency scaling arises from single
filament bending motions. In general, upon shear strain, filaments in different parts in the network
are extended or compressed. On single filament level, tension leads to a reduction of chain
conformations. Due to the surrounding solvent, the undulations of the polymer within the tube are
able to relax in a time dependent manner. To illustrate this time dependency we picture small
deformation oscillations. The force response to these small deformation oscillations of filaments is
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stiff on timescales where the bending modes are not able to relax since the filament is not able to
extend. The higher the frequency, the higher the modulus since only short wavelength undulation
modes are able to relax on the respective time scale and can thus contribute to extensibility. With
higher frequency less bending modes can equilibrate and thus the system reacts stiffer. Hence, the
high frequency scaling of the shear modulus is frequency dependent. After Morse'!! the shear
modulus G*(w) well above the entanglement 7, is given by:

2i-4w 1.3 3/4
lim G (w) = —~<BL -<‘ “1p w) . (28)

(1)>>Tent_1 15 lp-fz kBTln(E)

I1. Plateau region: elastic behavior due to filament entanglement

Large amplitude bending fluctuations, which would also contribute to the previously described
frequency regime, are prohibited due to the restriction of the filament to its tube. Entanglements of
the polymer dominate a wide range of frequencies (see Figure 5: 10'-10' Hz), as described above
entanglements act similar to cross-links on these time scales and the system reacts mostly elastically
to external deformation. The loss tangent is smaller than one (G''/G' < 1), which means that the
elastic properties of the material dominate and it behaves rather like an elastic solid. A measure of
the stiffness of the system is the plateau modulus G, which is the storage modulus measured in the
intermediate frequency regime at the frequency, where the loss modulus exhibits a minimum.

121 111

Isambert and Maggs'“' as well as Morse''' predict a reciprocal scaling behavior of the plateau

modulus with the volume of a mesh, which is in agreement with the result from flexible chains:

A better approximation''® would be I, ~ £3/4- lpl/ > Janmey and coworkers?’ and Gittes and
MacKintosh!'?> however propose a reciprocal scaling behavior of the plateau modulus with the fifth
power of the mesh size:

6-kgT1,2 1
Gy = P o —
07 e T

(30)

Gittes and MacKintosh's description differs especially in the scaling behavior in the plateau region
(equation (31) first term) and in the loss modulus, where an additional term describes the solvent
viscosity (equation (32) last term). Here the plateau region is also dependent on the persistence
length [, and the solvent viscosity of the surrounding medium contributes to the viscous dissipation.

The expressions for the storage and loss modulus are:

3/4
, _ 6kgTlp? | kgTlp? . (m) 8mn 1
G'(w) = 5tz sin (8) —kBT.lp.ln(g) w (31)
and
kgT-lp> 8 3/
" =B 'p | Ty. L . 2
¢"(w) T (8) (kBT-lp-ln(g) w) + wn, (32)

respectively. Another approximate scaling behavior was introduced by Schmidt et al.'*

according
to them the mesh size of isotropically entangled filaments in semi-dilute actin networks depends on
the concentration of G-actin in the polymerization mixture cy[mg - mL™1] as follows:

0.3 pm

$ = eatmgmi =
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II1. Low frequency regime: translational diffusion of filaments

Translational diffusion due to Brownian motion of the polymer along its own contour is called
reptation. The time where the filament is able to diffuse from its original tube is the time where the
networks goes from mostly elastic behavior to a viscous state. In this time scale stresses are able to
relax since the polymer is able to liberate itself from the steric constraints. This disentanglement or
reptation time is mostly dependent on the contour length of the polymer:

3.
e = (@) " (34)

Here the expression (21 - 1) /In(&/d) is the longitudinal friction coefficient, which differs from the
transverse by a factor of two (vide supra). While in theory (equation (34)) the reptation time for an
actin filament of a contour length of 15 pm should be around 130 s, it was experimentally shown
to be rather on the order of 1500 s.”” An overview over reported reptation times from various
techniques is given in Table 2. The shear modulus obtained from video particle tracking microscopy
in entangled F-actin solutions will be discussed in chapter 5.1.2.3.

Table 2: Reported reptation times Ty, for F-actin filaments in entangled networks.

Trep / § source method
over 5000 Palmer et al.''’ diffusi ;
(extrapolated, not observed in data) HHiusing wave spectroscopy
over 1000 Mason et al.?® diffusi
(extrapolated, not observed in data) iffusing wave spectroscopy
1680 Kis et al.”® direct observation
1000 Tempel, Sackmann!?® zero shear viscosity
200 Keller et al.'?¥’ magnetic tweezer
130 Morse!!! theoretical value
65 Sackmann!?® magnetic tweezer
10 Apgar et al.”’ multi-particle tracking
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3. Biological Background

3.1. Introduction to the F-Actin Cytoskeleton

3.1.1. Cellular Architecture and Cell Mechanics

Eukaryotic cells are self-contained structures surrounded by the plasma membrane composed of
different phospholipids mingled with proteins, carbohydrates and cholesterol. Only about half of
the interior of the cell is water in which other cell organelles, like the nucleus, the ribosomes, the
rough endoplasmic reticulum and the mitochondria to name only a few are floating along with many
globular proteins. Additionally, large filaments like microtubules span the cell while others like F-
actin form dense and highly structured networks providing shape and stability to the cell alongside
with structuring its interior building a cytoskeleton for the cell. However, these cytoskeletal
filaments do not only have a mechanical-structural role in the cell but they can also serve as scaffold
for motor proteins which actively transport cargo from one part of the cell to another. Other motor
proteins like myosin II generate tension between filaments driving the system far from thermal
equilibrium. Additionally, hundreds of proteins interconnect and regulate the cytoskeletal proteins
in a dynamic manner. On a biomolecular basis, the viscoelastic properties of living cells originate
from the sum and the interplay of the above mentioned components of the cell and their mechanical
properties. The membrane's major contribution originates in its incompressibility and bending
rigidity. The molecular crowding in the cytosol'*® leads to increased complex viscosity in the cell.
The networks formed by the biopolymers introduce strong length scale dependence of the diffusion
to the mechanical properties since larger protein complexes and organelles are hindered in motion
while small globular proteins can diffuse through the meshes. Additionally, the mechanical
properties of cytoskeletal filaments and their networks dominate the frequency dependent
viscoelastic response. In the context of this thesis the frequency dependent viscoelastic properties
of the cortex of living epithelial cells and artificial model systems is investigated. Hence in the
following focus is solely set on the F-actin cytoskeleton.

3.1.2. F-Actin is Sculpturing Different Cellular Compartments

There are three different types of cytoskeletal filaments, notably F-actin, intermediate filaments and
microtubules. They are found in different locations in the cell and have distinct mechanical
properties. While the rather stiff microtubules (I, > l;) spread from the nuclear region to the cell
periphery, the semi-flexible biopolymer F-actin (I, = [) lines the cortex of the cell and is highly
interconnected with the plasma membrane and the flexible intermediate filaments (I, < [¢) can be
found in between. In an in vitro frequency dependent mechanical analysis Janmey et al.'?> found
that F-actin forms the networks of highest rigidity among the cytoskeletal filaments and shows
strain stiffening already at 10 % strain. A mechanism that prevents large deformations which would
eventually threaten the structural integrity of a cell. F-actin was shown to deform at most about
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20 % under stresses as high as 0.4 Pa before finally rupturing. The occurrence of almost exclusively
F-actin in the shear stress bearing shell of cells together with its strain preventing properties makes
it reasonable to presume that F-actin is the major structural protein contributing to the rheological
properties of a cell and is thus major subject of discussion in cell mechanics. Figure 6 shows a
schematic representation of the F-actin cytoskeleton in a migrating cell and a contact inhibited
polarized cell in a confluent monolayer. Upon adhesion of cells to a surface, focal adhesions and
stress fibers are formed. The former isotropy of the cellular cortex is lost and a highly organized
architecture of F-actin is sculpted with different substructures serving different purposes. Stress-
fibers are large and highly bundled structures cross-linked via myosin, which generate tension
between focal adhesions and to produce a directed motion.!*!3 The leading edge of a cell during
migration, where focal contacts are dynamically formed, consists of lamellipodia and filopodia.
Filopodia are finger-like extensions filled with parallel bundles of F-actin, whereas lamellipodia are
flat protrusion of the cell where the F-actin cytoskeleton is highly branched and dynamically rebuilt.

microvilli
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Figure 6: Overview of the architecture of the F-actin cytoskeleton on the basis of a scheme of a migrating

cell (left) and a polarized epithelial cell in a confluent layer (right). For detailed explanation see text (Figure

partly designed after Blanchoin et al.'?).
The apical F-actin cortex of a cell is a thin shell of a thickness of approximately 200-300 nm lining
the cytosolic side of the plasma membrane.!*!!*> Compared to other compartments of the cell the
F-actin cytoskeleton in the cortex is homogenously cross-linked by bundling, cross-linking and
branching filaments. About 170 actin binding proteins were found in isolated blebs from HeLa cell
cortices among them many cross-linkers, myosin motor proteins and membrane linkers.'** It is thus
a highly contractile structure in the cell, whose tension is maintained via motor proteins. The
resulting mesh sizes in living cells was measured to be roughly 50-200 nm.?* The composition,
thickness and mesh size of cells depends of course on the cell line, stage in cell cycle and other
important factors. Upon contact with neighboring cells, intercellular contacts are formed and
mechanical tension is maintained via the interconnection of the actin cytoskeleton throughout the
cell layer. Alongside with the closure of the intercellular space upon forming cell-cell contacts and
adhesion signaling, the cell develops a polarization leading to a strong differentiation between
apical and basal part of the cell.'** In epithelial monolayers microvilli, membrane protrusions, will
form on the apical part of the cell. Below these membrane protrusions, the highly cross-linked
cortex maintains tension homeostasis. In the case of MDCKII cells a contractile ring forms at the
apical side of the cell layer along with the position of the adherens junctions.'*
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3.1.3. The F-Actin Cytoskeleton on Protein Level

The architecture, dynamics and mechanics of the F-actin cytoskeleton have been covered in recent
reviews.!>13¢ Filamentous actin (F-actin) consists of 42 kDa subunits (=375 amino acids) of
globular actin (G-actin). The G-actin monomer is U-shaped containing 4 subunits and has an ATP
binding cleft between the two levers. The side of the hinge between these subunits is called the
barbed end, the opposite side pointed end. Three isoforms (a-, - and y-isoform) exist, which can
be distinguished by their isoelectric point. In general, the abundance of a-actin is dominant in
muscle cells, whereas - and y- can be found in non-muscle cells. Globular actin concentration in
cells can be as high as several hundreds of micromole per liter. High concentrations are needed to
induce polymerization. The nucleation step, where two to three monomers have to react, is the
energetically least favorable step in the polymerization process. Above a critical concentration of
0.1 uM G-actin elongation occurs at both ends of the F-actin filament but with different rates until
a steady state is reached. Polymerization is favored at the barbed end (about 10 um'-s), the
polymerization at the pointed end is about 10-fold slower. At the same time depolymerization takes
place, which leads to a pseudo movement of the filament, called treadmilling. In the polymerization
process ATP is hydrolyzed and phosphate dissociates. F-actin filament length distribution in in vitro
experiments® showed a substantially broadened distribution to higher contour length with the most
probable contour length being around 12 um. /n vivo length distribution of F-actin is hard to obtain
and strongly depends on the cross-links present in the respective compartment of the cell. In vitro
length distributions are dependent on the buffer conditions, since the general net charge of actin at
neutral pH is negative, thus bivalent ions such as Ca*" and Mg?" increase assembly dynamics in
actin polymerization. Easier to obtain is the cortical mesh size which was shown to be about several
hundreds of nanometers in diameter in fibroblast cells.?> The actin filament is a right handed double
stranded helical biopolymer of a diameter of about 7 nm and a full helical pitch of 72 nm (2.77 nm
rise per subunit).!3”!% These actin filaments in the cell are interconnected by over one hundred

different types of actin binding proteins (ABPs)!3¢140.141

, each serving a specialized function.
Capping and severing proteins, like those from the gelsolin family, decrease the length of F-actin
filaments by capping the barbed end at the filament or severing it into smaller filaments, while at
the same time nucleating new filaments. In the case of gelsolin this process is activated by calcium
ions and can be inhibited by PIP,.'*> Other capping and severing proteins like cofilin have a high
affinity to ADP actin and thus increase the rate of depolymerization at the pointed end. Together
with the monomer sequestering protein profilin, which has a high affinity towards ATP actin, cofilin
increases the treadmilling and hence the filament turnover manifold. Profilin induces nucleotide
exchange and facilitates addition of ATP actin to the barbed end, whereas cofilin dissociates ADP
actin from the pointed end. Proteins like formins promote the nucleaction at the barbed end of the
filament by increasing the local concentrations of G-actin. In the lamellipodium branch-forming
proteins like Arp2/3 together with WASP shape the actin cytoskeleton and contribute to the
mobility of the cell by contributing more nucleation sites. In other compartments of the cell actin
binding proteins like a-actinin, fascin and fimbrin lead to parallel bundle formation as for example
in microvilli and filopodia. Whereas in anti-parallel organized actin stress-fibers elevated
concentrations of a-actinin and non-muscle myosin II are found.'?* An extensively studied cross-
linking protein, which generates junctions between two filaments and is said to contribute strongly
to mechanical signaling in cells is filamin.***** Other actin binding proteins as spectrin and plectrin
interconnect the actin cytoskeleton with other cytoskeletal filaments. The ezrin, radixin, moesin
(ERM)-family proteins anchor the F-actin cytoskeleton to the plasma membrane of the cell. !4
The impact of these cross-links on the frequency dependent viscoelastic properties is object of this
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work and special focus is drawn on ezrin in chapter 3.1.4. The F-actin cytoskeleton of neighboring
cells is interconnected by cell-cell contacts such as adherens or tight junctions. Adherens junctions
initiate adhesion to neighboring cells via the transmembrane protein cadherin and are connected to
the F-actin cytoskeleton via catenins. Tight junctions regulate the transepithelial flow for example
of ions. The respective transmembrane proteins here are occluding and claudin. The cytoplasmic
scaffolding proteins, the zonula occludens proteins (ZO-1, ZO-2, ZO-3), interconnect the occludins
and claudins to the F-actin cytoskeleton. At the basal side of the cell the cytoskeleton is
interconnected to the extracellular matrix via cell-substrate interactions, for example mediated by
integrins.!*14¢ Integrins are able to bind motives like the well-studied RGD-sequences (Arg-Gly-
Asp) on extracellular matrix proteins like the glycoprotein fibronectin.

3.1.4. Ezrin: Membrane Anchorage of the F-Actin Cytoskeleton

The plasma membrane is an important reaction space in the cell. Many signals are transmitted into
the cell via transmembrane proteins organized and brought in contact in specialized membrane
regions. However, signaling proteins need to be tethered towards the plasma membrane. During
many important cellular functions such as migration, cell division and endocytosis, to name only a
few, the interconnection between the plasma membrane and the actin cytoskeleton is an important
structural component coordinating processes at the membrane interface thereby orchestrating cell
shape changes and contributing to e.g. tension homeostasis.'*” The ERM (ezrin, radixin and moesin)
protein family provides such crucial linkage to the plasma membrane for cytoskeletal filaments
especially for F-actin. On one hand ERM proteins are able to interact with various transmembrane
proteins and special phospholipids in plasma membranes, while on the other hand ERM proteins
possess many different binding sides for cytoplasmic proteins and cytoskeletal filaments such as F-
actin and microtubuli.'*3"13° Their well-established functions as interconnectors and organizers of
the F-actin cytoskeleton and the plasma membrane provide this protein family with important

151 151

functions such as in the rise of cell polarity™’, in cell division'”', apical morphogenesis like

153 apoptosis'>?, bleb retraction'>*, Rho dependent

microvilli formation'’?, activation of T cells
signaling processes'*!>* and many more. The ERM proteins share about 85 % sequence homology
and similar structural features. Accordingly, ERM proteins possess partially redundant functions.
However, in epithelial cells ezrin is predominantly expressed, whereas in endothelial cells moesin
is most commonly found. In this study the interest lies thus on ezrin as contributor to tension in
epithelial cells. Ezrin has three major domains (see Figure 7 A, PDB 4RM9'%), the C-terminal
region called the C-ERMAD (ezrin-radixin-moesin association domain), which presents the F-actin
binding side in the last 34 residues'®, a long a-helical domain (about 25 nm) and a highly conserved
N-terminal FERM (four-point-one, ERM) domain, comprising three clover-leaf shaped subdomains
(F1, F2 and F3, binding site ~6 nm in diameter), where binding to PIP, occurs. The interaction of
the FERM domain with the plasma membrane can be manifold (e.g. CD44 or ICAM)!°. One
important binding partner is the phospholipid phosphatidylinositol 4,5-bisphosphate (PIP,), which

157158 In the cytosolic

makes up for about 1 % of the phospholipids in the plasma membrane
(dormant) state self-association masks the F-actin association side on the C-ERMAD (ezrin-radixin-
moesin association domain)."*® Activation by conformational change'®® (see Figure 7 B) is believed
to originate in the binding of PIP; at the FERM domain and phosphorylation by serine/threonine-
protein kinases, at the conserved regulatory threonine residue T567, which is located at the interface

between C-terminus and FERM domains in the dormant conformation.
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Figure 7: Structure and activation of ezrin. A: The different domains of ezrin. : FERM domain;

: a-helical domain; Red: C-ERMAD with the F-actin binding site and the location of the threonine567
phosphorylation site. B: Cytosolic ezrin in a self-associated dormant state and in an activated state. Activation
occurs upon PIP2 binding and phosphorylation at threonine567. The homologous structure of moesin is shown
(PDB 211J'%"). A crystal structure of the FERM domain of ezrin and it's complex with the C-terminal region can
be found at PDB 4RM9 and has been discussed by Phang ef al.'’¢ Inset: Simplified scheme of ezrin used
throughout the document. C: Scheme of the role of ezrin in epithelial cells.

However, there are implications that the process of ezrin activation might occur in a successive
manner and that PIP, activation might be the first initial step.?*'>11¢2 Activity of ERM is regulated
by a multitude of signal transduction pathways mirrored in its contributions to many cellular
processes. They provide the structural and biochemical link between membrane bound receptors
and cytosolic signaling proteins. For example ERM proteins were shown to interact with the Rho
signaling pathway, thereby interfering with the actomyosin network in the cortical actin
cytoskeleton.!!> Moesin was also shown to play an important role in the signaling pathway of the
protein hedgehog during cell differentiation. Additionally, the role of ezrin in malignant
transformation of tumor cells especially early stages of metastasis has been investigated in the past

163.164 In this context Hoskin et al. suggested that ezrin promotes breast cancer cell invasion

decade.
via a possible mechanism of interaction with focal adhesions and invadopodia dynamics.'®® Li, Yu
and coworkers recently published a systematic review about the prognostic value of ezrin in various
cancers.'® They show that ezrin expression is significantly associated with poor survival in cancer
patients. There are also recent cancer treatment options targeting ezrin.'” The role of ezrin in the
generation of membrane tension in epithelial cell layers'®® and non-adherent oocytes'® in different

mitotic stages has already been investigated in cell mechanical studies.
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3.2. Mechanical Cortex Model Systems — Bottom-Up Approaches

Obviously, time scales of signaling and molecular mechanisms of mechanosensing® are highly
dependent on the structure and dynamics!™ of cytoskeletal components on different hierarchical
levels from single molecule force sensing to interaction kinetics, network properties and many
304LITLITZ Agpects of these processes as for example the outstanding role of the actin binding

163,165,173 14,40 3943 in mechanotransduction can be studied in suitable

more.

proteins ezrin , myosin'“* and filamin

minimal model systems under defined conditions. An overview over such model systems is given

in this chapter. Bottom-up approaches have been reviewed by Schwille and coworkers.!7*!7

3.2.1. Cross-Linked F-Actin Networks

By far the most extensively studied system is the entangled F-actin network without cross-links.
The formation of isotropically entangled networks depends on the length of the filaments and the
concentration of G-actin used.?®!!” G-actin concentrations between 5 and 48 uM solutions lead to
isotropically entangled networks. Mechanical properties of F-actin filaments and the 3D-
organization of entangled networks are highly sensitive to buffer conditions especially salt
concentrations.!”*!” Counter ion condensation might lead to bundling transformations and to aster
formation in entangled F-actin networks. The theory of the mechanics of entangled F-actin
networks was discussed extensively in chapter 2.3.

In general, the effect of cross-linking proteins on the viscoelastic properties of F-actin filaments is
quite diverse since every cross-linking protein interacts differently with the F-actin filament. For
example a-actinin bundles filaments, whereas filamin forms V-shaped intersections between
filaments. An overview is given in chapter 3.1.2. The restructuring of the network induced by cross-
links has to be considered in the mechanical analysis.'®'8! Self-organization and mechanical
properties always have to be viewed in conjunction. Additionally, it has to be considered that cross-
links might be compliant and may contribute to viscoelastic properties and that they are not
permanent but transient in nature.

Network self-organization

The network structures obtained by different cross-links and concentrations are vast. Even F-actin
networks without cross-links underlie such a structural polymorphism as discussed above (chapter
2.3). The network is best characterized by the formed mesh sizes, entanglement length, distance
between two cross-links and the persistence length, which can be altered upon bundling cross-links
such as fascin and o-actinin. In an attempt to generalize the bundling transitions and to obtain a
master phase diagram of actin cross-linking proteins Bausch and coworkers suggested that the
network self-organization upon cross-link introduction was mainly a function of cross-linker
concentration and type of the cross-link (Figure 8).'8%82 Upon changes in the concentration of
cross-links, different phases could be obtained for all investigated cross-links. Leading from quasi
purely entangled over weakly cross-linked and isotropically cross-linked networks to composite
networks, where bundles are present, bundled networks and finally clusters of bundles. The type of
the cross-link determined the occurrence of the different phases. However, all cross-links formed
weakly cross-linked networks at low concentrations. Additionally, the size of the cross-link had a
weaker impact on the structural organization of F-actin networks than the binding affinity and the
type of the cross-link. A reproduction from their review is shown in Figure 8. However, these are
general trends and it is pivotal to study the self-organization of the networks in conjunction with
mechanical experiments since a broad variety of influences determine their architecture.
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Figure 8: Overview over the structural polymorphism in cross-linked F-actin networks. Phase diagram

depending on the cross-linker concentration, type of cross-link and cross-linker mass. Green: Phase was

observed. : Phase was not observed. Reproduced from Bausch and coworkers. '8
Linear and non-linear viscoelasticity of cross-linked F-actin networks
In general, the three frequency regimes reviewed in chapter 2.3 are discussed separately in the
literature for cross-linking proteins as well. Most of the research focusses on the changes in stiffness
(elastic plateau modulus), whereas less is known about the frequency scaling of these networks. An
exemplary study was published by Gardel, Weitz and coworkers.® Their study on a rigid (= almost
non-compliant) cross-link, which is able to bundle and to cross-link filaments, showed that above
a threshold concentration of the cross-link, linear elastic properties are a function of both, the
relative cross-linker concentration R = c¢/ca (here Go(scruin) « R?) and G-actin concentration,
ca (here Gy o cx?®). Moreover, they defined two distinct regimes depending on the scaling
behavior of the plateau modulus with the concentration of actin and the ratio of cross-link to actin,
an affine entropic and a non-affine regime. The non-affine regime corresponds to the situation in a
loosely entangled filament network. There, the filaments are only sterically entangled (not directly
coupled to each other) and the response to a deformation might involve filament sliding out of its
tube.'® There is however also evidence of an affine model for entangled networks?”!®3. In affine
networks the filaments are either densely packed or cross-linked so that an applied force to the
network will transmit the force through the network via the entanglement points or cross-links and
straighten out the filaments. Here, the filaments will be straightened out upon deformation, which
leads to an entropic restoring force originating from the reduced bending fluctuations of each
filament (affine entropic), similar to the situation in the loosely entangled network. This behavior
of cross-linked networks had already been found in simulations by Head et al..'** Head, Levine and
MacKintosh also showed that for very high densities and polymer length, the network will become
affine enthalpic, stretching-out the thermal fluctuations in the network, thus under a certain force
the network will rarely deform and the force response is bending dominated.
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Figure 9: Approximate phase transition and scaling behavior of the plateau modulus for cross-linked
semi-flexible biopolymers. A: Phase diagram depending on density of filaments p (compares to density of
cross-links) and contour length /. Green dotted line shows a possible range of operation for the successive
figures B+C. B and C: dependency of the plateau modulus (G,) on relative cross-link concentration to G-actin
: nonaffine; Pink:
affine entropic; Violett: affine enthalpic. Adapted from Head et al. (simulation)'®*, Gardel et al. (study on
scruin)® and Lieleg et al. (study on fascin and review)!'3%185,

R and G-actin concentration, c,. Color code throughout the graphic: Blue: solution;
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Later Licleg et al.'® attributed this scaling behavior to cross-linking proteins in general, stating that
a scaling of about G, ~ R? is found in the affine entropic phase, where the network is a composite
of filaments and bundles. In the non-affine phase a scaling of G, < R%! on the cross-link
concentration and a scaling of G, o ¢, 13 was found as reported in entangled networks.'®* Enthalpic
and entropic stretching both contribute to the single filament force extension®* and also contribute
to the stress stiffening of F-actin filaments in the affine regime depending on the cross-linking
density and filament density (Figure 10).95!8¢ The entropic nature can be found in most cross-linked
F-actin networks, there an expected strain stiffening for a single chain of G /G, « (0/0,)3/? is
observed. However, the stress stiffening of networks cross-linked with an inactive form of the motor
protein myosin (rigor-HMM) differed strongly from this scaling behavior, with a strong dependency
on cross-linker concentration. Also, networks cross-linked by filamin exhibit less strain stiffening
at larger stresses (G/Go  (0/00) /?). Zagar et al. attributed the latter scaling of % to the
reorientation of the filaments along the stress path. Interestingly, networks cross-linked with both
filamin and myosin show a stress stiffening of G /G, < (0/0,)*. Nonlinear response has also been
observed in tightly entangled actin networks, suggesting that entanglements might act similar to

transient cross-links.'%’
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Figure 10: Stress stiffening of affine cross-linked networks. A: F-actin/scruin; B: F-actin/rigor-HMM; C: F-

actin/filamin. Reproduced from Zagar e al..!%
Kamm and co-workers'®® took a different approach to assess the role of cross-links in the strain
softening of cross-linked F-actin networks. In experiments with increasing oscillation amplitude
they found strain stiffening in cross-linked networks, at a certain threshold strain softening was
observed, whereas in entangled networks only strain softening was observed. They attributed this
behavior to a possible mechanism of force induced unbinding of actin binding proteins from actin
at large strains or unfolding of internal domains. The dependency of the bond lifetime of important
signaling proteins, like integrin, filamin and myosin, on the applied force has long been discussed
in the context of catch bonds and is of importance in the context of this work.*>46170.18 The
dependency of the crossover from strain hardening to strain softening has also been associated with
the cross-linker kinetics by Maier, Lieleg and co-workers.'”°

Transient F-actin cross-linking proteins and viscoelastic behavior at low frequencies

Apart from the scaling of the plateau modulus upon cross-linker concentration the impact of
transiently bound cross-links to the low frequency regime in linear viscoelastic measurements and
the implication for their function in cell signaling is of major interest. During cellular motion the
morphology of the cell changes, driven by forces exerted by the dynamics of the cytoskeleton,
especially the actin cytoskeleton. This highlights the importance of time scales of cytoskeletal
reorganization, which also play an important role in cellular signalling.’*!”! In other words, the actin
network inside a living cell constantly needs to rearrange.** One important dynamic mechanism in
the F-actin cytoskeleton is the constant polymerization and depolymerization, the treadmilling,
facilitated by proteins such as profilin and cofinin as discussed previously. Moreover, the high
flexibility of the actin cytoskeleton is maintained by so called transient cross-links actin binding
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proteins, which bind actin only for a short period of time. Most of the above mentioned actin binding
proteins are transient in nature (as highlighted in Table 3). Lieleg, Bausch and coworkers defined
transiently cross-linking proteins as actin binding proteins with typical unbinding rate constants of
ko ~ 1073 — 1Hz.>**° However, binding and unbinding rate constants of protein complexes can
strongly differ between isoforms (see Table 3 category myosin) and is also dependent on the used
buffer’!. The energy barrier for the unbinding of a transient cross-links is so low that even thermal
activation at room temperature can lead to unbinding of the binding complex at time scales of
minutes or seconds (see scheme in Figure 11 A). To give an idea about this low activation energy
Marston found for the dissociation of F-actin and a sub-fragment of myosin an activation energy of
35 kJ-mol!.3! The dynamics in the cross-linking interaction leads to a cross-over in the viscoelastic
moduli in the low frequency regime towards more fluid like behavior, on time scales of the
unbinding rate constant (see red area Figure 11 B).>

A shear force q g

_—

storage and loss modulus

frequency / Hz
Figure 11: Scheme depicting the implications of transient actin binding proteins to F-actin networks. A:

Transient cross-links stabilize networks and provide stability under shear conditions. However, due to thermal

activation transient cross-links eventually dissociate already at room temperature. B: This process leads to

relaxation of the network, which determines the viscoelastic response (red: storage modulus, blue: loss modulus)

on intermediate to low frequencies (highlighted in red). Adapted from Lieleg et al.3
Based on binding kinetics of actin binding proteins between actin filaments Bausch and coworkers
introduced a semi-phenomenological model to describe these frequency dependent viscoelastic
properties on a macromolecular basis.** This model assumes a well-known curve progression of the
frequency f dependent storage G'(f) and loss modulus G'' (f) with a power law p (usually around
0.75 for actin filaments) in the high frequency regime,'?> with an offset G, accounting for the
absolute stiffness of the system. Where b and d are pre-factors and f; is the time scale of the
fluctuation of a single filament set to 1 Hz:

G'(f)=Go+b- (L) (35)

ey =g- (LY

¢"(H=d-(£). (36)
These terms describe the high frequency fluctuations of the filaments and the elastic behavior due
to entanglement phenomenologically. To obtain an expression for the time dependency of the stress
relaxation process they assumed it to be a first order decomposition of the binding complex, where
the number of closed bonds N, decays exponentially depending on the unbinding rate constant k.

N(t) = Ng - exp(—kof - t). (37)
To obtain an expression in the frequency domain equation (37) is Fourier transformed:

= __ Nekorr . N-f

O B e
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It should be noted that this expression for the stress relaxation due to bond opening is similar to the
long time relaxation in the Maxwell model (2.2.1.3). Furthermore, it was presumed that the plateau
modulus is proportional to the number of bonds, G, o< N. This assumption is valid for isotropically
cross-linked semi-flexible networks.** Thus, this stress relaxation processes can be considered in
the storage and loss modulus, giving the following overall equations:
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The pre-factors a and ¢ were added to account for the remaining dependencies of G,. These pre-
factors are a measure of the dissipated elastic energy during the process of cross-linker unbinding.
Bausch and coworkers interpreted the low frequency regime in microrheological data as cross-
linker unbinding with a single relaxation rate comparable to the Maxwell model. However,
MacKintosh and coworkers found evidence that transient cross-links might provoke multiple
relaxation rates due to unbinding.**'*! They propose a resulting power law scaling of w'/? for the
low frequency regime of the shear modulus.

Even in living cells a cross-over of the moduli in this frequency regime can be observed, however
it is unclear if this relaxation process originates in the same underlying mechanism.?” In well
controlled polymer assays it has already been shown that non-covalent interaction forces such as
hydrogen bonds and electrostatic interactions lead to liquid like behavior of these systems on

intermediate time scales.'*%!%

Table 3: Transient F-actin binding proteins and their respective unbinding rate constant kg from F-actin.

actin binding protein ko /s™1  reference
1.3 Braunger et al.?3 (complex of actin, ezrin and PIPy)
ezrin 1.63 Fritzsche et al.* (complex of actin, ezrin and PIP,)
1.43 Fritzsche et al.** (ezrin actin interaction)
skeletal muscle myosin 500 Trybus et al. (taken from Stam et al.'**)
22 Trybus et al. (taken from Stam et al.'**)
smooth muscle myosin 7 Veigel et al.'® (10 uM ATP)
48 Veigel et al.'® (100 uM ATP)
non-muscle myosinlIA 1.72 Kovacs et al.'*
non-muscle myosinlIB 0.35 Wang et al.'%
mvosin subfragment-1 0.024 Marston®' (without ATP)
4 £ 3.4 Marston®! (with ATP)
heavy meromyosin 0.3 Licleg et al.34'
(HMM) 0.0013 Marston?! (without ATP)
1.7 Marston?! (with ATP)
0.066 Ferrer et al.*?
0.05 Miyata et al.'’
weactinin 0.4 Goldmann et al.'*8
0.67 Taken from Spiros et al.'*’
6.3 Volker Watd et al.?
9.6 Kuhlman et al.?"!
filamin 0.087 Ferrer et al.®
0.6 Goldmann et al.'*®
fascin 0.12 Aratyn et al.??

Scaling behavior of the linear viscoelastic properties at high frequency

As discussed above the high frequency scaling of the viscoelastic moduli are determined by the
bending fluctuations of the single filaments. Accordingly, one would assume that increasing the
persistence length by altering the diameter of the fiber (I, o (d/ 2)*) would lead to a shift in

3/% However, Miiller et al. found an altered

frequency but to the same frequency scaling of w
scaling behavior in the high frequency regime of bundled networks in simulations and argued that
the bending modulus of bundled filaments is scale dependent.'”! In their model they were also able

to retrieve a fitting parameter, which is related to the degree of bundling in the network. Purely
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cross-linking not bundled proteins should however mainly contribute to the onset of the high
frequency cross-over (entanglement frequency) in linear viscoelastic studies.

The effect of active motor proteins on F-actin networks

Motor proteins in F-actin networks like myosin II produce tension in the network by a power stroke
between two anti-parallel F-actin filaments (see Figure 13 A). Myosin II is found in smooth muscle
and non-muscle cells in the contractile machinery of the F-actin cytoskeleton.!” The typical step
size of the motor movement was shown to be about 5 nm and the typical force of a power stroke is
on the order of 1 pN per myosin head. However, myosin II, in contrast to myosin V, has a very
short duty ratio (single filament is non-processive) and is hence only bound to F-actin for about 5 %
of the time during the ATP consuming process.’” Single myosin II motors would thus diffuse from
the F-actin filament after the first power stoke. While the high dynamic of myosin II is necessary
for fast contraction processes in the cell, large myosin II filament bundles of about 300 myosin
molecules have to form in order to produce tension between two F-actin filaments. Myosin
filaments can contract the F-actin cytoskeleton at a high rate and can produce substantial forces in
cells. However, there is evidence that additional cross-links have to be present in in vitro F-actin
networks in order to contract. The interplay of network connectivity and concentration of motor-
proteins in the formation of different phases of contracting networks in bulk solutions has been
studied by Alvarado et al. (see Figure 12).!® They showed in experiment and simulations that a
marginal connectivity between the filaments is crucial to achieve contractility. Increasing the ratio
of motor proteins only increased local contraction (see Figure 12 A+B). Contractile networks
without global rearrangement, so called critically connected actin/myosin networks, can be
achieved in experiment above a certain connectivity by cross-links and interestingly with a quite
high amount of motor proteins. In their simulations similar mesh formation is found, when forced
unbinding of the cross-link is considered, which is supported by the above mentioned findings.
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Figure 12: Three phases of active F-actin/myosin networks. A: Phases of actively contracting F-actin/myosin
networks shown as time overlays. Left: Local contraction; Middle: critically connected; Right: Global
contraction. B: Proposed phase diagram in space of connectivity (=cross-linker concentration) and force (=motor
protein concentration). Black dot denotes the marginal connectivity needed to produce contraction. Reproduced
from Alvarado et al..'$

Transient binding of myosin is especially dependent not only on the isoform (see Table 3) but also

on the adenosine triphosphate (ATP) concentration and load applied, which was shown in a study

by Veigel et al..'®** The scaling dependency of the plateau modulus with the amount of passive

myosin (rigor heavy meromyosin, G, o« R1?, where R is the relative cross-linker concentration) has

been investigated by Tharmann et al.”

For this system an unbinding rate was determined from
linear viscoelastic data to be kg = 0.3 s71.%

The ATP dependent contractility drives the system far from equilibrium, which leads to the
violation of fluctuation dissipation theorem. Mizuno, Schmidt and co-workers capitalized on this,
by using passive microrheology, which is based on the fluctuation dissipation theorem (see chapter
2.2.2.1.2), and comparing it to active microrheology. Thus, they were able to isolate the contribution

of the active component.'*?** The model system they investigated provided connectivity by biotin-
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neutravidin cross-links and myosin II motors where used to contract F-actin filaments. Interestingly,
they saw no active contribution in the measured rheological spectra upon 5 h after ATP addition
(Figure 13 B). After 6.8 h they could observe differences in passive and active measurements
(Figure 13 C). 9.3 h after the addition they were able to show a stiffening of the networks and a
reduction of the ¥4 power law scaling at high frequencies to a scaling behavior of 72 of the response
function with the frequency, which could be explained by introducing tensed filaments into their
model. For the sake of comparison it is helpful to note that the response function a* corresponds to
the Fourier transformed mean squared displacement and is connected to the shear modulus by the
generalized Stokes Einstein equation, thus G* « 1/a*.
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Figure 13: Impact of myosin II on the frequency dependent viscoelastic response of F-actin networks. A:
Scheme of the myosin induced tension on F-actin filaments. Red: F-actin filaments; White: Myosin; Green
arrows: force. Plus and minus end of the filaments are marked to show the necessity of anti-parallel orientation
for the power stroke. B: Imaginary part of the response function (a") from active and passive measurements are
shown for samples without myosin and with myosin (3.5 mm) after 2.5 h. C: Comparable spectrum as in B is
show for a sample containing myosin after 5 h. The non-equilibrium contribution is indicated by an arrow.
Myosin activity acts on the frequency regime between 107'-10" Hz. Reproduced from Mizuno, Schmidt et al.'

s
r
a' (active) & a" (passive) /
g
T
g
a" (active) & " (passive) / m:N?
g,
T

Other rheological studies for example by Koenderink et al. have also shown network stiffening by
more than two orders of magnitude in active F-actin networks cross-linked with myosin and filamin
A (Go(myo&FLNa) o« RE o o RpiNa)-® While Mizuno ef al. and Koenderink et al. observed a

stiffening upon myosin activity in cross-linked networks, Kds and coworkers found active
fluidization for non-cross-linked networks upon myosin activity (36 uM skeletal F-actin, 0.14 pMm
skeletal muscle myosin, 500 uM ATP).2% The addition of inactive myosin II to F-actin networks
resulted in substantial stiffening (5x) of the network.

Passive cross-linkers in in vitro studies

Many elaborate studies on the frequency dependent viscoelastic and nonlinear mechanical
properties of cross-linked F-actin networks exist especially for a-actinin, filamin, fascin and
myosin. a-actinin and rigor-HMM networks have shown to be especially useful to study cross-

linker kinetics.*** For a-actinin studies exist, which address different mutants.%%-2"7

The impact of
the length of bundling cross-linkers on the linear viscoelasticity has been published by Wagner et
al.."® In point mutations studies of the actin binding domain of fascin Maier et al.'”® studied the
impact of binding kinetics on the transition from strain-hardening to strain-weakening of cross-
linked F-actin networks. For the filamin dimer it was shown that it affects the linear viscoelasticity
only weakly, while acting markedly on the nonlinear viscoelastic behavior.2%2!1° A seminal study,
which directly relates mechanical deformations of actin networks to the differential binding of
filamin A to either a subdomain of B-integrin or FilGAP has been published by Ehrlicher et al..*
This study provided a crucial link between mechanosensitivity of cross-linkers and chemical
signaling, thus elucidating mechanotransduction processes. Non-transiently cross-linked networks,

e.g. with a biotin-neutravidin cross-link have served as control in some studies.?!!
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3.2.2. Membrane Coupled F-Actin Networks as Minimal Actin Cortices
Bundling, cross-linking and capping proteins of different sizes and affinities as well as active motor
proteins have been studied extensively in three-dimensional networks. Insights into the role of these
cross-links for the self-organization and mechanics of F-actin networks could be gathered.
However, space-filling 3D models do not capture the physiological situation, since the cortex is
only a few hundred nanometers thick.!*"!*? Additionally, membrane cross-linking might
significantly act on the viscoelastic properties of bound F-actin networks and membrane anchorage
plays an essential role in tension maintainance in the cellular cortex (see above). Thus, in order to
bring these model systems closer to the natural situation in a cellular cortex, membrane linkage is
of pivotal interest. Tension generation and symmetry breaking in actively contracting F-actin
plasma membrane associates are best studied in liposomes as artificial model systems. Thus, the
next higher order of complexity of mechanical model systems includes physiological membrane
interaction and geometry. Related studies beginning with supported lipid bilayers and further
capturing liposomes as artificial cortex models will be reviewed in this section.

2D model systems

The design of so called minimal actin cortices (MACs) has been reviewed by Vogel, Schwille and
co-workers as well as Tanaka and Sackmann.'7*?!2213 Lipid bilayers can either be prepared on solid
supports as for example glass, mica and silicon wafer, or on soft polymer cushions or lipopolymer
'tethers'. Surface properties of a solid support can determine the spreading process of liposomes,
favor mono- or bilayers and can alter the diffusivity of membranes. Porous materials can also be
used as solid supports providing free standing lipid bilayers which might capture the physiological
conditions more closely. Moreover, they provide the possibility to perform atomic force
measurements on the membrane-cortex ensemble. Vesicles (small or giant unilamellar vesicles)
composed of phospholipids and respective pinning-points for F-actin filaments or cross-linking
proteins are subsequently spread on these surfaces (see Figure 14 A). Typical membrane anchorage
strategies can be pure electrostatic interactions either via bivalent ions that bind to the negatively
charged F-actin or the utilization of positively charged membranes. Stable and reproducible results
can be achieved by pinning the F-actin network to the membrane by the interaction of streptavidin
recognizing biotinylated lipids and G-actin. In addition to these artificial cross-links, the
employment of physiological cross-links has been studied but not to the same extent. Some studies
on the transmembrane protein ponticulin have shown strong interactions with F-actin

filaments?'4213

and Merkel et al. succeeded to reconstitute the membrane anchorage protein
complex spectrin/ankyrin in giant unilamellar vesicles.?'® For physiological cross-linking proteins
it is crucial to investigate if they are active under the experimental conditions. For example
activation of ezrin is said to be dependent on PIP; activation and phosphorylation. Consequently,
most recent studies on membrane bound actomyosin networks have been performed with either
biotin-streptavidin anchorage or Ni-functionalized lipids and His-tagged proteins as for example
fimbrin and ezrin (see Figure 14 B).2!7-22° Others use methylcellulose to confine F-actin networks
in proximity to a lipid bilayer.??"*> However, substantial progress has been made in accomplishing
reliable and controllable minimal actin cortices with physiological membrane cross-links.?23224
Their utilization to study self-organization processes, dynamics and mechanics in these more
physiological model systems now seems feasible. In membrane network composites with strong
artificial interaction it has already been shown that lateral membrane diffusion is altered and that
the single components of the construct are less motile.2!>?*5 Furthermore, the role of the anchorage
in lipid phase separation has been discussed.??® In systems containing actomyosin it has been shown

221

that already disordered F-actin networks are able to contract cooperatively*>' even though the
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antiparallel geometry should favor contractility??®. It has also been shown that the underlying
mechanism of active in plane contraction is filament sliding.?* Filament fragmentation upon
actively forced buckling has been observed.?'”-??° Many studies focus on the organization of such
systems but viscoelastic properties are less studied.

In actively contracting 2D networks boundary conditions are of great importance since global
contraction by mere activation of the network via ATP would result in less defined contraction and
larger inhomogeneity. A notable technique has been reported, where myosin II motors where
inhibited by blebbistatin during the preparation. Blebbistatin can be destroyed upon radiation with
blue laser light, thus contraction can locally be switched on (Figure 14 C+D).22!:2%7
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Figure 14: 2D minimal actin cortices. A: Schematic drawing of the preparation of quasi 2D minimal actin
cortices on solid supported membranes or other substrates. Membrane bilayers are obtained from vesicle
spreading. Pinning-points and cross-links provide membrane anchorage for pre-polymerized F-actin. B: Static
membrane bound actomyosin model cortex reported by Gardel and coworkers.?!” Red: F-actin filaments; Green:
Myosin micro-filaments. C: Contraction and restructuring of a 2D confined actomyosin network
(methylcellulose) upon local myosin activation (inhibition of blebbistatin) on different length scales. D:
Respective contractile velocities at the boundary reported by Gardel and coworkers.??!

3D model systems

In spherical 3D model systems, where the actomyosin network is organized in a thin shell at the

inner or outer leaflet of a lipid structure, the boundary condition is periodic and hence, the tension

is uniformly distributed over the surface.

Basically five different approaches can be made in the design of three-dimensional minimal cortex
model systems (see Figure 15). First, similar to solid supported systems on flat surfaces, the
pinning-point containing membrane can be organized around a microsphere. Sykes and coworkers
used such a model system to study the possible force that ActA induced actin polymerization can
provoke on a bacterial cell wall.??® Bussonnier et al.?? optically trapped such a model system and
performed elastic measurements as well as creep measurements on the surrounding actin shell.
Another quite reproducible way to obtain shell like cortices is to use either ‘water in oil” or ‘oil in
water’ droplets. A water in oil assay was used by Shah and Keren?° to study the spontaneous
symmetry breaking by myosin induced actin flows, a process relevant in cell division. Van der
Gucht and coworkers® used oil in water emulsion droplets to study the mechanics of actomyosin
networks in shell like structures. Using particle tracking microrheology they were able to show that
the amount of membrane-actin cross-link determined the overall stiffness of the system and that
active stiffening of the cortex by myosin resulted in further stiffening (see Figure 16).
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Figure 15: Overview about the different 3D minimal actin cortex models. The interface of F-actin and
membrane is of central importance (sketched in the box in the middle). Above: Structurally supported mono- or
bilayers using microspheres or oil interfaces to determine the shape of the model system. Below: Liposome
based strategies: either F-actin networks are bound to the outer (right) or inner (left) leaflet of the vesicles.
These model systems comprise the geometry of cellular cortices. However, the interaction with
bead surfaces and oil interfaces does not provide the structural flexibility inherent to plasma
membranes. In the past years free-standing liposome based model systems have been invented. In

an early study Hackl, Barmann and Sackmann®'!

were able to observe shape changes such as cone-
shaped protrusions of giant vesicles filled with F-actin. Here again, the F-actin cortex can be
organized at the outer or inner leaflet of the bilayer, where the connection to the inner leaflet
captures the situation in the cell better whereas the outer leaflet is more easily accessible. In a
mechanical study on the latter system, Caorsi, Sykes and coworkers*? managed to measure the
increase in tension induced by actomyosin contractility. They were able to show that following a
1.3-fold increase the tension can be maintained throughout the artificial cortex. Above a 2-fold
increase in tension the minimal cortex ruptures. Actomyosin networks bound to the inner leaflet of
a liposome are the gold standard for such model systems. Guevorkian, Sykes and coworkers??
reinforced the mechanical importance of the correlation between the length of pulled membrane
tethers and F-actin-membrane interaction in a respective assay.
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Figure 16: Frequency dependent viscoelastic properties of an actomyosin network bound to a lipid
interface via streptavidin in a 3D oil in water approach. A: The scaling of the plateau modulus with the
surface density of streptavidin is shown (w/o myosin). B: The storage (filled symbols) and the loss (open
symbols) modulus of a membrane bound actomyosin network is shown in absence (black) and presence (red)
of ATP.

Similar to a study of Bausch and coworkers who used actively driven rod-like microtubules to shape
the form of vesicles?**, Tsai and Koenderink?*® used bundled F-actin filaments without motor
proteins to induce biomimetic shape changes of vesicles. By changing the osmotic pressure they
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showed that the shape changes originate in an interplay between bending rigidity of the membrane
and F-actin bundles. Loiseau, Bausch and coworkers?*® generated actively contracting vesicles. Due

to the increased pressure, the system started to produce blebs and tether-like protrusions.

Until now, little is known about the frequency dependent properties of F-actin membrane
composites. Additionally, the above mentioned systems use artificial (biotin-streptavidin) or at least
semi-artificial (physiological cross-links to the F-actin network pin-point to the membrane via
Ni-Hist-tag interactions) linkage to the plasma membrane. Altered time scales of binging of the
natural membrane linkage might lead to differences in the mechanical properties of these systems.

3.3. Mechanical Cortex Model Systems — Top-Down Approaches

While the afore-mentioned bottom-up approaches provide a good understanding of the role of single
actin binding proteins, top-down approaches are commonly used to study more complex assemblies
of cellular components. In the following so-called functional networks (3.3.1) and scaling principles
found in living cells (3.3.2) will be reviewed.

3.3.1. Functional Networks

The term functional network, as used here, stands for F-actin networks which were isolated from
living organisms and where the metabolic machinery is absent. These model systems are especially
suitable to investigate mechanical properties of the bare F-actin cytoskeleton including all actin
binning properties as present in the living organism. In special model systems even the architecture
of the actin cytoskeleton and its interconnection to the membrane is maintained and interesting
questions can be addressed regarding the respective substructure of the cell. Thus, these functional
networks represent interesting interim stages between artificial model systems and living cells.

One interesting experimental technique to obtain all components of an in vivo actin cytoskeleton is
the extraction of cytoplasmic extract of oocytes from the South African clawed toad Xenopus laevis.
In an experiment, Fletcher and coworkers”’ used these extracts for in vitro polymerization of an
actin network between an AFM cantilever and a surface to further perform oscillatory
microrheology experiments (Figure 17 A). Interestingly, these networks showed quite similar
frequency dependent linear viscoelastic properties as found in living cells. Especially, the power
law scaling of the shear modulus with frequency G*(w) < w* was found to be @ = 0.12, which is
similar to the one found in living cells (about 0.2). The overall stiffness of the system was also
comparable with the one found in cells (around 800 Pa). However, the thickness of the actin droplet
studied here was much larger than a typical cortex thickness. Additionally, results were obtained
from non-linear measurements. Not only did the system show the expected stress stiffening but also
stress softening above a critical stress. They hypothesized that the underlying mechanism for this
stress softening was induced buckling of short and highly cross-linked filaments orthogonal to the
direction of stress in the network, leading to a softening in the direction of stress. In bottom-up
model systems stress stiffening is found in many cross-linked F-actin networks (see Figure 10).
However, these systems usually break irreversibly at high applied stresses and do not show
reversible stress softening. This finding suggests that the non-linear response of F-actin filaments
in vivo might also be of enthalpic nature not only entropic as suggested for in vitro model systems.
The difference lies in the contour length and connectivity of the networks. In dendritic networks,
observed in the leading edge during cell migration, or here in highly cross-linked networks with a
high amount of nucleation promotion factor, actin filaments are much shorter than in in vitro
systems (< 3 um for cells?! and about 20 pm in in vitro preparations®). The bending rigidity is thus
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much higher and they are able to resist compression. Above a certain stress however the filaments
orthogonal to the direction of stress are bend resulting in a softening in stress direction. In dendritic
F-actin networks such as in the lamellipodium on the leading edge of a migrating cell this increased
bending rigidity, coming from shorter filament length, might be essential to push the membrane
forwards.
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Figure 17: Dendritic actin networks from Xenopus laevis egg extracts. A: The dendritic F-actin network

(red) was polymerized between a surface and a cantilever. Atomic force microscopy based microrheology was

performed. B: Linear viscoelastic measurements typical weak power law scaling with frequency and a rather

high elastic modulus was found (E(@1Hz) =~ 800 Pa). C: Non-linear viscoelastic measurements. Interestingly,

not only stress stiffening (yellow region) but also stress softening (green region) was found. D: Hypothesis for

the underlying stress softening, induced buckling (green arrows) of short and highly cross-linked filaments,

orthogonal to the direction of stress (red arrows) in the network lead to a softening in the direction of stress.

Figures reproduced from Chaudhuri, Parekh and Fletcher.”’
Others have used the Xenopus laevis extract to reconstruct model systems similar to the above
described 3D minimal actin cortex models.?*” The natural mix of proteins produced a homogen shell
in a water in oil emulsion assay showing random myosin driven fluctuations. Another way to isolate
the cortex of living cells is to isolate cortex material from blebbing cells.'** An interesting functional
network to study force induced mechanosignaling was introduced by Sawada and Sheetz.?*® In their
study they seeded cells on elastic gels and washed away all soluble components of the cell with a
detergent called Triton-X. The elastic gels allowed stretching of the bare cytoskeletons of 10%. In
this assay they tested stretch dependent binding of focal adhesion proteins to these Triton-X
cytoskeletons. They found that paxillin, focal adhesion kinase and p130Cas showed increased
binding in stretched cytoskeletons, whereas binding of vinculin was unchanged and binding of actin
was decreased. In another assay isolated apical membrane or cortex patches can be studied, when
the apical membrane-cortex associates are removed from living cells in a controlled manner. These
cell cortex fragments can be obtained by pressing a sticky surface to the apical part of a cell layer
and subsequently taking it off. Beforehand the cytoskeleton is weakened by osmotic swelling of the
cell. If porous substrates are used to attach the apical surface of cells atomic force microscopy
experiments can be performed on the free standing part spanning the pores. Using cortex patches
Fine, Janshoff and coworkers'® have already provided evidence that the cellular membrane
provides an essential contribution to the mechanical response of cells. Nehls and Janshoff>*
developed a model to assess the area compressibility of such cortical patches and showed that
enzymatic activity by proteases and cross-link fixation can alter the area compressibility modulus.
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3.3.2. Viscoelastic Properties of Living Cells

The study of cellular mechanics has strongly evolved in the last decades and has become a broad
field including many different measuring techniques and tools to assess different characteristic
mechanical parameters. These techniques differ in their range of sensitivity, loading rates and length
scale they probe.?**2*? In general, the description of whole cell mechanics can either view the cell
as a bulk structure or as a liquid droplet with an isotropic tension in the shell. Even though
continuum models describe bulk properties and thus inherently do not provide information about
molecular origins of the mechanical properties, the biological origin of the obtained force responses
can be assessed with different techniques such as (bio)chemical manipulation of the cells (inhibition
or reinforcement of structural proteins). Elaborate methods have been developed to attribute the
overall tension to specific contributions such as the incompressibility of the membrane, the cortical
tension and the membrane tension.!*16® It is evident that different mechanical assays probe the
force response of different sections and structural complexes of the cell. Force indentation
experiments by atomic force spectroscopy for example probe the apical cellular cortex. Dependent
on the indentation depth, the force response may originate in either membrane tension or area
compressibility of the membrane or upon large indentation even contributions from the nucleus and
other cellular components. In contrast tracer particles injected to a cell probe their local
environment, hence length scales on the order of their diameter.’+

In microrheology studies of living cells, where the linear viscoelasic properties of cells are probed,
a weak power law scaling of the viscoelastic moduli with the frequency is typically found (Figure
18 A).38.68244245 Hioher scaling behavior is only sparsely reported.®®’> A comprehensive review
about the rheological properties of living cells was published by Kollmannsberger and Fabry.?*!
The observed weak power law behavior of living cells conforms closely to an empirical law called
the power law structural damping model, which was introduced by Fabry et al. for the description
of cells:*®
G*'(w) =Gy T(1—a)-cos (g a) . (1 +i-tan (%)) . (w%)a +iwn 41

The parameter G| is the scaling factor of the stiffness, « is the power law coefficient, ) the viscosity
of the sample and I" the gamma function. Using power law fits to describe the rheology of cells is
common since cells exhibit a weak power law rheology (a = 0.2) over a broad range of frequencies
(for frequencies between 1-1000 Hz%). Power laws found in this context can be interpreted in terms
of soft glassy rheology**® or active soft glassy rheology'>. Essentially the (active) soft glassy
rheology model connects the structural disorder of soft material and its meta-stability to the
rheological behavior. Key properties of glassy materials are that they are not in thermodynamic
equilibrium below the glass transition state and that their physical properties change with time, a
process called ageing (reviewed in Mandadapu et al.?*"). Fabry et al. attributed the power law
rheology of cells to the remodeling of the cortex due to active contractile forces of motor proteins
such as myosin filaments. In this model, the rheology of a cell is described by many disordered
elements, which interact via attractive and repulsive interactions and are temporarily stationary as
they are trapped in energy wells. However, the activation energy to cross the barrier eventually can
be overcome by active contributions of myosin and other motor proteins which rise the so-called
“effective temperature”. Once in another energy well the system is stressed and needs to deform.
The power law exponent in this framework can be interpreted as the agitation energy of myosin in
the cell relative to the average binding energy between actin and myosin. If the power law
coefficient, hence the myosin activity, is high the cell is able to flow. Otherwise, if the activation
energy is not high enough to overcome the energy barriers, the power law coefficient approaches
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zero and the cell is quasi elastic. Kollmannsberger, Fabry er al.”>2*' also assessed the stress
stiffening behavior of living cells. By performing force steps on living cells they found stress
stiffening in all probed cells. They observed that stiffer cells showed less stress stiffening with
externally applied stress than softer cells. Assuming a linear behavior of the differential elastic
modulus (K’ = do/de, measured at fixed frequency) with the sum of the external stress g, and the
internal pre-stress g;,, resulting from contractility within the cell:

K'(0) =Kg+m- (0e + 0p), (42)
they were able to describe the data from cells with different pre-stress well. Where Kj is the linear
stiffness with no force applied and m a parameter that describes the dependency of the stiffness on
the stress. Plotting the obtained pre-stress against the differential modulus they found a universal
scaling of the differential stiffness with the pre-stress (K'(0) « oy, Figure 18 B). These observations
also suggest that the applied external stress is smaller than the internal pre-stress. Together with the
observation that the weak power-law scaling with frequency is not independent from the elastic
modulus, they proposed a dependency of the power law coefficient a with the pre-stress op:

a(oy) = 2eemey)) “3)
With J; the compliance at time 7. Thus, they proposed a dependency of the power law scaling with
the stress that is rising from the active contractility of the cells and hence, myosin II activity.
Accordingly, this weak power law scaling does not rise from bending fluctuations and does not
show a 3/4 scaling. Recently a power law scaling of @ =~ 0.9 was found in a high frequency (1 kHz-
100 kHz) AFM study®® on fibroblasts, which might be comparable to the bending dominated
frequency regime found in in model systems.

At higher applied stresses or strains than reported above, non-linear stress stiffening has also been
observed by some working groups.?*! Interestingly, the differential modulus exhibits the same
scaling behavior (K'(0) « o1) as found in linear viscoelastic measurements with pre-stressed cells.
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Figure 18: Scaling behavior of living cells after Kollmannsberger and Fabry. A-C: Linear viscoelasticity.
A: Weak power law scaling of the scaled elastic modulus with the frequency (0.1-0.5). Blue: Cells; Violett:
Cell layers and tissue; Red: Actin networks cross-linked with different proteins. B: Scaling of the scaled elastic
modulus with pre-stress. C: Scaling of the power law coefficient with pre-stress. D: Non-linear viscoelasticity,
stress stiffening in dependency of externally applied stress. Reproduced from Kollmannsberger and Fabry.?*!

In general, well-studied immortalized cell lines are used in fundamental research rather than
primary cultures to provide well controlled model systems which can be compared throughout the
literature. Among the immortalized cell lines some from the same origin possess different
metastatic potential and can be used in comparative assays.” Additionally, biochemical methods
such as knock-down studies of specific proteins can be compared to wild type cell lines. Signaling
cascades can be activated in order to activate the tensile stress stiffening. Moreover, a broad variety
of cytoskeletal drugs is known that can be used to interfere with the actin cytoskeleton as for
example blebbistatin, cytochalasin D, jasplakinolide, latrunculin A and unspecific cross-linking like
GDA and PFA 3% The effect of material properties such as porosity or elasticity of surfaces on the
mechanical properties of cells can as well be studied in cell culture assays.
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4. Methods and Experimental Procedure

4.1. Methods and Experimental Procedures to Study Cortex Model
Systems

4.1.1. Preparation of Artificial Model Systems

Ezrin (T567D mutant) expression in Escherichia coli cells and purification as well as preparation
of membrane bound artificial model systems (4.1.1.1, 4.1.1.2 and 4.1.1.6) was performed by
Markus Schon (Institute of Organic and Biomolecular Chemistry, Georg-August-Universitit,
Gottingen, Germany).

4.1.1.1. Production of Small Unilamellar Vesicles

Lipid films (0.8 mg-mL"') were produced by solving the desired amount of phospholipids and
fluorescence labeled phospholipids in chloroform followed by removal of the chloroform with the
help of a water bath (30 °C) and a gentle nitrogen steam. Afterwards the lipid films were dried in a
vacuum oven at 40 °C over night. The formed lipid films where stored at 4° C. 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
phosphatidylinositol 4,5-bisphosphate (PIP») and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(cap biotinyl) (Biotin-DOPE) were purchased from Avanti Polar Lipids, Alabaster, Alabama,
United  States. ATTO 390 labeled 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(Atto390DOPE) was purchased from ATTO-TEC, Siegen, Germany.

Table 4: Overview of lipid film compositions used in this study.

sample name matrix lipid / PIP:/ Biotin-DOPE/  Atto390DOPE /
mol% mol% mol% mol%

PIP; 3 mol% POPC 96 3 - 1

PIP, 5 mol% POPC 94 5 - 1

Biotin-DOPE 1 mol% DOPC 98 - 1 1

Biotin-DOPE 3 mol% DOPC 96 - 3 1

Small unilamellar vesicles (SUVs) were obtained by dissolving the lipid films in 500 pL spreading
buffer at room temperature for 30 min. Afterwards the solution was mixed with a vortex mixer
(3 x 30 s) and sonicated for 30 min (cycle 4, 60 %, Bandelin sonoplus with UW2070, Bandelin
electronics, Berlin, Germany), which leads to formation of SUVs.
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Table 5: Overview of spreading buffer composition.

spreading buffer composition
citrate buffer 20 mM natrium citrate
for lipid membranes containing PIP; 50 mMm KCl
0.1 mM EDTA
0.1 mM NaNj
pH 4.8
phosphate buffered saline (PBS) 136.9 mMm NaCl

for lipid membranes containing biotinylated DOPE 2.7 mMm KCl
8.1 mM Na,HPOq,
1.5 mM KH,PO4
pH 7.4

4.1.1.2. Preparation of Hydrophilized Solid Supports

Silicon wafer with a 100 nm siliconoxide layer on top (Silicon Materials, Kaufering, Germany)
were cut to fit into a home built sample holder (waver surface: 1.0 x 2.0 cm?) using a glass cutting
device. The wafer surface was hydrophilized in an aqueous solution of hydrogenperoxid and
ammonia (1:1:5 H,O»/NH3/H»0) for 20 min at 70 °C. Subsequently the waver was rinsed in
ultrapure H,O (<20 mQ-cm), dried in a gentle nitrogen steam, mounted on a Teflon sample
chamber and covered with the spreading buffer (see Table 5).

For optical tweezer measurements as well as temperature dependent measurements sterile glass
bottom petri dishes (Ibidi, Martinsried, Germany) were used instead of silicon dioxide wavers. The
surface of the glass bottom petri dishes was treated as described above.

4.1.1.3. Bead Stock Solutions for Video Particle Tracking and Optical Tweezer Experiments
Stock solutions of microspheres for the microrheological measurements were prepared in aqueous
solutions of 0.8 % solids. Stock solutions were stored at 4 °C.

Table 6: Overview over beads used in this study.

beads properties manufacturer

4.95 pm fluorescence red Aex *660 nm, Aem <690 nm Bangs Laboratories, Indiana, United
(4.8-5.2 um)  carboxylate-modified polystyrene States

2 um fluorescence red Aex =575 nm, Aem =610 nm Sigma-Aldrich, St. Louis, Missouri,
(1.9-2.1 um)  carboxylate-modified polystyrene United States

2.01 pm non-fluorescent Bangs Laboratories, Indiana, United
(1.8-2.2 um)  silica particles plain States

300 nm fluorescent red Kisker, Steinfurt, Germany

n/a silica particles plain

To probe the local viscoelastic properties of artificial model systems of the actin cortex by video
particle tracking, mainly fluorescent carboxylate-modified polystyrene latex beads with a diameter
of 2 um were used. For comparison measurements with larger (4.95 um) and smaller (300 nm)
beads were performed. Non-fluorescent beads were used to show the bead incorporation into the
network (see Figure 22). For optical tweezer measurements the fluorescent carboxylate-modified
polystyrene latex beads with a diameter of 2 um were used.
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4.1.1.4. F-Actin Polymerization

The lyophilized powder of non-muscle G-actin (Cytoskeleton, Denver, Colorado, United States)
was solved in ice-cold ultrapure H,O (<20 mQ-cm) to give a stock solution with a concentration
of 10 mg'mL!. Aliquots (a 10 uL) of this stock solution were flash-frozen in liquid nitrogen and
stored at -80 °C. Before usage of G-actin G-buffer (see below) was added to give different
concentrations between 0.36 - 1.5 mg-mL"!. Afterwards, aqueous solutions of dithiothreitol (DTT,
final concentration 0.5 mM) and adenosine 5'-triphosphate (ATP, final concentration 0.2 mM) were
added. The solution was stored on ice for 1 h and centrifuged afterwards for 20 min (17,000 g at
4 °C) to remove potential oligomers by precipitation. For samples in which the F-actin polymer
networks were attached to the lipid membranes via neutravidin, a mixture of biotinylated G-actin
(Cytoskeleton, Denver, Colorado, USA) and G-actin (1:5) was used. For microrheology
measurements, approximately 1 pL of the respective bead solution (see 4.1.1.3) was added and the
suspension was thoroughly mixed with a vortex mixer before polymerization was induced by
adding 10 % (v/v) of a high salt polymerization buffer (see below). The polymers were allowed to
grow for at least 30 min. Afterwards, AlexaFluor488-phalloidin (0.01 mol% compared to G-actin
monomers, Thermo Fischer Scientific, Waltham, Massachusetts, United States) was added to
fluorescently label the actin filaments. For staining, the sample was incubated for at least 60 min
with the labeled-phalloidin.

Table 7: Buffer compositions for preparation of pre-polymerized F-actin filaments used in this study.
buffer composition
G-buffer 5 mM Tris/HC1
0.2 mMm CaCl,
0.77 nM NaN3
pH 7.4 (NaOH)
polymerization buffer 500 mMm KCl
20 mM MgCl,
20 mMm ATP
pH 7.4 (NaOH)

4.1.1.5. Entangled 3D F-Actin Samples as Basic Model System

For the basic model system, entangled F-actin networks in different concentrations (about 20 pL;
preparation described in the previous chapter) were pipetted into self-made measuring chambers
consisting of two optical glass cover slips (No. 1, 0.13-0.16 mm, Carl Roth, Karlsruhe, Germany)
glued together by double-faced adhesive tape. The chambers were sealed with Parafilm, stored at
7 °C and used the day after. F-actin networks in concentrations of 8-36 um showed isotropically
entangled morphology (Figure 19 A-B), whereas in lower concentrations no entangled network was
formed and in higher concentrations nematic phases (Figure 19 C) and aster formation (Figure
19 D) occurred.108:118.184.248

Figure 19: F-actin networks at different concentrations. Confocal images (A-C) and epi-fluorescence image
(D) of actin networks made from different G-actin concentrations. A: 23 um; B: 36 pM; C+D: 40-46 pum. F-actin
was stained with AlexaFluoPhalloidin488. Red structures in (C) are tracer particles (2 pm carboxylate).

37



Methods and Experimental Procedure

4.1.1.6. Preparation of F-Actin Networks Attached to Solid-Supported Lipid Membranes
The freshly hydrophilized substrates (4.1.1.2) were immediately incubated with the respective SUV
suspension (4.1.1.1) for 1 h. A homogenous membrane including the receptor lipid was achieved
as demonstrated in Figure 20 B1 showing homogenous fluorescence of the lipid bilayer and a defect
in the upper right corner. To remove excess vesicles from the surface the sample was rinsed with
spreading buffer. Subsequently, the buffer system was exchanged towards the ezrin protein buffer
or PBS if neutravidin was used for linking the membrane to the actin network. Afterwards, either
the protein ezrin T567D (isolated from recombinant expression in Escherichia coli**®) or
neutravidin (Thermo Fischer, Waltham, Massachusetts, United States) was added to the solid
supported membrane and the system was incubated at a concentration of around 1 uM at 4 °C over
night. A schematic overview of the preparation of F-actin networks attached to solid-supported
membranes is shown in Figure 20 A1-3.
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Figure 20: Preparation and self-organization of membrane bound artificial model systems of the actin
cortex. A1-3: Schematic representation of the preparation process of artificial model systems of the actin cortex.
A solid supported lipid bilayer (red) containing receptor lipid ( ) is incubated with the protein ezrin T567D
(blue). Afterwards a pre-polymerized F-actin network (green) is attached to the bilayer. B1-3: fluorescence
images confirm successfully spread lipid bilayer doped with TexasRed (B1) and attachment of the actin network
doped with AlexaFluor488-phalloidin (B2) and overlay (B3). Scale bar: 10 um. (parts of figure by Markus
Schon)
Excess protein was removed by rinsing with the respective protein buffer. Afterwards the buffer
system was exchanged towards actin buffer and pre-polymerized actin filaments (8 uM, see 4.1.1.4)
were incubated for 4.5 h at room temperature. Finally, unbound filaments were removed from the
sample by rinsing with actin buffer. Quasi 2D actin networks attached to the lipid membrane by

ezrin or neutravidin, respectively, were achieved (Figure 20 B2-B3).

Table 8: Overview over the protein buffers used in this study. All buffers were used at pH 7.4.

buffer composition
ezrin buffer 50 mMm KCI

20 mM Tris

0.1 mm EDTA

0.1 mM NaN3
PBS 136.9 mM NacCl
(for neutravidin studies) 2.7 mM KCI

8.1 mM Na,HPOq,

1.5 mM KH,PO4
actin buffer 50 mm KC1

20 mM Tris

2 mM MgCl,

0.1 mM NaNj
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4.1.2. Network Analysis of the Self-Assembled Minimal Actin Cortex (MAC)
4.1.2.1. Network Analysis of MACs by Optical Microscopy

4.1.2.1.1.Confocal Fluorescence Microscopy

Readymade solid supported actin networks attached to lipid membranes (4.1.1.6) or entangled actin
networks (4.1.1.5) were imaged by confocal laser scanning microscopy (CLSM). An upright
confocal laser scanning microscope (Olympus, FV 1200; Olympus, Hamburg, Germany) equipped
with a 405 nm diode laser (50 mW), a 488 nm diode laser (50 mW) and a diode pumped solide state
LASER emitting at 561 nm (20 mW) was used. For most measurements a water immersion
objective (60 x, LPUMPIlanN, NA =1.0, Olympus) was used. The membrane associated
fluorophore Atto390DOPE was excited at 405nm and detected at 425-475 nm. The
AlexaFluor488-phalloidin labeled F-actin was excited at 488 nm and detected at 500-545 nm. For
excitation of the tracker particles an excitation wavelength of 561 nm was used and the fluorescence
emission was detected at 575-675 nm.

4.1.2.1.2.Network Analysis from CLSM Images
The network analysis was mainly performed by Markus Schon and Ingo Mey (Institute of Organic
and Biomolecular Chemistry, Georg-August-Universitit, Gottingen, Germany).

In a first step the confocal sections of confocal laser scanning microscopy images where treated
with a Fast Fourier Transformation (FFT) filter to increase the signal-to-noise ratio. Subsequently,
the filaments were analyzed with an open source software tool called SOAX, which finds single
(F-actin) filaments in fluorescence images and therefore is able to compute the length and position
of filaments.>*® The key element in this software is the initialization and evolution of so-called
multiple stretching open active contours (SOACs).?! This parametric curve is first initiated along
regions in which good contrast and fluorescence intensity allow recognition of filaments, therefore
a ridge threshold parameter is used. Afterwards, the curve evolves by elongation according local
intensity maxima and stops when it comes into contact with a filament tip, hence, merging filament
fragments. The computed filament is drawn to the centerline of the filament. Additionally, the
algorithm reconfigures all junctions in the end so that the drawn filaments do not end or bend
sharply at filament junctions. The obtained binary images from the computed filament positions are
used for further analysis.

The mesh size of the F-actin polymer network was analyzed by a so-called bubble analysis in which
the largest sphere (3D) or circle (2D) which fits into the porous zones of a network is determined.??
First an Euclidian distance map (EDM) of the filament network was calculated, displaying the
straight-line distance between two points in Euclidean space in form of height information, here the
distance of a pixel in a polymer mesh and the surrounding filament. Thus, in this representation a
local maximum in the EDM represents the balance point of a mesh, therefore the center of the
largest circle which can be fit into the mesh. Subsequently, overlapping circles were compared
among each other and only the largest was kept. A MATLAB based open source code written by
Miinster and Fabry was modified and used for the computation of the EDM, the determination of
the local maxima and the comparison of overlapping bubbles.”>® We use the diameter of the
resulting bubbles to quantify the mesh size.
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were recorded. B: The images were enhanced in signal-to-noise ratio by using a fast Fourier transform filter.
C: The open source software tool SOAX was used to detect filaments using multiple stretching open active
contours.?%3! D: Local maxima in an Euclidian distance map between the computed filaments served as center
points for circles inside a network pocket. E: Overlapping circles were compared to avoid multiple responses of
one mesh. F: Solely the largest of the overlapping circles was taken as mesh size of one specific pocket. The
method was described before.?’2233 (Figure was gratefully received from Markus Schén)

4.1.2.2. F-Actin Fiber Height Analysis by Atomic Force Microscopy

4.1.2.2.1.Sample Preparation

Clean and flat glass surfaces (35 mm, No. 1.5, MatTek, Ashland, USA) were incubated over night
with poly-D-lysine (0.1 mg-mL"'; Sigma-Aldrich, St. Louis, MO, United States). Upon rinsing the
glass surface with actin buffer (see 4.1.1.6) 10 pL of pre-polymerized actin filaments (8 uM;
4.1.1.5) were incubated on the sample for 3.5 h (total buffer volume on sample about 1 mL). After
further rinsing with actin buffer the sample could be imaged using the atomic force microscope.

4.1.2.2.2. Atomic Force Microscopy Measurements

Atomic force microscopy (AFM) images in quantitative imaging mode (= 100 nm-pixel™') were
recorded using a JPK NanoWizard4 atomic force microscope (JPK Instruments, Berlin, Germany).
Cantilevers with a sharp tip (7mom= 2 nm) and high sensitivity (MSNL-10, knom= 100 pN-nm’’;
Bruker AFM Probes, Camarillo, USA) were used for the measurements.

4.1.2.2.3.Fiber Height Analysis

AFM images were analyzed to determine the diameter and the diameter distribution of the pre-
polymerized filaments. The height of the filaments was analyzed from line plots with the help of
the scientific software tool Gwyddion** (software version 2.47). The diameter of the fibers could
be determined from the measured height of the fibers. In an image with high density of filaments
the distribution of filament height was analyzed. Therefore the image was divided in 7x7 quadrants
and each filament height was counted once per quadrant. It was necessary to treat the data this way
since the beginning and end of one filament is in most cases not easy to analyze due to descending,
intersections and branching. Thus, the determined filament distribution is rather a filament per area
distribution. For our purposes it might even be more correct to look at this number since a longer
filament contributes more to the mechanical properties than a short filament.
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4.1.3. Force Spectroscopy Methods to Study the Viscoelasticity of MACs

In this chapter microrheological force spectroscopy methods are described which were used to
probe the viscoelastic properties of model systems. Video particle tracking and passive and active
microrheology with an optical tweezer are used. The methods differ in the frequency range and
range of stiffness they are able to probe (see 2.2.2). Video particle tracking and optical tweezer
based microrheology have been used in many artificial model systems of entangled and cross-linked
F-actin networks as well as in living cells to record the frequency dependent viscoelastic properties
of these systems. Here artificial minimal actin cortices will be studies using these tools.

4.1.3.1. Passive Microrheology Measurements by Video Particle Tracking

4.1.3.1.1. Experimental Procedure

To probe the local viscoelastic properties of artificial model systems of the actin cortex fluorescent
carboxylate-modified polystyrene latex beads with a diameter of 2 um were used if not stated
otherwise (see chapter 4.1.1.3). Carboxylate-modified beads were shown to bind non-specifically
yet provide stable interaction with the polymer network.'” Confirmation of the tracer particle
incorporation in the actin network is shown in Figure 22. The influence of the bead size on the

frequency dependent viscoelastic properties is discussed in chapter 5.1.2.6.

Figure 22: Incorporation of the tracer particles in the F-actin filament network. Confocal fluorescence
images of actin networks attached to a lipid membrane containing 3 mol% PIP: via ezrin are shown. Tracer
particles: size d = 2 pm, non-fluorescent silica (Bangs Laboratories, Indiana, United States). A: xy-planes at
three different z-positions, at the plane of the tracer particles (z = 0 pm), two planes below (z = -1.44 pm) and
two planes above (z = +1.44 um). B: An x-z-plane is shown. Non-fluorescent beads where used, the F-actin
polymers organizes around the silica surface. Estimated bead positions are marked with blue dotted lines. F-actin
was fluorescently labeled with AlexaFluor488-phalloidin (Life Technologies, Carlsbad, USA).
Before the measurement samples were allowed to equilibrate with room temperature for at least
2 h. Time series of at least 100,000 images were recorded using a SCMOS camera (Zyla-5.5-CL-
10, Andor Oxford Instruments, Belfast, UK) mounted on a fluorescence microscope (Olympus, FV
1200; Olympus, Hamburg, Germany) equipped with a 60x Objective (LPUMPlan N, NA = 1.0,
Olympus, Hamburg, Germany) with a frame rate of at least 50 fps and an exposure time of about
10 ms. The total magnification was about 108 nm per camera pixel. About 1-10 beads could be
recorded in each video frame with subpixel resolution using an algorithm described in the next

chapter (Figure 25 A).

Temperature dependent measurements were performed using a home built Peltier element setup
(Johannes Schumacher, Institute of Organic and Biomolecular Chemistry, Georg-August-
Universitét, Gottingen, Germany) adapted to the above described setup. A PID controller helped to
control the temperature within less than a tenth of a degree Celsius.
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4.1.3.1.2.Data Processing

Tracking, calculation of the time averaged mean squared displacements (MSDs) and determination
of the complex shear moduli was accomplished by a MATLAB code written by Maria Kilfoil*>
and coworkers based on a tracking algorithm by John Crocker and theory by Weitz and
coworkers'®. Raw data in the form of particle trajectories and time averaged mean squared
displacements is shown in Figure 25 B and C. Subpixel resolution of about 3 nm could be achieved.
Additionally to the rather high time average (at least 50,000) and average over x- and y-direction,
the MSDs for one data set were ensemble averaged (2-9). Accordingly, the reported data points
contain a total average of N = 2-10% — 2+ 10°. Sources of error of this method are discussed
specifically for each sample in results and discussion (chapter 5.1.2.6). Each Trajectory was
checked before further analysis. Examples of trajectories are shown in Figure 23. Bead trajectories,
which showed similar variation (Figure 23 B1 & B2) and were stationary (Figure 23 A1 & A2) over
the time of measurement were taken into account, whereas trajectories with sudden jumps or strong
changes in position over times were rejected. In such trajectories, ergodicity is not given and it
cannot be assumed that time average results in the same mean squared displacement as ensemble
average. Additionally, beads with obvious artefacts where sorted out. Two examples are shown in
(Figure 23 A3 & A4). In Figure 23 A3 the x-y-projection of a trajectory reveals that the bead has a
high probability to be found at the borders of its mean position. Furthermore, the bead
spontaneously changes positions from one rim to another. In a plot of particle position vs. time these
processes show as sudden jumps in position (Figure 23 B3 & B4). This trajectory was recorded in
a 3D actin network and it is likely that the beads trajectory is determined by the interaction with the
surrounding filament cage. Figure 23 A4 shows another example of a rejected bead. Here again, the
probability of the location of the bead is highest on the outer area of the trajectory. This trajectory
was recorded in a sample where actin was attached to a model membrane via electrostatic
interactions. The bead is most likely not incorporated in the network but sits on top and performs a
propeller-like movement, which was observed quite often for this kind of sample.
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Figure 23: Selection of trajectories. Raw data in the form of bead trajectories is shown. A: Trajectories in x-
y-representation. B: x- and y-position as a function of time. A+B1: Trajectory without artefacts, no drift and
similar variation in position over a long period of time. A+B2: Trajectory with minor artefacts, no drift and only
a slight change in position variation. A+B3: Trajectory with a major artefact, bead is sticking to the surrounding
cage. A+B4: Trajectory with a major artefact, bead is moving on a circle. Flickering in the time course between
the different positions can be observed. The bead is most likely not incorporated in the network but sits on top
and performs a propeller-like movement.
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In general these kind of artefacts can be easily detected when plotting histograms of the trajectories.
Artefact free trajectories should have a normal distribution around the mean value. Example
histograms of bead position in y-position from the trajectories in Al and A4 are shown in C1 and
C2. Beads that showed merely normal diffusion or the same or very similar mean squared
displacement than immobile beads (no viscoelastic properties) were rejected as well.
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Figure 24: Two example histograms of the y-position. A: Particle 1 from Figure 23 A&B1. B: Particle 3 from
Figure 23 A&BS3.
If not otherwise stated (see data presentation in results and discussion, PIP» 5 % and actin 36 uM)
all other data was included in the analysis. Treating the data this way lead to a selection of about
10 % of the recorded trajectories, varying slightly for different samples. Only in samples where the
F-actin network was attached to lipid membranes via electrostatic interactions the rate of approval
was significantly lower than 10%. The data was thus not included in the here presented dataset.

In order to obtain smooth mean squared displacements as well as first and second derivatives, the
data was fitted locally with a second degree polynomial. The viscoelastic moduli are calculated
according to equations (23)-(35)). Examples of storage and loss moduli are provided in Figure 25 D.
To interpret the frequency dependent viscoelastic moduli in terms of binding kinetics of the actin
binding proteins we used a semi-phenomenological model described by Bausch and coworkers to
fit the microrheological data.** The model was modified for our purposes as described in chapter
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Figure 25: Overview Video Particle Tracking. A: Schematic representation of the method. Videos of at least
100,000 images where recorded on a sSCMOS camera with a frame rate of about 50 fps and an exposure time of
about 10 ms. B: Examples of trajectories of tracer particles in different viscoelastic media are displayed. Inset:
Bead trajectory of a tracer particle in a 2D actin network coupled to a planar membrane via transient ezrin/PIP2
linkage in comparison to the bead size. C: Mean squared displacement (blue) and respective locally fitted curve
( ). D: Viscoelastic moduli, the storage modulus (closed symbols) and the loss modulus (open symbols).
Blue: Shear modulus of entangled F-actin networks. Dotted grey line: Theoretical loss modulus of water.
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4.1.3.2. Passive Microrheology Measurements by Optical Tweezer

Optical tweezers are able to manipulate tracer particles, the underlying physical principle is to trap
a particle in a highly focused LASER beam on the basis of conservation of momentum. Once
trapped, the particle can be moved on pre-defined trajectories trough the surrounding medium.
Many different experiments are conceivable, here we use the optical tweezer either to track the
motion of a particle (passive MR this chapter) or to perform small amplitude oscillations (active
MR 4.1.3.3) inside the viscoelastic medium in order to probe its viscoelastic response.

4.1.3.2.1. Theoretical Background

The passive microrheology experiment on the optical tweezer is based on the same theory as the
video particle tracking experiment. A comprehensive overview is given by Tassieri ef al..”® Basic
concepts are shown here. Solely the tracking of the bead position is recorded by the change of signal
on the quadrant photodiode (Figure 27 A and B), allowing a higher band width of frequencies to be
analyzed. Following the same derivation as shown before for the video particle tracking in chapter
2.2.2.1.2, the Stokes-Einstein equation is used in this context. However, the restoring force of the
trap acting on the tracer particle has to be included in the Langevin equation:

d2 d

mSE = fo®) = f3 6t = 1) - E2dr — k- x(2), (44)
where « is the stiffness of the trap. Using the same assumptions (i)-(iii) as discussed in (2.2.2.1.2)
equation (44) can be rewritten in terms of the normalized position autocorrelation A(7)?¢ 2%

_ {x(to)x())

A® =Tty (45)
giving

~ o A(s)

)=« s AG) (46)

The normalized position autocorrelation function (Figure 27 C) is related to the normalized mean
squared displacement nMSD(t) (Figure 27 D) by:*’

A(t) + nMSD(7)=1 (47)
Applying equations (16) and (18) as shown previously the following expression for the shear
modulus in Fourier domain is obtained (Figure 27 E): 2362%

G (w) = = LA (48)

6nr [1-iw-A(w)]

A(w) is the Fourier transform of the position autocorrelation function.

Simple evaluation of the Fourier transforms in equation (48) would lead to artefacts in the frequency
range of interest due to the limited set of data points collected in the measurements. The two major
problems in passive microrheological methods, which have been identified by Tassieri et al., are
(i) interpolation artefacts and (ii) noise at long time lags. They approached these problems by virtual
oversampling performed as interpolation of the time averaged functions of the normalized mean
squared displacement or autocorrelation function, and reducing the data density at long time lags to
increase the signal-to-noise ratio. Finally, the adjusted data was used to calculate the viscoelastic
moduli after equation (24).

4.1.3.2.2. Experimental Procedure

All samples were prepared on optical glass slides (No. 1.5, 0.165-0.175 mm, p-Dish33™™ high Glass
Bottom, Ibidi, Martinsried, Germany) for optical tweezer measurements and allowed to equilibrate
at room temperature for at least 2 h before measurement. The passive microrheological
measurements were performed on a NanoTracker 2 optical tweezer (JPK Instruments, Berlin,
Germany) build on an inverted Zeiss microscope equipped with a5 W 1064 nm LASER and a water
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immersion objective (63 x, C-Apochromat, NA = 1.2, Carl Zeiss, Jena, Germany) for trapping (see

Figure 26).
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Figure 26: Schematic representation of the optical tweezer setup and beam bath. The NanoTracker 2
optical tweezer (JPK Instruments, Berlin, Germany) build on an inverted Zeiss microscope equipped witha 5 W
1064 nm LASER and a water immersion objective (63 x, C-Apochromat, NA = 1.2, Carl Zeiss, Jena, Germany).
The LASER beam is split into two light paths. Trap 1 can be stirred by a piezo electric mirror, trap 2 by an
acousto-optic deflector (AOD). Detection of the signal is carried out by quadrant photodiodes.

Polystyrene particles (2 um, Sigma-Aldrich, St. Louis, Missouri, United States) were used as
colloidal probes. Laser power was set to 500 mW and reduced to about 10 % for the measurement.
The trap stiffness and detector's sensitivity to particle displacements from the trap center were
calibrated on at least 3 tracer particles in ultrapure water before the measurement (typical trap
stiffness: k ~ 0.0007 pN - nm~1) using a power spectral analysis (see Figure 29 B1-B2).25° Motion
of the tracer particle was recorded on a quadrant photodiode with 1000 Hz for at least 20 min.
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Figure 27: Overview of passive microrheology measurements by optical tweezer. A: Schematic
representation of the setup. A tracer particle (red circle) is trapped in a polymer network (not shown). An optical
trap of low trap stiffness (blue) records the particle movement. The motion of the tracer particle is recorded by
a quadrant photodiode. B: Example of particle movement in x-direction of a tracer particle in a viscoelastic

medium (raw signal). C: Example of normalized position autocorrelation function A(7) (

) of the tracer

particle position. D: Example of normalized mean squared displacement nMSD(7) (green) of the tracer particle
position. E: Example of viscoelastic moduli, storage (red) and loss (blue).

4.1.3.2.3.Data Processing

For data analysis the open access LabVIEW executable MOT written by Manlio Tassieri was

used.”®2%! This program is based on the method described above. The obtained data was corrected
by the trap stiffness experimentally determined in water.
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4.1.3.3. Active Microrheology Measurements Using an Optical Tweezer

4.1.3.3.1. Theoretical Background

The active microrheological measurement was performed with a tracer particle trapped in a
relatively strong optical trap, which was actively oscillated. The motion of the bead was recorded
with a second weaker trap. A schematic representation of the setup is shown in Figure 28 A. Forces
acting on the tracer particle are displayed in Figure 28 B. The one dimensional equation of motion
of a tracer particle embedded in a viscoelastic material and excited to oscillatory movement with a
relatively strong optical trap (k; - (A - exp(iwt) — x)) is shown in equation (49). The motion of the
tracer particle is recorded by a second weaker trap (k,x). The viscoelastic response is modelled as
a complex drag force 6mr - n*(w) - Xx. Additionally, the inertia force mx of the tracer particle and

statistical random forces fR(t) act on the bead:
dZ

moz = —6mr -1 (a)) + kq- (A exp(la)t)) kix — kyx + fr(t) (49)
With the ansatz for the resultlng rnotlon.
x(t) = D(w) - exp (i(wt — (p(a)))), (50)

and taking G*(w) = n*(w) * iw an expression for the shear modulus can be found. Here D (w) and
¢ (w) are the resulting damped amplitude and the phase shift, respectively (Figure 28 C inset). The
inertial term and the stochastic thermal forces are neglected, giving:

k
G'(w) =— (D(w) (cos(w) +i-sin(w)) — 1 — k—i) (51)
Where the real and imaginary part are:
A 2
G'(w) =21 (D * - cos(w) — 1 —k—l) and (52)
n A
G"(w) = E(D(w) Sln(a))> (53)

An exemplary spectrum is shown in (Figure 28 C).
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Figure 28: Active microrheology measured by optical tweezer. A: Schematic representation of the setup. A
tracer particle (red circle) is trapped in a polymer network (not shown), an optical trap of low trap stiffness
(blue) records the particle movement, while another optical trap of higher trap stiffness (red) excites oscillatory
movement of different frequencies and low amplitude (2 - A = 80 — 200 nm, peak to peak). The motion of the
tracer particle is recorded by a quadrant photodiode. B: Forces acting on the tracer particle (red circle). Harmonic
potentials of the traps (trap 1 (red) & trap 2 (blue)). C: Detected signals at 80 Hz, response signal (blue) is
damped in amplitude and phase shifted compared to the input signal (red). D: Exemplary spectrum of the
viscoelastic moduli versus frequency. Red: Storage modulus; Blue: Loss modulus.
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4.1.3.3.2. Experimental Procedure
Samples were prepared equivalently and measured on the same setup as described in 4.1.3.2. The
Laser power was set to 500 mW with approximately 90 % of the power entering the beam path of
trap 1 and about 10 % the beam path of trap 2. The trap stiffness and detector's sensitivities to
particle displacements from the trap center were calibrated on at least 3 tracer particles in ultrapure
water before the measurement (typically: k; ~ 0.04 pN-nm~! and k, ~ 0.0007 pN - nm™!) using
a power spectrum analysis.?®® The trap stiffness k was calculated from the corner frequency
fo = k/12m?nr (see Figure 29 B 1 and 2), where 7 is the viscosity of the medium and r the radius
of the bead. Trap positions were calibrated before each measurement to ensure that both traps lie
on top of each other (Figure 29 A). Motion of the tracer particle was recorded on a quadrant
photodiode. Trap one was used to oscillate the tracer particle in order to get absolute values for the
shear modulus since the true motion of the mirror and hence the LASER beam could be measured
by a strain gauge strip. Mirror movement was calibrated several times giving a sensitivity of
33 nm/mV. Oscillation protocols with oscillation frequencies ranging from 0.001 to 200 Hz at small
amplitudes (2 - A = 80 — 200 nm, peak to peak) were used to probe the viscoelastic properties.
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Figure 29: Overview optical tweezer calibration. A: Trap position calibration, trap 1 (red) and trap 2 (green)
lie on top of each other. B: Example of a power spectra of both traps with respective fit (equation shown in B1).
B1: Trap 1. B2: Trap 2. A(w): Power spectral density (Fourier transform of the position autocorrelation);
C: hydrodynamic drag coefficient; f: the corner frequency.
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4.1.3.3.3.Data Processing
Signals were fitted with a sinus fit (simplex algorithm) and moduli were calculated after equations
(51)-(53) using a self-written MATLAB script.

4.1.3.4. Semi-Phenomenological Model to Interpret the Frequency Dependent Viscoelastic

Data in Terms of Binding Kinetics of Transient Cross-Links
In order to interpret the collected frequency dependent viscoelastic data in terms of binding kinetics
of transient cross-links, a semi-phenomenological model introduced by Bausch and co-workers (see
3.2.1) is used.** I modified this model to account for more than one independent relaxation process
i at low frequencies in the network originating for example in cross-linker unbinding or filament
reptation. The following dependencies of the storage G'(f) and loss modulus G"(f) on the
frequency f are obtained:

6'(f) = Go+ b+ (L) - p-atigar

(kgff) o2 (54)
¢y =d (_o) +Zl(§:>v{fz (55)

Where, N is the number of bonds, a — d are pre-factors and f; is 1 Hz (as described in 3.2.1). The
full set of parameters for each sample is presented in Appendix 1 IV.
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4.1.4. Langevin Equation for the Motion of a Particle in a Viscoelastic
Medium

4.1.4.1. Theoretical Background

In order to simulate the motion of a tracer particle in a viscoelastic medium we use a similar

generalized Langevin equation as applied by Mason and Weitz>%

and described above (equation
(16)), adding an additional term for the force of a harmonic potential (—kx) of a cage of filaments
acting on the particle:

d?x _ tz dx
mﬁ = —kx - B fO (;Maxwell(t - T) ) E T dr + fR(t)a (56)
where m is the mass of the tracer particle, x the position of the tracer particle, k the trap stiffness

of a harmonic potential, iM axwey) the memory function, dt the time lag between two positions, £ is

a pre-factor [f] = N-m™!

and fr(t) a fluctuating force. This force is correlated to the friction
coefficient { as expressed by the fluctuation dissipation theorem (equation (13)). In our simulations
we use an exponential decay to describe the memory function , similar to the relaxation function
obtained from the canonical Maxwell model, and via the fluctuation dissipation theorem also the

correlation of the noise term.

z _ |t]
CMaxwell = €xp (_ E)’ (57)

where K is the correlation time at which the time dependent memory function (~;M axwell d€cays to
1/e of its original value. The above Langevin equation (56) can we rewritten in order to obtain the
position x; at each index of time i. Additional we introduce a term for the long time diffusion of
the entanglement cage with the diffusion coefficient Dcage:
5 (X1 =2%i-1)+BXi-1—B T} Ci_j'(xj_xj—l)_ﬁ'z'kBT'\/%

A tk+B (58)

+./ ZDcageAt Wi,

where i is the index of time and j is the index of time lag and At is the time lag between two

Xi =

positions. w; is an uncorrelated white noise and v; a correlated Gaussian noise.

4.1.4.2. Proceeding

Particle trajectories in complex viscoelastic media were simulated by an in house python script
'Generalized Langevin Equation Simulator Version 5 (2017-02-16)' via equation (58). Example of
such simulations with variating parameters are shown in Figure 30. For comparison the resulting
trajectories where treated like data from video particle measurement, hence the mean squared
displacement and the moduli where calculated as described in 4.1.3.1.

Initial parameter set:

e massm=1-10"*kg

e time between two positions At = 0.01 s

e  spring constant of the harmonic potential k = 5 a. u.

o  diffusion coefficient of the cage Deage = 0.5 * 1071 m? - s
correlation time K = 1's
e temperature T = 1 kgT

-1

An increase of the spring constant shifts the plateau region and the MSD in the low time lag region
to lower magnitudes as expected (Figure 30 A). Alterations in the diffusion coefficient of the cage
act on the long time diffusion of the simulated particle while the mean squared displacement on
short time lags is not altered (Figure 30 B). Changing the Kernel parameter determines the power
law scaling of the MSD in the short time lag regime, without affecting other time lag regimes
(Figure 30 C). The temperature acts on all time regimes (Figure 30 D) as all processes are dependent
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on the temperature. The transition from the short time lag regime to the plateau regime is determined
by the Kernel parameter and the stiffness of the trap. The transition from the plateau region to the
cage diffusion is determined by the diffusion coefficient of the cage and the trap stiffness.
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Figure 30: Evaluation of the model to simulate the motion of a tracer particle in a viscoelastic medium.
Graphs display the mean squared displacement over time lag. A: Variation of the spring constant of the harmonic
potential k. B: Variation of the diffusion coefficient D¢, of the cage. C: Variation of the correlation time K at
which the time dependent memory function decays to decays to 1/e of its original value. D: Variation of the
temperature T. Other parameters were kept constant: mass m = 1 - 10715 kg, time between two positions At =
0.01 s and total number of positions calculated L = 100,000.

4.2.Methods and Experimental Procedure to Study Living Cells

4.2.1. Polyacrylamide Gels as Cellular Substrates of Different Elasticities
4.2.1.1. Fabrication of Polyacrylamide Gels

To produce substrates of different elasticity collagen coated polyacrylamide gels with different
degrees of cross-links were produced after a modified protocol from Pelham and Wang?®.

4.2.1.1.1.Preparation of Surface Treated Coversplips

Silanized bottom coverslips: Coverslips (square, 20 mm, Thermo Fisher Scientific, Gerhard Menzel
B.V. & Co. KG, Braunschweig, Germany) were treated with argon plasma for 15 min (Diener
electronic, Plasma Surface Technology, Ebhausen, Germany) and treated in an ultrasonic bath at
60 °C in ethanol (= 99.8 % (GC), Sigma-Aldrich, St. Louis, Missouri, United States) for 5 min.
Coverslips were dried in a gentle nitrogen steam and covered with NaOH (0.1 M) for 5 min. After
removal of the NaOH the substrate was covered with ((3-aminopropyl)triethoxysilane) (APTES,
Sigma-Aldrich, St. Louis, Missouri, United States) for 3 min to silanize the surface. The coverslips
were rinsed in ultrapure water (< 20 mQ-cm) several times, dried in a gentle steam of nitrogen and
placed at a petri dish with the silanized side facing upwards. The substrate was treated with an
aqueous glutaric dialdehyde solution (GDA 0.5 %, Acros Organics, Geel, Belgium) for 30 min,
rinsed with ultrapure water (< 20 mQ-cm) several times and dried in a gentle steam of nitrogen.
This silanization process and additional functionalization with glutaric dialdehyde is important to
covalently bind the polyacrylamide gels to the coverslip.

Surfasil treated coverslip: Coverslips (round, 25mm, Thermo Fisher Scientific, Gerhard Menzel
B.V. & Co. KG, Braunschweig, Germany) were cleaned in an ultrasonic bath at 60 °C in ethanol
(= 99.8 % (GC), Sigma-Aldrich, St. Louis, Missouri, United States) for 5 min and subsequent
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drying in a gentle nitrogen steam. The coverslips were treated with a hydrocarbon siliconizing fluid
solution (10 %, Thermo Fisher Scientific, Waltham, Massachusetts, United States) in chloroform
for 10 min to render the surface hydrophobic. The reaction takes place by a covalent reaction
between the hydroxyl groups on the surface and the silicon. After the removal of the surfasil
solution the coverslips where dried and stored at room temperature.

4.2.1.1.2. Polymerization of Poylacrylamide

Different ratios of acrylamide (Sigma-Aldrich, 01696, St. Louis, Missouri, United States) and N,N'-
methylenebis(acrylamide) (Sigma-Aldrich, M7279, St. Louis, Missouri, United States) were mixed
for the preparation of the acrylamide stock solutions (Table 9). To 500 pL of this mixture the radical
starter ammoniumperoxodisulfat (APS, 5 pL 1:100) and the catalyst N,N,N',N'-tetramethylethan-
1,2-diamin (TEMED 0.5 pL. of 1:1000, Carl Roth, 2367, Karlsruhe, Germany) were added to
initiate the polymerization. The silanized and GDA treated bottom coverslips were placed on the
bench facing the top with the silanized side. The mixture was added to the coverslip immediately
after the addition of APS and TEMED. A surfasil treated coverslip was then placed on the droplet.
Polymerization was complete after 45 min and resulted in polyacrylamide gels of about one
millimeter in height. After removal of the coverslip the gel was washed in phosphate buffered saline
(PBS) and stored for 2 days at 7 °C in PBS before usage to allow swelling. Gels of £F-moduli ranging
from 0.2 to 100 kPa were obtained.

4.2.1.1.3.Collagen Coating of Polyacrylamide Gels

The polyacrylamide gels where covalently coated with collagen to provide RGD-sequences (Arg-
Gly-Asp) to mediate cellular adhesion. Therefore, gels where washed with HEPES buffer (50 mm,
5 min) and treated with UV-light (A = 365 nm) for 10 min. Afterwards, an aqueous solution of
sulfosuccinimidyl ~ 6-(4'-azido-2'-nitrophenylamino)hexanoate  (Sulfo-SANPAH, 1 mg:mL",
Thermo Fisher Scientific, Waltham, Massachusetts, United States) was brought into contact with
the polyacrylamide gel for 15 min and the reaction between the azide and the amide group was
triggered by a irradiation with UV-light (A = 365 nm) for 10 min. The gels where rinsed at least 5
times with HEPES (50 mM) for 5 min before incubating with a solution of bovine collagen I
(50 ug'mL!, Thermo Fisher Scientific, Waltham, Massachusetts, United States) in acetic acid
(0.02 M) over night at 7 °C. Before usage the excess collagen was removed by rinsing with PBS.

Figure 31: Fluorescence staining of collagen I coated polyacrylamide gels. A: 8 kPa gel. B: 30 kPa Gel.
Insets are deliberately produced defects to illustrate the difference between coated and uncoated locations.
Collagen I was fluorescently labeled as described in 1.2.4 (Fluorescence images were produced during the
Bachelor thesis of Franziska Ries (2016), Institute of Physical Chemistry, Georg-August-Universitit, Gottingen,
Germany).

4.2.1.2. Determination of the E-Modulus with AFM
The E-modulus of each gel was confirmed before cell culture by fitting Hertzian contact mechanics

to force distance curves?*

using an atomic force microscope (MFP3D Standalone, Asylum
Research) equipped with silicon nitride cantilevers (Bruker AFM Probes, Camarillo, United States).
The spring constant of each cantilever was determined using the thermal noise method.?®® At least

200 force distance curves were collected on three different positions on the sample. For the stiffer
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gels of a Young's modulus of 30-100 kPa the F-lever (knom= 500 pN-nm™') was used, for gels with
expected E-moduli with 1-10 kPa the D-lever (knom= 100 pN-nm™') and for the gel with an expected
E-modulus of 0.2 kPa the C-lever (knom= 10 pN-nm™') was used. The force distance curves where
base line corrected and the contact point was set manually. Analysis of the £-moduli was performed
by an in house code 'FDC _loader' (version 05.03.2015) written by Andreas Janshoff and Ingo Mey
in Matlab (Version 2014a, MathWorks Inc., Massachusetts, United States), based on Hertzian
contact mechanics (see equation (59))*%¢2%’. The measured E-moduli are listed in Table 9. Collagen
coating did not alter the elastic properties significantly.

Table 9: Volume ratio of acrylamide (AA) and bis-acrylamide (bis-AA) in stock solutions and the resulting
E-modulus (mean = std) after polymerization measured by atomic force microscopy. (Measured E-moduli were
partially produced during the Bachelor thesis of Franziska Ries (2016) and Christine Franke (2014), Institute of
Physical Chemistry, Georg-August-Universitit, Gottingen, Germany).

expected E-modulus / kPa AA /% (vlv) bis-AA / % (v/v) measured E-modulus / kPa

0.2 3 0.03 0.040 = 0.011 (N = 60)
1.0 3 0.14 1.05 = 0.37 (N =2777)
8.0 8 0.05 6.33 + 1.34 (N = 748)
30 10 0.1 23.3+9.34 (N=1501)
100 10 0.75 90.4 +33.5 (N=1572)

4.2.2. Cell Culture and Sample Preparation

Cells were cultured and prepared for measurement by Angela Riibeling and Anja Herdlischke
(Institute of Organic and Biomolecular Chemistry, Georg-August-Universitit, Gottingen,
Germany).

4.2.2.1. Cell Culture

All cell lines were cultured in cell culture flasks (TPP, Transachingen, Switzerland). The cells
(overview of all cell lines in Table 10) were cultured in the respective cell culture medium in a
humidified incubator (Heracell 1510, Thermo Scientific) under the indicated environmental
conditions (see Table 11). For cell passage, confluently grown cells were released from the surface
by incubation with trypsin/EDTA (0.05 % / 0.02 %; Biochrom, Berlin, Germany) for 3-5 min. Re-
suspended cells were added into a stop solution containing culture medium and fetal calf serum
(1:1) and centrifuged for 3 min (1200 rpm). After centrifugation the supernatant was removed, the
cell pellet was re-suspended in 1 mL culture medium and the density of cells was determined using
a disposable counting chamber (C-Chip, Digital Bio, Seoul, Korea). Depending on the cell line
about 1 million cells were used for further cell culture whereas the rest was used for sample
preparation.

Table 10: Cell lines used in this study.

cell line information origin
MDCK-II Madin-Darby canine kidney purchased from the Health Protection
epithelial cell line Agency (Salisbury, UK)
MCF-10A Ele;ﬁ;a:plt?;llgﬂ cell line from
ye thankfully received from oncology
MCF-7 adenocarcinoma cell line from department Universititsmedizin

mammary gland (epithelial) Gottingen, Gerorg-August-

MDA-MB-231 adenocarcinoma cell line from Universitat, Gottingen
mammary gland (epithelial)
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Table 11: Composition of the cell culture media for the different cell lines used in this study.

cell line composition of cell culture medium culture Conditions
MEM with Eagle's salts 37°C
MDCK-II +10 % FCS
. 5% CO,
+4 mM L-glutamine
DMEM:F12
+5 % FCS
+ 4 mM L-glutamine 37°C
MCF-10A + 5 ug'mL! insulin 7.5 % CO2

+ 100 ng'mL"! cholera toxin
+ 20 ng'mL"! EGF

DMEM:F12 37 °C
MCEF7 +10 % FCS
. 7.5 % CO,
+4 mM L-glutamine
DMEM:F12 37 5C
MDA-MB-231 +10 % FCS
. 7.5 % CO,
+4 mM L-glutamine
Table 12: List of ingredients of the cell culture media.
ingredient manufacturer information
PBS Biochrom, Berlin, Germany
phosphate buffered saline w/o Ca?'/Mg?*
MEM Lonza, Basel Switzerland
minimum essential medium with Eagle's salts
with 2.2 g-L"! NaHCO:s
DMEM:F12 Lonza, Basel Switzerland
mixture (1:1) of Dulbecco's modified minimum
essential medium with Eagle's salts and Ham's F12
FCS BioWest, Nuaillé, France
Fetal Calf Serum
L-glutamine Lonza, Basel Switzerland
Bovine insulin Biochrom, Berlin, Germany
in PBS (10 mg'mL")
Cholera toxin Sigma-Aldrich, St. Louis, Missouri, United
from Vibrio cholerae States
Human EGF Peprotech, Rocky Hill, New Jersey, United
human epidermal growth factor States

4.2.2.2. Cell Sample Preparation for Mechanical Measurements

For experiments, substrates (either glass substrates or polyacrylamide gels of different elasticity,
coated with collagen (4.2.1.1.3)) were rinsed three times with PBS and subsequently placed in the
respective cell culture medium for 30 min. The substrates were placed into a Petri dish (2.5 cm,
TPP, Transachingen, Switzerland) and cells were seeded in a density of 0.5-10° (MDCK-II) or 0.75-
1.5-10° (MCF-10A, MCF-7, MDA-MB-231) cells per substrate and incubated for 2 days at 37 °C
and 5 % CO; in a humidified incubator.

Experiments with living cells were carried out in the respective medium (see Table 11)
supplemented with penicillin/streptomycin (0.2 mg-mL"!, GE Healthcare, SV30010, Logan, Utah),
amphotericin B (0.5 mg-mL"!' Biochrom, A2612, Berlin, Germany) and HEPES (15 uM, Biochrom,
Berlin, Germany).

For subsequent fluorescence labeling or measurement of topography the cells were fixed by
incubation of the cell-sample with paraformaldehyde solution (4 %, Fluka, Switzerland) in
phosphate buffered saline for 20 min at room temperature.
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4.2.3. Determination of Cellular Topography

In order to determine the shape of the cellular caps, contact images measured by atomic force
microscopy were collected at the sample position the microrheological measurements were
performed. Additionally, cellular cap topography was examined on PFA fixed cell samples. Two
orthogonal diameters (length and width) and the height of each cell were obtained from the height
profile of the contact images. One diameter was taken in the direction the cell was elongated the
most, the other in approximately 90° to the first one. The approximate cell spreading area

a=m-(

length
2

) . (%dth) was obtained by assuming an elliptic form.

7 Figure 32: determination of cell
topography. AFM images (contact
mode) of cells were evaluated. Two

orthogonal diameters (length and width)

and the height of each cell were obtained
from the height profile of the contact

T - r r . images. Spreading area was calculated

4 8 12 16 20 . . .

direction / pm assuming an elliptic form.

4.2.4. Preparation of Apical Cellular Membrane Patches
Preparation of apical cellular membrane patches was performed by Stefan Nehls (Institute of

o

Physical Chemistry, Georg-August-Universitdt, Gottingen, Germany).

Preparation of apical cellular membrane patches was performed as described before by a method
called sandwich-cleavage (Figure 33 A).!%%26% Briefly, MDCK 1I cells were cultivated on a poly-D-
lysine coated glass surface (1 mg-mL, 2 h, Sigma Aldrich, St. Louis, Missouri, United States) as
described in chapter 4.2.2.1 and cells where grown to confluence. Then, the cell monolayer was
washed with PBS and was subsequently exposed to an osmotic pressure with ultrapure water for
2 min before another poly-D-lysine coated glass surface was gently pressed to the apical surface of
the cell layer for 30 min to form a conformal surface contact. When the upper glass substrate was
taken off, cellular patches were transferred to the surface of the second cover glass, with the
cytoskeleton remains facing up (Figure 33 B1-3). For microrheological experiments, tracer particles
(see chapter 4.1.1.3) were incubated for at least 3 h.

! osmotic pressure

confluent cells grown on a

poly-p-lysin coated surface slightly pressed to another

poly-p-lysin coated surface

taking off
the substrate

e ck[”(\\/c |

Figure 33: Overview preparation of cellular patches with the sandwich-cleavage method. A: Schematic
overview over the experimental procedure.'® MDCK 11 cells are cultivated on a poly-D-lysine coated surface
and exposed to osmotic pressure with ultrapure water before another poly-D-lysine coated surface was slightly
pressed to the cell layer. When the substrate was taken off, apical cellular membrane patches could be identified
on the surface of the second coverslip. B1: Epi fluorescence images of the plasma membrane of a cellular patch
stained with CellMask Orange plasma membrane stain (Life Technologies GmbH, C10045, Eugene, Oregon,
United States) on a porous substrate (fluXXion, Netherland; pore diameter 1.2 um, gold coated) substrate;
B2+B3: Epi fluorescence images of F-actin staining of a cellular patch with AlexaFluoPhalloidin488 in different
magnifications. (Images B1-B3 were gratefully received from Stefan Nehls)
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4.2.5. Fluorescence Microscopy Methods

4.2.5.1. Fluorescence Staining

Fluorescence staining was used to analyze changes in the actin cytoskeleton upon different
environmental conditions as well as to control of the surface coverage of collagen1 on
polyacrylamide gels of different elasticities. Buffers conditions are specified in Table 13 and usage
of the respective fluorescence marker in Table 14.

Samples were washed with PBS and cells were fixed with paraformaldehyde (4 % in PBS, FLUKA,
Switzerland) for 15 min at room temperature and washed two times with PBS. Prior to fluorescence
staining unspecific binding was blocked by incubating the sample with a blocking buffer at room
temperature for 45 min. Subsequently, different proteins were labeled either with primary and
secondary antibodies or by the usage of a coupled antibody and fluorophore. Between the individual
staining treatments the sample was washed two times with washing buffer on a rocking shaker
(80 rpm, GFL, Burgwedel, Germany) for 5 min.

Primary and secondary antibodies. Primary antibodies were diluted to the concentrations specified

below with dilution buffer. The sample was incubated for 1 h at room temperature with the
respective solution. Afterwards a secondary antibody diluted with dilution buffer to the desired
concentration was incubated on the sample for 1 h at room temperature.

Fluorophore coupled antibody. The sample was incubated for 1 h at room temperature with the
respective fluorophore coupled antibody diluted in dilution buffer.

Nuclear acid staining. DNA was stained using 4',6-diamidino-2-phenylindole (DAPI) in PBS
incubating for 15 min at room temperature.

Finally, samples were washed two times with PBS for 5 min. The samples were analyzed within 3
days.
Table 13: Composition of the different buffers used in this study for fluorescence staining. The globular protein

bovine serum albumin and the nonionic surfactant Triton X-100 were purchased at Sigma Aldrich, St. Louis,
Missouri, United States. Buffers were sterile filtered after preparation and used under sterile conditions.

buffer ingredients
blocking buffer 5% (w/v) BSA
0.3 % (w/v) Triton X-100
in PBS
dilution buffer 1 % (w/v) BSA
0.3 % (w/v) Triton X-100
washing buffer 0.1 % (w/v) BSA
in PBS
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Table 14: Overview of fluorescence markers used in the cell studies.

dilution and final

fluorescence marker manufacturer .
concentration
monoclonal mouse anti-collagen I Sigma Aldrich, St. Louis, 9.4 yo-ml-!
IgG (primary antibody) Missouri, United States T He
monoclonal mouse anti-ezrin IgG; BD Biosciences, San Jose, 25 yormL-!
(primary antibody) California, United States > He
monoclonal mouse anti E-cadherin, BD Biosciences, San Jose, 5 Loml!
Clone 36 1gG2, (primary antibody) California, United States e
secondary Antibody, Alexa Fluor . .
488 or 546 goat Anti-mouse IgG Life Technologies, Carlsbad, 2.5 pg'mL!
. Germany
(secondary antibody)
monoclonal mouse anti-ZO-1-1A12,  Fisher Scientific, Waltham, 5 Loml!
AlexaFluor488 (com