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Abstract

The mechanical properties of simple entangled actin filament networks in eu-
karyotes are well understood as they are predictable with model systems.
The high complexity of cellular actin structures like the cell cortex for exam-
ple emerges from the dynamic interaction with a plethora of other proteins and
ions, mainly actin binding proteins. This has been established knowledge for
some time, but is it ultimately correct?
The tube model for semi-flexible filaments is commonly applied to predict the
network properties of microfilaments with single filament bending mechanics
similar to those of F-actin. It is based purely on the filaments bending stiffness
and geometric considerations. Following this logic, an exchange of F-actin
with similarly sized filaments and similar bending properties should not affect
the overall network response to deformation. But does this logic reflect the
reality?
This thesis investigated the raised questions by comparing the network shear
response of DNA origami filament networks to those of F-actin networks. A
clear difference could be shown. This is interesting on a theoretical level since
the inter-filament interactions must be more complex than the assumed hard
body interactions. Therefore, geometric considerations alone are not enough
to predict network properties of semi-flexible filaments. But there are no such
filaments present in the cytoplasm besides F-actin. The bending properties of
other cellular filaments are vastly dissimilar from those of actin. However, there
are different actin isoforms forming semi-flexible filaments in the cytoplasmic
protein pool. They differ in a minuscule part of their amino acid sequence at
the N-terminus, which is placed at the exterior of the filament. The comparison
of entangled cytosolic γ- and β-actin networks revealed striking differences in
the network stiffness.
So even small variations in the amino acid sequence can have a significant ef-
fect on the bulk properties of the network. For instance, in some cases network
mechanics are altered by orders of magnitude.
Taking a closer look at the actin isoforms uncovers another layer of complexity
hidden in the cellular machinery. In addition, these isoforms undergo post-
translational modifications, which further differentiate actin filaments into a po-
tential toolbox for the cell. To investigate electrostatic and steric causes of
the observed phenomena, fluorecent labels were introduced and it was shown
that a similar impact on the network stiffness could be achieved. The underly-
ing causes of these different network mechanics of semi-flexible filaments are
discussed and potential implications for in vitro as well as in vivo experiments



are evaluated.
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Introduction

Eukaryotic cells are mainly composed of water (70%) and proteins (15%) [1]
by mass. Their mechanical properties are ranging from viscous to elastic,
and they have the ability to dynamically change their shape and deform like
a viscous fluid. They can withstand sudden external stresses by stiffening
their protein network structure. They are so-called viscoelastic materials with
a complex stress-strain behavior.
These viscoelastic properties mainly originate from the mechanical properties
of the actin cortex. It is a web-like structure consisting of cytoskeletal protein
filaments. Understanding the properties of the cortex requires an understand-
ing of single filament mechanics and also their interaction in a network. The
basis for a systematic, theoretical description of protein filament networks is
their characterization into categories, distinguished by the filaments’ bending
stiffness. On the length scale of a cell (smaller than the thickness of a human
hair, ∼ 20 µm), thermal fluctuations play an important role for filaments with a
diameter a thousand times smaller than the cell. They are not only the reason
for thermal diffusion, the random thermal motion of molecules in a medium
also induces fluctuations of larger structures like protein filaments. These fluc-
tuations, for example bending fluctuations, are excited by the thermal energy
of the heat bath (kBT, with the Boltzmann constant kB and the temperature
T) matching the internal bending energy of the filaments. The filaments stiff-
ness determines the degree of bending they undergo at a certain temperature.
To understand the mechanical properties of the networks they form, their in-
teraction must be understood first. To characterize and compare mechanical
properties of viscoelastic materials, it is handy to define a parameter, which
describes the ratio of stress on the network to strain deforming it. For practical
reasons, the most relevant type of deformation in the context of microscopic
experimental setups is shear deformation with the shear modulus G as param-
eter. The goal is to connect this modulus with single filament properties. This
is done in order to describe the network response to deformation on the fila-
ment level with easily accessible parameters like temperature, concentrations
and the bending stiffness of the filaments. Models for this have already been
established [2] and explain the viscoelasticity of filament networks with ther-
mal fluctuations of single filaments. These fluctuations induce diffusion of the
filaments, they undergo a random walk. The phenomenon is called Brownian
motion. This motion is hindered by other filaments in their path and if the con-
centration of filaments is high enough, they glide through meshes formed by

1



other filaments. Their interaction suppresses bending fluctuations because of
collisions. This essentially costs free energy and reduces diffusion of filaments.
The energy cost depends on the bending stiffness of the filaments. A complex
elasticity of the network emerges from this interaction. Even a tiny molar ratio
of such filaments in water (1 µM or 0.004 %wt of entangled protein filaments)
can give a drop of water macroscopically noticeable elastic properties. So the
shear modulus depends on the bending stiffness of the filaments in some way.
Filaments with a high bending stiffness, which are essentially rigid rods, form
mikado-like structures [3]. Microtubules are an example. The stiff filaments
are stacked over each other and strain on the network can mainly relax by fil-
aments gliding through network meshes. This can be imagined and modeled
like the deformation of a stack of mikados.
The network response to perturbations totally changes when the filaments
show a low bending stiffness and are flexible. When they are flexible enough
to curl up around themselves, their mechanics become more complicated. In a
random walk situation (Brownian motion in a heat bath) the probability of find-
ing the filament in a straight conformation is negligible compared to a sum of
countless curled up conformations, which are individually equally likely. This
makes the filaments response to deformation mainly entropic in nature. Ther-
mal fluctuations push it back into a curled up conformation after stretching [2].
F-actin filaments, the main component of the cytoskeletal cortex, are charac-
terized as semi-flexible. They show bending fluctuations at biologically relevant
temperatures, but they don’t curl up. They lie in between the aforementioned
types and are treated separately model wise. The viscoelastic properties of
these semi-flexible filaments in entangled networks (without crosslinking) are
commonly described by the tube model or variants thereof [4]. It describes the
shear properties of such a network as the result of a confinement around the
filaments, formed by other filaments fluctuating around it. Besides collisions,
the filaments don’t interact with each other. Predictions of the tube model have
been confirmed experimentally many times for actin stemming from skeletal
muscle tissues [5, 6, 7].
This model assumes (at constant filament length and temperature) the shear
properties to be dependent on two independent variables only, the concentra-
tion c and the persistence length (lp) of the filaments. The latter one roughly
represents the length over which the filament appears straight.
The question arises, whether knowing lp is enough to predict the viscoelastic
shear properties of semi-flexible polymer filaments under experimental con-
ditions in general (at known actin concentration). Would two co-entangled,
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semi-flexible polymers form a network with the same properties as a homo-
geneously composed one? This thesis investigates the viscoelastic properties
of semi-flexible polymer networks like actin. In the first part of this thesis, an-
other type of semi-flexible filament, artificially constructed and composed of
DNA [8, 9], is characterized and compared to reconstituted actin networks. As
it turns out, only some characteristic viscoelastic properties of DNA filament
networks can be predicted correctly by the tube model. To illuminate the cause
behind this anomaly further, actin-DNA co-entangled composite networks are
co-polymerized. These composites are also characterized and compared to
tube model predictions. The findings additionally reveal different viscoelastic
behavior for different actin isoforms (chapter 3.2).
There are six actin isoforms in mammalians, from which two are cytosolic [10].
These two (γ- and β-actin) are responsible for cell motility, cellular shear re-
sponse and so on. However, the vast majority of in vitro studies are performed
with skeletal muscle actin (α-actin) due to availability. Assuming effectively the
same protein properties because of very small differences in the amino acid
sequence (AAS), this substitution is reasonable. But is it ultimately correct?
The cytosolic isoforms are evolutionary very conserved, locally separated [11,
12] in the cell and at least partially fulfil different biological roles [12], for ex-
ample in epithelial-to-mesenchymal transitions [13, 14, 15, 16, 17, 18]. This
raises the question, whether the mechanical properties are also different.
It opens up the opportunity to compare the mechanical properties of different
semi-flexible polymer networks by only using actin. Are there already different
types of interacting semi-flexible protein polymers present in the cell?
Different isoforms of actin are compared in this study and found to differ in their
viscoelastic properties significantly, despite minuscule changes in the AAS.
Their lp and other single filament properties are compared to determine the in-
fluence on the viscoelastic properties. These viscoelastic shear properties are
compared to tube model predictions. Alternative influences like electrostatic
interactions between the filaments and inter-filament complexation of divalent
cations are discussed. Therefore, the charge of actin filaments is altered with
covalently labeled rhodamine-actin. Networks formed from those are also an-
alyzed and compared.
There are not only six mammalian isoforms of actin, but also many post-
translationally modified variants of them with unique AAS [19]. Post-translational
modifications (PTMs) play an important role in many biological processes [20,
19]. For actin, some of them alter the ionic properties of the protein by ex-
posing charges or exchanging them. An influence on the 3D-structure of the
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protein is also possible. Are there not only two types of different semi-flexible
protein polymers, but a whole cellular toolbox of them? Arginylated β-actin
is chosen to investigate the influence of electrostatic interactions on the vis-
coelastic shear properties and network structure due to a high difference in the
charge density at the surface of the filaments compared to regular, acetylated
β-actin and potential relevance for cell mechanics. Again, single filament prop-
erties are analyzed first to determine their influence on the shear properties.
Those are compared to a tube model prediction and alternative influences like
electrostatic ones and inter-filament complexation of divalent cations are dis-
cussed like previously.
Is the filament bending stiffness the only important factor to predict the vis-
coelastic shear properties of semi-dilute, semi-flexible polymer networks? If
not, does it make sense to alter the tube model by introducing a “sticky” tube
surface or an effectively thicker tube wall, which would take attractive interac-
tion or a “rough” tube surface into account? What is the potential biological
relevance of differences in the viscoelastic properties of isoforms and post-
translationally modified actins? Actin as a building block for the cellular ma-
chinery is – despite its simplicity on a first glance - still poorly understood re-
garding the relevance of its isoforms and PTMs. The underestimated influence
of seemingly negligible changes in the AAS of actin and the implications for
model systems to predict viscoelastic properties of semi-flexible filaments in
general is the main focus of this work.
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1 Theory and Biological Background

1.1 Shear Properties of Viscoelastic Materials

1.1.1 Basics - Elasticity, Viscosity and Linear Viscoelasticity)

Deformation of condensed matter is mainly characterized by a few variables.
All of them are connected to the two phenomenologically observable charac-
teristics of deformation; In the simplest case, strain ϵ measures the elongation
l − l0 = ∆l of a material relative to its initial length l0 (ϵ = ∆l

l0
), whereas stress

σ is the cause of that elongation, triggered by a force F acting on a defined
area A (σ = F

A ). It is intuitive, that pushing a piece of rubber will result in a
different deformation, than doing the same with steel. The material properties
stress and strain are connected by characteristic parameters, which can be
compared. Which kind of parameter depends on the direction of stress and
strain. For an uniaxial stress acting on the affected object, this parameter for
the strain in the direction of the stress is called Young’s modulus or elastic
modulus E.

E =
σ

ϵ
(1)

For stress, that does not cause an elongation, but a three-dimensional change
in shape, by essentially deforming one side (the area, the force is acting on)
of the object against a parallel plane, the parameter is called shear modulus
G. (Actually, a parameter is derived from the variable shear modulus under
specific conditions. This will be explained later.) This kind of deformation is
called shear deformation.

G =
shear stress
shear strain

=
F/A
∆s/h

(2)

Where ∆s is the shift of the parallel planes and h is their orthogonal distance.
The previously described classifications are mainly associated with the elastic
response of solids. The shear modulus is widely used to characterize the me-
chanical properties of bio-polymers, because controlling deformation is com-
plicated to achieve in many experiments. Shearing a material, for example
by dragging a probe through it, is typically much more practical than uniax-
ial deformation. General deformation fields have to be described by higher
dimensional tensors though and require more mathematical formalism than
presented here. Many experiments exploit ideal conditions, under which these
can be condensed down to a simple, easily comparable scalar. In this case,
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the scalar, which is utilized to compare material properties of entangled micro-
filament networks, is the plateau modulus G0 (chapter 1.2.9), which is derived
from a frequency-dependent shear modulus.
The viscous response of a fluid to deformation is characterized by dissipation of
energy. Instead of storing energy from an outside load and elastically unload-
ing it back (like an elastic solid), it dissipates it over time. If the fluid does not
show any elastic response, it is an ideal Newtonian fluid. The simplest exam-
ple is water. Since the induced deformation can be permanent, a proportional
relation between stress and strain is not applicable anymore. Instead, there is
one between stress and the strain rate ϵ̇ under non-turbulent flow conditions,
which is called viscosity η.

η =
σ

ϵ̇
(3)

Under conditions typical for biological materials, the mechanical response is
neither completely elastic nor completely viscous. This phenomenon is usually
a combination of both, called viscoelasticity. Materials with significant contribu-
tion of both are called viscoelastic. The response of these complex materials
is time dependent. Energy is stored elastically, but also dissipated over time
viscously. A good example is wheat flour dough, which responds elastically to
quick, short stresses, like when it gets hit. But over longer time it deforms like
a liquid if left on a flat surface. It stores energy elastically and dissipates it at
the same time, with contributions of each depending on the time scale of the
interaction. Biological materials can be characterized by E and by G. They are
connected by a simple relation

G
E

= 2 · (1 + ν) (4)

where ν is the Poisson’s ratio, characterizing the ratio of elongation in one di-
rection and the corresponding contraction in the orthogonal direction. Atomic
force microscope (AFM) measurements for example can investigate E for cells
by oscillating the tip of a micro needle on a little light reflecting chip (a can-
tilever) against the cell membrane. Most methods, which measure mechanical
properties of living matter, or parts of living matter, shear the often very small
sample, so G is the property to compare. Uniaxial deformation would often not
be practically possible on very small length scales. So for viscoelastic materi-
als, the more relevant relation is [21, 22]:

G(t) =
σ(t)

ϵ
(5)
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For viscoelastic materials the stress response becomes time dependent and
most measurements involve a rotation, or oscillation of a probe, so a complex,
frequency (of the oscillation of a cantilever for example) dependent shear mod-
ulus G∗(ω) with the angular frequency ω is utilized. It can be separated into
a real part G′(ω) (the storage modulus) representing an elastic material re-
sponse and an imaginary one G′′(ω) (the loss modulus), the viscous response
quantifying dissipation of energy.

G∗(ω) = G′(ω) + i · G′′(ω) (6)

1.1.2 Non-Linear Viscoelasticity

For most biological materials, ϵ can not exceed a certain, small value before the
material is irreversibly changed in its structure and equation 5 does not apply
anymore. Until that point the material response is considered linear because
stress and strain show a classically elastic linear relationship. The stiffness of
a viscoelastic material is commonly represented by G0 and derived from linear
viscoelastic properties. Deformation is reversible here and G0 is a compara-
ble, characteristic property of the material. Exceeding the linear regime and
entering the so-called non-linear response is usually avoided. For a sample of
protein filaments probed by a microparticle for example, this could manifest as
accumulation of filaments on one side of the probe and thinning on the other.
Deformation like this changes the material properties obviously. But it can also
contain valuable information about the material. Intermediate filaments like
vimentin for example play an important role in the mechanical response to ex-
treme deformation in cells. Those filament structures can be stretched to a
high degree by unfolding protein segments, giving the cell an unusually high
resiliency through their non-linear strain response [23].

A frequently utilized parameter to find and quantify non-linear stress-strain-
behavior is the differential modulus K. Since linear behavior is defined by a
constant slope of stress against strain, it makes sense to use this slope as a
parameter. As long as it is constant, the material response is linear.

K =
dσ

dϵ
(7)

The absolute value of this slope is usually not important, so in order to compare
just the "non-linearity" of different measurements, a relative value, the relative
differential modulus K/K0 is defined [24]. K gets divided by the initial value at

7



minimal deformation K0 and thereby normalized and becomes comparable.

1.2 Biopolymer Networks

1.2.1 Actin

G-actin is a globular protein with a mass of about 42 kDa, which is found in
almost all eukaryotic cells. It plays a crucial role in their structural stability,
dynamic reorganization as well as motility. Muscle movement and cellular non-
equilibrium processes are mainly mediated by the interaction between actin
and the motor protein myosin, which can be classified as an actin-binding pro-
tein (ABP). Together, actin and all ABPs make up about 60 % of all proteins in
muscle cells and 20 % in non-muscle cells. Comprehensive understanding of
the biochemical and mechanical processes in which actin is involved is indis-
pensable to understand cells as well as cellular processes. In the cytoplasm it
is found in concentrations of up to 12 mg/ml (280 µM) [25, 26]. It polymerizes
as a result of divalent cations binding to the monomer. The emerging F-actin
has a filamentous structure consisting of two twisted helices and is 7-8 nm wide
[27]. A three-dimensional structure of actin monomers combined to F-actin is
shown in Figure 1

(
B
)
. The polymerization involves many complex interactions

and is still not fully understood in detail [28]. The driving force of the process
is the hydrolysis of adenosine triphosphate (ATP). Divalent metal ions such
as Mg2+ and Ca2+ are a cofactor, accelerating the polymerization [29]. The
current state of research describes the process as follows. Binding of ATP to
actin leads to a structural change in the monomer (G-actin becomes G*-actin),
which activates it for the binding of further monomers. Dimers are unstable and
dissociate easily. Their dissociation is more likely than further binding. Trimer
complexes are more stable and function as reaction seeds of the polymeriza-
tion. As a result, there is a minimum or critical concentration for the polymer-
ization, below which it does not proceed (the formation of trimers from dimers
before their dissociation becomes unlikely). Due to the heterotropic structure
of the monomers, a stable reaction nucleus grows into a structurally polar fil-
ament with two different ends. A distinction can be made between a positive
(barbed end) and a negative (pointed end). They can be distinguished by the
binding stability with other proteins (APBs) as well as with actin monomers.
This leads to different reaction rates for polymerization and depolymerization
at those ends. In the direction of the positive end, the filament grows about ten
times faster with a rate of 11.6 µM−1s−1 [30]. This process proceeds until the
concentration of monomers drops below the critical concentration and a steady
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state is reached in which polymerization and depolymerization are in dynamic
equilibrium. The critical concentration of the two ends differs. The one of the
positive end is slightly above that of the negative end. This way, the barbed
end is still growing, while the pointed end is already dissociating [25]. Theo-
retically, monomers can be incorporated over and over again after effectively
wandering through the filament and dissociating again. This phenomenon is
called treadmilling. The ATP bound to F-actin hydrolyzes with a rate constant
of about 1/3.3 s−1 to adenosine diphosphate (ADP) and free phosphate (Pi).
ADP dissociates from the binding pocket in a hundredfold slower process. At
the same time, ADP-actin dissociates easier than ATP-actin. At the pointed
end, the concentration of ADP-actin grows, which causes a lower stability of
the polymer [28].

Networks of entangled F-actin filaments represent the simplest in vitro model
system for the investigation of the mechanical properties of cells and are indis-
pensable for their understanding.

1.2.2 Isoforms of Mammalian Actin

Actin is a highly conserved protein (the amino acid sequence is very similar or
identical across species) among eukaryotes, which assembles into diverse fila-
mentous architectures coexisting in the cytoplasm. Together with a large num-
ber of ABPs, actin fulfills essential tasks connected to the exertion of forces
in and by the cell. Although this by itself generates a tremendous degree of
complexity within cellular systems, yet another layer is added by the presence
of actin isoforms, which have previously been reported to be spatially segre-
gated [31]. Six types of mammalian actin with unique amino acid sequence
(AAS) are known (see Figure 1 A). The differences between α-skeletal muscle
and the cytoplasmic isoforms βcyto- and γcyto-actin (here referred to as β- and
γ-actin), are concentrated at the N-terminus of actin. It is located at the periph-
ery of the F-actin filament (see Figure 1 B). This leads to different interactions
with ABPs [32, 10, 33, 34].
These two isoforms are very similar to each other in their AAS. Even the differ-
ent amino acids at the outer part of the N-terminus have quite similar carbonic
acid residues (aspartic acid and glutamic acid, see Figure 2 A and B). They
also exist in the same cell types in close proximity to each other, but don’t ap-
pear to be redundant. It has been shown that β-actin and γ-actin localize to
different locations in the cell and tend to incorporate into different structures of
the actin cytoskeleton such as stress fibers or the cortex, respectively [11, 12].
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Figure 1: A) N-terminal amino acids of the six isoforms of actin (mammalians) in one letter
abbreviations. Differences are marked with colors. Aspartic acid (D) and glutamic acid (E) are
shown in red and dominate the differences between isoforms. B) Approximated 3D-structure
of F-actin based on the work of Oda et al. [35]. The differences marked in A) are mapped on
the 3D-structure. Adapted from Perrin et al.[10].

A

B

Figure 2: Structural formula for the amino acids glutamic acid A) and aspartic acid B). Both are
negatively charged at physiological pH as amino acid side chains. If they are integrated into
a protein or peptide, the amine group of a different amino acid attacked the carboxyl carbon
atom and water was cleaved off. The own amine group attacked the next amino acids carboxyl
carbon atom and water was cleaved off again. This reaction moves on from the N- to the C-
terminus. The N-terminus is the amine group of the first amino acid. The carboxyl groups on
the right side are deprotonated and become carboxylate groups).

Furthermore, both isoforms seem to fulfil dedicated roles regarding epithelial-
to-mesenchymal transitions [13, 14, 15], cell motility [12], hearing [17, 18] and
cellular junctions [16].

1.2.3 Post-Translational Modifications of Actin

Typically, when thinking of actin modifications, non-covalent interactions like
the ones with a huge variety of ABPs come to mind. Examples are cofilin,
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Figure 3: Actin modifications are ubiquitous in eukaryotes. a) Schematic representation of
some relevant sites for post-translational modifications of actin and modification processes for
actin isoforms. Schematic representation of processing at the N-terminus for different isoforms
b). Originally published by MacTaggart et al. [36]

motor proteins like myosin and crosslinkers like fascin or α-actinin. They can
change the mechanical properties of actin filaments and networks. Small
molecules like divalent cations or ATP can have a similar effect [37]. Covalent
modifications like post-translational modifications (PTMs) are lesser known,
but very common. The first PTM for actin was found by sequencing of the pro-
tein and described in 1966. Today more than 140 specific ones are known for
eukaryotic actins, which can be categorized in at least 17 types (like acetyla-
tion or arginylation for example) [20, 38]. The modification is an addition of a
chemical group or even a protein to an amino acid side chain. Arginylation (a
rare PTM) and acetylation (a very common PTM at the N-terminus) with added
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groups and typical positions are separately listed in table 1.

PTM chemical group position
acetylation –C(O)CH3 Met1, Asp2, Glu2, Cys2,

Asp3 , Lys50 , Lys52 , Lys61,
Lys68, Lys113 , Lys191 , Lys193,
Lys213 , Lys315 , Lys326 , Lys328

arginylation –C(O)CH(NH2)(CH2)3CN(H)(HN)(NH2) Asp3, Ser52 , Ser54 , Ile87,
Phe90, Gly152 , Leu295 , Asn299

Table 1: Arginylation and acetylation in eukaryotes and the added chemical groups as well as
the locations of the modification. amino acid positions in bold letters are relevant for cytoplas-
mic mammalian β-actin like the one investigated in this thesis.

These modifications are carried out at 94 different amino acid side chains,
which is about half the number of theoretically possible positions. Some PTMs
are rare as others are prevalent. They can also be reversible or irreversible.
Besides post-translational, there are also co-translational modifications, which
are typically included as PTMs. So the covalent modification can occur while
the protein is translated or afterwards. It can be carried out by enzymes or
through non-enzymatic mechanisms. Known effects are changes in polymer-
ization dynamics, or in structural organization of actin [39, 40, 41, 42, 43, 44,
45, 46]. PTMs have also been shown to play in important role in diseases [47,
48]. Two modifications are in the focus of this study.
Acetylation
Most eukaryotic actins are N-terminally acetylated [49, 50]. This modification is
irreversible and carried out with the transfer of an acetyl group, originating from
acetyl coenzyme A at α-amino groups [51, 52]. The first step for the most rel-
evant acetylation at the N-terminus is the removal of a methionine (Met) group
by an aminopeptidase enzyme. After that, acetyltransferase enzymes add an
acetyl group. This can also happen to the second or third amino acid. Although
the non-acetylated variant still displays treadmilling like acetylated actin and
can polymerize to filaments, it has been shown that acetylation is necessary
for actin in vivo to form typical structures and function normally without disad-
vantages for the cell [49, 53, 54]. This form of acetylation is especially relevant
for the interaction of F-actin with myosin in muscles and appears to facilitate it
[49, 50, 53, 54].
Arginylation
Arginylation means the transfer of an arginine (C6H14N4O2) to the modified
amino acid. This is mediated by the enzyme arginyltransferase and covalently
finished with a peptide bond [55, 56]. In the context of this work, arginyla-
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tion of β-actin at the N-terminus is studied. This modification is far away from
being understood regarding its biological importance, but studies have shown
a strengthening of actin networks by arginylation [56]. It appears to provide
structural support for dendritic spines [57]. It also increases actin polymeriza-
tion [56, 58] and a knock-out (KO) led to the collapse of lamella at the leading
edge of cells, in addition, F-actin levels were reduced there without influencing
the overall actin concentration much. Reintroducing arginylated actin prevents
fatal effects for the KO cell. Despite the seemingly high similarity between
β- and γ-actin, arginylation is only relevant for β-actin. Arginylated γ-actin is
suppressed because of translation rates and further degradation, as well as
a rather quick subsequent modification (ubiquitination). γ-actin appears to be
translated more slowly. This is regulated by different coding sequences be-
tween the isoforms [56, 59]. A reduction or KO of arginylation affects cell
migration as well as the contraction of myofibrils [60, 61, 62]. KO studies
with mice have shown severe effects for the loss of arginylation. Defects in
crest morphogenesis [61] and cardivascular development [63] were some of
the consequences. Other studies found decreased polymerization rates in the
form of slower elongation, but faster nucleation, leading to shorter filaments.
Intracellular aggregates increased and the staining of F-actin was negatively
effected [20, 56]. Arginylation and acetylation at the N-terminus seem to be
mutually exclusive [20].

1.2.4 Single Filaments

The mechanical properties of polymer networks originate from their micro struc-
ture. Understanding them requires looking at their composition. Imagine a
piece of fruit gum. Macroscopically, it is solid at room temperature. But looking
at its basic structure reveals gelatin filaments forming a three-dimensional net-
work with water or sugar solution in its pockets. In these pockets the material
still is a liquid, but on a macroscopic level, the interaction between filaments
keeps the system together and gives it properties of a solid.

For polymers, these basic elements are generally single filaments. In dilute
and semi-dilute solutions, filaments are commonly sorted into categories de-
pending on their thermally exited bending rigidity. Flexible filaments are de-
formed by the collision with solvent molecules. The movement of their ends
can essentially be seen as a random walk. Therefore, in equilibrium their mean
end-to-end distance over time is zero. They can entangle in themselves. This
also means, that finding them in a straight configuration is extremely unlikely.
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Pulling them apart results in a restoring force, which is entropic in nature. In
the biological context, intermediate filaments are an example for this type of fil-
ament. Their flexible properties play an important role in cellular compression
resistance and the structural integrity of the nucleus [23].
Semi-flexible polymers on the other hand have a higher bending stiffness than
flexible ones. Their response to straightening by strain is a combination of en-
tropic and enthalpic. The most likely conformation to find them in is bent but
not curled up. They are, regarding their bending stiffness, in between rigid
rods (tubulin) and flexible filaments (intermediate filaments, which are confus-
ingly called that way because their diameter lies in between those of actin and
tubulin). The thermal energy kBT is now comparable to the filaments intrinsic
bending energy. Filaments are nearly straight on length scales, where the en-
ergy required to bend them, is higher than kBT. A characteristic length scale
is derived from the competition of bending energy and entropy, the persistence
length lp. On a phenomenological level, it is the length over which the filament
appears straight.

lp =
2

D − 1
κ

kBT
(8)

Here κ is the bending stiffness and D the spatial dimensionality of the bending
[64]. Semi-flexible filaments have a contour length lc, the total length of a
straitened filament, close to lp. The most prominent example is F-actin, which
will be in the focus of this study. Actin filaments in vivo and in vitro typically have
a lc in the order of 10−5 m and lp very similar to that [65]. Further information
on lp can be found in chapter 1.2.8 and 7.4.

1.2.5 Network Structures

When we take a look at cellular protein networks, one easily noticeable phe-
nomenon is the variety of different structures of actin filaments alone. They
form entangled structures, branched structures, crosslinked bundles and many
more. Most of these have very different viscoelastic properties because of dif-
ferent filament interactions. The most relevant interactions can be crosslinks
(transient and permanent) from ABPs, non-equilibrium motor protein activity,
electrostatic interaction, chemical bonds or entanglements. Shearing a dense
structure made of permanently crosslinked filaments results in a very elas-
tic response, where in an entangled, low density network, filaments can slide
through each other. This results in a more viscous response. Crosslinkers can
simply freeze an entangled network in the time frame of the crosslinkers in-
verse binding rates. This increases the connectivity of the network compared to
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purely entangled filaments and increases the elastic response. But crosslinks
can also form different types of bundle structures, which are no longer describ-
able on the basis of single filament properties. Crosslinked networks formed by
different ABPs are shown schematically in Figure 4

(
B
)

and
(
C
)
. Fascin

(
B
)

forms straight bundles, where α-actinin
(
C
)

forms bent, more chaotic struc-
tures [66, 67].
In combination with myosin II motor protein filaments, actin filaments form ac-
tive gels, which show non-thermal motion and contraction. This non-equilibrium
activity (it is not caused by the surrounding heat bath) is generated by myosin
filaments, shifting actin filaments against each other by hydrolyzing ATP. The
resulting particle fluctuations (of filaments or probe particles) are athermal and
can’t be described as Gaussian white noise. This is important for microrheo-
logical analysis and structure formation of networks. Langevin equations for
particle motion become more complicated and contain more than just stochas-
tic thermal force terms (this prevents the transition from equation 47 to 48 for
example) [68, 69]. Such an active, contracting network is shown in Figure 4(
D
)
.

A B

C D

Figure 4: Schematic illustration of typical actin network structures (in a semi-dilute concentra-
tion regime). A) An entangled filament network. B) A network crosslinked by fascin. Straight
bundles are formed. C) A network crosslinked by α-actinin. Curved bundles are formed. D)
A network consisting of actin filaments and myosin II filaments. It is locally contracted and
forms so-called asters, star like structures with actin-dense centers. Actin is depicted in green,
myosin in red.

The mathematical description of the motion and viscoelastic properties of these
networks obviously has to take filament interactions into account. Bundled net-
works and active gels, driven by motor proteins and similar to cytosolic struc-
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tures, are already complicated and very hard to describe. A better starting point
is the simplest system here. The entangled network (a schematic example is
shown in Figure 4

(
A
)
, which is commonly described by the tube model (chap-

ter 1.2.6). It is a useful tool to understand viscoelastic, semi-flexible polymer
properties. It assumes purely topological interactions between the filaments.
Their dynamics are a result of a competition between thermal Brownian forces
deforming and moving them as well as internal bending stiffness resisting the
deformation elastically. This is explained further in the following chapter.
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1.2.6 The Tube Model for Semi-Flexible Polymers

The variable dominating entangled polymer solution dynamics is the connectiv-
ity. The number of entanglement points per volume, which is controlled by the
monomer concentration. A model system for predicting the mechanical prop-
erties of polymer solutions was developed by de Gennes and Doi in the 70s
and 80s [70, 2]. Originally, it was designed for flexible polymers and rigid rods.
It was later modified to describe semi-flexible polymers, which can neither be
approximated as rigid rods, nor is their structure dominated by entropic effects.
Semi-flexible filaments have very little curvature on the scale of a mesh, but
still show bending over their contour length, which has an influence on the me-
chanical properties. The so-called tube model and following modified versions
still play a major role in the field of polymer physics and bio physics [71].

To reduce the immense complexity of filament network mechanics in cells, pre-
dicting characteristic properties of semi-flexible polymers from a few known
variables is an important goal. These variables are primarily plateau moduli (a
characteristic value of the shear modulus: further information in chapter 1.2.9),
relaxation times and scaling coefficients.
A network consisting of entangled, dynamic filaments is obviously a very com-
plicated structure. One filament is interacting with dozens or hundreds of other
filaments in a time-dependent manner. The surface of those filaments also has
a complex, rough shape, arising from many different amino acid residues and
the folding of the protein. The first role of a model is simplification. The overall
goal is to predict viscoelastic properties of the whole network. To achieve this,
first we go back to the single filament level and then try to infer bulk properties
from there. All filaments are assumed to have very similar properties and the
system is in equilibrium.
So there is a single filament interacting with other filaments along its contour
length. The first hurdle is the interaction of the filaments themselves. We
simplify them to hard body interactions. Sometimes a harmonic interaction po-
tential is used here, but that doesn’t change much. The second important one
is the complex, time dependent way, other filaments "hit" our filament. The
surface of all filaments is simplified to be smooth. A single filament has a cur-
vature, depending on lp and the thermal bath energy kBT. The curvature of our
filament is also dependent on those, but its thermal motion is restricted by a
layer of filaments around it. It’s diffusion constants are significantly influenced
by this crowding. Translational and rotational diffusion are restricted, repta-
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tional diffusion is dominating. The filament can only reptate along its contour,
rotation and translation are hindered by other filaments. This type of motion in
the network is therefore called reptation. The filament interactions along the
contour are unified to a tube surface with walls made of filament interactions
or a potential wall. The diameter of the tube is uniform. So the viscoelastic
properties are determined by length scales. The first and obvious one is lp,
which for semi-flexible filaments is close to the contour length lc.

lc ≈ lp (9)

It is a measure for the filaments thermal bending and therefore has an influence
on the interaction with the tube wall. The tube diameter dt is the next one. It is
clearly dependent on the number of filaments per unit of volume and therefore
the concentration of monomers, which is approximately the initial concentra-
tion. A high degree of polymerization is assumed. The filament has to reptate
through meshes of other filaments. Simplified, a network mesh is formed by
filaments enclosing a void (a space filled with solvent) and crossed in 90◦ an-
gles. The average distance of parallel filaments on opposite sides of the mesh
is the mesh size ξ and approximately the tube diameter.

dt ≈ ξ (10)

Although lp and dt might seem sufficient to describe the interaction of the fil-
ament with the tube, Odijk et al. [72] demonstrated something else. For this
type of reptation in a tube, the relevant interaction length of filament and tube
is not dt, but the so-called Odijk length lo (or deflection length). This is the
typical distance along lc between two collisions of the filament with the tube. A
schematic representation of that is shown in Figure 5. Since the filaments have
a curvature, the tube also has a curvature and they diffuse (driven by thermal
fluctuations) independently (on short time scales), semi-flexible filaments col-
lide (on average) after a distance between dt and lc. After the collision, the
filament drifts back into the inner tube, then collides again and so on. Odijk
describes this length for a filament with lp, reptating in a tube of diameter dt.
Letting the mean-square deviation σd from the tubes center reach the tube
dimension d2

t , led to the following scaling of lo:

lo ∝ l1/3
p · d2/3

t (11)

Semenov addressed the problem, that the tube diameter does not show the
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Figure 5: Schematic representation of a filament reptating through a tube, formed by the
thermal fluctuations of other filaments. The reptating filament is shown in blue, the surrounding
filaments in orange and the tube in grey. A dot marks the position on the filament, which is
colliding with the tube walls at different points in time. The shading of the dot indicates temporal
order. The filament is getting deflected from the wall at the position of first dot (light shading) to
that of the third (black). The mean distance between the first and the third dot is the deflection
length of this system.

same scaling behavior as the mesh size. Fluctuating filaments don’t occupy
overlapping volumes. Since the path of reptation is not a straight line, the
filaments have to pass meshes at an angle, which reduces the effective tube
diameter. At the limit of infinitely low concentrations, dt = ξ, with the mesh size
ξ, is true. He proposed a scaling behavior of

dt ∝ ξ6/5 · l−1/5
p ∝ c−3/5 · l−1/5

p (12)

with a model that describes the filament sliding through cylinders, which are
connected at mesh points. From a scaling for the cylinder volume and a ge-
ometrically found scaling for the number of filaments intersecting the cylinder
(both of which depend on lp and c), he concludes equation 12 [73]. The scaling
of ξ with c follows (chapter 1.2.7):

ξ ∝ c−1/2 (13)

To connect this single filament behavior with measurable, macroscopic shear
properties, the next step after quantifying the number of interactions per fila-
ment length lc/lo, is finding one for the interaction energy.
Confining a freely fluctuating filament to a tube with a diameter smaller than
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its fluctuation amplitude is connected to a cost in free energy. It was shown
that every collision is increasing the free energy of the confinement by about
kBT [72, 74]. There have been multiple lines of reasoning, which arrived at the
experimentally validated [5, 6, 7] scaling behavior of [75, 76, 77]:

G0 ∝ c7/5. (14)

Morse et al. for example argue starting from a classical theory for rigid rods
introduced by Doi and Edwards [2]:

G0 = 3/5 · kBT · ν (15)

with the polymer number density ν = 3 · ξ · Lr, where Lr is the average rod
length. They use the relation between the tube diameter and the Odijk length
(equation 11), as well as a verial expansion to identify Lr as lO for semi-flexible
polymers. They arrive at:

G0 = 9/5 · kBT/(ξ2 · lo) (16)

With equation 11 and 13 we arrive at:

G0 ∝ c7/5 · l−1/5
p (17)

So the exponential factor of 7/5 for the concentration remains, but a weak de-
pendency on the persistence length is added. This makes sense considering,
that lp is on the order of 10 µm for actin for example and ξ is typically 0.2-
1 µm (lower mesh sizes for concentrations >2 mg/ml for entangled filaments
force bundling and lower concentrations lead to non-affine networks). So on
the length scale of a mesh, semi-flexible polymers are not effected by slight
increases of lp, because the change in curvature is negligible [74].
Further scaling behaviors derived from the tube model and extensions thereof
are discussed in chapter 1.2.9 [78].

1.2.7 Mesh Size

The concentration dependency of the mesh size was already introduced in the
previous chapter (equation 13). This assumption is purely based on geometric
considerations an was presented by Schmidt et al. [79].
A very similar approach is presented here. Mesh sizes can be approximated
by assuming a cubical network and comparing the number of molecules in one
of those cubes Nmw. We can express this in dependence of its edge length a,

20



with the number of molecules or proteins in a volume V, Nmv divided by the
number of cubes in that volume Nw, which we can also express in dependence
of the edge length a. Solving towards a results in a good approximation for the
average mesh size.

Figure 6: Schematic representation of the structure of a semi-flexible protein filament network.
Purely geometrical assumptions are used to predict the mesh size of a cubical network from
the protein concentration. The calculation is based on the size of a monomer and the volume
fraction, a mesh cube of these filaments consisting of monomers would occupy in a network.
It gets compared to the initial concentration of monomers, both of which can be related to the
edge length a of a mesh cube.

Nmv

Nw
= Nmw (18)

and
NA · V · a3 · c

V
=

a · 12 · 1/4 · su

lm
(19)

a =
√
(

3 · su

NA · lm · c
) (20)

For F-actin with a concentration of 24 µM, assuming a monomer length lm (the
effective distance of the next two monomers in the double helix along the the
filament) of 2.761 nm [80] and one subunit per monomer su = 1, this results in:

24 · 10−6 mol
l

· 6.022 · 1023 1
mol

· a3 =
a · 3 · 1

2.761 nm
(21)
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24 · 6.022 · 1017 · a3

1024 nm3 =
a · 3

2.761 nm
(22)

a =

√
3 · 107 nm2

24 · 6.022 · 2.761
≈ 274 nm ≈ ξ (23)

For the DNA networks (chapter 2) with a subunit concentration of 24 µM, as-
suming a monomer length lm of 14.2 nm and seven subunits per tile, this results
in:

a =

√
3 · 7 · 107 nm2

24 · 6.022 · 14.2
≈ 320 nm ≈ ξ (24)

A list of relevant mesh sizes can be found in table 3.

A similar method to approximate ξ considers the volume of the filaments them-
selves, the partial specific volume of PSV ≈ 0.74 cm3/g [80, 79].

1.2.8 Persistence Length and the Angular Cosine Correlation

Measuring the stiffness (or the resistance to bending) of a macroscopic object
just involves a force measurement for the bending process and a measurement
of the deformation. For microscopic objects like protein filaments with diame-
ters in the range of 10−8 m, this is not that simple anymore. Actively exerting
force on single filaments is generally possible [81], but not simple and also not
practical if good statistics are needed.
A practical alternative for objects of this size is using stochastic Brownian
forces, which cause thermal bending fluctuations of the filaments.
So in practice, the bending fluctuations are imaged (via light microscopy or for
filaments adhered to a surface additionally with AFM/EM) and the conforma-
tions are connected to the bending stiffness κ via a theoretical model. The
worm-like chain (WLC) model [82] is a continuous model used to describe the
resistance of (semi-flexible) polymers to bending. In the WLC model, semi-
flexible polymers are assumed to be inextensible and to have an elastic bend-
ing energy, which is linear. Thermal fluctuations are effecting the polymer. The
polymer is modeled with segments and the total length L. A coordinate along
the filament s with the vector r⃗(s) for chain segment positions and a unit tangent
vector r̂t(s) = d⃗r

ds .
The connection to κ is introduced as an energy penalty Eb for filament bending:

Eb = (κ/2)
∫ ∣∣dr̂t

ds
∣∣2ds (25)
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Figure 7: Schematic representation of the vectors and variables involved in the determination
of the persistence length for a thermally fluctuating filament (represented with a green line).

The tangent vector autocorrelation function C(s) for this WLC model can be
written as:

C(s) = ⟨r̂t(s) · r̂t(0)⟩ = e−2s/((D−1)lp) (26)

D is again the spatial dimensionality of the bending fluctuation here. For a
two-dimensional system, the tangent vector can be represented with an angle
θ(s) only and equation 26 becomes the cosine correlation function:

C(s) = ⟨cos[θ(s) · θ(0)]⟩ = e−2s/((D−1)lp) (27)

With equation 27, lp (compare equation 8) can be determined from a fit of C(s)
against s [83, 64].
On a phenomenological level, the persistence length lp is the length, over
which the filament appears straight or over which the orientation in the chain is
decorrelated.

1.2.9 Frequency Spectra of the Shear Modulus

Figure 8 schematically depicts a typical frequency spectrum of the storage
and the loss modulus for an entangled network of semi-flexible filaments. It
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Figure 8: Schematic representation of the storage (red) and loss modulus (blue) for a typical
semi-flexible, entangled polymer network in the frequency regime. Three frequency regimes,
separated by the dominance of one of the moduli, are distinguished by background colors and
labeling. Blue indicates a viscous network (G′′ dominates), red an elastic one (G′ dominates).
R (light blue) - low frequency region, reptation dominated & the crossover point is the reptation
frequency ωr (1/τr, with the reptation time τr)
P (red) - plateau region, entanglement dominated (G0 is G′ at the minimum position of G′′).
E (dark blue) - high frequency region, single filament mode dominated & the crossover point is
the entanglement frequency ωe (1/τe, with the entanglement time τe)

Figure 9: Schematic representation of the MSD for a microparticle in a typical semi-flexible,
entangled polymer network in the lag time (τ) regime. The particle is much larger than the
mesh size of the homogeneous network and (it is a quasi continuum around the particle) and
the network is in equilibrium. This allows averages over time and particle numbers. Typically,
high lag time increases (reptation of filaments) of the MSD are overlapped by drift (thermal
drift of the instrument, thermal drift of the sample, mechanical drift of the sample...).

is separated into three frequency regimes, which are divided at the crossover
points of the two moduli. They are characterized by the domination of either
the loss modulus or the storage modulus. So they show either mainly viscous
behavior (low and high frequency regime) or predominantly elastic behavior
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(intermediate regime in the plateau region). The relaxation of the network can
be understood by looking at different mechanisms happening on different time
and length scales.
The plateau region (P) in the intermediate frequency regime is used to char-
acterize a sample with the plateau modulus G0, which is commonly defined as
the storage modulus at the minimum position of the loss modulus. Although
there are multiple methods to determine G0, which have been evaluated by Liu
et al. [84].
It is a measure for the stiffness of a material. The timescales connected to
this plateau region of actin (∼ 0.01-100s) are very important for interactions in
biology on the length scale between a single cell and small tissues. Myosin
motor activity which controls cortical tension or cellular interaction with exter-
nal forces, where an elastic response is often needed, is a typical example.
In the same context, the typical stiffness ranges from the mPa (cytoplasm) to
the kPa (whole cells, small tissues) regime [85, 86, 87]. On a microscopic
level, this elastic response can be explained by the entanglement, crosslink-
ing or bundling of protein polymers, but in this case only entanglements are
considered. On that timescale, the entanglements effectively cross connect
the network, hinder deformation or flow and give it an affine behavior. Look-
ing back at the tube model, especially transverse bending fluctuations with an
amplitude

Abt ∝
√

l3
c/lp (28)

larger than the tube diameter (compare chapter 1.2.6) [72, 88, 89] are sup-
pressed. Introducing crosslinking proteins for example extends this plateau
region into the low frequency regime (indefinitely for irreversible crosslinks and
depending on the interaction time scale for transient crosslinks) because it hin-
ders reptation of filaments and network flow even further [90]. Compare Figure
17
(
G
)
. Further information on the scaling behavior of the plateau modulus

can be found in chapter 1.2.6.

The high frequency region (E) is dominated by single filament fluctuations
(twisting, bending and coupling of both), which occur on a timescale from mi-
croseconds to seconds. They start dominating network mechanics at time
scales on the order of milliseconds [91, 92, 93] and show amplitudes smaller
than the entanglement length le, which is the distance between two entangle-
ment points. The separation between this and the plateau region, is the upper
crossover point of G′ and G′′, which is called the entanglement frequency ωe.
Here it is more intuitive to convert it from the frequency space to time and call
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it the entanglement or disentanglement time τe, which can be expressed as

τe = β · ζ · ξ16/5 · l−1/5
p . (29)

With the translational friction coefficient ζ

ζ =
4tπ

ln(ξ/dt)
(30)

and β = 1/kBT [88]. A very useful transformation is

le = ξ4/5 · l1/5
p (31)

and with τe ∝ l4
e as well as le ∝ c−2/5 we get

τe ∝ c−8/5. (32)

So doubling the concentration (in the affine, semi dilute concentration regime)
results in a shift of τe by a factor of 2−8/5 ≈ 0.33.
Another important characteristic is the power law coefficient for G(ω) at ω >

ωe, which is theoretically determined as well as experimentally confirmed as
¾. This scaling behavior is the result of the network relaxing stress in the
form of single filament bending fluctuations. This stress acts on filaments as
tension and they get stretched or compressed. Thermal fluctuations from the
surrounding water relax this tension. Gittes and MacKintosh explain this in
greater detail [94].

The low frequency region (R) of G(ω) is also dominated by filament move-
ments induced by Brownian forces. But in this case, it is a type of diffusion
called reptation. Network relaxation can happen by filaments diffusing away
from a source of tension and changing the network structure itself. For exam-
ple on the time scale of the plateau region, a microparticle trapped in a pocket
of surrounding network shows a 3D mean squared displacement (MSD, com-
pare Figure 9) very close to the volume of that pocket. The MSD is essentially
the volume (or area in 3D), the particle explores. It is the basis for the calcula-
tion of viscoelastic shear properties from particle fluctuations. The MSD shows
an elastic plateau for intermediate lag times τ(the time interval, over which the
particle distance is from the initial location is tracked, compare equation 54),
because of the particle exploring the mesh, it is trapped in. It gets reflected
by filaments when pushed against the mesh wall by Brownian forces. But over

26



longer times, due to filament reptation, the MSD is further increased and the
particle diffuses through the network, which now behaves more like a viscous
fluid. Also compare chapter 1.2.6. The timescale of this type of relaxation and
thereby the lower crossover point of the storage and the loss modulus, is the
reptation time τr. It can be estimated with:

τr ∝ β · ζ · l3
c =

4π

kBT
· l3

c
ln(ξ/dt)

(33)

where β is 1
kBT . Equation 33 is very weakly concentration dependent (only in

ξ). Käs et al. presented data for which a weak increase of ζ ∝ c0.35 could be
shown with a power-law fit [95], which is very similar to equation 33.
So a shift of τr should barely be observable for different concentrations of en-
tangled actin in a logarithmic plot of G(ω). A typical timescale for τr is on the
order of 103 seconds [96, 95, 97].

1.2.10 Filament-Filament Interactions

Actin monomers are highly negatively charged Molecules. α-muscle actin has
a net charge of -13. Although a majority of these charges are located on the in-
side of the protein, the N-terminus exposes some of them as a charge density
cluster. Among the first 25 of 375 amino acids, seven are negatively charged,
including the very first four [98]. This leads to a strong repulsion between the
monomers, which is overcome by the accumulation of cations (mainly divalent
cations and primarily Mg2+). The Polymerization of G-actin to F-actin is initi-
ated this way.
Similarly, attractive inter-filament interactions of F-actin generally have to over-
come this charge repulsion. There are different types of interactions, which
are mostly short-lived, weak and overlapping. This makes them hard to quan-
tify and compare. A primary goal of this study is the comparison of differently
modified actins, which boils down to different interactions based on either fila-
ment bending properties, charge densities or complexation. So, understanding
these inter-filament interactions in crucial. Since they induce bundling, it makes
sense to compare bundling processes and bundled filaments and then infer the
influence of different filament properties for different isoforms and modifications
of actin.
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Figure 10: Schematic representation of different actin filament bundling processes relevant
in the cellular environment. A) Bundling of actin filaments is highly relevant at the leading
edge of cells and thereby for cell motility. Different types of bundling are present at the same
time interacting with each other. These are macromolecular crowding, bundling by ABPs and
counterion condensation (also called cation-induced bundling). B) Counterion condensation
combined with macromolecular crowding effects. The interaction can influence the bundle di-
ameter. C) Bundling by ABPs combined with macromolecular crowding effects. The interaction
can influence the organization of the filament structure and thereby the bundle diameter. The
angle between bound crosslinker and actin filament can be changed depending on the length
and flexibility of the crosslinker. Shown are α-actinin in green and fascin in blue. Binding and
unbinding rates can also be modified. Unbound crosslinkers are depicted in grey. D) Bundling
by ABPs combined with counterion condensation. Very similarly to C) properties of the bundle
and the crosslinkers can be changed by the interaction.
Originally published by Castaneda et al. [99].
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1.2.10.1 Bundling

Bundling of actin filaments is a highly relevant process for cellular function.
It is involved in many processes like cell motility [100, 101, 102, 37], mem-
brane stabilization [103], general force generation [71] or the response of the
cytoskeleton to external stresses [104, 105]. It not only changes the structure
of a filament network, but also the mechanical properties by pinning multiple
filaments with a certain lp together and increasing the overall lp. This results in
longer and thicker structures with a higher bending resistance. Embedded in
a network of filaments, they also change the overall response of it to deforma-
tion. Figure 4 displays a few examples. F-actin filaments in particular are highly
negatively charged and repel each other strongly [98]. So bringing and keep-
ing them into close contact in a parallel orientation requires an effect, which
overcomes this repulsion. There are multiple different ways for bundle forma-
tion of F-actin and polymer filaments in general. A schematic representation
can be found in Figure 10

(
A
)
. The three primary agents for bundle formation

are ABPs, macromolecular crowding and electrostatic interactions [106, 107,
108, 109, 110, 111]. These bundling effects can appear combined (compare
Figure 10 B-D).
In the cytoplasm, the main cause of bundle formation is the binding of ABPs
to actin filaments. When an actin crosslinker binds two filaments in close prox-
imity, thermal undulation orient them and bring the filament backbone closer
together eventually. Then the next crosslinker can bind in between them, which
again increases the likelihood of further ones binding along the parallely or an-
tiparallely oriented filaments. This could be called a zipper-mechanism [112,
113].
Macromolecular crowding is also relevant in the highly crowded cytoplasm
[114, 115]. It can bundle filaments via depletion forces from excluded volume
effects [106, 116, 117].
Another mechanism for bundle formation is counterion condensation [111,
118]. It is driven by electrostatic interactions between the negatively charged
filaments and cations (mainly divalent cations). Some studies show the buildup
of charge density waves (CDW) between filaments in bundles [111, 119]. The
filaments form a hexagonal tunnel with divalent cations in between. These
CDWs are shaped by the electrostatic potential of the filament backbones,
their helical twist and their orientation to each other. Angelini et al. report
the formation of knots in these waves. These are comprised of ions, which are
restricted in their mobility compared to ions in solution. They are localized to
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some degree in so-called "liquid ion patches" (LIPs). A higher density of these
is found at actin subdomain 1, where the N-terminus is located [19].

1.2.10.2 Static and Transient Crosslinking

As already discussed before, living cells need to resist external forces and de-
formation caused by them. ABPs and in particular crosslinking proteins are an
important part of this strain response. They stiffen actin networks by increasing
the filament inter-connectivity and distribute stress over a wider range of fila-
ments. Static crosslinking would be a problem for the cell though, because per-
manently increased stiffness and a static shape would severely limit its motility
and ability to react to a changing environment. The solution to this are tran-
sient crosslinks, which have an on-rate kon and an off-rate koff. They increase
the connectivity of the network, but still allow for dynamic remodeling over time
[120, 121]. Static crosslinking has been shown to increase the plateau stiffness
of actin networks with

G0 ∝ R1.2 (34)

where R is the total number of crosslinks. The shape of the shear modulus is
changed significantly by this. G0 increases with the crosslinker concentration,
the plateau slope decreases, τe also decreases due to the average length scale
for single filament relaxation being reduced from le to the crosslink distance lc.
τr is shifted theoretically to infinitely high times if all filaments are connected.
A good real example is shown in Figure 23

(
C
)

[122, 123, 124]. Transient
crosslinking on the other hand, shifts τr depending on kon and koff. Reptation
is still possible, just slowed down. In that case, the plateau stiffness of actin
networks increases with

G0 ∝ R1.2
eff (35)

where R1.2
eff is the effectively bound total number of crosslinks [125].

1.3 Rheology and Microrheology

1.3.1 Bulk Rheology - Plate Rheometers

Plate rheometers can be used to access the shear properties of viscoelastic
materials. There are multiple types of geometries for rheometers, but the sim-
plest and very often used ones have two parallel plates. One of those plates
gets rotated and a sample is sheared between them. The control variable can
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be the rotation speed or the measured torque Tm.

Tm = TI + TS (36)

The inertial torque TI can be calculated as follows

TI = Iω2Θ(iω) (37)

with the moment of inertia I and the sample deformation Θ(iω). The second
part of Tm is the sample torque TS

TS = g∗(iω)Θ(iω) =
G∗

kg
(iω)Θ(iω) (38)

with a geometry specific constant kg. Rheometers basically measure stress-
train relations like described in chapters 1.1.1 and 1.1.2. They measure the
bulk properties of a sample, local inhomogeneities are averaged out [126].

1.3.2 Microrheology

Extracting or synthesizing proteins can be very time, work and cost intensive.
Often, the limiting factor in in vitro experiments with them is the sample vol-
ume. A good example for this are artificial actin isoforms, extracted from a
yeast culture, which are discussed in chapter 3.2 and 3.8. On the one hand,
sample volumes are in the low µl range, which makes classical plate rheome-
try impractical or even impossible. On the other hand, surface and non-linear
effects can easily have a relevant influence on the structure of a polymer fluid.
Microrheology typically only needs a fraction of a rheometers sample volume.
Video particle tracking microrheology (VPTMR) for example can be done with
a microliter or even a fraction of that.
Semi-dilute polymer solutions form meshworks with length scale dependent
properties. This is mostly the case for biological protein-filament solutions
used in in vitro studies. The backbone structure for example can have elas-
tic properties, at least on certain time scales, but the solvent (usually water
or an aqueous salt solution) inside of a meshes has purely viscous properties.
The size and surface properties of the probe can influence the measured prop-
erties [127, 128, 129]. Different types of microrheology (one- and two-particle
microrheology) can explore local microscopic properties of the complex fluid,
as well as bulk properties [130]. This can also probe local inhomogeneities.
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1.3.2.1 Active Microrheology

Active microrheology typically induces an oscillatory motion in microparticle
probes. This is done for example with optical tweezers or magnetic tweez-
ers. The general principle is similar to bulk rheology performed with a plate
rheometer. An oscillatory strain is applied and the frequency-dependent stress
is measured as a dampened oscillation of the probe particle together with the
phase shift between probe and the stimulating field. Usually the oscillation of
the driving force is also measured for accuracy reasons. From these, the vis-
coelastic shear properties of the sample can be calculated via a generalized
Stokes-Einstein equation. The first general assumption is

G∗(ω) =
σA

ϵA
· ei·δp(ω) (39)

with σA and ϵA as the amplitudes of stress and strain respectively as well as
the phase shift δp(ω), which is characteristically between 0 (elastic) and 90◦

(viscous) for viscoelastic materials.
The starting point for a quantitative description of the (spherical) particles mo-
tion is a Langevin equation.

mẍ = −6πaη∗(ω)ẋ + fR(t)− κtx + κt(Aeiωt) (40)

When a microscopic particle is actively oscillated in a thermal bath in one di-
rection, the inertial term mẍ can be described by a statistical random forces
fR(t), a drag force −6πaη∗(ω)ẋ and the active forces κt(Ad · eiωt − x), which
are acting on it. The involved variables are the particle radius a, a complex
viscosity η∗(ω), the particle position in regards to the focus of the driving force
x, the force constant of the driving force κt and the amplitude of the driving
forces motion Ad.
The equation is solved with a dampened and phase shifted sinusoidal motion:

x(t) = D(ω)ei(ωt−δ(ω)) (41)

where D is the amplitude of the particle motion.
Neglecting the random forces and the inertia term mω2

κt
for low oscillation fre-

quencies (< 100 Hz), we can use a generalized Stokes-Einstein equation to
connect the complex shear modulus G∗(ω) with η∗(ω).

η∗(ω) =
G∗(ω)

iω
(42)
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We arrive at an expression for G∗ with D and δ as only remaining unknowns.
These are determined by a sinusoidal fit of the trap motion as well as the
particle motion:

G∗(ω) =
κt

6πa

(
A
D
(cos(δ(ω) + i sin(δ(ω))))− 1

)
(43)

This complex term can of course be split up into a storage modulus G′(ω) and
a loss modulus G′′(ω).

G′(ω) =
κt

6πa

(
A
D

(cos(δ(ω)))− 1
)

(44)

G′′(ω) =
κt

6πa

(
A
D
(sin(δ(ω)))

)
(45)

A more detailed description can be found in the literature [131, 132, 133, 134].

1.3.2.2 Passive Microrheology

Passive microrheology can be applied to avoid some of the disadvantages of
the active variant. For example it is much more effective if good sample statis-
tics are required. Active microrheology is a very versatile and accurate tool for
the measurement of biological samples. But a downside is, that one particle
has to be oscillated at a time. With passive microrheology, viscoelastic mate-
rial properties can be calculated from thermal particle trajectories alone, which
allows for many particles to be tracked at the same time. The fluctuation-
dissipation theorem (FDT) can be applied to the recorded traces of embed-
ded microparticles, undergoing thermal fluctuations. The FDT equates the
response of a system to random thermal fluctuations with its response to ex-
ternal perturbations. This is possible for equilibrium systems obeying detailed
balance. For example: actively moving a particle with optical tweezers in such
a fluid dissipates kinetic energy via drag to heat. This heat results in Brownian
motion of molecules.
The goal is to formulate an equation, which relates directly measurable prop-
erties to the shear modulus G∗(ω). The first step is again a Langevin equation
for particle motion with the lag time and a memory function ζf(t), which can be
interpreted as friction, but without a driving force.

mv̇ = fR −
∫ t

0
ζf(t − τ) · v(τ)dτ (46)

Via an unilateral Fourier transform (Fu), this can be related to the velocity au-
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tocorrelation function.

v∗(ω) =
f ∗R(ω) + mv(0)
miω + ζ∗f (ω)

(47)

Where the velocity of the particle is v. Taking the ensemble average, neglect-
ing inertia, applying the equipartition theorem (m⟨v(t)v(t)⟩ = kBT) and using
m⟨v(0) fR(t)⟩ = 0 (random forces average out to zero) gives:

⟨v(0)v∗(ω)⟩ = kBT
[miω + ζ∗f (ω)]

(48)

The relation
Fu
{
⟨∆r2(τ)⟩

}
=

6
(iω)2 Fu

{
⟨v(0)v(t)⟩

}
(49)

gives

ζ∗f (ω) =
6kBT

(iω)2Fu
{
⟨∆⃗r2(τ)⟩

} (50)

with the position vector r⃗ for three-dimensional motion. And with equation 42
as well as

ζ*
f (ω) = 6πaη* (51)

one arrives at

G∗(ω) =
kBT

πa(iω)Fu
{
⟨∆⃗r2(τ)⟩

} (52)

for a particle trajectory in N = 3 dimensions. Since practically the accessible
data is mostly two dimensional, the general equation is:

G∗(ω) =
NkBT

3πa(iω)Fu
{
⟨∆⃗r2(τ)⟩

} . (53)

After measuring a particle trajectory, equation 53 can be accessed via the
mean squared displacement (MSD):

MSD =
1
N

N

∑
i=1

(xi(t + τ)− xi(t))2 = ⟨∆⃗r2(τ)⟩. (54)

Mason et al. [135, 136, 97] approach this from the Laplace transformed vis-
coelastic shear modulus G̃(s) with s = iω.

G̃(s) =
kBT

πas
〈
∆r̃2(s)

〉 (55)

The difficulty lies in the Laplace transformation of the data over a limited fre-
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quency range, which can distort it through truncation errors. To avoid this,
⟨∆⃗r2(τ)⟩ is substituted into an algebraic Stokes-Einstein equation:

G̃(s) =
kBT

πa
〈
∆r̃2(τ)

〉
Γ[1 + (δ ln

〈
∆r̃2(τ)

〉
/δ ln τ)]

∣∣∣
τ=1/s

(56)

Γ denotes the gamma function. To obtain G∗(ω) Mason et al. fit G̃(s) as a
functional form with a real s, and then obtain G∗(ω) by analytic continuation.
They substitute iω for s in the fit.
The transformation from G̃(s) to G∗(ω) is explained in the literature in greater
detail [137, 135, 136, 138]. They fit the MSD with a local power law and es-
timate G∗(ω) algebraically this way. The local power law is determined from
the logarithmic time derivative of the MSD. To improve the performance of the
method, Weitz et al. [139] modify it empirically by adding second order loga-
rithmic time derivatives.
Other approaches to calculate shear moduli from the MSD have been taken
since then [140, 139, 131, 141], but typically the improvements are minimal or
only effect certain frequency ranges.

1.3.3 Methods of Rheology and Microrheology in Comparison

Method estimated frequency range / Hz estimated stiffness range / Pa
Rheometry (plate) 10−5 − 102 10−1 − 106

AFM 10−2 − 105 10−2 − 104

DWS 100 − 107 10−1 − 104

DLS 10−1 − 106 10−3 − 104

VPT 10−3 − 102 10−5 − 101

OT active 10−2 − 104 10−3 − 102

OT passive 10−3 − 104 10−5 − 101

MT 10−2 − 103 10−3 − 104

Table 2: A comparison of the frequency and stiffness ranges accessible by different meth-
ods of rheology. The methods are plate rheometry (Rheometry (plate)), atomic force spec-
troscopy (AFM), diffusing wave spectroscopy (DWS), dynamic light scattering (DLS), video
particle tracking (VPT), active and passive microrheology with optical tweezers (OT) and mi-
crorheology with magnetic tweezers (MT) [123, 93, 136, 143, 134, 144, 132, 145, 146, 142].
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2 Actin-DNA Hybrid Networks

2.1 Introduction

The first aim of this thesis is an evaluation of a commonly used model to predict
the viscoelastic properties of semi-flexible filament networks, the tube model. It
describes the shear properties of an entangled network as the result of a con-
finement around the filament, formed by other filaments (theory chapter 1.2.6).
Predictions of the tube model have been confirmed many times experimentally
[147, 148, 96].
According to this model, (assuming constant temperature and a mean fila-
ment length close to the persistence length, which can be controlled) the shear
properties are only dependent on two independent variables. The persistence
length (lp) of the filaments and their initial monomer concentration c. The model
has been proven to accurately predict the mechanical properties of reconsti-
tuted actin filaments, but is knowing c and lp enough to predict the viscoelastic
shear properties of semi-flexible polymer filaments under experimental condi-
tions in general?
It is not a given that artificial cells or even simple model systems contain actin
filaments to fulfil its typical cellular role. The cellular muscle, motile engine, dy-
namic support structure (and so on) could be constructed from a different semi-
flexible polymer with more favorable or easier to control properties in vitro. A
combination of multiple semi-flexible polymers is also a possibility. Cells con-
sist of many interlinked and not clearly separated composite materials already
[149, 150].
Composite materials are a combination of materials with different chemical or
physical properties. The combination gives rise to a mixture of those prop-
erties or even entirely new ones. Reinforced concrete is a good example of
this. Where concrete alone has a high compressive strength but low tensile
strength, steel shows a high tensile strength. The composite combines the
advantageous properties of both and is a very resilient construction material.
These also exist in nature. A very common composite is a combination of
cellulose fibers and lignin called wood. Biological cells also possess compos-
ite structures and properties. They are microscopic compartments of many
different protein structures, mainly composed of F-actin, microtubules and in-
termediate filaments. They are mostly treated as completely separate objects,
which don’t interact with each other in regard to mechanical properties. But
as mentioned, in vivo they form partially interwoven structures. Studies have
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shown reconstituted combinations of these filament networks to display biolog-
ically relevant composite properties [151, 152].
Understanding the mechanical properties is key to understand or even recre-
ate biological structures with a primarily mechanical purpose. So looking back
at the tube model, the question arises, whether two co-entangled semi-flexible
polymers form a network with the same properties as a homogeneously com-
posed one.
To investigate this, first semi-flexible DNA filament networks [8, 9] are com-
pared to reconstituted actin networks. These DNA filaments consist of inter-
connected tiles, which themselves consist of seven DNA-strands on average.
In addition to being semi-flexible, they have very promising properties, making
them a perfect basic building block for more complex structures. These artificial
filaments are more tunable and modifiable than their biological counterparts.
They can be tuned in their mechanical as well as chemical and electrostatic
properties, without the issue of having to keep protein folding in mind. They
can be modified with side chains, which could form links to other structures
for example. The possibilities are manifold. The analysis will be shown and
explained further in subchapter 2.2. The chosen methods are mainly MR and
to bulk rheology in the form of rheometry to determine linear viscoelastic shear
properties. It will be shown, that only some characteristic viscoelastic proper-
ties of DNA filament networks can be predicted correctly by the tube model.
A very important characteristic for most of the measurements is a homoge-
neous network. Since it is not always easy to distinguish optically between
filamenteous and bundled microfilament networks, Figure 11 shows examples
for both. Both the filaments’ and bundles’ diameters are typically below the
resolution limit of a fluorescence microscope and even a confocal laser scan-
ning microscope (CLSM). Because of this, structures consisting of hundreds
of filaments can appear very similar to just one.

Co-entangled composite networks with actin are co-polymerized to explore the
root cause of this further in the following subchapters. Micro- and macrorheo-
logical experiments are performed with video-particle tracking and a rheome-
ter to compare linear rheology as well as drag force experiments with optical
tweezers to analyze nonlinear stress-strain behavior. They reveal shear re-
sistance of the networks emerging from the interaction of different types of
filaments as composite properties.
Purely entangled filament structures are a good model system to investigate
mechanical properties in a bottom-up approach, but they are rare amongst
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Figure 11: Confocal laser scanning microscope (CLSM) images of typical α-skeletal muscle
actin networks at 24 µM. A) An entangled network. B) A crosslinked network with 2.4 µM
fascin. Straight bundles are formed. C) A crosslinked network with 2.4 µM α-actinin. Curved
bundles are formed. D) A network supplemented with 2.4 µM α-skeletal muscle myosin II
filaments. The network is locally contracted and forms so-called asters. Scale bars are 10 µm

naturally occurring Network structures. To explore structures resembling in
vivo conditions more, experiments with crosslinkers and motor proteins are
done additionally. They address questions about the influence of additional,
co-entangled semi-flexible networks on basic structure elements and the pro-
cesses forming them. Are bundling by ABPs and contraction by motor proteins
effected by an additional network, or are the DNA filaments just increasing the
concentration of semi-flexible filaments? These questions are addressed in
the following subchapter 2.5.
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2.2 Characterizing the Mechanical Properties of DNA Fila-
ment Networks

Utilizing these artificial DNA structures [8, 9] requires a characterization of their
properties and their interaction with biological systems first. They can be used
either for artificial, biological systems or for the analysis of fundamental biolog-
ical properties of cells like cortex mechanics for example or as model systems
for in vitro measurements. To achieve this, micro- and macrorheological mea-
surements are performed. Shear moduli as well as relaxation dynamics for
DNA networks are analyzed and compared to reconstituted actin networks.
These are combined with confocal images of fluorescently labeled networks
in order to determine homogeneity and bundling. In the following steps, co-
entanglement with naturally occurring cytoskeletal filaments (actin) is achieved
and the resulting composite properties are analyzed. Lastly, their interaction
with ABPs, motor proteins and divalent cations is investigated.

2.2.1 DNA Filaments and Networks

Jahnke et al. [8] adapted a protocol from Rothemund et al. [9] and assembled
filaments with an average length of 6.8 µm from prepurchased strands in a
thermocycler. Filaments in solution are received from them. Figure 12 shows
these filaments in a diluted form on a poly-D-lysine-coated (PDL-coated) sur-
face

(
A
)
, where single filaments are visible. At higher concentrations, filament

networks visually similar to those of actin are formed
(
B
)
. We analyze these

and co-entangled variants with F-actin for their mechanical properties. The
filaments are co-polymerized and become randomly oriented.
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Figure 12: DNA filaments form network structures similar to those of cellular protein filaments.
A) Diluted (from 10 µM by a factor of 2000) and washed DNA-filaments are immobilized on a
PDL-coated glass slide. Single filaments are visible. B) At higher concentrations (here 40 µM)
stable, entangled network structures, which resemble protein filament networks, are formed.
Scale bars: 10 µm.

2.2.2 Semi-Flexible DNA Filaments

Considering the persistence length published by Jahnke et al. the filaments
can be categorized as semi-flexible, similar to the semi-flexible protein filament
actin. They measured a persistence length of 6.46 ± 0.26 µm [8]. Although this
value should be considered carefully, since it is very close to the average fila-
ment length of 6.8 ± 4.3 µm and errors might be very large. The filaments ap-
pear to possess very little curvature over their contour length, which makes the
cosine correlation [153] analysis questionable, since bending is barely mea-
surable and image artifacts in the skeletonization process have a very high im-
pact on the result. Filaments with higher contour lengths (a densely populated
distribution with lc that are multiples of lp) would be preferable and probably
necessary to find a reliable value. But assuming lp ≈ lc seems still reason-
able. The single filaments don’t show enough curvature on length scales of
microns to count as flexible. Further indication can be found in the relaxation
times (crossover points of G′ and G′′) of networks measured by microrheology
as frequency-dependent shear moduli in the following subchapters.

2.2.3 Mesh Size

Besides lp, the most relevant parameter to compare polymer networks with,
is the mesh size. Even in non-crosslinked, entangled networks, it contributes
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with an exponential factor of −3 to the network stiffness [94]. This means dou-
bling a networks mesh size makes it six times softer. Based on a cubic network
assumption, the mesh sizes can be calculated with equation 20. Compared to
actin networks (equation 23), the monomer length and number of subunits per
monomer differ for DNA networks. The networks are homogeneous to a high
degree, just show some bundling and clustering, which can be seen in Figure
12. This makes the use of an average mesh size reasonable. All calculated
mesh sizes relevant to this study are collected in table 3. In the following chap-
ters, networks will be compared by their mesh size rather than their monomer-
or filament concentration. This is done to ensure the comparability of different
types of networks with tube model (theory chapter 1.2.6) predictions. A direct
comparison of DNA and F-actin networks can be seen in Figure 17

(
A
)

and(
B
)
. This is done, to test the assumptions from this subchapter experimentally.

The mesh sizes are roughly analyzed like described in the materials and meth-
ods chapter. They are found to be ξDNA = 1.65 ± 0.22 µm and ξactin = 1.54 ±
0.18 µm. This is slightly more than the calculated 1.11 µm and 1.10 µm. The
deviation is due to low image quality, but the relative similarity confirms very
similar mesh sizes, homogeneous networks and the general applicability of the
assumptions made here.

cDNA (µM) ξDNA DNA (nm)
40 248
24 320
20 350

16.4 387
12.3 449
10 496
8.2 547
4.1 774
2 1110

Table 3: Relevant DNA concentrations and associated mesh sizes.

2.2.4 Network Stiffness and Relaxation Times

To characterize DNA filament structures’ linear mechanical properties on a net-
work level, VPTMR is applied. Tracking the two-dimensional position of an
embedded microparticle with high spatial and temporal resolution gives lag
time dependent MSDs of the particles. Assuming the applicability of the FDT
and comparing an approximation of its Laplace transform to the generalized
Stokes-Einstein equation (theory chapter 1.3.2), gives shear moduli in the fre-
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quency domain. From the shear moduli as well as the MSDs, further infor-
mation like for example the plateau stiffness of the material, relaxation times
or general fluidity can be drawn. Among those, relaxation times can be used
to draw conclusions about single filament properties and close the information
gap left open about the bending stiffness of DNA-filaments (DNA subchapter
2.2.2).

A B

C D

Figure 13: Mechanical properties of entangled DNA-networks at concentrations of 10, 20 and
40 µM investigated by VPTMR. They show a viscoelastic behavior similar to that of reconsti-
tuted actin networks. A) Mean squared displacement of a 40 µM DNA network with a mean
shown as a thicker line in red and a distribution of single MSDs with dashed lines. B) Fre-
quency dependent complex shear modulus G*(ω) of different DNA filament concentrations,
split up into real and imaginary contribution. G′ is represented by a straight line, G′′ by a
dashed one. Smaller concentrations are indicated by thinner lines and different colors (10 µM
orange, 20 µM green and 40 µM blue). A slope of ω3/4 is shown in black. C) Reptation time
τr (green) and entanglement time τe (purple) against the actin concentration. A slope of c−8/5

is shown in black. D) Plateau moduli for different concentrations (red) and a slope of c7/5 in
black.

The mechanical properties between a concentration of 10 and 40 µM are very
typically viscoelastic. Looking at Figure 13

(
A
)
, the MSD of embedded mi-

croparticles displays a nearly linear, fluid-like increase with an exponential co-
efficient of approximately α = 0.4 in the low lag time regime until ~0.1 s. Up to
this timescale, the particle experiences the viscous properties of the surround-
ing medium and interacts with bending modes of the filament cage it is trapped
in. So this regime extends to the borders of the relaxation time belonging to
these modes. Over longer τ, the MSD creeps into a plateau region, where
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the particle is trapped in an elastic filament cage, hold together by entangle-
ments until the reptation time is approached at between 100 and 1000 s of lag
time. The high lag time region is not completely reached, but an increase of
the MSDs slope is clearly noticeable over τ =50 s. Here, over longer time
scales, the particle diffuses through the meshes, which slowly open up by the
reptation of filaments. This leads to a fluid-like linear increase of the MSD over
high lag times. The formation of such a s-shape in MSD-τ graphs is typical for
a viscoelastic polymer fluid.
In
(
B
)
, the frequency dependent, complex shear moduli of different concentra-

tions show a plateau region between approximately 0.01 and 10 Hz with two
crossover points of G′ and G′′. This is a very clear sign of a dynamic, entan-
gled network, which shows filament reptation – also a good indication for ho-
mogeneous networks, which are neither significantly bundled, nor crosslinked.
These phenomena severely decrease the viscous flow of the structure, re-
duce or stop reptation, decrease the slope of G′ in the plateau region and
shift the reptation crossover point to lower frequencies. Here, the slope of G′

slightly decreases with rising concentration, as the elastic properties more and
more dominate the viscous ones, since the reptation of the filaments through
a network of increasing density raises more friction. For very similar reasons,
the plateau region gets wider in the frequency regime in both directions with
higher density and smaller mesh size. The high frequency behavior of G′′ has
an exponential factor of approximately 3/4 and the plateau modulus G0 has
a concentration dependency with an exponential factor α of about 7/5

(
D
)
.

The concentration dependency of the entanglement time τe
(
C
)

is stronger
than the expected exponential factor of –8/5, but reasonably close, where the
reptation time τr is barely concentration dependent. One noticeable deviation
from the expectation is network plateau-stiffness, which is significantly lower
than for a comparable F-actin network. A DNA-network with a concentration
of 40 µM has a slightly smaller mesh size (248 nm) than a muscle actin net-
work with 24 µM (274 nm). Considering similar filament lengths, this should
result in a slightly higher G0 for the DNA-networks (compare Figure 13

(
B
)

and Figure 15
(
A
)

). The found value is G0,actin ≈ 4 · G0,DNA. The combined
findings, summarized in table 4, give (with one exception) a consistent pic-
ture of an entangled, viscoelastic network, which can be described with a tube
model. Compare theory chapters 1.2.6 and 1.2.9. Most of the measurements
are repeated with other instruments to confirm general validity. The results
of that are presented in Figure 14 for two types of active measurements, ac-
tive MR with optical tweezers

(
A
)

and rheometry with a plate-plate rheometer
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Parameter (DNA networks, VPTMR) expected found α

G′′(ωhigh) ∼ ω3/4 ∼ 3/4
G0(c) ∼ c7/5 1.81 ± 0.32
τe(c) ∼ c−8/5 −2.10 ± 0.30
τr(c) ∼ c0 − c−1 −0.87 ± 1.5

Table 4: Expected and found characteristic exponential factors for a characterization of the
viscoelastic properties of semi-flexible DNA filament networks measured by VPTMR.

(
B
)
. The concentration dependency of G0 is shown in

(
C
)
. The results are

generally similar, G0(c) has an exponential factor a little bit higher than the
expected 7/5 for plate-rheometer measurements, which could be the result
of small amounts of bundles in the sample. These should form more easily
with higher concentrations (40 µM) due to crowding (Figure 14

(
C
)
, compare

theory chapter 1.2.10.1). The G0 values themselves increase slightly by one
order of magnitude from local, linear MR (VPTMR) over linear active MR (OT)
to macrorheology (rheometer), which is also an indication for inhomogeneities
caused by bundles. Surface effects at the edge of the water sample or shear
thickening might contribute to bundle formation between the rheometer plates.
The average local response accessed by microparticles (radius r = 1 µm )
can’t reflect the relaxation of structures, which are many microns apart from
each other when only a few bundles are formed. A plate rheometer measures
bulk properties, so the whole network is probed. Additional results are shown
in table 5.

Parameter (DNA networks, other instruments) expected found α

G′′(ωhigh) ∼ ω3/4 ∼ 3/4
G0,Rh(c) ∼ c7/5 2.27 ± 0.47
G0,OT(c) ∼ c7/5 1.74 ± 0.04

Table 5: Expected and found characteristic exponential factors for a characterization of the
viscoelastic properties of semi-flexible DNA filament networks measured by a plate-rheometer
and OT.

Bundling slows reptation down and also pushes filament relaxation to higher
frequencies. This happens due to the average length scale for single filament
relaxation being reduced from le to the crosslink distance lcr (compare theory
chapter 1.2.10.2). Bundling can function as quasi-crosslinking in this context
by pinning filament ends together in a zipper-like counter-ion condensation. An
example for a crosslinking-shifted τe for actin is shown in Figure 17

(
D
)
. This

can be compared to an equivalent, non-crosslinked network in Figure 15
(
A
)
.

τe (or here ωe = 1/τe) is shifted by strong rigor HMM crosslinking by at least a
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A

B

C

Figure 14: Other instruments confirm typical viscoelastic properties for semi-flexible filaments
for DNA structures, similar to the VPTMR measurements. Mechanical properties of entangled
DNA networks are shown for concentrations of 10, 20 and 40 µM. A) and B) are frequency
dependent complex shear moduli G*(ω) of different DNA-filament concentrations spit up into
real and imaginary contribution. G′ is represented by a straight line, G′′ by a dotted one.
Smaller concentrations are indicated by thinner lines and different colors (10 µM orange, 20 µM
green and 40 µM blue). Shear moduli are measured with optical tweezers A) and a plate
rheometer B). For the rheometer only G′ is shown. C) Plateau moduli for OT (triangles, purple)
and Rh (circles, green) against the DNA concentration. A slope of c7/5 is shown in black.
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A B

C D

Figure 15: Mechanical properties of entangled F-actin networks consisting of the two iso-
forms α–skeletal muscle actin (α-actin) and non-muscle actin (nm-actin, a mixture of 85% β-
and 15% γ-actin) at concentrations of 5, 10, 20 and 40 µM analyzed by VPTMR. A, B) Fre-
quency dependent G′ and G′′ of different α- and nm-actin concentrations. α-actin is shown
in A) and nm-actin in B). G′ is represented by a straight line, G′′ by a dotted one. Smaller
concentrations are indicated by thinner lines and different colors. The concentrations are 5
(purple), 10 (orange), 20 (green) and 40 µM (blue). A slope of ω3/4 is shown as a black line.
C) and D) show the reptation time τr (green) and the entanglement time τe (purple) against the
actin concentration. A slope of c−8/5 is illustrated in black for α-actin C) and nm-actin D).

A B

Figure 16: Direct comparison between the concentration dependency of G0 between the two
isoforms in entangled networks consisting of α-actin and nm-actin at concentrations of 5, 10,
20 and 40 µM analyzed by VPTMR. A) depicts an α-actin network at 12 µM for the comparison
with DNA networks. Scale bar is 10 µm. B) Plateau moduli for different concentrations. α-actin
is represented by a blue line, nm-actin by an orange line, and a slope of c7/5 is shown in black.

decade to smaller times (higher frequencies)
[88, 77]. Overall, the DNA networks resemble actin networks to a very high
degree, but the G0 values are generally lower for comparable concentrations.
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The results are summarized in table 5.
The same type of measurements for F-actin are depicted in Figure 15 and Fig-
ure 16. MR data is shown for two actin isoforms. These are well described
by the tube model predictions with G0 ∼ c7/5, τe ∼ c−8/5 and τr ∼ c0. The
concentration dependency of the plateau modulus for nm-actin is an outlier,
but it is distorted by G0 for 5 µM actin. That value is probably underestimated
due to a very thin, soft network, which allows mesh hopping of probe particles.
The higher concentrations have a slope much closer to 7/5. The results are
summarized in table 6. A very interesting observation is the difference in G0 of
these isoforms under the same experimental conditions. The buffer conditions
are the same and protein concentrations as well as degree of polymerization
differ only by a few percent (>95 % for both). Despite not directly influencing the
comparison with DNA-networks, a further investigation of this makes sense. It
potentially opens up the opportunity to compare different Semi-flexible filament
networks not only in a completely artificial model system, but also in directly
biologically relevant reconstituted systems. A further investigation of this phe-
nomenon is executed in chapter 3.2 with cytoskeletal actin isoforms, extracted
from genetically modified yeast.

Parameter (DNA networks, VPTMR) expected found α

α-actin
G′′(ωhigh) ∼ ω3/4 ∼ 3/4

G0(c) ∼ c7/5 1.48 ± 0.08
τe(c) ∼ c−8/5 −1.03 ± 0.31
τr(c) ∼ c0 − c−1 0.10 ± 0.81

nm-actin
G′′(ωhigh) ∼ ω3/4 ∼ 3/4

G0(c) ∼ c7/5 2.15 ± 0.61
τe(c) ∼ c−8/5 −1.71 ± 0.69
τr(c) ∼ c0 − c−1 −0.50 ± 1.36

Table 6: Expected and found characteristic exponential factors for a characterization of the
viscoelastic properties of entangled semi-flexible actin filament networks measured by VPTMR
for m- and nm-actin.

Looking back at the single filament properties, the analysis of shear moduli
also shines light on the uncertain persistence length of the DNA filaments.
Despite not being able to measure it with high enough accuracy because of
their short contour length, the rheological data and especially the τe show a
good resemblance to those for comparable actin networks. Since the bending
stiffness of filaments controls their bending mode relaxation, similar relaxation
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times are a good indication for similar bending stiffnesses and thereby per-
sistence lengths. Comparing concentrations with similar mesh sizes like 40
µM DNA (247 nm) and 24 µM F-actin (274 nm) , gives a τe of 0.07-0.09 s
(DNA) and 0.1-0.2 s (F-actin, phalloidin). So assuming an lp, DNA= 1-2 times
lp, F-actin, phalloidin ≈ 17-34 µm seems reasonable [65, 154, 92] (compare table
3 and equation 23).
In summary, the analyzed DNA-filaments can be classified as semi-flexible.
They form viscoelastic entangled networks from semi-dilute solutions, resem-
bling those of also semi-flexible cellular protein filament networks of F-actin.
Their mechanical properties are mainly predicted accurately by the tube model
for semi-flexible polymers. One exception is a very low base plateau modulus
compared to actin networks with the same mesh size. This will be addressed
in the following subchapters. The DNA filaments appear to be a good choice
as second semi-flexible polymer for the analysis of co-entangled networks with
F-actin.
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2.3 Linear Viscoelastic Behavior of Composite Networks

Figure 17: Actin and DNA composite networks are interwoven, but not interlinked structures.
CLSM images visualize the non-colocalized networks. A), B) and C) show the actin channel,
the DNA channel and an overlap of both respectively for a composite network. Scale bars are
10 µm. D) Muscle F-actin network at 24 µM strongly crosslinked with rigor HMM (2.4 µM) as
example for crosslinker mediated shift of the plateau region of G′ (straight green line, compare
Figure 15).

Figure 17 shows a composite network of the two semi-flexible filament types,
F-actin and DNA. The concentrations are chosen to produce networks with
similar mesh sizes. They form separate and interwoven, homogeneous net-
works, which still show the afore mentioned signs of viscoelastic properties of
an entangled network. They don’t form combined bundles, and they are not
crosslinked. This can be concluded from the comparison of the shear moduli
from entangled, pure DNA filaments, pure F-actin filaments and the combi-
nation of both (compare Figure 17

(
C
)

and Figure 18). Just like the mono-
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Figure 18: Actin and DNA composite networks are interwoven, but not interlinked structures.
Microrheology data reveals viscoelastic properties similar to mono-component networks. Fre-
quency dependent complex shear moduli of individual networks of α-actin at 1.5 µM (green),
DNA-filaments at a concentration of 2 µM (orange) and a composite network with the same
concentrations combined (blue). G′ is represented by a straight line, G′′ by a dotted one.

component networks, the composite has a plateau, two crossover points at
frequencies similar to the single networks, and a typical ω3/4-behavior at high
frequencies. The shape and magnitude of the moduli are also similar. The
relaxation of the network does not seem to be hindered by the interaction, but
appears to be dominated by F-actin reptation, which can be concluded from
the shape of the plateau region with G′ > G′′ and the low frequency regime.
These resemble the ones of pure actin networks (τe, A) much more. τe, comp is
smaller by a factor of three for the composite, compared to actin, but consider-
ing that the concentration of filaments is effectively doubled with the addition of
DNA, τe, comp ≈ τe, A · 2−8/5 ≈ 3 · τe, A (compare theory chapter 1.2.6) makes
sense. One noticeable anomaly is the very high plateau value G0 of the com-
posite. Using the same assumption as previously and probably overestimating
here, because G0,DNA (0.003 Pa) is smaller than G0,A (0.005 Pa) by a factor of
nearly two, we expect: G0,comp ≈ G0,A · 27/5 ≈ 0.013 Pa. With an overestima-
tion, this is still only half of the measured value of 0.025 Pa. This unexpected
composite behavior can’t be explained by the mesh sizes and bundling is also
very unlikely with the same arguments as mentioned in the previous chap-
ter (expected change in τe, no increase of τr, no significant change in shape

50



of G(ω) and no visible bundling in CLSM images). Additionally, the protein
concentrations of 1-2 µM are very small, which also reduces the likelihood
drastically (compare theory chapter 1.2.10.1). Another explanation is needed
to understand this deviation from the tube model expectation. After examining
this one combination of concentrations, the next logical step is investigating the
concentration dependency of this phenomenon, which is done in the following
subchapter.

Figure 19: Composite properties of F-actin-DNA hybrid networks. Combined structures are
significantly stiffer than the sum of both components’ plateau moduli. The plateau moduli of the
composites are plotted against the relative mesh concentration ϕD = ξD/(ξA + ξD) of DNA.
The dark blue circle symbols connected by a line show the observed plateau moduli from VPT
measurements. The orange star symbols connected by a dotted line are expected results from
non-interacting networks on the basis of the tube model with G0 ∼ c7/5. The single data points
are for mixtures of varying compositions of co-polymerized DNA and muscle F-actin filaments.
The concentrations and resulting mesh sizes are shown in table 7. The green and magenta
diamond symbols demark the measured plateau moduli for 6 and 8.2 µM F-actin and DNA,
respectively.

The mechanical properties of the networks are neither completely independent
of each other, nor simply add up to a sum. The linear stiffness of composite net-
works comprised of different proportions of muscle F-actin and DNA are shown
in Figure 19. Plateau moduli of pure F-actin networks on the left are more than
an order of magnitude higher than for the equivalent DNA-network. Like previ-
ously, mesh sizes of the prepared structures are calculated with equation 20.
The combinations of concentrations are chosen to add up to a comparable ef-
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Concentration (µM) ξDNA (nm) ξα-actin (nm)
DNA Actin

16.4 0 387 0
12.3 3 449 776
8.2 6 547 547
4.1 9 774 448
0 12 0 388

Table 7: Effective mesh sizes ξ of actin and DNA in composite networks, calculated with the
assumption of a cubic mesh (equation 20).

fective mesh size. F-actin concentrations range from 12 to 0 µM and those of
DNA from 0 to 16.4 µM. The resulting single mesh sizes are collected in table 7,
effective combined mesh sizes add up to about 387 nm. The first expectation
using tube model predictions would be a straight line, since the overall mesh
size doesn’t change and both filaments are semi-flexible with similar filament
lengths. This is obviously not the case, the two networks are significantly differ-
ent in their stiffness at the same mesh size. The prediction is already wrong at
this point, there is something missing. So the next step is, taking the difference
into account. To simplify the communication, a relative mesh concentration

ϕD = ξDNA/(ξα-actin + ξDNA) (57)

of DNA is implemented. For non-interacting networks, the expectation with
increasing ϕDNA would be a decay with

G0,comp(c) ≈ G0,α-actin,12 µM/
(

12 µM
cα-actin

)7/5

+ G0,DNA,16.4 µM/
(

16.4 µM
cDNA

)7/5

(58)
[77], so a monotonous decline for ϕD → 1 (cα-actin → 0 µM and cDNA →
16.4 µM) because of actin’s higher base stiffness. This calculation is shown
with orange star symbols and a the dashed line. Using the same assumption
as before (equation 14) and modifying G0,A,12 µM with the effective mesh size
would, as already mentioned, result in a straight line through G0,A,12 µM with
a slope of 0. The behavior found here is a very different one. The networks
seem to interact synergistically regarding the resistance to shear forces, and an
unexpectedly high plateau stiffness emerges from the co-entanglement. This
can clearly be seen between 12 and 6 µM actin, where the plateau modulus in-
creases instead of the expected sharp decrease with a maximum at ϕD = 0.5
(cDNA=8.2 µM). A suppression of actin bending fluctuations by a decreased
mesh size is one explanation, but this is not sufficient, since the effective mesh
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size should be more or less constant over the variation of the relative mesh
concentration of DNA. Increasing ϕD decreases the mean filament contour
length in the network slightly (subchapter 2.2), which would also lead to the
expectation of a decreasing G0, using tube model predictions. This is not the
case between ϕD = 0 to ϕD = 0.5.

Esue et al. report a very similar behavior for an actin-vimentin network [155].
They found a sharp peak of the elastic modulus for a molar ratio of 1:3 actin:vimentin.
This translates to approximately the same mesh size for both filament types,
since the segment sizes are different and vimentin has multiple monomers per
segment in a filament [156]. It is essentially the same result found here for
DNA-actin composites at similar mesh sizes. It is further evidence for the bio-
logical relevancy of emergent composite effects. Although it has to be noted,
that vimentin is classified as flexible filament and the interaction might be of a
different nature.
After excluding all obvious explanations for the unexpectedly high G0 values
of composites, that could be drawn from these findings, the next reasonable
seems to be a friction between the filaments. Different charge densities on the
surface of the filaments might fill the gap and explain the unexpected change in
the mechanical properties. Charged filament protrusions can interact directly
attractively or repulsively. They have a repeating pattern of charges on the fil-
ament surface, so the interaction changes from the assumed smooth surface
hard body interaction to something with minima and maxima on both filaments,
which interact with each other to create friction. These come to be due to the
repetitive and in case of actin helical structure of the filaments. It would in-
crease the “felt” roughness of the filaments while gliding through each other.
This would imply an increase of τr for the composite though, which was not
observed. τr could be a little bit more unreliable than τe, because of the worse
statistics for long τ. The relatively high standard errors found before for τr

support this. Assuming reliable data (reasonable due to increases in τr easily
being visible for crosslinked systems, as previously shown), the elastic proper-
ties of meshes are effected, but reptation is apparently not, or not significantly.
It could be a transient pinning of the filaments to each other in meshes of
co-entangled filaments, which becomes irrelevant on longer time scales. This
could be imagined as a high concentration of weak cross-linkers with a very
high unbinding rate. That again would lead to an increase in G0 and a de-
crease of the plateau-slope, but without removing the second crossover point
necessarily (chapter 1.2.10.2), which is generally what is observed in Figure 18
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in contrast to the effectively permanently crosslinked network in Figure 17
(
D
)

for example. The maximum at ϕD=0.5 is also a good indication for this hypoth-
esis, since a 50/50 distribution of the filaments would maximize the interaction
by maximizing the number of different interaction partners around one filament
type. One major argument against this, is the change of τe in accordance with
the tube model expectation, as discussed in the context of Figure 18. The
increase of G0 could also be attributed to a suppression of bending/twisting
fluctuations or the coupling of those, but this would also result in a shift of τe,
which does not seem to be the case. So there are multiple potential expla-
nations, which are hard to evaluate against each other at this point. Further
information is necessary. This will be discussed again in the following chapters
(isoforms of actin and post-translational modifications of actin).
A biological relevance of composite material effects like the here observed one
appears to be convincing, since biological cells consist of many different com-
posite materials (compare subchapter 2.4 and 2.3).

In summary, the linear viscoelastic shear behavior of F-actin-DNA composite
networks is also that of a semi-diluted, entangled polymer network of semi-
flexible filaments. A peculiarity is an emergent composite property. Com-
posites show a significantly increased plateau stiffness compared to the tube
model expectation, which can hardly be explained by bundling or similar static
effects, because the viscous properties are not or not significantly affected.
This stiffness anomaly is dependent on the relative composition of the com-
posite. Relative concentrations, which result in the same mesh size, show the
strongest increase in stiffness. A solid mechanistic explanation for this behav-
ior requires further information, after which it will be discussed in the chapter’s
summary. After examining the linear viscoelastic properties of DNA-networks
and composites with F-actin, the non-linear mechanics are the next step to
be explored. Understanding the network response to higher strains, which in-
duce nonlinear deformation, might give insights into potential strain stiffening
or shear thinning not present in mono-component networks. In addition to the
general biological relevance of strain stiffening in composite materials [23], re-
laxation behaviors and filament interactions can potentially be inferred from
there. These can be used to find an explanation for the deviations from the
tube model expectations.
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2.4 Nonlinear Viscoelastic Behavior of Composite Networks

Nonlinear behavior is a relevant part of cellular mechanics [157]. Prestress
stemming from the contraction of myosin motors in the cytoskeleton is the main
cause of that and the overall stiffness of the cell. The cytoskeleton and the un-
derlying cytoplasm are composed of structures and materials, which demon-
strate a complex, time dependent behavior under stress. They can respond
by fluidizing or stiffening [158, 159, 160]. Control of the resistance to external
forces seems to play an important role in biological matter. The ability to with-
stand abrupt stresses and avoid damage by stiffening or move through struc-
tural barriers by fluidizing over longer periods of time is crucial to the survival
of a cell. It is also something, which is not fully understood yet. DNA fila-
ments not only modify the linear viscoelastic response of an F-actin network,
they also change the non-linear regime by increasing stress response over-
proportionally under strain. The non-linear mechanical behavior of F-actin-
DNA composite networks is investigated here with optical tweezers. Micropar-
ticles are dragged through the sample with the laser under a moderate and
constant displacement rate (2 µm/s), greater than the intrinsic relaxation rates
of the networks, discussed previously (subchapter 2.2.4). It is smaller than
the crossover point observed by Gurmessa et al. [24], where strain softening
from shear thinning switches to strain stiffening induced by entanglement tube
dilation. The goal is to perturb the system away from an equilibrium state and
study non-linear effects.

Figure 20 displays the relative differential modulus (K/K0) against strain graphs
for an entangled F-actin network

(
A
)
, a DNA-network

(
B
)

and a composite-
network

(
E
)
. Below that are drag forces FD against the displacement of the

dragged particle ∆xD as examples in
(
C
)
,
(
D
)

and
(
G
)
. An overlay of

(
A
)
,(

B
)

and
(
E
)

is shown in
(
F
)
, mean drag forces against displacement graph

in
(
H
)
. While, as expected, there is no strain stiffening for pure actin [24, 96]

and DNA at this strain rate (2 µm/s), for the composite, a clear nonlinear strain
stiffening is visible with a relative differential modulus >1. The force against
displacement graphs confirm this. The composite essentially displays the be-
havior of the actin network with additional nonlinear behavior producing peaks
with a sudden break-off back to the baseline. Peaks in the force response
are clearly maximized in the composite networks. Purely entangled F-actin
networks don’t display this at all, and for DNA networks it has a rarer occur-
rence. This is probably due to different relaxation behaviors on the one hand
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Figure 20: Nonlinear strain stiffening of F-actin-DNA composite networks. The relative dif-
ferential modulus (K/K0, where K0 is the linear differential modulus at low strain), is plotted
against the displacement ∆xD for A) a pure actin network at 12 µM (green), B) 16 µM DNA
(orange), E) an actin-DNA composite network at 6 and 8 µM respectively (blue) and an overlay
of all K/K0 is shown in F). The force curves below them show examples for corresponding drag
force (FD) curves against displacement data in C), D) and G). Mean force curves are shown in
H) with different colors for each composition, ranging 12 µM actin and 0 µM DNA (green) over
0 µM actin and 16 µM DNA (orange) to 6 µM actin and 8.2 µM DNA (blue).
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and microparticles slipping through meshes and releasing stress to produce
break-off events on the other. Where entangled actin networks as well as DNA
networks can freely relax stress, induced by the dragged microparticle at this
displacement rate, the composite network can’t. This is despite mesh sizes
should be very similar as discussed in chapter 2.2.3. The different relaxation
behaviors may not combine well and reduce the overall network flow. A possi-
ble explanation could be a compression of one network, while the other one is
already relaxing the stress by filament gliding. This would then be hindered by
the buildup of the first network in front of the particle, which further increases
the buildup of tension until it is released by rupture or other forms of nonlinear
network deformation. The peaks in Figure 20

(
G
)

are an indication of this. In-
terestingly, the long-term fluidity of the composite does not seem to be effected
very much, since the low frequency behavior of the shear modulus shows clear
signs of network relaxation by reptation. This reptation also seems to be very
similar to the one for mono-component networks as discussed in chapter 2.2.4.
Ricketts et al. [151] report a transition in a co-entangled actin-microtubule
network from strain softening to strain stiffening with an increasing fraction of
microtubules in the structure. They attributed this to a change in pyroclastic
relaxation arising from different pore sizes. This was again stemming from dif-
ferent mesh sizes of the two filament types and also suppressed actin bending
fluctuations. The results are similar to the here presented findings. An indica-
tion for comparability are the force curves of purely entangled actin. These are
quite similar with average maximal forces around 10 pN. It appears important
to point out, that they also performed optical tweezer measurements, so local
microrheology.
Golde et al. [156] investigated actin-vimentin co-polymer networks and found
linear as well as non-linear effects, which they explained with two non-interacting
structures. They found a strong increase in strain stiffening from pure actin over
increasing the fraction of vimentin to pure vimentin. The mechanics of the com-
posites were analyzed with an inelastic glassy WLC model, which was able to
predict the rheological data. This data was obtained with a plate rheometer,
so it represents bulk properties from macrorheology. In essence, they did not
find emerging composite behavior. Interestingly, their measurements of shear
moduli for those composite networks, as well as for pure mono-filament types,
did not show typical plateau behavior. This was despite them spanning over
three orders of magnitude in stiffness.
In contrast and prior to that, Esue et al. [155] reported a very clear emergent
composite behavior (as mentioned before) also for an actin-vimentin network.
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They found a sharp increase in the elastic shear modulus G′ for a molar com-
position of 1/3 actin and vimentin with rheometer measurements.
Similarly, Lin et al. demonstrated nonlinear stiffening of F-actin networks by
the addition of microtubules [161].

In summary, F-actin-DNA composite networks display significant strain stiff-
ening, which is neither present in pure F-actin nor DNA-networks. This has
potential biological relevance, since cellular composite networks also alter the
non-linear mechanics of the involved structures. It is also an additional indica-
tion for the hetero-filament interaction being stronger than the homo-filament
one.

2.5 Interaction of Composite Networks with ABPs, Motor
Proteins and High Cation Concentrations

This chapter explores the interaction of interwoven DNA-actin networks under
the influence of motor proteins, ABPs and divalent cations. All of them induce
some kind of network contraction. Comparing these contractions to those of
pure actin equivalents can give an insight into filament interactions and poten-
tially the interaction with other proteins and cations. Additionally, the biological
relevance and usefulness of the composite material in biological model sys-
tems is discussed.

Actin filament polymerization and depolymerization controlled by Arp2/3 has a
very important role in the motility of cells [162, 163, 164]. It is utilized to push
the cell membrane forward, where then focal adhesions anchor the substrate to
permanent actin structures, so-called stress fibers. These also consist of actin,
but the filaments are bundled by crosslinker proteins like α-actinin mostly in an
antiparallel manner. Motor protein filaments (myosin II) embedded in them are
then able to contract the stress fibers by pulling on filaments and letting them
slide against each other. This generates traction and for example enables the
cell to either push itself further along the surface or stabilize it on the substrate.
The point is, to control filament structures on a microscopic level locally and
dynamically, other proteins are needed. This makes it important to study the
interaction of an artificial model system with them or agents, which fulfil compa-
rable roles. In this case, ABPs, motor proteins and biologically relevant divalent
cations like Mg2+ and Ca2+ are investigated. Figure 21 shows three compos-
ite networks, one combined with myosin II, which contracts and in rigor state
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A B

C D

E F

Figure 21: DNA-networks significantly change the contraction and bundling properties of F-
actin. A) An actomyosin network with 24 µM actin, 2.2 µM myosin and 24 µM DNA. Bright green
dots are 2 µm fluorescent microparticles for VPTMR. C), E) Bundled actin-DNA composite
networks with 24 µM actin and 24 µM DNA. In C) the bundling is induced by 2 µM α-actinin,
in E) by 30 mM Mg2+-ions as counterion condensation. B), D) and F) show comparable actin
networks without DNA structures. Scale bars are 10 µm.
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crosslinks F-actin
(
A
)
. Then another one with α-actinin, which crosslinks F-

actin to thick bundles at high concentrations
(
C
)
. And

(
E
)

shows a third com-
posite network with an increased Mg2+-concentration, which induces bundling
of both networks by counterion condensation. On the right side of that the cor-
responding F-actin networks with the same composition, except for the DNA-
structure, which is missing. The myosin II network in

(
B
)

displays typical con-
traction in the form of dense, bright, star-shaped aster structures. Here, the
motor proteins hydrolyze ATP with a low duty ratio of the head groups until
the ATP concentration is low enough to increase the duty ratio and pull on the
actin filaments. These are now pulled in random directions until ATP is used
up, or local accumulations of myosin filaments form. There the actin structure
gets extremely dense and the number of myosin heads so high, that no more
bundles of actin filaments with the connected myosin filaments can escape.
More actin is pulled in instead, increasing the inner density further and fur-
ther until all myosin heads are “jammed” with surrounding F-actin. Because
of this jamming, the process can stop even before the ATP concentration gets
exhausted. An interesting property of living things is the non-equilibrium state
they are in.One hurdle when doing passive MR with cells is their non-thermal
cytosolic activity, which increases thermal Brownian motion of the involved mi-
cro objects in a certain frequency range by a non-thermal, motor-driven one.
Quantifying this has been the goal of some studies in vivo and in vitro [165],
but there is still a lot poorly understand and to illuminate yet. One big hur-
dle in in vitro reconstructions of this phenomenon is the network contraction,
which creates extreme, local inhomogeneities or stops the process altogether
and thereby can make analysis very complicated. To understand motor activity
on a network level more accurately, a homogeneous, non-contracting, but still
dense enough to transmit stresses, network would be preferable. The compos-
ite structure shown in

(
A
)

seems to fulfil these requirements. Despite a very
high myosin II concentration (∼10 %), no aster formation is observed.
Another important property to control in the formation of specific sub-structures
of networks, is bundling.

(
D
)

and
(
F
)

show bundled networks, one from
crosslinking and one from counterion condensation. Both contain thick bundle
meshes with mesh sizes partially well above 10 µM and a number of filaments
per bundle in the order of 500 (concluded from known concentration of actin
and again a cubic mesh assumption). These are on the one hand hard to mea-
sure by MR because of the high mesh size and on the other hardly biologically
relevant, because they don’t resemble in vivo structures. This is despite com-
parably or even higher cellular concentrations of actin [25, 26]. Whole cells
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could easily slip through the meshes. The DNA acts as a support structure
and decreases resulting mesh sizes from crosslinking significantly by an order
of magnitude

(
C
)
, even when bundled itself by counterion condensation

(
E
)
.

The mechanical properties of the types of networks depicted in Figure 22 are
shown in Figure 23.

(
B
)

and
(
C
)

are a crosslinked and an actomyosin-DNA
network respectively with corresponding shear moduli in Figure 23. In

(
A
)

a
comparable composite network without other additives is depicted and an over-
lay of the shear moduli in Figure 23. The stiffness of the crosslinked networks
is strongly increased compared to the entangled network, but the samples are
easily measurable (the mesh size is not increased too much by bundling).

In summary, DNA networks can be utilized for controlling the dynamic mi-
crostructure of in vitro reconstructions of complex cytoskeletal structures and
even for the analysis of non-equilibrium dynamics of motor proteins. They can
be a useful tool to suppress contraction or analyze the forces involved in con-
traction processes.
Looking back at the previous subchapters, the results presented in this one
also point towards a stronger hetero-filament interaction, which emerges as a
composite property. The DNA-network is much softer than the actin network,
but still able to stabilize it against contraction very effectively. It suppresses
aster formation and reduces mesh sizes of bundle structures. Large asters
like in Figure 21

(
A
)
, as well as bundles made of hundreds of filaments, are

not present in eukaryotic cells. A similar composite effect stemming from the
interaction of different filament networks is conceivable.

A B C

Figure 22: Micrographes of the crosslinked and contracted actin-DNA structures. A), B), C)
are CLSM images of actin-DNA networks at 24 µM each. A) shows a purely entangled network,
B) one with additional α–actinin (2 µM) as well as Myosin II (2.2 µM) in C). Bright green dots
are 2 µm fluorescent microparticles for VPTMR. Scale bars are 20 µm.
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Figure 23: Mechanical properties of the crosslinked and contracted actin-DNA structures
shown in the previous figure. The shear moduli G′ (straight line) and G′′ (dotted line) mea-
sured by VPT corresponding to Figure 22 are shown. The orange lines belong to A) and show
a purely co-entangled actin network at 24 µM, the green lines to B) with additional crosslinkers
(2 µM α-actinin) and the blue lines to C) with additional motor proteins (2.2 µM Myosin). A
slope of ω3/4 is shown as a black line.

Figure 24 shows a thin (< 1 µm), compressed and floating actomyosin (rigor
myosin) structure with stabilized by microparticles (d = 15 µm, silica) below it.
The mesh size of the network is very small (between a few hundred nanome-
ters and something below the resolution limit of the CLSM, ≈150 nm). Op-
tically, this reconstituted structure resembles that of a cellular cortex already
quite well [166, 167]. Myosin activity like contraction or restructuring would
deform the structure inhomogeniously and result in asters and holes. The in-
corporation of DNA filaments into the structure like shown in Figure 22 could
overcome this issue and pave the way for 2D-non-equilibrium cortex models.
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Figure 24: Support-free 2D-actomyosin carpet network. A) Reconstituted network structure
of α-actin filaments connected by myosin minifilaments. It is floating in G-buffer between mi-
croparticles (d = 15 µm, silica) and was compressed by pouring a saturated sucrose solution
over a 3D-actimyosin network, polymerized on a solid and thin (d = 15 µm) sucrose crystal
structure. The sucrose was finally washed away with G-buffer. Approximately 50 µm of 10 µM
actin and 1 µM Myosin were compressed to the thin (< 1 µm) structure. The z-stack side views
above and on the right of the panel show the distance from the surface and a microparticle
below the structure. B) CLSM fluorescence plot perpendicular to the carpet network plane.
It shows the distence of the network from the glas chamber surface and the thickness of the
structure. Scale bars: 15 µm.

2.6 Summary

The main goal of the experiments presented in this chapter was to investi-
gate a scenario with two different semi-flexible filaments in networks, resem-
bling structures found in eukaryotic cells on a basic level. The cytoskeleton
is typically thought of as a combination of three different filament networks
with individual and separated viscoelastic properties. They get categorized in
three different types, distinguished by their bending properties (their persis-
tence length) into flexible, semi-flexible and rigid rod like filaments. In recent
time, cytoskeletal structures they form are more and more understood as com-
posite materials with mechanical properties, which can’t directly be attributed
to one of the components, but arise from the interaction. [150, 149]
These three types of filaments significantly differ in their mechanical proper-
ties. The theories describing and predicting their viscoelastic properties have
been established as individual models [2]. These usually treat the filaments as
smooth, uniform bodies with a hard shell or a harmonic potential separating
them from each other. Is that a good assumption in general? For semi-flexible
actin filaments, the predictions have been confirmed with quite well [147, 148,
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96]. But can the tube model (theory chapter 1.2.6) predict the properties of
other semi-flexible filaments accurately? And then, in the next step, is it possi-
ble to predict them for a composite network consisting of different semi-flexible
filaments? Following the assumptions of the tube model, at least in an entan-
gled network, they should co-entangle. The additional second type of filament
should in principle just increase the concentration of the other. Predicting the
resulting properties via the tube model should be possible after correcting for
different (they should still be in the same order of magnitude) monomer and
filament dimensions.

The first question is addressed in chapter 2.2. The characterization of the
analyzed DNA-filaments reveals them to be semi-flexible. The reported persis-
tence length [8] of 6.46 ± 0.26 µm can not be confirmed due to the very short
average filament length. It does appear rather small due to reasons presented
in chapter 2.2.2. A lp of ∼17-34 µm is estimated in chapter 2.2.4, which keeps
it in the semi-flexible regime.
The filaments form mostly homogeneous, viscoelastic networks in semi-dilute
solutions, which are very similar to semi-flexible protein filament networks of
F-actin found in eukaryotic cells. This leads to the expectation of predictability
of mechanical properties by the tube model for semi-flexible polymers. This
expectation is well met as shown by VPTMR data. G0 increases approximately
with c7/5

DNA and τe as well as τr (the crossover points of G′ and G′′) similarly fol-
low the expected c−8/5

DNA and c<1
DNA behavior respectively. This is also presented

in chapter 2.2.4.
So the first conclusion is: The investigated DNA-filaments are semi-flexible and
form networks similar to those of F-actin. They can be described and predicted
by the tube model.

After a characterization of the DNA networks, the next step is creating compos-
ites from two semi-flexible filaments. DNA-actin networks are co-polymerized
and their linear viscoelastic properties are compared to tube model predictions.
This is presented in chapter 2.3.
DNA-actin composites are co-polymerized with concentrations leading to sim-
ilar mesh sizes of the co-entangled networks. This is done in order to account
for different monomer lengths and subunit numbers (chapter 1.2.7). Molar and
mass-concentration equivalents would not result in comparable networks. The
optimal molar ratio of concentrations is calculated as 4.1/3 DNA/actin for sim-
ilar mesh sizes. Composites with this ratio are compared to mono-component
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networks and their viscoelastic properties are evaluated. This reveals a net-
work with properties very similar to the single networks. The composites are
also viscoelastic, entangled networks. They form interwoven structures, which
don’t clump or bundle together without an increase of ion concentrations. They
also don’t pin each other together. The characteristic crossover points of the
shear moduli clearly demonstrate viscous flow in the low frequency regime.
These crossover points have concentration dependencies similar to the mono-
component networks.
One peculiarity separates the composite from the single filament type networks
though. G0 is found to be significantly higher than expected (predictions based
on the tube model are shown in Figure 19 and explained in the subchapter).
For further investigation in order to understand the found anomaly, the net-
work composition is shifted incrementally from one mono-component network
to the other. The phenomenon is observed to be dependent on the relative
concentration and peaks - compared to expected G0 - at a molar ratio of 4.1/3
DNA/actin. This leads to the conclusion, that entanglements between DNA-
filaments and actin filaments have a stronger interaction than mono-component
entanglements. At that ratio, both structures have the same total filament
length per mesh, they contribute equally to the overall network structure and
therefore also have a maximum overlap.
Besides the linear viscoelastic shear behavior, non-linear deformation of the
networks is also analyzed via drag experiments. For this reason, microparti-
cles are dragged with optical tweezers through DNA-actin composite networks
and comparable mono-component networks, shown in chapter 2.4.
In addition to significantly higher drag forces, the composites display strain-
stiffening, where actin and DNA on their own strain-softening. Strain-stiffening
occurs in entangles actin networks only at much higher concentrations, strain
rates or with ABP-crosslinking [158, 159, 160]. This is further evidence for
a stronger interaction of the two types of filament, emerging as a composite
property.
In addition to entangled networks, the effects of motor proteins, ABPs and
counterion condensation are also explored in chapter 2.5. On the one hand,
this is done to accumulate more information in order to explain the unexpected
composite behavior, on the other hand to explore more cell like conditions in
the presence of other proteins.
The primary effect of the composite’s interaction with ABPs, as well as higher
concentrations of divalent cations (counterion condensation above ∼20 mM),
is found to be a stabilization of the homogeneous actin filament network. Net-
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work Contraction by myosin II filaments is suppressed even at high concen-
trations of myosin (dense networks around 24 µM (1 mg/ml) actin and 2.2 µM
myosin II filaments). Bundling by ABPs and divalent cations is also reduced.
The bundled networks have smaller mesh sizes and have therefore lower num-
bers of filaments per bundle than the corresponding mono-component net-
works. Again, this is evidence for a stronger interaction of the entangled
filament networks compared to the mono-component networks. The DNA-
filaments don’t introduce longer filaments into the network, on average they
have a similar or smaller contour length (chapter 2.2), which otherwise would
increase G0 and the network’s resistance to deformation in general. A direct
interaction of DNA filaments and motor proteins or ABP is very unlikely, since
they don’t possess binding sites for either [8].
Comparing different isoforms of actin to DNA-networks led to the discovery of
a significant difference in the viscoelastic shear properties of muscle and non-
muscle actin. These are further explored in chapter 3.2, which in turn gives
a new perspective on some of the phenomena investigated in this chapter. It
is furthermore a perfect opportunity to investigate more semi-flexible filament
networks and compare them to the results presented here. The finding also
lays ground to the speculation, that there are different cellular protein polymer
networks hidden in very similar structures in eukaryotic cells. Maybe the me-
chanical properties of actin filament networks are not as simple as it seems.
Most experiments investigating reconstituted actin networks in some form or
another are performed with muscle actin, neglecting potential differences for
non-muscle actin isoforms. And if non-muscle actin is used, it is mostly pur-
chased or isolated as a mixture of γ- and β-actin. This again neglects potential
differences in those isoforms. Additionally, potential composite effects are also
not explored. Further investigation of mechanical differences between actin
isoforms will be presented in the following chapter.

So in conclusion, the viscoelastic properties of networks formed from the semi-
flexible polymer actin and the also semi-flexible DNA-filaments can be pre-
dicted with the tube model to a high degree except for the overall plateau mod-
ulus, which is significantly lower than expected for DNA (depending on the
concentration). Composite networks of both show higher shear moduli than
predicted and also strain stiffening, where the entangled mono-component fil-
ament networks don’t. As already demonstrated, the two types of filaments
form interwoven networks, but they don’t stick together or bundle at low Mg2+-
concentrations (below ∼ 20 mM). The networks show clear signs of flow and
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filament reptation. So excluding bundling and static network pinning (similar to
permanent crosslinking), there are multiple possible explanations for the unex-
pectedly high shear response of the network:
1. Direct electrostatic interactions of the filaments via amino acid residues or
DNA side chains.
2. Direct steric interactions of the filaments.
3. Inter-filament complexation of divalent cations by amino acids and DNA side
chains, which would function as short-lived (transient) quasi crosslinking.
Steric interactions are highly unlikely, due to relatively smooth filament surfaces
on the one hand and very small filament diameters compared to the mesh
sizes. Both filaments lack large (compared to the filament diameter) protru-
sions from the filament backbone (compare Figure 1). The filament diameters
are below 10 nm, compared to mesh sizes between 200 and 1000 nm. This
combined with persistence lengths much larger than the mesh size would give
the filaments more than enough space to avoid the steric interactions between
potential protrusions smaller than 1 nm. The other points will be discussed
further in the summary of the following chapters, after additional information
has been presented.
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3 Actin Isoforms

3.1 Introduction

Actin is a family of globular structural filament-forming proteins found in all eu-
karyotic cells. It is a major component of the cytoskeleton and one of the five
most abundant proteins in eukaryotes [168]. The filaments are semi-flexible
with an exceptionally large persistence length of ≈ 10 µm with a diameter of
only 7 nm [168, 169, 170]. Actin together with myosin and its many actin-
binding proteins is pivotal for a variety of important cellular processes, includ-
ing muscle contraction, cell motility, adhesion, cell shape, cell division, and
embryogenesis [171, 172]. A common association with actin is its high degree
of sequence conservation [11]. This conservation is not limited to the com-
parison between organisms, but also extends to its different isoforms. Some
of these isoforms can even copolymerize [11]. This is puzzling, since such
obvious redundancies should have disappeared in the course of evolution due
to evolutionary pressure. Therefore, a good evolutionary reason for continuity
should exist.
Two of the most closely related actin isoforms are non-muscle β-actin and γ-
actin, which are encoded by different genes but produce nearly identical pro-
teins except for four residues at their N-termini [11]. Despite their close similar-
ity and their occurrence in the same cell types, the two isoforms do not appear
to be redundant. For example, it has been shown that β-actin and γ-actin lo-
calize to different parts of the cell and tend to incorporate into different actin
cytoskeletal structures such as the cortex and stress fibers, respectively [11,
12]. Furthermore, both isoforms seem to have dedicated roles regarding cell
motility [12], epithelial-to-mesenchymal transitions [13, 14, 15], cellular junc-
tions [16] and hearing [17, 18].
While this is evidence for the importance of small differences in isoform-specific
amino acid sequence, our understanding of how these almost identical proteins
could perform such different tasks is still incomplete. Previously, it has been
shown that in contrast to γ-actin, only β-actin mRNA gets spatially targeted
to the cell periphery [173]. However, the reason for this behavior is not likely
to originate from the amino acid sequence, but rather is a result of different
gene translation [174]. Recently, it has been shown that editing of the β-actin
coding sequence to encode γ-actin instead leads to vital mice with unaffected
phenotype, but not vice versa, showing that the two isoforms might be to some
degree interchangeable [173].
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It remains to be elucidated how this small exchange of amino acids affects pro-
tein structure and binding sites that mainly control the mechanical properties
of filaments and tasks fulfilled by the cell. Consistent variations in the AAS
should therefore encourage the search for different mechanical properties and
functionalities.
Here, the controversy is addressed of whether different actin isoforms have in-
deed unique mechanical properties or are interchangeable in that regard. For
this purpose, the mechanics of actin filaments are examined. This is done on
different length scales and also in the presence of various crosslinkers. The
overwhelming majority of studies on the mechanical properties of reconstituted
actin structures has been done with α-skeletal muscle actin [175, 176, 177]
and some with a commercially available mixture of cytoplasmic γ- and β-actin
(15/85, here referred to as nm-actin, chapter 7.2) from human platelets [178].
Therefore, experiments are also performed with these particular actin isoforms
and mixtures and the results are compared.
While single filament behavior follows the expectation of from the conserved
sequence, substantial differences in plateau moduli and contractility between
the different isoforms are found when forming entangled networks. The emerg-
ing picture paints β-actin as forming softer, less resilient networks with more
locally dispersed contraction foci. In contrast, γ-actin builds stiffer networks
but asters are larger. This is indicative of higher contractility and connectiv-
ity compared to networks composed of β-actin. The study clearly shows that
actin-actin as well as actin-crosslinker interactions are considerably modified
by a change of the AAS at the N-terminus of Actin.

3.2 Actin Isoforms, AAS of β- and γ-actin

Most of the actin isoforms differ only by very subtle sequence variations. In par-
ticular, the differences between cytoplasmatic β- and γ-actin are limited merely
to four amino acids at the N-terminus, where aspartate appears in β-actin and
glutamate in γ-actin, respectively.
Since it was found that the different isoactins are unable to replace each other
without loss of function, an intracellular specialization for different mechanical
tasks is inferred.

69



3.3 Localization of Actin Isoforms in Living Cells

Figure 25
(
A
)
-
(
C
)

shows confocal images after immunostaining of the two
prominent cytoplasmic actin isoforms β- and γ-actin in MDCK II and SK-OV-3
cells, respectively. MDCK-II cells have been used extensively to study the me-
chanical properties of the cytoskeleton, particularly the contribution of the cor-
tex to resistance against external deformation [179, 180]. The images confirm
the very distinct localization patterns in both cell lines, as previously predicted
[12]. β-actin (green) is found exclusively in basolaterally forming stress fibers,
while γ-actin (red) constitutes the apical cortex. This is in line with previous
findings, which also reported a similar spatial segregation pattern for MDCK II
cells [12]. Figure 25

(
D
)

shows the sequence at the N-terminus of the three
isoforms investigated in this study. Interestingly, as visualized in Figure 25

(
E
)
,

the relevant positions are highly exposed along the filament.

3.4 Isoform-Specific Network Architecture and Mechanics

Since actin isoforms occupy different locations within cells, the question arose
whether networks formed from pure isoforms already exhibit visible differences
in architecture for reconstituted networks. The commonly used α-actin, found
in muscle cells, was also included in this study as well as non-muscle actin,
a mixture of β- and γ-actin. Figure 26 (left) shows confocal images of the
three different F-actin networks in solution. No visually observable difference
between the isoforms forming these purely entangled actin networks is found.
Despite their obvious structural similarity, passive micromotion measurements
are performed on the different networks to investigate their mechanical prop-
erties (Figure 26 center). The viscoelastic spectra are obtained from Laplace
transformation of the mean square displacement following a standard proce-
dure that has been described elsewhere [182, 147]. Additional information can
be found in chapter 1.3.2 and 7.3. Typically, the plateau modulus arising from
filament entanglement at intermediate time scales is in the range of 0.1 to 0.01
Pa. This is in good agreement with previous studies using solutions made from
α-actin [182]. Surprisingly, the comparison of the mean spectra clearly shows
that β-actin forms substantially softer networks with a plateau modulus G0 al-
most one order of magnitude smaller than that of networks formed by γ-actin.
This is a prime example of how seemingly small variations at the molecular
level lead to significant mechanical consequences on the mesoscopic length
scale.
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Figure 25: β-actin (green) and γ-actin (red) are locally segregated in MDCK II cells in monolay-
ers A) and in small clusters B), with β-actin being localized in basal stressfibers (A,B, left panel)
and γ-actin being localized at the apical cortex (A,B, right panel). An orthogonal view (A,B, bot-
tom panel) shows, that the cell-cell-boundaries mainly consist of β-actin. These findings are
consistent with [12]. In addition, SK-OV-3 cells C) show the same segregation (scale bar:
20 µm). D) The main differences between the isoforms are located at the N-terminus. E) Al-
though those differences appear insignificant by themselves, the N-termini of actin monomers
are located at very exposed positions along the filament (adapted from [181]).

However, purely entangled networks are not a very realistic model for the cy-
toskeleton, since the structure of cellular actin networks is mostly modulated
by the influence of actin-binding proteins [171]. Therefore, the network struc-
ture of each F-actin isoform cross-linked by fascin as well as rigor myosin II
or branched by Arp2/3 is examined to imitate the structures and also dynam-
ics prevalent in cells. Cell motility and structural integrity are mainly controlled
by the cortex, filopodia and connecting stress fibers. All these processes are
mediated by different actin isoforms in association with specific ABPs [171].
Therefore, the attempted is to select representative isoform and ABP combi-
nations as a bottom-up model.
These networks exhibit (at the chosen concentrations) pronounced structural
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Figure 26: The architecture of purely entangled actin networks does not depend on the iso-
form. However, upon probing the microrheological properties via hVPT significant differences
can be identified. Panal A) shows confocal images of actin networks (12 µM) for the different
isoforms as indicated. B) Corresponding shear moduli with the elastic modulus ind black and
the loss modulus in red. C) Scatter plot of the plateau moduli for the three isoforms and the
mixture nm-actin with mean values. Mean-squared displacements for the three isoforms in
different colors as indicated. Scale bars are 20 µM.

differences between isoforms when polymerized together with Arp2/3 or myosin
II, but not in the presence of fascin (Figure 27). Fascin fosters the formation of
short, straight bundles (around 10 µm in length) with all isoforms [183]. Con-
versely, Arp2/3 binds to the sides of pre-existing actin filaments and generates
a new nucleation site from which a new actin branch is formed at an angle
of 70◦ [184]. Thereby, a dense, highly branched actin network is obtained.
Addition of Arp2/3 to the different isoform networks resulted in visible isoform-
specific differences in network organization (Figure 27 A). Muscle actin does
not display any significant deviation in the visible structure from purely entan-
gled networks in the presence of Arp2/3. But all non-muscle isoforms show a
heterogeneous density distribution that can be attributed to a local accumula-
tion of branched networks. Specifically, γ-actin displays a pronounced cluster-
ing, pointing towards a stronger interaction with Arp2/3 compared to the other
isoforms. In contrast, β-actin is found in a slightly heterogeneous, but filamen-
tous arrangement, akin to bundles formed by low cross-linker concentrations.
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Figure 27: The architecture of ABP-supplemented networks does not display significant dif-
ferences, however, hVPT measurements reveal microrheological differences of such actin net-
works depending on the probed isoform (A,B for 120 nM fascin and 180 nM Arp2/3 + 930 nM
nWASP). C) Further isoform-specific properties become noticable upon closer inspection of
the respective plateau moduli G0 of each reconstituted network.

3.5 Isoform-Specific Protein Interaction Promotes Individ-
ual Network Mechanics

After observing how the choice of actin isoform in combination with an ABP
affects the resulting network structure, the next step is to examine how this
impacts their mechanical properties. Therefore, entangled actin networks are
created in the presence of a number of ABPs: α-actinin (120 nM), fascin (120 nM),
heavy meromyosin (HMM) (120 nM) and Arp2/3 (180 nM, with 930 nM nWASP).
These ABPs are assessed for each actin isoform at an actin concentration of
12 µM.

73



To compare the network mechanics of each of those combinations, holographic
video particle tracking measurements are conducted. From these measure-
ments, the plateau modulus G0 is extracted to compare individual network me-
chanics.

3.5.1 Fascin

As mentioned before, the aligned actin filaments of filopodia are bundled via
the crosslinker fascin [183]. The imaged actin networks of each isoform to-
gether with fascin don’t display any noteworthy differences at a ratio of 100:1.
Therefore, no differences in network stiffness are expected for the different iso-
forms in the presence of fascin. Indeed, the network stiffness of each isoform
is only marginally increased by the incorporation of fascin compared to merely
entangled networks (compare Figure 27). It should be noted that bundling
processes result in different actin filament densities in the sample (network in-
homogeneities), which in some cases leads to a reduction in plateau moduli
(Figure 27).

3.5.2 α-Actinin

Two of contractile stress fibers’ main components are α-actinin and myosin II,
in which the former is promoting antiparallel bundling of filaments into straight,
higher order structures and the other intercalating into the resulting gaps and
contracting them through motor activity [185].
However, bundling of actin with α-actinin at a ratio of 100:1 only alters the
network properties slightly (Figure 27). Upon addition of the cross-linker, the
plateau modulus increases by a factor of two to three. In summary, no signifi-
cant isoform specific differences are found.

3.5.3 Heavy Meromyosin II

Heavy meromyosin II (HMM), a non-contractile, dimerizing and artificial vari-
ant of myosin II is chosen due to an unchanged architecture of the active sites
compared to full length myosin II. It also promotes the formation of a very
homogeneous network structure [121]. This enables the quantification of me-
chanical properties at high motor protein concentrations, in contrast to the na-
tive form. The choice of the skeletal muscle isoform is for accessibility and the
focus on divergence between the cytoplasmic actins. The non-cytoskeletal ori-
gin of this crosslinker has to be pointed out here though. α-actin and nm-actin
show only a small increase in the plateau modulus compared to pure actin
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networks in the absence of crosslinkers (α-actin around 5× and no change for
nm-actin). Conversely, networks formed from β- and γ-actin filaments show a
huge increase in stiffness (around 25× and 15×, respectively) in the presence
of HMM compared to plain networks or networks bundled by the presence of
fascin or α-actinin, respectively. Unlike the previous crosslinkers, HMM forms
dynamic crosslinks, depending on the availability of ATP. If ATP is available,
HMM will undergo the same stroking motion as its uncleaved version muscle
myosin II and the HMM complex will move along a filament. Upon depletion
of ATP, HMM will remain bound to actin. As such, the HMM complex will most
probably remain at an intersection of two filaments, which is responsible for the
mesh-like appearance of the network. The dimers are distributed randomly,
while not being able to contract or bundle the network.

3.5.4 Arp2/3

Arp2/3 is an important nucleator for daughter filament branching and thus re-
quired for lamellipodia formation.
Lamellipodia are mainly found in motile cells and form a thin sheet (≈ 200 nm
[186]) that is subject to strong undulations without breaking, indicating their
mechanical stability. Therefore, at least for the cytoplasmic actin isoforms, a
rather strong increase in stiffness is to be expected, which is indeed confirmed
by our hVPT measurements as well as by the clustered network architectures
(Figure 27). In contrast, the networks formed by α-actin in the presence of
Arp2/3 shows no significant stiffness changes compared to a regular entangled
network (Figure 27).
Actin networks consisting of β- and γ-actin, branched by Arp2/3 show approx-
imately a 10-fold increase in stiffness compared to purely entangled actin net-
works. At the same time, nm-actin shows a 20-fold increase in the presence of
Arp2/3.

3.6 Myosin-II-Mediated Aster Formation

It has been shown that the interaction of myosin with actin depends on the par-
ticular isoform [187, 188]. It is usually characterized by ATPase activity or duty
cycle, i.e., the fraction of the ATPase cycle in which the motor protein remains
tightly bound to an actin filament. This strongly influences contraction and
thereby generation of tension. For example, muscle tissue has been shown
to have a short duty cycle for rapid muscle contraction, whereas cytoplasmic
actomyosin is known to build tension more slowly [187]. With this in mind, the
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Figure 28: Analysis of contraction based structure formation for different actin isoforms. A)
Actomyosin networks constituted from the different isoforms display significant variety in their
appearance. B) Clusters of actomyosin, also called asters, are visible in all samples, however,
their size distribution and C) area occupation largely depend on the isoform. D) Asters deplete
their surrounding of actomyosin, however, this depletion depends on the range of myosin me-
diated pulling as well as on the size of the aster.

distinct actomyosin activities will probably translate into actin isoform specific
contraction dynamics and thus into different emerging actomyosin structures
[188].
As shown in Figure 28, the addition of myosin to purely entangled actin net-
works results in the appearance of contraction foci, referred to as asters. These
aster formations are distinguished here between the isoforms by aster size and
aster connectivity, which show significant variations depending on the partic-
ular isoform. Both α- and nm-actin are characterized by a sparse amount of
asters. However, the aster size in the case of α-actin is generally much larger
than for the cytoplasmic actins (Figure 28). In contrast, especially β-actin dis-
plays the smallest contraction foci, shortest distance and highest density (or
area fraction, Figure 28 B/C/D).
Softer Actin networks composed of β-actin filaments display smaller contrac-
tion foci, but also a higher density of them. These are spatially closer together,
which can be explained in terms of the contractility-connectivity phase dia-
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gram. There, a higher connectivity of the network leads to a higher propensity
for global collapse at preserved motor activity [189]. If motor forces exceed
the unbinding threshold of the cross-links or entanglement points, these con-
straints eventually fail across the entire network. Well-connected actomyosin
gels respond to motor activity by undergoing a global contraction, where large
asters emerge with very high actin density. However, depending on the con-
nectivity, contraction events do not necessarily span system length scales. As-
suming identical motor activity, so-called local collapse is expected for less
connected networks found, for instance in networks consisting of β-actin. The
condition of preserved motor activity holds, since identical myosin motors and
ATP concentrations are used.
Contraction foci are also frequently observed in vivo such as those found in the
cortex of developing C. elegans embryos and the cell equator of mitotic cells.
It was postulated that contraction of the actomyosin cortex affects the spatial
distribution of lipid-tethered proteins and thereby influences signalling [189].

3.7 Properties of Single Actin Filaments

To explain the different, isoform-specific properties of purely entangled net-
works, a few possible reasons for this behavior need to be considered. First,
it is conceivable that different polymerization and nucleation dynamics may
cause unique filament length distributions. Second, due to the variations of the
amino acid sequence, the persistence length of actin filaments reflecting their
bending stiffness may become isoform-dependent. Lastly, due to variations of
the amino acid sequence and subsequent post-translational modifications, a
unique surface charge distribution may lead to peculiar inter-filament interac-
tions and friction as well as modified binding affinities to ABPs. While the latter
has been demonstrated above, it has not yet been possible to rule out the
possibility of the first two arguments being responsible for our observations.

3.7.1 Filament Length Distribution

The distribution of filament lengths in a network has a non-negligible influence

on the plateau modulus G0 =
6·kBT·l2

p

ξ2·l3
e

[90].
This and the potential to win insight into the polymerization dynamics, which
control filament length, is considered. A length distribution for surface-adhered
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Isoform lP(µm)

α 15.4 ± 0.4
β 16.4 ± 0.5
γ 16.8 ± 0.4

NM 15.5 ± 0.4
(a)

Isoform m(µm) v(µm)

α 3.8 7.6
β 5.4 56.8
γ 4.4 40.0

NM 1.3 1.4
(b)

Isoform G0(mPa)

α 71
NM 31

Rhod-α 3800
Rhod-NM 3900

(c)

Table 8: a) Persistence length lP measured and calculated using a two-dimensional angular
cosine correlation for the different isoforms. b) Mean m and variance v calculated from the
lognormal distribution fitted to the filament length histograms for each isoform. c) Plateau
moduli G0 measured for commercially available α- and nm-actin, as well as rhodamine-labeled
versions of α- and nm-actin at a concentration of 12 µM.

filaments is presented here. . A lognormal distribution with the density

f (x) =
1

xσ
√

2π
exp

(
− (log (x)− µ)2

2σ2

)
, x > 0,

and the fitting parameters µ and σ are used to fit the corresponding histograms.
The mean m and variance v can be calculated according to

m = exp
(
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σ2

2

)
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v = exp
(

2µ + σ2
) (

exp
(

σ2
)
− 1
)

.

All tested isoforms display a rather short mean filament length of around 4 µm.
It is very similar to comparable findings from Burlacu et al. [190].
This small value is due to the inclusion of very small filaments into the calcula-
tion. Considering this and the exponentially increasing relevance of filaments
for the network properties with their contour length, a weighed average is rea-
sonable.

The commercially available nm-actin features the shortest filaments on aver-
age, with a mean of 1.3 µm. However, the variance of the distributions is found
to depend heavily on the specific isoform: While the pure isoforms β- and
γ-actin display a rather large variance from presumably inhomogeneous nucle-
ation processes, the commercially available actins and especially the nm-actin
show rather small variations in length. This indicates different and isoform-
specific nucleation dynamics.

78



3.7.2 Persistence Length

The persistence length of semi-flexible filaments directly reports on their me-
chanical properties and might be responsible for the observed isoform-specific
network mechanics. Here, we employ imaging of single, fluorescently labeled
filaments to determine their persistence length. To visualize the filaments and
also estimate the known [75, 191] effect of labeling on their persistence length,
different approaches are taken.
Persistence lengths of the various isoforms and mixtures are measured in thin
(2 µm) glass chambers. Labeled filaments are pipetted into those thin cham-
ber to record quasi-2D-fluctuations, from which the persistence length can be
determined. This is necessary to suppress thermal undulations in three di-
mensions, which would artificially decrease the measured contour length of
the filaments. Also and more importantly, twisting and twist-bend-coupling is
suppressed this way. Those would also artificially decrease the measured per-
sistence length [91].
The persistence length is calculated via a two-dimensional angular cosine cor-
relation. Preparation and analysis are described in chapter 1.2.8 and 7.4, the
calculation in theory chapter 1.2.8. All four phalloidin-labeled actins show very
similar persistence lengths around 16 µm, which is in good agreement with pre-
vious results for α- and nm-actin (table 8). This rules out the possibility of a
significant difference between the persistence lengths of γ- and β-actin, which
could explain the difference in network stiffness. However, using fluorescent
probes in the context of actin frequently raises the question, whether it impacts
the physical properties of the filaments. It is well-known that phalloidin is stabi-
lizing F-actin by binding between three different monomers [192]. It is also pos-
sibly changing the actin D-loop conformation, which is thought to have a major
effect on filament persistence length [193]. Therefore, rhodamine-labeled α-
and nm-actin as well as γ- and β-actin are examined regarding their persistence
length. This is done on a polylysine-coated surface. In some measurements,
the filaments are prelabeled prior to adhesion. As comparison, non-labeled
actin filaments are also pipetted onto the polylysine-coated surface. They are
labeled afterwards to avoid an influence on the filament conformation and to
study the influence of the label on the persistence length.

3.7.3 Inter-Filament-Interactions

The mechanical properties of individual filaments are ruled out as a possible
reason for the observed significant differences in network stiffness between
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different actin isoforms. Sequence-dependent filament-filament interactions
have to be considered at this point. The greatest amino acid sequence di-
vergence between γ- and β-actin is found at the N-terminus of the protein. This
is located at a protrusion on the outer filament (Figure 25). It also increases
the charge density at this position, which might be relevant to network forma-
tion and friction between filaments. The associated electrostatic interactions
could take the role of weak, transient crosslinks and therefore increase net-
work stiffness, similar to a dedicated crosslinker protein like fascin. This is also
discussed in chapter 2.3. Something similar was reported for non-crosslinked
microtubule networks [194]. This effect being mainly responsible for the higher
network stiffness of γ-actin compared to β-actin, is therefore conceivable. To
demonstrate how even subtle changes in charge density can alter network me-
chanics, rhodamine-labeled, reconstituted m- and nm-actin filaments are poly-
merized. These have positively charged protrusions in the biologically relevant
pH regime [195, 196] associated with random lysine residues on the monomer
surface to mimic electrostatic changes of the N-terminus. Their network stiff-
nesses are subsequently compared to unlabeled, entangled networks. A con-
siderable increase in network stiffness represented by the plateau modulus G0

upon introduction of rhodamine-labeled actin is found. This indicates that in-
deed, small changes in the amino acid sequence and thereby the filaments’
surface charge structure alter the filament-filament interaction. This leads to
substantial alterations in network stiffness (compare table 8.
Small-angle X-ray scattering (SAXS) measurements of bundled actin filaments
reveal the formation of charge density waves (CDW) between the filaments
[111, 119]. The filaments form a hexagonal tunnel with divalent cations in be-
tween within a CDW. These waves are shaped by the electrostatic potential of
the filament backbones, their helical twist and their orientation to each other.
Angelini et al. report the formation of knots in these waves. These are com-
prised of ions, which are restricted in their mobility compared to free ions in
solution. They are localized to some degree in so-called "liquid ion patches"
(LIPs). A higher density of these is found at actin subdomain 1, where the N-
terminus is located [19]. As already mentioned, this is also the location of the
highest variance in the AAS of different actin isoforms.
For entangled networks, the orientation of filaments to each other at entangle-
ment points must statistically be closer to orthogonal than parallel. This is in
contrast to bundles, but at entanglements, filaments have a short distance to
each other and their undulations are dampened. This makes the formation of
LIPs of divalent cations at entanglement points reasonable. An influence of the
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specific AAS (for different isoforms of actin) at the N-terminus and thereby the
charge density on these LIPs is very likely.
To explain different viscoelastic shear moduli for the investigated isoforms,
there are multiple possible explanations.
Inter-filament complexation of cations via the N-termini. A few findings make
this option likely. First, the significant difference in affinities of the amino acids
Asp and Glu to Mg2+ and other divalent cations [197, 198].
Looking at the N-terminal AAS, a higher G0 for one of the cytoplasmic iso-
forms of actin would make sense through a decrease in the deflection length
(compare point three). But an even higher G0 for α-actin with its alternating N-
terminal occurrence of Asp and Glue is puzzling. This complexation would be
something like a transient quasi crosslinking. This would not only mean an in-
crease of G0, but also imply a stretching of the plateau into the lower frequency
regime and a significant shift of the reptation frequency. The on-off rate of the
crosslinkers would dictate this shift, which is not observed. But since the diva-
lent cations would most likely show very fast binding and unbinding compared
to larger, protein based crosslinkers, this might not be noticeable. The extreme
increase in G0 for the rhodamine labeled actin does not support this hypothesis
or at least favor another one. The exposed, positively charged rhodamine can’t
support complexation of cations, but should rather destabilize it and decrease
the cation density in its vicinity.
Steric interactions by different surface structures. The isoforms have been
shown to possess different 3D-structures due to the AAS modifications [199].
This could be understood as differences in friction between the filaments, and
thereby different shear responses. Due to the relatively smooth surface of the
filaments compared to the filament size (compare Figure 25), this seems un-
likely. Also, fast thermal undulations of the filaments (µs-ms [96, 95, 97]) are
not supporting this explanation.
Different deflection lengths ld caused by electrostatic interaction of charged
protrusions (like the N-terminus or a rhodamine label) with knots of CDWs at
entanglement points of the network. Going by the tube model, ld is the dis-
tance, a filament can reptate through a tube of surrounding filaments before
it collides with the wall. The collision means a penalty in free energy in the
range of kBT [74, 72], which is the root cause of the shear resistance of the
network here compared as G0. A decrease of ld would have an effect similar
to an increase in the concentration [72, 89]. The tube walls would get thicker
or rougher depending on the charge distribution. Different charge densities at
the N-terminus interacting with LIPs (since these would be formed by the same

81



electrostatic interactions) could reasonably result in different interaction poten-
tials of the filaments and different ld. The strongly increased G0 for rhodamine
labeled actin also supports this hypothesis. Positively charged protrusions be-
tween LIPs would introduce an even rougher tube surface due to repulsion of
positive charges and suppression of negative charge repulsion.

3.8 Summary

Actins belong to a structurally conserved family of proteins found in eukary-
otic cells. They are mainly involved in the generation of contractile forces, cell
motility, cell shape, and mechanical stability. Because all mammalian actin iso-
forms share a high degree of sequence similarity, the existence of isoforms
has been largely ignored in in vitro studies. As a result, α-actin from skeletal
muscle became the most commonly studied actin isoform [200] because of its
abundant availability. However, even though muscle- and cytoplasmic actins
display relatively small sequential differences, it is easy to imagine structural
and mechanical peculiarities between them, due to their localization and func-
tional distinction [12, 201]. One isoform constitutes large muscle tissues, while
the others forms numerous types of filigree structures. Altogether, they fulfill
roles ranging from structural integrity to cellular motion and signal transduction
within a - compared to the filament dimension - small compartment [12, 15,
13]. Additionally, there are many ABPs [171], among them also muscle and
non-muscle myosin II, which are specifically found to interact with only one
of these isoforms [202]. Interchangeability of the cytoplasmic isoforms was
experimentally shown to some degree in cell experiments [174, 17], but con-
versely also clear fatality of single knockouts [203]. A purely genetic and thus
kinetic reason for different isoforms occupying overlapping spaces has also
been proposed and shown to be conceivable [173, 174].
Here, subtle changes of the sequence at the N-terminus of α-, β-, and γ-actin,
which is part of an exposed arm originating in the subdomain 1 of G-actin, are
demonstrated to be indeed relevant for network mechanics. It is also shown
that the interaction of the corresponding filaments with ABPs depends specif-
ically on the isoform and gives rise to an altered network architecture (see
Figure 27).
To explain these phenomena, the mechanical properties of actin filaments
formed from different isoforms are quantified. This is done across different
length scales and states of organization, from single filaments to intercon-
nected and eventually contractile networks. Concretely, persistence length, fil-
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ament length and isoform-specific filament-filament-interactions are compared
to explain the variations in network mechanics (see table 8).
Single filament properties could be excluded because no significant differences
between the persistence lengths of the different isoforms are found. To explain
the differences in network stiffness, much larger differences in the persistence
length are necessary (compare equation 17). In addition, a very similar fil-
ament length distributions for γ- and β-actin is found. However, because of
the differences in the filament length of α- and nm-actin, the filament length
is normalized to 1 µm using gelsolin. After shortening the filaments, the stiff-
ness of nm-actin is not affected, whereas the stiffness of the α-actin network
approaches that of nm-actin, although a significant difference remains.

Taken together, isoform-specific filament-filament interactions appear to ex-
plain the substantial differences in network stiffness, connectivity and cross-
linking with ABPs. Although the amino acid sequences differ only slightly be-
tween the isoforms, the greatest differences are found at the highly exposed N-
terminus of the actin protein. β- and γ-actin have very similar N-terminal amino
acids, e.g., β-actin has a sequence of Asp1-Asp2-Asp3 and Val10, while γ-actin
Glu1-Glu2-Glu3 and Ile10 [204, 205]. One could infer similar filament growth
dynamics and thus similar filament length distribution from these minor differ-
ences at the periphery of filaments. Albeit the charge density at the N-terminus
of γ-actin and β-actin is most likely very similar, its ability to form complexes with
magnesium is expected to be altered already by slight changes in their non-
protonated state and especially the flexibility of the ligand. It was found that the
sidechains of Asp and Glu show different pKa values for the exposed carboxyl
groups (Asp 1.88 and Glu 2.19 [206]), originating from a longer side chain
donating more electron density into the residual carboxyl group of Glu, which
essentially increases the charge density at the oxigen atoms and destabilizes
the negative charge. A stronger interaction with small, highly charged ions like
Mg2+ is expected. Also importantly, the longer chain of Glu compared to Asp
allows for a higher degree of rotational freedom and fewer steric hindrances,
allowing for more stable multidentate complexes with divalent cations. There-
fore, the complexation of Mg2+ cations by Glu is expected to be favored over
Asp.
Thus, when two actin filaments collide in an entangled network, their highly ex-
posed N-termini deliberately form temporary complexes with Mg2+ ions (Mg(Glu)2

for γ-actin and Mg(Asp)2 for β-actin, respectively). Due to the limited flexibility
of the sidechain of Asp and a less exposed N-terminus for β-actin [207, 181],
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this complexation is probably less likely to be formed, therefore more short-
lived or even fully suppressed. Also Mg(Glu)2 complexes can be expected to
be more stable because of stronger metal-ligand binding of electron-denser
carboxy groups with the small, highly charged Mg2+. Within the framework
of a sticky tube model [208, 209], such complexation can be interpreted as
weak quasi-crosslink. The presence of these crosslinks leads to an increased
network stiffness as a new length scale - the distance between the adhesion
points - is introduced. A particularly suitable model for actin solutions with
this kind of interactions is the glassy wormlike chain (GWLC) model intro-
duced by Glaser and Kroy [210]. The GWLC model is derived from the WLC
by adding an exponential stretching of the relaxation spectrum reminiscent of
generic trap models used to explain the rheology of soft glassy materials. The
model includes weak attractive interactions and a so-called stretching parame-
ter E , which controls the slow-down of relaxation due to the presence of weakly
crosslinked filaments. Permanently crosslinked filaments through ABP corre-
spond to E → ∞. The attractive interaction between the filaments of a GWLC
leads to a shift of G′ and G′′ at low and intermediate frequencies to higher
values. In their model Glaser and Kroy pointed out that it is conceivable that
direct interactions of cytoskeletal elements can approximately be represented
by a pair potential, which features a rather narrow energy barrier slowing down
the mode relaxation by an Arrhenius factor, which scales exponentially in the
barrier height. These barriers would thus yield substantial contributions to E
through their short-ranged ’patchy’ character of the molecular interactions, but
without consequences for the thermodynamics of the system. This does not
lead to macroscopic phase separation. The conclusion is excellently supported
by the measurements, and therefore the parameter E is interpreted as the
"stickiness" between actin filaments modulated by the N-terminus.
The importance of filament-filament interactions is further demonstrated by
rhodamine-labeled α- and nm-actin as a model system. The labeling exposes
a positive surface charge by covalently binding rhodamine to a random lysine
residue on the filament surface. An increase of at least 50× in the average
plateau modulus compared to non-labeled networks is found (table 8). This re-
sult suggests on the one hand a considerable contribution of ionic interactions
to network stiffness, on the other hand a general caution in actin experiments
with rhodamine or comparable labels, where network structure or mechanical
properties are relevant. The strong influence of both could strongly bias the
results.
The strong increase in G0 does not support the hypothesis of Mg2+-complexation
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being the main cause of the differences between γ-actin and β-actin. Instead,
it points towards a more complex explanation. The two different processes
(short lived complexation and CDWs) are most likely both increasing network
stiffness, depending on the Mg2+-concentration. At lower concentrations, com-
plexation is dominant and differences between γ-actin and β-actin are high-
lighted. At higher concentrations, the CDWs dominate until the filament struc-
ture collapses to bundles. The rhodamine-labeled filaments could be seen as
equipped with non-mobile Mg2+ ions. Rather than collapsing the network, the
small but localized effective positive charge concentration pins filaments at en-
tanglement points.

In summary, this chapter presents evidence for isoform-specific mechanical
properties of actin filaments. In light of the high degree of conservation in
the actin AAS, this degree of fine-tuning is conceivable. Eukaryotic life re-
quires substantial adaptability to meet the various extrinsic and intrinsic re-
quirements for proper function, ranging from the response to environmental
factors to the generation of motion, growth and development. Actin is among
the key molecules to enable such variability and responses. The presence of
isoforms with subtle sequence alterations is an important factor to provide the
necessary variability. The minute differences between cytoplasmic actin iso-
forms regarding their translation dynamics and amino acid sequences seem
to serve as the starting point for differential post-translational modifications,
which in turn initiate the different emerging cytoskeletal substructures. Despite
the complexity encountered in living cells, these results demonstrate the im-
portance of subtle differences between isoforms and how the associated weak
interactions translate into substantial changes on larger length scales in net-
work architecture, stiffness and contractility.
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4 Post-Translational Modifications of Actin Isoforms:

Arginylation

4.1 Introduction

As discussed in the previous chapters, actin is not just one type of filament with
a smooth and unreactive surface. Of the six mammalian isoforms, the cytosolic
β- and γ-actin are shown to differ in their viscoelastic properties and function
from α-skeletal muscle actin and from each other as well. This is despite a very
high similarity in the amino acid sequences with only four changes (between
γ- and β-actin), which are mainly located at the N-terminus. So the actin pool
of one mammal can consist of multiple isoforms with unique AAS (compare
theory chapter 1.2.2), which differ in their biological functions. A single cell
can also have two isoforms of actin present in the cytoplasm at the same time.
Additionally, one of these isoforms can be distinguished further into a variety
of post-translationally modified variants with likewise unique AAS, which also
can potentially fulfil specific functions. There are way more distinguishable
types of actin than commonly known. They appear to play important roles
in basic cellular processes, but are still poorly understood (compare theory
chapter 1.2.3). As an example for its biological relevance, arginylated β-actin
was reported to play an important role in the regulation of lamella formation,
therefore cell motility and is mainly found in lamellipodia [56, 211].
So shining light on this topic, which is underrepresented in current literature,
has a direct relevance for the understanding of biological cells in general, but it
is also relevant for the theoretical understanding of bio-polymers. Tube model
predictions are examined for DNA networks as well as DNA-actin compos-
ite networks in chapter 2. The viscoelastic properties of the two semi-flexible
filaments are not described completely accurately by the tube model for semi-
flexible filaments. At similar mesh sizes, shear moduli should be the same for
filaments with similar bending moduli and filament lengths, when considering
them to show hard-body interactions (or something similar like a harmonic po-
tential) with each other. The predictions get worse for composite networks.
This is taken as a clear sign of a more complex interaction between the fila-
ments. Further investigation is done in chapter 3.2. Different isoforms of actin
also seem to display different shear moduli at the same mesh size. They are
treated as different semi-flexible polymers, which allows an expansion of the
experiments from chapter 2 to polymers with a more similar and better un-
derstood structure. The goal is an understanding of the interaction involved
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in creating deviations from the tube model predictions. The focus is on cyto-
plasmic β- and γ-actin. These differ in four amino acids at the N-terminus (β:
3× Asp and γ: 3× Glu and an N-terminal acetylation for both). A purely elec-
trostatic interaction as well as steric interactions and complexation, causing
a change in the deflection length are discussed. Steric interactions are dis-
carded as possibility. The other ones appear to be supported quite well. The
formation of charge density waves between filaments, which are influenced by
the ionic properties of the N-terminus is likely as well as complexation. The
interaction of charged, N-terminal amino acid residues with these CDWs is as-
sumed to change the effective tube diameter, filaments are gliding through,
and thereby the deflection length of the filaments. This means more collisions
per unit of length and thereby a higher energy penalty for the filaments fluc-
tuations, which ultimately leads to a higher shear modulus (compare chapter
3.7.3). Rhodamine-labeled actin filaments have also been measured with mi-
crorheological methods. A positive charge is exposed on the surface of those
filaments with every attached label by the binding of rhodamine to random ly-
sine residues. This increases shear moduli by a factor of 50 or more compared
to a non-labeled variant. A more controlled, but similar experiment is presented
in this chapter. The typically occurring acetylated β-actin is compared to an
arginylated variant. It is an investigation of the effects of this post-translational
modification on the mechanical properties of β-actin and possible implications
for cellular mechanics on the one hand. On the other hand, it explores the
mentioned deviations from tube model predictions further in a controlled way.
In contrast to rhodamine-labeled actin, here the position of the modified charge
is known. Also for rhodamine actin the exact number of rhodamine molecules
per actin is not clearly known.
The differences in amino acid sequences relevant in this chapter:
βac-actin: Ac-Asp1-Asp2-Asp3 and Val10
βarg-actin: Arg-Asp2-Asp3 and Val10

So arginylated β-actin is chosen to investigate the influence of electrostatic
interactions on the viscoelastic shear properties of entangled semi-flexible fil-
ament networks. Again, single filament properties are analyzed first to deter-
mine their influence on the shear properties and make sure, that the semi-
flexible regime is not transgressed by a modification. The viscoelastic shear
properties are then compared to a tube model prediction and deviations are
discussed in the context of a change in deflection length.

87



4.2 Single Filament Properties

Characterizing the mechanical properties of βarg-actin networks requires an
understanding of the single filament properties first. To compare network shear
moduli to βac-actin and tube model predictions, it is necessary to confirm semi-
flexibility of single filaments (compare chapter 2.2.2). So for that purpose, βarg-
actin filaments are polymerized, labeled and diluted to low concentrations for
imaging. Persistence lengths are determined like described in the previous
chapter 7.4 by confocal laser scanning microscopy of labeled filaments. This is
done in solution in very thin sample chambers (2 µm) to only allow 2D-bending
fluctuations of the filaments. This arginylated actin has the same origin as the
acetylated one. It has been extracted from modified yeast (compare chapter
7.2).

4.2.1 Persistence Length

Figure 29: Single filament mechanics analysis of βarg- and βac-actin. A) CLSM micrograph of
labeled βarg-actin filaments in a thin sample chamber to suppress undulations out of the focal
plane. B) Angular cosine correlation against the segment length s for βarg-actin at low (red)
and high (orange) cation concentrations and βac-actin as well at low (green) and high (blue)
cation concentrations. C) Zoom out for B) to larger s. Scale bar is 10 µm.

Persistence lengths are determined like described in chapter 7.4 and 1.2.8 with
a very high number of filaments (5000+) for each condition to ensure good
enough statistics for an angular cosine correlation analysis. Also, two different
ionic conditions are tested to ensure no relevant influence of the Mg2+ con-
centration on the filaments’ bending stiffness. A weakening of the repulsion
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between negative charges on the monomers by divalent cations could possi-
bly change the bending properties [212, 213]. Figure 29

(
A
)

shows labeled
βarg-actin filaments in solution. They are not adhered to a surface and display
2D-bending fluctuations, which was ensured by taking time series of each loca-
tion. From the filaments’ bending it is already conceivable, that they are in fact
semi-flexible. They are obviously not straight over their contour length, but also
don’t curl up like flexible ones. The 2D-angular cosine correlations displayed
in
(
B
)

and
(
C
)

confirm this. The overlap is very high until a fragment length s
of ~15 µm is reached. At that point, two of the four correlation graphs start de-
viating from the others. The corresponding persistence lengths resulting from
a fit like explained in 1.2.8 are presented in table 9.

PTM total cation concentration (mM) Mg2+ concentration (mM) lp
Ac 100 0.2 13.9 ± 0.5
Ac 0.5 0.02 14.4± 0.5
Arg 100 0.2 15.9± 0.5
Arg 0.5 0.02 17.2± 0.6

Table 9: Persistence lengths for βac-actin and βarg-actin filaments in solution and 2D-
confinement. lp is calculated from a 2D-angular cosine correlation. Different ionic conditions
are investigated. Cation concentrations are generally kept low (compare chapter 7.2 and table
7.8) and the Mg2+-ion concentration is varied.

No significant difference between the different ionic conditions is found. So
it appears very likely that lp is not significantly effected by the concentration
of magnesium ions. This is true for the compared two orders of magnitude
in Mg2+-concentration, close to physiological ones [214, 215, 216]. A slight
increase in the persistence length of βarg-actin filaments is found compared
to βac-actin (~15 %). This would also not effect the overall network stiffness
noticeably (compare equation 17). It is significant, but considering the general
accuracy of the method, not very reliable. The mainly important information
gathered from this data, is the clear semi-flexibility of the filaments (lp ≈ lc).

4.3 Network Properties of Arginylated β-Actin

To characterize networks of βarg-actin filaments and compare their viscoelastic
shear properties to tube model predictions, entangles networks of the filaments
are polymerized. These networks are measured with microrheological meth-
ods (VPTMR) at different concentrations. Similar to the characterization of
DNA-networks presented in chapter 2, concentration dependencies for plateau
moduli and the relaxation behavior (the crossover points of G′ and G′′) are
compared to tube model predictions and the non-arginylated βac-actin.
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4.4 Polymerization of Arginylated β-Actin

To characterize network properties of the semi-flexible βarg-actin filaments, the
first step is to polymerize them into entangled networks. The main difference
between this experiment and the single filament measurements is the much
higher actin concentration (12 µM for the first experiments compared to nM).
While the polymerization conditions for the other entangles networks are the
same between the different isoforms and labeled filaments, βarg-actin behaves
rather peculiar. At Mg2+ concentrations of 2 mM (compare chapter 7.2) βarg-
actin forms small (1-2 µm) clustered structures, which evolve over a few hours
into inhomogeneous networks of larger (5-10 µm), connected clusters. CLSM
images of this process are shown in Figure (30) for labeled actin. The inter-
filament interaction appears to be much stronger for the arginylated actin. This
would explain the very early cluster-formation. Instead of forming long (lp ≈ lc),
entangled filaments, very short filaments seem to bundle chaotically and form
clusters with randomly oriented filaments.
Actin monomers are polymerized by the addition of divalent cations (mainly
Mg2+). Increasing the concentration of these leads to bundling caused by
counter-ion condensation [118, 111]. This is due to the high negative charge of
actin monomers [98], which gets shielded by the cations. So the way to create
entangled networks of βarg-actin appears to be a decrease of the Mg2+ concen-
tration. A new buffer (compare chapter 7.2) with orders of magnitude lower ion
concentrations is used for this. Figure 30 shows labeled networks at different
Mg2+ concentrations. At 12 µM actin and 2 mM Mg2+ the acetylated actin

(
D
)

forms an entangled, homogeneous filament network. The arginylated variant(
A
)

in contrast is already completely bundled under the same ionic conditions
and at 6 µM actin. Upon the addition of EDTA, which is a strong chelating
agent for Mg2+-ions, bundles disintegrate back into filaments

(
B
)
. At signif-

icantly lower ion concentrations (compare chapter 7.2) 3 µM of arginylated
actin are stable in an entangled network

(
C
)
. This clearly demonstrates how

on the one hand Mg2+-ions (like shown before) have a significant influence on
inter-filament interactions and on the other, charges at the actin’s N-terminus
too. The letter appears to have the more relevant contribution, though. With an
increase in the ion concentration, repulsive interactions are suppressed by a
shielding of negative charges. This effect ultimately leads to counter-ion con-
densation and bundling. This is true for all isoforms, but the strong change
in charge density at the N-terminus for βarg-actin seems to shift the onset for
bundling by orders of magnitude in the ion concentration. The effective charge
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Figure 30: Cluster-formation of arginylated actin compared to the polymerization of acetylated
β-actin. CLSM images of acetylated (A, C and E) and arginylated (B, D and F) actin networks at
different times (1 min, 60 min and 2000 min in yellow) after initialization of the polymerization.
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Figure 31: Formation of entangled networks of arginylated actin after the reduction of cation
concentrations in the buffers. CLSM images of arginylated actin networks (A, B and C) poly-
merized at different actin concentrations and buffer conditions. A) shows arginylated actin at
6 µM and 2 mM Mg2+, B) the same conditions after the addition of EDTA, which reduces the
effective concentration of divalent ions by chelating them. C) shows a filament network of 3 µM
arginylated actin at significantly lower cation concentrations. An entangled network of acety-
lated actin at 12 µM is shown in D) for comparison. Scale bars are 10 µm.

difference to acetylated actin is +3. A negative charges is removed (an acetyl
group and one Asp) and two positive ones are added (an arginyl group with the
N-terminal amine group). Bundling happens at much lower ion concentrations
since there is less negative charge to shield. This is a valid conclusion, but
it appears to not be enough to explain the extreme difference. The onset for
bundling of α-skeletal muscle actin for example is at about 24 µM actin and
Mg2+ concentrations of 25 mM or more [86]. For the βarg-actin (6 µM) it is at
<0.2µM Mg2+. Considering the concentration too, there are three orders of
magnitude in ion concentration between the two isoforms.
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When trying to explain this phenomenon with pure electrostatic interactions,
one could start with a comparison of the involved charges. Three charges per
actin monomer would give a total molarity of 3 ×6 µM = 16 µM. Compared to
the 2 × 2 mM Mg2+ ions, this is 200 × lower and the N-terminal charges seem
to be insignificant. A change in the deflection length caused by charge density
waves forming between the filaments (compare chapter 3.7.3) could explain
this phenomenon too. With an increase in the number of collisions between
filaments and an increased energy penalty for thermal fluctuations, filaments
could be bundled by a combination of counterion condensation and an effect
similar to that of molecular crowding. With decreased bending fluctuations at
higher concentrations of actin and more collisions, the probability of the fila-
ments aligning and forming a bundle should increase. The additional positive
charges help to overcome repulsive potentials.
In summary, structural properties of actin networks are clearly influenced by
small differences in the amino acid sequence at the N-terminus. In this case
(for βarg-actin) the differences in charge density (compared to βac-actin) are
stronger than for the cytosolic isoform (compare chapter 3.2) and so are the
effects on the network structure. Under the same conditions (Figure 30 and 31)
arginylated actin forms very different structures compared to the unmodified
variants. Bundles and small bundle-clusters appear at orders of magnitude
lower Mg2+ concentrations. This is further indication for the importance of N-
terminal charge density for inter-filament interactions, which have a significant
impact on structural and viscoelastic properties. The latter will be explored
in the following subchapter. The expectation is a significantly higher plateau
modulus for arginylated actin filament networks compared to acetylated ones,
due to stronger inter-filament interactions.

4.4.1 Viscoelastic Shear Properties of Arginylation β-Actin Networks

In parallel to the DNA-network measurements presented in chapter 2.2, the
viscoelastic shear properties of βarg-actin networks are explored in this sub-
chapter. They are compared to βac-actin networks.
Figure 32

(
A
)

shows an exemplary measurement of the viscoelastic behavior
for a 3 mM arginylated actin network. The shear moduli show a typical shape
for entangled networks (compare theory chapter 1.2.9). The low frequency
regime is dominated by viscous behavior. This transforms to an elastic plateau
at frequencies between 0.5 and 50 Hz and then again in the high frequency
regime to viscous behavior with a ω3/4 power law scaling. This is another indi-
cation for semi-flexible filaments and also reptation. The second crossover of
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A

B

C

Figure 32: Viscoelastic shear properties of βarg-actin in comparison to βac-actin. A) shows an
exemplary measurement of the viscoelastic behavior for an entangled arginylated actin net-
work (6 µM). The shear moduli show a typical shape for entangled networks. The black lines
are a mean of the single measurements for G′ (dark blue) and the dotted one of G′′ (dark or-
ange). B) entanglement times (purple) and reptation times (green) for different concentrations
of arginylated actin. A black line indicates a slope of c−8/5. C) Plateau moduli for different
concentrations of arginylated (blue) and acetylated (orange) actin.

G′ and G′′ at lower frequencies shows quick relaxation of the network, so no
relevant bundling or crosslinking are observable.
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The power law behavior for the reptation time tr, as well as the entanglement
time te shown in

(
B
)

confirm that. They are not very close to the tube model
expectation of te ∝ c−8/5 and tr ∝ c0−1. This is probably due to a very inac-
curate measurement of 1 µM actin. The mesh size is only 2× smaller than
the microparticle size at that point, which can have an impact on shear moduli
[129]. Lastly,

(
C
)

shows plateau moduli for different concentrations of βarg-
and βac-actin. The power-law behavior of the acetylated actin deviates with
α = 1.5 ± 0.3 a little bit from the tube model expectation of 7/5, but is still
reasonably close for very low actin concentrations. The arginylated actin has
a much steeper increase with α = 4.52 ± 0.33. This is again, confirming the
previous results generally. It is a good indication for stronger inter-filament in-
teractions of the arginylated actin, since a value of α = 7/5 is an indication for
purely entangled semi-flexible filament structures. An increased inter-filament
interactions could be interpreted as the formation of CDWs at entanglement
points. The stronger concentration dependency and generally higher plateau
moduli would support this. The clear filament reptation is a good indication for
this(compare chapter 3.7.3). Although, an α value significantly higher than 11/5
[158], which is the expectation for crosslinked networks, is puzzling. This dis-
crepancy can be explained with the extremely low concentration of the arginy-
lated actin in the filamentous regime. At 1 and 3 µM, the networks have mesh
sizes very close to the probe size, so the measured MSDs might be effected
by cage hopping. An overestimation and thereby and underestimation of G0 at
lower concentration is likely. This of cause artificially increases α. An expla-
nation could also be small scale bundling between the filaments and thereby
an increase of the mesh size. Still this potential bundling and the much higher
absolute G0 compared to βac-actin prove higher inter-filament interactions.

So in summary, the viscoelastic shear properties confirm the results of the pre-
vious subchapter. The βarg-actin has a stronger inter-filament interaction due
to the modification and the change in charge density at the N-terminus com-
ing with it. Compared to βac-actin the networks are significantly stiffer (at least
one order of magnitude), but still behave like entangled networks. This con-
firms the assumptions of the previous chapters regarding a change in effective
concentrations (compare chapter 3.7.3).

4.4.2 Nonlinear Viscoelastic Behavior of βarg-Actin Networks

Non-linear viscoelastic behavior is discussed in chapter 2.4 for actin-DNA com-
posite networks. Strain-stiffening is emerging from the interaction of the two
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Figure 33: Drag experiments with microparticles pulled through acetylated and arginylated
actin networks with optical tweezers. A) and B) show drag forces against displacements.
In A) different concentrations of arginylated actin are shown (1 µM: yellow, 3 µM: blue and
6 µM: green). B) compares data for arginylated (blue) and acetylated (orange) actin at a
concentration of 3 µM. The corresponding relative differential moduli K/K0 are depicted in C)
and D) in the same colors.

types of filaments. As described there, it is a very important property for the
cellular response to external strains. It is only found at high actin concentra-
tions and high strain rates for entangled networks of actin filaments (compare
chapter 2.4).
Figure 33 shows the results for drag experiments with βarg-actin as well as
βac-actin. Microparticles significantly larger than the mesh size (d = 2 µm and
ξ = 776 nm) are dragged with an optical tweezers setup through the actin
sample (c = 3 µM). The force acting on the microparticle is calculated from the
displacement of the microparticle compared to the displacement of the laser
trap with the force constant of the laser. Drag forces FD are shown in

(
A
)

against particle displacements ∆xD for different concentrations of arginylated
beta actin (1 µM in yellow, 3 µM in blue and 6 µM in green). For very thin
networks (1 µM), no force-increase is noticeable. The particles probably slip
through the network meshes, which are on average not much smaller than the
particle diameter (ξ ≈ 1350 nm, d ≈ 2000 nm). A continuous and increasing
slope from 0 to 60 pN and up to a displacement of 10 µm is found for 3 µM.
6 µM show an even steeper slope with a peak at ≈ 60 pN. The comparison of
arginylated and acetylated beta actin

(
B
)

reveals a lower continuous and con-
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stant slope for the latter. Strain stiffening is visualized with the unitless relative
differential modulus K/K0, a modulus above 1 is considered strain stiffening,
below strain softening.

(
C
)

and
(
D
)

confirm the first impression from the force
curves.
For arginylated actin, strain-stiffening appears at 3 µM and is completely ab-
sent at 1 µM. For 6 µM the peak height does not increase further, it is just
shifted to smaller trap displacements from 9 µm (3 µM) to 2 µm (6 µM). Only 3
and 6 µM show strain stiffening

(
C
)
. The measured forces for 1 µM are very

small due to the microparticle size. This, together with the peak shift between
3 and 6 µM supports the assumption of an entangled network, which can relax
rather quickly. Filaments are pushed into each other by the microparticle, it
comes to shear thickening and the network response becomes more elastic.
The filaments (many of them significantly longer than the particle at a diame-
ter of 2 µm), being entangled in the network, experience a counter force. It is
stemming from an entropic effect (they are semi-flexible and bent in a thermal
bath), enthalpic stretching and the same effects in the surrounding network. At
a certain strain, this restoring force becomes larger than the drag force of the
trap, the filaments glide through each other and the network relaxes. This crit-
ical force not increasing significantly with increasing actin concentration (from
3 to 6 µM), can be interpreted as indication for an entangled network. For the
rupture of crosslinks or bundles, one would expect a similarly quick (similar dis-
placement for different actin concentrations) increase in the force, due to the
small mesh size (a few hundred nm) and the filaments not being able to glide
trough each other or relax by straightening. So the peak for 3 µM would not be
shifted compared to 6 µM, just lower due to less links having to be broken.
The found strain stiffening is again an indication for stronger inter-filament in-
teractions of the arginylated compared to the acetylated actin. Acetylated beta
actin does not show any strain stiffening in contrary to the arginylated variant.
This is similar to the results for DNA networks.

4.5 Summary

Arginylation at the N-terminus of actin is one of its possible post-translational
modifications. One central question, that arose for the different Isoforms (Which
are very similar regarding their amino acid sequence) is, if changing an amino
acid or modifying it has a significant influence on the properties of a protein
with 374 or 375 amino acids. Arginylated β-actin has one amino acid less than
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the most prevalent acetylated β-actin and a different modification. This results
in a difference of about 0.5%. Is that enough to have a measurable impact on
the viscoelastic properties?
Concluding from the results presented in this chapter, the influence of this
small modification at the N-terminus of actin on structural and viscoelastic
properties of filament networks and inter-filament interactions is actually very
strong. The single filament properties are shown to be very similar to those of
βac-actin. The filaments are semi-flexible with persistence lengths of around
16 µm. These lp differ less than 15% from the ones for βac-actin and are barely
dependent on the ion concentrations investigated here (less than 15% change
over two orders of magnitude in the Mg2+ concentration). So arginylated and
acetylated actin filaments are both semi-flexible and have very similar bend-
ing properties. This means, their network properties can be compared directly
to each other and to predictions from the tube model for semi-flexible filaments.

At typical conditions for the polymerization of βac-actin (compare chapter 7.2),
βarg-actin does not likewise form homogeneous, entangled networks, but clus-
ters of very small (<1µm), chaotically bundled filaments. These structures
evolve over an hour to loosely connected, larger cluster structures. The vis-
coelastic shear properties of the arginylated actin network reflect this. G0 is
slowly increasing with a final plateau significantly lower than that of βac-actin.
This happens under conditions, at which βac-actin forms entangled networks,
comprised of visibly (in confocal images) long filaments (>3 µm). Lowering
the overall cation concentrations and especially the Mg2+ concentration, re-
moves this cluster-formation and entangled networks are created like for the
acetylated actin. Interestingly, in between the ion concentrations leading to en-
tangled and to clustered networks, bundle formation happens (Figure 31). Typ-
ically, F-actin structure formation follows a simple pattern in a phase-diagram
with actin and divalent cation concentrations on the axes with 0 in the Origin.
Coming from low concentrations diagonally through the diagram, F-actin fil-
aments form solutions, loosely entangled networks, then entangled networks
with mesh sizes ~<1 µm. Filaments start to form bundled structures at actin
concentrations of ~48 µM (2 mg/ml) or a Mg2+ concentration of ~25 mM. At
even higher concentrations, a nematic phase is formed [217]. This is heavily
shifted for βarg-actin by orders of magnitude to lower concentrations of actin as
well as cations. A liquid crystalline phase is not observed. Clusters of short
bundles emerge instead probably due to stronger, attractive inter-filament in-
teractions and lower actin densities. The collapsed structures (bundles and
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clusters) must have a very similar actin density to those formed by other types
of actin, but they are formed at much lower actin concentrations, so clusters
with a lot of empty space (buffer solution) around them are formed. The strong
inter-filament interactions additionally start this process very quickly during the
actin polymerization, leading to clusters of small filaments. This thesis clearly
demonstrates the importance of actin isoforms and PTMs for the understand-
ing of cellular properties and their modification. The viscoelastic response of
living cells to external strain is still not fully understood. Studies investigating
this topic are still very much underrepresented. It is possible and even proba-
ble that these variants of actin play an important role in the regulation of cellular
viscoelastic shear properties.

At higher cation concentrations (compare chapter 7), the attraction between
the filaments appears to be too strong for longer filaments to form. Filaments
in proximity to each other collapse to clusters before that happens. This is al-
ready a clear sign for the strong effect of the charge density at the N-terminus
of actin on inter-filament interactions.
Entangled networks of βarg-actin were analyzed with microrheological meth-
ods. They show typical behavior for semi-flexible entangled filament networks
with a plateau in G′, two crossover points with G′′ and typical high frequency
power law behavior (compare chapter 1.2.9). The comparison with βac-actin
networks reveals much stiffer networks for the arginylated actin. The plateau
moduli are at least one order of magnitude higher for all measured concentra-
tions.
The power law scaling behavior for the entanglement time and the reptation
time against the actin concentration follows tube model predicts quite well.
This again shows relaxation of the network, typical for an entangled network
without permanent crosslinking or bundling present.
The power law scaling behavior of the plateau modulus against the actin con-
centration does not follow tube model predictions. With α= 4.52 , the slope is
higher than the expected G ∝ c7/5. It is even higher than G ∝ c11/5, which
would be expected for crosslinked networks [158]. This can be explained by
lower accuracy for MR measurements at small actin concentration, which are
partially (1 µM actin) necessary for βarg-actin, due to it bundling at concentra-
tions above 6 µM.
The viscoelastic shear properties of βarg-actin networks resemble those of rho-
damine labeled actin (chapter 3.7.3) to a high degree. G0 is increased at least
50-fold compared to regular βac-actin networks at the same concentration.
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As an explanation for the high plateau moduli, crosslinking or short-lived tran-
sient crosslinking can not be ruled out completely, but it seems unlikely. The
relaxation behavior of the network (compare chapter 1.2.6 and 2.3) does not
support this. The positive charge at the N-terminus makes the hypothesis, that
divalent cations bind in a complex between two filaments also unlikely. The
positive charge would decrease the stability of bridging Mg(Aspx)-complexes
and therefore decrease inter-filament attraction, leading to a lower G0. A com-
parison to rhodamin-labled actin (compare chapter 3.8 reveals high similarity.
All together, these results support the hypothesis from chapter 3.7.3. Charge
density waves of divalent cations form between filament entanglement points
and decrease the effective diameter of the tube consisting of other filaments,
it is reptating through. This causes the deflection length of the network to de-
crease and thereby the number of collisions between filaments to increase.
This again means a higher energy penalty for fluctuating filaments. They inter-
act with each other more because of attractive, electrostatic forces on the one
hand and friction caused by repeating, charged protrusions gliding over a par-
tially localized wave of divalent cations on the other. This results in increased
shear moduli compared to βac-actin networks.
Another interesting finding is the non-linear behavior of βarg-actin networks.
They show strain stiffening at actin concentrations and particle displacement
speeds, where the acetylated ones don’t. This is again a clear indication for
a stronger interaction between the filaments and a potential way for cells to
regulate non-linear behavior with small modifications of actin.
An important effect of cellular resistance to external stresses is non-linear stiff-
ening of their viscoelastic filament networks. The crosslinked actin cortex for
example has the ability to stiffen under sudden strain and vimentin networks
around the nucleus stiffen under compression (in contrast to entangled actin,
which softens) to protect the DNA and keep the nucleus at its place [23]. These
are features arising from the single protein level in the case of vimentin (high
density of surface charges and low lp compared to the mesh size). The cortex
stiffens mainly through inter-filament connections, set up by crosslinkers or mo-
tor proteins. Entangled actin filaments only display strain stiffening in very high
concentrations and under high strain rates. βarg-actin is an exception here, in
that it shows significant strain stiffening at very low concentrations (3 µM) and
under smaller strain rates (2 cms−1). Drag forces for βarg-actin are generally
1-2 orders of magnitude higher than for the acetylated protein.

The stiffness of cellular protein filament networks can be increased or de-
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creased by orders of magnitude without ABP-crosslinking, just with small mod-
ifications of actin itself. Controlling nonlinear viscoelastic behavior like strain
stiffening is also possible. Structural properties and interactions with divalent
cations show a similarly strong influence of this comparably small modifica-
tion. It sheds light on the previous question regarding the mechanism by which
different isoforms generate different network shear properties and favors the
effect of electrostatic interactions.
To answer another question, asked at the beginning, there are different types of
semi-flexible filament networks in vivo within the cytoplasmic isoforms of actin
alone. PTMs add a variety of possible further semi-flexible filament networks
with different shear properties. Research in this area is still underrepresented,
considering the relevance of PTMs for many different cellular processes. They
also seem to play a role in the seemingly well understood shear properties of
actin networks.
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5 Summary

This study is separated into three parts:
1. Viscoelastic shear properties of DNA networks and actin-DNA composite
networks.
2. Viscoelastic shear properties of actin networks consisting of different actin
isoforms.
3. Viscoelastic shear properties of actin networks consisting of different post-
translationally modified actin types of one isoform.
The overall aim of it is twofold. On the one hand, semi-flexible filament
networks are explored in general. The viscoelastic shear properties, the re-
laxation behavior and structure are compared between different semi-flexible
polymer filament networks and theoretical model predictions. The tube model
for semi-flexible filaments is a commonly applied tool to explain viscoelastic
shear properties. It simplifies semi-flexible filaments with a uniform, smooth
surface, which undergoes hard-body interactions and the viscoelastic proper-
ties of entangled networks are explained as result of filament collisions, which
are the cause of energy penalties (compare chapter 1.2.6). It has been used
successfully to describe and predict the viscoelastic shear properties of entan-
gled F-actin networks [5, 6, 7]. But is it actually that simple? Are semi-flexible
filaments of comparable sizes similar enough to use this assumption generally?
The second chapter is focused on the comparison of actin filaments and also
semi-flexible DNA filaments [8, 9]. They get compared to tube model predic-
tion. If the assumption of the filaments interacting only via hard body collisions
holds up, a mixture of different semi-flexible filaments should only change the
concentration of filaments in the model and still be predictable. To investigate
that, entangled composite networks of actin and DNA are co-polymerized.
The type of DNA used here is artificially synthesized and does not exist in vivo.
But are there different types of semi-flexible polymer networks in cells and
more specifically in mammalian cells? The cytoskeletal filaments are typically
separated into flexible (intermediate filaments), stiff rod like (microtubules) and
semi-flexible filaments (F-actin). There is only one cytosolic, semi-flexible type
of filament in mammalians, F-actin. But is that actually correct? α-skeletal
muscle actin is used for the overwhelming majority of in vitro experiments to
represent cytoskeletal actin. This is mainly done because of the easier ac-
cessibility of muscle actin. It can simply be purchased in a pure form and is
the cheapest variant. But there are two cytosolic isoforms of actin, which dif-
fer in their amino acid sequence from the muscular actin and also from each
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other. So these two cytosolic isoforms (β- and γ-actin) of actin are investigated
in the third chapter. There are different types of interacting actins (of semi-
flexible filaments) present in the cytoplasm. So the main focus of the chapter
is the question, if these different isoforms possess different viscoelastic shear
properties. They have been shown to be locally separated despite close prox-
imity and very high evolutionary conservation of the amino acid sequence [11,
12]. It has also been reported, that their interaction with other proteins (mainly
actin binding proteins) is isoformspecific [171]. Since the main purposes of
actin filaments are structural integrity of the cell and force generation [218],
the assumption of different mechanical properties for the isoforms is not too
far-fetched.
And finally the fourth chapter is investigating post-translational modifica-
tions of actin (arginylated and acetylated β-actin). There are not only two
unique types of cytosolic actin filaments, but a huge number of modified vari-
ants of β- and γ-actin [219, 20, 38]. These modifications have been shown
to be biologically very relevant for a multitude of cellular processes [39, 40,
41, 42, 43, 44, 45, 46, 47, 48]. But are they also relevant for the viscoelastic
shear properties of actin filaments? The differences in amino acid sequences
between the modified variants are mostly even smaller than between the iso-
forms. Do they in the context of cellular mechanics?

Results: In the second chapter, DNA-filaments are characterized as semi-
flexible. This is achieved via a comparison of the average filament length
(6.8 ± 4.3 µm) and their persistence length (6.46 ± 0.26 µm [8], estima-
tion: 17-34 µm, chapter 2.2.4). They form homogeneous, entangled networks
with viscoelastic shear properties, which can mostly be predicted by the tube
model. The comparison with F-actin networks of the same mesh size (com-
pare chapter 1.2.6) reveals significantly lower (2 × or more) plateau moduli
for the DNA-networks. So there must be something else than just filament
length and persistence length, determining the plateau modulus. Entangled
homogeneous composite networks are formed. They are shown to not be bun-
dled or crosslinked. This is necessary to use the correct type of model to
predict viscoelastic properties from the shape of G′) and G′′) as well as the
position of their crossover points. These and their concentration dependency
can be used to detect filament reptation and crosslinking (compare chapter
2.2.4). The entangled networks show an increase in G0 emerging from their
co-entanglement. This is determined for different relative mesh sizes of actin
and DNA networks. The strongest deviation from tube model predictions is
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found at the same mesh size for both filament types (chapter 2.3). These com-
posite networks also show non-linear strain-stiffening, which is not present in
the separate networks (chapter 2.4). And the interaction of actin with actin
binding proteins is changed by the interaction of the two networks too. Con-
traction by myosin II as well as bundling by crosslinkers and divalent cations is
significantly reduced compared to the separate networks (chapter 2.5). These
results clearly show a stronger interaction between heterogeneous than ho-
mogeneous filament types, which can not be explained with the tube model.
Electrostatic inter-filament interactions, which are assumed to explain this pe-
culiarity, are explored in the following two chapters. Another important discov-
ery from the presented experiments is a difference in the viscoelastic shear
behavior of muscular and non-muscular actin, which is explored in the third
chapter.

Chapter three investigates differences in the viscoelastic shear properties of β-
and γ-actin. These cytoplasmic isoforms are shown to be spatially separated.
Similar to the proceedings with DNA networks, the actin isoforms are charac-
terized by their single filament properties. Both are shown to be semi-flexible
with very similar persistence lengths (~16 µm with phalloidin, compare table 8).
The plateau modulus for entangled γ-actin networks was found to be at least
2 × higher than the one for β-actin at concentrations of 12 µM actin (chapter
3.4). Nm-actin networks (chapter 7.2) have a G0 between that of β- and γ-actin,
which is expected for a mixture of both. But since β- and γ-actin are harvested
from genetically modified yeast and then modified to resemble human actin,
this is a good indication for the artificially created actin to be very similar com-
pared to naturally occurring cytoplasmic actin. α-skeletal muscle actin is found
to be slightly stiffer than γ-actin (1.5 − 2 ×). The interaction with ABPs (fascin,
α-actinin, Arp2/3 and rigor HMM) is also shown to be different for some ABPs
between the isoforms. Especially rigor HMM and Arp2/3 induce a very strong
increase in G0 for some isoforms (compare Figure 27). The network clustering
effect of full length myosin II is isoform-specific (compare Figure 28). Isoform-
specific interaction with myosin has been reported in the literature [187, 188].
The main difference between β- and γ-actin lies in a few amino acids at the
proteins N-terminus. The final three amino acids are exposed on the surface
of the filament (Figure 25). The amino acid residues show different electron
densities, which is assumed to cause different electrostatic interactions with
each other and divalent cations [206]. Additionally the N-terminus of γ-actin is
more exposed than that of β-actin [207, 181].
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β-actin: Ac-Asp1-Asp2-Asp3
γ-actin: Ac-Glu1-Glu2-Glu3
To examine the influence of electrostatic interaction on shear moduli, rho-
damine labeled actin is chosen. Rhodamin is covalently bound to a random ly-
sine residue on the filaments surface. It exposes a positive charge and should
have an influence on G0. This is confirmed (table 8) and the increase com-
pared to non- or plalloidin-labeled actin is very strong (at least 50 ×).
The most probable reason for these deviations in the viscoelastic shear be-
havior from tube model predictions is, concluding from the presented findings
is presented in chapter 3.7.3. Charge density waves of divalent cations (Mg2+)
form at entanglement points between filaments and decrease the effective di-
ameter of the tube (from the perspective of a single filament: a tube-like void
between other filaments, defined by the interaction with them). This decreases
the deflection length of the network and thereby the number of collisions be-
tween filaments increases. This again means a higher energy penalty for ther-
mal fluctuations of filaments. Their interaction increases because of attrac-
tive, electrostatic forces on the one hand and increased friction on the other.
This friction is caused by repeating charged protrusions (N-termini with a high
density of negative charges) gliding over a partially localized wave of divalent
cations on the other. This results in increasing shear moduli. But this would
not explain the differences between β- and γ-actin at lower Mg2+ concentrations
(2 mM), because of the small electrostatic differences between the amino acids
and the generally low ion concentrations. So complexation, which is stronger
and longer lived for γ-actin (due to higher electron density in the carboxy group
and stronger interaction with the very small, highly charged metal cation), in
the form of quasi-crosslinking is most likely to also occur.

Chapter four explores the influence of post-translational modifications on the
viscoelastic shear properties of actin. Acetylation of β-actin is compared to
arginylation. The arginylation modifies β-actin (βac-actin), which is prevalent
in vivo, to βarg-actin. Single filament properties are characterized again and
found to be very similar for both actins. Arginylated actin filaments are also
semi-flexible with persistence lengths of around 16 µm (table 8) at different
ion concentrations. Entangled networks of arginylated actin filaments are only
formed at very low concentrations of Mg2+ (<0.2 mM Mg2+) and also actin
concentrations (<6 µM). Above that, bundles are formed and at even higher
concentrations, clusters of small(<1 µm), bundled filaments. A nematic phase
is not observed above that, due to the extremely quick formation of clusters,
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which starts before filaments are fully formed and at very low actin concentra-
tions.
This clearly shows a stronger attractive interaction between the filaments. The
homogeneous networks at low cation concentrations are still entangled (no
crosslinking or bundling) and show filament reptation. The charge difference
at the N-terminus between acetylated and arginylated actin is +3.
βac-actin: Ac-Asp1-Asp2-Asp3
βarg-actin: Arg-Asp2-Asp3
Looking at the strong increase in G0 from rhodamine-labled actin, stemming
from a positive charge at the outer filament, one would also expect a signif-
icant change in G0 resulting from the arginylation. A positive charge at the
N-terminus of β-actin should have a comparable effect on the network stiff-
ness. That is confirmed by microrheological analysis. Compared to the acety-
lated networks, a strong increase of G0 comparable to the one for rhodamine
labeled entangled actin networks is found (at least one order of magnitude).
Like actin-DNA composite networks, arginylated networks are shown to pos-
sess non-linear strain stiffening at very low concentrations and strain-rates.
These results combined also confirm the hypothesis from chapter 3.7.3. The
entangled filaments have the viscoelastic shear properties of a theoretical tube
model network with additional quasi crosslinking from complexation of divalent
cations or the formation of CDWs at entanglement points, which could be pre-
dicted by the GWLC model.
This study clearly demonstrates how an understanding of actin isoforms and
PTMs is necessary for a representative model of cellular mechanical properties
and more complex derivative properties like cell motility or structural integrity.
The viscoelastic response of living cells to external strain for example is still
not fully understood. Studies investigating this topic are very much underrep-
resented. It is possible and even probable, that these variants of actin play an
important role in the regulation of viscoelastic shear properties.
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6 Correction

In the name of good scientific practice: the data in chapter 2 was collected from
two batches of DNA filaments and most experiments many samples with hun-
dreds of particle trajectories (rheometer measurements typically only included
5 samples due to the large sample volume necessary). New batches of DNA fil-
aments showed very similar network properties for pure DNA networks, but dif-
ferent results regarding the composite properties of 50:50 DNA-actin networks
(compare Figure 19). The increase in G0 compared to tube model expectations
was not confirmed. It turned out to be a result of small inhomogeneities in the
DNA network, which didn’t effect the network stiffness significantly, but the in-
teraction with actin filaments. This is interesting in its own right and doesn’t
effect the unexpectedly low plateau modulus of pure DNA networks (which
contradicts tube model predictions) or observations from other chapters, but
still has to be addressed.
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7 Materials and Experimental Procedures

7.1 Cell culture and immunostaining

MDCK II cells (Madin-Darby canine kidney; Health Protection Agency Sal-
isbury, UK) and SK-OV-3 cells (ovarian adenocarcinoma; ATCC) were culti-
vated in minimal essential medium (MEM with Earl’s salts, containing Gluta-
max™ (Gibco™, Thermo Fisher Scientific) and 10 % fetal calf serum (FCS;
BioWest, Nuaillé, France). Stem and samples were kept at 37 ◦C and 5 %
CO2 (Heracell 150i; Thermo Fisher Scientific, Waltham, MA). Subcultivation
was performed using standard culture flasks (TPP, Trasadingen, Switzerland)
by addition of 0.25 % trypsin and 0.02 % EDTA (BioWest) and short incubation
to remove the adherent cells from the culture surface. Suspended cells were
mixed with FCS and centrifuged, and the pellet was dissolved in MEM and
seeded into fresh flasks.

Cells destined to serve in experiments of confluent cells were taken in the last
step. Cells were seeded into petri dishes (Ibidi, Martinsried, Germany) and
kept at 37 ◦C and 5 % CO2 for 24 h, unless stated otherwise. MDCK II cells
were seeded at 1.5 × 105 cells per dish for confluent cell layers or 1.5 × 104

cells per dish for cell clusters.
Primary antibodies (Anti-β-actin antibody, clone SP124; anti-γ-actin antibody,
clone 2A3) were purchased (Sigma-Aldrich Chemie GmbH, Taufkirchen, Ger-
many) and immunostaining was conducted in accordance to [12]: Prior to fix-
ation, cells were rinsed with preheated (37 ◦C) MEM supplemented with 20mM

HEPES. Cells were then incubated with preheated (37 ◦C) MEM supplemented
with 1 % PFA for 30min at 37 ◦C and 7.5 % CO2. Afterwards, cells were treated
for 5min with cooled MeOH (−20 ◦C) and were then washed 3× with PBS
(20 ◦C). Fixed cells were then treated with 0.1 % Triton in PBS for 5min, washed
3× with PBS and then incubated for 30min with Blocking/Dilution Buffer (BDB)
at 20 ◦C. Liquid was then aspirated from the cells and 200 µL BDB with primary
antibodies for β-actin and γ-actin (dilution of 1 : 200) was added on top of the
cells and incubated at 20 ◦C for 1 h. Cells were then rinsed 3× with PBS and
subsequently incubated with 200 µL BDB with secondary antibodies (dilution of
1 : 400) at 20 ◦C for 1 h.
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7.2 Sample Preparation

All proteins (rabbit skeletal muscle: α-actinin, skeletal muscle α-actin, rho-
damine labeled skeletal muscle α-actin, myosin II, heavy meromyosin; porcine
brain: Arp2/3; human platelet: non-muscle actin (a mixture of 15% γ- and
85% β-actin, also referred to as NM-actin), rhodamine labeled α- and NM-
actin) except for pure γ-, βac-actin and βarg-actin (vide infra) were purchased
from Cytoskeleton, Inc (Denver, CO). Organisms of origin are marked in bold
letters.

7.2.1 Skeletal Muscle and Commercial Non-Muscle Actin

G-actin (rabbit skeletal muscle and human platelet non-muscle) samples were
prepared from lyophilized actin monomers by dissolving the powder in deion-
ized water up to a concentration of 10 mg/ml. Solutions were further diluted
by the addition of G2-buffer (2 mM Tris HCl, 0.2 mM adenosine triphosphate
(ATP), 0.5 mM dithiothreitol (DTT), 0.1 mM CaCl2, 0.001 mM NaN3, pH 7.8).
Carboxylated probe particles (2 µm, L4530, Sigma) were coated with bovine
serum albumin (BSA) by incubation with a BSA solution (1 mg/ml BSA in G-
buffer (2 mM Tris HCl, 0.1 mM CaCl2, 0.001 mM NaN3, pH 7.8), Thermo Fisher
Scientific) and subsequent washing with G-buffer (3x). The polymerization of
G-actin to F-actin was achieved by adding 1/10 of the final volume in polymer-
ization solution (FE) (20 mM MgCl2, 1000 mM KCl, 50 mM EGTA, 0.001 mM
NaN3, pH 7.4).

7.2.2 Cytoplasmic β-,γ-actin and arginylated β-actin

Cytoplasmic γ- and β-actin was obtained from yeast as described previously
[205]. They modified a strain of yeast to express actin isoforms with specific
post-translational modifications to approach a synthetic recreation of organism
specific proteins.
In the case of γ- and β-actin, further dilution and polymerization was done
like for the commercially available actins. Arginylated actin was diluted with
GL-buffer (50 mM KCl, 2 mM Tris HCl, 0.2 mM ATP, 1 mM DTT, 0.001 mM
NaN3, pH 8) and deionized water to ensure very low cation concentrations.
Polymerization was initialized with the addition of 0.1 or 1% of the final volume
FE.
The degree of polymerization was verified by ultracentrifugation of polymerized
networks and measurement of the residual concentration in the supernatant
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with a NanoDropTM 2000c spektralphotometer.

7.2.3 General Sample Preparation

Lyophilized and diluted (to 10 mg/ml) actin was stored at -80°C. It was further
diluted (from 10 mg/ml) in G2-buffer on ice for measurements. For depolymeri-
sation the G-actin solution was kept on ice for an hour and then centrifuged to
remove actin oligomers in the supernatant. The Polymerization was initiated in
a glass chamber with a volume of approximately 10 µl by adding 1/10 of the
sample volume in FE-solution. Crosslinkers, motor proteins and probe particles
(dv= 2 µm, BSA-coated, fluorecent green, polystyrene microparticles, L4530)
were purchased (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) and
also added quickly in this step to avoid the buildup of inhomogeneities in the
polymerized network.

7.2.4 Sample Chambers

Sample chambers were prepared from cleaned glass microscopy slides (#1,
60×24 mm, Carl Roth, Karlsruhe, Germany). Double-sided tape was cut to
form a chamber and glued on the slides. The filled chamber was sealed with
cleaned glass coverslips (#1, 22×22 mm, Carl Roth, Karlsruhe, Germany).

7.3 Microrheology

7.3.1 OT Measurements

For active and passive microrheological measurements with optical tweezers
(Nanotracker 2, Bruker JPK) glass chambers with samples were placed in the
optical tweezers setup. The laser was focused in the center of probe parti-
cles with a laser intensity tuned to the elastic properties of the network. For
example, probing nonlinear behavior of highly crosslinked networks requires
high force constants and therefore higher laser intensities than a passive mea-
surement where dampening effects of the laser have to be minimized in order
to record particle motion. For active rheology, the laser-focus was oscillated
with an acousto-optic device (AOD) and the dampened motion of the trapped
particle was recorded with a quadrant photodiode (QPD) in dependence of
frequency and driving amplitude. Passive measurements were performed by
turning the laser intensity to a minimum and recording particle positions with
the QPD. Calibration of the trap’s force constant was done with the same kind
of microspheres in pure G-buffer.
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7.3.2 Passive Measurements - hVPT

Passive microrheology data was collected via holographic video particle track-
ing (hVPT) using monochromatic light from a light-emitting diode (λ = 660 nm)
in a bright-field setup with a 60x objective (CFI Achromat FF, numerical aper-
ture [NA] = 0.80, working distance = 0.3 mm; Nikon) at a frame rate of 138 s−1.
Two-dimensional microparticle trajectories were recorded with a commercial
tracking software (AFS, Lumicks B.V., Amsterdam, the Netherlands) in real
time.

7.3.3 Plateau Modulus

Mechanical properties of the samples were compared in the form of storage
moduli G′ at a specific frequency ω = 0.1 s−1. This value was chosen due to
the proximity of most observed plateau moduli. For some very fluid like sam-
ples, these are hard to determine and the small slope of G′ in this frequency
regime allows a fixed frequency for comparison.
Storage moduli were calculated from mean squared displacements and those
from trajectories. The MSDs were converted to shear moduli as described pre-
viously in chapter 1.3.2.
Particle tracks were collected via hVPT and data was captures at 138 fps in the
technical data management streaming format (*.tdms). These were converted
to MATLAB R2020b [220] files (*.mat) with a custom made code, accessing
function originally published by Jim Hokanson [221]. MSDs were then calcu-
lated from the trajectories and Laplace transformed by accessing function orig-
inally published by the Kilfoil laboratory [222]. The result was plugged in the
generalized Stokes-Einstein equation to obtain the complex shear modulus G∗.

7.3.4 Drag Experiments with Optical Tweezers

Drag experiments for the comparison of non-linear network mechanics were
performed with optical tweezers very similarly to active microrheology. The only
difference is wider displacement of the trapped microparticle (20 µm instead of
a few hundred nm) and a linear displacement with high force constants (high
laser intensity).
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7.4 Measurement of Persistence Lengths and Length Distri-
butions

F-actin was prepared with at a concentration of 1 mg/ml and polymerized like
described before and then further diluted by a factor of 1000 in G-buffer to
enable the observation of non-overlapping, single filament fluctuations.
Two different approaches were taken for the visualization of these. The first is
direct observation of pre-labled filaments in solution in thin chambers, which
suppress z-undulations. They consist of a microscope glass slide (#1, 60×24
mm2, Carl Roth), washed spacer particles (2 µm, L4530, Sigma) scattered
around the sample and a cover slide (#1, 24×24 mm2, Carl Roth). The slides
are plasma-cleaned, passivated by coating with PLL-g-PEG-coated (2 kDa,
SuSoS AG) and sealed with two-component silicone (eco-sil, Picodent GmBH)
to reduce drift and avoid evaporation. The sample volume is 0.3 µl. Label-
ing is done via an excess of Alexa FluorTM 488 phalloidin (Cytoskeleton, Inc,
Denver, CO) for all isoforms and a covalent rhodamine labeling for α-actin and
nm-actin.
For the second approach, filaments adhere to a surface, which fixates their po-
sition and enables the comparison of the bending stiffness of pre-labeled and
unlabeled filaments.
Microscope glass slides (#1, 60×24 mm2, Carl Roth) were plasma-cleaned
and coated with poly-d-lysine (PDL, Sigma-Aldrich). A diluted F-actin filament
sample (1 µl) was carefully added to the slide and spread. The sample was
either pre-labeled (saturated with Alexa FluorTM 488 phalloidin) or unlabeled,
in which case phalloidin was added after adhesion of the filaments. Finally, the
droplet was covered with a saturated sucrose solution to avoid quick evapora-
tion.
Data for filament length distributions was collected equivalently
Images of filaments were taken with a confocal laser scanning unit (FluoView
FV10, Olympus) connected to an inverted microscope (Olympus IX 83) with a
100× oil-immersion objective (UPLFLN100XO2PH, Olympus) ). Raw images
were binarized and skeletonized with the ImageJ plugin Ridge detection [223].
The resulting minimal filaments are combined to stacks and analyzed via the
MATLAB based software Persistence (De La Cruz Lab) as cosine correlation.

So, persistence lengths of actin filaments were determined by imaging of flu-
orescently labeled filaments in thin (diameter >2 µm) glass chambers like de-
scribed before [65]. The persistence lengths were then determined by skele-
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tonization of the filaments and analysis of the angular cosine correlation like
described by De La Cruz et. al. [71, 153].

7.5 Network Structure Analysis

7.5.1 Imaging

Images of filaments, networks and cell structures were taken with a confocal
laser scanning unit (FluoView FV10, Olympus) connected to an inverted micro-
scope (Olympus IX 83) with a 100× oil-immersion objective (UPLFLN100XO2PH,
Olympus).

7.5.2 Aster Analysis

Reconstituted actin networks (12 µM) were polymerized together with myosin II
(600 nM). The emerging actomyosin asters were imaged as described before.
Images were then further processed using the open source software FIJI [224]
and a custom written MATLAB [220] program.

7.6 Measuring Protein Concentrations

To make sure, protein concentrations were correctly adjusted, an UV-VIS spec-
trophotometer (Thermo Scientific NanoDrop 2000c) was used at different sam-
ple dilutions. The results were averaged over 10+ measurements. Microrhe-
ological properties like the plateau modulus G0 are highly dependent on the
actin concentration (compare equation 14, [88, 76], so comparing these prop-
erties requires high accuracy with protein concentrations.

7.7 Measuring the Degree of Actin Polymerization

Similar to the actin concentration, the degree of polymerization is also very
important for the same reason. Non-polymerizing actin monomers would also
influence the effective concentration, which is that of F-actin. Usually the in-
troduced G-actin concentration is assumed to fully polymerize and used as
concentration for F-actin. This is a good approximation for measurements
after a dynamic equilibrium is reached, since the critical concentrations for
polymerization are quite low under typical experimental conditions. To con-
firm this, G-actin was polymerized at a known concentration. The samples
reached dynamic equilibrium after 1 h, were centrifuged at 50000 g for 20 min
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with an Ultracentrifuge to remove polymerized actin as a pellet and the super-
natant was measured with an UV-VIS spectrophotometer (Thermo Scientific
NanoDrop 2000c). The remaining concentration subtracted from the initial one
and then divided by the initial concentration gives the degree of polymerization
and should be very close to 1. It was confirmed to be between 0.95 and 0.98.

7.8 Buffers and Polymerization Solutions

buffer substance concentration [mM] pH

G-buffer Tris HCl 2 7.8
CaCl2 0.1
NaN3 0.001

G2-buffer Tris HCl 2 7.8
ATP 0.2
DTT 0.5

CaCl2 0.1
NaN3 0.001

GL-buffer Tris HCl 2 8
KCl 50
ATP 0.2
DTT 1
NaN3 0.001

F-solution MgCl2 20 7.4
KCl 1000

NaN3 0.001
FE-solution MgCl2 20 7.4

KCl 1000
EGTA 50
NaN3 0.001

F125-solution MgCl2 125 7.4
KCl 1000

EGTA 50
NaN3 0.001
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τe (purple) against the actin concentration. A slope of c−8/5 is
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18 Actin and DNA composite networks are interwoven, but not in-
terlinked structures. Microrheology data reveals viscoelastic prop-
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dotted one. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
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19 Composite properties of F-actin-DNA hybrid networks. Com-
bined structures are significantly stiffer than the sum of both
components’ plateau moduli. The plateau moduli of the com-
posites are plotted against the relative mesh concentration ϕD =

ξD/(ξA + ξD) of DNA. The dark blue circle symbols connected
by a line show the observed plateau moduli from VPT measure-
ments. The orange star symbols connected by a dotted line
are expected results from non-interacting networks on the ba-
sis of the tube model with G0 ∼ c7/5. The single data points
are for mixtures of varying compositions of co-polymerized DNA
and muscle F-actin filaments. The concentrations and resulting
mesh sizes are shown in table 7. The green and magenta dia-
mond symbols demark the measured plateau moduli for 6 and
8.2 µM F-actin and DNA, respectively. . . . . . . . . . . . . . . . 51

20 Nonlinear strain stiffening of F-actin-DNA composite networks.
The relative differential modulus (K/K0, where K0 is the linear
differential modulus at low strain), is plotted against the dis-
placement ∆xD for A) a pure actin network at 12 µM (green),
B) 16 µM DNA (orange), E) an actin-DNA composite network
at 6 and 8 µM respectively (blue) and an overlay of all K/K0 is
shown in F). The force curves below them show examples for
corresponding drag force (FD) curves against displacement data
in C), D) and G). Mean force curves are shown in H) with differ-
ent colors for each composition, ranging 12 µM actin and 0 µM
DNA (green) over 0 µM actin and 16 µM DNA (orange) to 6 µM
actin and 8.2 µM DNA (blue). . . . . . . . . . . . . . . . . . . . . 56

21 DNA-networks significantly change the contraction and bundling
properties of F-actin. A) An actomyosin network with 24 µM
actin, 2.2 µM myosin and 24 µM DNA. Bright green dots are
2 µm fluorescent microparticles for VPTMR. C), E) Bundled actin-
DNA composite networks with 24 µM actin and 24 µM DNA. In
C) the bundling is induced by 2 µM α-actinin, in E) by 30 mM
Mg2+-ions as counterion condensation. B), D) and F) show com-
parable actin networks without DNA structures. Scale bars are
10 µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
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22 Micrographes of the crosslinked and contracted actin-DNA struc-
tures. A), B), C) are CLSM images of actin-DNA networks at
24 µM each. A) shows a purely entangled network, B) one
with additional α–actinin (2 µM) as well as Myosin II (2.2 µM)
in C). Bright green dots are 2 µm fluorescent microparticles for
VPTMR. Scale bars are 20 µm. . . . . . . . . . . . . . . . . . . . 61

23 Mechanical properties of the crosslinked and contracted actin-
DNA structures shown in the previous figure. The shear moduli
G′ (straight line) and G′′ (dotted line) measured by VPT corre-
sponding to Figure 22 are shown. The orange lines belong to
A) and show a purely co-entangled actin network at 24 µM, the
green lines to B) with additional crosslinkers (2 µM α-actinin)
and the blue lines to C) with additional motor proteins (2.2 µM
Myosin). A slope of ω3/4 is shown as a black line. . . . . . . . . . 62

24 Support-free 2D-actomyosin carpet network. A) Reconstituted
network structure of α-actin filaments connected by myosin minifil-
aments. It is floating in G-buffer between microparticles (d =

15 µm, silica) and was compressed by pouring a saturated su-
crose solution over a 3D-actimyosin network, polymerized on
a solid and thin (d = 15 µm) sucrose crystal structure. The
sucrose was finally washed away with G-buffer. Approximately
50 µm of 10 µM actin and 1 µM Myosin were compressed to the
thin (< 1 µm) structure. The z-stack side views above and on
the right of the panel show the distance from the surface and
a microparticle below the structure. B) CLSM fluorescence plot
perpendicular to the carpet network plane. It shows the distence
of the network from the glas chamber surface and the thickness
of the structure. Scale bars: 15 µm. . . . . . . . . . . . . . . . . 63
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25 β-actin (green) and γ-actin (red) are locally segregated in MDCK
II cells in monolayers A) and in small clusters B), with β-actin be-
ing localized in basal stressfibers (A,B, left panel) and γ-actin be-
ing localized at the apical cortex (A,B, right panel). An orthogo-
nal view (A,B, bottom panel) shows, that the cell-cell-boundaries
mainly consist of β-actin. These findings are consistent with [12].
In addition, SK-OV-3 cells C) show the same segregation (scale
bar: 20 µm). D) The main differences between the isoforms are
located at the N-terminus. E) Although those differences appear
insignificant by themselves, the N-termini of actin monomers are
located at very exposed positions along the filament (adapted
from [181]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

26 The architecture of purely entangled actin networks does not
depend on the isoform. However, upon probing the microrheo-
logical properties via hVPT significant differences can be identi-
fied. Panal A) shows confocal images of actin networks (12 µM)
for the different isoforms as indicated. B) Corresponding shear
moduli with the elastic modulus ind black and the loss modu-
lus in red. C) Scatter plot of the plateau moduli for the three
isoforms and the mixture nm-actin with mean values. Mean-
squared displacements for the three isoforms in different colors
as indicated. Scale bars are 20 µM. . . . . . . . . . . . . . . . . 72

27 The architecture of ABP-supplemented networks does not dis-
play significant differences, however, hVPT measurements re-
veal microrheological differences of such actin networks depend-
ing on the probed isoform (A,B for 120 nM fascin and 180 nM
Arp2/3 + 930 nM nWASP). C) Further isoform-specific proper-
ties become noticable upon closer inspection of the respective
plateau moduli G0 of each reconstituted network. . . . . . . . . . 73

28 Analysis of contraction based structure formation for different
actin isoforms. A) Actomyosin networks constituted from the dif-
ferent isoforms display significant variety in their appearance.
B) Clusters of actomyosin, also called asters, are visible in all
samples, however, their size distribution and C) area occupation
largely depend on the isoform. D) Asters deplete their surround-
ing of actomyosin, however, this depletion depends on the range
of myosin mediated pulling as well as on the size of the aster. . . 76
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29 Single filament mechanics analysis of βarg- and βac-actin. A)
CLSM micrograph of labeled βarg-actin filaments in a thin sam-
ple chamber to suppress undulations out of the focal plane. B)
Angular cosine correlation against the segment length s for βarg-
actin at low (red) and high (orange) cation concentrations and
βac-actin as well at low (green) and high (blue) cation concen-
trations. C) Zoom out for B) to larger s. Scale bar is 10 µm. . . . 88

30 Cluster-formation of arginylated actin compared to the polymer-
ization of acetylated β-actin. CLSM images of acetylated (A, C
and E) and arginylated (B, D and F) actin networks at different
times (1 min, 60 min and 2000 min in yellow) after initialization
of the polymerization. . . . . . . . . . . . . . . . . . . . . . . . . 91

31 Formation of entangled networks of arginylated actin after the
reduction of cation concentrations in the buffers. CLSM images
of arginylated actin networks (A, B and C) polymerized at differ-
ent actin concentrations and buffer conditions. A) shows arginy-
lated actin at 6 µM and 2 mM Mg2+, B) the same conditions after
the addition of EDTA, which reduces the effective concentration
of divalent ions by chelating them. C) shows a filament network
of 3 µM arginylated actin at significantly lower cation concen-
trations. An entangled network of acetylated actin at 12 µM is
shown in D) for comparison. Scale bars are 10 µm. . . . . . . . . 92

32 Viscoelastic shear properties of βarg-actin in comparison to βac-
actin. A) shows an exemplary measurement of the viscoelastic
behavior for an entangled arginylated actin network (6 µM). The
shear moduli show a typical shape for entangled networks. The
black lines are a mean of the single measurements for G′ (dark
blue) and the dotted one of G′′ (dark orange). B) entanglement
times (purple) and reptation times (green) for different concen-
trations of arginylated actin. A black line indicates a slope of
c−8/5. C) Plateau moduli for different concentrations of arginy-
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33 Drag experiments with microparticles pulled through acetylated
and arginylated actin networks with optical tweezers. A) and B)
show drag forces against displacements. In A) different concen-
trations of arginylated actin are shown (1 µM: yellow, 3 µM: blue
and 6 µM: green). B) compares data for arginylated (blue) and
acetylated (orange) actin at a concentration of 3 µM. The cor-
responding relative differential moduli K/K0 are depicted in C)
and D) in the same colors. . . . . . . . . . . . . . . . . . . . . . . 96
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EM electron microscopy

GAUSS Georg-August-University School of Scienc
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VPT video particle tracking
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List of Variables and Constants

lp persistence length

l0 initial length of an object

σ mechanical stress

A area

E elastic modulus

ϵ mechanical strain

κ bending stiffness

kB Boltzmann constant

T temperature

D spatial dimensionality of a system

c concentration

lc contour length

ω angular frequency

ν Poisson’s ratio

ϵ̇ strain rate

η dynamic viscosity

∆s shift of the parallel planes against each other (shear deformation)

ν Poisson’s ratio
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lm monomer length

su number of subunits per monomer

s coordinate along the filament

ξ mesh size

τ time step

r⃗(s) chain segment position

r̂t(s) unit tangent vector

Eb energy penalty for filament bending

C(s) tangent vector autocorrelation function or cosine correlation in 2D

θ(s) tangent angle (cosine correlation)

ωr reptation frequency

ωe entanglement frequency

τr reptation time

τe entanglement time

FD drag force

Abt amplitude of bending fluctuations

ζ translational friction coefficient

kon, koff binding rated (on and off)

Reff effectively bound total number of crosslinks

σA stress amplitude

ϵA strain amplitude

δp(ω) phase shift

mẍ mass

fR(t) random forces

η∗ complex viscosity
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κt force constant of the riving force (OT laser)

Ad amplitude driving force

ζf(t) memory function

r⃗ position verctor

G̃(s) Laplace transformed shear modulus

Γ gamma function

t time

h distance of parallel planes from each other (shear deformation)

F force

T torque

l length

K differential modulus

K0 initial differential modulus

G0 plateau shear modulus

G∗ complex shear modulus

G’ storage modulus

G” loss modulus

i imaginary uni

V Volume

a edge length of a cube

R number of crosslinks

I moment of inertia

Θ(iω) sample deformation

kg geometry specific constant for rheometer measurements

x one dimensional particle position in a laser trap (OT)
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a particle radius

D dampened amplitude of particle oscillation (OT)

v velocity
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