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1
Introduction

The human body consists of more than 15 trillion cells which can be classified into more
than 200 different cell types [1, 2]. Each cell type has a very specific function to ensure
the well-being of the entire organism [3]. These functions strongly rely on the “skeleton
of the cell”, the cytoskeleton. The cytoskeleton consists of several different biopolymers,
passive crosslinkers and active motor proteins which interact with each other. Actin filaments,
microtubules and intermediate filaments (IFs) are three cytoskeletal biopolymer families,
shown in fluorescence images in Fig. 1.1. Each of these biopolymers is responsible for
certain cellular tasks: Amongst other functions, actin filaments regulate cell motility, form the
contractile ring during cell division, contract the cell together with myosin motor proteins and
maintain the cell shape [3]. Together with other proteins, microtubules pull the chromosomes
apart during cell division and operate as a “railway system” for nutrient transport inside the
cell [3]. Microtubules are also highly dynamic filaments which, for example, allows them
to efficiently couple to chromosomes during cell division [3–5]. IFs act as “shock absorbers”
in cells, they ensure mechanical stability of the cell and they connect and stabilize cell-cell
junctions in desmosomes [3, 6–9].

In contrast to actin and tubulin, IF proteins are expressed in a cell-type specific manner [10–
12]. For example, smooth muscle cells primarily express desmin, fibroblasts primarily express

Composite Actin filaments Microtubules
Vimentin

intermediate
filaments

Keratin
intermediate

filaments

Figure 1.1: Confocal fluorescence images of National-Institutes-of-Health-3T3 fibroblasts and their cytoskeletal
filaments (composite on the left): Actin filaments (green), microtubules (blue) and vimentin IFs (red). All keratins
stained in a keratinocyte (orange). Imaged by Dr. U. Rölleke (University of Göttingen).
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vimentin, and epithelial cells and keratinocytes mainly express keratins [3], see Fig. 1.1 for
stained vimentin and keratin IFs in fibroblasts and keratinocytes, respectively. The cell-type
specific expression makes IFs ideal candidates to fine-tune the mechanical properties of cells
[12]. Important cellular processes associated with a change in cell mechanics involve a change
in IF type expression, which happens, for example, during the epithelial-to-mesenchymal-
transition (EMT). EMT occurs during embryogenesis [13], wound healing [14] and cancer
metastasis [15]. During EMT, the IF protein keratin is downregulated and the IF protein
vimentin is upregulated [16, 17]. Since EMT happens during cancer metastasis, vimentin
expression increases and high vimentin expression levels serve as a tumor marker [18–20].
Mesenchymal and metastizing cells are more motile and might be exposed to larger stresses
and strains than endothelial or stationary tumor cells. However, it is unclear whether the
expression of different IF proteins is the only cause of different mechanical behaviors.

In cells, cytoskeletal filaments form networks as shown in Fig. 1.1. The interactions
between these networks are crucial for homeostasis [21]: For example, the interactions
between actin filaments and vimentin IFs are required for successful mitosis [22, 23], actin
filament-microtubule crosstalk supports the cell shape and cell polarity during migration [24,
25] and vimentin IFs and microtubules form closely associated bundles in migrating epithelial
cells [26]. The vimentin network collapses to the perinuclear region when microtubules are
depolymerized [27], and vimentin IFs stabilize microtubules against lateral fluctuations [28].

Diameter

Persistence length

Actin filaments Intermediate filaments Microtubules

8 nm [3] 9-11 nm [29–31] 25 nm [3]

10 µm [32–34] 1 µm [35–40] 1 mm [32, 34]

Turnover time scales h [41–43]min [44] s - min [45]

(order of magnitude)
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Figure 1.2: Overview of cytoskeletal filaments, (a) their physical properties and (b) their network properties
under strain (Used with permission of Rockefeller University Press, from Ref. [46]; permission conveyed through
Copyright Clearance Center, Inc).

On top of physiological relevance, composite systems of different cytoskeletal filaments
are highly interesting from a physics point of view: The three different cytoskeletal filaments
mentioned above have different physical properties, such as different diameters (8–25 nm),
highly different persistence lengths (1 µm–1 mm) and different turnover time scales (1 s–1 day)
as summarized in Fig. 1.2a. Networks consisting of these three different cytoskeletal filaments
have very different extensibility and stretchability, with the most stable and extensible one
being the IF network, as shown in Fig. 1.2b. In a composite system, interactions between
cytoskeletal filaments can lead to a different physical behavior than the mere average behavior
of both, i.e. these systems can exhibit new physical properties. To better understand these
systems, it is vital to disentangle the properties of single components from the new properties
emerging from the interaction between these components. Next to the expression of different
IF proteins, the three named cytoskeletal filaments with their highly different properties and
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their interactions equip the cell with a mechanical “toolbox” to adapt and control cellular
mechanics [21]. To understand the specific mechanics of each “tool” better, in vitro studies
offer a precise control over the studied protein and its environment.

In this thesis, we quantify and characterize the interactions within and between cytoskele-
tal filaments by focusing on two different in vitro systems: (i) On the molecular scale, the
mechanical behavior of stretched keratin and vimentin IFs is studied and compared and (ii),
on the filament scale, the interactions between microtubules and vimentin IFs are examined.
Both studies are conducted with optical tweezers which allow for a quantitative control of
forces, extension and buffer condition in combination with microfluidics. In case of single
filaments, we present how interactions within these filaments determine their stiffness and
extensibility. In case of the two-filament system, the influence of interactions between mi-
crotubules and vimentin IFs on dynamic microtubules are investigated. With theoretical
modeling and simulations, we link the mechanical properties of different IFs to their molecu-
lar architecture and interactions within the filament. With the modeling approach we show
how direct interactions between microtubules and vimentin IFs affect microtubule dynamics.
Furthermore, modeling these interactions between filaments allows us to draw conclusions
about the interactions within dynamic microtubules. The combination of experiments and
modeling enables us to distinguish between single component and emerging properties. In
both studied systems, interactions within and between filaments result in a different behavior
than expected from the mere sum of the single parts of each system. Thus, on top of the
differences between the filaments summarized in Fig. 1.2, the results in this thesis show that
tuning interactions within and between the filaments might be another vital tool for cells to
adapt their mechanics.

In Chapter 2, we review the current literature and theoretical models on the cytoskeletal
filaments discussed above with a focus on IFs and microtubules. In the case of IFs, the
molecular architecture and physical properties of keratin and vimentin IFs are directly
compared. In its first half, Chapter 3 offers a brief description of the physical principles of
optical tweezers. Models of single and parallel bonds, which are needed to describe the
interactions within and between filaments, are summarized in the second half of Chapter
3. The details of protein preparation, the usage of optical tweezers and the microscopy
techniques employed in this work are explained in Chapter 4. The detailed simulations and
models of interactions within and between filaments can be found in Chapter 5.

Chapter 6 presents the implications of different lateral interactions strength within keratin
and vimentin IFs. The different mechanical behaviors might be a possibility for cells to tune
their mechanical properties via a change in IF protein expression as it happens during EMT.
A theoretical model explains how different lateral interactions within the filaments coin
filament mechanics. Other options for cells to tune filament mechanics on different spatial
and temporal scales are changes in local buffer concentrations and pH (see Section 6.3) and
post-translational modifications (see Section 6.4). We study the effect of these changes on the
interactions within filaments and their impact on mechanics.

In Chapter 7, the mechanical behavior of repeatedly loaded keratin and vimentin IFs in-
cluding their softening, elongation and dissipated energy is compared. Keratin and vimentin
IFs behave highly differently under repeated loading which we explain again with modeling
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of their molecular architecture.
The effects of interactions between cytoskeletal filaments on filament dynamics and

mechanics are studied in Chapter 8. We find that a single interaction between a microtubule
and a vimentin IF strongly affects the behavior of the entire microtubule (Section 8.1). With
optical tweezers, we measure the direct interactions between a single microtubule and a
single vimentin IF. By taking measurements in different buffer conditions, we can differentiate
between electrostatic and hydrophobic contributions. Theoretical modeling allows for the
decoupling of the properties of the filaments themselves from effects resulting from their
interactions. Thus, modeling shows how the direct interactions result in changes of dynamic
microtubules, i.e. the composite system has different properties than the sum of the single
systems. These interactions between different cytoskeletal filaments might be another way
for cells to fine-tune microtubule dynamics. Direct interactions might also be a tool for cells
to adjust filament network mechanics as we show in Section 8.2 for the interactions between
two single vimentin IFs and vimentin networks.

In Chapter 9, we discuss and summarize the common principles of mechanics and the
interactions within and between cytoskeletal filaments. We observe that interactions play
an important role in regulating filament dynamics and mechanics. Reasonable speculations
about the biological functions of the studied interactions are made and ideas for further
experiments are suggested.
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Figure 2.7 is part of the book chapter “Mechanics of single vimentin intermediate filaments
under load” by Anna V. Schepers∗, Julia Kraxner∗, Charlotta Lorenz∗ and Sarah Köster. The
book chapter will be published in the second edition of “Optical Tweezers – Methods and
Protocols” by Arne Gennerich (editor) (2021, Copyright ©2021, Springer Science Business
Media New York) [47]. The original figure is published in Ref. [7].
∗ Equal Contribution.

2.1 Intermediate Filaments

IFs, actin filaments and microtubules are part of the cytoskeleton. In contrast to tubulin and
actin, IF proteins are expressed in a cell-type specific manner [10–12]. A cell can express
different types of IF proteins at the same time and the level of expression can change. For
example, during EMT, vimentin expression is upregulated and keratin expression is downreg-
ulated [12, 18–20]. In total, more than 70 different human IF proteins exist [48, 49] and even
more can be found in other species [50]. Based on their amino acid sequences, IF proteins are
categorized into different sequence homology classes (SHCs), of which the five largest ones
are summarized in Table 2.1 [48, 49]. A keratin of the SHC I has to associate with a keratin of
the SHC II to form a filament [3, 51, 52], while proteins of the SHC III-V do not pair. Keratins
are further classified as soft keratins with a relatively low concentration of cysteines in the
protein or as hard keratins with a relatively high concentration of cysteines in the protein [53].
α keratins mainly contain α helices and β keratins mainly contain β sheets [53]. Epithelial
cells typically express soft α keratins, while more motile cells such as mesenchymal or muscle
cells express vimentin or desmin (SHC III) [3], respectively. Neurofilament proteins (SHC IV)
are the IF proteins expressed in neurons [3]. Lamins (SHC V) protect the nucleus from large
deformations by forming a network which is attached to the inner membrane of the nucleus
[3].

2.1.1 Assembly and Structure of Intermediate Filaments

Although there are many different IF proteins with different primary structures, they share
the same monomeric, secondary structure as shown with the schematic in Fig. 2.1. An
unstructured head and tail domain flank the central rod, which consists of three α-helical
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Sequence
homology class

IF proteins Typical cell type / occurrence

I Acidic keratins (e. g. keratin 18) Epithelial cells
II Basic keratins (e. g. keratin 8) Epithelial cells
III Vimentin, desmin, glial fibrillary

acidic protein, peripherin, syn-
coilin

Mesenchymal cells, muscle cells,
cells of the central nervous sys-
tem, neurons

IV Neurofilament proteins, α-
internexin, nestin, synemins

Neurons

V Lamins Associated with the inner mem-
brane of the nucleus

Table 2.1: Overview of the five largest SHCs of IF proteins [48, 49].

Figure 2.1: Schematic of an IF monomer consisting of an unstructured head and tail and a rod, which includes
three α-helical sections (1A, 1B, 2) and linkers (linker 1, linker 2) which connect the α-helical sections [31].

domains (1A, 1B, 2) and two unstructured linkers (linker 1, linker 12), which connect the
α-helices [31].

In contrast to microtubules and actin filaments, IFs assemble in a very hierarchical manner
as shown in Fig. 2.2 [31, 41]. Two monomers laterally associate in a parallel way to form a
dimer [10, 52]. In the case of keratins, a monomer from SHC I and II associate to a dimer,
e.g. a monomer of keratin 8 and keratin 18 [38]. There are keratin pairs such as keratin 8/18,
but the matching is not unique, e.g. keratin 8 and keratin 19 form filaments as well [51, 52].

2 x 

NP x 

NF x 

Monomer

Tetramer

ULF

Filament

Dimer

Ion addition /
pH change

2 x 

Figure 2.2: Schematic of IF assembly: IF monomers associate laterally to form a parallel dimer. Dimers associate
in an antiparallel manner to form a tetramer. Upon change in pH or addition of salt, NP tetramers associate
laterally to a ULF. ULFs associate longitudinally to form a filament. NF is the number of ULFs in a filament [31,
41].
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Two dimers associate laterally, in an antiparallel way to form a tetramer [31]. To initiate
further assembly from tetramers to filaments, either the pH or the ionic strength of the buffer
is changed [10, 54–59]. NP tetramers associate again laterally to form unit-length filaments
(ULFs). The precise number of tetramers in a ULF depends on the IF protein, e.g. in case of
vimentin NP = 8 and in case of keratin 8/18 NP = 4 [10, 31]. ULFs associate longitudinally
to form a filament [41].

2.1.2 Different Types of Intermediate Filaments

Although IFs share the same secondary structure and highly similar assembly pathways,
their amino acid sequences vary. Thus, IF dimer structure, electrostatics, hydrophobicity,
assembly speeds and final filament properties such as the persistence length, diameter and
number of tetramers per ULF may vary. For a direct comparison, I here focus on vimentin
and keratin 8/18 IFs here since they belong to different SHCs, they are frequent in the human
body, K8/18 is the first IF protein expressed during mammalian embryogenesis [13] and they
are important during EMT [16, 17]. An overview of the comparison is shown in Table 2.2. In
the following, I refer to keratin 8/18 as keratin.

Vimentin monomers are at least 1.7 times more negatively charged and around 1.9 times
less hydrophobic than keratin monomers. Thus, keratin monomers electrostatically repel

Property Keratin 8/18 Vimentin

monomer charge Keratin 8: 6 e, keratin 18:
11 e [49]

19 e [49]

Average monomer hydropho-
bicity (higher value: more hy-
drophobic)

Keratin 8: -59, Keratin 18:
-54 [49, 60]

-107 [49, 60]

Dimer type Heterodimer (keratin 8
and keratin 18 monomer)
[3]

Homodimer (two vi-
mentin monomers)
[3]

Average number of parallel
tetramers per ULF

4 [38] 8 [31]

Compaction step Does not compact [38] Compacts [10, 61]
Average filament diameter 9-11 nm [29, 30] 11 nm [31]
Persistence length and
method to determine it

0.65 µm (rheology) [40], 0.4 µm (rheology) [36],
0.5 µm (bulk rheology)
[37],

0.3-0.48 µm (electron mi-
croscopy) [38]

1.0 µm (AFM, electron
microscopy) [35],
2.0-2.1 µm (fluorescence
microscopy) [39]
3.3 µm (stretching with
optical tweezers) [6]

Table 2.2: Comparison of keratin 8/18 and vimentin IF protein, assembly or filament properties.
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each other less than vimentin monomers, and hydrophobic forces cause a higher attraction
between the keratin monomers in comparison to vimentin monomers. Keratin IFs assemble
around 100 times faster than vimentin IFs [62]. Keratin dimers consist of two different
monomers, keratin 8 and keratin 18, while vimentin dimers are homo-dimers made of the
same vimentin monomers. 4 parallel tetramers form a ULF in case of keratin and 8 parallel
tetramers in the case of vimentin. The diameter of vimentin IFs decreases during assembly
from above 16 nm to around 11 nm, a step, which is called compaction [10]. It is assumed,
that a closer arrangement between coil 1A and the beginning of coil 2 of different dimers
causes the compaction [61]. This closer arrangement is possible due to very specific charge
patterns of the amino acids at the end of linker 1, at the beginning of coil 1B and in linker 12
[61]. Thus, although vimentin has twice as many monomers per cross-section as keratin, the
filaments have a similar diameter of about 9-11 nm [29–31]. Keratin IFs are more flexible and
their persistence length is approximately half the persistence length of vimentin IFs [35–40].

2.2 Experiments on Intermediate Filaments Under Load

In general, important techniques to study the structural changes of IFs during stretching are
wide-angle X-ray scattering, atomic-force microscopy (AFM), optical tweezers [6, 7, 63] and
nonlinear Raman and infrared spectroscopy [64, 65].

2.2.1 Bundles Under Load

In the 1920s, macroscopic samples such as hair or wool consisting of hard α keratin fibers
were studied to understand the mechanical properties of IFs since techniques to investigate
microscopic samples or even single IFs had not been developed yet. For example, crossbred
wool fibers were repeatedly stretched by S. A. Shorter with and without breaks after extension
and relaxation of the fiber [66]. He observed an elastic behavior of the fibers, but also a
hysteresis upon relaxation. The fibers got softer after previous stretching and did not return
to their original length unless they were left to recover for several days. A few years later, J.
Speakman observed very similar effects [67]. Additionally, he loaded the fibers at different
rates and faster loaded fibers exhibited a higher apparent stiffness. Explanations for the
observed effects relied on ideas about the structural changes inside the fibers, but they were
not experimentally proven.

In the 1930s, W. Astbury discovered differences in the small-angle X-ray photographs
of unstretched and stretched hair, which he called α and β keratin, respectively [68–71]. He
concluded that the polypeptide chains inside the hairs unfolded and could form parallel
sheets. 20 years later, L. Pauling and R. Corey identified the structural changes in the hair as
an unfolding of the α helices and a formation of β sheets [72]. W. Astbury’s observation and
naming of α and β keratin resulted in the modern nomenclature of α helices and β sheets. In
1960, E. G. Bendit observed the unfolding of α helices and the formation of β sheets already
at 5% extension. The unfolding of α helices was proportional to the fiber extension [73].

Next to wool fibers and hair keratin, hagfish slime threads shed light on soft-keratin-like
IF mechanics under load [74, 75]. Keratins inside hagflish slime threads exhibit an α-helix-to-
β-sheet transition. Irreversibility of the deformation and subfilament sliding were observed
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as well. In 2014, N. Pinto et al. studied stretched threads made of reconstituted vimentin IFs
with wide-angle X-ray scattering and observed an α-helix-to-β-sheet transition [76].

2.2.2 Individual Filaments Under Load

To understand the mechanics of these IF bundles or even IF networks better, single IFs were
studied as described in the following. L. Kreplak et al. stretched single murine desmin
IFs, human keratin K5/14 IFs and neurofilaments from rat brain with AFM while the IFs
were adhering to a surface as sketched in Fig. 2.3 [77, 78]. The IFs exhibited an enormous
elongation potential up to 3.6-fold their unstretched length at forces up to 3.5 nN before they
broke. Typical AFM images of keratin 5/14 filament are shown in Fig. 2.4 (a) before and
(b,c) after stretching. The elongation was explained with the α-helix-to-β-sheet transition, but
dimer sliding was discussed as a possibility for large elongation and for a reduction in IF
diameter as well [12, 35, 64]. However, IFs were adsorbed to a substrate in all these studies
which influences their mechanical properties [35].

C. Guzmán et al. pushed with an AFM tip on single vimentin IFs dangling above a pore
of a porous membrane [79]. A typical filament and hole profile is shown in Fig. 2.5. The
authors concluded that axial sliding of structures inside the filament was likely. K. T. Sapra
et al. indented lamin IFs embedded in a lamin IF network and attached to nuclear pore
complexes with AFM [80]. They concluded that the lamin network properties determine the
single filament response as well.

Studies with optical tweezers allowed for studies on IFs, which were not adsorbed to a
surface, but free in solution [6, 7, 63, 81, 82]. Simultaneously, the filament was observed with
fluorescence microscopy so that it was easier to ensure that the filament was not a bundle
and that it did not slip off the loading probe. In combination with a microfluidic channel, the
buffer conditions can be changed easily.

The stretching of single vimentin IFs with optical tweezers showed that the stress-strain
curves of vimentin IFs exhibited a very characteristic shape with three different regimes as

Figure 2.3: Sketch of an AFM stretching experiment. The arrowhead in the top left corner indicates the scanning
direction of the AFM. (a) The filament was adsorbed by the surface and imaged with AFM. (b) During one
scanned line, the force applied by the tip was increased to 30-40 nN and the filament was stretched (black arrow).
(c) The filament was imaged after the stretching experiment and the total amount of stretching was approximated
by (L1 + L2)/L0. Fig. from Ref. [77] (2021, Copyright ©2021, with permission from Elsevier).
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Figure 2.4: AFM images of human keratin 5/14 IFs adsorbed to a highly oriented pyrolitic graphite (a) before
and (b) after stretching. A piece of the filament was stretched from 130 to 330 nm, i.e. 2.5-fold. Subfilamentous
structures were visible and the diameter of the filament after stretching appeared to be reduced. Fig. from Ref.
[77] (2021, Copyright ©2021, with permission from Elsevier).

Figure 2.5: Typical profile of a vimentin IF spanned over a hole. The filament was stretched by pushing with an
AFM tip. Fig. from Ref. [79] (2021, Copyright ©2021, with permission from Elsevier).

shown in Fig. 2.6 [6]. The elastic stretching of the α helices causes the first, linear regime (see
1 in Fig. 2.6). At a certain force, the α helices start to unfold, which results in a plateau-like
behavior of the force-strain curve, the second regime. After α-helical unfolding, the remaining
filament is again elastically stretched resulting in a third regime (see Fig. 2.6). With increasing
loading rate, the plateau starts at higher forces and the maximum strain to which the filament
can be stretched decreased [6]. The experimental force-strain curves agree very well with
a mechanical model consisting of a two-state equivalent freely-jointed chain model and an
elastic spring, which is described in detail in Section 2.3.2 [6].

2.2.3 Individual Filaments Under Repeated Load

Repeated loading of IFs sheds light on possible plastic deformations of the IFs. Thus, it is
vital to consider the behavior of single IFs under repeated load. Block, Witt et al. [7] observed
a strong hysteresis and tensile memory of repeatedly stretched vimentin IFs as shown in
Fig. 2.7: The forces during relaxation of a stretching cycle are lower than the loading trace
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Figure 2.6: Force-strain curve of a vimentin IF stretched with 0.5 µm/s. In the first regime (1), the α helices in the
filament are elastically stretched and open in the second regime (2). The cooperative, stepwise opening causes
a plateau-like behavior of the force-strain curve. After unfolding, the filament is elastically stretched again (3).
Data recorded by J. Forsting.

and the loading forces decrease with each repetition. About 70%-80% of the input stretching
energy are dissipated. Monte-Carlo simulations showed that the unfolding of α helices and
the structure of IFs (see Section 2.1.1) result in hysteresis, a high dissipated energy and a
softening after repeated stretching as further explained in Section 2.3.3.

The observed softening of the IFs raised the question of whether vimentin IFs were able
to fully recover after waiting times. Therefore, J. Forsting, J. Kraxner, H. Witt et al. stretched
single vimentin IFs and allowed for a waiting time up to 60 min at a strain close to 0 after a
first stretching cycle [63]. After the waiting time, the IFs did not recover so that the second
cycle did not resemble the first cycle. However, a third cycle resembled the second one at
waiting times of only five minutes. The authors concluded that the α helices unfold under
extension, but do not refold upon relaxation. Instead, the α helices unfold into a third state,
likely a random coil, which is repeatedly stretched. This third state can form a β sheet and
can be trapped in this configuration. This three-state model consisting of the α helix, likely a
random coil and β sheet is described in detail in Section 2.3.2.

Yet, it remains unknown how other single IFs such as keratin IFs react to different loading
rates, buffer conditions and to repeated loading and whether they can act as cellular “shock
absorbers” as well by dissipating a high amount of input energy.

Figure 2.7: Vimentin IFs soften when loaded repeatedly. (a) Extension-time protocol for cyclic stretching. (b)
Force-strain data of a cyclically stretched vimentin IF according to the protocol shown in (a) [7, 47].
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2.3 Models and Simulations of Intermediate Filaments Under Load

There are three main different strategies to model and simulate the force-strain behavior of
IFs under load: (i) Molecular dynamics simulations yield the changes in secondary structure
on an amino acid scale, (ii) two- and three-state models describe the overall behavior of α

helices under load and (iii) Monte-Carlo simulations based on the two-state model result in a
qualitative explanation of repetitively stretched IFs.

2.3.1 Molecular Dynamics Simulations

To resolve the unfolding of vimentin dimers and tetramers under load on the scale of single
amino acids, molecular dynamics simulations are necessary [83, 84]. Notably, the force-strain
curves of single dimers and tetramers resemble the force-strain curves of entire filaments
and they exhibit the same three regimes explained in Section 2.2 shown in Fig. 2.8a. The
advantage of molecular dynamics simulations is that the unfolding of α helices to β sheets or
to an unfolded state can be observed on the scale of single amino acids as shown in Fig. 2.8b.
However, it is not possible to study an entire IF with molecular dynamics simulations since
these simulations would require excessive computational power. Thus, more coarse-grained
models are necessary to capture the mechanics of an entire IF.

2.3.2 Two- and Three-State Models

To describe the force-strain curve of an entire IF as shown in Fig. 2.9a, Block et al. [6]
considered a two-state model. Each α helix in a vimentin IF ULF is modeled as an elastic
spring which is connected to an equivalent freely jointed chain (eFJC) as sketched in Fig. 2.9b.
The eFJC can open from an α-helical state into a longer, unfolded state under force. These
models of α helices are connected in series to model an entire filament.

The number NF of α helices per vimentin IF is calculated from its initial length L and
the lengths of the three different α helices i = 1, 2, 3 in a monomer and their linkers. The

Figure 2.8: Molecular dynamics simulations of the stretching of a vimentin dimer. (a) Molecular dynamics
simulations result in three regimes of the force-strain curve of vimentin dimers at different loading rates (red: 0.1
Å/ps, blue: 0.01 Å/ps): 1. Elastic, 2. plateau and 3. strain stiffening. From Ref. [83]. (b) Molecular dynamics
simulations show the transition of α helices to β sheets in the three regimes marked in (a): In regime 1, α helices
(magenta) are elastically stretched (left panel). In regime 2, α helices open and start forming β sheets (yellow;
center panel). β sheets continue to form in regime 3 (right panel). From Ref. [83]. Entire figure is adapted by
permission from Springer Nature: Springer Nature, Mechanics of single vimentin intermediate filaments under load by
Anna V. Schepers, Julia Kraxner, Charlotta Lorenz and Sarah Köster, © Springer Science+Business Media New
York 2021.
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independent opening of the α helices under force is described by Bell-Evans kinetics. Thus,
the sum of all ith α helices in the filament at force F at time t is described by:

dNu,i

dt
= (NF − Nu,i)k0,i exp

(
Fxα,i

kBT

)
, (2.1)

where k0,i is the force-independent opening rate, kBT is the thermal energy and xα,i the
potential width of the α-helical state as sketched in Fig. 2.9b.

The force a filament experiences at a constant loading rate v for a filament contour length
LC and a Kuhn length LK, results from the eFJC model:

F(t) = keff

(
vt− LC(F, t)

(
1− FK

F

))
, (2.2)

where keff is a spring constant which takes the filament contribution as well as the stiffness
of the experimental setup into account, and FK = kBT/LK is the force scale resulting from
the Kuhn length. The transition rates to the unfolded state are numerically calculated from
Eq. 2.1 and are used for the analytic calculation of the force from Eq. 2.2. The experimental
data are fitted with this model resulting in the average parameters xα,1 = (0.09± 0.04) nm,
xα,2 = (0.12± 0.04) nm, xα,3 = (0.18± 0.06) nm and keff = (0.22± 0.06) pN/nm.

The two-state model is well suited to quantitatively describe the force-strain curves of
vimentin IFs, however, it does not capture the filament recovery behavior upon relaxation of
the force.

To understand the behavior of repeatedly stretched vimentin IFs with waiting times in
between cycles, the two-state model is supplemented by a third state, likely a random coil, to
a three-state model [63]: A filament is stretched, relaxed, kept at about 5 pN for a certain time
and then stretched again. In case of vimentin IFs, the shape of the first cycle is not restored
after reasonable waiting times, however, the shape of the second cycle is the same as the
third cycle. Forsting, Kraxner, Witt et al. [63] conclude that α helices unfold during the first
stretching cycle while in the subsequent cycles, the unfolded state is repeatedly stretched,
but without another conformational change. At high strains, a β sheet can form and the
corresponding amino acids are “locked” in this state [63]. A representation of the energy
landscape of these transitions is shown in Fig. 2.9c.

The three-state model describes the behavior of stretched and unfolded α helices and
random coils, but it cannot reproduce the tensile memory shown in Fig. 2.10a-c.

2.3.3 Monte-Carlo Simulations

Block, Witt et al. [7] designed a Monte-Carlo simulation to describe the hysteresis and tensile
memory of vimentin IFs after cyclic loading. In this simulation, each monomer is represented
by an elastic spring with a dimensionless spring constant κα connected in series to an element
which can open under force to a unfolded state u which has an additional dimensionless
length of ∆L. The monomers are connected in parallel and in series in a way that they
resemble the structure of a vimentin IF as sketched in Fig. 2.10d: NP = 32 monomers are
connected in parallel to represent a ULF with 32 parallel monomers in vitro [31]. Springs
with a dimensionless stiffness κL represent the linkers between the ULFs. The total number
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Figure 2.9: A two-state model quantitatively describes the force-strain and force-time behavior of single vimentin
IFs under load. To describe the behavior of vimentin IFs under cyclic loading, a three-state model is necessary.
(a) Experimental force-time data of a typical vimentin IF (green). The data are well described and fitted with a
two-state model (black) sketched in (b). From Ref. [6]. (b) The two-state model consists of an equivalent freely
jointed chain (eFJC) with potential width xα,i in series with an elastic spring. From Ref. [6]. (c) Three-dimensional
energy landscape representation of our current understanding of α helix unfolding behavior during vimentin
IF stretching. Under force, α helices unfold to an unfolded, random coil state (black solid arrow); during force
relaxation, the random coil shortens (blue arrow). By repeated stretching and relaxing, the random coil is stretched
and relaxed (blue arrow). The extended coil may form into a β sheet (red arrow) which cannot return into a
random coil. Adapted with permission from Ref. [63]. Copyright 2019 American Chemical Society. Entire figure
is adapted by permission from Springer Nature: Springer Nature, Mechanics of single vimentin intermediate filaments
under load by Anna V. Schepers, Julia Kraxner, Charlotta Lorenz and Sarah Köster, © Springer Science+Business
Media New York 2021.
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of connected elements is NF = 100. For simplicity, elements taking into account entropic
contributions during filament loading are not included in this model.

To calculate the force-strain behavior of a filament, the spring constant of the filament
and the reaction rates of the α-helical elements to the unfolded state have to be calculated.
The dimensionless spring constant κ f of the entire filament is:

κ f =

(
NF

∑
j=1

(
1
κL

+
1

κα Aj

)−1
)−1

,

where j is the index of the jth ULF and Aj the number of closed α helices in the jth ULF. If all
monomers in a ULF are in the unfolded state, the ULF elongates by a dimensionless length,
∆L. The sum of all ∆L of all elongated ULFs results in the total additional extension of the
filament λtot. Thus, the total, dimensionless force φ acting on a filament is:

φ = κ f (x− λtot),

where x is the end-to-end distance of the filament. The filament is stretched and relaxed with
a constant velocity v, so that x = vt during stretching and x = xm − v(t− tm) for a relaxation
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Figure 2.10: During cyclic stretching, the extension may be increased or kept constant for each cycle. (a) Extension-
time protocol for cyclic stretching. (b) Force-strain data of cyclically stretched vimentin IFs according to the
protocol shown in (a). (c) A Monte-Carlo simulation of a cyclically stretched vimentin IF qualitatively resembles
the experimental data shown in (b). (a,b,c) Adapted from Ref. [7]. Reprinted with permission from AAAS. (d)
For the Monte-Carlo simulation, springs and elements, which can open under load (i.e. transition from an α
helix to an unfolded state u), are arranged like the monomers in a vimentin IF: NM = 32 monomers are arranged
in parallel (missing monomers indicated by the three dots) to a ULF and ULFs are placed in series. In case all
monomers of one ULF are in the unfolded state, the ULFs elongates by ∆L (green). Here, only two ULFs are
shown for clarity. Entire figure adapted by permission from Springer Nature: Springer Nature, Mechanics of single
vimentin intermediate filaments under load by Anna V. Schepers, Julia Kraxner, Charlotta Lorenz and Sarah Köster, ©
Springer Science+Business Media New York 2021.
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starting at tm at a filament length xm.
If there is at least one monomer of the jth ULF in the α-helical state, the force acting on

the monomers in the α-helical state is shared so that the force acting on each α helix is φ/Aj.
The reaction rate rα→u

Aj
from the α-helical state to the unfolded state of a single monomer in

the jth ULF is:

rα→u
Aj

= Ajrα→u
0 exp

(
φ

Aj

)
,

with the zero-force reaction rate rα→u
0 .

Unfolded monomers in ULFs, which contain at least one monomer in the α-helical state,
can refold to a state with the same length of the α-helical state with an equilibrium reaction
rate γ = ru→α

0 /rα→u
0 since the force mainly acts on the intact α helices. ru→α

0 is the zero-force
reaction rate of a monomer from the unfolded state to a state with the same length of the
α-helical state. If all monomers are in the unfolded state, the force is equally distributed, so
that each monomer experiences the force φ/NP. Thus, the refolding rate ru→α

Aj
of unfolded

elements to a state as long as the α-helical state is:

ru→α
Aj

=

 Bjγ for Aj > 0

NPγ exp
(
−φ
NP

)
for Aj = 0,

where Bj = NP − Aj is the number of elements in the unfolded state in the jth ULF. The
free energy difference between the α-helical state and the unfolded state determines γ by
∆G/(kBT) = ln γ.

To obtain the force-extension behavior shown in Fig. 2.10c, the model is Monte-Carlo
simulated with the Gillespie algorithm. At the beginning of the first stretching cycle, all
monomers are in the α-helical state. To simulate the elongation during the next stretching
cycle, the monomer states resulting from the loading and relaxation of the the previous are
set as the initial states.

2.4 Microtubules

Next to IFs and actin filaments, microtubules are essential cytoskeletal filaments since they
secure nutrient transport, the formation of the mitotic spindle and cellular structure [3].

2.4.1 Structure and Assembly of Microtubules

Microtubules are hollow cylinders with an outer diameter of about 25 nm [3] and an inner
diameter of about 13 nm [85] as indicated in blue and white measurement marks in Fig.
2.11a. In contrast to IFs, microtubules do not follow a highly hierarchical assembly, but
tubulin dimers polymerize and depolymerize at the ends (see Fig. 2.11a) [3]. Tubulin dimers
consist of an α- and a β-tubulin monomer, which share about 40% identical residues [3]. After
purification and in physiological conditions, tubulin is only found in the form of dimers [3].

Microtubules typically nucleate from centrosomes in vivo or from stabilized seeds in vitro
at 37◦C in buffer conditions described in Section 4.3.3 and 4.6 [3]. The assembling tubulin
dimers form a hollow cylinder with usually 13 parallel tubulin strands, the protofilaments, as
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sketched in Fig. 2.11a [3]. Between the first and thirteenth protofilament, most microtubules
exhibit an offset of 1.5 dimers, called the seam. Compared to IFs, microtubules are polar
and have a faster and a slower assembly end, the plus and the minus end, respectively. The
association and disassociation rates of single tubulin dimers depend on the microtubule end,
on the nucleotide which is incorporated in the dimer and on the free tubulin concentration
M f in the surrounding solution [86]. A tubulin dimer can only polymerize when it is bound
to a guanosine triphosphate (GTP) molecule. Once the GTP dimer is incorporated into the
microtubule lattice, the GTP hydrolyzes to guanosine diphosphate (GDP) with a specific rate.
Thus, GTP dimers are mainly located at the tip of a microtubule. This part of the microtubule
is often referred to as the GTP tip or cap. GDP dimers are less stable in the microtubule lattice
configuration than GTP dimers. Thus, GDP dimers dissociate with a higher rate than GTP
dimers so that microtubules rapidly shrink if the GTP cap is lost.

The effective growth rate rt at the end of the microtubule is described by Eq. 2.3 with
the dimer association rate rg and the constant dimer dissociation rate rdt. For GTP dimers,
typical values are rg = (8.9± 0.3) (µM s)−1 and rdt = (44± 14) s−1 at the plus end and
rg = (4.3 ± 0.3) (µM s)−1 and rdt = (23 ± 9) s−1 at the minus end [86]. During rapid
disassembly, GPD dimers disassociate with rates of around (733± 23) s−1 at the plus end
and with around (915± 72) s−1 at the minus end [86]. At a higher free tubulin concentration,
microtubules grow faster. Microtubules only grow if the free tubulin concentration is above
a critical concentration because otherwise dimers dissociate faster than new dimers can
bind. The equilibrium association and dissociation rate of dimers determine the critical
concentration MC, as described by Eq. 2.4.

rt = rg M f − rdt , (2.3)

MC = rdt/rg . (2.4)
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Figure 2.11: (a) Schematic of microtubule structure and assembly. GTP tubulin dimers polymerize into a
microtubule, a hollow cylinder with an outer diameter of about 25 nm (blue measurement mark) [3] and an
inner diameter of about 13 nm (white measurement mark) [85]. A typical in vitro microtubule has 13 parallel
tubulin strands, the protofilaments (black box) [3]. GTP dimers hydrolyze to GDP dimers after incorporation
into the microtubule lattice. (b) Typical kymograph of a labeled, dynamic microtubule imaged with TIRFM. The
microtubule starts rapid depolymerization several times (two catastrophes are highlighted with light blue arrows)
and switches back to polymerization during rapid disassembly once (one rescue; light green arrow).
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The critical concentration is around 5 µM at typical buffer conditions [86]. Thus, when
labeled microtubules are observed with fluorescence microscopy, it is essential to only il-
luminate the surface of the sample because otherwise the background signal is too high to
differentiate between microtubules and free tubulin. Total internal reflection fluorescence
microscopy (TIRFM) is ideal to image microtubules since it penetrates only 100-200 nm into
the sample [87, 88], so that microtubules at the surface can be imaged. To analyze microtubule
dynamics, these data are plotted as a kymograph. A typical kymograph of a dynamic, labeled
microtubule recorded with TIRFM is shown in Fig. 2.11b.

2.4.2 Dynamic Instability of Microtubules

The switching between polymerization and rapid shrinking of microtubules is called dynamic
instability [3]. This behavior is unique to microtubules. When a microtubule grows and
the turnover of GTP to GDP overtakes the polymerization of GTP at the microtubule tip,
the microtubule rapidly depolymerizes. Additionally, missing lateral contacts of newly
polymerized protofilaments can cause the start of a rapid depolymerization [89, 90]. The
switching from polymerization to rapid shrinking is called catastrophe as shown in Fig. 2.11b
(light blue arrow). The switching back to polymerization while the microtubule rapidly
depolymerizes is called rescue (see light green arrow in Fig. 2.11b). GTP islands in the
microtubule lattice, other irregularities in the lattice or polymerizing GTP dimers can cause
rescue [91].

The growth rate, depolymerization rate, catastrophe frequency and rescue frequency are
typical parameters to describe the dynamic instability of microtubules. These parameters are
sensitive to changes in the free tubulin concentration, the ion concentration and pH of the
surrounding solution [45, 91–93]. For example, the catastrophe frequency decreases and the
rescue rate increases for a higher free tubulin concentration. Furthermore, instead of GTP,
microtubules can be grown with a guanosine-5’-[(α,β)-methyleno]triphosphate (GMPCPP), a
slowly hydrolyzing analog of GTP, which suppresses depolymerization [94]. Taxol is another
chemical that stabilizes normally assembled microtubules from their inner shaft so that the
microtubules cannot depolymerize [95].

Dynamic instability of microtubules is still not completely understood in every detail.
There are different theoretical approaches to understand the underlying physics of micro-
tubule dynamics which are explained in Section 2.5.

2.4.3 Binding Energy of Tubulin Dimers Within the Microtubule

An important parameter to understand the physics of dynamic instability is the binding
energy of tubulin dimers to neighboring dimers. This binding energy has to be different
between GTP and GDP dimers to cause rapid disassembly of a microtubule. However, it
is experimentally challenging to pull a single dimer out of a dynamic microtubule lattice.
Yet, the binding energy can be experimentally measured without pulling a dimer out of its
lattice. Also, molecular dynamics simulations of an entire microtubule are computationally
too extensive, but other computational approaches allow for an estimation of the tubulin
binding energy, as an overview in Table 2.3 shows. V. Van Buren et al. are often referred to for
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Method GTP dimer binding
energy (kBT)

GDP dimer binding
energy (kBT)

long. lat. long. lat.

Monte-Carlo simulations com-
pared to experimental data [96]

6.8 to 9.4 3.2 to 5.7 6.8 to 9.4 0.7 to 3.6

Coarse-grained molecular dy-
namics simulations [97]

15.5 9.1 - -

Electron tomography of micro-
tubules and modeling [98]

16.6 5.3 16.6 4.3

Imaging of individual dimers
with interferometric scattering
microscopy [101]

12±0.2 3.6±0.4 - -

Pulling out taxol-stabilized
dimers from the microtubule
lattice with an AFM tip [100]

- - 10 3.9

Estimate from molecular dynam-
ics simulations [99]

31.8±1.9 4.9 25.2±2.0 4.2

Table 2.3: Overview of longitudinal (long.) and lateral (lat.) tubulin binding energies.

tubulin binding energies since they were among the first ones to estimate the binding energy
by comparing Monte-Carlo simulations to experimental data [96]. Coarse-grained molecular
dynamics simulations of tubulin dimer-dimer interactions resulted in values for binding
energies [97]. These simulations took the bending of protofilaments into account and were
later complemented with electron tomography images of microtubules [98]. From molecular
dynamics simulations of the interactions between single dimers, Hemmat et al. estimated the
binding energy of single tubulin dimers [99]. They increased the scale to more coarse-grained
simulations which referred to the binding energies from molecular dynamics simulations as
input parameters. C. Ganser et al. indented a taxol-stabilized microtubule with an AFM tip
and pulled out single or several dimers [100]. K. J. Mickolajczyk et al. observed single tubulin
dimers binding and unbinding to a microtubule by interferometric scattering microscopy.
From the observed kinetics, they deduced the binding energies.

Taking into account all these studies, the lateral binding energy varies between 1 and
10 kBT and is smaller than the longitudinal binding energy for all dimers. Thus, the dimers are
more stabilized by neighboring dimers within the same protofilament than by neighboring
dimers in neighboring protofilaments. GDP dimers are less strongly bound in the lattice
which is important for the rapid depolymerization. The longitudinal binding energies
vary between 7 and 33 kBT for GTP dimers and between 7 and 28 kBT for GDP dimers.
Most of these approaches to calculate the binding energies rely on computational modeling.
Additionally, further experimental approaches are highly needed to measure the tubulin
binding energies.
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2.5 Models and Simulations of Dynamic Microtubules

There are three main approaches how to model dynamic microtubules: Analytic approaches,
Monte-Carlo simulations and molecular dynamics simulations. Analytic approaches describe
the dynamics of microtubules with comparably low computational effort. However, Monte-
Carlo and molecular dynamics simulations result in a more precise picture of the dynamics on
the scale of single tubulin dimers. As we are interested in the interaction of single vimentin
IFs with tubulin dimers, I will focus on previous studies involving either Monte-Carlo
simulations or molecular dynamics simulations.

One of the first and most important Monte-Carlo simulations of a dynamic microtubule
was developed by Odde et al. in 2002 [96]. In brief, they develop a stochastic model which
reproduces the experimentally observed microtubule dynamics: A microtubule is described
as a matrix with an entry for each dimer. The lattice of the microtubule is described with
13 protofilaments and a helical pitch of 1.5 tubulin dimers per turn as sketched in Fig. 2.12.
The first and 13th protofilament are adjacent protofilaments. Four different reaction rates
described the microtubule dynamics: (i) a constant polymerization rate rg, (ii) a neighbor-
dependent depolymerization rate of GTP dimers rdt, (iii) a neighbor-dependent depolymer-
ization rate of GDP dimers rdd and (iv) a constant hydrolysis rate rhy. The polymerization
rate (i) is set to a constant value resulting in the same growth rates observed in experiments.
The depolymerization rates (ii) and (iii) depend on the number and position of neighboring
dimers. A lateral association of a dimer to a GTP dimer or GDP dimer increases the total
binding energy by |∆Glatt| or |∆Glatd|, respectively. The longitudinal association energy of a
dimer to a dimer in the same protofilament increases the binding energy by |∆Glong|. Thus,
from a given rg, the depolymerization rate is calculated:

rd = rg exp
(

∆G
kBT

)
,

1

13

1

13

GTP dimer

GDP dimer

no dimer

Depolymerization
of a GTP dimer

Polymerization

Depolymerization
of a GDP dimer

Hydrolysis

rg

rdt

rdd

rhy

Figure 2.12: Sketch of the microtubule lattice model by Odde et al. [96]. A microtubule is modeled as a matrix
with 13 columns, which represent the 13 protofilaments in a microtubule. There is a pitch of 1.5 dimers between
the first and the thirteenth microtubule. Microtubule dynamics are described by four rates: (i) The polymerization
rate rg of a GTP dimer, (i) the depolymerization rate rdt of a GTP dimer, (iii) the depolymerization rate rdd of a
GDP dimer and the hydrolysis rate rhy of a GTP dimer to a GDP dimer.



2.6. Reconstituted Cytoskeletal Networks 21

where ∆G is the sum of all binding energies. To calculate the binding energy of a dimer inside
the microtubule lattice, all binding energies of the dimers between the respective dimer and
the microtubule tip are summed up. Thus, tubulin dimers in the microtubule lattice far away
from the tip have a very low chance of depolymerization since all dimers in the protofilament
up to the tip have to depolymerize as well.

A hydrolysis rate of rhy = 0.95 s−1 reproduces experimentally observed microtubule dy-
namics [96]. The binding energies resulting in microtubule dynamics similar to experiments
are: ∆Glatt = −3.2 to −5.7 kBT, ∆Glatd = −0.7 to −3.6 kBT and ∆Glong = −6.8 to −9.4 kBT.

The Monte-Carlo simulation by Schaedel et al. modified this model so that dynamics
within the microtubule shaft were described as well [102]. To better understand the rescue
behavior of dynamic microtubules, Fees et al. [91] created two models, which assume
different molecular mechanisms during rescue. They ran Monte-Carlo simulations with a
rescue rate known from the experiments to study the resulting microtubule dynamics. Other
Monte-Carlo simulations capture different features of microtubule dynamics, however, only
molecular dynamics simulations allow for a precise understanding of configurational dimer
changes upon hydrolysis and how these changes affect microtubule dynamics.

For example, molecular dynamics simulations showed that GDP dimers increase the
longitudinal strain along the microtubule lattice [103]. As a consequence, the microtubules
splay apart once the GTP cap vanished. In a multiscale approach, Hemmat and Odde [99]
investigate the interaction energies between single tubulin dimers with molecular dynamics
simulations. They transfer the results to the scale of an entire microtubule so that a molecular
dynamics simulation of all tubulin dimers in the microtubule is not necessary. The micro-
tubule dynamics are determined from Monte-Carlo simulations as described by Ref. [96] with
slight modifications [99]. Most recently, Stewman et al. were able to fully explain dynamic
instability by conformational changes of tubulin based on molecular dynamics simulations
[104]. An overview of tubulin dimer binding energies derived with different approaches is
shown in Table 2.3 in Section 2.4.

2.6 Reconstituted Cytoskeletal Networks

In cells, single filaments are incorporated into networks. Thus, it is vital to understand
the properties of single filaments as described for IFs and microtubules above, but also the
properties of cytoskeletal interactions and networks. It is possible to measure the direct
interactions between two single filaments with optical tweezers: N. Laurens, R. P. C. Driessen
et al., I. Brouwer, G. Sitters et al. and P. Gutierrez-Escribano, M. D. Newton et al. studied
interactions between two DNA molecules [105–107]. Interactions between two single fibrin
fibers were observed by N. A. Kurniawan et al. and Vos et al. [108, 109]. Bergman et al. used
holographic optical tweezers to build three-dimensional microtubule networks consisting
of two or more overlapping microtubules [110]. However, none of these studies include an
analysis with interaction force measurements of many filament pairs nor an analysis of these
data resulting in binding and unbinding rates and interaction energies of the filaments.
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2.6.1 Reconstituted Cytoskeletal Networks of Intermediate Filaments

As mentioned in the introduction, IF networks have astonishing mechanical properties in
comparison to actin filament or microtubule networks: IF networks are highly deformable
and very extensible without rupturing [36, 46]. A relatively soft behavior and strain stiffening
at higher strains is characteristic for IF networks [36, 37, 40, 46, 111–114]. The precise elastic
and viscous moduli vary between the studied IF networks, e.g. between vimentin [36, 46,
112–114], desmin [36, 111], keratin [40, 114–116], IF networks and neurofilament networks
[37]. The network properties can be tuned by adding ions, hydrophobic agents, crosslinkers,
changing the temperature and changing the protein concentration. For example, hydrophobic
agents such as Triton-X100 soften keratin IF networks since the hydrophobic agent blocks
interactions between hydrophobic amino acids [40, 115]. Divalent ions such as magnesium
tune the stiffness of vimentin and keratin networks. For example, vimentin networks in
microfluidic droplets form denser networks for magnesium concentrations above 10 mM
[117]. In contrast to vimentin networks, keratin networks already stiffen with the addition
of 0.25 mM magnesium [116]. The kinetic trapping of keratin networks can be tuned by
temperature, protein concentration or ion concentration and was observed by epifluorescence
microscopy of labeled keratin IFs [118].

2.6.2 Reconstituted Composite Cytoskeletal Networks

Next to pure IF networks, systems consisting of different cytoskeletal filaments were studied
since their interactions are essential for homeostasis as well [21]. Additionally, composite
networks are highly interesting from a physics point of view since they can exhibit different
mechanical properties than a linear combination of the two separate networks. A major
challenge in preparing composite networks is the buffer choice, since proteins can have
very different standard buffers and the composite buffer must not significantly disturb the
protein assembly or stability. Yet, some suitable buffer conditions especially for filamentous
actin (F-actin)-microtubule and F-actin-vimentin systems are known and an overview of all
previously published work on composite network studies is shown in Fig. 2.13.

Filamentous Actin-Microtubule Networks

Microrheology of F-actin-microtubule networks showed that these networks behave as a
linear composition of separate F-actin and microtubule networks [119]. Yet, when a bead
was displaced in an F-actin-microtubule network, stress relaxation of F-actin-microtubule
networks nonlinearly depends on the ratio of actin filaments to microtubules due to different
levels of filament mobility [120]. Studies on dynamic microtubules revealed that microtubule
plus-ends accelerate actin filament assembly via several proteins [121]. Vice versa, actin
filaments reduce the catastrophe frequency of dynamic microtubules depending on the
actin network structure [122]. However, here, the precise interaction mechanism remains
unknown. The structure, stiffness, particle transport properties and bundling of these
composite networks can be further tuned by adding crosslinkers [123–127]. Motor proteins
can switch to another filament at the intersection of actin filaments and microtubules, and
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Figure 2.13: Overview of studies on composite cytoskeletal systems.
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increase the rigidity and connectivity of the network compared to pure actin networks with
motor proteins [128].

Filamentous Actin-Intermediate Filament Networks

Most F-actin-IF studies refer to vimentin IFs. In one of the first in vitro studies of F-actin-
vimentin composites, P. Janmey et al. observed a drastic stiffness increase at strains between
0 and 1, which the single-component networks did not exhibit [129]. Thus, apparently,
interactions are likely, but their physical origin and strength remains unclear. O. Esue et al.
observed that F-actin-vimentin networks were stiffer than F-actin or vimentin networks alone
and their interaction was likely mediated by the tail [130]. On the contrary, M. H. Jensen et al.
found a concentration dependent softening or stiffening of F-actin-vimentin networks [131].
In contrast to all previous studies, T. Golde et al. did not report any emergent effects from
the mixture of actin and vimentin IFs [132]. The interaction between F-actin and desmin or
keratin networks were studied in lipid droplets: Desmin and actin filaments were colocalized
[133] and actin filaments stabilized keratin IF networks [134]. Interestingly, keratin networks
cause strain stiffening in F-actin-keratin networks which is about one order of magnitude
stronger than in F-actin-vimentin networks [135].

Intermediate Filament-Microtubule Networks

Studies about vimentin IF and microtubule networks are also not conclusive: P. Janmey et al.
did not observe cooperative effects [129], while I.K. Piechocka observed a decreased strain
stiffening for a vimentin-microtubule mixture with a vimentin concentration of 1 mg/mL
[136]. Concerning the assembly of microtubules, vimentin IFs contain tubulin binding sites
and short peptides of these binding sites inhibited microtubule assembly [137]. Similarly,
dephosphorylated neurofilaments were observed to bind to microtubules [138].

Especially the interactions between IFs and microtubules remain unclear as also apparent
from Fig. 2.13. So far, a direct interaction measurement of two different, single cytoskeletal
filaments has not been carried out. Furthermore, mostly stabilized microtubules or stabilized
actin filaments were studied so that the influence of interactions on the dynamics of actin
filaments or microtubules are barely investigated (see Fig. 2.13). Yet, dynamic filaments are
vital for many cellular functions so that an influence on the dynamics by interactions with
other cytoskeletal filaments is important to understand.

2.7 Scope of this thesis

In summary, it is known that cytoskeletal filaments with their different mechanical properties
and interactions within and between filaments offer a “toolbox” for cells to tune their dynam-
ics and mechanics. Yet, these interactions have not been quantified and it is unclear which
physical forces contribute to these interactions. In this thesis, we measure these interactions,
identify their physical origin and their influence on filament dynamics and mechanics.

In case of IFs, the mechanical behavior of vimentin IFs is already characterized and they
exhibit properties which make them ideal candidates to act as cellular “shock absorbers” and
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“safety belts”. These properties are closely linked to the molecular architecture of the filaments.
However, the mechanical behavior of other IF types, for example, of keratins, and the relation
of the mechanics to their molecular structure remains unknown. IF monomers have the
same secondary structure, thus, differences in the mechanics of IFs might be associated
with differences in the interactions between the monomers. I answer the question on how
interactions within IFs tune their mechanics in Chapters 6 and 7. We quantify and characterize
the interactions within IFs. In case the filament mechanics differ between vimentin and
keratin IFs, the expression of different IF proteins might be a way for the cell to tune its
mechanical properties on a long time scale. Shorter time scales and a more local adaption of
vimentin IF mechanics might be possible via charge changes within or around the filament
(Section 6.3 and 6.4).

The next larger scale after single filament mechanics are filament interactions, which
are also crucial for cellular mechanics as cytoskeletal filaments form interacting networks
in cells. Tuning interactions between cytoskeletal filaments might be another possibility
for cells to control their mechanical properties. As described above in detail, cytoskeletal
networks have been mainly studied separately and often via rheology. In case of composite
systems specifically, a variety of F-actin-microtubule systems with and without crosslinkers
and with dynamic or stable filaments were investigated. Yet, as it is also apparent from Fig.
2.13, systems involving IFs were considered far less. Especially, dynamic filaments such as
dynamic microtubules in combination with IFs were not studied at all. In chapter 8, I present
our results of an IF-microtubule system with the most abundant IF protein in the human
body, vimentin. We answer the question how IFs interact with dynamic microtubules by
directly measuring and quantifying the interactions between a single microtubule and a single
vimentin IF. In previous studies, it also remains unclear, which forces contribute how strongly
to interactions between different cytoskeletal filaments. Here, we decouple hydrophobic and
electrostatic contributions with our experiments in combination with modeling approaches.
With these modeling approaches, we show how vimentin IFs directly influence microtubule
dynamics.

As summarized above, a plethora of methods to determine tubulin binding energy exists,
but they often involve molecular dynamics simulations or stabilization of microtubules.
We suggest a new way of estimating this binding energy without referring to molecular
dynamics simulations and without interfering with the mechanical and binding properties
of microtubule dimers. This estimate relies on theoretical modeling combining interactions
within and between cytoskeletal filaments.
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Theoretical Background

Figure 2.8, Figure 2.9, Figure 2.10 and parts of Section 2.3.2 are part of the book chapter
“Mechanics of single vimentin intermediate filaments under load” by Anna V. Schepers∗, Julia
Kraxner∗, Charlotta Lorenz∗ and Sarah Köster. The book chapter will be published in the
second edition of “Optical Tweezers – Methods and Protocols” by Arne Gennerich (editor)
(2021, Copyright ©2021, Springer Science Business Media New York). The original figures
are published in Refs. [7, 63, 83].
∗ Equal Contribution.

3.1 Optical Tweezers

Optical tweezers trap small objects and measure forces exerted on these trapped objects.
The size of trapped objects may range from 0.1 nm to 10 µm in diameter and typical forces
measured with optical tweezers are 1-1000 pN [139]. In total, four people were awarded a
Nobel Prize for the development or advancement of optical trapping techniques [140]: Steven
Chu (Nobel Prize in Physics 1997), Claude Cohen-Tannoudji (Nobel Prize in Physics 1997),
William D. Phillips (Nobel Prize in Physics 1997) and Arthur Ashkin (Nobel Prize in Physics
2018).

The effect of radiation pressure on µm-sized particles was discovered in 1970 by Arthur
Ashkin [141]: With a single laser beam, he was able to push forward such particles. With
two laser beams, he could trap a bead. In 1986, Ashkin et al. worked with a more focused
laser beam, so that trapping of a particle with a single laser beam in three dimensions
became possible [142]. Since then, the technique was further developed, on the one hand,
to cool atoms by trapping [143], and, on the other hand, to study biological samples. In the
biological context, optical tweezers allow for the investigation of systems on various orders
of magnitude in length scale and force, such as protein folding and motor proteins (pN, nm),
force-extension curves of filaments (pN to nN, µm) or microrheology (pN, µm) as sketched
in Fig. 3.1 [139, 144].
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Figure 3.1: Optical tweezers can access properties of samples at very different orders of magnitude in length
scale: On the sub-nm to nm scale, atoms are trapped and protein unfolding under force is studied. The stepping
of motor proteins on the order of 1 nm to 10 nm is measured with optical tweezers. DNA/RNA and protein
filaments are stretched on the order of 10–100 nm and 1 µm–20µm, respectively. Biological cells and properties
of networks on the scale of 10-100 µm and beyond can be studied with particles trapped by optical tweezers
(microrheology) [139, 144].

3.1.1 Physics of Optical Tweezers

Depending on the size of the trapped object, two different regimes of the trapping force are
distinguished [145]: (i) The Mie regime in which the trapped particle is larger than the laser
wavelength λ and (ii) the Rayleigh regime in which the trapped particle is smaller than the
laser wavelength. In the Mie regime, the refraction of the incoming photons at the surface of
the bead and the resulting change in momentum cause a force that acts on the particle. The
change in momentum is sketched in Fig. 3.2 for two rays, sketched as ray 1 and ray 2. In
Fig. 3.2a, the particle is slightly displaced in the direction of the laser beam. The change in
momentum of the photons pushes the particle to its stably trapped position close to the focus
of the laser beam. Similarly, the changed momentum pushes the particle back towards the
center of the beam if the particle is slightly laterally displaced, as sketched in Fig. 3.2b.

In the Rayleigh regime, the changing photon momentum is not sufficient to explain the
particle trapping. The laser wavelength is larger than the particle so that the “ray picture”
in Fig. 3.2 cannot be applied. To calculate the force acting on a particle, we assume that the
particle diameter is significantly smaller than the wavelength of the laser. This assumption
allows for a rather simple calculation of the trapping forces. The Rayleigh approximation
assumes that the dielectric, trapped particle consists of dipoles. The dipole interaction with
the electric and magnetic field of the laser light results in the Lorentz force acting on the
particle. The total force ~Fopt acting on a particle with volume V and with a polarizability α at
a vacuum permittivity ε0 with the refractive index of the surrounding medium nm with an
incident electric field ~Ei and a scattered electric field ~Es is [145]:

~Fopt =

gradient force︷ ︸︸ ︷
ε0n2

mRe(α)
4

∫
V
∇|~Ei|2dV +

scattering force︷ ︸︸ ︷
ε0n2

mRe(α)
4

(
∇|~Ei|2 + ~Ei~E∗s + ~E∗i ~Es

)
dV,

where ∗ represents the complex conjugate of the respective field. A complete derivation can
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Figure 3.2: Sketch of a spherical particle trapped in a laser beam. The light is refracted since the particle has a
higher refractive index than the surrounding medium. Two light rays (ray 1, ray 2) are sketched to illustrate the
scattering with the simplified picture of light as rays. The light scatters at the transition from the surrounding
medium to the particle and when it leaves the particle. Thus, the incoming momentum of the light rays, ki,
changes to the outcoming momentum ko. The difference in the momenta is ks(1,2). The addition of all changes of
the momenta kall results in the direction of the force Fall pushing the particle back into the focus. (a) If the particle
is displaced parallel to the beam direction, it is pushed back towards the focus. (b) If the particle is displaced
from the beam center, it is pushed back [139].

be found in Ref. [139]. Since the intensity of the laser beam does not change over the volume
of the small particle, the integral of the gradient force ~Fgrad with the laser beam intensity I
can be solved [145]:

~Fgrad =
nmRe(α)V

2c
∇I . (3.1)

The resulting gradient force along the beam axis is sketched in blue in Fig. 3.3.
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Laser light direction

Stable
trapping

Figure 3.3: Schematic of the gradient and scattering forces (blue and dark red, respectively) acting on an optically
trapped particle resulting from a focused laser beam (bright red). The total force (green) acting on the particle
vanishes at the stably trapped position (gray dot). The particle is stably trapped slightly behind the focus of the
laser beam due to the gradient force [145, 146].
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A similar, easy calculation of the scattering force is not possible and an elaborated one
can be found in detail in Ref. [147]. The scattering force is sketched in dark red in Fig. 3.3. It
is approximately constant for small displacements so that it causes a small position offset
which is typically neglected [145]. As sketched in green in Fig. 3.3, gradient and scattering
force result in a force-free trapping position (gray dot in Fig. 3.3) behind the ideal focus of
the laser.

The gradient force increases linearly for small displacements ∆~r of the particle from the
stably trapped position, so that the force increase can be described with a optical trap spring
constant, κi, in the direction i = x, y, z. Assuming a Gaussian beam with width σx = σy in the
transversal direction and σz as the characteristic length in the axial direction and an intensity
I0 with the speed of light c, the Taylor approximation of Eq. 3.1 results in [145]:

~Fgrad = ~Fgrad(∆~r = 0) +∇~Fgrad(∆~r = 0)∆~r + O(∆~r2) (3.2)

=
nmRe(α)VI0

c
√

8π


σ−3

x 0 0

0 σ−3
y 0

0 0 σ−3
z

∆~r = −
(

κx κy κz

)
·∆~r (3.3)

= −~κ∆~r . (3.4)

Thus, the optical trap spring constant resulting from the gradient force is determined by
the laser, the experimental setup, the surrounding medium and by the trapped particle itself.
Many of these parameters are known, but not to sufficient precision to directly calculate the
optical trap spring constant. Additionally, the contribution of the scattering force to the total
force acting on the particle increases for particles larger than 500 nm, so that the calculated
spring constant in Eq. 3.2–3.4 is not sufficiently accurate.

3.1.2 Calibration of Optical Tweezers

To determine ~κ as in Eq. 3.4, there are different calibration methods. The setup we used
(C-Trap, Lumicks, The Netherlands) calibrates the force readout of particle and tweezers with
back focal plane (BFP) interferometry. Small changes of the particle position strongly amplify
the interference signal at the BFP, e.g. a 1% change in scattered incident light causes a change
in BFP interference signal of 20% [145]. In our setup, a position sensitive diode detects the
BFP signal with a frequency of 78 kHz. A detailed calculation of the expected interference
pattern in the BFP can be found in Ref. [145]. A simulated BFP signal is shown in red in Fig.
3.4a (left panel).

Our setup utilizes the Langevin or power-spectrum approach to calculate the spring
constant from the BFP detector signal. The Langevin equation describes the motion of a
trapped particle with position~r subject to stochastic forces ~Fstoch caused by diffusion at time
t:

γb
d~r
dt

+~κ ·~r = ~Fstoch , (3.5)

where γb = 6πηbrb is the drag coefficient of the spherical particle with a radius rb in a liquid
with viscosity ηb. The particle oscillates in the trap due to stochastic thermal forces. However,
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Figure 3.4: (a) The signal (red) on the BFP signal is recorded and binned. A Gaussian distribution is fitted
to the signal histogram (black) and the width of the Gaussian distribution is the signal width σs,i. (b) The
Fourier transform of the BFP signal in (a) results in the power spectral density, which is fitted with a Lorentzian
(black). From the fit, the corner frequency fc,i = ωc,i/2π is determined. Adapted by permission from Springer
Nature: Springer Nature, Introduction to Optical Tweezers by Matthias D. Koch and Joshua W. Shaevitz, © Springer
Science+Business Media New York 2017 [145].

since the particle is trapped, the particle cannot freely fluctuate and this damping of the
oscillations is visible in the power spectral density (PSD). The PSD represents the distribution
of energy on the oscillation frequencies in a certain time interval: The PSD for a trapped
particle is constant for small frequencies and decreases with a power law for frequencies
higher than the corner frequency ωc,i = 2π fc,i in the direction i = x, y, as shown in Fig.
3.4b. The PSD with frequencies ωi is calculated from the Fourier transform of the Langevin
equation in Eq. 3.5 [145]:

PSD(ωi) =
2kBT

γb(ω
2
i + ω2

c,i)
.

ωc,i is determined from the fit of this function to the measured PSD. Since γb is calculated
from known parameters, the trap stiffness is directly calculated [145]:

κi = ωc,iγb .

~κ relates the particle displacement from the central position in the laser beam to a force
acting on the particle. However, the detector measures the BFP signal as a voltage, so that the
conversion factor from the detector signal to the particle displacement has to be determined
[145]. This conversion factor is called the detector sensitivity.

The detector sensitivity can be determined from the comparison of the detected Gaussian
distribution of the particle position with a signal width σs,i to the Gaussian distribution
expected from the equipartition theorem with a width σp,i in the direction i = x, y. The
Gaussian fit to the binned simulated detector signal is plotted in black in Fig. 3.4a. The width
of the signal σs,i is determined from this fit. The expected distribution of the particle position
results from the equipartition theorem:

σp,i =

√
kBT
κ2

i
. (3.6)

Thus, if κi is determined as described above, σp,i can be calculated with Eq. 3.6. The
detector sensitivity sd is calculated by sd,i = σs,i/σp,i.
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If the particle is displaced from its trapped position, the interference pattern detected
by the position sensitive diode changes. With this change in interference pattern, the dis-
placement in µm is calculated with the detector sensitivity. The force acting on the particle
in pN is then calculated from the displacement with the trap stiffness. Corrections and
additional factors in the calculation of the detector sensitivity and the spring constant might
be necessary, e.g. to account for the change in refractive indices at the glass-water interface of
a sample chamber [148]. We do not carry out a calibration in the z-direction.

3.2 Bonds Under Tension

Bonds involved in biological processes are subject to force in many different situations,
e.g. during growth, movements or reproduction. Thus, studying the behavior of bonds
under force broadens the understanding of living matter. Molecular dynamics simulations
would be necessary to analyze the precise position of all molecules involved in the bond.
However, these simulations are computationally too extensive to calculate, for example, an
entire IF. Furthermore, the precise role of each involved molecule might not increase the
physical understanding of larger bond complexes. Therefore, more coarse-grained models,
as described in the following, are helpful to analyze bonds within and between cytoskeletal
filaments.

3.2.1 Bell-Evans Kinetics and Energy Landscapes of Single Bonds

In 1889, S. Arrhenius formulated the Arrhenius equation which describes the binding and
unbinding processes of many chemical and physical bonds. The Arrhenius equation relates
the force-free binding rate rb,0 and the force-free unbinding rate ru,0 of two components with
an activation energy EAb or EAu, which are required to close or open the bond, respectively,
as sketched in Fig. 3.5a [149]:

rb,0 = rb,g exp
(
−EAb

kBT

)
, ru,0 = ru,g exp

(
−EAu

kBT

)
.

ru,g and rb,g account for all unknown factors that are not related to the activation energy
and the force. For example, the collision direction of two possible binding sites enters into
rb,g [150].

In 1978, G. Bell described the force dependence of the bond opening rate involved in
cell-to-cell contacts [151]. E. Evans and K. Ritchie extended Bell’s theory later [152] so that
the general theory became known as Bell-Evans theory or kinetics. The main statement of the
theory describes the unbinding rate ru of bonds as increasing exponentially with the force F
which acts on the bond:

ru(F) = ru,0 exp
(

Fxu

kBT

)
, (3.7)

where xu is the distance from the bound state to the transition state of the bond as sketched
in Fig. 3.5a, and kBT the thermal energy. xu determines how strongly the opening reaction
depends on the force: A higher xu value increases the influence of the force on the unbinding
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Figure 3.5: Energy landscapes of single bonds describe the energy E at the distance χ between two components
which can bind and unbind. The two components can transition from an unbound state to a bound state via a
transition state. The distance between the unbound or bound state and the transition state is xb or xu, respectively.
The two components bind with rate rb and unbind with rate ru. To open or close the bond, the activation energies
EAb or EAu, respectively, are necessary. (a) At force F = 0, the equilibrium free energy difference between the
two states is ∆G. (b) If a force is applied to the bond (continuous line vs. dashed line from (a)), the energy of the
unbound state shifts by xbF = θ+Fd and the energy of the bound state by xuF = θ−Fd. (c) If a force is applied to
the bond (continuous line) and xu is smaller than in (b) (dashed line), the energy of the bound state changes less
than in (b), while the energy of the unbound state decreases more than in (b) [153].

rate. xu in Fig. 3.5b is larger than in Fig. 3.5c, xuF is consequently larger and therefore the
energy difference to the transition state is smaller and the bond opens faster at F > 0.

In general, a bond is not only characterized by its unbinding rate, but also by the binding
rate rb. The equilibrium constant Keq is the ratio of the unbinding and binding rate [153]:

Keq(F = 0) =
ru,0

rb,0
= exp

(
− ∆G

kBT

)
, (3.8)

where ∆G describes the equilibrium energy difference between the bound and unbound state
as sketched in Fig. 3.5a. At force F > 0, the equilibrium constant changes [153]:

Keq(F) = Keg(F = 0) exp
(

Fxc

kBT

)
, (3.9)

where xc characterizes the influence of the force on the equilibrium. xc can further be
interpreted as a characteristic length scale of the system, e.g. in the case of the motor protein
myosin xc = 8 nm [153]. Eq. 3.9 holds true, if the binding rate depends on the force if xc > xu:

Keq(F) =
ru(F)
rb(F)

⇒ rb(F) =
ru(F)
Keq(F)

=
ru,0 exp

(
Fxu
kBT

)
Keg(F = 0) exp

(
Fxc
kBT

)
= rb,0 exp

(
F(xu − xc)

kBT

)
= rb,0 exp

(
−F(xc − xu)

kBT

)
,

rb(F) = rb,0 exp
(
−Fxb

kBT

)
with xb = xc − xu .
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To stress the relative changes of the reaction rates due to force on the bound and unbound
state, xb and xu can be replaced with load-distribution factors, θ+ and θ−, where xb = θ+xc

and xu = θ−xc, so that θ+ + θ− = 1:

rb(F) = rb,0 exp
(
−θ+Fxc

kBT

)
,

ru(F) = ru,0 exp
(

θ−Fxc

kBT

)
.

The changes in the energy landscape due to an applied force and the contributions of the
load-distribution factors are shown in Fig. 3.5b,c.

3.2.2 Parallel Bonds

Bell’s theory was originally applied to the reaction of several parallel bonds, although it is
only a single reaction in the equation describing the unbinding process [151]. However, if the
parallel bonds cannot be described as one effective bond as in case of Bell’s theory, the force
acting on each bond depends on the state of the other bonds, i.e. whether they are open or
closed. For example, a closed bond is loaded with a higher force if the other parallel bonds
are open. Considering A parallel, closed bonds in a closed state a, which can open into an
unfolded state u, the unbinding rate ru,A of all closed bonds with a force-free unbinding rate
ru,A,0 is [154, 155]:

ru,A(F) = Aru,A,0 exp
(

Fxu

AkBT

)
.

If the opened bonds do not close again quickly, the whole bond cluster can “zip” open
because the force acting on the closed bonds increases with each opened bond [155]. The
cluster dynamics depend on the force-independent opening and closing rates of the bonds,
the spring constants of the bonds, the number of bonds and the number of bonds connected
in series, if applicable.

A typical scenario of such bonds connected in parallel and in series is sketched in Fig.
3.6: NP parallel bonds with a spring constant κp can be elastically stretched and can be
opened. These elements are connected to a spring with a spring constant κt, which is the
force transducer. In case of reversible bonds, i.e. when the bonds can close after opening, the
transducer of the system sketched in Fig. 3.6 can be classified as a soft or stiff transducer. If

κp

κt
NP

Figure 3.6: Sketch of NP parallel bonds which can be elastically stretched with spring constant κp and can be
opened. These elements are connected in series to a spring, the force transducer with a spring constant κt [154].
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κt . κp, the transducer is soft and the force on a bond depends on the number of bonds. In
the other limiting case with Neq as the equilibrium number of closed bonds, κt & Neqκp, the
force on a bond does almost not depend on the number of bonds [154]. This description and
classification is vital for the modeling of biopolymers, such as IFs, under load.
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Materials and Methods

Sections 4.2.1, 4.3.1, 4.3.2, 4.4.1, 4.4.2 and 4.5 are either part of the main text or part of the
supplementary material of the publication “Lateral Subunit Coupling Determines Interme-
diate Filament Mechanics” published in Physical Review Letters 123 (188102) by Charlotta
Lorenz, Johanna Forsting, Anna V. Schepers, Julia Kraxner, Susanne Bauch, Hannes Witt,
Stefan Klumpp, and Sarah Köster in 2019 (© 2019 American Physical Society) [156]. Section
6.1 contains the entire main text of this publication.

Sections 4.3.3, 4.4.3, 4.4.4 and 4.6 are either part of the materials and methods or part of the
supplementary information of the publication “Vimentin Intermediate Filaments Stabilize
Dynamic Microtubules by Direct Interactions” in Nature Communications 12 (3799) by Laura
Schaedel∗, Charlotta Lorenz∗, Anna V. Schepers, Stefan Klumpp, and Sarah Köster in 2021
(Creative Commons Attribution 4.0 International License) [157]. Section 8.1 contains the
entire main text of this publication.
∗ Equal Contribution.

IF proteins were purified by Susanne Bauch and Kamila Sabagh. Tubulin was purified and
labeled by Jérémie Gaillard or purified together with Susanne Bauch and Kerstin von Roden.

4.1 Protein Purification

4.1.1 Intermediate Filament Proteins

In brief, E. Coli bacteria were incubated with a plasmid, and the bacteria expressed the
corresponding protein in inclusion bodies as described in detail in Refs. [7, 158]. The protein
was purified from these inclusion bodies by two different ion-exchange chromatography
columns. In this way, we purified human wild-type keratin 8 and keratin 18 and variants
of the human IF proteins vimentin and keratin 8 containing an additional cysteine. The
additional cysteine allows for fluorescently labeling the proteins via malemeide coupling and
for attaching the assembled filaments to malemeide coated beads. In case of the vimentin
variant, an alanine in the rod at position 328 was expressed instead of a cysteine and the
amino acid sequence glycine-glycine-cysteine was additionally expressed at the end of the
monomer tail. In case of the keratin 8 variant, a cysteine was added at the end of the tail. We

https://www.nature.com/articles/s41467-021-23523-z
https://www.nature.com/articles/s41467-021-23523-z
https://creativecommons.org/licenses/by/4.0/


38 Materials and Methods

will refer to this variant as cys-keratin 8 to differentiate between the wild-type keratin 8 and
the variant.

4.1.2 Tubulin

To purify unlabeled tubulin from fresh bovine brain as described in detail in Ref. [159],
we carried out several cycles of microtubule polymerization and depolymerization. We
polymerized microtubules at 37◦C for 1 h and centrifuged them for 90 min at 160000 × g
at 35◦C. Microtubules in the pellet were depolymerized for 30 min at 0◦C. Again, we poly-
merized microtubules at 37◦C for 1 h and centrifuged for 1 h at 200000 × g at 35◦C. The
microtubules in the pellet were depolymerized for 30 min at 0◦C. Microtubules were poly-
merized for 1 h at 37◦C and layered on prewarmed glycerol cushions. The microtubules were
centrifuged through the cushions for 1 h at 200000× g at 37◦C. We resuspended microtubules
in cold buffer and another cycle of polymerization and depolymerization was performed.
We snap-froze the tubulin in liquid nitrogen and stored it there.

4.2 Protein Labeling

4.2.1 Intermediate Filament Proteins

Fluorescent labeling of cys-keratin 8 or vimentin protein: The cys-keratin 8 or vimentin
was labeled with ATTO647N (AttoTech GmbH, Siegen, Germany) via maleimide bonding
[160]: 1 mL of cys-keratin 8 or vimentin at 1 mg/mL was dialyzed (Spectra/Por 25 kDa
for cys-keratin 8, Spectra/Por 50 kDa for vimentin, Spectrum Laboratories, Piscataway, NJ,
USA) into 5 M urea, 50 mM phosphate buffer, pH 7.0 (labeling buffer) overnight. 20 µL
of 10 mM ATTO647N, dissolved in DMSO, were added to the dialyzed protein in 5 µL
portions with an incubation time of 5 min each. The final mixture was incubated for 2 h.
100 µL of 1 M L-cystein (Carl Roth, Karlsruhe, Germany) were added to bind free dye
molecules. After 1 h of incubation, the labeled protein was separated from the free dye by
size exclusion chromatography (Bio-Gel P-30, Bio-Rad, München, Germany) with a 27 mL
column [160]. The labeled protein was washed through the column by adding labeling buffer.
The protein concentration was measured by UV/Vis-spectroscopy (NanoDrop One/OneC,
ThermoFisher, Schwerte, Germany). Afterwards, the labeled cys-keratin 8 was dialyzed to
8 M urea, 50 mM TRIS, pH 9.0 (keratin storage buffer) [160]. Vimentin was dialyzed to 8 M
urea, 50 mM phosphate buffer, pH 7.5 (vimentin storage buffer). All proteins were stored at
-80◦C.

Biotin Labeling of Vimentin: Biotin-maleimide (Jena Bioscience GmbH, Jena, Germany)
was coupled to vimentin with the same procedure as described for the fluorescent labeling
protocol with the exception of the size exclusion chromatography. After 1h incubation
with the L-cystein, three PD25 Miditrap columns (GE Healthcare, Freiburg, Germany) were
equilibrated with labeling buffer. Biotin-labeled and free biotin were separated by a double
elution of the dye and labeled protein mixture over the PD25 Miditrap columns. Labeled
protein was dialyzed to 8 M urea, 50 mM phosphate buffer, pH 7.5 and stored at -80◦C.
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4.2.2 Tubulin

Fluorescent Labeling of Tubulin: After the centrifugation of the microtubules through
the glycerol cushion described in Section 4.1.2, we mixed microtubules with ATTO488-
esterderivative (AttoTech) or ATTO565-esterderivative (AttoTech) and incubated the mixture
at 37◦ for 10 min. The labeled microtubules were layered on a glycerol cushion and cen-
trifuged through the cushion for 30 min at 250000 × g at 37◦C. Afterwards, microtubules
were treated as unlabeled tubulin after the centrifugation through the glycerol cushion.
Biotin Labeling of Tubulin: After the centrifugation of the microtubules through the glycerol
cushion described in Section 4.1.2, we mixed the microtubules with a biotin NSH-ester
derivative (NHS-biotin, Thermo Scientific, Waltham, MA, USA) and incubated them at 37◦C
for 20 min. The labeled microtubules were layered on a glycerol cushion and centrifuged
through the cushion for 1 h at 200000 × g at 37◦. Afterwards, microtubules were treated as
unlabeled tubulin after the centrifugation through the glycerol cushion.

4.3 Filament Assembly

4.3.1 Keratin Intermediate Filaments

For preparation of assembly, K18 (50%), K8 (25%), unlabeled Cys-K8 (20%) and labeled Cys-
K8 (5%) were dialyzed at a total protein concentration of 0.1 mg/mL in a stepwise manner
(8 M, 6 M, 4 M, 2 M, 1 M urea) from keratin storage buffer to 2 mM TRIS, pH 9.0, overnight
[58]. Before assembly initiation, the protein solution was centrifuged for 10 min at 12100 × g
with a Eppendorf MiniSpin centrifuge (Eppendorf AG, Hamburg, Germany) to remove large
aggregates. Keratin IFs were assembled by dialyzing the protein mixture at 0.1 mg/mL into
the standard keratin assembly buffer, 10 mM TRIS, pH 7.5, (LB) at 36◦C overnight [10, 54–58].
About 4% of all monomers had an ATTO647N molecule attached to the C-terminus.

4.3.2 Vimentin Intermediate Filaments

Labeled and unlabeled vimentin were mixed so that in total 4% were fluorescently labeled and
in case biotin-labeled filaments were required, a maximum of 20% biotin labeled monomers
were included. Vimentin monomers were dialyzed at a concentration of 0.2 mg/ml in a
stepwise manner (8 M, 6 M, 4 M, 2 M, 1 M urea) from 8 M urea, 50 mM phosphate buffer
(PB), pH 7.5, to 2 mM sodium PB, pH 7.5, and assembled by dialysis at 36◦C overnight to
vimentin assembly buffer, a physiological, high ionic strength buffer, 100 mM KCl, 2 mM PB,
pH 7.5 (HB) [54–56, 59, 161, 162].

4.3.3 Stabilized Microtubules

We prepared stabilized microtubules with biotinylated ends for optical tweezers by first
polymerizing the central part of the microtubules through stepwise increase of the tubulin
concentration as sketched in Fig. 4.1. Initially, a 3 µM tubulin (5% ATTO-488-labeled)
solution in M2B buffer (BRB80 buffer supplemented with 1 mM MgCl2; BRB80: 80 mM
PIPES, 1 mM MgCl2, 1 mM EGTA, pH 6.8 with KOH) in the presence of 1 mM GMPCPP
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Figure 4.1: Schematic of microtubule preparation. GMPCPP stabilized microtubules were prepared by first
growing the central, biotin-free part through stepwise addition of ATTO488 labeled tubulin (blue). Biotinylated
ends were added by stepwise addition of ATTO565 labeled and biotinylated tubulin (green).

(Jena Bioscience) was prepared at 37◦C to nucleate short microtubule seeds. Next, the
concentration was increased to a total of 9 µM tubulin in order to grow long microtubules.
To avoid further microtubule nucleation, we added 1 µM tubulin at a time from a 42 µM
stock solution (5% ATTO-488-labeled) and waited 15 min between the successive steps. To
grow biotinylated ends, we added a mix of 90% biotinylated and 10% ATTO-565-labeled
tubulin in steps of 0.5 µM from a 42 µM stock solution up to a total tubulin concentration of
15 µM. We centrifuged polymerized microtubules for 10 min at 13000 × g to remove any non-
polymerized tubulin and short microtubules. We discarded the supernatant and carefully
resuspended the pellet in 800 µL M2B-taxol (M2B buffer supplemented with 10 µM taxol
(Merck)). By keeping the central part of the microtubules biotin-free, we ensured that any
streptavidin molecules detaching from the beads could not affect interaction measurements
by cross-linking the filaments.

4.3.4 Determination of Vimentin Filament Length Distributions

To measure the lengths of vimentin IFs (see Supplementary Fig. 8.1), we prepared five 1.5 mL
reaction tubes with 15 µL of a mix of 2.3 µM vimentin in combination buffer (see Section
4.4.3) including all additions as used for the TIRF experiments, such as methyl cellulose,
GTP, and oxygen scavenger (see the previous section for the exact composition of the buffer).
We then incubated the mix at 37◦C for 5, 10, 20, 30, or 45 min. The filament assembly was
stopped by adding 25 volumes of buffer to the tubes. 5 µL of each diluted mix was then
pipetted on a cover glass and a second cover glass was placed on top. Images were taken with
an inverted microscope (IX81, Olympus) using the cellSens Dimensions software (version
1.18, Olympus), a 60× oil-immersion PlanApoN objective (Olympus), and an ORCA-Flash
4.0 camera (Hamamatsu Photonics). The filament lengths were determined using the semi-
automated JFilament 2D plugin (Lehigh University, Bethlehem, PA, USA, version 1.02) for
ImageJ (version 2.0.0-rc-69/1.52p).
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4.4 Optical Tweezers Measurements

4.4.1 Stretching of Single Intermediate Filaments

For optical tweezers measurements, the assembled keratin and vimentin IFs were diluted 1:70
and 1:100, respectively, with the corresponding assembly buffer. The optical tweezers setup
(C-Trap, LUMICKS, Amsterdam, Netherlands) was equipped with a confocal fluorescence
microscope and a microfluidic device as sketched in Fig. 4.2. Polystyrene beads (Kisker
Biotech, Steinfurt, Germany) with a diameter of 4.5 µm were maleimide coated [163] to allow
for covalent binding to the IFs via cysteines. The beads were diluted with the assembly buffer
of the respective studied protein, which was also used as a buffer in the calibration channel.
The buffer in channel (4) was either 10 mM TRIS, pH 7.5, or 100 mM KCl, 2 mM phosphate
buffer, pH 7.5, and each IF was studied in both buffers.

Figure 4.2: Top: Schematic of the microfluidic device used for measurements with the optical tweezers for
stretching single filaments. Bottom: Confocal image of a fluorescently labeled keratin IF captured between two
4.42 µm-diameter-beads; scale bar 2 µm.

Before each measurement, two beads were captured with the optical tweezers in channel
(1), and the trap stiffness was calibrated via their thermal noise spectrum in channel (2). IFs
were attached to the beads in channel (3), and it was ensured by fluorescence microscopy that
only one IF was bound to the beads. The traps with the IF were moved to channel (4) and
incubated for 30 s, unless the measurement was intended to take place in the assembly buffer
of the respective IF protein. One optical trap was moved with speeds between 0.3 µm/s and
2.5 µm/s to stretch the IF in channel (4). The force exerted on the IF by the optical trap as
well as the bead positions were recorded.

For repeated loading of IFs as presented in Chapter 7, one of the traps was moved either
to the same distance or up to the same force value.

4.4.2 Analysis of the Force-Strain Curve of Single Intermediate Filaments

From the optical tweezers data, the strain ε = L/L0− 1 was calculated [7] using the measured
IF length L and the IF length L0 at 5 pN. The averages were calculated by averaging both
force and strain data.

Averaging of force-strain curves: Average force-strain curves were calculated by aver-
aging the force and strain data for all curves in three steps as shown for typical single data
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Figure 4.3: (a-d) Force-strain averaging method for three typical force-strain data sets of single vimentin IFs
in vimentin assembly buffer. (a) Typical force-strain data sets (blue) and stability threshold force (green). (b)
Interpolation of stable force and strain data sets to 200 data points (blue) and average data (black). (c) Projection
of the strain data of the instable filament on the average strain data calculated so far. (d) Average of all force data
(black, solid line) and average calculated with the method used in Refs. [6, 7] (black, dashed line). (e) All data
sets of vimentin force-strain curves measured in vimentin assembly buffer (blue lines) and their average (thick
black line). Note the one outlier curve which does not show the typical plateau-like behavior as the other curves.

sets in Fig. 4.3: (1) The force-strain data sets were classified as stable if the measured force
exceeded 500 pN. For the curves in Fig. 4.3a, one filament was not stable and two were
stable. (2) The force data from the stable filaments were interpolated to the same number
of data points (200). The average of the maximum strain values of all stable filaments was
calculated and set to the maximum strain for all stable filaments as shown in Fig. 4.3b. The
strain data consisted of 200 equally spaced data points from 0 up to the average maximum
strain. The force data of all stable filaments were averaged for each strain value to obtain
the average force-strain curve of all stable filaments as shown in Fig. 4.3b. (3) All instable
filaments were additionally taken into account: The strain value of the average curve of all
stable filaments closest to the maximum strain value of the instable filament was determined
as shown in Fig. 4.3c. The force data of the instable filament were interpolated to the number
of data points which were required to describe the average force data for stable filaments up
to the point where the instable filament broke. The force data of the instable filament were
averaged with the average force curve for stable filaments for each strain value as in Fig. 4.3d.
Since only one filament was instable, but the average force data were calculated from two
stable filaments in steps (1) and (2), the data from the instable filament were weighted as one
third of the average of the two stable curves. The data from the instable filament were only
taken into account up to the strain at which it breaks. 4.3e shows all data sets of vimentin
force-strain curves measured in 100 mM KCl, 2 mM phosphate buffer, pH 7.5, (blue lines)
and their average (thick black line).

In Refs. [6, 7], the force data were averaged without calculating the average strain data.
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Figure 4.4: Force-strain curves comparing the force averaging method as in Refs. [6, 7] (dashed lines) and the
averaging method used here (solid lines) for keratin and vimentin IFs in varying buffer conditions: (a) Keratin
(K) IFs in keratin assembly buffer (LB), (b) vimentin IFs (V) in keratin assembly buffer (LB; blue background),
(c) keratin IFs in vimentin assembly buffer (HB), (d) vimentin IFs in vimentin assembly buffer (HB; yellow
background).

By contrast, the method presented here also takes the average strain into account, avoids
kinks for high strain values and does not calculate the average force-strain curve from a few
data curves only in the high strain regime. Both methods are compared in Fig. 4.3d and Fig.
4.4.

Slope analysis for intermediate strains: For each data set, a linear regression was fitted
to the force data for strains between 30% and 70% of the maximum strain value. All fits are
shown in Fig. 4.5.

Input energy calculation: We integrated the force-strain curves within the force range of
0 to 500 pN using the MatLab function trapz. The results in units of kBT are shown in Fig.
4.6.
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Figure 4.5: Analysis of the slopes of the intermediate regime of the force-strain curves: (a-l) Linear regressions to
the force-strain data from 30% to 70% of the maximum strain. (m-o) Boxplots of the resulting slopes. From top
row to bottom row: increasing loading rates. When comparing vimentin (V) IFs in keratin assembly buffer (LB)
and vimentin assembly buffer (HB) for each loading rates, the slopes did not differ considerably.

Figure 4.6: Input energy of keratin and vimentin IFs in two buffer conditions (blue background: keratin assembly
buffer (LB), yellow background: vimentin assembly buffer (HB)).
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4.4.3 Measurements of Interactions Between Single Filaments

For measurements in the microfluidic chip by optical tweezers, we prepared four solutions
for the four different microfluidic channels as sketched in Fig. 4.7: (I) We diluted streptavidin-
coated beads with an average diameter of 4.5 µm (Kisker Biotech) 1:83 with vimentin assembly
buffer. (II) We diluted the vimentin IFs 1:667 with vimentin assembly buffer. (III.) We
diluted the resuspended microtubules 1:333 with combination buffer (see IV.). (IV.) We
combined suitable buffer conditions for microtubules and for vimentin IFs, respectively, to a
combination buffer (CB) containing 1 mM EGTA (Merck), 2 mM magnesium chloride, 25 mM
PIPES (Carl Roth), 60 mM potassium chloride (Carl Roth) and 2 mM sodium phosphate
(Carl Roth) at pH 7.5. We included an oxygen scavenging system consisting of 1.2 mg/mL
glucose (Merck), 0.04 mg/mL glucose oxidase (Merck), 0.008 mg/mL catalase (Merck) and
20 mM DTT (Carl Roth). Additional 0.01 mM taxol (Merck) stabilized the microtubules. For
measurements with TX100, we added 0.1 % (w/v) Triton-X 100 (TX100; Carl Roth) and in
case of measurements with a total magnesium concentration of 20 mM, we added 18 mM
MgCl2. We filtered the solutions through a cellulose acetate membrane filter with a pore size
of 0.2 µm (Th. Geyer, Renningen, Germany).

We performed the optical tweezers experiments using a commercial setup (C-Trap, LU-
MICKS) equipped with quadruple optical tweezers, a microfluidic chip and a confocal
microscope. Beads, microtubules, measuring buffer and IFs were flushed into four inlets
of the microfluidic chip as sketched in Fig. 4.7. For each measurement, four beads were
captured and then calibrated in the buffer channel using the thermal noise spectrum. One
bead pair (beads 3 and 4) was moved to the vimentin IF channel and incubated there until
a filament bound to the beads (Fig. 4.7II.). Meanwhile, the other bead pair (beads 1 and 2)
was kept in the measuring buffer channel, so that no filaments adhered to those beads. To

Figure 4.7: Schematic of the setup for the optical tweezers experiments for interaction measurements in microflu-
idic flow channels. Four streptavidin-coated beads were captured by optical tweezers (I.). We used one bead pair
(beads 3 and 4) to attach a vimentin IF (II., red), and the other bead pair (beads 1 and 2) to attach a microtubule
(III., green-cyan). We brought the IF and the microtubule into contact in a crossed configuration (IV.). Next, we
moved the IF perpendicularly to the microtubule to study the IF-microtubule interactions while we took confocal
fluorescence images.
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capture a microtubule (Fig. 4.7III.), beads 1 and 2 were moved to the microtubule channel,
while bead 3 and 4 stayed in the measuring buffer channel. Once a microtubule was bound
to beads 1 and 2 and an IF to beads 3 and 4, the bead pair with the IF was horizontally turned
by 90◦ (Fig. 4.8a) and moved up in z-direction by 4.9 µm. The bead pair holding the IF was
moved in the x-y-plane so that the central part of the IF was positioned above the center of
the microtubule (Fig. 4.8aIV.). To bring the IF and microtubule into contact, the IF was moved
down in z-direction until the microtubule was pushed into focus or slightly out of focus. In
a portion of the experiments, we turned the microtubule by 45◦ and visually controlled the
angle by fluorescence microscopy.

The IF was moved perpendicularly to the microtubule in the y-direction in the x-y-plane at
0.55 µm/s, while we measured the forces in the x- and y-direction on bead 1. For a horizontal
movement, we moved the IF perpendicularly to the microtubule in the x-direction in the
x-y-plane at 0.55 µm/s. Simultaneously, we recorded confocal images to see whether an
interaction occurred. In case no interaction occurred after two movements in the x-y-plane,
the IF was moved down in z-direction by 0.4 µm and the movement in the x-y-plane was
repeated. The experiment ended when the microtubule broke off the bead, or the IF or
microtubule broke. In case of the vertical movement in a perpendicular configuration, we
measured 57 pairs of microtubules and vimentin IFs in CB, 38 pairs with TX100 and 36 pairs
with additional magnesium chloride. In total, we moved the IFs 744 times vertically and
perpendicularly to the microtubules in CB, 704 times in CB with TX100 and 542 times in CB
with additional magnesium chloride. In the case of the 45◦-configuration we studied 49 pairs
of microtubules and vimentin IFs and completed 467 movements. In the case of horizontal
movement of the IF in perpendicular configuration with respect to the microtubule, we
studied 43 filament pairs and completed 504 movements.

4.4.4 Analysis of the Interactions Between Single Filaments

The optical tweezers data were processed with self-written Matlab (MathWorks, Natick, MA,
USA) scripts. In case of the vimentin IF movement in the y-direction and a perpendicular
orientation to the microtubule, we analyzed the component of the force F1y acting on bead
1 in the y-direction for each filament pair, since the forces in x-direction were balanced by
the IF, as sketched in Fig. 4.8b. From the raw force data, we manually selected the force
data containing an interaction. Due to interactions of the energy potentials of the different
traps, some data sets exhibited a linear offset which we subtracted from the data. From the
interaction-free force data, we determined the experimental error by calculating the standard
deviation in the force of the first 20 data points. We defined an interaction as soon as the
force F1y deviated by more than 5σF from the mean of the first 20 data points, where σF is
the standard deviation of the force without interactions in each data set. Typically, the force
increased until the interaction ended with a fast force decrease as marked by ∆F1y. We did
not take breaking forces below 0.5 pN into account because they may be caused by force
fluctuations. Since the force detection of trap 1 is the most accurate one in the setup, we
analyzed the force on bead 1 only. To determine the total breaking force FB, we multiplied
the force F1y acting on bead 1 in y-direction with a correction factor cF that is based on the
geometry of the experiment. cF depends on the distance dMT between bead 1 and 2 and the
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Figure 4.8: Protocol and geometry of the optical tweezers experiments. (a) To measure direct interactions between
a single IF (red) and a single microtubule (blue), we turned the vimentin IF in the x-y plane so that it was
perpendicularly aligned to the microtubule (MT in x-direction, IF in y-direction) (I). We moved the IF upwards in
z-direction (II.) and moved it in the x-y plane so that the center of the IF was positioned above the center of the
microtubule (III.). Next (IV.), we moved the IF downwards in z-direction until it was in the same x-y plane as the
microtubule; the IF and microtubule were then in contact. (b) Forces acting on the IF and the microtubule. (c)
Definition of the length scales required for the analysis of the optical tweezers data. (d) Geometric configuration
and analyzed force if the vimentin IF was moved in the y-direction, the microtubule was turned by 45◦, and
the point of interaction was located higher in y than bead 2. (e) Definition of forces and angles for the same
configuration as in d if the point of interaction was located lower in y than bead 2.
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distance dIF-MT from bead 1 to the contact point of the IF and the microtubule as sketched in
Fig. 4.8c:

cF =
dMT

dIF-MT
. (4.1)

For the total force FC acting on the IF-microtubule bond, we get:

FC = cFF1y .

Thus, when an IF-microtubule bond breaks, the total force difference FB is:

FB = cF∆F1y . (4.2)

In case of a 45◦ angle between microtubule and vimentin IF and in case of IF movement
in the x-direction the force data were analyzed in the same way as described above with the
following differences:

For the case, where the microtubule was turned by 45◦, we calculated the geometric factor
in two different ways, depending on the geometry at the moment of bond breakage: (i) If
the bond breaks at a higher y-position than bead 2 (see Fig. 4.8d), we assume that the total
force acting on the IF-microtubule bond is measured by the complete force F1 acting on bead
1. Thus, cF = 1, and the breaking force is:

FB = ∆F1 .

(ii) If the bond breaks at a lower y-position than bead 2 (see Fig. 4.8e), we calculate the
geometric factor differently, since a significant part of the total force also acts on bead 2. We
assume that the forces are balanced in x, i.e. F1x = F2x (see Fig. 4.8b). The total force acting in
the x-direction on bead i relates to the total force acting on bead i:

Fix = cos αiFi
F1x=F2x====⇒ cos α1F1 = cos α2F2 ,

⇒ F2 =
cos α1

cos α2
F1 . (4.3)

Similarly, the total force acting on bead i in the y-direction relates to the total force as:

Fiy = sin αiFi ⇒ Fi =
Fiy

sin αi
. (4.4)

Thus, for the force acting on bead 2 in the y-direction, we get:

F2y = sin α2F2

Eq. 4.3
= sin α2

cos α1

cos α2
F1

Eq. 4.4
= sin α2

cos α1

cos α2

F1y

sin α1

=
sinα2

cos α2

cos α1

sin α1
F1y

=
tan α2

tan α1
F1y .
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Consequently, the correction factor cF as defined by Eq. 4.2 is:

cF = 1 +
tan α2

tan α1
.

We analyzed F1y again and the breaking force was calculated with Eq. 4.2.
In case the IF was moved perpendicularly to the microtubule in the x-direction, we

analyzed the force F1x acting on bead 1 in the x-direction. We did not need to correct for the
geometry of the experiment, thus, cF = 1:

FB = ∆F1x .

To compare the three binding rates of the three different measurement geometries in the
optical tweezers experiments, we modeled the binding rates, which depend on the following
parameters: The velocity v with which periodic microtubule and vimentin subunits pass each
other, the length lu,IF of the ULFs and the length lu,MT of a tubulin dimer, the probability of
a tubulin dimer and vimentin ULF to bind to each other pIF-MT, and the number of dimers
and ULFs in the overlapping area of both filaments aIF/lu,MT or aMT/lu,IF. Thus, the binding
rate for a vertical movement of the IF perpendicular to the microtubule is described as the
product of an encounter rate and the probability pIF-MT that a bond is formed. The encounter
rate in turn is given by the rate at which potential binding sites pass each other and the
number of binding sites in the overlap area, which results in:

rb,eff,y =
v

lu,IF

aIF

lu,MT
pIF-MT . (4.5)

Note that here we describe binding between one subunit on each filament (tubulin dimer
and vimentin ULF, respectively). If binding involves contacts with several subunits on a
filament, potential effective binding sites are bigger, but due to the periodic structure of
the filaments there is the same number of binding sites per filament length and thus the
same encounter rate. If there is more than one potential binding site within one filament
subunit, the encounter rate is increased, and the inferred binding probability is reduced by
the same factor, so that their product is the same. In all these cases, our binding parameters
can be interpreted as effective parameters for the binding between a microtubule dimer and
a vimentin ULF.

When the microtubule is turned by 45◦, the binding rate is expected to change by a factor
of
√

2 because the overlap area increases by a factor of 1/ cos(45◦). Thus, the binding rate for
the 45◦-configuration with a vertical movement of the IF becomes:

rb,eff,45◦ =
v

lu,IF

aIF

lu,MT
pIF-MT

√
2 . (4.6)

In case of the horizontal movement of the IF along the microtubule, the rate of passing
subunits changes to v/lu,MT and the number of encounters of subunits is aMT/lu,IF:

rb,eff,x =
v

lu,MT

aMT

lu,IF
pIF-MT . (4.7)

We calculated the ratios of the binding rates for each pairing of measuring geometries.
Comparison with the results from equations 4.5-4.7 shows good agreement:
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theoretical:
rb,eff,y

rb,eff,45◦
=

1√
2
' 0.71, experimental: 0.65

theoretical:
rb,eff,y

rb,eff,x
=

aIF

aMT
' 0.44, experimental: 0.44,

theoretical:
rb,eff,45◦

rb,eff,x
=

√
2aIF

aMT
' 0.62, experimental: 0.67.

Alternatively, we can calculate the probability of a tubulin subunit to bind to a vimentin
subunit from the experimental data using Eqs. 4.5-4.7:

vertical movement, 90◦ : pIF-MT ' 5.9 · 10−4 ,

vertical movement, 45◦ : pIF-MT ' 6.4 · 10−4 ,

horizontal movement, 90◦ : pIF-MT ' 6.0 · 10−4 .

4.5 Atomic Force Microscopy

4.5.1 Sample Preparation and Measurement

The assembled protein was diluted 1:10 in the case of vimentin and 1:5 in the case of keratin
with the corresponding assembly buffer and incubated for 30 s. Glutaraldehyde (2.5% in
PBS) was prepared at a final concentration of 0.25% by dilution with the buffer that the
protein was studied in, keratin assembly buffer or vimentin assembly buffer. The diluted
glutaraldehyde and the diluted protein were mixed 1:1 and incubated for 30 s. The mixture
was transferred to a piece of silicon wafer (Crystec, Berlin, Germany), 0.8 cm × 1.2 cm, and
incubated for 3 to 5 min. 100 µL of fresh buffer were added three times and removed again to
wash non-adhered filaments off the silicon wafer. About 150 µL of buffer were left on the
sample during imaging. The smallest tip on the multi-tip cantilever (MLCT, Bruker, Billerica,
MA, USA) with a tip radius of about 20 nm was used for imaging in tapping mode.

4.5.2 Analysis of Filament Height

The areas of interest in AFM height images were chosen manually. The selection was
thresholded, so that the filament was clearly distinguishable from the background. Since the
side length of the AFM images was merely 3–3.5 µm, single filaments did not form loops, so
that it was possible to describe the filament contour as a function y = L(x). The x-coordinate
was obtained by averaging the positions of pixels which were occupied by the filament at
x. The smoothingspline-fit function from MatLab was used to smooth the filament contour.
The filament height was measured along perpendicular lines to the filament contour.



4.6. Total Internal Reflection Microscopy 51

4.6 Total Internal Reflection Microscopy

4.6.1 Measurements of Dynamic Microtubules

We cleaned cover glasses (26 × 76 mm2, no. 1, Thermo Scientific) by successive chemical
treatments: (i) We incubated the cover glasses for 30 min in acetone and then (ii) for 15 min
in ethanol (96% denatured, VWR, Radnor, PA, USA), (iii) rinsed them with ultrapure water,
(iv) left them for 2 h in Hellmanex III (2% (v/v) in water (Hellma Analytics, Müllheim,
Germany)), and (v) rinsed them with ultrapure water. Subsequently, we dried the cover
glasses using nitrogen gas flow and incubated them for three days in a 1 g/L solution of
1:10 silane-PEG-biotin (Creative PEG Works, Chapel Hill, NC, USA) and silane-PEG (30 kDa,
Creative PEG Works) in 96% ethanol and 0.02% v/v hydrochloric acid, with gentle agitation
at room temperature. We subsequently washed the cover glasses in ethanol and ultrapure
water, dried them with nitrogen gas and stored them at 4◦C for a maximum of four weeks.

We used an inverted microscope (IX71, Olympus, Hamburg, Germany) in TIRF mode
equipped with a 488-nm laser (06-MLD, 240 mW, COBOLT, Solna, Sweden), a 561-nm laser
(06-DPL, 100 mW, COBOLT), and an oil immersion TIRF objective (NA =1.45, 150×, Olympus).
We observed microtubule dynamics by taking an image every 5 s for 15–45 min using the
cellSens Dimensions software (version 1.18, Olympus) and a digital CMOS camera (ORCA-
Flash4.0, Hamamatsu Photonics, Hamamatsu, Japan).

For TIRF experiments, we built flow chambers from passivated cover glasses and a
double-sided tape (70 µm height, 0000P70PC3003, LiMA, Couzeix, France). We flushed
50 µg/mL neutravidin (A-2666, Invitrogen, Carlsbad, CA, USA) in BRB80 into the chamber
and incubated for 30 s. To remove free neutravidin, we washed with BRB80. Afterwards, we
flushed microtubule seeds diluted 300 × in BRB80 into the chamber and incubated for 1 min
before we removed free-floating seeds by washing with BRB80 supplemented with 1% BSA
(bovine serum albumin). Then, a mix containing 0.5 mg/mL or 0.8 mg/mL (corresponding
to 2.34 or 3.74 µM) vimentin tetramers (4% ATTO-565-labeled), 20 or 25 µM tubulin dimers
(20% ATTO488-labeled), 0.65% BSA, 0.09% methyl cellulose, 2 mM phosphate buffer, 2 mM
MgCl2, 25 mM PIPES, 1 mM EGTA, 60 mM KCl, 20 mM DTT, 1.2 mg/mL glucose, 8 µg/mL
catalase, and 40 µg/mL glucose oxidase, pH 7.5, was perfused into the chamber. To avoid
evaporation and convective flow, we closed the chamber with vacuum grease and placed it
on the stage of the TIRF microscope that was kept at 37◦C. We used the cellSens Dimensions
software (version 1.18, Olympus).

4.6.2 Analysis of Microtubule Dynamics

From the TIRF movies, kymographs were created using the reslice function of ImageJ (ImageJ
V, version 2.0.0-rc-69/1.52p). From the kymographs, microtubule growth and depolymer-
ization velocities, catastrophe and rescue frequencies were estimated. We calculated the
catastrophe frequency for each experiment as

fcat,exp =
total number of catastrophe events

total microtubule growth time
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and the rescue frequency as

fresc =
total number of rescue events

total microtubule depolymerization time
.

The total growth time was 800-2000 min per condition, the total depolymerization time
50-70 min per condition. The growth rate plot in the main text of the publication in Fig. 8.1d
contains between 106 and 163 measurements per condition.
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Models and Simulations

Section 5.1 is part of the supplementary material of the publication “Lateral Subunit Coupling
Determines Intermediate Filament Mechanics” in Physical Review Letters 123 (188102) by
Charlotta Lorenz, Johanna Forsting, Anna V. Schepers, Julia Kraxner, Susanne Bauch, Hannes
Witt, Stefan Klumpp, and Sarah Köster in 2019 (© 2019 American Physical Society) [156].
Section 6.1 contains the entire main text of this publication.

Section 5.1.3 is part of the supplementary material of the publication “Post-Translational
Modifications Soften Vimentin Intermediate Filaments” in Nanoscale 1 by Julia Kraxner,
Charlotta Lorenz, Julia Menzel, Iwan Parfentev, Ivan Silbern, Manuela Denz, Henning
Urlaub, Blanche Schwappach and Sarah Köster in 2021 (Creative Commons Attribution-
NonCommercial 3.0 Unported) [82]. Section 6.4 contains a summary of this publication.

Sections 5.3.1 and 5.2 are part of the supplementary information of the publication “Vimentin
Intermediate Filaments Stabilize Dynamic Microtubules by Direct Interactions” in Nature
Communications 12 (3799) by Laura Schaedel∗, Charlotta Lorenz∗, Anna V. Schepers, Stefan
Klumpp, and Sarah Köster in 2021 (Creative Commons Attribution 4.0 International License)
[157]. Section 8.2 contains the entire main text of this publication.
∗ Equal Contribution.

5.1 Monte-Carlo Simulations of Intermediate Filaments under Load

Single keratin and vimentin IFs under tension were modeled with a mechanical model
which was based on Refs. [7, 63, 151, 155]. One unit length filament (ULF) had NP parallel
monomers, which were arranged in parallel and all have the same length before loading. The
monomers could be divided into NC NM-mers. E.g., a ULF with NP = 32 monomers could
be divided into 16 dimers as we assumed in the simulation of vimentin IFs in LB (NC = 16,
NM = 2) [77, 164]. In the following, we will assume two different coupling cases: In case
1, the NM-mers acted as independent units; in case 2, the NM-mers were coupled to one
another. Thus, in case 1, the subunits were allowed to slide past each other, but they were still
laterally arranged. This also supports the idea of a protofilament structure of the filament
after assembly in which the protofilaments can slide past each other [165–167]. The total
number of ULFs connected in series in one filament before loading was NF.

https://creativecommons.org/licenses/by-nc/3.0/
https://creativecommons.org/licenses/by-nc/3.0/
https://www.nature.com/articles/s41467-021-23523-z
https://www.nature.com/articles/s41467-021-23523-z
https://creativecommons.org/licenses/by/4.0/


54 Models and Simulations

5.1.1 Uncoupled Subunits Within the Intermediate Filament

When the NM-mers could elongate independently, the ULF elongated once all monomers in
one NM-mer were in the unfolded state u. A sketch of the model is shown in Fig. 5.1a. In this
case, all NM-ers that were fully in the unfolded state were exposed to the loading force, so
that they contributed to the ULF stiffness even if there were still NM-mers in the α state in the
same ULF.

Figure 5.1: (a) Model for uncoupled dimers as subunits, case (1), and (b) model for coupled dimers as subunits,
case (2). If one subunit is in the unfolded state in case (1), this leads to an elongation by ∆L, whereas in case (2) all
monomers have to be in the unfolded state for elongation (orange: elements discussed in the text).

The spring constant of an α helix was κα, the spring constant of the monomer in the
unfolded state κu and the spring constant of all linkers was κL. Aj,m was the number of
monomers in the α state and Bj,m was the number of monomers in the unfolded state in the
mth NM-mer in the jth ULF, thus Aj,m + Bj,m = NM. Ij was the number of NM-mers of which
all monomers were in the unfolded state. Thus, the spring constant became:

κj =



(
1

κL
+ 1

NPκu

)−1
for

NC

∑
m=1

Aj,m = 0 1
κL

+ 1
NC
∑

m=1
Aj,mκα+NMκu Ij


−1

for
NC

∑
m=1

Aj,m > 0.

The spring constant of the entire filament was calculated by κF = 1/(∑NF
j=1 1/κj). Similar

to Ref. [7], we neglected viscous and entropic contributions for simplicity.
The equilibrium reaction constant Keq for the α to unfolded state transition was:

Keq =
rα→u

ru→α
= exp(−∆G/(kBT)) = 1/γ ,

where we defined γ = exp(∆G/(kBT)).
The load distribution factor θ (0 < θ < 1) [153, 168] ensured detailed balance between

opening and closing of a single α helix and so that the model lead to a thermodynamic
equilibrium state in the non-driven limit. The force was distributed among the number of
independent subunits NC and within these elements on the number of monomers in the α

helix configuration Aj,m. The force φ = F/Fα was dimensionless and scaled to the force Fα

which was required to open an α helix into the unfolded state. The time τ was dimensionless
and related to the time t with the zero-force reaction rate from a monomer in the α to the
unfolded state rα→u

0 by τ = rα→u
0 t. We assumed Bell-Evans kinetics [151], so that the α to

unfolded transition rate was:
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rα→u
Aj,m

= Aj,mrα→u
0 exp

(
θφ

NC Aj,m

)
.

All monomers of one NM-mer in the unfolded state folded back to the α state with the
equilibrium constant since we assumed that they were free of force if there were still α helices
in the same NM-mer, corresponding to the condition Aj,m > 0. If all monomers were in the
unfolded state (Aj,m = 0), the reaction rate to the α state depended on the force. In this case,
the force (1− θ)φ was distributed to all NP monomers. Therefore, the closing of the unfolded
states to the α helix became:

ru→α
Aj,m

=

 rα→u
0 Bj,mγ for Aj,m > 0

NMrα→u
0 γ exp

(
−(1−θ)φ

NP

)
for Aj,m = 0.

From these rates, we calculated the probability PAj,m that a certain number of a monomers
was in the α helix configuration. This was vital for performing the Gillespie algorithm in the
simulation:

dPAj,m

dt
= rα→u

Aj,m+1PAj,m+1 + ru→α
Aj,m−1PAj,m−1

−(rα→u
Aj,m

+ ru→α
Aj,m

)PAj,m . (5.1)

When all monomers in one NM-mer were in the unfolded state, the ULF extended by
∆L. To make the simulation run dimensionless, we normalized λ = L0/∆L, where L0 was a
characteristic length of the filament, e.g. the original filament length. Thus, in this case, the
extension of the jth ULF λj was:

λj =

 0 if for all m: Aj,m > 0

1 if for any m: Aj,m = 0.
(5.2)

The total extension of the filament then is λtot = ∑NF
i=1 λj. Since the optical tweezers pull

on the filament with a constant velocity v, the end-to-end distance is x(t) = vt. The force on
the filament becomes

φ = κF(x− λtot) . (5.3)

5.1.2 Coupled Subunits Within the Intermediate Filament

Length extension of the ULF occurs when all monomers of the ULF were in the unfolded
state. The probability that a certain number of monomers was in the α-helical configuration
was still calculated as in Eq. 5.1. The force calculation was the same as in Eq. 5.3. However, in
this case, the force that acted on a ULF was distributed over all monomers in the α state in
the ULF. The length of the filament increased only once all α helices in one ULF were in the
unfolded state. It was no longer sufficient that one NM-mer was in the unfolded state, as in
case 1 above. This was equivalent to the assumption that subunits did not slide past each
other. A sketch of this model is shown in Fig. 5.1b.
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NM-mers in the unfolded state did not contribute to the overall spring constant, if there
was any monomer in the α state in the same ULF. Thus, the spring constant of the jth ULF
was calculated as:

κj =



(
1

κL
+ 1

NPκu

)−1
for

NC

∑
m=1

Aj,m = 0 1
κL

+ 1
NC
∑

m=1
Aj,mκα


−1

for
NC

∑
m=1

Aj,m > 0 .

For the mth subunit in the jth ULF we obtained:

rα→u
Aj,m

= Aj,mrα→u
0 exp

 θφ
NC

∑
m=1

Aj,m

 ,

since the force θφ was equally distributed among all monomers in the α state ∑NC
m=1 Aj,m.

For the reaction from the unfolded to the α state we got:

ru→α
Aj,m

=


rα→u

0 Bj,mγ for
NC

∑
m=1

Aj,m > 0

NMrα→u
0 γ exp

(
−(1−θ)φ

NP

)
for

NC

∑
m=1

Aj,m = 0.

The crucial difference to case (1) was that the filament extends in length only when all
monomers within a ULF were in the unfolded state. Comparing to Eq. 5.2, we got:

λj =


0 if for any m : Aj,m > 0

1 if
NC

∑
m=1

Aj,m = 0.

As shown in Fig. 6.4c in Section 6.1, a high initial slope and a reduced slope for intermedi-
ate strains in the force-strain data emerged in the coupled case, but not for the uncoupled case
for the same reasonable parameters (see Table 5.1). With these parameters, we could classify
the linkers as “soft transducers” since (κα + κu) . κL [154]. To show that the high initial
slope and the large change from the high initial slope to the reduced slope for intermediate
strains were caused by the high lateral coupling strength between the subunits and not by
the different number of subunits in keratin IFs (NP = 16) and vimentin IFs (NP = 32), the
uncoupled case (1) was simulated for 32 monomers instead of 16 and shown as the “control”
data in Fig. 5.2. The same set of parameters for either 32 and 16 monomers per cross section
in the uncoupled case did not lead to different qualitative force-strain behavior.

Fitting and rescaling to SI units: The initial fitting parameters of the simulations were
guessed so that they resemble the data. The fminsearch-function of MatLab was used
to find the minimum sum f of the absolute differences between the single values of the
experimental data and the simulated data. The parameters κL, κα, κu, ∆G and ∆L were varied
by fminsearch to find the minimum of f . To obtain the strain ε in the units of the experiment,
the strain x of the filament in the simulation was rescaled with the relative length change
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Table 5.1: Simulation parameters in simulation units. The case describes either the uncoupled case 1 or the
coupled case 2.

condition case NP ∆G κα

K in LB 1 16 2.0± 0.6 4.4± 1.9
V in LB 1 32 1.60± 0.15 2.1± 0.7
K in HB 1 16 3.1± 0.4 4.6± 1.3
V in HB 2 32 0.41± 0.09 11± 4

V control 1 32 3.1 4.6

condition κu κL ∆L “plateau”

K in LB 22± 9 64± 7 0.6± 0.06 no
V in LB 16± 6 18.0± 1.9 1.16± 0.07 no
K in HB 20± 7 60± 6 0.50± 0.05 no
V in HB 7± 3 27± 3 1.43± 0.08 yes

V control 20 60 0.5 no

Figure 5.2: Comparison of the simulation of 32 parallel monomers (vimentin) with uncoupled subunits (blue-
black, “control”) and 16 parallel monomers (keratin) with uncoupled subunits (red-black). A high initial slope
and a reduced slope for intermediate strains do not evolve merely as a consequence of an increased number of
monomers.
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LM/∆L of a monomer when all α helices open to the unfolded state, where the monomer
length LM and ∆L were estimated from structural data [6] and na is the average number of
ULFs in the experiment represented by one ULF in the simulation. For the case of keratin IFs
in LB this lead us to:

ε =
x

NFLMna/∆L
≈ 0.0059x .

For the scaling factor of the force, we related the change of the force ∆F to the length
change as in Eq. 5.3, thus for keratin IFs in LB:

∆φ = κF∆L ≈ 11.8 pN ,

where κF = 0.22 pN/nm [6]. Thus, 1 simulation force unit corresponded to about 11.8 pN in
the experiment. With the same rescaling procedure, we calculated the free energy difference
∆G between the α and unfolded state in SI units as presented Section 6.1.

5.1.3 Subunits Coupled by Springs Within the Intermediate Filament

To describe the behavior of phosphorylated vimentin IFs as presented in Chapter 6.4, we
extended the model described in Section 5.1.1. From crystallography [169] and hydrogen
exchange [61] experiments, we know that there are specific sites for dimers and tetramers to
bind to each other. Therefore, in addition to the theoretical models presented in the previous
Section 5.1.1 [7, 156], we took the links between dimers and between tetramers as connecting
springs into account as sketched in Fig. 5.3. The spring constant κbt represented bonds
between tetramers (marked in green in Fig. 5.3) and the spring constant κbd represented
bonds between dimers, i.e. within tetramers (marked in blue in Fig. 5.3).

Figure 5.3: Sketch of the theoretical model for simulated force-strain curves. Each monomer was represented
by a spring with a spring constant κα and by an element, which opened into an unfolded state u once force
was applied. Two monomers were connected in parallel to form a dimer, thus the number of monomers in the
dimer was NM = 2. The dimers were connected by additional springs (blue) with a spring constant κbd to form
tetramers. The connection between tetramers was established by another spring (green) with a spring constant
κbt. Eight parallel tetramers (NP = 8) formed a ULF. The ULFs were connected in series via springs to a filament.
Adapted from Ref. [82] (Creative Commons Attribution-NonCommercial 3.0 Unported).

To calculate the total force acting on the filament, we first determined the spring constant
of the filament. The spring constant of the ith ULF in the filament depended on the number

https://creativecommons.org/licenses/by-nc/3.0/
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of intact α helices Aj in this ULF with spring constant κα. Upon loading, the α helices opened
into an unfolded state u, in which the unfolded α helix had the spring constant κu. We
assumed that a ULF consisted of NP = 32 parallel monomers [10] and NP/4 = 8 parallel
tetramers. The number of tetramers with intact (i.e. unfolded) α helices was bAj/4c, thus the
number of possible interactions between these tetramers with intact α helices is bAj/4c − 1.
Here, we assumed that the interaction between the tetramers consisting of (formerly) intact α

helices was lost when one α helix unfolded. Intact α helices in a tetramer which contained
unfolded α helices were more likely to unfold than intact α helices in a tetramer containing
only intact α helices. Thus, we assumed that the next unfolding α helix under force was
more likely to be located in a tetramer containing already unfolded α helices. For example, if
18 α helices in a ULF were intact, b18/4c − 1 = 4− 1 = 3 connections between four intact
tetramers were left. If another α helix unfolded, we assumed that the unfolding occurs in the
tetramer with only two intact α helices.

We described a bond between tetramers with the spring constant κbt. Similarly, we
modeled the dimer-dimer connection within a tetramer with the spring constant κbd. The
number of intact dimer-dimer connections was the same as bAj/4c, because we assumed
that an unfolded α helix broke the bonds between two dimers. Thus, the bonds between
dimers and tetramers contributed (bAj/4c − 1)κbt + bAj/4cκbd to the stiffness of the Aj α

helices. Longitudinally, i.e. along the filament, we assumed “linkers” that connected the
individual ULFs as well as the single α helices within one monomer. κL represented the
stiffness of these linkers, and the linkers and ULFs were connected in series. In case all α

helices were unfolded, all monomers were in the unfolded state, which had a spring constant
κu, i.e. the NP monomers had a total stiffness of NPκu. Note that as long as there was at least
one intact α helix present in a ULF, κu did not contribute to the overall stiffness, as these
unfolded monomers were longer and thus bore no force.

For the fully coupled jth ULF including the connection to the next ULF, we obtained the
spring constant κj:

κj =



(
1

κL
+ 1

NPκu

)−1
for Aj = 0 1

κL
+ 1

Ajκα+b
Aj
4 cκbd+

(
b

Aj
4 c−1

)
κbt

−1

for Aj > 0 .
(5.4)

Here, bAj/4c was the number of links between dimers in the ULF and bAj/4c − 1 the
number of links between tetramers. In case the lateral bonds between tetramers were broken,
only the bonds between the dimers within a tetramer remained. Thus, NC subunits with
NM monomers formed a ULF, e.g. in the case of 32 monomers per ULF, if the subunits were
tetramers, which were not coupled, we obtained NM = 4 and NC = 8. In contrast to the
fully coupled ULF described with Eq. 5.4, we assumed that subunits with only unfolded NM

monomers contributed to the overall ULF stiffness as well, since there were no strong bonds
inhibiting the subunit to slide past its original neighboring subunits. The stiffness of the jth
ULF with Aj,m as the number of intact α helices of the mth subunit in the jth ULF, the number
Ij of subunits with only unfolded α helices and the number of dimers coupled via κbd within
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a subunit Nd = b
NC

∑
m=1

Aj,m/NMc was:

κj =



(
1

κL
+ 1

NPκu

)−1
for

NC

∑
m=1

Aj,m = 0 1
κL

+ 1

NMκu Ij+
NC
∑

m=1
Aj,mκα+Ndκbd


−1

for
NC

∑
m=1

Aj,m > 0 .

In the case of dimer sliding, neither dimers nor tetramers coupled and Nd = 0:

κj =



(
1

κL
+ 1

NPκu

)−1
for

NC

∑
m=1

Aj,m = 0 1
κL

+ 1

NMκu Ij+
NC
∑

m=1
Aj,mκα


−1

for
NC

∑
m=1

Aj,m > 0.

Since all ULFs were connected in series to form a filament, the stiffness of the filament κF

became κF = 1/(∑NE
j=1 1/κj).

To obtain the force-strain behavior as in Fig. 6.10b in Section 6.4, we set the model
parameters to the following values: κα = 6.5, κbd = 7, κbt = 7, κL = 60, κu = 20, NE = 100
and NP = 32. In case of strong coupling in Fig. 6.10c in Section 6.4, we assumed that there
was only one large subunit per ULF consisting of 32 monomers. For the less coupled case, we
assumed tetramers as subunits with NM = 4 and NC = 8 (light blue in Fig. 6.10b in Section
6.4) and for the least coupled case, we assumed dimers as subunits with NM = 2 and NC = 16
(blue in Fig. 6.10b in Section 6.4). Further parameters were necessary to run the simulation,
but they did not influence the spring constant of a ULF: The free energy difference between
the unfolded and folded state ∆G = 2 kBT, the normalized length change upon unfolding
∆L = 1 and a factor to ensured in detailed balance θ = 0.9.

5.2 Interactions Between Filaments

5.2.1 Estimate of the Bundling Probability of Microtubules and Vimentin Intermediate
Filaments

Our optical trapping experiments show a direct interaction between microtubules and vi-
mentin IFs. However, we do not see co-alignment or bundling of the two filament types. To
check whether such bundling should be expected, we estimated the probability of bundle
formation between IFs and microtubules from the interaction probability of a vimentin ULF
with a tubulin dimer (pIF-MT) determined in Section 8.1. Co-alignment requires interactions
at more than one site within one persistence length of a vimentin IF to occur, since thermal
fluctuations set the relevant length scale for tight contact between the filaments.

The probability pULF of a vimentin ULF interacting with a tubulin dimer in an adjacent
microtubule is:

pULF = pIF-MT
lu,IF

lu,MT

npf

4
' 0.011,
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where lu,IF = 43 nm is the length occupied by one vimentin ULF within an IF, lu,MT = 8 nm is
the periodicity of tubulin dimers in the microtubule, npf = 13 is the number of protofilaments
in a microtubule and npf/4 is the number of protofilaments per side facing the vimentin IF.

To obtain an upper limit for the probability of bundling, we assumed that the two
filaments that interact at one site were already aligned in parallel and estimated the probability
of an additional interaction at a second site within one vimentin persistence length of the
first site. This probability ν was obtained as

ν ≈ pULF
LP

lu,IF
' 0.37 ,

with a persistence length of vimentin IFs of LP ' 1.5 µm. If more than two interactions
are required for bundling, the estimate was further decreased by ν(ni,LP−1), for required
interactions at ni,LP sites. For ni,LP = 2, this lead to a probability of 14%. Thus, given the low
probability of interaction, most IF-microtubule interactions would be mediated by a single
site, even if the two filaments are pre-aligned. As filament pairs interacting at a single site
can rotate relative to each other, the actual probabilities are even smaller. Thus, we would
not expect a clear coalignment or bundling.

5.2.2 Model

We modeled IF-microtubule interactions as single molecular bonds to understand the force-
dependent behavior in different buffer conditions. The bond can either be in a closed or
in an open state with force-dependent stochastic transitions between these two states, as
sketched in Fig. 8.4b in Section 8.1. In the experiment, we moved the IF with a constant speed
v perpendicularly to the microtubule, as shown in Fig. 8.2b in Section 8.1 and Fig. 4.8a in
Chapter 4. Once the bond closed, the IF with an average persistence length of LP = 1.5 µm
[39, 170] was stretched to its full contour length LC. Thus, the entropic force Fe relates to the
end-to-end distance x = vt as [171, 172]

x
dIF

= coth
(

2LPFe

kBT

)
− kBT

2LPFe
(5.5)

with the Boltzmann constant kB and the temperature T. dIF is the length of the filament
between the IF-microtubule junction and bead 3 as sketched in Fig. Fig. 4.8c in Chapter 4.

In the simulation, we assumed a linear force increase from time t∗ on [173, 174]. The linear
force increase was set by the experimental force rate w, which we determined from a linear fit
to the second half of the experimental force data of each interaction. t∗ was determined as the
time when the force increase dFe

dt due to a decreasing entropy is the same as the experimental
force rate w, i.e. w = dFe

dt∗ :

F(t) =

 Fe(x = vt) for t < t∗

wt for t > t∗
, (5.6)

Once the bond broke at a force FB after a time tu, we assumed an exponential force
relaxation on a characteristic time scale τ:
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F(t) = FB exp(−(t− tu)/τ) for t > tu. (5.7)

We indeed observed a fast, exponential-like force decay in our experiments. However,
the time resolution is not sufficient to fit τ precisely. We set τ = 0.1 s as this results in force
versus time curves similar to our experiments.

All variables with the index b refer the binding process and the index u represents the
unbinding process. We describe the force-dependent binding and unbinding rates as follows:
We assume that the binding and unbinding rates rb(t) and ru(t), respectively, depend on a
reaction prefactor rb,0/u,0, the activation energy for binding or unbinding EAb/Au, the thermal
energy kBT and the potential width of the two states xb/u [153]:

rb(t) = rb,0 exp
(
−EAb

kBT

)
· exp

(
−F(t)xb

kBT

)
, ru(t) = ru,0 exp

(
−EAu

kBT

)
· exp

(
F(t)xu

kBT

)
.

(5.8)
The force-independent parameters rb,0/u,0 and EAb/Au result in an effective zero-force rate

rb,eff/u,eff = rb,0/u,0 exp
(
−EAb/Au

kBT

)
,

in which rb,eff can be determined from the experimental data in Fig. 8.3c, e, g, i and k in
Section 8.1. We calculated the total contact time tcont of the IF and microtubule without an
interaction and the number of initiated interactions ni between IFs and microtubules from
the experimental data and get

rb,eff =
ni

tcont
.

If we assume the same prefactor for the binding or unbinding process, i.e. rb,0 = ru,0

[153], the ratio of two effective binding or unbinding rates for different experimental buffer
conditions 1 and 2, or two different states (bound, unbound) sheds light on the differences
in the activation energies for these buffer conditions or states. For the binding rates for two
different buffer conditions, the activation energy difference is:

rb,eff,1

rb,eff,2
=

exp
(
−EAb,1

kBT

)
exp

(
−EAb,2

kBT

) ⇒ kBT ln
(

rb,eff,1

rb,eff,2

)
= EAb,2 − EAb,1 , (5.9)

and likewise for the rates for the unbound state.
In the same way, we can calculate the absolute energy difference ∆GIF-MT between the

bound and unbound state for the same buffer condition [153]:

∆GIF-MT = −kBT ln
(

ru,eff

rb,eff

)
. (5.10)

Here, the sum of the potential widths xb + xu nm provides the total distance between the
bound and unbound state, which we assume to be the same for all experimental conditions.
The rate equations in Eq. 5.8 ensure that detailed balance is satisfied [153].
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Thus, from these considerations and from the experiment, we know LC, w, τ and rb,eff, but
neither ru,eff nor xb or xu. We simulated the binding and unbinding reactions for the known
parameters and varied xu from 0 nm up to 0.9 nm in steps of 0.01 nm and reff,u from 0.02 up
to 0.6 s−1 in steps of 0.01 s−1. We determined xb by calculating xb = 0.4 nm− xu, since the
maximum value of xu is below 0.4 nm.

The binding and unbinding process cannot be described in a closed analytical expression
due to the time dependence in the exponential expression of the reaction rates [175]. Therefore,
we considered two different approaches to determine the breaking force histograms which
we compared to the experimental data: (i) We solved the rate equations directly numerically,
which is the fastest way to calculate the force histograms. (ii) We simulated the force-time
trajectories of single bonds, which allows us to directly compare single simulated trajectories
to our experimental data. Both approaches result in the same force histograms as shown in
Fig. 8.3c, e, g, i and k in Section 8.1, green shaded areas.

5.2.3 Numerical Solution

To solve the rate equations in Eq. 5.8 numerically, we defined b(t) as the probability that the
IF-microtubule bond is closed. Thus, the temporal behavior of b can be described as:

db
dt

= −ru(t) · b(t) + rb(t)(1− b(t)) , (5.11)

= −b(t)ru,eff exp
(

F(t)xu

kBT

)
+ (1− b(t))rb,eff exp

(
−F(t)xb

kBT

)
. (5.12)

We solved this expression numerically for b(t) with the Matlab function ode45. To obtain
a histogram of breaking forces, we differentiated b(t) with respect to t and, thus, determined
the probability pu(t) that the IF and microtubule unbind at a certain time t:

pu(t) = −
db
dt

.

To calculate the probability-force diagram, to compare to the experiments, we determined
pu as a function of F, i.e. pu(t(F)) by inverting F(t) as described in Eq. 5.6.

5.2.4 Simulation

To obtain single force-time trajectories of an IF-microtubule bond, we simulated the binding
and unbinding process in several steps: (i) The time until an individual binding event was
determined by choosing a random time tb from an exponential distribution with the density
function f (t) and a mean value of λ = (rb(t, F = 0))−1 [155, 176]:

f (t) = λ exp(−λt) .

The bond is now closed after time tb. The force starts to increase as described in Eq. 5.6. (ii)
As the unbinding rate depends on the force, which increases with time, the mean (ru(F(t)))−1

of the exponentially distributed unbinding time tu changes with increasing force. Thus, it is
not straightforward to determine the time until unbinding with a single step as in (i). Instead,
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we split tu into small time intervals dt. We set dt = 0.05 s as a compromise between accuracy
and computation time, which is the same as the experimental time resolution. The time
was increased in steps of dt and after each step, the unbinding rate was evaluated. The
probability pu that the bond breaks in the considered time interval is pu = ru(F(t))dt, where
we approximated the exponentially increasing unbinding rate as a constant for small dt. If
a random number drawn from a uniform distribution between 0 and 1 was greater than
pu, the bond stayed closed, otherwise it opened. If the bond remained closed, the time was
increased by dt, the force was updated and step (ii) was repeated until the bond broke. (iii)
Once the bond broke, the force decreased as described by Eq. 5.7. Since the bond could
close with a force-dependent rate while the force decayed, the time was increased stepwise
again and the probability to rebind was evaluated as in step (ii) with pb = rb(t, F(t))dt. If the
force decreased to a value below 0.001 pN, the force was set to 0 pN and the algorithm was
repeated starting at step (i).

As the IFs and microtubules had slightly different lengths for different measurements,
the force rate differed between the experiments. To account for these different rates, we ran
the simulation until 1000 breaking events are recorded for each experimental force rate w.
The final distribution of breaking forces results from the normalized sum of distributions of
breaking forces for all force rates. This final distribution was compared to the experimental
data with the Kolmogorov-Smirnov test [177]. If the experimental and the simulated distri-
butions did not differ more than allowed for a 5% significance level [177], we accepted the
parameters ru,eff and xu as shown in Fig. 8.4a in Section 8.1. To calculate the energy diagram
in Fig. 8.4b in Section 8.1, we determined the centroids of the accepted parameter regions in
Fig. 8.4a in Section 8.1. We determined the standard deviations from the distributions in Fig.
8.4a in Section 8.1 assuming that ru,eff and xu are independent. The simulated breaking force
histograms do not depend on the exact value of xb in the range of 0.2 to 1.5 nm since rb,eff

dominates over the force-dependent term in Eq. 5.8. We do not observe a sufficient number
of rebinding events under force to determine xb from the experiment. For clarity, xb + xu is
set to 0.4 nm in Fig. 8.4 in Section 8.1.

5.3 Dynamic Microtubules Interacting With Intermediate Filaments

5.3.1 Dynamic Microtubules Without Additional Interactions

We based our model of a dynamic microtubule on Refs. [96] and [102] and ran Monte-
Carlo simulations with a self-written Python code (Beaverton, OR, USA) to obtain simulated
kymographs. We assumed a microtubule lattice with npf = 13 protofilaments that has a
helical pitch of 3 monomers per turn as sketched in Fig. 8.5a in Section 8.1. Thus, there is
a seam formed by protofilaments 1 and 13, which are displaced by 1.5 dimers. All dimers
incorporated in the lattice interact with two lateral and two longitudinal dimer positions.
At the seam, the dimers interact with two half dimers across the seam. The microtubule
is represented by a matrix in the simulation and the state of the dimer is entered at a
corresponding position in the matrix. A dimer position can be either unoccupied or occupied
by a GTP dimer (purple in Fig. 8.5a, b in Section 8.1), a GDP dimer (blue in Fig. 8.5a, b in
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Section 8.1) or a GMPCPP-dimer (green in Fig. 8.5a, b in Section 8.1). We set the first three
dimer layers to GMPCPP dimers, which represent the seed in the experiment. The GMPCPP
dimers cannot depolymerize. To avoid artifacts from the starting conditions, we started the
simulations with a microtubule consisting of 30 layers of GDP dimers, which have four layers
of GTP dimers on top representing the tip [96].

To simulate microtubule dynamics, we determined four different reaction rates (i–iv)
as sketched in Fig. 8.5a (top) in Section 8.1: (i) The polymerization rate rg when a GTP
dimer binds to the tip of the microtubule, (ii) the depolymerization rate rdt of a GTP dimer
when a GTP dimer falls off the lattice, (iii) the hydrolysis rate rhy of a GTP dimer to a GDP
dimer and (iv) the depolymerization rate rdd of GDP dimers. Since we used a buffer which
is also compatible with vimentin IF assembly, these simulation parameters differ from the
parameters used in literature [91, 96, 99]. We summarize all important simulation parameters
in Table 9.1. We calculated the different reaction rates (i–iv) as follows:

(i) The polymerization rate for GTP dimers is concentration dependent [96]. To match
the growth rate to the experimentally observed one, we set it to rg,20 = 1.3 dimers s−1

per protofilament for 20 µM free tubulin concentration and to rg,25 = 2.2 dimers s−1 per
protofilament for 25 µM free tubulin concentration.

(ii)/(iv) The depolymerization rate of GTP and GDP dimers depends on the number of
lateral neighbors n. For each lateral dimer, the depolymerization rate was lowered by a factor
of exp(−∆Glatt/latd) due to the change in total bond energy ∆Glatt = 3.5 kBT for a GTP dimer
and ∆Glatd = 1.5 kBT for a GDP dimer [96]:

rdt/dd = rdt/dd,0 exp
(
−n∆Glatt/latd

kBT

)
. (5.13)

For no lateral dimers, we assumed an unbinding rate of rdt,0 = 9.93 · 10−4 s−1 for GTP
and rdd,0 = 643 s−1 for GDP. We assumed that only the dimers at the tip of a protofilament
can depolymerize [102].

(iii) We set the hydrolysis rate to 7 s−1 to obtain a tip size which results in the same change
in catastrophe frequency as observed in our experiments. This rate is on the same order of
magnitude as assumed in Ref. [96]. A dimer can only hydrolyze, if it has a neighbor in the
same protofilament towards the direction of growth [96, 102]. Since we did not observed
rescue in our experiments for a free tubulin concentration of 20 µM and the precise reason for
rescue is unknown [91], we assumed that the rapidly disassembling microtubule is “locked”
in the disassembly state and no rescue occurs because GTP dimers polymerize faster then
GDP dimers depolymerize [91]. Yet, we observe rescue at a concentration of 25 µM, which
we implemented in our simulation as occurring with a rate of fresc = 0.03 s−1 [91].

To simulate a kymograph of a dynamic microtubule, we calculated all possible reaction
rates. For each possible reaction with rate R, a random number z between 0 and 1 was drawn,
with which we determined the time until the next realization of a certain reaction [96, 176]:

t =
− ln z

R
. (5.14)

The reaction with the smallest time was set to be the next occurring reaction. The
microtubule matrix containing the dimer states was updated correspondingly as shown
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for a snapshot of a typical microtubule configuration in Fig. 8.5b in Section 8.1. We ran
100 simulations for a total simulated time of 900 s each to obtain comparable amounts of
experimental and simulated data. We recorded the length of the shortest protofilament
during the simulation, which results in simulated kymographs. We plotted typical simulated
kymographs in Fig. 8.5c (left) in Section 8.1 for 20 µM free tubulin without surrounding
vimentin and in Fig. 8.5c (right) in Section 8.1 for 25 µM free tubulin with surrounding
vimentin.

5.3.2 Dynamic Microtubules Interacting with Intermediate Filaments

The above model of a dynamic microtubule was modified in the following way to account
for the direct binding of IFs as seen in our optical tweezers experiments: We assumed that IFs
bind stochastically to the microtubule lattice. We note that from our experiments, we cannot
make precise conclusions about the molecular mechanism causing the interaction, therefore
the molecular mechanism is not specified in our model. We hypothesize that IFs bind to
individual tubulin dimers, but based on our experiments we cannot exclude the possibility
that the interaction is based on larger binding sites that consist of multiple tubulin dimers.
However, in the optical tweezers experiments, we always observed that the bond between
an IF and a microtubules broke in a single step, so that if binding involves multiple tubulin
dimers, it must be highly cooperative and can still be treated effectively as a single bond.
The rates of binding and unbinding of IFs to the microtubule were calculated from those
determined in the optical tweezers experiments, accounting for the different geometry in the
TIRF approach. This calculation is described at the end of this section. We further assumed
that the presence of a bound IF modulates the depolymerization rates rdt/dd, but does not
affect the polymerization and hydrolysis rates.

Depolymerization rates: Our optical tweezers experiments showed that IFs directly interact
with microtubules. By comparing the binding and unbinding rates (the latter in the force-free
limit), we determined the energy difference ∆GIF-MT between the bound and unbound state of
the IF-microtubule interactions. Thus, if an IF binds to a microtubule dimer, the total binding
energy of the dimer in the microtubule lattice is increased by ∆GIF-MT, which lowers the total
energy sum in the exponential term of Eq. 5.13,

rdt/dd = rdt,0/dd,0 exp
(
−n∆Glatt/latd −∆GIF-MT

kBT

)
(5.15)

and thus reduces the depolymerization rate, specifically for the case of GTP-dimers in the
microtubule cap, where the depolymerization rate is small anyway. This assumption can
be interpreted as follows: when a tubulin dimer to which an IF is bound unbinds from the
microtubule lattice, the IF also unbinds. Based on our experiments, we cannot distinguish
whether the IF is bound to a single tubulin dimer or to multiple dimers, but we know
that if the latter case applies, unbinding from those dimers must be cooperative since we
do not observe stepwise unbinding in optical tweezers experiments. Therefore, the same
model applies to both scenarios, i.e., if IF-microtubule binding involves more than one dimer,
unbinding of one of those dimers also unbinds the IF from the other dimers. The only
difference between the scenarios is that the binding energy per dimer is ∆GIF-MT/M if M
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dimers contribute to the bond. Due to the cooperativity, however, the total energy ∆GIF-MT

enters the depolymerization rate.
Binding rate of vimentin IFs to microtubules: From the optical tweezers experiments, we

know that the binding rates of IFs and microtubules depend on the geometry of the ex-
periment, i.e., the IF is moved perpendicularly vertically or horizontally compared to the
microtubule or at an angle. To obtain the binding rate in the geometry of the TIRF exper-
iments, we used the same approach as in Section 4.4.4 describing the binding rate by a
geometry-dependent encounter rate and a geometry-independent binding probability. In
the TIRF experiments, the encounter rate is different compared to the optical tweezers ex-
periments since the vimentin IFs diffuse and are not moved in a certain direction relative to
the microtubule. Therefore, we calculated the diffusion limited encounter rate [178] rdiff of
vimentin and microtubule subunits:

First, we determined the average diffusion coefficient of the vimentin IFs: The estimated
viscosity [179] η ' 3 mPas of the sample in TIRF experiments deviates from the viscosity of
water, since the sample in TIRF experiments contained 0.09% methylcellulose. The diameter
aIF of a vimentin IF is 11 nm [31]. The diffusion occurs in three dimensions with a diffusion
coefficient of D = kBT ln(ζ/aIF)/(3πζη) [180].

Second, we estimated the concentration cIF of vimentin IFs in the network or the number
of vimentin IFs per network volume as cIF = 3ζ/aIF/ζ3, where ζ ' 0.63 µ m or ζ ' 0.5 µm is
the mesh size of the vimentin IF network for 2.3 µM or 3.6 µM vimentin, respectively [181].

Third, we calculated the diffusion limited encounter rate [178], taking into account the
diameter of a vimentin IF aIF ' 11 nm [31]:

rdiff = 4πDaIFcIF ' 90 s−1 for 2.3 µM vimentin ,

' 150 s−1 for 3.6 µM vimentin .

To determine the interaction rate ri of a microtubule subunit and a vimentin IF subunit,
we multiplied the encounter rate rdiff with the interaction probability of a microtubule subunit
and a vimentin IF pIF-MT that was already determined from the optical tweezers experiments
:

ri = rdiff pIF-MT ' 0.06 s−1 for 2.3 µM vimentin ,

' 0.09 s−1 for 3.6 µM vimentin .

We calculated the probability pi that an IF is bound to a microtubule by assuming an
equilibrium between binding and unbinding IFs:

ri(1− pi) = ru,eff pi .

The unbinding rate was determined from optical tweezers experiments as well. We
find pi ' 33% in case of 2.3 µM vimentin and pi ' 44 % in case of 3.6 µM vimentin.
Consequently, in our simulation, we drew a random number r between 0 and 1 and if r < pi,
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the depolymerization rate changes as described in Eq. 5.15. If r > pi, the depolymerization
rate remains unchanged.

The additional binding energy of IFs to microtubules also decreases the depolymerization
rate of potential rescue sites, thus, rescue occurs more often. Thus, the frequency for rescue
sites with surrounding vimentin IFs increases from fresc = 0.03 s−1 to fresc, IF = 0.17 s−1 in
case of 2.3 µM vimentin. The rescue frequency of microtubules with surrounding filaments
is lower than we would expect if we calculate fresc exp(∆GIF-MT/kBT) s−1 = 0.3 s−1, how-
ever, on the same order of magnitude. Our model is probably too simple to describe this
discrepancy arising from the poorly understood rescue process [91].

5.3.3 Estimate of the Binding Energy of Tubulin Dimers Within the Microtubule Lattice

We can estimate the tubulin dimer binding energy by combining the results from optical
tweezers and TIRF experiments. First, we calculated the catastrophe frequency fcat, IF-MT

of a microtubule when a vimentin IF continuously interacts with all dimers. We know the
experimentally observed catastrophe frequency without vimentin in solution fcat,MT and with
vimentin in solution fcat,exp from the TIRF experiments. The observed catastrophe frequency
in presence of vimentin results from a combination of microtubules which are in contact with
a vimentin IF and microtubules which are not in contact with an IF. The probability that a
microtubule monomer and a vimentin IF are in contact is pi. Thus, the observed catastrophe
rate fcat,exp in presence of vimentin IFs and the catastrophe rate fcat, IF-MT for microtubules
continuously interacting with a vimentin IF are:

fcat,exp = (1− pi) fcat, MT + pi fcat, IF-MT

fcat, IF-MT =
fcat,exp − (1− pi) fcat, MT

pi

' 0.0056 min−1 for 20 µM and 0.0061 min−1 for 25 µM tubulin, 2.3 µM vimentin,

' 0.022 min−1 for 20µM and 0.0073 min−1 for 25 µM tubulin, 3.6 µM vimentin.

During depolymerization of the microtubule, the additional energy of a GTP dimer in the
microtubule lattice ∆Gtb is released. Therefore, we assumed that the only energy difference
between the dimer, which is incorporated in an microtubule and which unbinds from an IF
monomer in the optical tweezers experiments, and the last dimer, which depolymerizes just
before an microtubule catastrophe in the TIRF experiments, is ∆Gtb. Thus, we can combine
the catastrophe rates from TIRF experiments and the unbinding rates of the optical tweezers
experiments to calculate ∆Gtb:

ru,eff

fcat,IF-MT
= exp

(
∆Gtb

kBT

)
, (5.16)

∆Gtb = kBT ln
(

ru,eff

fcat,IF-MT

)
' 7.1 kBT for 20µM and 7.2 kBT for 25µM, 2.3 µM vimentin,

' 5.7 kBT for 20µM and 6.8 kBT for 25µM, 3.6 µM vimentin.
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6
Interactions and Mechanics Within Single

Intermediate Filaments Under Load

In this chapter, we show how interactions within IFs determine IF mechanics. We find three
different ways by which cells might tune the interactions and thereby the mechanics of IFs
on different spatial and temporal scales: (1) The expression of different IF proteins (keratin,
vimentin) as a change which affects the entire cell and which happens on a longer time scale
than the other two possibilities, (2) changes in the ionic strength of the surrounding buffer or
changes in pH, which allow for local changes of filament properties, and (3) post-translational
modifications, which can be fast and local adaptions. Theoretical modeling allows for the
direct disentanglement of the contributions from the secondary structure of the IF monomers
and the contributions from the interactions between these monomers. Our theoretical model
explains the different mechanical behaviors of keratin and vimentin IFs (Section 6.1) and the
influence of ionic strength and pH of the buffer (Section 6.3). An extension of this model
describes the effect of post-translational modifications (Section 6.4).

6.1 Lateral Subunit Coupling Determines Intermediate Filament Me-
chanics

The following section was published as “Lateral Subunit Coupling Determines Intermediate
Filament Mechanics” in Physical Review Letters 123 (188102) in 2019 (© 2019 American Physical
Society) [156]. Parts of the Supplementary Material are included as Section 6.1.6.
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6.1.1 Abstract

The cytoskeleton is a composite network of three types of protein filaments, among which
intermediate filaments (IFs) are the most extensible ones. Two very important IFs are keratin
and vimentin, which have similar molecular architectures but different mechanical behaviors.
Here we compare the mechanical response of single keratin and vimentin filaments using
optical tweezers. We show that the mechanics of vimentin strongly depends on the ionic
strength of the buffer and that its force-strain curve suggests a high degree of cooperativity
between subunits. Indeed, a computational model indicates that in contrast to keratin,
vimentin is characterized by strong lateral subunit coupling of its charged monomers during
unfolding of α helices. We conclude that cells can tune their mechanics by differential use of
keratin versus vimentin.

6.1.2 Introduction

The cytoskeleton is composed of three types of biopolymers – actin filaments, microtubules,
and intermediate filaments (IFs) – which, along with cross-linkers and motor proteins, form a
dense network in the cell [21] and determine its mechanical properties. Microtubules and
actin filaments are conserved across different cell types and organisms. By contrast, IFs are
expressed in a cell-type specific manner [10–12]: For example, keratins are predominantly
expressed in epithelial cells and vimentin in cells of mesenchymal origin. It has been shown
that vimentin deprived cells are less mechanically stable and migrate more slowly [182],
whereas cells lacking keratin are softer and more deformable [183, 184]. These differences are
likely to play an important role during the epithelial-to-mesenchymal transition, for example,
in embryogenesis, wound healing and cancer metastasis, when cells upregulate vimentin
expression and downregulate keratin expression [12, 18–20]. We hypothesize that keratin and
vimentin filaments have different mechanical properties already at the single filament level.
It has been demonstrated previously that single vimentin filaments exhibit a pronounced
extensibility of up to 4.5 times their original length [6, 77, 78] and a high flexibility [12, 35, 39],
and can dissipate up to 80% of the input energy when stretched and relaxed [7]. Keratin has
so far been primarily studied in the context of bundles, for example, in hagfish slime threads
[74], wool fibers [185], and hard α-keratin fibers [64]. However, data from single filaments
are needed to decouple the mechanics resulting from the bundle or network structure, i.e.,
the interfilament interactions, from the single filament mechanics.

IF mechanics are closely linked to their molecular architecture [6, 7, 83]. The monomer
consists of a “rod” domain including three α helices, which are connected by linkers and
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Figure 6.1: (a,b) Assembly pathway of vimentin (Vim) and keratin (K8, K18) IFs, respectively. The monomers
consist of three α-helical regions (1A, 1B, 2) connected by two linkers and flanked by intrinsically unstructured
regions, and form extended IFs in a strictly hierarchical manner. (c) Top: Schematic of the microfluidic device
used for measurements with the OT. Bottom: Confocal image of a fluorescently labeled keratin IF captured
between 4.42-µm-diameter beads; the scale bar is 2 µm.

flanked by intrinsically disordered head and tail regions [Figs. 6.1a and b] [31]. Despite
differing amino acid sequences, all cytoskeletal IFs share this monomer structure, as well
as the particular assembly pathway: Two monomers form a parallel dimer, two dimers an
antiparallel, half-staggered tetramer, and tetramers eventually form unit-length filaments
(ULFs) with a length of about 60 nm [31]. This lateral assembly is followed by longitudinal
annealing of ULFs resulting in µm-long filaments. One important difference between keratin
and vimentin filaments is the average number of tetramers per filament cross section of four
and eight, respectively [10]. During stretching of these filaments, the α helices open into an
unfolded state leading to a contour length change [7, 63, 73].

Here, we study the mechanical behavior of single keratin and vimentin filaments under
load by stretching them with optical traps (OTs) [6, 7]. It is well known that keratin and
vimentin are held together mainly by hydrophobic and electrostatic interactions. Therefore,
we use two distinctly different buffer conditions with high or low ionic strength, respectively,
to tune the electrostatic interactions. We find that ionic strength impacts IF mechanics,
which we explain by stronger lateral coupling in vimentin subunits than in keratin subunits,
corroborated by data from atomic force microscopy (AFM). The experimental data from
optical tweezers are modeled and quantitatively fitted by a Monte Carlo (MC) simulation
based on the IF structure [7]. From the fit, we obtain the free energy difference between the
folded helix and the unfolded state, and the α-helical stiffness.

6.1.3 Materials and Methods

Proteins are recombinantly expressed [186], labeled and reconstituted to tetrameric form as
described in the Section 4.1. Keratin is assembled at 0.1 mg/mL by dialysis into a low ionic
strength buffer, a standard keratin buffer (LB: 10 mM TRIS, pH 7.5) [10, 54–58], and vimentin
at a protein concentration of 0.2 mg/mL into a physiological, high ionic strength buffer (HB:
100 mM KCl, 2 mM phosphate buffer, pH 7.5) [54–56, 59, 161, 162], both at 36◦C overnight. In
both cases, about 4% of all monomers are labeled fluorescently with ATTO647N.

For optical tweezers measurements, the assembled keratin and vimentin filaments are
diluted 1:70 and 1:100, respectively, with the corresponding assembly buffer. The optical
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tweezers setup (LUMICKS, Amsterdam, Netherlands) is equipped with a confocal fluores-
cence microscope and a microfluidic device as sketched in Fig. 6.1c. Polystyrene beads
(Kisker Biotech, Steinfurt, Germany) are maleimide coated [163] to allow for covalent binding
to the IFs via cysteines. The beads are diluted with the assembly buffer of the respective
studied protein, which is also used as a buffer in the calibration channel. The buffer in
channel (4) is either LB or HB, and each IF is studied in both buffers.

Before each measurement, two beads are captured with the optical tweezers in channel
(1), and the trap stiffness is calibrated via their thermal noise spectrum in channel (2). IFs are
attached to the beads in channel (3), and it is ensured by fluorescence microscopy that only
one IF is bound to the beads. The traps with the IF are moved to channel (4) and incubated
for 30 s, unless the measurement is intended to take place in the assembly buffer of the
respective IF protein. One optical trap is moved with speeds between 0.3 µm/s and 2.5 µm/s
to stretch the IF in channel (4). The force exerted on the IF by the optical trap as well as the
bead positions are recorded.

IF heights are measured with a commercial AFM (Infinity, Oxford Instruments Asylum
Research, Santa Barbara, CA, USA). IFs are incubated for 30 s in the buffer of interest, fixed
with 0.125% glutaraldehyde and imaged on a piece of silicon wafer (Crystec, Berlin, Germany)
in buffer. Cantilevers (MLCT, Bruker, Billerica, MA, USA) are calibrated via their thermal
noise spectrum. From the optical tweezers data, the strain ε = L/L0 − 1 is calculated [7]
using the measured IF length L and the IF length L0 at 5 pN. The individual and average
force-strain curves of single keratin and vimentin filaments in the two buffer conditions are
shown in Figs. 6.2a. The averages are calculated by averaging both force and strain data (see
Section 4.4.2, including Figs. 4.3 and 4.4).

6.1.4 Results

In contrast to keratin, the force-strain behavior of vimentin filaments significantly depends
on the ionic strength of the buffer as Fig. 6.2 shows. Figure 6.5 in Section 6.1.6 shows the
same data, however, grouped according to filament type. In LB, the force-strain behavior
of keratin and vimentin is similar and can be divided into three regimes [6, 7]: There is an
elastic regime for low strains caused by the elastic behavior of α helices [6, 83, 187, 188].
A less steep regime for strains between 0.2 and 0.8 arises from the stepwise opening of α

helices during elongation [73, 83]. The filaments stiffen again for high strains since most α

helices are unfolded and the resulting structure is stretched [83]. The slopes for low strains
(in the range of 0.015–0.1 or 0.015–0.15, depending on the linear regime) are, on average,
slightly higher for vimentin compared to keratin filaments [Figs. 6.2c and 6.2d], which can
be partially explained by the doubled number of monomers per cross section in vimentin
filaments. In summary, for keratin and vimentin filaments, there is a small initial slope and
no considerably decreased slope for intermediate strains in LB, similar to the previously
observed stress-strain behavior of IF bundles [74] [Fig. 6.2a]. A detailed analysis of the slope
behavior for intermediate strains is included in Fig. 4.5 in Section 4.4.2. By contrast, the two
filament types behave differently in HB [Fig. 6.2b]. For keratin filaments, there is no clear
separation between the regimes. Vimentin filaments, however, show a high initial slope and a
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Figure 6.2: (a,b) Force-strain curves for keratin (K, warm colors) and vimentin (V, cold colors) in (a) LB (blue
background) and (b) HB (yellow background) measured with the OT. The curves from single IFs (thin lines)
for different loading rates (see color code) are averaged (thick lines). The number of measurements for each
condition is included in parentheses in the legend. (c)–(e) Initial slopes with standard deviations obtained from
linear fits in the low strain regime of (c) keratin in LB, (d) vimentin in LB, (e) keratin in HB, and (f) vimentin in
HB.

plateau-like region, which indicates some degree of cooperativity as will be discussed further
below. Both proteins are initially stiffer in HB [Figs. 6.2e and 6.2f].

The different curve shapes for keratin and vimentin filaments also result in a higher
input energy E for vimentin than for keratin filaments in HB. Note that EXY is calculated by
integrating the force-strain curves up to a force of 500 pN of protein X in buffer Y. In LB, the
ratio of the input energies EVL/EKL is 1.02± 0.18, whereas in HB, vimentin filaments take up
about 53% more energy (EVH/EKH = 1.53± 0.23), as shown in Fig. 4.6a in the Section 4.4.2.

To understand these data, we take a closer look at the molecular properties of keratin and
vimentin. Vimentin carries 19 e/monomer, keratin 8.5 e/monomer. HB has an ionic strength
about 20 times higher than LB. The additional ions allow for a closer arrangement of the
subunits in the filament since they screen the negative charges and decrease the electrostatic
repulsion of the subunits within the filament [189, 190]. These additional attractions need to
be overcome when the filament is stretched so that the filaments appear initially stiffer in HB.
Since vimentin filaments are more negatively charged, they are affected more strongly by a
change in the ionic strength of the buffer (see Fig. 6.5 in Section 6.1.6). Keratin monomers
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Figure 6.3: (a) Typical AFM image. The inset shows the processed AFM image in MATLAB used to extract the
height profile (red line). (b,c) Histogram of keratin and vimentin filament heights measured with AFM in (b) LB
and (c) HB.

are 1.5 times more hydrophobic [191] than vimentin monomers, so they attract each other
more strongly, independent of the ionic strength of the surrounding buffer. Therefore, we can
attribute the increased initial stiffening and the pronounced slope change of the force-strain
curve of vimentin filaments in HB to a stronger attraction and a higher lateral coupling
strength between the subunits. The higher initial slope and the overall different curve shape
also lead to a larger input energy as reported above.

To test this hypothesis, we measure the height of keratin IFs and vimentin IFs in both
LB and HB by AFM. The attraction between the substrate and the IF flattens the originally
circular cross section of the filament [35, 77]. However, a stronger attraction between the
filament subunits prevents this effect. IFs in the AFM images are tracked, and the height
is extracted from the data as described in Section 4.5. A typical AFM image is shown in
Fig. 6.3a, and the filament heights agree with the literature [10, 192]. The average height for
keratin IFs increases from LB to HB by a factor of 1.2± 0.4, and the height of vimentin IFs
increases by a factor of 2.6± 0.9 [Figs. 6.3b and 6.3c]. This supports our hypothesis that HB
enhances the attractions between single subunits more strongly in vimentin filaments.

To understand why the lateral coupling in keratin and vimentin IFs has a different effect
on the mechanical properties, we model keratin and vimentin IFs based on Refs. [7, 151,
155]: Each monomer is described as a spring in series with an element that can elongate
under tension [Figs. 6.4a and 6.4b]. The spring corresponds to the elastic behavior of an α

helix for low forces. The energy difference between the α and unfolded state u is ∆G. Before
stretching, NP monomers are connected in parallel, in order to present a ULF (NP = 16 for
keratin, NP = 32 for vimentin). To model a filament, 100 of these ULFs are connected in
series by springs. With respect to the elongation of the filament, two variants of the model
are simulated: In the first (uncoupled) case (1), the filament elongates, when all monomers in
one subunit are in the unfolded state [Fig. 6.4a]. In the second (coupled) case (2), the filament
elongates, when all monomers of one ULF are in the unfolded state [Fig. 6.4b] [7]. Thus, case
(1) supports the idea of protofilaments which can slide past each other [77, 164–167].

The coupled and uncoupled extensions differ in how the force φ is shared among the
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Figure 6.4: (a) Model for uncoupled dimers as subunits, case (1), and (b) model for coupled dimers as subunits,
case (2). If one subunit is in the unfolded state in case (1), this leads to an elongation by ∆L, whereas in case
(2) all monomers have to be in the unfolded state for elongation (orange: elements discussed in the text). (c)
Comparison of simulation results for the same parameter sets (see color code in legend) for the uncoupled model
(dashed lines) and the coupled model (solid lines), ∆L = 1. (d,e) Measured and simulated force-strain curves
(solid and dashed lines, respectively) for keratin (K) and vimentin (V) in (d) LB and (e) HB for the intermediate
loading rate shown in Fig. 6.2.

monomers M and thus in the force dependence of the transition rates rα→u
Aj,m

from the α to the
unfolded state (see the Section 5.1). The transition rate has the general form

rα→u
Aj,m

= Aj,mrα→u
0 exp

(
θφ

M

)
with the number of monomers Aj,m in the α state of the mth subunit in the jth ULF, the
zero-force reaction rate from a monomer in the α to the unfolded state rα→u

0 , and the load
distribution factor θ [153, 168]. In the uncoupled case, the force is shared equally among the
subunits and within a subunit among the monomers, M = NC Aj,m, while in the coupled
case, the force is shared equally among all monomers of the ULF, M = ∑NC

m=1 Aj,m (with the
number of laterally associated subunits NC).

The two different assumptions for elongation lead to a fundamentally different force-
strain behavior: In case (1), the data are “s shaped” since the laterally associated α helices in
the subunits can open independently at a certain minimum force. In case (2), the initial slope
increases and the plateau-like part evolves because a higher minimum force is needed to open
the laterally coupled α helices in a cascading manner, which is also observed by Erdmann
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and Schwarz [155] for a system that resembles one vimentin ULF in HB in our model. Figure
6.4c shows that the same parameter sets for the coupled or uncoupled case, respectively, lead
to a qualitatively different behavior. We observe a high initial slope and a reduced slope for
intermediate strains only for vimentin filaments in HB; thus, we model them with case (2) [6,
7]. For keratin filaments in HB and vimentin and keratin filaments in LB, we assume case
(1), which corresponds to an uncoupled filament elongation. We fit the simulation data to
the experimental data using MATLAB [Figs. 6.4d and 6.4e]. The simulations agree well with
the experimental force-strain curves for keratin filaments in LB and HB and for vimentin
filaments in LB; for vimentin filaments in HB, the experiment exhibits a higher initial slope
than expected from the simulation. In both buffers, ∆G, as extracted from the fit parameters,
lies around 0.3 or 0.6 kBT per amino acid for keratin or vimentin, respectively, and agrees
with theoretical results for short peptides from the literature [193–195]. This indicates that
the energy stored in a single α helix does not depend on the ion concentration, in contrast to
the lateral coupling strength between the α helices. We also determine the α-helical stiffness
of about 0.6–3.4 pN/nm from the simulation parameters in agreement with the literature [6,
196, 197] as shown in Fig. 4.6b in Section 4.4.2.

6.1.5 Discussion and Summary

Our data from OT, AFM, and MC simulations strongly indicate that the lateral coupling in
vimentin filaments induced by additional cations is so strong that all parallel α helices in one
ULF have to unfold for a length change, whereas in keratin filaments the filament elongates
in any condition as soon as one subunit is in the unfolded configuration. We assume that
three main differences in the molecular properties of the two IFs contribute: (i) electrostatics,
(ii) hydrophobicity, and (iii) compaction. Aspects (i) and (ii) have been discussed above.
Concerning aspect (iii), in contrast to keratin, vimentin IFs compact after elongation [61, 160].
This is due to charged amino acids in linker L1 and in coil 1B that attract oppositely charged
amino acids in linker L12 from a neighboring tetramer [61, 198]. Therefore, compaction
can additionally increase the lateral coupling strength in vimentin IFs. Keratin IFs do not
compact [38] and also do not exhibit the same charge pattern that all compacting IFs have
in common [49] (see Table 6.1 in Section 6.1.6). Note that it is not the different number of
monomers per cross section in keratin and vimentin that causes the different behavior in HB,
as an uncoupled filament with 16 monomers in the MC simulation does not exhibit a high
initial slope nor a clear change in slope for intermediate strains (see Fig. 5.2 in Section 5.1).

To conclude, our experiments substantiate the idea that cells can fine-tune their ability to
absorb large amounts of energy to protect the cell from mechanical damage by the expression
of different IFs. It should be noted that the ionic environment inside a cell is more complex
than what has been used in our experiments, including divalent ions which promote IF
bundling [117, 189, 199]. Depending on the surrounding ion concentration, vimentin fila-
ments stiffen and absorb more energy than keratin filaments. An MC simulation based on
assumptions about the molecular structure of both IFs shows that a stronger lateral coupling
of the vimentin subunits is the cause for this behavior.
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6.1.6 Supplementary Material

Materials and Methods – Protein Expression, Labeling and Dialysis:

Keratin: Human keratin 18 (K18), keratin 8 (K8) and K8 with an additional cysteine at the
C-terminus (Cys-K8) are recombinantly expressed in E. Coli [186]. All plasmids are verified
by Sanger sequencing and inserts are confirmed through a Basic Local Alignment Search Tool
(BLAST) provided by the National Center for Biotechnology Information (NCBI). Purity of
the proteins is verified by SDS-gel electrophoresis and assembly-competence by fluorescence
or atomic force imaging.

Simulation

The results for ∆G obtained from the fit agree well with the literature: For example, 0.78 kBT
/amino acid in idealized model polyalanine β-sheets [194], 0.95 kBT/amino acid in human
amylin [195] and 1.26 kBT/amino acid in a β-sheet formed by two alanine dipeptide molecules
[193] were found.

In addition to the α-helix–to–unfolded-state transition free energy (∆G), we also estimate
the spring constant of the α helices for keratin and vimentin IFs in the two different buffers
as shown in Fig. 4.6b. Similar to the experimental data, we observe a pronounced stiffening
of vimentin IFs in HB compared to LB. The α-helical keratin stiffness increases slightly from
LB to HB. An increased α-helical stiffness in HB may be caused by additional intra α-helical
attractions due to charge screening by the increased ion concentration.

Further Comments

Keratin and vimentin IFs in different buffers: Figs. 6.5a,b show the same data as Figs.
6.2a,b in Section 6.1, however, we here group all data for the same protein (but different
buffers) together, whereas in Section 6.1, the data are grouped according to buffer type.

Compaction of vimentin IFs: The phenomenon of compaction denotes the diameter
reduction of IFs as a last step in assembly [160, 198]: The diameter of vimentin IFs shrinks
from 17 nm to 9.5 nm [31, 160], whereas the diameter of keratin IFs changes from 10.9 nm
to 9.4 nm [38], although vimentin IFs have twice as many monomers per cross section on
average. It seems to be vital that the transition of linker 1 (L1) to coil 1B contains amino acids,
which are oppositely charged to the amino acids in linker 12 (L12), and that L12 contains
a proline residue, as shown in Table 6.1 [61]. The oppositely charged amino acids attract
each other and increase the coupling of neighboring subunits. The comparatively large
proline residue allows for a spatially open arrangement of the linkers for the compaction
step. By contrast, K8 does not contain a proline in linker L12 and similar charge patterns
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Figure 6.5: Averaged force-strain curves for (a) keratin IFs in LB and HB and (b) vimentin IFs in LB and HB.
These data correspond to the data shown in Fig. 6.2 in Section 6.1, but are grouped differently.

Table 6.1: Comparison of amino acids in K8, K18 and vimentin in at the positions vital for compaction. The
charge pattern in vimentin allows for compaction (red: positively charged amino acids, blue: negatively charged
amino acids, green: amino acid with a large residue that can “open” the linker region for compaction) (adapted
from Ref. [61]).

protein Positions L1 Sequence: L1-1B
K8 127-136 QQQKTARSNM-DNMFES

K18 116-125 LEKKGPQVRD-WSHYFK

Vimentin 139-147 KGQGKSRLG-DLYEEE

protein position L12 Sequence: linker L12
K8 238-254 QISDTSVVLSMDNSRSL

K18 227-243 QIASSGLTVEVDAPKSQ

Vimentin 250-264 QEQHVQIDVDVSKPD

as in vimentin are not observed as shown in Table 6.1. These molecular details are likely
an explanation for compaction to occur in vimentin IFs, but not in K8/K18 filaments. This
lack of compaction step in turn may be responsible for the weaker coupling between keratin
subunits.

Stability of α helices in keratin and vimentin: As mentioned in Section 6.1, the α helices
in K8, K18 and vimentin have a highly similar stability. However, the number of polar or
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charged amino acids in coil 1A at positions, where hydrophobic amino acids are expected
due to the α-helical structure, is three times higher in keratin than in vimentin [49]; ions can
stabilize this coil which may lead to increased stiffness. Yet, coil 1A is very short compared to
the other coils (about 40 amino acids in coil 1A, 100 in coil 1B, 140 in coil 2) [49], so that the
overall influence on stability from coil 1A may be comparatively small.

6.2 Mechanics of Single, Chemically Stabilized Keratin Intermediate
Filaments

In the previous Section 6.1, the different mechanical behaviors of keratin and vimentin IFs
are explained by the hypothesis that keratin subunits can slide, while vimentin subunits
cannot. Thus, if there was a way to couple keratin subunits strongly, so that the subunits
could not slide anymore, we would expect a similar mechanical behavior as for vimentin IFs,
i.e., a plateau-like regime in the force-strain curve. A possible way of coupling subunits is
chemical crosslinking of certain amino acids. For example, glutaraldehyde (GA) covalently
crosslinks lysines. Thus, if lysines of different subunits in keratin IFs are closely packed, a GA
molecule can crosslink them and they cannot slide any more. Lysines in K8/K18 monomers
are located in all α-helical sections and in the tails and K18 contains additional lysines in the
head domain, so that crosslinking of subunits is possible.

To study whether crosslinking suppresses subunit sliding within on keratin IFs, we
prepared keratin IFs as described in the previous Section 6.1 and stretched them in keratin
assembly buffer supplemented with 0.25% (v/v) GA. Interestingly, keratin IFs treated with
GA stretched with different loading rates, as shown in Fig. 6.6a, do not exhibit a plateau-like
behavior as vimentin IFs. Instead, the overall “s-shaped” behavior also reported in the
previous section is preserved. Yet, GA-treated filaments are stiffer than untreated filaments,
see Fig. 6.6b with continuous lines for GA-treated filaments vs. dashed lines for untreated
filaments also shown in Section 6.1. Additionally, at a higher loading rate, the stiffness of
GA-treated keratin IFs increases, the maximum strain of the stretched filaments decreases
and the “s shape” becomes less pronounced. The crosslinking of lysines by GA can explain

(a) (b) (c)

(0.8±0.3) μm/s, keratin

(0.35±0.02) μm/s, keratin

(0.63±0.13) μm/s, keratin
untreated

treated with 0.5 % GA
(2.46±0.16) μm/s, vimentin

(0.61±0.12) μm/s, vimentin

(1.3±0.1) μm/s, vimentin

Figure 6.6: Force-strain curves of glutaraldehyde (GA)-treated filaments. (a) GA-treated keratin IFs still exhibit
an “s-shaped” force-strain curve. (b) GA-treated keratin IFs are stiffer than untreated filaments, have a smaller
maximum strain, and their mechanics depends on the loading rate. (c) GA-treated and untreated vimentin IFs
stretched at different loading rates. Data recorded by Dr. Johanna Forsting (University of Göttingen).
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the stiffening since more bonds are loaded within GA-treated filaments than within untreated
filaments. The additional bonds in GA-treated filaments can prohibit a larger maximum
strain as well since they hold the filament more strongly together. In Fig. 6.6c, GA-treated and
untreated vimentin IFs stretched at different loading rates are compared: The filaments stiffen,
and the plateau-like behavior is conserved, but the plateau is located at higher forces. The
maximum strain is smaller for GA-treated filaments compared to untreated filaments. Yet,
the maximum strains are larger than for keratin IFs, which might indicate that GA crosslinks
subunits within keratin IFs more strongly than within vimentin IFs.

There are two possibilities why GA-treated keratin IFs do not exhibit a plateau-like
behavior like vimentin IFs: (i) Lysines of different subunits within the keratin IFs are spatially
not close enough to one another to be crosslinked by GA, so that the subunits can still
slide and crosslinking occurs within the subunit or (ii) the subunits cannot slide any more
because they are fixed by GA, but non-sliding subunits do not lead to a plateau, i.e., our
hypothesis raised in the previous section is wrong. In case (i), we cannot check whether
lysines of different subunits are sufficiently close to one another to be crosslinked, since the
precise spacial arrangement of lysines on the nanometer scale is not known. In either case, an
additional experiment to test our assumption of subunit sliding is necessary. If subunits in
a filament can slide, we do not expect a restoring force acting on these subunits since they
changed their position and might even form new bonds at this new position. Thus, we expect
filament elongation when a keratin IF is loaded and relaxed again. Results of this experiment
are presented in Chapter 7.

6.3 Tuning Intermediate Filament Mechanics by Variation of pH and
Ion Charge

Thus, in the previous Section 6.1, we analyzed the mechanical behavior of different IF types.
We show that the interactions within vimentin IFs cause the plateau-like regime in the force-
strain curves in comparison to weaker interactions within keratin IFs which do not exhibit
a plateau-like regime. We assume that these highly different behaviors are caused by the
compaction step within vimentin IFs, where keratin IFs do not compact. Compaction is
associated with a certain charge pattern between coil 1A and the beginning of coil 2, so that
electrostatic interactions are a vital parameter for the interactions within filaments. This raises
the question whether a direct change in the electrostatic conditions around the filaments or
charge changes within the filament cause a different mechanical behavior.

The theoretical model of IF stretching and their subunit sliding described in section 6.1 is
also applied to the mechanics of vimentin IFs stretched in buffers with a different pH and
a different ionic strength. This application of the model is part of the publication “Tuning
intermediate filament mechanics by variation of pH and ion charge” in Nanoscale 12 by Anna
V. Schepers, Charlotta Lorenz and Sarah Köster in 2020 (Creative Commons Attribution-
NonCommercial 3.0 Unported) [81]. In the following section, I summarize the results of this
study with focus on the application of the theoretical model. Text and figures are adapted
from Ref. [81].

https://creativecommons.org/licenses/by-nc/3.0/
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Figure 6.7: Force-strain behavior of single vimentin IFs. All curves shown are averages of the individual
measurements. The strain values at the end of the initial linear regime ε I (red) and the plateau regime ε I I (blue)
for all average curves are indicated. (a) Effect of indirect charge shifts caused by salt ions in the measurement
buffer. (b) Effect of direct charge shifts by varying pH conditions. While ε I is similar in all measurements, ε I I
increases for lower c(KCl) and for increasing pH. (c) Comparison of the effect of an addition of 100 mM K+ ions
at pH 7.5 and 5.8. Adapted from Ref. [81] (Creative Commons Attribution-NonCommercial 3.0 Unported).

Contributions: S. K. conceived and supervised the project. A. V. S performed the experi-
ments and the data analysis. C. L. developed the method for force-strain data averaging, im-
plemented the model and performed the simulations. S. K. and A. V. S wrote the manuscript.
All authors read and commented on the manuscript.

Force-strain curves, recorded at varying ion concentrations and pH values, reveal that the
mechanical properties of single vimentin IFs are influenced by pH and ion concentration: We
study the response of mature vimentin IFs to tuning of the ionic conditions of the buffer and
to the internal charge distribution in the protein by adjusting the pH of the buffer, and find
that both factors strongly influence the mechanics of single vimentin IFs. The filaments are
stretched at a rate of 0.21±0.05 µm/s in 2 mM phosphate buffer at varying pH (5.8–8.5) and
concentrations of KCl (0, 50, 100, 150 mM) or MgCl2 (0, 5, 10 mM), see Fig. 6.7.

The three regimes that have been previously reported (see Fig. 2.6 in Section 2.2.2) are
evident in the force-strain data recorded under standard assembly conditions as shown in Fig.
6.7a (100 mM KCl, see legend for color code): the initial linear increase, the plateau and the
subsequent stiffening at high strains can be clearly distinguished. At high salt concentrations,
i.e. c(KCl) = 100 mM or 150 mM and c(MgCl2) = 5 mM or 10 mM, the initial slopes are the
same between these four salt conditions. When the filaments are incubated in low salt buffer
(PB, pH 7.5; see Fig. 6.7a), the complete curve is shifted to lower forces, the initial slope is
lower and the plateau is less pronounced. Independent of the measuring conditions, the
strain at which the initial linear increase ends is at ε I = 0.15± 0.04 (see Fig. 6.7a), showing
that the elastic extensibility of the filament is not affected by the salt ions. ε I I represents the
strain at which the plateau ends, and Fplateau is the force at the beginning of the plateau, at a
strain of ε I .

Whereas the interactions of ions with the protein represent an indirect charge effect on the
filament, we can also directly manipulate the charge of specific amino acids, e.g. by varying
the pH of the buffer. We use the curve recorded in the low salt buffer (2 mM PB, pH 7.5; green
in Fig. 6.7a,b) as a starting point and do not add any additional salt ions. As the cytoplasmic
pH in eukaryotic cells is reported to lie between 7.0 and 7.5 [54, 55], we lower the pH to 7.0.

https://creativecommons.org/licenses/by-nc/3.0/
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The resulting curves are shifted to higher forces and the plateau region is shorter compared
to the low salt buffer at pH 7.5 (see Fig. 6.7b). The stiffening effect is amplified at even lower
pH as shown by data for pH 6.5 and pH 5.8 (see purple and blue data in Fig. 6.7b). Taken
together, our force-strain data on vimentin IFs at different pH values show that the overall
stiffness of the filament and the unfolding are altered considerably when the charge of a few
specific amino acids is varied.

To understand the interplay of salt ions and pH, we compare two sets of data recorded at
different pH (7.5 and 5.8) without additional salt and with 100 mM KCl each, shown in Fig.
6.7c. At pH 5.8, 100 mM KCl does not have a strong effect, and the curves with and without
additional salt are strikingly similar (purple), especially when compared to the pronounced
effect of 100 mM KCl at pH 7.5 (green). This observation suggests that the maximum stiffness
has already been reached at low pH without salt and the ions only have a negligible effect.

The observed filament softening in low salt buffer and stiffening at low pH raise the
question of how these mechanical properties are governed by molecular charge interactions
within the filament. To answer this question, we first regard the initial slope of the force-strain
curves in Fig. 6.7. The initial slope decreases when fewer monovalent cations are present and
increases with decreasing pH.

We model force-strain curves by Monte Carlo simulations that are based on the hierar-
chical structure of the filaments as described in Section 6.1. In our 1D experimental setting,
we can interpret the initial slope as a measure of the filament stiffness, which for the sake
of modeling we describe by the spring constant of the filament, κ f . We expect an increase
with the number of monomers, NP, per cross-section of the filament [200]. We can, however,
exclude the possibility of a reorganization of mature filaments in vitro by addition or loss
of subunits as it only occurs on timescales of tens of minutes [201] which is much slower
than the time scales of our experiments. We can therefore safely assume that the number
of monomers is constant during our experiments. Instead, stiffening of the filament may
originate from an increase of the spring constant of an individual α helix, κα, as shown in the
Monte-Carlo simulated force-strain curves in Fig. 6.8a.

Whereas the change of the initial slope is well explained by variations of κα, other experi-
mentally observed changes in the force-strain curves, such as the plateau slope and length
are not reproduced by this variation. To be able to compare the mechanisms that affect the
plateau, we first examine the unfolding reaction that leads to the plateau formation. The force
level of the plateau Fplateau, the force reached at strain ε I , is a measure of the energy necessary
for unfolding. Fig. 6.8c shows a schematic and simplified energy landscape for the transition
from the α to the unfolded state (green). The energy barrier EA between the two states is
indicated in Fig. 6.8d. The optical trap is approximated by a harmonic potential (dashed
line). By applying a force (Fig. 6.8d), the harmonic potential is moved to the right, thereby
decreasing the energy barrier in the total potential (blue) and the unfolded state becomes
more probable.

The simulated force-strain curves in Fig. 6.8b reveal a strong dependence of Fplateau on the
subunit size. By choosing a small subunit size NM such as NM = 4 we are able to reproduce
the observed decrease of Fplateau in low salt buffer. At low pH, Fplateau is even higher than
in high salt buffer. Thus, EA is apparently even further increased at low pH. This behavior
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Figure 6.8: Monte-Carlo simulations of force-strain curves and schematics of energy landscapes. (a) An increased
κα causes an increase of the initial slope. (b) A stronger coupling into larger subunits moves the plateau to higher
forces, decreases the slope of the plateau and weakly influences the initial slope. The insets in a and b show the
initial slope for each parameter set. (c) Energy landscape E plotted against the reaction coordinate χ with minima
for the α and unfolded state at high salt conditions (green) within the harmonic potential corresponding to the
optical trap (dashed line). The resulting total potential is shown in blue. Without applied load, the α state is
stable. (d) By moving the optical trap, and thereby the harmonic potential, the energy barrier is reduced and the
unfolded state becomes more probable. (e) A higher free energy difference ∆G between the α and unfolded state
increases Fplateau without affecting the slope of the plateau. (f) Increasing the length of the unfolded monomer
increases ε I I . (g) The suggested energy landscape at low pH, which leads to an increased energy barrier ∆G,
shows a higher EA making the transition to the unfolded state less probable, (h) even after applying the same
trap load as in (f). Adapted from Ref. [81] (Creative Commons Attribution-NonCommercial 3.0 Unported).

may be explained by an increased free energy difference, ∆G, between the α and unfolded
state (purple curve in Fig. 6.8h as compared to green curve in Fig. 6.8d), thus rendering the
transition from the α to the unfolded state less probable at the same applied force (Fig. 6.8g
and h), effectively increasing Fplateau. Fig. 6.8e shows how ∆G influences the force-strain
curve.

In addition to an increased Fplateau, we also observe a shortening of the plateau at low pH
(Fig. 6.7b). The length of the plateau, ε I I - ε I , depends on the number of unfolding events
and the length increase during unfolding, ∆L. Here, by the ‘number of unfolding events’ we
summarize (i) fully unfolded ULFs and (ii) partially unfolded ULFs, as each of them consists
of 32 monomers with three coils each, which can unfold fully or in parts. As ε I is relatively
constant in all measuring conditions, ε I I is a measure for the length of the plateau. Fig. 6.8f
demonstrates how a decrease of ∆L shortens the plateau.

Earlier interpretations of the plateau being a transition from the α helices to beta sheets
would allow for an elongation to strain 0.77 (Ref. [6] and [83]) in the plateau. This value
agrees with ε I I at high salt concentrations, but is exceeded at low salt conditions and not

https://creativecommons.org/licenses/by-nc/3.0/
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reached at low pH values (Fig. 6.7). Recent results indicate that the unfolding is in fact
not a two-state process but that α helices first unfold to a random coil structure [63]. These
random coils could be either longer or shorter than the beta sheet conformation and thereby
explain the variations in ∆L. The remarkably short plateaus we observe at low pH indicate a
strong influence of the pH on ∆L. From the simulation in Fig. 6.8f, we learn that decreasing
∆L furthermore increases the slope of the plateau, which agrees well with the increase of
the slope we observe at low pH. The additional positive charges located at the sites of the
histidines might act as crosslinkers in the filament, ‘locking’ the monomers in place and
thereby decreasing ∆L.

Combining the simulations and the experimental results, we are now able to explain
the observed increase of the initial slope, shortening of the plateau, shift to higher forces
Fplateau at low pH or high salt conditions by increased subunit coupling and decreased ∆L.
Additionally, for the low pH conditions, a more pronounced ∆G comes into play, whereas
for high salt, κα is increased. The slope of the plateau can be modeled by a decrease of the
subunit size or of ∆L. As we observe no change of the slope of the plateau throughout all salt
conditions at pH 7.5, these effects seem to be balanced out during the plateau formation.

To conclude, we directly relate the mechanical response of single vimentin IFs to stretching
in different buffer conditions to variations in the molecular electrostatic interactions in the
filament. Our results show that the strong response to the electrostatic environment reported
for coiled coils is preserved in mature vimentin IFs. A likely interpretation is that salt ions in
the buffer screen or bridge electrostatic repulsion in the hierarchical structure and thereby
stabilize the filaments. Additional positive charges in the amino acid sequence caused by
a lowered pH stabilize and stiffen vimentin IFs as well. Thus, our results indicate that the
mechanical role of IFs in cells can adapt to local pH and ion concentrations. Both effects,
salt and pH, may allow cells to locally tune their stiffness without having to rebuild the
entire cytoskeleton and thereby adapt their mechanics to varying requirements. In this
context, we show that stiffening of vimentin networks that was previously reported upon the
addition of Mg2+ relies on increased inter-filament interactions and does not originate form
stiffening of single filaments. Thus, by ensuring a relatively constant stiffness, extensibility,
force-strain behavior, and stability of the filaments at physiological potassium concentrations
and in conditions that are known to affect the bundling behavior of vimentin, we suggest that
network mechanics can be tuned independent of the single filament properties. Consequently,
the next step is to study, how the variability of single filament mechanics translates to network
properties. This will allow for relating the intra-filament interactions studied here and inter-
filament interaction in networks as presented in Section 8.2.

6.4 Softening of Vimentin Intermediate Filaments
due to Post-translational Modifications

Next to the expression of different IF proteins and changes in ion concentration and pH
around the filament, post-translational modifications might be another option for cells to
adapt the mechanical properties of filaments. Thus, here, we study the influence of post-
translational modifications on filament mechanics. Since post-translational modifications



6.4. Softening of Vimentin Intermediate Filaments
due to Post-translational Modifications 85

change the electrostatic interactions within filaments, we apply the model described in
Section 6.1. This application of the model is part of the publication “Post-translational
modifications soften vimentin intermediate filaments” in Nanoscale 13 by Julia Kraxner,
Charlotta Lorenz, Julia Menzel, Iwan Parfentev, Ivan Silbern, Manuela Denz, Henning
Urlaub, Blanche Schwappach and Sarah Köster in 2021 (Creative Commons Attribution-
NonCommercial 3.0 Unported) [82]. In the following section, I summarize the results of this
study with a focus on the application of the theoretical model. Text and figures are adapted
from Ref. [82].

Contributions: S.K. conceived and supervised the project. J.K. performed the experiments
and analyzed the data. J.M. and B.S. provided the 14-3-3 protein. H.U., I. P. and I. S. performed
the mass spectrometry measurements. C.L. designed the model and performed the numerical
simulations. J.K. and S.K. wrote the manuscript with contributions from all authors.

An interesting aspect of phosphorylation is the ability of certain proteins to bind to
the modified sites. One such protein is 14-3-3 [202], which is involved in several cellular
processes like signal transduction, adhesion and inhibition of tumorigenesis [203]. Here,
we investigate the effect of phosphorylation and 14-3-3 on vimentin mechanics by studying
precise force-strain curves from optical trap experiments.

As complete phosphorylation of vimentin IFs leads to disassembly [204], we perform the
stretching experiments on partially phosphorylated vimentin IFs with varying percentages of
1, 5 or 10%. Fig. 6.9a shows corresponding data for filaments containing a certain percentage
of phosphorylated protein (shades of blue, for color code see legend). To quantify the force-
strain data, we focus on the Young’s modulus, which we calculate from the initial slope in
the linear regime up to a force of 130 pN of each curve, as a measure of the filament stiffness.
The Young’s moduli plotted in Fig. 6.9d (green) show a strong decrease with increasing
percentage of phosphorylated protein.

We employ phosphomimicry to investigate the effect of defined phosphorylated sites
and choose two of the most abundantly phosphorylated sites that also occur in vivo, S38
and S72 [204]. We perform the same force-strain measurements as described above. For the
mutant S72E, we observe a similar trend as in the phosphorylation data including enhanced
softening, see Fig. 6.9b, green to dark blue. On the contrary, Fig. 6.9c, green to dark blue,
shows filaments containing the mutation S38E and no systematic trend is observed.

When comparing these three different conditions, i.e. phosphorylation, mutation S72E
and mutation S38E, we observe that the Young’s modulus, and therefore the filament stiffness,
decreases with an increasing amount of phosphorylation (green) and mutation S72E (orange)
but stays fairly constant for the mutation S38E (blue), see Fig. 6.9d. These results suggest that
the phosphorylation at position S72 influences the filament mechanics whereas at position
S38 it does not have any effect.

To explain the softening of vimentin IFs with increasing amount of phosphorylation, we
consider previous studies that have shown neighboring dimers to be coupled by electrostatic
interactions between specific positively charged amino acids in the head, namely R23, R28,
R36 and R45, and the negatively charged coiled-coils [31, 158, 205] as sketched in Fig. 6.10a.
When vimentin becomes phosphorylated, the positive charges of the head domain are flanked
by negative charges of the phosphorylated amino acids, which diminishes the electrostatic
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Figure 6.9: Additional negatively charged amino acids soften vimentin IFs. (a) Mean force-strain curves for
partially phosphorylated filaments: control (unphosphorylated, green), 1% phosphorylation (light blue), 5%
phosphorylation (medium blue), 10% phosphorylation (dark blue) and 5% phosphorylation with 14-3-3 (magenta).
With increasing amount of phosphorylated vimentin incorporated, the filaments become softer; the effect is even
more pronounced in the presence of the protein 14-3-3. (b and c) Mean force-strain curves for the phosphomimicry
data. The color code for the individual conditions is the same as in a. (b) The mean curves for the phosphomimetic
mutant S72E show a similar trend as the phosphorylation data except for the filaments incubated with 14-3-3.
(c) The mean curves of the phosphomimetic mutant S38E do not show a systematic softening regardless of
whether the filaments were incubated with 14-3-3 or not. (d) Comparison of the different data sets. The Young’s
modulus Y, which is a measure of the filament stiffness, is shown in dependence of the amount of phosphorylated
or phosphomimetic protein. The phosphorylation (green) and the S72E data (orange) show a softening with
increasing phosphorylation or phosphomimicry, whereas the S38E data (blue) remain fairly constant. The Young’s
moduli for filaments with additional 14-3-3 are depicted as open symbols, as these are only an estimate using the
radius of the 5% condition instead of the actual radius that cannot be measured by small-angle X-ray scattering.
Adapted from Ref. [82] (Creative Commons Attribution-NonCommercial 3.0 Unported).
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attraction between the head and the coiled-coils. This observation raises the question of
whether the shift in filament stiffness can be explained by weaker coupling. Therefore, we run
Monte-Carlo simulations to understand how the coupling of dimers affects the force-strain
curves of vimentin by extending the model from Ref. [156] as described in Section 6.1 and
[7]. This previous model does not explain a pronounced decrease in Young’s modulus as
observed here.

We thus supplement the model from Ref. [156] by spring constants κbt, which represent
bonds between tetramers, and κbd for bonds between dimers within the tetramer. In case
of more phosphorylated monomers in the filament, the filament subunits do not interact as
strongly as without phosphorylated monomers because the additional negative charges repel
each other. Thus, not all bonds between tetramers and dimers can form, so that the spring
constants κbd and κbt do not contribute to the overall spring constant and the filaments get
softer as shown for the simulated force-strain curves in Fig. 6.10d. Consequently, the initial
slope of the force-strain curves decreases with more phosphorylated monomers as shown in
Fig. 6.9d.

Our results show that the negative charge at position S72, in particular, has an effect on
filament mechanics: the phosphomimetic mutant shows a very similar trend compared to
the phosphorylation data (Fig. 6.9d). Indeed, this position is also found to be the mayor
phosphorylation site. By contrast, an additional negative charge at position S38 has no
effect on the filament mechanics. Therefore, we conclude that a decreased coupling around
position S72 is crucial for the shift in mechanics whereas a decreased coupling at position
S38 has no effect. We confirm these numerical findings with mass spectrometry cross-linking
experiments. These studies supports our proposal that there are decreased interactions
between neighboring dimers in phosphorylated vimentin which indicates that the lateral
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coupling of dimers is reduced.
To conclude, we directly show how post-translational modifications, i.e. phosphoryla-

tion, change the mechanical properties of vimentin IFs: vimentin IFs become softer with
increasing amount of phosphorylated protein within the filament. These findings may help
to understand the relation between the role of phosphorylation in cancer metastasis and the
pronounced motility of metastasizing cells. The interaction of phosphorylated vimentin with
14-3-3 enhances this softening effect and may even protect the softer state. We suggest that
these changes are induced by reduced electrostatic coupling within the ULF due to additional
negative charges introduced by the phosphate groups and support this assumption by a
physical model. We thus hypothesize that cells are able to fine-tune and adapt their mechani-
cal properties locally and within seconds by modifications like phosphorylation according to
specific external requirements.
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Effects of Interactions Within Intermediate

Filaments
on Filament Mechanics During Repeated Load

Parts of the following chapter were published as “Keratin filament mechanics and energy
dissipation are determined by metal-like plasticity” in Matter 6 (6) in 2023 [206].

7.1 Introduction

The cytoskeleton of eukaryotes ensures mechanical integrity and stability and is responsible
for active processes such as cell division and migration. The three families of biopolymers
of the cytoskeleton, actin filaments, microtubules and intermediate filaments (IFs), form
interwoven networks within cells [21]. This “composite material” is able to adapt precisely
to the mechanical needs and functions of each cell type. In contrast to actin and tubulin, IF
proteins are expressed in a cell-type specific manner [10, 11], making them ideal candidates for
cells to adapt their mechanical properties [12]. A prominent example of differential expression
of IF proteins is the epithelial-to-mesenchymal-transition [16, 17], which occurs during
cancer metastasis [15], embryogenesis [13] and wound healing [14]. These processes have in
common that stationary, strongly interconnected epithelial cells change their phenotype to
highly motile mesenchymal cells. Interestingly, the mesenchymal cells typically express the
IF protein vimentin, whereas the epithelial cells express keratins.

It has been shown that already on the single filament level keratin 8/18 IFs are softer
and exhibit a very different mechanical behavior than vimentin IFs due to different lateral
interaction strengths within the filaments [156] (see Section 6.1). Indeed, the mechanical
properties of IFs are closely related to their molecular architecture [6, 7, 63, 156], see Fig. 7.1a:
IF protein monomers consist of three α-helical domains (dark green in Fig. 7.1a), flanked by an
intrinsically disordered head and tail domain [31] (black lines in Fig. 7.1a). During assembly
of the filaments, these monomers associate laterally to homo-dimers, in case of vimentin. In
case of keratin, two different monomers, e.g. a keratin 8 and a keratin 18 monomer, associate
laterally to a hetero-dimer. Two dimers associate laterally to tetramers. Further IF assembly
is initiated by a change in pH or ionic strength of the buffer conditions (blue arrow in Fig.
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7.1a). In case of keratin and vimentin IFs, NP = 4 or NP = 8 tetramers, respectively, associate
laterally to unit-length filaments (ULF) [10, 31, 41]. NF ULFs bind longitudinally to form
filaments. The coupling within these ULFs, i.e. between the subunits (e.g. dimers, tetramers
or octamers), strongly influences IF mechanics [81, 156]. Vimentin ULFs exhibit a stronger
coupling than keratin ULFs. This strong coupling ensures that vimentin IFs only elongate
when all α helices within a ULF unfold. This cooperative unfolding of the α helices causes
a plateau-like regime in the force-strain curves of single stretched vimentin IFs. During
subsequent relaxation, the unfolded α helices do not refold, but transition into a third state,
likely a random coil, with the same length as the unstretched α helices [63]. This third state is
softer than α helices so that vimentin IFs soften under repeated loading when an increasing
fraction of α helices unfolds, i.e., vimentin IFs possess a tensile memory [7, 63]. The unfolding
of α helices dissipates up to 80% of the input energy [7]. Crosslinkers influence the fraction of
unfolding α helices and the amount of dissipated energy [63].
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Figure 7.1: (a) Sketch of the assembly pathway of IFs. (b) Sketch of the experimental setup and measurement
procedure. (c) Typical distance-time and force-time curves for constant dmax and decreasing Fmax (left panels)
and constant Fmax measurements with an increasing dmax (right panels). Increasing time is indicated with lighter
color. (d-f) Typical force-strain curves of keratin (orange, red) and vimentin (green, blue) IFs when (d) repeatedly
stretched to a constant dmax (dashed gray lines) up to a constant Fmax in the LF range, (e) repeatedly stretched to
a constant Fmax (dashed gray lines) in the LF range and (f) stretched once to the HF range and relaxed.

In contrast to vimentin IFs, subunits within keratin IFs are coupled less strongly so that
subunits can slide, and the unfolding of all α helices within one single subunit is sufficient
for filament elongation [156]. When a subunit within the filament slides, bonds are broken
which keep the subunit at its original position. Since these bonds are broken and the subunit
is relocated, we hypothesize that there is no restoring force acting on the subunit towards its



7.2. Materials and Methods 91

original position. If subunits slide when keratin IFs are stretched, we assume a permanent
filament elongation due to the missing restoring force acting on the subunits. Thus, we expect
an elongation of the filament when the filament is relaxed again. Furthermore, we speculate
that keratin IFs dissipate a different amount of energy compared to vimentin IFs since less
α helices have to unfold during keratin IF stretching. Thus, subunit sliding could induce
fundamentally different filament mechanics upon repeated loading, which might be a vital
tool for cells to adapt their mechanics via different IF protein expression. To study keratin IF
elongation and energy dissipation, we repeatedly stretch keratin IFs with optical tweezers
(OT). Our data provide experimental evidence that subunit sliding within keratin IFs is
irreversible due to the lack of a restoring force on subunits and thereby cause permanent
filament elongation. The subunit sliding dissipates more than 50% of the input energy.

7.2 Materials and Methods

Proteins are recombinantly expressed, labeled and assembled into filaments by dialysis as
described in Ref. [156]. After assembly, keratin IFs are diluted 1:10 with keratin assembly
buffer (10 mM TRIS, pH 7.5) [10, 57, 58] and stored at 37◦C up to two days. Vimentin IFs are
stored in vimentin assembly buffer (100 mM KCl, 2 mM phosphate buffer, pH 7.5) [59, 161] at
4◦C. For measurements with an OT setup (LUMICKS, Amsterdam, Netherlands), we load a
four-channel microfluidic chip as sketched in Fig. 7.1b. Two PEG-maleimide-functionalyzed
polystyrene beads (Kisker Biotech, Steinfurt, Germany) are captured with the OTs from the
beads channel and calibrated via their thermal noise spectrum in the calibration channel
which is filled with the assembly buffer of the respective IF type. A filament is attached to
both beads in the filaments channel and subsequently moved to the measurement channel
which is filled with vimentin assembly buffer for both IF types. Filaments are repeatedly
stretched by moving one bead with the OT so that the distance d between the beads is
changed. We record this distance and the force F exerted by the stretched filament on the
beads. We use three different measurement protocols (see Fig. 7.1c-f): (i) IFs are stretched to a
constant maximum distance dmax and an over time t decreasing maximum force Fmax (Fig.
7.1c, left panels). In case of keratin IFs, dmax is set to the distance at which F reaches 250 pN
(orange in Fig. 7.1d). Vimentin IFs are stretched to a dmax that corresponds to the beginning
of the plateau-like regime of the measured IF (green in Fig. 7.1d). Keratin IFs do not exhibit a
plateau so that we fix Fmax of all cycles to 250 pN. To study IF mechanics independent of the
filament length, we calculate the filament strain ε = L/L0− 1, where L denotes the measured
filament length and L0 is the filament length at 5 pN [6, 156]. We call this force range the
low force range (LF). With this measurement protocol, we probe IF mechanics just before a
majority of the α helices within vimentin IFs starts to open [6, 7]. (ii) Filaments are stretched
to a constant Fmax of 250 pN in case of keratin IFs (red in Fig. 7.1e) and in case of vimentin
IFs to the beginning of the plateau-like regime (blue in Fig. 7.1e), while dmax increases for
each cycle (Fig. 7.1c, right panels). With this second measurement protocol, we probe the
IF mechanics beyond the onset of α-helical opening in vimentin IFs because the filaments
are stretched further with each cycle [7]. (iii) By stretching the filaments once Fmax of 900 pN
as shown in Fig. 7.1f, we probe the behavior of the filaments after most of the α helices are
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unfolded within the vimentin IFs. We call these forces the high force (HF) range. Progressing
time is indicated by lighter colors. Filaments are stretched at a rate of 0.6 µm/s.

7.3 Results and Discussion

We calculate the filament elongation by extrapolating linear fits (continuous black lines in
Fig. 7.2a) to the elastic stretching regime of force-strain curves at F = (100− 150) pN (gray
shades in Fig. 7.2a). The extrapolation of the linear fits to the x axis (dashed lines in Fig.
7.2a) results in the effective length of the filament. This effective length εe is calculated in
units of strain and indicated by dots in Fig. 7.2a. We observe that keratin IFs elongate by
εe = 0.1− 0.2 after eight stretching cycles during constant dmax and constant Fmax cycles to
the LF range as shown in Fig. 7.2b,c (orange, red), whereas vimentin IFs barely elongate
(green, blue). To test whether keratin IFs elongate further with higher loading forces, we
analyze the filament elongation of repeatedly stretched keratin IFs at a constant dmax with
Fmax in the HF range (dark red in Fig. 7.2d) or at a constant Fmax in the HF range (purple in
Fig. 7.2d). When stretched repeatedly to the HF range, keratin IFs elongate by εe = 0.6− 0.8
after eight cycles. To compare the different measurement protocols, we relate εe of the 4th to
15th cycles to the maximum applied strain εmax in Fig. 7.2e: Keratin IFs (red) elongate further

nr. of cycle
4 8

0

0.4

0.8

1

(b) (c)

nr. of cycle
1 4 8 1 4 8

ε e
 (

-)

0 0

0.4

0.8

0.4

0.8 LF, const. dmax LF, const. Fmax 

HF
dmax const.
Fmax const.

ε e
 (

-)

0

100

200

300

F 
(p

N
)

0 0.5 0 0.75 0 0.5 0 0.75

(a)

0

0.4

0.8

εmax (-)
1 20

keratin
vimentin

ε (-) ε (-)

Keratin Vimentin
const. dmax const. dmaxconst. Fmax const. Fmax

nr. of cycle

ε (-) ε (-)

ε e
 (

-)

ε e
 (

-)

(e)(d)
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the 4th to 15th cycle. The data are linearly fitted (red and blue lines).
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than vimentin IFs for any applied maximum strain (blue). By fitting a linear relationship to
the data (see red and blue lines in Fig. 7.2e), we estimate that keratin IFs elongate around five
times more per maximum applied strain than vimentin IFs. Assuming that no restoring force
acts on slid subunits within keratin IFs, we conclude that sliding subunits within keratin
IFs cause the observed filament elongation. This conclusion is supported by the minuscule
elongation of vimentin IFs, in which subunits cannot slide [156].

The strong elongation of keratin IFs during repeated loading raises the question how
this elongation impacts IF mechanics. It is known that vimentin IFs undergo structural
changes during repeated stretching which impacts their mechanics [7, 63]. It is therefore
likely that structural changes in keratin IFs occur as well and influence keratin IF mechanics.
We characterize IF mechanics by determining their stretching stiffness from linear fits to two
regions of the force-strain curves: Linear fits to F = (100− 150) pN as shown in Fig. 7.2a
resulting in the stiffness κc f as well as linear fits to ε = 0.1− 0.3 resulting in the stiffness κcε as
shown in Fig. 7.3a. We find that, remarkably, keratin IFs retain their stiffness when repeatedly
stretched to a constant dmax (orange in Fig. 7.3b) as well as when stretched to a constant Fmax

(red in Fig. 7.3c). As previously reported, vimentin IFs soften (green and blue in Fig. 7.3b
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Figure 7.3: (a) Typical experimental data sets of keratin (orange, red) and vimentin (green, blue) IFs stretched
three times to a constant dmax (orange, green) and to a constant Fmax (red, blue) including fits to ε = 0.1− 0.3
(black lines). Constant fit ranges are indicated by gray-shaded areas. (b,c) Filament stiffness κc f resulting from a
fit to F = (100− 150) pN (orange: keratin, green: vimentin) as in Fig. 7.2a of (b) filaments stretched to a constant
dmax and of (c) filaments stretched to a constant Fmax (red: keratin, blue: vimentin). (d) κc f for keratin IFs as in
Fig. 7.2a for all conditions studied: constant dmax at Fmax in the LF range (orange), constant force in the LF range
(red), constant dmax at a Fmax in the HF range (dark red) and constant Fmax in the HF range (purple). (e) Keratin
IF stiffness κcec derived from linear fits to ε = 0.1− 0.3 as shown in (a) after correcting the strain by the filament
elongation presented in Fig. 7.2b-d. (b-e) Thick lines show the median and shading indicates the area between
the 25th and 75th percentile of the distributions per cycle.
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and c, respectively) [7, 63]. Keratin IF stiffness even “forgets” previous loading cycles when
stretched to a constant dmax (dark red in Fig. 7.3d) or with a Fmax in the HF range (purple in
Fig. 7.3d). Keratin IF stiffness is identical for all measurement protocols. Determining the
filament stiffness κcε from fits to ε = 0.1− 0.3 reveals a slight decrease of filament stiffness for
both keratin and vimentin IFs (see Supplementary Figure 7.5). However, since keratin IFs
elongate, the fit range of the strain needs to be adjusted to εe of the filament. We therefore
calculate a corrected strain εc = ε− εe for each cycle. With this corrected strain, we confirm
the first analysis result that the strain-corrected stiffness κcεc is constant for all measurement
protocols and loading cycles as shown in Fig. 7.3e. Thus, keratin IF stiffness “forgets” the
loading history and keratin IF length “remembers” it. Contrarily, vimentin IF stiffness has
a tensile memory concerning stiffness and vimentin IFs “forget” the loading history with
respect to their lengths [7, 63].

The observation that the stiffness of keratin IFs is constant independent of the loading
history and the filament elongation dependent on the loading history raises the question
which molecular mechanisms within keratin IFs cause this behavior different to vimentin IFs.
From repeated loading of vimentin IFs, we know that unfolded α helices return into a third
state, likely a random coil, which is softer than the α helices [63]. Thus, if a significant portion
of the α helices within keratin IFs was unfolded, we would expect a softening of repeatedly
stretched filaments since the softer subunits within the filament would be stretched first.
However, we observe a constant stiffness so that we conclude that most α helices within the
keratin IF remain intact. We do not exclude the possibility that a small portion of α helices
unfolds, but we hypothesize that the unfolded structures are not loaded during the next
stretching cycle. We speculate that two distinct molecular mechanisms can account for our
findings: (i) The subunits within keratin IFs slide and form new bonds at a different location.
The stiffness during the next stretching cycle is the same since different bonds with the same
properties as the previously existing bonds are stretched. (ii) Stretched subunits are replaced
by previously unstretched subunits, which are loaded during the next stretching cycle.
This sliding and replacement mechanism might be supported by the highly heterogeneous
arrangement of subunits within keratin IFs compared to vimentin IFs [207, 208]. For example,
if a filament section with a high number of subunits is stretched, it can be imagined that some
of these subunits slide and others remain unstretched. These unstretched subunits might
replace the subunits which were relocated. Thus, the stiffness during the next loading cycle
is the same since a highly similar filament structure compared to the structure before the
stretching is loaded. In both cases, instead of α-helical unfolding as in vimentin IFs, subunits
slide and thereby avoid major α-helical unfolding. Hence, next to crosslinkers [63], subunit
sliding can protect α helices from unfolding.

By α-helical unfolding, vimentin IFs dissipate more than 80% of their input energy [7]. To
investigate whether keratin IFs still dissipate a major amount of their input energy although
we do not expect α-helical unfolding within keratin IFs, we thus analyze the dissipated
energy during their first stretching and relaxation cycle in Fig. 7.4a-d. We find that keratin
IFs dissipate more than 50% of the input energy when loaded to the LF and HF range (red in
Fig. 7.4a,b), which is slightly lower than for vimentin IFs which exhibit a relative dissipated
energy of around 70% (blue in Fig. 7.4a,b). Keratin IFs (red) also dissipate less energy in
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terms of absolute energy per filament length compared to vimentin IFs (blue in Fig. 7.4c,d).
Yet, both filament types dissipate energies of the order of (104 − 105) kBT/µm. The high
amount of relative and absolute dissipated energy supports the notion that IFs, in general,
act as cellular shock absorbers [7, 77, 209].

Nevertheless, the question remains how energy is dissipated in keratin IFs on the molec-
ular scale if most of the α helices do not unfold. To dissipate energy, bonds need to be
broken and must not rebind immediately. In the case of keratin IFs we show that most
bonds within α helices remain intact, but the bonds between subunits are broken. Thus, we
analyze the relation of broken subunit bonds of both IF types to their dissipated energy in
Fig. 7.4e. We measure the broken subunit bonds in form form of additional effective length
∆εe, which is the difference in εe from one cycle to the next for each filament. For keratin IFs
(red in Fig. 7.4e), higher relative dissipated energies are correlated with a more pronounced
increase of ∆εe. Since vimentin IFs barely elongate, we do not observe a correlation between
the dissipated energy and ∆εe (blue in Fig. 7.4e). We therefore conclude that keratin IFs
dissipate their energy by breaking bonds between subunits which results in subunit sliding
and filament elongation, while vimentin IFs dissipate their energy by α-helical unfolding [7].
Consequently, keratin IFs effectively dissipate energy by friction between subunits, whereas
vimentin IFs dissipate energy by the nonequilbrium unfolding of α helices [7].
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Figure 7.4: Dissipated energies of keratin (red) and vimentin IFs (blue) during their first stretching cycle. (a)
Relative dissipated energy when stretched to the LF range, (b) relative dissipated energy when stretched to the
HF range. (c) Absolute dissipated energy per filament length of IFs stretched to the LF range and (d) absolute
dissipated energy per filament length when stretched to the HF range. Dots and whiskers indicate the median
and the 25th and 75th percentile of the distributions. Bin width of the histograms is determined with the
Freedman-Diaconis rule. (e) Relative dissipated energy of all cycles compared to ∆εe.

7.4 Discussion and Summary

Our results show that subunit sliding within keratin IFs causes filament elongation and
diminishes α-helical unfolding, which results in a constant filament stiffness independent of
the loading history. Contrarily, vimentin IFs retain their length and soften during repeated
loading due to α-helical unfolding [7, 63]. On the molecular scale, the subunit sliding within
keratin IFs is attributed to a missing compaction step in comparison to vimentin IFs [10,
38, 156, 160]. Additionally, subunit sliding might be supported by the assembly of keratin
IFs from hetero-dimers which might allow for a more precise fine-tuning of inter-subunit
interactions responsible for subunit sliding. Thus, the expression of different IF proteins
might be a way for cells to ensure that filaments either keep their original stiffness (keratin)
or their original length (vimentin). We speculate that a constant stiffness during repeated
loading can be a vital property for specific cell types such as endothelial cells in the inner
layer of the blood vessel which is constantly loaded due to the blood flow and changing
blood pressure due to the heart beat. A constant filament length might be desirable for more
motile cells so that cells are protected from elongation. Interestingly, vimentin IF protein is
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expressed in more motile cells and vimentin IFs do not elongate under repeated loading. The
softening of the vimentin IFs might support the cell in moving through confinements [210].

To conclude, our findings foster the idea of differential IF protein expression as a tool for
cells to adapt their mechanical properties to their surrounding environment: After repeated
loading, keratin IFs elongate, but exhibit a constant stiffness, while vimentin IFs retain their
length and soften. We find that weaker interaction strengths within keratin IFs than within
vimentin IFs cause these distinct behaviors and protect the α helices within keratin IFs from
unfolding. Independent of the interaction strength within the two different filament types,
both IFs can act as cellular shock absorbers.

Contributions:

Sarah Köster conceived and supervised the project. Charlotta Lorenz performed experiments
on repeated loading of keratin IFs and analyzed the data. Johanna Forsting performed
experiments on repeated loading of vimentin IFs.

7.5 Supplementary Information

Materials and Methods: Human keratin 8, keratin 18, keratin 8 with additional cysteine at
the C-terminus and vimentin C328N with GGC as an additional sequence at the C-terminus
are expressed as described in Ref. [186]. Protein labeling and assembly as carried out as
described in Ref. [156].
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Direct Interactions Between Cytoskeletal

Filaments

In this chapter, we show how interactions between cytoskeletal filaments stabilize the dy-
namics and mechanics of cytoskeletal filaments. In Section 8.1, we show that vimentin IFs
directly interact with microtubules and these interactions stabilize dynamic microtubules. By
changing the buffer conditions, we show that electrostatic and hydrophobic effects contribute
to these interactions. Theoretical modeling shows how these electrostatic and hydrophobic
contributions influence the energy landscape of the interaction. With the same model, we can
describe the interactions between two single vimentin IFs and show that electrostatic and
hydrophobic effects mechanically stabilize interactions between vimentin IFs (Section 8.2). In
cells, IFs occur in networks which raises the question how the interactions between single
vimentin IFs studied here translate to the network scale. The study presented in Section 8.2
links the single-filament and network scale.

8.1 Vimentin Intermediate Filaments Stabilize
Dynamic Microtubules by Direct Interactions

The following section was published as “Vimentin Intermediate Filaments Stabilize Dynamic
Microtubules by Direct Interactions” in Nature Communications 12 (3799) by Laura Schaedel∗1,
Charlotta Lorenz∗1, Anna V. Schepers1,2, Stefan Klumpp2,3, and Sarah Köster1,2 in 2021
(Creative Commons Attribution 4.0 International License) [157].

1Institute for X-Ray Physics, University of Göttingen, Friedrich-Hund-Platz 1, 37077 Göttin-
gen, Germany.
2Max Planck School “Matter to Life”.
3Institute for Dynamics of Complex Systems, University of Göttingen, Friedrich-Hund-Platz
1, 37077 Göttingen, Germany.
∗Equal contribution.

Contributions: Sarah Köster conceived and supervised the project. Sarah Köster and
Laura Schaedel designed the experiments. Laura Schaedel and Charlotta Lorenz performed
all experiments and analyzed the data. Anna V. Schepers helped performing the quadruple
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optical tweezers experiments. Charlotta Lorenz and Stefan Klumpp designed and performed
numerical simulations. All authors contributed to writing the manuscript.

8.1.1 Abstract

The cytoskeleton determines cell mechanics and lies at the heart of important cellular func-
tions. Growing evidence suggests that the manifold tasks of the cytoskeleton rely on the
interactions between its filamentous components – actin filaments, intermediate filaments,
and microtubules. However, the nature of these interactions and their impact on cytoskeletal
dynamics are largely unknown. Here, we show in a reconstituted in vitro system that vi-
mentin intermediate filaments stabilize microtubules against depolymerization and support
microtubule rescue. To understand these stabilizing effects, we directly measure the interac-
tion forces between individual microtubules and vimentin IFs. Combined with numerical
simulations, our observations provide detailed insight into the physical nature of the inter-
actions and how they affect microtubule dynamics. Thus, we describe an additional, direct
mechanism by which cells establish the fundamental cross talk of cytoskeletal components
alongside linker proteins. Moreover, we suggest a strategy to estimate the binding energy of
tubulin dimers within the microtubule lattice.

8.1.2 Introduction

The cytoskeleton is a dynamic biopolymer scaffold present in all eukaryotic cells. Its manifold
tasks depend on the fine-tuned interplay between its three filamentous components: actin
filaments, microtubules, and intermediate filaments (IFs) [22, 23, 211–214]. For example, all
three types of cytoskeletal polymers participate in cell migration, adhesion, and division
[22, 23, 213, 214]. In particular, the interplay of IFs and microtubules makes an important
contribution to cytoskeletal cross-talk, although the interaction mechanisms largely remain
unclear [26–28, 137, 211, 215–222].

For instance, vimentin, one of the most abundant members of the IF protein family,
forms closely associated parallel arrays with microtubules in migrating cells [26, 215, 222].
Depolymerization of the microtubule network leads to a collapse of vimentin IFs to the
perinuclear region, further attesting their interdependent organization in cells [27]. Sev-
eral studies suggest that in cells, microtubules associated with the vimentin IF network are
particularly stable: They exhibit increased resistance to drug-induced disassembly [27] and
enhanced directional persistence during directed cell migration [26], and they are reinforced
against lateral fluctuations [28]. Several proteins such as kinesin [216, 218], dynein [220,
221], plectin [211], and microtubule-actin cross-linking factor (MACF) [217, 219] can mediate
interactions between IFs and microtubules. These linker proteins may be involved in confer-
ring microtubule stability to cells. However, the possibility that more fundamental, direct
interactions independent of additional components like microtubule-associated proteins may
contribute to the stability of microtubules remains unexplored. Such a mechanism could
also explain the results of an in vitro study on dynamic microtubules embedded in F-actin
networks: Depending on the network architecture, F-actin regulates microtubule dynamics
and their lifetime. In particular, unbranched actin filaments seem to prevent microtubule
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catastrophe, thus stabilizing them, though the exact interaction mechanism is not revealed
[122]. In contrast to the cell experiments that showed stabilization of microtubules by IFs,
an earlier work found that many IFs, including vimentin, contain tubulin-binding sites and
that short peptides containing these binding sites inhibit microtubule polymerization in
vitro [137]. Yet, it is unknown how this effect relates to fully assembled vimentin filaments.
Indeed, studying such reconstituted in vitro systems provide essential information for the
understanding of hybrid biopolymer materials, including their rheological properties and
polymerization kinetics.

Here, we studied these interactions by combining in vitro observations of dynamic micro-
tubules in the presence of vimentin IFs with single-filament interaction measurements and
complementary numerical simulations. In stark contrast to Ref. [137], our observations and
simulations of dynamic microtubules reveal a stabilizing effect by the surrounding vimentin
IFs. Based on our experimental data, we also estimated the tubulin dimer binding energy
within the microtubule lattice, which is a much sought-after parameter for understanding
microtubule dynamic instability [96, 99, 100, 102, 223–226]. This value has previously only
been determined by molecular dynamics simulations and kinetic modeling [96, 99, 224] or by
using atomic force microscopy to indent stabilized microtubules [100].

8.1.3 Results

Dynamic microtubules in the presence of vimentin. To study the influence of IFs on micro-
tubule dynamics, we polymerized microtubules in the presence of vimentin IFs. We imaged
the microtubules by total internal reflection fluorescence (TIRF) microscopy as sketched
in Fig. 8.1a. As nucleation sites for dynamic microtubules, we used GMPCPP-stabilized
microtubule seeds (green in Fig. 8.1a) adhered to a passivated glass surface. For simultaneous
assembly of microtubules (cyan) and IFs (red), we supplemented a combined buffer (CB)
containing all ingredients necessary for the assembly of both filament types with 20 or 25 µM
tubulin dimers and 2.3 or 3.6 µM vimentin tetramers (0.5 or 0.8 g/L protein). All experiments
presented in this work refer to these protein concentrations. All TIRF experiments were
carried out in the same buffer conditions. Figure 8.1b shows a typical fluorescence image of
mixed microtubules and vimentin IFs.

We analyzed the microtubule dynamics using kymographs obtained from TIRF mi-
croscopy as shown in Fig. 8.1c. As expected [45], the microtubule growth rate increased
at the higher tubulin concentration (Fig. 8.1d, cyan). Yet, the presence of vimentin IFs did
not affect the growth and depolymerization rates: on average, the differences between the
medians of the different conditions correspond to <3% and <5% of the data range for the
growth and depolymerization rates, respectively (Fig. 8.1d, e). Interestingly, we observed a
marked decrease in the catastrophe frequency [86] in the presence of vimentin IFs at both
tubulin concentrations (Fig. 8.1f, red and cyan stripes). Moreover, vimentin IFs promote
microtubule rescue (Fig. 8.1g). As rescue events are rare at the lower tubulin concentration
[86], we only report the rescue data for 25 µM tubulin. When assembly is initiated, vimentin
unit-length filaments form after about 100 ms [227]. Therefore, we assume that vimentin
filaments, not precursors, interacted with the microtubules. In addition, we did not observe
differences in microtubule dynamics when comparing early and late time points within the
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Figure 8.1: Vimentin IFs stabilize dynamic microtubules. (a) Illustration of the experimental setup. We attached
microtubule seeds (green) to a biotin-polyethylene glycol-silane (biotin-SiPEG) coated cover glass. Dynamic
microtubules (cyan) grew from the seeds. Vimentin IFs (red) formed an entangled, fluctuating network. We
imaged microtubules by TIRF microscopy. (b) Fluorescence micrograph of microtubules (cyan) embedded in a
vimentin IF network (red). The inset shows the enlarged detail. Scale bar: 10 µm. (c) Example kymographs of
microtubules growing at 20 or 25 µM tubulin in the presence (+vim; 2.3 µM) or absence of vimentin. Scale bars:
3 µm and 5 min. (d, e) Vimentin does not affect the microtubule growth and depolymerization rates, irrespective
of the tubulin concentration. Cyan boxplots represent experiments with tubulin only; cyan- and red-striped
boxplots illustrate experiments with tubulin and vimentin. Boxplots include the median as the center line, the
25th and 75th percentiles as box limits, and the entire data range as whiskers. In (d), for 20 µM tubulin and in the
absence of vimentin, the boxplot represents the data from N = 6 samples and n = 106 growth events (we define a
growth event as the new outgrowth of a microtubule from the seed or after a rescue event). For the other boxplots,
from left to right, N = 5, 7, 4, 5, and 7, respectively, and n = 163, 282, 113, 160, and 218, respectively. In (e), from
left to right, the boxplots represent the data from n = 58, 140, 228, 112, 133, and 165 depolymerization events,
respectively. (f) The catastrophe frequency of the microtubules decreases in the presence of vimentin. Each circle
represents an experiment including multiple microtubules. The area of the circle scales with the total summed
microtubule growth time of the respective experiment. Black bars indicate the weighted mean. From left to right,
the plot represents the data from a total of 805, 1469, 2692, 1142, 2203, and 2232 min of growth time, respectively.
(g) Vimentin enhances the microtubule rescue frequency. Each circle represents an experiment including multiple
microtubules. The area of the circle scales with the total microtubule depolymerization time. From left to right,
the plot represents the data from a total of 51, 71, and 52 min depolymerization time, respectively. All tubulin
and vimentin concentrations are input concentrations. Source data are provided as a Source Data file.
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same experiment, although the mean vimentin filament length increased over the course
of the experiments (see Supplementary Fig. 8.7). These results indicate that vimentin IFs
stabilize dynamic microtubules by suppressing catastrophe and enhancing rescue, while
leaving the growth rate unaffected. A higher vimentin concentration enhances these effects.

Interaction forces between microtubules and vimentin filaments. From these observa-
tions, we hypothesize that there are direct, attractive interactions between microtubules and
vimentin IFs that stabilize dynamic microtubules. To test this hypothesis, we studied the
interactions of single stabilized microtubules and vimentin IFs using optical trapping (OT),
a complementary method to our TIRF experiments, as illustrated in Fig. 8.2. We prepared
fluorescent and biotin-labeled microtubules and vimentin IFs as sketched in Supplementary
Fig. 8.8. We used an OT setup combined with a microfluidic device and a confocal micro-
scope (LUMICKS, Amsterdam, The Netherlands) to attach a microtubule and a vimentin IF
to separate bead pairs via biotin-streptavidin bonds as shown in Fig. 8.2a and Supplementary
Fig. 4.8a in Chapter 4. Once the IF and microtubule were in contact, we moved the IF
back and forth in the y-direction. If the IF and microtubule interacted, eventually either
the IF-microtubule interaction broke (Fig. 8.2b) or the IF-microtubule interaction was so
strong that the microtubule broke off a bead (Fig. 8.2c). To study the orientation dependence
of the interaction, we included two additional measurement geometries: (i) we turned the
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Figure 8.2: Direct interactions between stabilized microtubules and vimentin IFs. (a) Schematic of the setup for
the OT experiments for interaction measurements in microfluidic flow channels. Four streptavidin-coated beads
were captured by OTs (I.). We used one bead pair (beads 3 and 4) to attach a vimentin IF (II., red), and the other
bead pair (beads 1 and 2) to attach a microtubule (III., green-cyan). We brought the IF and the microtubule into
contact in a crossed configuration (IV.). Next, we moved the IF perpendicularly to the microtubule to study the
IF-microtubule interactions while we took confocal fluorescence images (starting position marked in yellow in
(a) and (b)). (b) Typical confocal fluorescence images of an IF-microtubule interaction which broke while the IF
was moved vertically and (c) a strong IF-microtubule interaction for which the microtubule broke off the bead.
(d) Typical experimental force increase F1y on bead 1 in the y-direction once a bond forms. Breaking of the force
causes a force jump of ∆F1y. (e) Typical confocal fluorescence images of a breaking IF-microtubule interaction at a
45◦ angle between them while the IF was moved vertically. (f) Typical confocal fluorescence images of a breaking
IF-microtubule interaction in perpendicular configuration while the IF was moved horizontally. Scale bars: 5 µm.
Measurements were conducted on at least three different days. Source data are provided as a Source Data file.
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Figure 8.3: Hydrophobicity and electrostatics contribute to the IF-microtubule interactions. (a) We classified the
interactions between IF-microtubule pairs into three different groups as shown by the pictograms: no interaction
(I.), breaking of the IF-microtubule bond as shown in Fig. 8.2b, e, and f (II.), and breaking of the microtubule-bead
bond as shown in Fig. 8.2c (III.). (b) Typical experimental force-time behavior of the IF-microtubule bond showing
the total force acting on the IF-microtubule bond, FC. The plot represents the corrected version of the force
data shown in Fig. 8.2d taking into account the geometry of the filament configuration. (c) Histograms of ni
experimentally recorded breaking forces (gray) and simulated data (green) for the measurements in pure CB
when the IF-microtubule interaction broke as shown in Fig. 8.2b. Due to statistical fluctuations, the distribution
appears to be bimodal; however, it can still be well described with a unimodal distribution. (d) TX100 (orange)
suppresses some of the interactions, which results in more IF-microtubule pairs without any interaction (aI. vs.
dI.) and fewer instances of IF-microtubule interactions (aII. and III. vs. dII. and III.). (e) The IF-microtubule bonds
formed in the presence of TX100 break at lower forces. (f) Magnesium (blue) does not change the relative number
of IF-microtubule pairs that do not interact (aI. vs. fI.), but leads to fewer IF- microtubule breaking events (aII.
vs. fII.) because the interactions become so strong that the microtubule breaks off the bead more often (aIII. vs.
fIII.). (g) The IF-microtubule bonds formed in the presence of additional magnesium break at higher forces. (h)
When the microtubule was turned by 45◦, IF and microtubule interacted more frequently (hII. vs. aII.). (i) The
corresponding distribution of the breaking forces resembles the distribution for the perpendicular geometry (see
c). (j, k) The binding rate for a horizontal movement of the IF increases compared to a vertical movement (jII.
vs. aII.). (k) The corresponding distribution of breaking forces is similar to the distributions for the other two
geometries (see i and c). Source data are provided as a Source Data file.

microtubule by 45◦ as shown in Fig. 8.2e or (ii) moved the IF horizontally in the x-direction
along the microtubule (Fig. 8.2f). We categorized the type of interaction, i.e., no interaction,
the IF-microtubule bond broke, or the microtubule broke off the bead, for each filament pair,
as shown by pictograms in Fig. 8.3a, top.

With the OTs, we recorded the force F1y or F1x that acted on trap 1 (see Fig. 8.2d and
Supplementary Fig. 4.8b in Chapter 4), which increased after the IF bound to the microtubule.
Based on the geometry of the filament configuration from the confocal images, we calculated
the total force FC that the IF exerted on the microtubule (see Supplementary Fig. 4.8c in
Chapter 4). In Fig. 8.3b we show the resulting force calculated for the data shown in Fig. 8.2d.
Combining all experiments with a breaking IF-microtubule bond leads to a distribution of ni

breaking forces FB as shown in the force histogram in Fig. 8.3c. Due to thermal fluctuations,
the force resolution of our system is limited to 1 pN and we thus focused on interaction
forces above 1 pN, which is consistent with physiologically occurring intracellular forces.
The breaking forces are in the range of 1-65 pN, with higher forces occurring less often.
Hence, in agreement with our hypothesis, our experiments show that single microtubules
and vimentin IFs directly interact, i.e. without involving any linker proteins, and that these
interactions can become so strong that forces up to 65 pN are needed to break the bonds. This
range of forces is physiologically relevant and comparable to other microtubule-associated
processes: Single microtubules can generate pushing forces of 3-4 pN while forces associated
with depolymerization can reach 30-65 pN [228]. Kinesin motors have stalling forces on the
order of a few pN [229].

To better understand the nature of the interactions between single microtubules and
vimentin IFs, we varied the buffer conditions in which we measured the filament interactions.
First, we probed possible hydrophobic contributions to the interactions by adding 0.1% (w/v)
Triton-X 100 (TX100), a non-ionic detergent. Rheological studies of IF networks previously
suggested that TX100 inhibits hydrophobic interactions [40]. Tubulin dimers have several
hydrophobic regions as well [230], some of which are accessible in the assembled state [231].
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As shown in Fig. 8.3d and e, the number of interactions decreases and the breaking forces
are slightly lower in the presence of TX100 than in pure CB. We calculated the binding rate
rb,eff by dividing the total number of interactions larger than 1 pN by the time for which the
two filaments were unbound: TX100 leads to a lower binding rate rb,eff,TX100 = 0.56 · 10−2 s−1

compared to the binding rate rb,eff,y = 1.1 · 10−2 s−1 without TX100. We speculate that TX100
interferes with the binding sites on both filament types by occupying hydrophobic residues
on the surface of the filaments and thereby inhibits hydrophobic interactions between the
biopolymers [40]. Consequently, the reduced number of interactions in the presence of TX100
indicates that hydrophobic effects contribute to the interactions.

Next, we tested for electrostatic contributions to the interactions by adding magnesium
chloride to the buffer. When probing interactions in CB buffer with a total concentration
of 20 mM magnesium, we observed both an increase in strong interactions, where the IF
pulls the microtubule off a bead, and higher breaking forces (Fig. 8.3aIII. vs. fIII. and c vs.
g). The binding rate of microtubules and vimentin IFs increases to rb,eff,Mg = 1.3 · 10−2 s−1.
Generally, charged, suspended biopolymers in the presence of oppositely charged multivalent
ions have been shown to attract these ions, leading to counterion condensation along the
biopolymers. Consequently, the filaments attract each other through overscreening [232, 233].
Our data are in agreement with this effect. At high magnesium concentrations, bonds are
more likely to form and become stronger. Note that for both added magnesium chloride and
TX100, the intermediate interactions (II) are decreased compared to the control conditions,
due to a higher percentage of strong interactions (III) or weak interactions (I), respectively.
Therefore, we conclude that both hydrophobic and electrostatic effects contribute to the direct
interactions between microtubules and vimentin IFs.

When we moved the IF across the microtubule at an angle of 45◦ or horizontally in the
direction of the microtubule (see Figs. 8.2e, f, 8.3h-k), we observed an increased binding
rate (rb,eff, 45◦ = 1.6 · 10−2 s−1 and rb,eff,x = 2.4 · 10−2 s−1, respectively). This increase can
be explained by an increased encounter rate of potential binding sites due to the different
geometries (see Section 4.4.4). Taking into account this geometric factor, we calculated the
probability of a microtubule binding to a vimentin IF pIF-MT for the different geometries and
obtained pIF-MT ' 6.1 · 10−4 per pair of vimentin unit-length filament and tubulin dimer,
independent of the geometry. The breaking forces were found to be similar for the three
different geometries (Fig. 8.3c, i and k). To test if vimentin IFs and microtubules co-align
due to their interaction, as reported for migrating cells [26], we relaxed the vimentin IF in
the optical trap to allow for “zipping” events, or mixed the filaments in solution, but did not
observe spontaneous bundling.

Two-state model of the interactions. For a more profound understanding of the physical
bond parameters, which are not accessible experimentally, we applied a modeling approach.
Due to the experimentally observed independence of the measuring geometry, we applied
a one-dimensional transition model. It should be noted, however, that for experimental
systems with a geometry dependence, the model would have to be replaced by a more
complex model. We modeled the IF-microtubule interaction as a single molecular bond
with force-dependent stochastic transitions between the bound and unbound state. The
time-dependent force increase F(t) has an entropic stretching contribution [171, 172] for
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forces below 5 pN and increases linearly for higher forces as observed in the experiment [173,
174]. We assume that the binding (b) and unbinding (u) rates rb and ru, respectively, depend
on the applied force, an activation energy EAb or EAu, the thermal energy kBT, and a distance
xb or xu to the transition state, which is on the order of the distance between the IF and the
microtubule at the site of the bond:

rb(t) = rb,0 exp
(
−EAb

kBT

)
· exp

(
−F(t)xb

kBT

)
,

ru(t) = ru,0 exp
(
−EAu

kBT

)
· exp

(
F(t)xu

kBT

)
. (8.1)

We summarize the force independent factor in Eq. 8.1 as an effective zero-force rate:

rb,eff/u,eff = rb,0/u,0 exp
(
−EAb/Au

kBT

)
. (8.2)

In contrast to the force and the effective binding rate rb,eff, neither ru,eff nor xb or xu can be
determined from our experimental data. Due to detailed balance, the sum xb + xu is constant
[153]. Since we only observed a small number of rebinding events under force, we focused
on the unbinding processes and studied xu. Hence, we simulated IF-microtubule interactions

Figure 8.4: Hydrophobic and ionic reagents change the IF-microtubule bond properties. (a) Valid unbinding
rates ru,eff and potential widths xu to simulate the experimental data shown in Fig. 8.3c, e, and g for the different
buffer conditions: pure CB (gray), CB with TX100 (orange), and CB with additional magnesium (blue). ru,eff and
xu pairs, which are valid for several buffer conditions, are color coded by mixed colors. ru,eff and xu increase from
additional magnesium chloride across pure CB to added TX100. (b) Energy landscape for the theoretical modeling
of the IF-microtubule bond: A two-state model (unbound, bound) is sufficient to describe the experimental data
shown in Fig. 8.3. From the binding and unbinding rates, we calculated the differences in activation energies
EAb and EAu (see Eq. 5.8 in the Chapter 5) of bonds in different buffer conditions to open or close. However, the
absolute values cannot be determined, as indicated by the graph break (black double-lines). For different buffer
conditions, the position of the energy barrier relative to the unbound and bound state, xb and xu, respectively,
changes. Source data are provided as a Source Data file.
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for different sets of ru,eff and xu and compared the resulting distributions of breaking forces to
our experimental data. We accepted the tested parameter sets if the distributions passed the
Kolmogorov-Smirnov test with a significance level of 5%. The minimum and maximum of all
accepted simulation results, shown as the borders of the green areas in Fig. 8.3c, e, g, i, and k,
agree well with the experiments. Figure 8.4a shows all accepted parameter pairs ru,eff and
xu for the different buffer conditions (color code: gray (pure CB), orange (CB with TX100),
blue (CB with additional magnesium); corresponding mixed colors for regions, where valid
parameters overlap). Both parameters increase from additional magnesium (blue) across
no addition (gray) to added TX100 (orange). A corresponding diagram for comparison
of the different measuring geometries is shown in Supplementary Fig. 8.9. Whereas the
force-free factor of the unbinding rate does not depend on the geometric configuration,
the force-dependent factor is slightly more sensitive to force for a horizontal movement
of the IF or a vertical movement of the IF, with the microtubule turned by 45◦ than for a
vertical movement of the IF perpendicular to the microtubule. To understand these data
more intuitively, we calculated the energy diagrams, as plotted in Fig. 8.4b, using Eq. 5.8 (see
Section 5.2.2) considering the same buffer condition in unbound and bound (1 and 2) state or
different buffer conditions (1 and 2) and the same state.

Surprisingly, both TX100 and additional magnesium only mildly affect the activation
energies. Yet, for TX100 we observed a marked increase in distance to the transition state, xu

(compare Fig. 8.4b orange to gray), which we interpret as a“looser binding” between the IF
and the microtubule. Thus, the force-dependent term in Eq. 8.1 becomes more pronounced.
TX100 can interact with hydrophobic residues and causes the filaments to stay further apart.
Thus, the bond breaks at lower forces. Consequently, this further confirms that there is a
hydrophobic contribution to the interactions in CB.

In contrast to TX100, magnesium strengthens the bond and keeps it closed even at higher
forces as it is a divalent counterion between two negative charges. It lowers the distance to
the transition state (compare Fig. 8.4b blue to gray) and the influence of the force-dependent
term in Eq. 8.1. Hence, the opening of the bond depends less on the applied force compared
to bonds in pure CB. Since CB already includes 2 mM magnesium, we assume that there is
an electrostatic contribution to the interactions observed in CB as well.

We have shown that there are hydrophobic and electrostatic contributions to the interac-
tions between IFs and microtubules and we have derived key parameters of these interactions
by combining experiments with theoretical modeling. While we cannot exclude a steric con-
tribution to the interaction, e.g., by the Gaussian cloud formed on the surface of the filament
core by the intrinsically disordered tail domains of the protein, our measurements show
that they are influenced by electrostatic and hydrophobic effects. We thus conclude that
the interactions are modulated by electrostatics and hydrophobicity and are directionally
independent (see Supplementary Fig. 8.10). Furthermore, IFs assembled via dialysis are
rather smooth [31], so that it is unlikely that their roughness causes interactions.

Monte-Carlo simulations of dynamic microtubules. To better understand how these
interactions lead to the observed changes in microtubule dynamics, we again applied a
modeling approach. We considered a microtubule as a dynamic lattice with GTP (guanosine
triphosphate) and GPD (guanosine diphosphate) dimers [96, 102] as sketched in Fig. 8.5a.
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Figure 8.5: A Monte-Carlo simulation shows that transiently binding IFs stabilize dynamic microtubules. (a)
Illustration of the reaction rates (top) and simulated microtubule lattice with 13 protofilaments and a seam with a
longitudinal displacement of 1.5 dimers (bottom). (b) Typical simulated microtubule growing from a GMPCPP
(guanylyl-(α,β)-methylene-diphosphonate) seed with dimers either in the GTP (purple) or in the GDP state (cyan).
(c) Typical length-time plot (kymograph) of a simulated microtubule in 20 µM free tubulin solution without
vimentin tetramers (left) or in 25 µM free tubulin solution with 2.3 µM vimentin tetramers (right). (d–f) We
reproduced the experimental data shown in Fig. 8.1d–g (shown here in a semi-transparent fashion, for a vimentin
concentration of 2.3 µM) with our Monte-Carlo simulation (opaque). (d) Addition of vimentin neither changes
the experimental nor the simulated microtubule growth rates at 20 or 25 µM. Boxplots include the median as
the center line, the 25th and 75th percentiles as box limits, and the entire data range as whiskers. For clarity,
the entire data range of the experimental data is not shown here, but is presented in Fig. 8.1. (e) Addition of
vimentin lowers the catastrophe frequency of dynamic microtubules for both tubulin concentrations studied
here. (f) In case of 25 µM free tubulin, the rescue rate increases due to the stabilizing effect of the surrounding
vimentin IFs. The circle areas scale with the total microtubule depolymerization time as in the representation
of the experimental data. All tubulin and vimentin concentrations are input concentrations. Source data are
provided as a Source Data file.

The lattice consists of 13 protofilaments and has a seam between the first and thirteenth
protofilaments. We describe the microtubule dynamics by three reactions: (i) a GTP dimer
associates with a rate rg, (ii) a GTP dimer is hydrolyzed with a rate rhy, or (iii) a GDP or
GTP dimer dissociates with a rate rdd or rdt, respectively, depending on the number of
neighboring dimers (see Eq. 5.12 in Chapter 5). A snapshot of the simulated microtubule
during growth is shown in Fig. 8.5b. With a Monte-Carlo simulation, we obtained typical
simulated kymographs (Fig. 8.5c). As for the experiments (semi-transparent data in Fig.
8.5d–f), we determined the growth rate, the catastrophe and the rescue frequency from the
simulations (opaque in Fig. 8.5d–f).

To simulate microtubules in the presence of vimentin IFs, we included stochastic binding
and unbinding of IFs to the microtubule lattice into the model. The unbinding rate is directly
given by the results of the OT experiments. Assuming that binding is diffusion-limited, we
calculated the corresponding rate from the OT results using the Smoluchowsky expression
(see Section 5.3.2 for a detailed description of the model). Based on these rates, we calculated
the IF-microtubule binding energy (see Eq. 5.9 in Chapter 5) to be ∆GIF-MT = 2.3 kBT as
sketched in Fig. 8.4b. Thus, IF binding stabilizes the binding of tubulin dimers in the
microtubule lattice by 2.3 kBT. The additional binding energy can be interpreted as a direct
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Figure 8.6: Estimation of the binding energy of a single tubulin dimer by combining the OT and TIRF experiments.
(a) From the OT experiments including the simulations, we determined the unbinding rate of microtubules and
vimentin IFs ru,eff and the released energy −∆GIF-MT during unbinding. (b) In TIRF experiments, a tubulin dimer
dissociates from the microtubule and the vimentin IF, so that the total energy −∆Gtb −∆GIF-MT is released. We
calculated the catastrophe frequency of a microtubule fcat,IF-MT in case a vimentin IF is bound to the microtubule.
(c) We estimated the average binding energy ∆Gtb of a tubulin dimer in the microtubule lattice before catastrophe
by subtracting the released energies from (b), (−∆Gtb −∆GIF-MT), and by dividing the unbinding rate ru,eff of
microtubules and vimentin IFs by the catastrophe frequency fcat,IF-MT of microtubules bound to a vimentin IF as
shown by Eq. 5.15 in Chapter 5.

increase of the total binding energy of the respective tubulin dimer or as an increased
longitudinal binding energy to the next tubulin dimer. Our experiments do not resolve the
precise molecular interaction mechanism, such as cross-linking of neighboring tubulin dimers
or structural changes in the tubulin dimers upon binding of a vimentin IF. Likewise, we
cannot distinguish whether the vimentin IF is bound to a single tubulin dimer or to multiple
dimers. However, our coarse description approach includes all these different scenarios.
Specifically, in case of a bond involving multiple dimers, unbinding from these dimers
must be cooperative since we do not observe step-wise unbinding in OT experiments. Such
cooperativity does not change the total energy required for unbinding. In agreement with our
experimental data, the transient binding of IFs leaves the growth rate unaffected. Intriguingly,
we observed that IF binding to tubulin dimers in the lattice reduces the catastrophe frequency.
The increased binding energy of a dimer also raises the rescue frequency. These results are
in striking agreement with our observation in TIRF experiments, while the only additional
input to the simulation that includes the surrounding vimentin IFs are the parameters from
OT experiments. Thus, stochastic, transient binding of IFs to microtubules as in the OT
experiments is sufficient to explain the observed changes in microtubule dynamics in the
presence of IFs.

By combining the results from OT and TIRF experiments, we estimated the total binding
energy of a tubulin dimer within the lattice at the microtubule tip before catastrophe. From
the IF-microtubule bond-breaking events in the OT experiments, including the corresponding
simulations, we calculated the IF- microtubule bond energy ∆GIF-MT = 2.3 kBT and the
unbinding rate ru,eff of microtubules and vimentin IFs (Fig. 8.6a). From the TIRF experiments,
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we determined the catastrophe frequency fcat,IF-MT of a microtubule bound to a vimentin IF.
At the beginning of the catastrophe, a vimentin IF unbinds from the tubulin dimer, so that
the energy ∆GIF-MT is released. Simultaneously, the dimer depolymerizes from the lattice
and the energy ∆Gtb is set free (Fig. 8.6b). The only additional energy released during
microtubule catastrophe in the TIRF experiments compared to the OT experiments is the
binding energy to the surrounding tubulin dimers (Fig. 8.6c). Thus, comparing the rates
of IF-microtubule unbinding and microtubule catastrophe during binding to a vimentin IF,
as given by Eq. 5.15 in Chapter 5, results in an estimation of the average tubulin-binding
energy ∆Gtb between 5.7 kBT and 7.2 kBT in the lattice at the tip. These values for ∆Gtb are
on the order of magnitude expected from interferometric scattering microscopy and from
computational studies, although slightly lower, possibly due to different buffer conditions
[96, 99, 101]. Our combination of experiments provides a way of determining such binding
energies and may, from a broader perspective, be generally applied to proteins that bind to
microtubules.

8.1.4 Discussion

Our study examined the interactions between microtubules and vimentin IFs. We showed
that vimentin IFs stabilize microtubules by direct interactions, which is in strong contrast to
previous findings [137], where only interactions between microtubules and short IF peptides
were considered. Whereas the microtubule growth rate remains unchanged, the stabilization
by vimentin IFs leads to a reduction in the catastrophe frequency and increased rescue of
depolymerizing microtubules. We pinpoint the source of this stabilizing effect to a stochastic,
transient binding of IFs to microtubules by directly measuring the interactions of single
filaments. Both hydrophobic and electrostatic effects are involved in bond formation. The
presence of cations likely contributes to the attractive interactions between the negatively
charged filaments. The buffer in which we conducted the measurements contained potassium
and magnesium, two of the most abundant cations in cells [234]. The free magnesium concen-
tration is on the order of a few mM in most mammalian cells [235], similar to our experiments.
Magnesium ions have been previously described to cross-link vimentin IFs [112, 117, 189,
199, 236], and we showed that they can modulate the IF-microtubule bond strength. Since
our magnesium concentrations were close to physiological values, the magnesium-induced
IF-microtubule binding we observed may occur in cells as well. Therefore, although molecu-
lar motors and cross-linkers contribute to establishing links between IFs and microtubules
in cells, our results indicate that more fundamental, direct attractive interactions may also
participate in the crosstalk of the two cytoskeletal subsystems in cells.

Gan et al. [26] reported the stabilization of the microtubule network by their co-aligning
with vimentin IFs in migrating cells. Complementary to this finding, we showed microtubule
stabilization by transient interactions with IFs at the single-filament level without coalign-
ment or bundling of the two filament types. In particular, we found that vimentin IFs and
microtubules do not spontaneously coalign. Indeed, according to our estimate based on
the measured probability of a vimentin ULF to bind to a tubulin dimer and the number of
binding sites per vimentin persistence length, such bundling is highly unlikely (see Section
5.2.1 in Chapter 5): Co-alignment requires interactions at more than one site within one
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persistence length of a vimentin filament to occur, since thermal fluctuations set the relevant
length scale for tight contact between the filaments. This indicates that the cell has to activate
additional interaction mechanisms, e.g., via proteins, to induce the coalignment in migrating
cells. The rapid, but unfrequent binding of IFs and microtubules we observed suggests that
only certain microtubules and IF subunits can bind. Thus, we hypothesize that controlling
which subunits can bind (e.g., by posttranslational modifications) may provide another path
for the cell to regulate the stabilization of microtubules by IFs. Moreover, our results suggest
the possibility that the local vimentin filament concentration, itself controlled by transport
of filament fragments along microtubules, [237] may locally tune the dynamic instability of
microtubules.

There is growing evidence that a mechanical coupling between the cytoskeletal subsys-
tems is necessary for many cellular functions such as polarization, migration, and mechanical
resistance [212, 238, 239]. In particular, vimentin-deficient cells exhibit a less robust mi-
crotubule network orientation [26] and stronger microtubule fluctuations [28], and they
show impaired migration, contractility, and resistance to mechanical stress [182, 240, 241].
Therefore, future research might help to explore the implications of our findings for cell
mechanics and function. Furthermore, our study fosters understanding of the emergent
material properties of hybrid networks composed of cytoskeletal filaments and provides
a basis for interpreting rheology data, including the dynamic properties of the filaments.
Moreover, current efforts in synthetic cell research and materials science may benefit from our
findings. Our combination of experiments also offers an alternative approach to estimate the
tubulin bond energy within the microtubule lattice, which is a vital parameter to understand
microtubule dynamics, mechanics, and function [96, 99, 100, 102, 223–226].
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8.1.5 Supplementary Figures
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Figure 8.7: Temporal evolution of vimentin filament length in CB at a concentration of 2.3 µM. (a) Typical
epifluorescence microscopy images at different time points after start of assembly by CB buffer addition. Scale
bars correspond to 5 µm. We started the TIRF measurements 5-10 mins after initiation of the assembly and they
ran for 30 to 45 mins. (b) Traced filament lengths at different time points after starting the assembly. n is the
number of filaments traced. Boxplots include the median as the center line, the 25th and 75th percentiles as
box limits and the entire data range as whiskers. For each time point, filament lengths were measured for three
different samples. Source data are provided as a Source Data file.
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Figure 8.8: (a) Schematic of microtubule (MT) preparation. GMPCPP stabilized microtubules were prepared
by first growing the central, biotin-free part through stepwise addition of ATTO488 labeled tubulin (blue).
Biotinylated ends were added by stepwise addition of ATTO565 labeled and biotinylated tubulin (green). (b)
Schematic of IF preparation. Biotinylated and ATTO647N labeled vimentin protein was assembled into filaments
overnight via dialysis into assembly buffer.
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Figure 8.9: Valid unbinding rates ru,eff and potential widths xu to simulate the experimental data shown in Fig.
8.3c, i and k for the different geometric configurations of the OT experiment (all in pure CB): vertical movement
of the IF perpendicular to the microtubule (gray), vertical movement of the IF with the microtubule turned by
45◦ (yellow), and horizontal movement of the IF perpendicular to the microtubule (green). ru,eff and xu pairs,
which are valid for several geometric configurations, are color coded by mixed colors. The centroid positions of
the areas are projected on the ru,eff and xu axes shown by dashed lines in the corresponding colors. These are the
mean values for ru,eff and xu we used for further calculations. The force-independent factor ru,eff in the unbinding
rate of the IF-microtubule bond is independent of the measuring geometry. The potential width xu enters the
force-dependent factor of the unbinding rate and, thus, the force-sensitivity of the bond slightly increases from a
vertical movement of the IF to a horizontal movement or a vertical movement with the microtubule turned by
45◦. Source data are provided as a Source Data file.
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Figure 8.10: A strong IF-microtubule interaction that persisted for the downwards and upwards pulling directions.
The IF was first moved downwards (I-II) until the microtubule broke off the left-hand-side bead (III). When the IF
was moved upwards, the microtubule re-attached to the left-hand-side bead (IV) and then broke off again (V),
showing that the IF-microtubule interaction persisted even when pulling in different directions. Scale bar 5 µm.
Measurements were conducted on at least three different days. Source data are provided as a Source Data file.

8.2 Multiscale Mechanics and Temporal Evolution of Vimentin Inter-
mediate Filament Networks

As shown in the previous Section 8.1 interactions between cytoskeletal filaments can sta-
bilize dynamic microtubules. In the following section, we show that interactions between
cytoskeletal filaments can also mechanically stabilize cytoskeletal filaments and their net-
works. The theoretical model of interacting cytoskeletal filaments described in Section 8.1 can
also be applied to the interactions between single vimentin IFs to decouple electrostatic and
hydrophobic contributions to the interactions. This application of the model is part of the
publication “Multiscale mechanics and temporal evolution of vimentin intermediate filament
networks” in Proc. Natl. Acad. Sci. USA 118 by Anna V. Schepers, Charlotta Lorenz, Peter
Nietmann, Andreas Janshoff, Stefan Klumpp, and Sarah Köster in 2021 [242]. In the following
section, I summarize the results of this study with focus on the application of the theoretical
model. Text and figures are adapted from Ref. [242].

Contributions: S.Kö. conceived and supervised the project. A.V.S. performed and ana-
lyzed the single filament mechanics, elongation, and interaction experiments. P.N. performed
and analyzed active microrheology measurements. A.V.S. performed microparticle tracking
measurements and P.N. and A.V.S. analyzed microparticle tracking experiments. C.L. and
S.Kl. designed and C.L. performed numerical simulations. All authors contributed to writing
the manuscript.

To understand how interactions between single IFs translate to the IF network scale, we
first focus on the mechanical properties of vimentin IF networks: We carry out microrheology
experiments of vimentin networks with 5 mM MgCl2 or TX100, we find that networks mature
on time scales of days. 5 mM MgCl2 networks become the stiffer than the control network
and TX100 networks are the softest throughout. This is in agreement with the established
hypothesis that divalent ions serve as transient cross-linkers in IF networks [37, 113, 243].
The binding and unbinding rates of these transient cross-links, however, cannot be inferred
from our measurements.

After investigating filament elongation and single-filament mechanics, in a third step,
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Figure 8.11: Results of the interaction experiments and simulation. (A) Histograms of the rupture forces from
experiments (colored bars) and mean curve of the simulation results (black) with standard deviation (shaded
area). With decreasing TX100 concentration (red, orange, and yellow), higher forces are reached. The addition
of Mg2+ (green, blue, and purple) causes a broadening of the force distribution and a shift toward higher
forces. (B) Force-independent binding rate re,b. The binding rate is constant, unless Mg2+ is present at a
concentration of 20 mM. The mean and standard deviation are determined from bootstrap resampling of all
single measurements. (C) Schematic of the two-state model used for the simulations. (D) Parameter pairs of xu
and the force-independent unbinding rate re,u, extracted from the simulation, that satisfy the 5% significance level
in the Kolmogorov-Smirnov test. The centroid of each parameter space is marked. (E and F) Energy landscapes
corresponding to the centroid of the parameter space. The relative EA values are shown. The ordinate axis is
interrupted to indicate the unknown absolute height of the transition state. Figure from [242].

we scrutinize filament–filament interactions with single-molecule precision. To this end, we
bring two filaments in contact in a perpendicular configuration using a quadruple optical
trap setup. We slide one filament perpendicularly along the other one and measure the
interaction force and time. We extract the duration of the interaction and the strength of the
interaction from the maximum interaction force, Fi, before the interaction ruptures.

The distribution of forces Fi shown in Fig. 8.11A at both TX100 concentrations (red,
1.6 mM; orange, 0.16 mM) are similar to the control condition (yellow). By contrast, the
interaction strength clearly increases for increasing c(MgCl2) (green and blue in Fig. 8.11A).
This observation is in agreement with the stiffening of vimentin networks in the presence of
5 mM MgCl2 at sufficiently long network-formation times. While interactions are stronger
at low c(MgCl2) = 5 mM than for the control condition (Fig. 8.11A), the force-independent
binding rate re,b is not increased (Fig. 8.11B), indicating that interactions occur with the same
probability. By contrast, at high c(MgCl2), interactions become more likely.

For a quantitative comparison of the bonds formed in each condition, we model the
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interaction as a single bond as described in the previous Section 8.1. We calculate the
distribution of Fi for a constant xc, the re,b derived from the experiment (Fig. 8.11B), and
for pairs of xu and re,u, by simulating 1000 F(t) curves. Comparison of the experimental
distribution and each simulated distribution based on the Kolmogorov-Smirnov test [177]
with a 5% acceptance threshold provides valid xu and re,u pairs. The means and standard
deviations of the resulting distributions are shown in Fig. 8.11A. All parameter pairs for which
the two-state model describes the experiment well are plotted as pixels in Fig. 8.11D. The
parameter spaces derived for the control and TX100 conditions overlap. The representative
energy landscapes calculated for the centroid of each respective parameter space (circles in
Fig. 8.11D; re,u(control) = 0.18 s−1, re,u(0.16 mM TX100) = 0.15 s−1, re,u(1.6 mM TX100) = 0.20
s−1), shown in Fig. 8.11E, show no distinct differences. In the presence of MgCl2, re,u decreases
compared to the control (re,u(5 mM MgCl2) = 0.08 s−1, re,u(20 mM MgCl2) = 0.10 s−1), which
becomes apparent in a larger EA,u in Fig. 8.11F. These results are similar to values determined
from rheometry on F-actin networks (0.43± 0.06 s−1 [244]), but significantly larger than
reported for vimentin networks (> 0.001 s−1 [113]), which is likely caused by surface effects
in the macrorheology experiments.

The distance of the transition state to the bound state, xu, enters ru in the factor that
describes the force-dependent unbinding. Therefore, the decrease of both xu and re,u in the
presence of MgCl2 leads to a mostly force-independent opening of the bond and thereby to
high interaction forces. The presence of TX100 has the opposite effect: The parameter space
reaches larger values of xu, indicating a more force-sensitive bond between the filaments.
The broader distribution of the parameters represented by the shaded areas in Fig. 8.11D for
the control condition and in the presence of TX100 are mostly due to the lower number of
interactions.

These results support the hypothesis that the filaments interact in all conditions, the result-
ing networks are not purely entangled, but are connected by transient cross-links. However,
in the control condition and in the presence of TX100, the binding rate between filaments
is low, and interactions are weak; thus, entanglements govern the network properties. In
the presence of MgCl2, however, the unbinding rate is low, leading to stronger interactions,
which, in turn, cause a more cross-linked network. As a low c(MgCl2) mostly affects the
unbinding rate and not xu, EA,u can be increased without necessarily decreasing EA,b.

We identify altered individual interactions between filaments as the cause of the network
stiffening, where Mg2+-mediated, electrostatic effects play a key role and, consequently,
promote bundling. An increased interaction strength, caused by a less force-dependent
unbinding, causes the stiffening of the networks that was reported in literature [112, 113, 243,
245]. We find that hydrophobic interactions only play a minor role for filament interactions.

Our quantitative approach allows us to disentangle the intricate viscoelastic properties of
IFs from their environment in cells – for example, by contributions from other filament types,
crowding, or the plasma membrane. Our results can, furthermore, be applied to the study of
biopolymer networks, their rheology, and polymerization kinetics, as well as protein-based
materials science and synthetic cell research.
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Discussion, Outlook and Conclusion

9.1 Discussion and Outlook

The cytoskeletal filaments (actin filaments, microtubules and IFs) with their highly different
dynamic and mechanical properties offer a tool kit for cells to tune their mechanics [21]. The
different molecular architectures of these filaments determine the interactions within the
filaments resulting in their specific filament properties. Interactions between the filaments
can further influence filament dynamics and mechanics. Thus, interactions within and
between cytoskeletal filaments are vital parameters which regulate cell mechanics. In this
thesis, we quantify and characterize these interactions by studying µm-long filaments with
optical tweezers. We connect this mesoscopic filament scale with the molecular scale of the
interactions via theoretical models. With these models, we disentangle the contributions
of single, known components from their unknown interactions to filament dynamics and
mechanics.

Focusing on interactions within IFs, we find three different options in which cells may
tune these interactions and thereby filament mechanics. These three options occur on different
temporal and spatial scales and do not change the secondary structure of the underlying IF
monomer: (1) Expression of different IF proteins affects the entire cell and happens on time
scales longer than the other two possibilities; (2) local adaptions are possible by changing the
ionic strength of the solution around the filament or the charges of single amino acids within
a filament by a change in pH; (3) fast and local changes can be induced by post-translational
modifications of IFs.

Option (1) is responsible for the fundamental difference in interactions between the
subunits, since the amino acid sequences of different IF proteins differ. We show that these
differences in amino acid sequence cause weaker lateral interactions between the subunits
within keratin 8/18 IFs in comparison to vimentin IFs (Chapter 6.1). These weaker interactions
within keratin IFs result in subunit sliding, a smaller elastic modulus than for vimentin IFs
and permanent filament elongation upon repeated loading (Chapter 7). Contrarily, subunits
within vimentin IFs do not slide and vimentin IFs retain their length [7, 63]. Thus, here, we
prove that subunit sliding occurs and quantify its effects on keratin IF mechanics. Previously,
subunit sliding was only suspected because filaments extended further than possible by a
sole opening of α helices [12, 35, 64].
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We attribute the ability of keratin subunits to slide to the missing compaction step in
keratin IFs [38]. Compaction is associated with a region between coil 1A and the beginning
of coil 2 and a certain charge pattern in this region [61, 198]. Keratin exhibits a charge pattern
in these regions that does not induce compaction [49]. The IF monomer structure is the same
for all IFs, thus, the mechanics of different IF types may be significantly determined by the
resulting electrostatic interactions in the compaction region. To test the hypothesis whether
compaction causes a strong coupling of subunits and therefore stiffer filaments, it might
be interesting to study other IF types which compact, such as desmin [10]. Studying the
mechanical behavior of IFs which probably do not compact such as other keratin pairs as
K5/14 can be a vital comparison.

There are two strategies to determine precisely how these electrostatic interactions in-
fluence the arrangement of subunits within IFs: Theoretical modeling and simulations and
further, structural, experimental analysis. Here, we mainly refer to a theoretical model repre-
senting the architecture of vimentin IFs explaining the tensile memory and energy dissipation
of repeatedly stretched vimentin IFs [7]. We supplement this model with interactions between
the subunits to explain the effects of different interactions within IFs. Our model allows
us to estimate the binding energy per amino acid in an α helix to around 0.3− 0.6 kBT per
amino acid which is of the order of magnitude expected from literature [193–195]. With our
model, we can explain the different mechanical behaviors of keratin and vimentin IFs and,
additionally, the changes in vimentin IF mechanics in buffers with a different ionic strength
and different pH (Section 6.3). A further extension of the model including lateral bonds
between the subunits in form of springs describes the softening of phosphorylated vimentin
IFs (Section 6.4). Since we can activate and deactivate the interactions in the simulations,
we can precisely decouple which mechanical properties result from the single components
within the filament and which stem from the interactions. In all cases, these electrostatic
interactions cause the filaments to act differently than the mere sum of their monomers: The
interactions between the monomers stiffen and stabilize the filaments.

Concerning further experimental evidence of the effects of interactions within IFs, it might
be interesting to directly observe whether and how many α helices open within keratin and
vimentin IFs. Infra-red spectroscopy might be considered to study the portion of intact and
unfolded α helices of stretched IFs [246]. In case of keratin IFs, we expect that the α helices
remain intact because subunits slide and protect α helices from unfolding. The sliding of
subunits can be visualized by repeatedly stretching a sparsely labeled filament and observing
whether labeled subunits return to their original position. Sliding subunits might also
result in a different bending stiffness since lateral contacts bonds might be broken, but also
reformed due to the sliding. Thus, observing thermal fluctuations of a relaxed, but previously
stretched filament might reveal more information about how strongly the lateral contacts
were rearranged. The rearrangement of lateral contacts likely impacts the persistence lengths
of IFs, so that such a study might also shed light on why different measurement techniques
of IF persistence lengths result in highly different values ranging from 0.4− 3.3 µm [6, 35–37,
39].

Next to the described options of tuning subunit interactions, filaments are further sta-
bilized in cells by their organization into bundles and networks. We find differences in
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IF mechanics on the single filament level and the question remains how these differences
translate to bundles and to the network scale. Previous rheology experiments of vimentin
and keratin networks were carried out in different, not directly comparable buffer conditions
[36, 113, 116, 135]. These different buffer conditions make it difficult to disentangle the
reasons for different network properties since the buffers can affect the interactions between
the filaments, the network structures and the assembly kinetics [36, 135, 242]. A study on
keratin networks with a systematic variation of assembly buffer conditions in combination
with direct interaction measurements between two single keratin IFs might clarify how the
single keratin IF mechanics translates to the network scale. After studying these IF networks
in vitro, studies on IF networks in cells might reveal how IF networks contribute to cell
mechanics. Previously, studies in keratinocytes with AFM indentation experiments and in
mouse embryonic fibroblasts with active microrheology experiments with optical tweezers
showed a decrease in cell stiffness in case all keratin or vimentin genes were knocked out
[183, 240]. In both cases, the elastic modulus decreased by a factor of about two. Yet, since
the cell types and measurement methods of both studies were different, a direct, quantitative
conclusion about the underlying cellular IF networks and interactions within or between the
IFs would not be adequate.

Next to tuning interactions between cytoskeletal filaments of the same type, interactions
between different cytoskeletal filaments might be a vital tool to adjust filament dynamics and
mechanics. Therefore, here, we study the direct interactions between dynamic microtubules
and vimentin IFs. We find that dynamic microtubules exhibit less catastrophes when vimentin
IFs are in the surrounding solution. To verify whether this stabilization is caused by a direct
interaction between microtubules and vimentin IFs, we cross the two filaments and pull
them along one another with optical tweezers. We observe direct interactions between the
filaments. By changing the buffer conditions and with theoretical modeling, we show that
hydrophobic and electrostatic effects contribute to this interaction and mainly influence
the force-dependency of the interaction. The theoretical modeling reveals that these direct
interactions are responsible for the stabilization of dynamic microtubules (Section 8.1).

Thus, we can extend the overview of studied composite cytoskeletal systems presented in
Section 2.6 as shown in blue in Fig. 9.1. Our findings are in contrast to previous in vitro studies
[129, 136, 137]. A. Bocquet at al. found that peptide sequences which also occur in vimentin
destabilized microtubules [137]. Yet, the interaction mechanism in this study remained
unknown [137], and IFs do not naturally occur in the form of these separate peptides so that
our study mimics a more physiologic situation. In rheology experiments in vitro, Piechocka
et al. and Janmey et al. [129, 136] do not observe cooperative effects of the composite
system resulting from interactions between microtubules and vimentin IFs. However, these
rheology experiments do not probe the transient, stochastic interactions which we observe
in our direct interaction measurements. The precise stabilization mechanism also remains
unknown in case of an in vivo study where a mutual stabilization of the microtubule and
vimentin IF network was observed in migrating epithelial cells [26]. However, we observe
that microtubules and vimentin IFs do not spontaneously bundle so that likely another
mechanism causes the mutual filament stabilization in migrating epithelial cells. These
mechanisms might include additional proteins such as kinesin [216, 218], dynein [220, 221],
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Figure 9.1: Overview of studies on composite cytoskeletal systems, including our recent study highlighted in
blue.

plectin [211], and microtubule-actin cross-linking factor [217, 219]. Our direct interaction
measurements with a buffer supplemented with an additional protein might reveal how
these proteins interact with microtubules and vimentin IFs. In our studies, we know from the
direct interaction measurements in combination with theoretical modeling that already the
direct interactions cause the stabilization.

If not by additional proteins, we find that the interactions between microtubules and
vimentin IFs can be tuned via electrostatic or hydrophobic effects, additional binding sites or
by a higher vimentin concentration around the dynamic microtubule. Thus, changes in local
ion concentrations or blocking of hydrophobic interactions may be a mechanism for cells to
adjust microtubule dynamics. Specifically electrostatic interactions might be generated or
tuned by post-translational modifications. More potential interactions are caused by a higher
collision frequency of the filaments resulting from a higher filament concentration. Indeed,
we observe that microtubules collapse less frequently at a higher vimentin concentration. By
transport of IFs along microtubules [237], cells might tune the local vimentin concentration
so that microtubules are locally stabilized, which can be imagined to be a pre-stage of cell
migration.

We further characterize these direct interactions between microtubules and vimentin IFs
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with the theoretical modeling approach applied to our experiments. Next to hydrophobic and
electrostatic contributions, we determine the force-dependent and independent contributions
to binding and unbinding rates. This disentanglement of contributions and force-dependency
is highly difficult or impossible with other experimental methods which measure interactions
by diffusion or by centrifuging interacting components because the interactions are not
systematically probed under a certain force [247]. We find that electrostatic and hydrophobic
interactions mainly influence the force-dependency, but not the free binding energy of the
interaction. To further characterize the interaction, studies of the life time of the microtubule-
vimentin IF bond at a constant force might quantify the activation energy of the bond [248–
250]. We focus on the free binding energy difference since this parameter is required for the
theoretical modeling of a dynamic microtubule and its stabilization via the interaction. With
this free energy difference and further theoretical modeling, we combine our approaches to
measure the interactions within and between the filaments to estimate the binding energy
of tubulin dimers within the microtubule: We find that the dimer binding energy of dimers
located at the tip of the microtubule is around 5.7− 7.2 kBT, which is of the order of magnitude
found in previous studies, although slightly lower [96–101]. In contrast to previous studies,
our model is very coarse-grained, and we cannot determine how many neighboring dimers a
dimer had in the lateral direction before depolymerization. Thus, we state an average dimer
binding energy. Since we deduce the binding energy from the catastrophe rate, which is
an event that happens at the microtubule tip, the estimated energy applies to GTP dimers.
However, our method estimating the binding energy does not involve molecular dynamics
simulations, microtubule stabilization or binding gold particles to tubulin dimers as other
methods [99–101]. Thus, we found a very direct way to experimentally determine the tubulin
dimer binding energy without changing the dimer properties by stabilization or binding of
gold particles.

In other words, the advantage of this binding energy estimate is the preservation of the
dynamic and mechanical properties of the studied sample. Therefore, it might be interesting
to transfer this method to other vital systems with binding energies which have not been
measured yet or only measured by interfering with the mechanical properties of the sample.
For example, the lateral interaction energy of subunits within IFs might be determined with
this method. In this thesis, we show that this parameter significantly influences IF mechanics.
A precise value for this lateral interaction energy can be calculated when the dynamic role of
the microtubule and static role of the vimentin IF in our experiment are reversed: The subunit
exchange dynamics of vimentin IFs can be observed while chemically stabilized microtubules
in the solution interact with the dynamic vimentin IFs. Since the subunit exchange dynamics
of vimentin IFs without microtubules in solution are known [201], the comparison to a study
with stabilized microtubules in solution results in the lateral binding energy of vimentin IF
subunits after applying our theoretical modeling approach.

All interaction energies within and between cytoskeletal filaments we calculate in this
thesis are on the scale of 0.3− 10 kBT: The energy per amino acid required to open an α helix
is around 0.3− 0.6 kBT (Section 6.1), the average free binding energy between microtubules
and vimentin IFs is 2.3 kBT (Section 8.1) and the binding energy of a tubulin dimer is
5.7− 7.2 kBT (Section 8.1). Our results on the molecular and filament scale show that already
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small interaction energy changes on the order of or less than 1 kBT can significantly impact
mesoscopic mechanics and dynamics of cytoskeletal filaments. Comparing the mechanical
behavior of keratin and vimentin IFs, the interactions within the filaments make the critical
difference since the secondary structure of the monomers is highly similar. The different
average number of monomers per cross-section (16 for keratin, 32 for vimentin [10, 31]) does
not cause qualitatively different filament mechanics (see Fig. 5.2). Here, many of the weak
bonds are coupled within an IF so that all bonds together become strong enough to resist
forces of about 1 nanonewton. Similarly, for the microtubule-vimentin IF system, it is the
interaction of a few kBT which causes the stabilization of an entire dynamic microtubule.
Thus, the interactions within and between filaments make the difference so that this composite
system is more than the mere sum of its parts. The different load bearing abilities of single
IFs and of microtubule-IF interactions (nanonewton vs. piconewton) underline the different
roles of these systems within a cell: IFs act as shock absorbers while microtubule-vimentin
IF interactions can locally stabilize microtubules supporting a possible pre-stage for cell
migration. The transient interactions of microtubules and IFs still enable the two different
cytoskeletal networks to act independently. It might be an evolutionary advantage to rely
on many single, weak bonds instead of one strong bond: Energies on the scale of 1− 10 kBT
might be easier for cells to tune than energies > 10 kBT. In case of IFs under load, other
bonds can bear the load, if a weak bond breaks, whereas one single strong bond would have
no replacement.

We find that these interactions on a comparably low energy scale are strengthened by elec-
trostatic effects: Vimentin IFs stiffen and their qualitative stress-strain behavior significantly
changes because interactions within the filament are reinforced at higher ionic strength. Inter-
actions within keratin IFs are weaker and result in very different mechanics. The interactions
between vimentin IFs and microtubules increase from 0-65 pN up to 200 pN with additional
magnesium ions in solution. Both examples illustrate that electrostatics can be a vital tool to
change mechanical properties, which might be a mechanism occurring in the cell as well. Next
to electrostatics, hydrophobic effects play an important role in regulating interactions within
and between cytoskeletal filaments: In case of interactions between cytoskeletal filaments,
we directly observe a decrease in interaction strength confirming hydrophobic contributions
to the interaction. For interactions within IFs, it is known that hydrophobic interactions are
vital for the formation of coiled coils [251]. Thus, modifications or mutations of hydrophobic
amino acids might be another tool for cells to influence interactions within and between
cytoskeletal filaments and thereby their mechanics.

These modifications might in general be easier to implement if there is a large pool of
possible tuning sites. For example, the heterogeneity of keratin IF structures might allow for a
more precise tuning of interactions within the filaments in comparison to rather homogeneous
structures observed within vimentin IFs [207, 208]. For the microtubule-vimentin IF system,
different post-translational modifications on tubulin tails [252] might offer more potential
tuning sites than tubulin tails with the same amino acid sequence. Thus, heterogeneity might
be an option by which interactions within and between filaments can be easily adjusted.
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9.2 Conclusion

We quantify and characterize interactions within and between cytoskeletal filaments: We
load µm-long filaments and relate this filament scale to the molecular scale of the interactions
via theoretical modeling. These interactions are of the order of 0.1− 10 kBT: The energy
to open an α helix per amino acid is around 0.3− 0.6 kBT, the interaction energy between
a microtubule and a vimentin IF is around 2 kBT and the binding energy of a tubulin
dimer is around 5− 7 kBT. To further characterize these interactions, we vary the buffer
conditions in which the filaments are studied and apply a theoretical modeling approach
which allows for the decoupling of electrostatic and hydrophobic contributions to these
interactions. Electrostatic interactions within IFs determine the mechanical behavior of
single IFs and electrostatic and hydrophobic effects contribute to microtubule-vimentin IF
interactions. These interactions stabilize filament dynamics and mechanics, thus possibly
enabling the cell to adapt to different dynamic and mechanical requirements. The relatively
low energy scales we find for the interaction energies might have an evolutionary advantage
as many weak bonds might be easier to tune than one strong bond with a high energy.
Coupling many of these weak molecular interactions results in a high force resistance and
affects the dynamics of an entire filament, so that these filaments become more than the
mere sum of their parts: IFs can withstand forces on the nanonewton scale due to coupling
and entire microtubules which interact with vimentin IFs collapse less frequently than
microtubules without this interaction. Thus, interactions of the order of 1− 10 kBT within
and between cytoskeletal filaments are a key player in determining filament dynamics and
mechanics.
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„[...]
Und der Mensch heißt Mensch
Weil er irrt und weil er kämpft
Und weil er hofft und liebt
Weil er mitfühlt und vergibt
Und weil er lacht
Und weil er lebt
[...]“

– Mensch, Herbert Grönemeyer.
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List of Abbreviations

Abbreviation
AFM Atomic force microscope
BFP Back-focal plane
CB Combination buffer
eFJC Equivalent freely jointed chain
EMT Epithelial-to-mesenchymal transition
F-actin Filamentous actin
GA Glutaraldehyde
GDP Guaninediphosphate
GMPCPP Guanosine-5’-[(α,β)-methyleno]triphosphate
GTP Guaninetriphosphate
HB Buffer with a high ionic strength in context of Section 6.1
HF High force around 900 pN in context of Chapter 7
IF Intermediate filament
K8 Keratin 8
K18 Keratin 18
lat. lateral
LB Buffer with a low ionic strength in context of Section 6.1
LF Low force around 250 pN in context of Chapter 7
long. longitudinal
MACF Microtubule-actin cross-linking factor
MAP Microtubule-associated protein
MC Monte Carlo
MT Microtubule
OT Optical tweezers
PSD Power spectral density
SAXS Small-angle X-ray scattering
SHC Sequence homology class
TIRF(M) Total internal reflection fluorescence (microscopy)
TX100 Triton-X 100
ULF Unit-length filament
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List of Variables

Table 9.1: List of variables. Parameters obtained from experiments (E), from modeling (M) and from literature
(L).

Parameter Description Value E/M/L

α Polarizability of particle M

α1, α2 Angles in the direct interaction measure-
ment sketched in Fig. 4.8

E

aIF Diameter of a vimentin IF 11 nm L [31]

aMT Diameter of a microtubule 25 nm L [3]

A Number of parallel, closed bonds M

Aj Numer of monomers in the α-helical state
in the jth ULF

M

Aj,m Number of monomers in the α-helical
state in the jth ULF in the mth subunit

M

b(t) Probability that an IF-microtubule bond
is closed

E, M

Bj Number of monomers in the unfolded
state in the jth ULF

M

Bj,m Number of monomers in the unfolded
state in the jth ULF in the mth subunit

M

c Velocity of light M

cF Geometric correction factor for direct in-
teraction measurements with optical trap-
ping

E

cIF Concentration of vimentin IFs in the TIRF
experiment or the number of vimentin IFs
per IF network volume

E

∆εe Difference in effective filament length be-
tween two consecutive stretching cycles

E

∆F1y Breaking force acting on bead 1 in a direct
interaction measurement

E

∆GIF-MT IF-microtubule bond energy in pure CB (2.3± 1.3) kBT E, M

∆GIF-MT,TX100 IF-microtubule bond energy with addi-
tional TX100

(2.1± 0.6) kBT E, M

∆GIF-MT,Mg IF-microtubule bond energy with addi-
tional magnesium chloride

(3.0± 1.0) kBT E, M

∆Glatd Lateral association energy of a GDP
dimer

1.5 kBT I
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∆Glatt Lateral association energy of a GTP dimer 3.5 kBT I

∆Gtb Total average energy of a tubulin dimer in
the microtubule lattice before catastrophe
at 20 µM tubulin and 2.3 µM vimentin

7.1 kBT O, T, M

∆Gtb Total average energy of a tubulin dimer in
the microtubule lattice before catastrophe
at 25 µM tubulin and 2.3 µM vimentin

7.2 kBT O, T, M

∆Gtb Total average energy of a tubulin dimer in
the microtubule lattice before catastrophe
at 20 µM tubulin and 3.6 µM vimentin

5.7 kBT O, T, M

∆Gtb Total average energy of a tubulin dimer in
the microtubule lattice before catastrophe
at 25 µM tubulin and 3.6 µM vimentin

6.8 kBT O, T, M

∆L Additional extension of a ULF upon elon-
gation

M

∆~r Small displacement from a stably trapped
position of an optically trapped particle

M

d Distance between two beads in an IF
stretching experiment

E

dIF Length of the filament between the
IF-microtubule interaction junction and
bead 3 in OT experiments as sketched in
Fig. 4.8c

E

dIF-MT Length of microtubule starting at bead 1
to the junction of the IF-microtubule

E

dmax Maximum distance E

dMT Length of microtubule E

D Average diffusion coefficient of a vi-
mentin IF in the TIRF experiment

L [180],
M

ε Strain E

ε I Strain at which the plateau-like regime in
a force-strain cuve starts

E

ε I I Strain at which the plateau-like regime in
a force-strain cuve ends

E

εc Strain corrected by the effective filament
elongation

εe Effective filament length in unit of strains
after filament stretching

E

εmax Maximum applied strain
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ε0 Vacuum permittivity M

EAb Binding activation energy of an IF-
microtubule bond

M

EAu Unbinding activation energy of an IF-
microtubule bond

M

~Ei Incident electric field M
~Es Scattered electric field M

φ Dimensionless force M

f (t) Density function of the exponential
distribution to determine the time
(un-)bindung of an IF-microtubule bond

M

fc,i Corner frequency in optical trap calibra-
tion

M

fcat, exp Experimentally observed catastrophe fre-
quency of microtubules with surrounding
vimentin IFs at 20 µM tubulin and 2.3 µM
vimentin

0.123 min−1 T

fcat, exp Experimentally observed catastrophe fre-
quency of microtubules with surrounding
vimentin IFs at 25 µM tubulin and 2.3 µM
vimentin

0.107 min−1 T

fcat, exp Experimentally observed catastrophe fre-
quency of microtubules with surrounding
vimentin IFs at 20 µM tubulin and 3.6 µM
vimentin

0.111 min−1 T

fcat, exp Experimentally observed catastrophe fre-
quency of microtubules with surrounding
vimentin IFs at 25 µM tubulin and 3.6 µM
vimentin

0.091 min−1 T

fcat, IF-MT Catastrophe frequency of microtubules
while interacting with a vimentin IF

M

fcat, MT Experimentally observed catastrophe fre-
quency of microtubules

0.180 min−1

(20 µM),
0.156 min−1

(25 µM)

T

fresc Simulation rescue frequency at 25 µM
tubulin without IFs

0.03 s−1 I

fresc, IF Simulation rescue frequency at 25 µM
tubulin with IFs at a concentration of 2.3
µM

0.17 s−1 I
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F Force E, M

F1y Force acting on bead 1 in the y-direction E

Fα Force to open an α helix M

FB Breaking force in OT experiments E

Fe Force increase during entropic stretching
of a vimentin IF

M

FK Force scale of the Kuhn length of an IF M
~Fgrad Gradient force acting on a particle M

Fmax Maximum force E
~Fopt Total force acting on a particle resulting

from the interaction with a laser
M

Fplateau Force at the beginning of the plateau in a
force-strain curve

E

~Fstoch Stochastic force acting on an optically
trapped particle

M

γ Inverse of the equilibrium reaction con-
stant

M

γb Drag coefficient of a spherical particle M

G′ Elastic modulus E

ζ Mesh size of the vimentin network in
TIRF experiments

0.63 µm (2.3
µM vimentin),
0.55 µm (3.6 µM
vimentin)

E, L [40,
181]

i Index for one of the three α helices in an
IF monomer

M

I Light intensity M

I0 Intensity of a Gaussian light beam M

Ij Number of subunits with all monomers
in the unfolded state

M

j Index for ULFs M

η Viscosity of sample studied in TIRF ex-
periments

3 mPas L [253]

ηb Viscosity of a liquid M

~κ Stiffness of an optical trap in a vector for-
mat

M

κα Spring constant of an α helix M

κbd Spring constant of a bond between two
dimers

M
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κbt Spring constant of a bond between two
tetramers

M

κcε Filament stretching stiffness derived from
a fit to specific strain range

κcεc Filament stretching stiffness derived from
a fit to specific, corrected strain range

κc f Filament stretching stiffness derived from
a fit to specific force range

κF Spring constant of an entire IF M

κL Spring constant of all linkers within an IF
monomer

M

κP Spring constant of an element connected
to other elements in parallel

M

κt Spring constant of the transducer element
of a spring connected in series to springs
connected in parallel

M

κu Spring constant of the unfolded α helix M

κx, κy, κz Stiffness of an optical trap in the x, y, z
direction

M

k0,i Force-independent opening rate of the ith
α helix in an IF monomer

M

kB Boltzmann constant 1.38 · 10−23 J/K L [254]

keff Spring constant which takes the IF con-
tribution as well as the stiffness of the
experimental setup into account

M

Keq Equilibrium reaction constant M

λ Mean time until an (un-)binding event of
an IF-microtubule bond

M

λj Extension of the jth ULF M

λtot Total additional extension of the filament M

lu,IF Periodicity of vimentin filaments (length
of a unit-length filament)

43 nm L [59]

lu,MT Periodicity of MTs (length of a tubulin
dimer)

8 nm L [255]

L Measured filament length E

L0 Filament length at 5 pN E

L1, L2 Specific filament lengths after stretching E

LC Contour length of a vimentin IF E
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LK Kuhn length of an IF M

LP Persistence length of a vimentin IF 1.5 µm L [39,
170]

m Index for subunits in a ULF M

M Number of tubulin dimers which are
bound to a vimentin filament subunit at
the same time

M

MC Critical concentration of free tubulin for
tubulin nucleation

M

M f Free tubulin concentration M

ν Probability of one interaction with a tubu-
lin dimer within one persistence length
of a vimentin IF

1.1% E

n Number of lateral neighbors of a tubulin
dimer

I

ni Total number of IF-microtubule interac-
tions of OT experiments in a specific
buffer

E

ni,LP Number of interaction sites within one
persistence length of a vimentin IF

E

nm Refractive index of a medium surround-
ing an optically trapped particle

M

npf Number of protofilaments in a simulated
microtubule

13 L [3]

NC Number of NMers in a ULF M

Neq Equilibrium number of closed bonds

NF Number of ULFs assembled into a fila-
ment

M

NM Number of subunits in one ULF M

NP Number of parallel monomers in one
ULF

L

Nu,i Number of unfolded ith α helices within
a filament

M

ωc,i Corner frequency in optical trap calibra-
tion

M

pi Probability that a vimentin monomer in-
teracts with a tubulin dimer

33% O, T, M

pIF-MT Probability of a microtubule subunit to
interact with a vimentin IF subunit

M
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pb(t) Probability that a bond closes at a certain
time t

M

pu(t) Probability that a bond opens at a certain
time t

M

pULF Probability of a vimentin unit-length fila-
ment interacting with a tubulin dimer in
an adjacent microtubule

E

PAj,m Probability that Aj,m are in the α-helical
configuration

M

r Random number between 0 and 1 I

rα→u
0 Zero-force reaction rate from a monomer

in the α to the unfolded state
M

rα→u
Aj,m

Reaction rate from the α to the unfolded
state in case of Aj,m monomers in the α

state

M

rb,0 Constant prefactor of the binding rate
rb(t)

M

rb,eff,y Effective binding rate in pure CB when
the vimentin IF is moved vertically / in
the y-direction and it is oriented perpen-
dicularly to the microtubule

1.07 · 10−2 s−1 E

rb,eff,x Effective binding rate in pure CB when
the vimentin IF is moved horizontally /
in the x-direction and it is oriented per-
pendicularly to the microtubule

2.4 · 10−2 s−1 E

rb,eff,45◦ Effective binding rate in pure CB when
the vimentin IF is moved vertically / in
the y-direction and it is oriented in a 45◦

angle to the microtubule

1.6 · 10−2 s−1 E

rb,eff,TX100 Effective binding rate with additional
TX100

0.56 · 10−2 s−1 E

rb,eff,Mg Effective binding rate with additional
magnesium chloride

1.3 · 10−2 s−1 E

rb(t) Force-dependent binding rate of a vi-
mentin IF and a microtubule

M

rb,g Constant pre-factor for the binding rate
depending on geometric factors of the re-
action

M

rdiff Diffusion limited encounter rate of vi-
mentin IFs and microtubules

90 s−1 M
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rdd,0 Depolymerization rate of a GDP dimer
without lateral neighbors

643 s−1 I

rdt,0 Depolymerization rate of a GTP dimer
without lateral neighbors

9.93 · 10−4 s−1 I

rdd Depolymerization rate of a GDP dimer
taking the number of neighbor dimers
into account

I

rdt Depolymerization rate of a GTP dimer
taking the number of neighbor dimers
into account

I

rhy Hydrolysis rate of GTP dimers 7 s−1 I

ri Interaction rate of IFs and microtubules
in the TIRF experiments

0.06 s−1 M

rg,20 Polymerization rate of GTP dimers per
protofilament for 20 µM free tubulin con-
centration

1.3 s−1 I

rg,25 Polymerization rate of GTP dimers per
protofilament for 25 µM free tubulin con-
centration

2.2 s−1 I

ru,0 Constant prefactor of the unbinding rate
ru(t)

M

ru,A Unbinding rate of a closed bond M

ru,A,0 Force-free unbinding rate of a closed
bond

M

ru→α
Aj,m

Reaction rate of an unfolded monomer to
a state with the length of the α state

M

ru,eff,y Effective unbinding rate in pure CB when
the vimentin IF is moved vertically / in
the y-direction and it is oriented perpen-
dicularly to the microtubule

(0.11± 0.10) s−1 M

ru,eff,x Effective unbinding rate in pure CB when
the vimentin IF is moved horizontally /
in the x-direction and it is oriented per-
pendicularly to the microtubule

(0.12± 0.09) s−1 E

ru,eff,45◦ Effective unbinding rate in pure CB when
the vimentin IF is moved vertically / in
the y-direction and it is oriented in a 45◦

angle to the microtubule

(0.10± 0.07) s−1 E

ru,eff,TX100 Effective unbinding rate with additional
TX100

(0.26± 0.20) s−1 M
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ru,eff,Mg Effective unbinding rate with additional
magnesium chloride

(0.15± 0.08) s−1 M

ru,g Constant pre-factor for the unbinding
rate depending on geometric factors of
the reaction

M

ru(t) Force-dependent unbinding rate of a mi-
crotubule and a vimentin IF

M

R Any reaction rate in simulation I

σF Standard deviation of F1y E

σp,i Width of the Gaussian distribution of the
position of a particle in direction i

M

σs,i Width of the Gaussian distribution of the
signal on a detector in direction i

M

σx, σy Gaussian beam widths in the x and y di-
rection

M

σz Characteristic length of a Gaussian beam
in the axial direction

M

sd,i Detector sensitivity in the ith direction M

θ, θ+, θ− Load-distribution factors M

t Time E, M

t∗ Duration of entropic stretching of a vi-
mentin IF in OT experiments

M

tb Time until formation of an IF-microtubule
bond

E, M

tcont Total time in which the IF and the micro-
tubule are unbound in OT experiments in
a certain buffer

E

tm Time at which the relaxation of a filament
starts during a stretching cycle

E

tu Duration of a closed IF-microtubule bond E, M

dt Discretization time step 0.05 s M

τ Time scale of force decrease in OT experi-
ments

0.1 s E, M

T Temperature E, M

v In case of simulations of single stretched
IFs: loading rate; in case of direct interac-
tion measurements: velocity of the lowest
bead 3 as sketched in Fig. 4.8 during OT
experiments

In case of direct
interaction mea-
surements: 0.55
µm/s

E
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V Volume of a particle M

w Final constant loading rate in OT experi-
ments

E

x End-to-end distance of a vimentin IF E, M

xα,i Potential width of the ith α helix in an If
monomer

M

xm Distance at which the relaxation of a fila-
ment starts during a stretching cycle

E

xu Distance from the bound to the transition
state in pure CB when the vimentin IF
is moved vertically / in the y-direction
and it is oriented perpendicularly to the
microtubule

(0.17± 0.05) nm M

xu,x Distance from bound to transition state in
pure CB when the vimentin IF is moved
horizontally / in the x-direction and it
is oriented perpendicularly to the micro-
tubule

(0.22± 0.03) nm M

xu,45◦ Distance from bound to transition state in
pure CB when the vimentin IF is moved
vertically / in the y-direction and it is ori-
ented in a 45◦ angle to the microtubule

(0.26± 0.02) nm M

xu,TX100 Distance from bound to transition state
with additional TX100

(0.23± 0.13) nm M

xu,Mg Distance from bound to transition state
with additional magnesium chloride

(0.08± 0.08) nm M

χ Reaction coordiante M

Y Young’s modulus E

z Random number between 0 and 1 I
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