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ABSTRACT

The mechanical properties of cells are largely determined by the cytoskele-
ton. The cytoskeleton is an intricate and complex structure formed by
protein filaments, motor proteins, and crosslinkers. The three main types
of protein filaments are microtubules, actin filaments, and intermediate
filaments (IFs). Whereas the proteins that form microtubules and actin fila-
ments are exceptionally conserved throughout cell types and organisms, the
family of IFs is diverse. For example, the IF protein vimentin is expressed in
relatively motile fibroblasts, and keratin IFs are found in epithelial cells. This
variety of IF proteins might therefore be linked to the various mechanical
properties of different cell types.

In the scope of this thesis, I combine studies of IF mechanics on different
time scales and in systems of increasing complexity, from single filaments
to networks in cells. This multiscale approach allows for the simplification
necessary to interpret observations while adding increasing physiological
context in subsequent experiments. We especially focus on the tunability
of the IF mechanics by environmental cues in these increasingly complex
systems. In a series of experiments, including single filament elongation
studies, single filament stretching measurements with optical tweezers,
filament-filament interaction measurements with four optical tweezers, mi-
crorheology, and isotropic cell stretching, we characterize how electrostatic
(pH and ion concentration) and hydrophobic interactions (detergent) pro-
vide various mechanisms by which the mechanics of the IF cytoskeleton can
be tuned. These studies reveal how small changes, such as charge shifts,
influence IF mechanics on multiple scales. In combination with simulations,
we determine the mechanisms by which charge shifts alter single vimentin
filament mechanics and we extract energy landscapes for interactions be-
tween single filaments. Such insights will provide a deeper understanding
of the mechanisms by which cells can maintain their integrity and adapt to
the mechanical requirements set by their environment.






INTRODUCTION

The various cell types found in metazoan organisms are highly specialized.
By performing vastly different tasks, the different cell types allow organ-
isms to perform a remarkable variety of complex processes [1]. With their
distinct roles come completely different requirements to their mechanical
properties [2]. For example, muscle cells have to reliably and repeatedly ex-
ert contractile forces, the endothelial cells that line blood vessels experience
shear stresses, and skin tissue has to create a stretchable, though tear-proof
barrier between the body and the environment. The mechanical properties
of cells are largely determined by the cytoskeleton [3]. The cytoskeleton
is an intricate and complex structure formed by protein filaments, motor
proteins, and crosslinkers [4]. The three main types of protein filaments are
microtubules, actin filaments, and IFs [3]. The electron microscopy image
shown in Fig. 1.1 illustrates the complexity of the cytoskeleton with the
three coexisting filament groups.

Each of the filament types fulfills specific functions in cells. The roles of
microtubules for directed transport and during cell division are well studied
[3]. Actin filaments are known to be one of the main players in cellular
force generation, in separating cells during mitosis, and they are important
for cell shape [3]. Whereas the proteins that form microtubules and actin
filaments are exceptionally conserved throughout cell types and organisms
[3], the family of IFs is diverse [5], and specific IF proteins are expressed in
different cell types. This variety of IF proteins might therefore be linked to
the various mechanical properties of different cell types.

When cells are mechanically stressed, IFs become load bearing, while the
actin filament network disassembles and fluidizes [7, 8]. It is the remarkable
stability and extensibility of the IF cytoskeleton that enables IFs to effec-
tively act as cellular ‘seat belts” and ‘shock absorbers’ [9, 10]. Studies of
reconstituted IF networks have revealed the exceptional extensibility and
mechanical stability of these structures [11-14], which are in contrast to the
properties displayed by actin filament and microtubule networks. For this
reason, understanding the origin and properties of IFs mechanics attracts
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INTRODUCTION

Fig. 1.1: Three types of filaments of the cytoskeleton. Scanning electron microscopy
image of cytoskeletal filaments in a rat embryonic fibroblast. Actin filaments (yellow) are
densely packed in a bundle in the bottom left. Few microtubules (red) span the depicted
region. IFs (blue) are found throughout the image. Black/white image reprinted from
Ref. [6], (©) 1995 with permission from Elsevier. Pseudo colored image from Tatyana
Svitkina, University of Pennsylvania.

more and more attention [9-16]. In recent years, some of the characteristic
mechanical properties of IF networks, including their extensibility and abil-
ity to dissipate energy, have been observed at the single filament level [9,
10, 15].

When studying the properties of a complex material such as the IF cytoskele-
ton, it is helpful to drastically simplify the system to disentangle different
processes or contributions. However, each single experimental observation
is bound to disregard some important aspects. Multiscale approaches hence
allow for the simplification necessary to interpret observations while adding
increasing physiological context in subsequent experiments. In the scope
of this thesis, I therefore combine studies of IF mechanics on different time
scales and in systems of increasing complexities, from single filaments to
networks in cells. I especially focus on the tunability of the IF mechanics by
environmental cues in these increasingly complex systems.



OUTLINE OF THE THESIS

In chapter 2, I give an overview over IFs. I summarize published results on
their extraordinary mechanical properties, the origin of these mechanics,
and their role in cell mechanics. Chapter 3 introduces the physical principles
of the measurement techniques and the models used to describe IF assembly,
mechanics, binding kinetics, and network properties. The methods and
materials used during this thesis are described in chapter 4.

In chapter 5, I present the results published in Ref.[17], where we study
the effect of pH and ionic charge shifts on the mechanical response of
single vimentin IFs to stretching by optical tweezers (OTs). We show how
some indirect and direct charge shifts soften and destabilize the IFs whereas
other charge shifts stiffen and stabilize the filaments. Chapter 6 includes
results published in Ref. [18]. Based on the results of single-filament exper-
iments, we study how hydrophobic and electrostatic interactions within
and between filaments influence the elongation of vimentin filaments and
the mechanical properties of single filaments. By employing four OTs, we
directly measure interactions between single filaments to determine the
interaction kinetics and interaction forces. We supplement the experimental
results with simulations to disentangle which of the three processes — elon-
gation, single filament mechanics, and interactions — dominate the changes
in vimentin network mechanics observed in microrheology measurements.
For both chapters 5 and 6, I extend the published manuscripts by additional
data and analysis. As IFs are known to be especially important in cells
under mechanical stress, I present the development and characterization
of an isotropic cell stretching device and preliminary observations of the
response of cellular actin filament and IF networks to stretching in chap-
ter 7. I focus on how different structures of the same cytoskeletal filament
type in single cells respond to cell stretching. In chapter 8, I conclude the
thesis by bringing the results from chapters 5 to 7 into context, discussing
the physiological relevance of the observed effects, and exploring possible
future directions.
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INTERMEDIATE FILAMENTS
PROTEINS TO NETWORKS

- FROM

After the first observations of IFs were reported, it took
decades until it was discovered that IFs constitute a class
of cytoskeletal filaments [1]. These first reports of bun-
dles of keratin IFs in epithelial tissue, at the time termed
“tonosils”, were published in 1928, years before the two
other main types of filaments of the cytoskeleton, actin
(1942 [2, 3]) filaments and microtubules (late 1950’s [4])
were identified. During the early years of IF research,
many different names were used, e.g., 10-nm filaments,
square filaments, round filaments, neurofilaments and
beta filaments [1]. However, as the diameter of IFs is be-
tween the values found for actin filaments, also called
F-actin, (7nm) and microtubules (25 nm) [5], the inter-
mediate sized filaments became known as “intermediate
filaments”.

One main difference between IF proteins, actin monomers,
and tubulin is that the IF protein family comprises many
different proteins that are expressed in a cell-type-specific
manner [6]. In humans, more than 70 genes encode for
IF proteins [6, 7]. The class of IFs proteins is typically
divided into sub-classes, which are grouped by their pri-
mary structure, function, and tissue of origin [6, 7]: type 1
and type 2 IF proteins are keratin proteins where type 1
keratin proteins are acidic and type 2 keratin proteins are
basic. Keratin proteins are further divided into cytoker-
atin proteins which, for example, form the cytoskeleton
of epithelial cells, schematically shown in blue in Fig. 2.1,
and hard/structural keratin proteins that are, for exam-
ple, found in hair or nails. For example, vimentin, which
is found in cells of mesynchymal origin, desmin (green
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Fig. 2.1: Examples
for the types of
IFs in different cells.
Type1& 2 keratins
co-assemble in skin
cells. The type3

IF desmin is ex-
pressed in muscle
cells. Type4 neu-
rofilaments are ex-
pressed in neurons.
The type5 lamins
form the nuclear
lamina.



INTERMEDIATE FILAMENTS

in Fig.2.1), which is expressed in muscle cells, or glial fibrillary acidic
protein, found in astrocyes and glial cells, belong to type 3 IFs. Type 4 IFs, for
example the three types of neurofilaments, are mostly found in nerve cells,
as sketched in orange in Fig.2.1. Type 5 IFs, the lamins, form the nuclear
lamina of all cells, as shown in red in Fig.2.1. Type 6 IFs, phakinin and
filensin, are expressed in the eye lens. Since actin and tubulin are highly
conserved throughout different cell types [5], the large variety of IFs proteins
indicates that IF protein expression might be a tool for cells to tune their
properties.

2.1 STRUCTURE AND ASSEMBLY OF INTERMEDIATE FILAMENT
PROTEINS

Analysis of the amino acid sequence of IF proteins revealed a highly con-
served tripartite structure, consisting of an a-helical rod region that is
flanked by disordered N-terminal head and C-terminal tail domains [8, 9],
as sketched in Fig. 2.2 (left). The rod is further subdivided into three helices,
coil 1A, coil 1B, and coil 2 [8], see Fig.2.2. Whereas details of the amino
acid sequence, such as the length of the head and tail domains, the overall
charge, etc., vary between IF proteins, this structure is the basis of all IF
proteins [10]. A comparison of the structures of all known IF proteins and an
overview of the currently available structural data with atomic resolution
are presented in Ref. [7].

Experiments with reconstituted IF proteins have revealed that the rod-like
monomers self-assemble into mature IFs in a hierarchical manner:

Two monomers align in parallel to form a dimeric, left-handed coiled-coil
[8]. The coiled-coil formation is caused by the heptad repeat pattern in
the primary structure (abcdefg), in the rod domain [8]. Most IF proteins
form homodimers with only one type of protein, whereas keratins form
heterodimers, and some studies also show assemblies of several different IF
proteins [11].

The dimerization is the first step of the hierarchical assembly of IFs. In the
next step, two dimers align in an antiparallel, half-staggered manner to form
tetramers, in the case of vimentin, of ~62nm length [12—-14]. Due to this ar-
rangement, the tetramer is a symmetric unit with “overhanging” C-terminal

10
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lateral assembly )

head rod tail - = &@
—_— parallel dimer o1 ———otg
L1 L12 EESEET
N W + =% 1 E ¢ : c
X S c
clA I e < —— P ThS i e ©
O< 0% & 1 T
“4onm . . 1§ &8
i i ! ! S = 3
vimentin monomer ~62 nm
antiparallel tetramer unit length filament
(half-staggered) |

¢ longitudinal assembly to filaments

F—~11 nm—]

several ym

Fig. 2.2: The hierarchical assembly: lateral arrangement of monomers leads to dimers,
tetramers, and finally ULFs, subsequent longitudinal elongation yields long filaments.

ends, i.e., the tails [15]. Tetramers are remarkably stable even in low ionic
strength buffers, and to obtain the monomer or dimer state, denaturing
agents have to be added. From the stable tetramer state, further assembly
into filaments can be induced by changing the pH or increasing the cation
concentration of the buffer. Tetramers align in parallel to form unit length
filaments (ULFs), the last stage of the lateral assembly [16]. The exact number
of tetramers per ULF varies for different IF proteins, reconstituted vimentin
ULFs consist of, on average, 8 tetramers, keratin ULFs typically of 4 tetramers
[17]. Vimentin ULFs have an average diameter of 16 nm and are of the same
length as the tetramer [13]. Longitudinal assembly of ULFs by end-to-end an-
nealing [18—20] results in highly periodic filaments [21] of several yum length.
In the mature vimentin IF, interlacing of the overhanging ends of the ULFs
leads to a repetition of the structure every 43 nm [22]. Vimentin filaments
further undergo a radial compaction step where the diameter reduces to
~11nm [13, 23, 24], for example shown in Fig. 2.3. It has to be noted that the
diameter of the filaments can vary, not only between IF types but also within
one filament. Depending on the assembly conditions, filaments exhibit a
significant degree of polymorphism in their mass-per-length [13, 17, 25].
The longitudinal assembly continues over hours and days [18, 19, 26—28]
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Fig. 2.3: Negative
staining electron
micrograph of re-
constituted vimen-
tin filaments.
Imaged by Wiebke
Mébius.

INTERMEDIATE FILAMENTS

and is significantly slower than the lateral assembly,
which occurs on time scales of 100ms [29—31]. During
this elongation step, filaments grow simultaneously at
both ends, and filaments can fuse with each other. The
end-to-end annealing was shown nicely by mixing of
short, pre-assembled filaments that were labeled with
two different colors that make “striped” filaments, where
the previous pre-assembled sections are visible [19, 20].
This assembly pattern is typical for polymer step-growth
[32], which is in contrast to actin and tubulin polymer-
ization, where the monomers are globular and subunits
are successively added to the polar polymer [5]. More-
over, IFs form without the consumption of nucleoside
triphosphates [5].

The assembly kinetics of IFs are influenced by the protein
concentration, and filament formation slows down at low
concentrations [16, 27, 30]. The assembly speed as well
as the resulting filament structure are highly sensitive
to temperature, variation of ionic species and ion con-
centration, and pH [17, 33—38]. The assembly process is
reversible: By simply reducing the ionic strength of the
buffer, filaments disassemble [30] into tetramers from
which they can, once again, reassemble into filaments
[30]. In cells, disassembly of the IF networks and fila-
ments, for example during cell division, is induced by
phosphorylation [39].

The self-assembly of IFs depends on the distribution of
charges and hydrophobic residues along the sequence
[40, 41]. As shown in Fig. 2.4, the head domain is mostly
positively charged, and the tail has a negative net charge.
Regions that are in close proximity in the tetramer have
“patches” of opposing charges, for example, the posi-
tive net charge of L1 and the negatively charged last
segment of coil 1B [40]. The overall negative charge of
-19e gives an indication as of why vimentin assembly
beyond the tetramer stage is induced by cation addition;
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2.1 STRUCTURE AND ASSEMBLY

in typical assembly conditions, 100 mM KClI [42] are used, but some assem-
bly already occurs at concentrations as low as 1omM [34, 38], and 50 mM
KCl are sufficient for the formation of filaments [35].

head rod tail
: : Fy
(V] 1 o cececes cor mcecmmmsmsote s cmomome cm ssmeee o eer 1 g # positive
> 12 8 2 16 1 20 6 2. charges
0] comein mip iy L0 23
© g 12 2B  # negative
S -1 . - kI XXX _1§_ charges
0 100 200 300 400 <

position of amino acid

Fig. 2.4: Charge and hydrophobicity patterns in human vimentin. Comparison of
the total number of positive to negative charges at pH 7.4 results in a net positive
charge of the head domain and a net negative charge of the tail domain. The overall
monomer has a negative net charge. The hydrophobicity based on Ref. [43], calculated
with a moving mean over 21 amino acids [44]. Figure based on Ref. [45].

Studies of mutants with deletions of the head or tail domains have shown
that the head domain is crucial for assembly beyond the dimer and tetramer
stage [46—48], whereas vimentin proteins lacking the tail domain form
filaments [13]. In the current understanding, the tail domains protrude from
the core of the filament [9] like a negatively charged brush [34, 36] and are
heavily involved in filament-to-filament interactions [49-52].

Whereas atomistic models of parts of the monomer, dimer, and tetramer
have allowed for a better understanding of the tetramer structure of vi-
mentin [40, 41, 53, 54], the exact arrangements of the substructures within
the filament are still mostly unknown [24, 41, 55]. Very recently, cryo
electron tomography of vimentin filaments in cells has revealed the organi-
zation of octameric subunits within the filaments, where parallel subunits
are linked by the head and coil 1A domains [56]. A study where a dimer
of coil 2 segments was “unzipped” by pulling the monomers apart with
OTs, revealed high, structure-stabilizing, internal forces in some areas and
weaker inter-dimer interactions in other parts of the sequence [57]. These
findings indicate that specific intra-filament interactions are the key to the
structural and mechanical integrity of the filament.
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INTERMEDIATE FILAMENTS

2.2 MECHANICAL PROPERTIES OF SINGLE INTERMEDIATE FILAMENTS

Different properties are relevant to describing the mechanical characteristics
of a filament. Two questions are investigated in the following: How does a
filament respond to bending and how does it behave during stretching?

2.2.1 Persistence length

As described in section 3.3.3, the length scale where thermal energy leads
to bending deformations of a filament is the persistence length Ip. While
it is accepted that the persistence length of IFs is lower than for actin fil-
aments (17.7 £ 1.1 pm) and microtubules (5200 4200 pm) [58], the exact
values which were determined for vimentin IFs with various methods range
from 0.4-2.1um [42, 49, 59-62], see Fig. 2.5. In general, methods where the

a V&‘b C d
:

Ip = 1.0-1.3 pm Ip=2.1%0.1pum Ip : several um Ip= 0.4-0.5pum

74
7

Fig. 2.5: Experiments determining the persistence length of vimentin: a) Tracing
filaments, adsorbed to different solid supports, in electron microscopy (left) or atomic
force microscopy (AFM) images (right) [42]; b) Fluctuations of a filament, confined in a
microchannel [61]; c) Cryo-electron tomography [62]; d) Calculation of Ip from network
mechanics [49, 59, 60].

flexibility was determined for filaments adsorbed to a surface, for example,
negative staining electron microscopy or imaging with AFM [42], Fig. 2.5a,
yield lower values for the persistence length than measurements without
support [61, 62], Fig. 2.5b,c. This is caused by interactions with the support
that lead to non-equilibrium conformations of the filaments and likely also
additional unraveling of parts of the filaments. Such unraveled structures
were observed in various negative staining electron micrographs and AFM
images [62]. In measurements of vitrified IFs with cryo-electron tomography,
Fig. 2.5¢, long, straight sections of IFs were interrupted by more flexible,
unraveled “hinges” [62]. The persistence length of vimentin filaments as
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2.2 SINGLE FILAMENT MECHANICS

determined from rheology experiments is lower than the values discussed
so far, see Fig. 2.5d. The discrepancy between the results of the different ex-
perimental methods may, besides the effect of interactions with the support
or other filaments [63], be caused by the superposition of the bending and
stretching responses of filaments in the network measurements.

2.2.2  Stretching response

The first single molecule stretching experiments with IFs revealed a huge
potential for elongation: By dragging an AFM cantilever laterally through a
filament that was adsorbed to a surface, a desmin filament was elongated
up to 3.6-fold [64]. A sketch of the experiment is shown in Fig. 2.6a. The
average extension before rupture measured for desmin with this setup was
2.8-fold, for keratin K5/K14 2.3-fold, and for neurofilaments 2.6-fold [64].

a b%c d e

Fig. 2.6: Experiments determining the stretching behavior of IFs. a) Stretching IFs
on a solid support by dragging an AFM cantilever across the IF [64, 65]. b) Stretching a
single IF away from the support [66]. c) Indenting a single IF in a network, supported
by nuclear pore complexes (blue) [67]. d) Indenting a pore-spanning IF with an AFM
cantilever [68]. e) Stretching of a single IF using OTs and beads as handles [66, 69-71].

However, in these measurements, filaments were in direct contact with the
surface throughout. By reducing the influence of the surface and pulling
the IF away from the surface, as sketched in Fig.2.6b, vimentin filaments
were extended up to 4.5-fold [66]. The high extensibility has since been
observed in multiple experiments [64-66, 69, 70], for example, by indenting
single filaments in an IF network, supported by nuclear pore complexes, as
shown in Fig. 2.6¢ [67].

During the extension of single IFs, for example by indenting a pore-spanning
filament with an AFM cantilever as shown in Fig. 2.6d, the force-extension re-
sponse is linear, as for a Hookian spring [65, 66, 68]. This linear
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INTERMEDIATE FILAMENTS

force-extension behavior has also been observed for IF-
based and IF-like structures such as hair, wool, and hag-
fish slime threads [72—75]. At higher extensions, however,
the force-strain curve shows a characteristic, non-linear
shape which was revealed, for example, by AFM stretch-
ing of desmin, vimentin, and lamin A [65-67], and has
been extensively studied by stretching single vimentin
tilaments with OTs as shown in Fig. 2.6e [66, 69—71]. For
forces up to ~1nN, the three regimes shown in Fig.2.7
are observed: At small extensions (I), the previously
described, linear regime is observed. The slope then
drastically decreases and the filament extends further
with only little additional pulling force, resulting in a
plateau-like regime (II). At high extensions, the slope is
increased with respect to the plateau regime (III). This
three-regime stretching is reminiscent of the response
of « helices and coiled-coils to stretching [76-79], which
indicates that the shape of the force-strain curve orig-
inates from structural changes in the filament. Early
studies of the extension behavior of wool and hair with
wide-angle X-ray scattering (WAXS) already revealed that
the coiled-coil and a-helical contributions reduce upon
stretching, and a new feature appears in the diffraction
pattern that is characteristic of B sheets [74, 80-82]. This
conformational change has since also been detected for
stretched vimentin hydrogels by WAXS [83] and vimentin
bundles by Raman scattering [84]. However, in all of
these methods, gels and bundles of IFs were stretched.
Simulations have been useful to understand which con-
formational changes accompany which regime in the
force-strain curves. Molecular dynamics simulations of
the stretching of vimentin dimers and tetramers [67, 85,
86] have shown the unfolding of a helices upon stretch-
ing and the formation of B sheets at high strains. De-
scriptions of the force-strain curves, obtained by stretch-
ing vimentin filaments with OTs, by a two state model
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where each « helix consists of a spring, attached to an equivalent-freely-
jointed-chain, reproduce the pronounced plateau region by the subsequent
unfolding of the a helices in the filament [66]. More sophisticated Monte-
Carlo simulations of extension and retraction curves for vimentin reveal
that B sheet formation is most likely irreversible [69, 70]. The structural
changes by the unfolding of the « helices are not sufficient to explain the
stretching response and enormous elongation potential of the filaments and
are, most likely, accompanied by subunit sliding [42, 68, 69, 82, 85].

The extension-retraction curves used for these models reveal other remark-
able properties of IFs: The filaments show a pronounced hysteresis during
retraction, which allows them to dissipate large amounts of energy [65,
69]. This property allows IFs to act as “shock absorbers” in cells [69]. More-
over, repeated extension-retraction cycles show a softening of re-stretched
filaments [69, 70]. This softening upon re-stretching was also previously
observed for wool and hair [74], hagfish slime threads [75], and is most
likely caused by irreversible structural changes [70].

Another characteristic of IFs is their loading-rate dependent response to
stretching. A filament that is stretched at a high speed shows a steeper
force-extension curve and is less extensible at the same force than a filament
stretched at a low speed [66, 76, 85-87]. This loading-rate dependent force
response matches, again, observations reported for the stretching of wool
fibers [73] and is typical for the strain response of a helices [79]. Such a
loading-rate dependent stiffening could allow cells to be protected against
fast impact but to retain flexibility when slowly migrating through small
spaces where they need to deform [66].

2.3 NETWORKS OF RECONSTITUTED INTERMEDIATE FILAMENTS

IF networks are soft and flexible; they can easily withstand large strains ¢
at which networks of actin filaments or microtubules rupture, see Fig. 2.8
[88, 89]. During deformation, IF networks display a highly nonlinear force
response, a property that is reminiscent of the single filament mechanics.
Whereas the response at low forces is mostly elastic, IF networks show a pro-
nounced nonlinear strain stiffening [49, 51, 52, 60, 88, 89]. Strain stiffening
is typical for many biopolymer networks [9o0], and often described by the
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INTERMEDIATE FILAMENTS

deformation of a network of inextensible chains [91].
For vimentin networks, this description is sufficient at
low strains where the response is dominated by entropic
stretching. At intermediate strains, still in the strain stiff-
ening regime, however, the filaments are extended and
the model fails [49]. The strain stiffening is followed by a
softening, which is attributed to structural reorganization
within the network — an adaptation to the applied stress.
The capability to adapt has been shown to depend on
the interactions between filaments in the network: If the
filaments are covalently connected to each other, no reor-
ganization occurs and the softening is not observed [52].
By contrast, crosslinkers that bind transiently allow the
network to maintain the structure on short time scales,
this leads to the strain stiffening, but to rearrange on
longer time scales.

For IF networks, no crosslinking proteins are necessary.
IFs are polyelectrolytes, vimentin, for example, has an ap-
proximate surface charge density of 0.5¢/nm? [92]. Because
of the polyelectrolyte nature of the filaments, multiva-
lent ions act as transient crosslinks [49, 52, 60, 93—95].
Through counter ion condensation of monovalent and
multivalent cations on the surface of the filament, re-
pulsions are screened. The accumulation of multivalent
counter ions leads to attraction between filaments [96].
The addition of multivalent ions, typically divalent ions,
thereby leads to an ion-concentration dependent stiffen-
ing which has been observed for keratins [94], neurofila-
ments [60], and vimentin [49, 60, 93, 95]. The multivalent
ions therefore lead to point-like interactions and also pro-
mote bundle formation through multiple interaction sites
[94, 95]. Studies of the structure of vimentin networks
with fluorescence microscopy and electron microscopy
at increasing concentrations of divalent ions show that
low concentrations of divalent ions promote interactions.
Increased interactions were observed as spontaneous
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2.4 INTERMEDIATE FILAMENT NETWORKS IN CELLS

parallel alignment of two filaments in solution, “zipping” [96], which causes
bundling. At high concentrations of multivalent ions, the networks collapse
into a dense, bundled structure [97, 98] where mechanical measurements
become unreliable, for example, due to a drastic change of the mesh size
[95, 99]. This so called “bundling concentration” varies for different ions
and does not solely depend on the valency of the cation [38, 92, 95, 100].
The multivalent-ion sensitivity decreases for networks of tail-truncated or
tail-mutated IFs [49, 52, 101], indicating that the tails are highly involved in
inter-filament interactions. The tails have also been speculated to mediate
direct interactions between actin filaments and vimentin [50].

The structure and the mechanical properties of IF networks not only depend
on the concentration of multivalent ions but also on the protein concen-
tration itself [51, 99], the temperature [99], and the assembly duration [50,
59]. Moreover, different measurement techniques, especially macroscopic
shear rheology vs. microrheology, lead to different results. This discrepancy
has been shown to decrease if amphiphilic molecules, which decrease the
interfacial tension, are added to the air-liquid interface in shear rheology
measurements. It is, however, possible that the amphiphilic molecules not
only decrease the interfacial tension but also reduce hydrophobic interac-
tions between filaments [51, 102].

2.4 STRUCTURE AND FUNCTION OF INTERMEDIATE FILAMENT
NETWORKS IN CELLS

IF networks perform various functions in the cell and are, for example, in-
volved in mechanical sensing processes, the organization of cell organelles
[103-105], and provide cells with mechanical integrity and stability. Net-
works of keratins or vimentin form protective cages around the nucleus to
prevent damage [106], and are highly involved in mechano transduction,
see Refs.[104, 105, 107] for reviews.

The structures formed by the different IFs vary: Vimentin typically forms a
dense perinuclear network and the density decreases towards the periphery
[108]. The large variety of keratins comes with a large variety in their net-
work structures. One remarkable keratin network structure that has, for ex-
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Fig. 2.9: Rim-and-
spoke structure of
keratin networks.
Keratin filaments
(orange) form a
layer below the
actin cortex (blue),
and bundles in a
radial arrangement.
Keratin filaments
are connected to
desmosomes (light
blue). Based on
Ref. [110].
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ample, been observed in blastocysts [109] and Madin-
Darby Canine Kidney (MDCK) cells [110], manifests as
a dense mesh work close to the nucleus with bundles
of keratin radiating outwards to a layer of keratin be-
neath the actin cortex at the cell membrane, sketched in
Fig.2.9. The resemblance to a wagon wheel has given this
structure the name “rim-and-spokes” [110]. At the cor-
tex, the keratin bundles are attached to desmosomes and
hemidesmosomes and lead to a seemingly continuous
bundle structure in the neighboring cell. This connectiv-
ity provides high mechanical and structural integrity for
tissues [111].

Intermediate filament networks and cell mechan-
ics

2.4.1

Studies comparing cells with and without vimentin net-
works by employing active microrheology with OTs have
found that the cytoplasm is stiffer if the vimentin network
is intact [112, 113]. These measurements further reveal
that more energy is dissipated in cells with vimentin
networks, compared to the vimentin knock-out (KO) cells.
Cell stiffness measurements with AFM have shown that
cells expressing vimentin are stiffer than KO cells [108,
114, 115] and that vimentin contributes to the cortical
[116] and cytoplasmic stiffness [115]. However, the results
of these measurements are strongly dependent on the
shape of the AFM tip [115] and the region of the cell that
is probed [117]. Another factor that influences the out-
come of such cell mechanics measurements is how much
the cells are spread. Some studies, for example magnetic
bead twisting assays, report a higher contribution of the
vimentin network in cells that have spread to a large area
[118, 119]. Vimentin limits the deformation of the nucleus
and thereby protects the nucleus against rupture at strong
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2.4 INTERMEDIATE FILAMENT NETWORKS IN CELLS

cellular deformations [108, 114] and has been shown to be crucial for cell
viability in deformed cells [113].

The mechanical contribution of keratin IFs to cell mechanics has been
studied by comparing cells expressing wild-type (wt) keratins to keratin
KO cells. Force-indentation measurements with AFM and experiments with
magnetic tweezers showed that keratin KO cells are softer and have a larger
viscous contribution to their mechanical response than cells with wt keratin
networks. Interestingly, the loss of keratin does not affect the structure of
the microtubule or F-actin networks [120]. A similar comparison employing
an optical stretcher, i.e., the deformation of single cells by a laser beam,
showed that keratin KO cells are more deformable. The higher deformability
is accompanied by more invasive behavior [121]. The loss of keratin further
decreases the mechano coupling between cells, which impedes the collective
behavior of cultured cells [106].

2.4.2 Keratin networks in cells under load

The keratin network in cells is remarkably resilient, even at high strains. In
cells stretched up to 133% uniaxial strain, sketched in Fig. 2.10a, the keratin
network remains undamaged and cell viability high [122, 123]. The bundles
become straight at high strains when stretched on a support, see Fig. 2.10b,
as well as in stretched, free-standing cell monolayers [124] indicating that
they become load bearing and play a crucial role for cell integrity [122, 123].
After the strain is released, the bundles buckle and look wavy [111, 122,
125]. Cells that are subjected to equibiaxial strain, sketched in Fig. 2.10c,
show a similar response: The bundles become load bearing at high strains
[111, 126]. This response was observed in alveolar cells that were stretched
equibiaxially on an elastic support, Fig.2.10 ¢,d, with an area increase of
up to 30% [111], as well as in kidney epithelial cells that were stretched by
inducing the formation of expanding, freestanding “domes”, see Fig. 2.10e,f
[126]. Laser cutting of taut keratin bundles in highly stretched cells proved
that these bundles are crucial for maintaining the cell shape at high strains
[126]. Phosphorylation of keratin has been shown to increase in stretched
cells [111], where the network in the periphery of the cells is phosphorylated
the most [125].
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Fig. 2.10: Keratin networks in cells under load. a) Uniaxial deformation of a cell layer
(cell outline in orange) on an elastic support. b) The keratin network in alveolar cells
before straining and at 133% uniaxial strain. Reproduced with permission from Beriault
et al., 2012, Ref. [123]. ¢) Equibiaxial deformation of a cell layer on an elastic support. d)
Keratin bundles in two alveolar cells, connected to the desmosomes. The cells are imaged
before straining and at 10% area increase from equibiaxial strain. Curved bundles in
relaxed cells (left), and straight bundles in stretched cells (right) are indicated by white
arrows. Reproduced with permission from Felder et al., 2008, Ref. [111]. e) Deformation
of cells by formation of a free-standing "dome”. f) Left: Unstretched cells on the support.
The keratin network is stained in green, F-actin in red, and the nucleus in blue . Right:
Stretched cells at the apex of the dome. Keratin bundles are indicated by white arrows.
Reprinted with permission (C)Springer, Nature, 2018, Latorre et al. Ref [126].
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BIOPOLYMER MECHANICS - THEORETICAL
AND EXPERIMENTAL PRINCIPLES

3.1 OPTICAL TWEEZERS

Light carries momentum, and when light interacts with matter, this momen-
tum can be transferred. However, the momentum that is transmitted by a
single photon is very small, for the wavelength of 1064 nm the momentum is
only 6 10728 Ns small. In 1970, Arthur Ashkin calculated and demonstrated
experimentally that with the high intensity of a laser beam, micron sized
particles can be manipulated purely by light [1]. In these first versions of
optical traps or optical tweezers (OTs), which he called laser levitation beams,
small particles were held in the laser beam in two dimensions only, and
they were pushed along the beam axis. Based on these observations, Ashkin
further improved his setup to achieve 3D levitation of small polystyrene
particles, first with two counter propagation laser beams [1], and, in 1986,
by employing one single, strongly focused laser beam [2]. OTs were soon
applied to biological systems as they allowed for unprecedented control
by micromanipulation and the study of the micromechanical properties of
a sample. The first biological OT experiments were performed by Ashkin
himself, trapping living cells and cell organelles [3]. However, the first
application of OTs as a means of measuring forces, i.e., the compliance of
the flagella for different bacteria, was reported by Steven Block in 1989 [4].
Only one year later, Ashkin was able to trap mitochondria in living cells
and measure the forces that dynein motors exert on mitochondria that are
transported along microtubules [5].

Since these early studies, OTs have been used to study the mechanical
properties of living cells [6], single components in living cells [3, 7], dou-
ble stranded DNA [8-10], reconstituted networks of cytoskeletal filaments
[11, 12], single filaments [13], and even the forces holding single proteins
together [14].
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One prominent example that illustrates the nm and sub-pN sensitivity of
OTs is the measurement of kinesin “walking” on microtubules. OTs were
used to first measure that kinesin motors take 8 nm steps [15]. Recently,
by employing improved probe particles that increase the resolution of the
OT, it was found that these motors actually take 4 nm sub steps [16]. The
maximum forces OTs can exert depend on the laser power and can reach up
to several hundred pN, for example in Ref.[13].

In the following, the basic physical principles that allow the trapping
of dielectric particles and the detection of forces and their analysis are
described.
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3.1.1 DParticle trapping

The trapping of dielectric particles with light is caused
by the interaction of the focused laser light with the
particle. It depends on the size of the particle relative to
the wavelength A of the trapping laser which physical
principle is best suited to explain the trapping forces.
The most intuitive picture is based on ray optics and
is valid for large particles in the Mie size regime [17].
An incident ray is refracted when entering the particle.
Momentum conservation leads to a momentum transfer
from the ray to the particle, as described by Snell’s law

My 5in(0;,) = np sin(6,), (3.1)

with the refractive indices 7, of the medium and 7, of the
particle, and the incident angle 6;, and refracted angle in
the particle 6,. In Fig. 3.1, the refraction of two incoming
rays by a particle that is laterally displaced from the beam
focus is depicted. The momentum of each ray is changed
by AP = Pour — Pin; —AP is transferred to the particle
and leads to a restoring movement towards the beam
focus. Fig. 3.2 shows the refraction for axial displacement
[1, 2]. While, in the description so far, all rays have the
same intensity, the beams used for OTs typically have
a Gaussian beam profile. Thus, in the ray description,
the rays at the beam center carry a higher momentum
than rays far away from the center. This intensity profile
amplifies the restoring force for lateral displacement of
the particle [17].

For particles with a diameter smaller than A, i.e., Rayleigh
particles, the dielectric particles are approximated as
point-like dipoles, with the dipole momentum p;. In
the electromagnetic field (E, §) of the laser, the dipole
experiences a Lorentz force [18-20].

Wi 3z

ﬁ:(fo’d-V)E—FﬁxB (3.2)
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Fig. 3.1: Sketch of
rays and momen-
tum transfer for
lateral deflection.
The center of the

trap is marked by
a black dot.
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Fig. 3.2: Sketch of
rays and momen-
tum transfer for ax-
ial deflection in the
beam direction.
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The dipole moment p; of the particle with the polarizability « in the
superimposed electric fields of the incident and refracted light E is

Pa = aF. (3-3)

By combining Eq. (3.2) and Eq. (3.3) and substituting the term (E . V)E =
%Ez —Ex(VxE)andusing V x E = —%E, the force is expressed as

f—a}V?+jH§x@ (3.4)

—\2 ot ' 34

For a continuous wave with % (E x B) = 0, the force becomes
F:%v?. (3.5)

For a small, but not point-like, particles of volume V, Eq. (3.5) is given by
[21]:

gon2 Re(a)

F=
4

VE?, (3.6)
where ¢ is the vacuum permittivity.

The particle experiences the superposition of the incident E; and scattered
field Es, leading to the total force, which is integrated over the volume of the
spherical particle, being the sum of the gradient force ?gmd and scattering
force Lyar.

- E . "

Ftot = / Vdv = Fgrad + Fscat (3'7)
- gons Re(a

Pgrud 07/ v|E |2dV (38)
- eons Re(a = = o =

Fscat == OHZLV() Av (‘Es|2 + EiEs + Ei Es) dv. (39)

The scattering force Eocor points in the direction of the beam, causing the
“resting” position of the particle to be slightly shifted along the axis of
the beam. However, the exact calculation of F;mt is demanding and, as it
only causes a small offset of the position, it is typically neglected [20]. The
scattering force E.cot and the gradient force Fg,qy depend on a, which, in
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turn, depends on the relation of the refractive indices of
the particle n, and medium n,, [21]:

2

zx:3VL_1 with m = .
m2 42 o

Ny

(3.10)

For a particle with n, > ny, ﬁgmd leads to a force di-
rected towards the beam center. Particles with n, < ny,,
for example, air bubbles in a glycerol-water mixture [1],
are pushed away from the beam center. The particles
used for OT experiments are typically in an intermediate
size range where neither of the two descriptions is fully
correct. However both descriptions give a reasonable ap-
proximation of the forces and an explanation why small
particles can be trapped and moved by a strongly focused
laser beam.

3.1.2 Force detection

OTs can not only be used for trapping and micromanipu-
lation but also allow for the quantitative analysis of the
displacement of the particle from the beam focus and
the forces that are exerted on the trapped particle. To
determine these forces, several methods have been de-
veloped [15, 22, 23]. Most approaches rely on detecting
changes of the laser beam after passing the sample, for
example of the polarization [15], phase [24], or momen-
tum [23]. Either the trapping laser itself or a designated
detection laser is used for the detection. Fig. 3.3 shows a
simplified sketch of a setup that uses the trapping laser
for detection.

In brief, the laser (bottom) is focused by the objective lens
(blue) and interacts with the sample (gray sphere). The
unscattered and forward scattered light is collected by a
high numerical aperture condenser, and the light pattern
at the back focal plane, indicated by BFP in Fig. 3.3, is
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Fig. 3.4: Camera
images of interfer-
ence patterns in
the back focal
plane. The pattern
is symmetric if the
particle is in the
trap center (top)
and asymmetric if
the particle is dis-
placed (bottom).

BIOPOLYMER MECHANICS

projected onto the detector. Historically, quadrant photo
diode (QPD) detectors were employed, however, the sys-
tem used in this thesis is based on detection by a position
sensitive detector (PSD). In the back focal plane, the un-
scattered and scattered light interfere. This method is
therefore referred to as back focal plane interferometry
[25]. A sample that is centered in the beam leads to a
symmetric interference pattern, see Fig. 3.4, top, while the
displacement of the sample from the beam waist causes
the pattern to shift, Fig. 3.4, bottom; the intensity pattern
on the detector is consequently asymmetric. This shift of
the intensity distribution is used for detection.

For a quantitative measurement of forces, the voltage
signal from the detector has to be converted. For this
conversion, the setup is calibrated. The most widely used
calibration methods are based on the complete descrip-
tion of the gradient and scattering forces, see Fig.3.5.
For small displacements, the force-displacement curve is

4
21
2z
)
LL><
-24
simulation
-4 4 experiment
-10 05 0.0 05 10
X/Hm

Fig. 3.5: Complete force-displacement curve. Experimental and
simulated force-displacement curves for 610 nm particles and a laser
power of 18 mW. Adapted from Ref. [23]. (©) 2012, Optical Society
of America
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approximated by a linear relation so that it can be described by a Hookian
spring with the spring constant ko7, typically referred to as the trap stiff-
ness.

There are different approaches to the calibration of the trap stiffness of
OTs [23]. For example, the drag force acting on a bead which is moved or
oscillated in a Newtonian fluid of known viscosity can be used to calculate
kot [4]. In the setup used in this thesis, the trap stiffness is extracted from
the power spectral density of the Brownian motion of a trapped particle
[22]. The equation of motion for a particle is:

mi(t) + vi(t) + korx(t) = Ht), (3.11)

where x is the position of the particle, the drag coefficient is v = 67777,
with the viscosity 7 of the medium, and the radius of the particle 5. For
Brownian motion, the thermal noise is given by

F(t) = \/2kgTyiu(t), (3-12)

where () is Gaussian white noise with unit variance and zero mean,
ie., (Pu(t))r = 0, and the amplitude of F(t) is \/2kgTy. The detector signal
caused by Brownian motion of a trapped particle is shown in Fig. 3.6a.
Analysis of the signal intensity in Fig. 3.6b shows the expected Gaussian
distribution with the width o.

a b c
107°
2 T C : |

E £v s&\
E 0 A z 10711 5 g
@ < \\
v U;< 10—12 i

—27 0=0.84mV f.=846.0 Hz

T T T T T 10_13 T T
0.0 0.5 1.0 0.0 0.5 1.0 103 104
t/s rel. occ. f/Hz

Fig. 3.6: The power spectral density. a) The signal of a PSD, recorded for a 4.4 pm
polystyrene bead at 350 mW laser power of a 1064 nm laser at 78 kHz sampling rate
shows a b) Gaussian distribution. c) The experimental power spectral density (blue dots)
and the Lorentz function based on the fit parameters (orange line). The corner frequency
results in kor = 0.22 pN/nm.
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To determine the trap stiffness, inertial forces are neglected, as the particles
are typically very small. By substituting the diffusion coefficient D = ksT/y
and the corner frequency f. = kor/2ry, Eq.(3.11) becomes

Xt) + 27 fex(t) = V2D, (1) . (3.13)
Fourier transformation of Eq. (3.13) results in

() = o0, (.14)
27(fe = if)
As ,(t) is an uncorrelated Gaussian process, i.e., (Pu(t)Pu(t +T))r = 6(7)
where 6(7) is the delta function, the power spectral density Sy (f) is calcu-
lated for the measurement duration £,

SXf) = )1/ tm, (3.15)

where S,(f) is a Lorentzian function

 ksT 1
2y (f2+ )

The conversion factor b translates the detector voltage into the bead dis-
placement and is, together with the corner frequency f., determined by
fitting the absolute values of the experimental power spectral density, blue
in Fig. 3.6¢c, with the Lorentzian in Eq.(3.16), orange line in Fig. 3.6c. Fi-
nally, the trap stiffness is calculated for a known particle diameter and the
viscosity of the medium from

V*Sy(f) (3.16)

kor =2mnyf. . (3.17)

The fitting of the experimental power spectral density can be improved,
especially at high frequencies, by extending Eq.(3.16), for example, by
considering finite frequency effects [22].
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3.2 MICRORHEOLOGY
3.2.1 Rheology of viscoelastic materials

With rheology, the elastic and viscous properties of a material are studied.
They can range from a purely viscous fluid, where all the input energy
is dissipated, to a purely elastic, rubber-like solid, where all the energy is
stored [26, 27]. Many, especially biological, systems are viscoelastic. These
systems can be described as complex fluids as their mechanical response
combine elastic and viscous contributions. Complex fluids are, for example,
colloidal dispersions, polymer solutions, or filament networks, and contain
a hierarchy of structures ranging from length scales of single nanometers
to several tens of micrometers. The mechanical properties of these systems
are determined by the interactions within or between the largest of these
structures, for example, IFs [27, 28].

With rheology, the relation of the elastic (storage, G') and dissipative (loss,
G") contributions to the shear modulus G* of a complex fluid is character-
ized. The complex shear modulus G* or, equivalently, the complex viscosity

;7*

Glw) = G(w) +iG"(w) = iwn*(w) (3.18)
7(w) = 7(w) —in"(w) (3.19)
with G(w) =wny” and G"(w) = wy’, (3.20)

depend on the frequency w of a mechanical excitation [26, 29].

With conventional macrorheology, i.e., typically shear rtheometry, the bulk
properties of a sample are determined, whereas microrheology probes
the local properties of a complex fluid. This local probing is achieved by
embedding micron-scale tracer particles in the sample, in our case, in the
network. The particles can either be used in passive methods, where thermal
fluctuations (Brownian motion) are observed, or to actively apply shear
to the medium with an external force. Such active deformations can, for
example, be achieved with magnetic or optical tweezers. All microrheology
approaches are based on the assumption that the medium that the particles
are embedded in is continuous, i.e., that the probe size is larger than the
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Fig. 3.7: Repre-
sentative trajecto-
ries of a freely
diffusing particle
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fined particle (bot-
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cles are tracked for
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structures within the sample [28, 29]. In the case of a
network, this refers to the meshsize ¢ [28, 29].

3.2.2 Passive microrheology: microparticle tracking

In passive microrheology, the response of the system to
thermal fluctuations is probed by tracer particles. Ther-
mal fluctuations only lead to small deformations of the
sample, and the system relaxes back to its equilibrium
state. Passive microrheology is a collective term for var-
ious experimental methods. One group of techniques
measures the ensemble average of many tracer parti-
cles, typically with scattering based methods such as
dynamic wave spectroscopy (DWS) or dynamic light scat-
tering (DLS) [27]. Another group of techniques is based
on the measurement of single particles, for example by
using laser interferometry or low-power OTs [28, 30-32].
The most straight forward implementation of this second
group of methods is to simply observe the 2D-positions
of the particles with a wide field microscope and record a
time series with a camera. Several particles are recorded
at once, and each single particle can be localized. This
method is called microparticle tracking (MPT).

In MPT, the positions of the tracer particles in the field
of view of the camera are tracked over the experiment
time t. Examples of the resulting trajectories are shown in
Fig. 3.7. The mean squared displacement (MSD) is calcu-
lated from the change in (x,y)-position over the lag-time
T. [28].

MSD = (Ar(T))
= ((dt +7) = (1))?)e + (ot +7) — (1))
(3.21)

For elastic solids, the complex shear modulus is equal to
the frequency independent elastic modulus G¥(w) = G’
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and the 2D-MSD for a particle with diameter a is therefore
independent of 7, see the red curve in Fig. 3.8 [29].

(3-22)

2kgT
2 _ B
<A7" (T)> - 37_[%(;/
For a Newtonian fluid, the tracer motion is purely diffu-
sive which leads to a linear MSD, as shown by the blue
line in Fig. 3.8.

(Ar(T)) = 4D1 (3.23)

The diffusion coefficient of the bead D is given by the
Stokes-Einstein equation, with the bead diameter a, and
the frequency independent viscosity 7 [33]

kgT

For complex fluids that lead to subdiffusive behavior, the
MSD includes the diffusive exponent n [34].

<Ar2(r)> =4Dt" (3-25)

The diffusive exponent 0 < n < 1 describes whether the
elastic (n < 0.5) or viscous (n > 0.5) properties dominate
the material response. For example, for the orange curve
in Fig. 3.8, the subdiffusive behavior is dominated by the
viscous contribution.

In more complex samples, such as filament networks,
several different relaxation processes, each with their re-
spective time scales, become relevant, see Fig. 3.8 green
curve. This hierarchy of relaxation times leads to viscous
or subdiffusive motion on short time scales while ap-
proaching an elastic-solid-like MSD for longer lag-times
[29]. For viscoelastic samples, the MSD is translated into
the complex shear modulus by a generalized Langevin
equation that comprises a term describing the stochastic
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forces acting on the particleand a term for the viscous damping. By as-
suming that the microscopic memory function is proportional to the bulk
memory function, the shear modulus becomes

(3.26)

< s 6kpT m—0 kgT
N o e o

with the Laplace transformed shear modulus G(s), the Laplace transformed
MSD (A74(s)), the frequency in the Laplace domain s, and the particle mass
m. After neglecting the influence of inertia (ms), Eq.(3.26) results in a
generalized Stokes-Einstein equation [27, 28].

Numerical calculation of the Laplace transform leads to truncation errors
at the extremes of the recorded frequencies [35]. Instead, the complex shear
modulus is typically derived from Eq. (3.26) by fitting a local power law to
the MSD at each time T

(Ar(T)) = (Br(10)) (/7)) (3-27)

where the local power-law exponent «(1/%) is the logarithmic slope of the
MSD at 1/

dIn (Ar?(7))

A(1/m) = dint

. (3.28)
=Ty
For MPT data from a passive system, this logarithmic slope has to be
0 < a(l/w) < 1. The case a(1/5) = 1 describes viscous diffusion, and
a(1/%) = 0 describes confinement in an elastic solid [35].

G* is now determined analytically by identifying G*(w) = G(s = iw) and
taking the Fourier transform of Eq. (3.26).

kgT

Cl@) = SrF Ao (3-20)

Eq. (3.29) is approximated from the local power law fit to the MSD to yield

ke T
15 (ArY(19) )T [1 + o 10)]

(3-30)

T():l/wo !
where I is the gamma function [35].
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The storage and loss moduli are now determined from
Eq. (3.30) with Euler’s equation, giving

G(w) = |G (w)]| cos(ma(w)/2), (3.31)
G'(w) = |GH(w)|sin(ma(w)/2) . (3-32)

The power law fitting analysis is constantly being im-
proved, for example, for MSDs with stronger curvature
[36], and other approaches that are not based on the
Fourier transform have been proposed [37]. The Fourier
approach is widely used and accessible, as codes for
analysis have been published [38].

3.2.3 Active microrheology: optical trapping

In active microrheology measurements, an external force
drives the local deformation of the sample. In contrast to
passive microrheology methods, this allows for a larger
displacement of the tracer particles, and the non-linear
properties of materials can also be studied. However, at
small displacements, equivalent results to passive meth-
ods are achieved. Different techniques have been em-
ployed to control the particle motion. The most frequently
used methods are based on magnetic fields and OTs [29].
Both techniques have been applied to measurements in-
side living cells, which is only possible because of the
non-invasive nature of microrheology methods [11]. As
we, in this thesis, only employ active microrheology in
the same frequency and amplitude range as observed
in MPT, the description here will focus on the theory
applicable to the linear response of the sample. A com-
prehensive overview of active microrheology with OTs
can be found in Ref.[11]. For the active microrheology
experiments presented in this work, the probe particle
is oscillated by a single OT. The amplitude D(w) and
phase shift §w) of the particle movement, blue in Fig. 3.9,
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with respect to the OT movement with amplitude A (orange) are analyzed.
A particle that is oscillated by an OT in a complex fluid at the frequency
w with the amplitude of the trap movement A experiences a complex
interaction with the medium (—675#7*(w)x), an elastic, restoring force by
the OT (—xorx), the driving force of the OT (korA exp(iwt)), and inertial
forces (mx)

mi(t) = —672(w) () = xorx(t) + xorAexp(ict) (3:33)

where m is the particle mass, 4/2 the particle radius, #*(w) the complex vis-
cosity, and kot the spring constant of the OT. The solution for the equation
of motion

€(t) = Dw) exp (i(wt — dw) ), (:34)

depends on the amplitude D(w) of the particle moment and the phase lag
¥ w) between OT and particle movement. As microrheology experiments
are in the low-Reynolds number regime, inertial effects are negligible. By
re-writing Eq. (3.33) with Eq.(3.34), the equation of motion leads to the
complex shear modulus

G'(w) = iwy'(w) = 255 [L)é))(exp(ié(w))) - 1] : (3:35)

NIR

which is now expressed in terms of the measurement parameters, A, D(w),
¥w), and the trap stiffness kor. Separating the real and imaginary parts
provides the storage and loss modulus [29, 39, 40]:

G(w) = 62; {D(c‘u) (cos(é(w))) - 1} (3.36)
G'(w) = 677'(55 [Déj)<sin(5(w)))] ) (3.37)
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The biopolymers in the cytoskeleton can reach lengths of
several micrometers, while the radius is only a few nm
small [41]. Despite their small diameter, these filaments
have a considerable resistance to bending, which is typ-
ical for semiflexible polymers. One widely applied model
for semiflexible polymers is the worm-like chain (WLC),
which was originally introduced in 1949 by Otto Kratky
and Gilinther Porod [42]. In brief, the WLC consist, of
infinitely short, rigid, and inextensible sections. The an-
gle between a segment and the previous segment is not
random, which is in contrast to the freely-jointed chain
model. However, if the chain is observed sufficiently far
away from the first segment, the correlation of the angle
is lost. The distance along the chain where this loss of
correlation occurs is called the persistence length /p. The
persistence length thereby describes the length scale on
which thermal forces lead to bending of these filaments
with the bending stiffness x [43].

K
Ip = kgiT (3-38)

3.3.1 Entropic stretching of worm-like chains

A filament in a randomly coiled conformation is subject
to thermal fluctuations. By stretching the filament, i.e.,
increasing the end-to-end distance, the number of de-
grees of freedom is reduced. This loss of entropy causes a
restoring force. The exact force-extension behavior of the
“straightening” of an inextensible WLC can be calculated
numerically [44].

For the purpose of describing the stretching of filaments
in an OT, it is sufficient to use an interpolated, simple
calculation, originally derived for the stretching of DNA
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cated in blue.

BIOPOLYMER MECHANICS

[44, 45]. This interpolation is only valid for semiflexible
tilaments where I. > Ip with the contour length I., and
it is a good description of the force-extension behavior
of WLCs in the low and high force regimes. In the high
force regime, the end-to-end distance /,, is close to the
contour length I., which is fulfilled in the OT experiments,
as the filaments are already relatively straight before I,
is increased further. The interpolated equation, shown in
Fig.3.10 and Fig. 3.11, depends on the contour length, the
end-to-end distance, the persistence length, the applied
force, and thermal energy [44]:

IpF e 1 1

keT I ' 4(1—lajr)? & (3-39)

Fig. 3.11 shows that, while the force is small for most ex-
tensions, F increases strongly close to the contour length.
For extensible filaments, both, entropic and elastic stretch-
ing contributions, are relevant. Which process dominates
depends on the length of the observed segment / and the
filament diameter 2. When I* > (%)?Ip, the entropic con-
tribution dominates, while at I3 < (%)21 p, the enthalpic,
mechanical properties are relevant [43]. In chapter 6, a
model that combines the entropic and enthalpic stretch-
ing of vimentin filaments is provided.

3.3.2 Worm-like bundles

A worm-like bundle (WLB) is a bundle of length | which
is comprised of N parallel filaments, each with the bend-
ing stiffness «y, that can be connected by some type of
crosslinker. The mechanical response of a WLB depends
on the coupling strength between the single filaments.
In the case of tight coupling, the filaments do not slide
along each other during the bending of the bundle, and
the crosslinkers are not deformed, as indicated in blue in
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Fig. 3.12. The bending stiffness x;, of the bundle and the persistence length
of the bundle Ip scale as

Kp ~ N2Kf or alternatively  Ip} ~ N?1 Pf (3-40)

with the persistence length of the single filament Ip ;. If the filaments in
the bundle can freely slide along each other during bending, which is the
uncoupled case, top in Fig. 3.12, the bundle properties scale as

kp ~ Nxy  oralternatively  Ip, ~ Nlp . (3.41)

In the intermediate regime, x;, strongly depends on the wavelength of
the bending deformation x; ~ kaqu, where k, is the stiffness of the
crosslinker and g wave number of the bending mode [43, 46].

3.3.3 Networks of semiflexible polymers

In cells, the cytoskeletal filaments form complex networks and are not
present as independent, single filaments or bundles. In this section, the
properties that determine the mechanics of semiflexible polymer networks
are discussed. These models are based on the assumption that the filaments
in the network are inextensible, at least within the applied force regime,
and that the elasticity of the network is caused by entropic stretching of the
filaments.

Semiflexible polymer networks can be described as viscoelastic materials
which are introduced in section 3.2. Their mechanical properties can there-
fore be expressed by the complex shear modulus G*. A schematic of the
storage modulus G’ and loss modulus G” for a semiflexible polymer net-
work is shown in Fig. 3.13. The mechanical response is frequency dependent,
and different processes occur on characteristic time scales. The terminal
relaxation time, also called the reptation time or disentanglement time, 7,
is the time it takes a filament to diffuse over a distance equal to /.. At these
low frequencies, the reptation, i.e., Brownian motion of the filament along
the filament axis, leads to flow of the network. The second characteristic
time scale is the entanglement time 7, also called relaxation time, which
depends on the relaxation of bending deformations of single filaments or
bundles. 7, is the relaxation time of the longest, unconstrained bending
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P Sk

network dynamics network deformation filament mechanics

-1

Fig. 3.13: Three regimes in the viscoelastic properties of semiflexible polymer
networks. At low frequencies w < Tl;l, the response is due to flow of the network by
self-diffusion of the filaments. At intermediate frequencies, between the disentanglement
time and the relaxation time, T;l > w > T(;l, the network deformation is probed. The
slope of the plateau depends on the entanglement or crosslinking of the network. At
high frequencies w > 7,71, the mechanics, i.e., bending, of single filaments or bundles
dominate the response. The power law exponent of 3/4 in the high frequency regime is
indicated. Figure reproduced from Ref. [47].

mode of the filament. The frequency spectrum can therefore be divided
into three regions: i) for frequencies w < T !, the network flow dominates
the mechanical response, ii) for intermediate frequencies, T;l >w > Td’l,
the network deformation is measured, and iii) at high frequencies w > 7,71,
the mechanics of the single filaments or bundles become apparent [48].

The mechanical properties of a network intuitively depend on the den-
sity of the filaments in the structure. At high filament concentrations,
there is little unoccupied space between filaments. This free distance be-
tween the filaments is defined as the mesh size ¢, and depends on the
protein mass concentration c¢ in 8/L and the mass-per-length p,, of the
tilament type. For a biopolymer, the mass-per-length is calculated from
the number of monomers per chain N, where each monomer has the
molecular weight M,, and the length /,,. N4 is Avogadro’s constant. For
a simple 3D network consisting of a cubic mesh, .., the amount of
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polymer per mesh in length per volume is given by

3w |3NuM,,
Ccubzc— C — lmNAC . (342)

This simple model provides an approximation of the
mesh sizes for “real”, non-cubic networks.

Besides the mesh size, the interactions between filaments
determine the network properties. Three types of interac-
tions are presented in the following: i) Filaments interact
purely sterically by entanglements, ii) fixed crosslinks
define the network properties, or iii) transient crosslinks
cause a time dependent interaction.

Entangled networks

An entanglement is a steric constraint of the fluctuations
of filaments as sketched in Fig.3.14 [49]. Such entan-
glements lead to a frequency dependent mechanical re-
sponse of the network to deformations. On intermediate
time scales, where the entanglements prohibit filaments
from relaxing, the shear modulus has a considerable elas-
tic contribution. In the intermediate frequency region in
Fig.3.13 this is evident, as G’ > G”.

One important length scale in an entangled network is the
distance between entanglements /.. This entanglement
length, measured along the filament backbone, can be
larger than the mesh size §. The plateau modulus Gy of
the storage modulus G’, which describes the rubber/solid
like, elastic contribution, can be derived from these two
lengths by [24, 50, 51]

kT
Go ~ zl, (3-43)

This expression already shows that the length scales of
the network and filaments strongly influence the me-
chanical properties. Entanglements can only form when
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Fig. 3.15: Cross-
linked network. Po-
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tilaments are sufficiently long, i.e., [. > .. However, the
filament length still affects the mechanical properties of
the network at I, > I,, as more and more entanglements
can form [51].

At low frequencies w < T L reptation of the filaments
becomes relevant and the response is mostly viscous. The
timescale where reptation becomes dominant depends
on the contour length of the semiflexible filament 7, o 2
[52]. In contrast, in irreversibly crosslinked networks,
reptation is inhibited and this regime is typically not
observed [53].

Crosslinked networks

Crosslinks lead to site specific interactions between fil-
aments, for example at positions of entanglements. In
these networks, the crosslinks, instead of or in addition to
entanglements, prevent the relaxation of filaments. These
constraints lead to a pronounced plateau Gy of the stor-
age modulus. In the following, we assume that the inter-
actions are affine, i.e., the system deforms uniformly [54],
in contrast to non-affine deformations, where the strains
single filaments experience are not equal to the network
strain [55]. In the limit of a densely crosslinked network
where the distance between crosslinks [ is shorter than
Iy, Go is given by the expression [24]:

K2 kBTllzj

Go = 600— = 6p,~BL'P
O TR, TP

(3-44)
where p, is the concentration of filaments in length per
volume. In Eq. (3.44), we assume that the network is not
fully crosslinked, i.e., not every possible crosslinking posi-
tion is occupied, and I; > ¢. The response of the network
therefore depends on the amount of crosslinking.

In addition to the crosslinking density, the mechanical
properties of the crosslinkers themselves also influence
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the network mechanics, which is especially relevant for actin networks
where many crosslinking and motor proteins of varying lengths and stiff-
nesses are known [56].

Transiently crosslinked networks

Most biological interactions within networks are transient where the crosslink-
ers, including the previously mentioned motor proteins, bind and unbind on
timescales that influence the network mechanics. In a transiently crosslinked
network under shear, the unbinding of a crosslinker allows the filaments
to relax and the network to flow. The unbinding kinetics typically become
most apparent at low frequencies [53, 57], especially when several relaxation
rates superimpose [57].

Transient crosslinks strongly affect the shape of G”. Permanent crosslinking
leads to a nearly constant value of G” at low and intermediate frequen-
cies, as reptation is impeded by the crosslinks and the network cannot
flow. However, for transiently crosslinked networks, the local minimum at
intermediate frequencies and the local maximum at low frequencies are pro-
nounced [53, 58], see Fig. 3.13. While the plateau of the storage modulus Gy
of tightly crosslinked networks is mostly frequency independent, in weakly
or transiently crosslinked as well as entangled networks, the plateau can
increase weakly with w. This not fully constant plateau can, for example,
be seen in Refs. [53, 59, 60] and is caused by the superposition of the elastic
response of the network with multiple crosslink relaxation times and the
onset of reptation [58].

High frequency mechanics

The mechanical response of semiflexible polymer networks at high frequen-
cies is postulated to follow

¢

1 . .
G*(w) ~ EPvKlP( - 21;)3/4 w”* —iwn, (3-45)

which depends on the filament length per volume p,, the persistence length
Ip, the lateral drag coefficient {, and the bending stiffness x [24, 30, 61].
This response is independent of parameters such as /. or I, and therefore
expected to be valid for both, entangled and crosslinked networks [24]. The
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lateral drag coefficient ( is given by the solvent viscosity 7, the diameter of
the filament, and the characteristic length A, which can, for example, be the
mesh size ¢ [62]:

47y

¢= In(0.64/4d;)

(3.46)
The power law dependence proposed in Eq. (3.45) has, among other systems,
been observed for actin filament [35, 63] and IF networks [62].

For networks of semiflexible bundles, the high frequency behavior is linked
to the coupling strength in the bundle. The two extremes, fully coupled
and uncoupled bundles, lead to the strongest frequency dependence of the
mechanical response with a power law exponent of 3/4. For fully coupled
bundles that basically behave like a single, albeit stiffer and thicker filament,
and uncoupled bundles, where the filaments can slide along each other,
the high frequency power law exponent is therefore the same as calculated
for networks of single semiflexible filaments in Eq. (3.45). For intermediate
coupling strengths, the power law exponent decreases to 1/2 [64].

3.4 MOLECULAR REACTIONS
3.4.1 Step-growth polymerization

A short version of this section is published in the supporting information
of Ref.[47].

The elongation reaction of intermediate filaments, as introduced in sec-
tion 2.1, is a polymer step growth. In a step-growth polymerization, all
reactive species are bi-functional and reactions occur equally at both chain
ends, regardless of the size of the species. A monomer can therefore react
with another monomer or a polymer in the same manner as polymers react
with other polymers. This is in contrast to polymer chain growth where only
monomers attach one-by-one at the reactive polymer chain end. Because of
the simultaneous formation of many short polymers during step growth,
the average length of the resulting polymers is short until a high conversion
p, which is the extent of the reaction, is reached.

The weight of the resulting polymers, depending on the extent of the
reaction p was calculated by Paul Flory in 1936 [65].
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The probability that a single reaction, the end-to-end
annealing, occurs is equal to p. To build a polymer
from x monomers, x — 1 reactions have to take place,
which occurs with the probability p*~1. The probability of
finding an unreacted end group is 1 — p. The probability
of finding a polymer of size x is therefore given by:

Pe=(1-pp'= % (3.47)
where N is the total number of molecules of all sizes, and
N, is the number of molecules of size x. The distribution
of N, for different conversions p is shown in Fig. 3.16.
The average weight of the polymer is calculated from
p and the monomer weight My. The number average
My or weight average My can be calculated with the

expressions [65]

~ Mo(1+p)

My = 1= p = Mn(1+p), (3-48)

and increase strongly at high p as shown in Fig.3.17 .

3.4.2 Molecular reaction kinetics — two state models

Many dynamic processes can be described by a sim-
ple model that assumes that a system can be in one of
two states. Such two-state models, with few parameters,
describe many biophysical processes on various length
scales remarkably well, and are, for example, used to
calculate the kinetics of chemical reactions [66], the fold-
ing and unfolding of biopolymers under tension [67] or
cell-cell adhesion [68].

In the model, two states b and u are separated by a high-
energy transition state, sketched in Fig. 3.18. For a system
in equilibrium that experiences a thermal energy kgT, the
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transition rates r,, from state b — u, and accordingly r,
from u — b are described by the Arrhenius equation [66]

—E
Ve = T0,u €EXP < sz%u) s (349)

—E
Teb = Top€X ab) (3.50)
! ’ p kBT

where E 4, and E 4; are the heights of the energy barrier.
The rates rg,, and rg, are the inverse of the characteristic
time constants for diffusive escape from the minimum
position, as described by H. A. Kramers [69]. These in-
verse time constants can be understood as the frequency
of escape attempts [70].

When a force is applied to the system, the energy land-
scape changes, as for example in Fig. 3.19. In Bell’s theory
[68], also known as the Bell-Evans theory [70], an applied
force F, for the example sketched in Fig. 3.19, reduces
(for b — u) or increases (for u — b) the height of the en-
ergy barrier linearly and the transition rates are therefore
given by the expressions:

ru(t) = rou exp (—<EAuk; TF(t)xu)>

F(t)xa (3:51)
= Te,u EXp kpT ’

ri(t) = 1o exp (_(EAbk:]F(t)Xb))
_Ht)x, (3-52)
— r@,b exp ( kBT )

The transition rates therefore now additionally depend
on the force F, and distance of the respective state to the
transition state x, and x;, as sketched in Fig. 3.19. The
total distance of the states u and b, x, + x;, = x. = const.,
is a characteristic length scale of the system.
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MATERIALS AND METHODS

In this chapter, the experimental and analytical methods are described. The
methods described in sections 4.1, 4.3, 4.4, 4.5, and 4.13 are adapted or
reproduced from Ref. [1]. The methods described in sections 4.6, 4.7, 4.8, 4.9,
4.10, 4.11, and 4.12 are adapted or reproduced from Ref. [2]. Method sections
from Ref. [2], which were written by other authors of the publication, are
provided in the appendix in B.2.1, B.2.3, B.3.1, B.3.2, and B.3.4.

4.1 VIMENTIN PREPARATION
4.1.1 Expression and purification

Adapted from Ref.[1]

Recombinant protein expression and purification is performed by Susanne
Bauch. The protocols are based on Ref. [3] and were previously described
in Ref. [4]. The gene for wild type human vimentin is modified by a point
mutation C328N and by the addition of three three additional amino acids,
GGC, at the C-terminus. The plasmid is kindly provided by Harald Her-
rmann. This mutation allows for the specific labeling of the cysteine residue
without disruption of the rod structure. In brief, the plasmid containing
the mutated vimentin gene is cloned into E.coli cells. The bacteria are har-
vested and the protein extracted from inclusion bodies and purified by
subsequent anion exchange chromatography with elution by a salt con-
centration gradient and cation exchange chromatography. The protein is
dialyzed against storage buffer and stored at -80 °C. The storage buffer
consists of 1 mM 2,2’,2”,2”’-(ethane-1,2-diyldinitrilo)tetraacetic acid (EDTA,
Carl Roth, Karlsruhe, Germany), 0.1 mM 3,12-bis(carboxymethyl)-6,9-dioxa-
3,12-diazatetradecane-1,14-dioic acid (EGTA, Carl Roth), 0.01 M methylamine
hydrochloride (MAC, Sigma), 8 M urea (Carl Roth) and 5 mM 2-amino-2-
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(hydroxymethyl)propane-1,3-diol (TRIS, Carl Roth) at pH 7.5 with ~200 mM
residual KCI (Carl Roth) from the ion exchange chromatography.

To exclude protease contamination, sodium dodecyl sulphate gel-electo-
phoresis is performed of i) a freshly thawed protein sample in storage
buffer, ii) of a sample taken directly after dialysis against 2 mM sodium
phosphate buffer (PB, Carl Roth), and iii) of a sample taken after incubation
at room temperature for several days.

4.1.2 Fluorescent labeling

Adapted from Ref. [1]

The vimentin labeling protocol is based on Refs.[5, 6]. For labeling, the
protein is dialyzed (50 kDa molecular weight cut-off dialysis tubing, Spec-
traPor 7, Germany) against 50 mM sodium phosphate buffer (PB) containing
5M urea (Carl Roth) at pH 7.0 at 8-10 °C over night. At this urea concentra-
tion, the protein assembles up to the dimer state where labeling is repro-
ducibly efficient. After dialysis, the concentration of the protein is adjusted
to 1 g/L by UV-Vis absorption spectrometry (NanoDrop, ThermoFisher, Ger-
many and peQlab, Germany). The dye ATTO647N maleimide (ATTO-Tec,
Germany), 1omM in dimethylsulfoxid (DMSO, Carl Roth), is added to 1 mL
protein in four 5pL portions for a final concentration of 0.2 mM of the dye.
The maleimide group specifically binds to the free cysteine residue at the C-
terminus. After incubation at room temperature for 2 h, the unreacted dye is
quenched by the addition of 1 mM L-cysteine (Carl Roth) and the reaction in-
cubated for another 60 min at room temperature. The protein and unbound
dye are separated by size exclusion chromatography (Bio-gel P30, Biorad,
Germany on a 1.0x30cm Econo-column, Bio-Rad). The protein concentra-
tion and labeling ratio are determined by UV-Vis absorption spectrometry
with an extinction coefficient of £, (280 nm)=24.24 x 103Mtem~! [7] and a
molecular mass of 53.7kDa [8] for vimentin, and an extinction coefficient of
£4(647nm)=1.5 x 10° M~lem~! and correction factor c¢f(280nm)=0.05 for
Atto647N [9]. The labeling ratio is calculated by the expression:

A(647nm)e,(280nm)

(A(280nm) — A(647nm) - cf) - £4(647nm) ’ (4.1)

labeling ratio =
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The labeled protein is dialyzed against storage buffer, 2mM PB with 8 M
urea, pH7.5, at 8-10 °C pH over night, and subsequently stored at -8o °C.

4.1.3 Reconstitution and assembly of single filaments

Adapted from Ref.[1]

Reconstitution and assembly is performed as previously reported [4]. In
brief, unlabeled and labeled monomers are mixed for the desired labeling
ratio of 4% for single-filaments experiments and 0.9% for microrheology
experiments. The protein is reconstituted at room temperature by dialysis
(50kDa molecular weight cut-off dialysis tubing SpectraPor 7) against 2 mM
PB at pH 7.5, while decreasing the urea concentration every 30min in steps
of 6, 4, 2, 1, oM urea and a subsequent overnight dialysis step at 8-10°C.
Assembly is induced by one of two methods: i) For all OT experiments,
the protein is dialyzed against assembly buffer (2 mM PB with 100 mM KCl
at pH 7.5) at 36°C for 16 h at a protein concentration of 0.2 g/L. ii) For
microrheology and filament length measurements, assembly is induced by
the ‘kick-start-method’. Details of the microrheology sample preparation
are described in section 4.8.1.

4.2 MALEIMIDE FUNCTIONALIZATION OF POLYSTYRENE BEADS

Maleimide-functionalized polystyrene beads are prepared as described in
Refs. [4, 10]. The supernatant of 100 uL carboxylated polystyrene beads (Pps-
4.2 COOH 4.0-4.4 um at 5% (w/v), Kisker Biotech, Germany) is removed
after cetrifugation in a table top microcentrifuge (Eppendorf miniSpin,
rotor F45-12-11, Eppendorf, Hamburg, Germany) for 1-2s at 12,000x g.
The pellet is resuspended in 1mL 100 mM 4-morpholineethanesulfonic
acid (MES, Merck, Kenilworth, New Jersey, USA) buffer, mixed by shak-
ing for 1omin, and the supernatant decanted after centrifugation. This
washing step is repeated twice. The coating solution is prepared by dis-
solving 8 mg NH,-PEG-maleimide (molecular weight 5,000 g/mol, Nanocs,
New York, New York, USA), 16 mg NH,-PEG-OH, (molecular weight
5,000 g/mol, Iris-Biotech, Marktredwitz, Germany) and gomg 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC, Merck) in 200 pL phosphate
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buffered saline (PBS). The bead pellet is resuspended in 100 L PBS with
100 puL of the coating solution and thoroughly mixed by vortexing for 2 min.
The mixture is subsequently sonicated for 2h while briefly vortexing every
20 min. After this mixing step, the beads are washed with PBS containing 2%
bovine serum albumin (Merck) in three centrifugation-resuspension cycles.
Finally, the bead pellet is resuspended in 1 mL PBS containing 2% bovine
serum albumin and stored at 4 °C.

4.3 STRETCHING SINGLE FILAMENTS BY OPTICAL TRAPPING

Reproduced from Ref. [1]

The experiments are performed using a setup that combines optical traps,
confocal microscopy and microfluidics (C-Trap, Lumicks, Netherlands).
A four-inlet glass microfluidic flow cell enables easy change of buffer
during the experiment as the sub-channels in the flow cell are separated
by laminar flow. The syringes feeding the microfluidic flow cell are driven
by air pressure. Solutions are injected into the four channels (the channel
geometry is shown in Fig. A1) as follows: 1: beads in measuring buffer,
2: measuring buffer, 3: assembly buffer, 4: vimentin in assembly buffer.
Figure 5.1b shows a simplified sketch, excluding channel 2 that is used for
calibration of the traps.

For the optical trap measurements, the filaments are diluted 150-fold in
assembly buffer. Maleimide-functionalized polystyrene beads [4, 10] are
diluted in measuring buffer. The optical trap is calibrated by analysis of
the power spectral density of the thermal fluctuations of the trapped beads.
Filaments are tethered to trapped beads in assembly buffer in flow. The
flow is then stopped, the beads with the tethered filament are moved
to the flow cell region that contains measuring buffer, and the filaments
incubated for 30seconds without flow. The filaments are stretched at a
loading rate of 0.21 + 0.05 pm/s. Filaments are stretched until rupture or
until the force exceeds the trap potential and one of the beads is pulled
out of the trap. For each condition, force-strain curves of at least seven
single, stable filaments are recorded. Depending on the initial length of the
filament, one measurement is completed within 30-60s.
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As measuring buffers we use 2mM PB at varying pH (5.8-8.5) and concen-
trations of KCl (o, 50, 100, 150 mM) or MgCl; (o, 5, tomM) (Carl Roth). The
physiological KCl concentration is up to 150 mM [11], which corresponds
to the upper c(KCl) we use here. The highest c(MgCl,)=10mM used in this
study is the threshold concentration observed for filament bundling and
collapse of vimentin networks [12-14]. Albeit the pH in the extracellular
space can be lower than 5.8, all lower values would be outside the buffer
range of PB.

4.4 ANALYSIS OF SINGLE FILAMENT MECHANICS
4.4.1 Calculation of single force-strain curves

Adapted from Ref. [1]

For each filament, the initial length, Lo, is determined and used for the
calculation of the strain: ¢ = (L — Ly)/Lo. To obtain Ly, the raw force-
distance curve is smoothed by a moving average with a window width of
10 data points to account for fluctuations of the trap. The initial length is
set as the filament length at the last data point before the smoothed curve
reaches 5 pN. We choose the length at 5pN as the reference length as this
force is clearly above the thermal fluctuations of the trap as well as the
filament.

4.4.2 Analysis of the filament stability

Adapted from Ref.[1]

Force-strain curves are plotted and the curves that show a plateau and
subsequent stiffening are categorized as stable filaments. All other filaments
are categorized as instable. From confocal videos of the filament stretching
process and the force-strain behavior of the stable filaments, bundles are
identified and the force-strain curves of the bundles excluded from further
analysis. Examples for confocal images of bundles and single filaments are
shown in Fig. 5.5.
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4.4.3 Calculation of average force-strain curves

Reproduced from Ref. [1]

For each condition, the average maximum strain of all stable filaments is
calculated. Each stable force-strain curve is scaled to the average maximum
strain, interpolated to 200 values, and the forces are averaged. Details of
the averaging of the force-strain curves are described in Ref. [15].

4.4.4 Analysis of the slope of the plateaus

Reproduced from Ref. [1]
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Fig. 4.1: Analysis of the slope of the plateau for one single force-strain curve.
a) Differential force-strain curve, smoothed with a moving average with the window
width of 1/20 of number of data points in the curve before emax. The center of the curve
(&¢mid) is marked in yellow. The peak of % A, is shown by the open yellow circle. The
threshold for the plateau is indicated by the gray line. The values for £ (red, solid) and
en (blue, solid) at the threshold are shown. The open red and blue circles flank the
region used for the calculation of the regression (green). b) The resulting regression,
plotted together with the raw force-strain curve. Adapted from Ref. [1].

The plateau of each single force-strain curve is analyzed for all stable
filaments. A typical analysis for one single force-strain curve is shown in
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Fig. 4.1. The point of maximum strain, emax, of each curve is used to find the
mid data point of the curve, ¢,;4 (yellow in Fig. 4.1). The data points with
relatively constant slope are determined. To do so, the differential %—5 of
each single force-strain curve is calculated. To account for changes in length
of the curve and noise of the data, each differential force-strain curve is
then smoothed using a moving average with the width of 55 of the number
of data points in the curve before emax. The values ‘;—5 at the 10 data points
before and after e,,,;q4 are averaged to find ‘Zl—f(emid). Next, the first maximum
of ‘;—5, position A, is calculated (marked in Fig. 4.1). The first and last data
point to fulfill

dF dF dF

e < emia +035- (5(1“) - %(Smid)> (4-2)

are termed ¢1 (red, solid) and ep (blue, solid), respectively. To ensure that
the transition regions between I, II and III are not included in the analysis
of the slope of the plateau, a linear regression (green line) of the force-
strain curve is calculated for the center 80% of the length of the plateau
(between the open red and blue circles in Fig.4.1). The mean slope and
standard deviation of all force-strain curves of each measuring condition
are calculated.

4.4.5 Analysis of the force of the plateaus

Reproduced from Ref. [1]

For the analysis of Fplateau, €1, determined from the average force-strain
curve for each condition, is used. The force at ¢ for each single force-
strain curve is determined and the mean value and standard deviation are
calculated.

4.4.6 Determination of the end points of the elastic and plateau regions

Adapted from Ref. [1]

For the determination of the slope of the plateau, the regression is calculated
over a large region of the force-strain curve. This approach compensates for
noise in the data. However, the noise in each data curve limits the accurate
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determination of &1 and 1. Therefore, for the analysis of €1 and ey for each
condition, the average force-strain curves are used as shown in Fig. 5.2.
The average curves are treated in the same way described above for the
single force-strain curves. The only difference is that here the ‘fi—i curves are
smoothed with a moving average of 15 data points.

4.4.7 Analysis of the initial slope of the force-strain curves

Adapted from Ref. [1]

The initial slope is determined for all single force-strain curves by calculat-
ing linear regression for the data range between strains from o0.02 to 0.1, or
from strain 0.02 to a force of 100 pN, whichever occurs earlier.

4.5 FORCE-STRAIN MONTE-CARLO SIMULATIONS

Reproduced from Ref. [1]

Simulations are performed by Charlotta Lorenz. A vimentin filament is
mechanically modeled as previously described [4, 15]. The force-strain be-
havior of the modeled filament is determined by a Monte-Carlo simulation
written in MatLab [15]. The simulation is run with one varied parameter
while keeping the others constant as shown in Fig. 5.9a,b,e f. The default
parameters are the alpha-helical spring constant (x, = 5.5), the number of
monomers in a subunit (Ng,;, = 32), the free energy difference between the
alpha state and unfolded state (AG = 2), and the length by which an alpha
helix can extend upon unfolding AL = 1.

46 OPTICAL TRAP MEASUREMENTS OF INDIVIDUAL FILAMENT—-FILA-
MENT INTERACTIONS

Adapted from Ref. [2]

Individual interaction measurements are performed with a high-power OTs
setup (C-trap, Lumicks) in quadruple-trap mode. The OTs setup combines
optical trapping with confocal microscopy with excitation lasers of wave-
length 532nm, and 638 nm, and a pressure-driven microfluidic flow cell.
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Fig. 4.2: Schematic of the experimental protocol for single interaction measure-
ments in the optical trap. Laminar flow enables separation of substances in channels
(D-(1V). Four beads (bl-b4) are captured in the four OTs at position 1. in channel
(1). The beads are calibrated in channel (Il), and subsequently moved to position 2.
in channel (lIl) to capture vimentin filaments. The beads are moved to position 3. in
the buffer channel (II) to ensure that a single filament is connected to the beads pairs
at both ends. After rotating one bead pair at position 3., the filaments are moved to
position 4. in the measuring buffer in channel (IV). The filaments are brought into
contact at position 4., where measurements are performed. Reproduced from Ref. [2].

The four inlets of the microfluidic flow cell (I)-(IV), as shown in Fig. 4.2, are
loaded with (I) maleimide-functionalized polystyrene particles [4, 10] in
assembly buffer, (II) pure assembly buffer, (III) 1.3 mg/L vimentin filaments
in assembly buffer, and (IV) the respective measuring buffer. The six dif-
ferent measuring buffers are 2 mM PB with 100 mM KCl, pH 7.5 (assembly
buffer) with 1) no addition, 2) 1.6 mM (0.1% weight [w]/volume [V]) TritonX-
100 (TX), 3) 0.16 mM (0.01% w/V) TX, 4) 5 mM MgCly, 5) 20mM MgCly, or
6) 20mM MgCl, and 1.6 mM TX. In a microfluidic flow cell (Fig. 4.2), single
filaments are attached between two bead pairs, and the binding is controlled
by confocal microscopy. For each measurement, four single particles are
trapped at position 1, see Fig. 4.2. The trap is calibrated by recording the
power spectral density caused by Brownian motion of the trapped particles
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at position 2 without flow. The particles are moved to the filament channel,
position 3, and a weak flow is applied. The binding of the filaments to the
particles is controlled with the confocal microscope with the laser power
for the 638 nm laser set to 0.11 pW, and the 532 nm laser set to 0.79 uW. The
pixel dwell time is 0.1 ms. When sufficiently long filaments are bound, the
particles are moved back to position 2; we now have one single filament
attached between particles b1 and b2, called f12 from now on, and another
filament between b3 and by, filament f34. The filaments f12 and {34 start
out in a parallel conformation in the same z-plane. Filament {34 is rotated
by 90° by bringing b4 closer to fi2. The particle pair connected to 34 is
now moved down in z by -4.7 pm. By movement of the stage, all particles
and filaments are brought to the measurement position in the respective
measuring buffer, position 4 in Fig. 4.2.

At position 4, filament f12 is moved upwards in z by 2.4 um, and filament
f34 is moved in the x-y-plane to cross f12. The z-position of f12 is adjusted to
be in the confocal plane. The particle pair on {34 is moved along the z-axis
to a position close to f12 but without bringing f12 and f34 in contact. By
inspection of the forces on the particles and the confocal image, we ensure
that the filaments are not stretched. The forces on all particles are now set to
opN in the software. The filaments are brought into contact in the confocal
plane. To ensure that the filaments f12 and f34 are in contact, f34 is briefly
moved to a lower z-position which leads to a slight deformation of the
filaments for which a force is detected. Filament 34 is moved back upwards
into the z-plane until the detected force drops to zero, which occurs in the
contact plane. The filament f34 is moved across filament f12 in the confocal
x-y-plane at 0.55 um/s, and the force acting on bead b1 is recorded for
further analysis.

During the measurements, the positions of all beads are recorded by par-
ticle tacking in bright-field images, while the filaments are observed with
confocal microscopy. If possible, the movement is stopped before bead b4
comes in contact with filament f12; the particles on {34 are lifted in z, and
moved back to the starting position of the measurement. Contact between
the filaments is established, and another measurement is recorded. In the
case of a very strong interaction, where filament f12 is not in the initial
conformation when bead b4 reaches the y-position of fi2, the movement
is continued until the interaction ruptures or b4 comes into contact with
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f12. Such interactions are typically categorized as “strong”. The category of
strong interactions includes all interactions with Fiy max > 100 pN, where
the interaction is so strong that one of the beads is pulled out of the trap
or one of the filaments ruptures. After failure of one of the filaments or a
strong interaction, the particles are discarded.

4.7 ANALYSIS OF THE INTERACTION DATA

Adapted from Ref.[2]
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Fig. 4.3: Analysis of single interaction experiments. a) The force Fy, is plotted
against the relative position change d of bead pair f34. The raw data , Fj raw, are
plotted in gray. Two regions without interaction are chosen manually (blue) and a linear
regression is calculated for those data points (gray line). This line is subtracted from
the raw data to obtain the corrected force Fy,. The standard deviation of the regions
without interaction (black) is calculated and all data points exceeding the 20-limit of
this region are classified as interactions, marked in red. b) To obtain the interaction force
F, the background corrected forces are further multiplied by a geometry correction factor
to account for filament 34 being off-center on filament f12 as described in Eq.4.6. ¢)
Force diagram for the geometry shown in b). Reproduced from Ref. [2].

The force acting on bead b1 opposing the direction of the movement of
filament 34, Fiy raw, is plotted against the distance by which f34 has been
moved, d, as shown in gray in Fig. 4.3a. As the particles are moved at a con-
stant speed, the force-distance curves are equivalent to force-time curves.
For each force—distance curve, regions without interaction are manually
selected, as marked in blue in Fig. 4.3a. A linear regression is calculated
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for these regions of no interaction (gray line in Fig. 4.3a). This is necessary,
as we observe a linear decrease of the force detected by trap1 over time,
which can be attributed to the interaction of the trap potentials. The linear
background is subtracted from the raw data (black in Fig. 4.3a).

4.7.1 Classification of interactions

Adapted from Ref. [2]

At this stage, the force curves are classified into two groups: (i) All back-
ground corrected Fy,(d) curves that do not exceed 0.99 pN are considered
“noninteracting”; and (ii) all other curves are sorted into the “interacting”
class. For all curves in the interacting class, all data points exceeding the
2¢-limit of the noninteraction region (blue in Fig. 4.3a) are marked as the
interaction region (red). Single data points that exceed the 2¢-limit or in-
teraction regions that do not lead to an interaction that exceeds 0.99 pN
are removed manually. The duration of interactions between filaments as
well as the total time of one experiment is determined, and thereby also
the experiment time without interactions. There are three different types
of interactions, as shown in Fig. 6.9c-e: i) ruptures, where Fly returns to
opN; ii) kinks, i.e., ruptures where F;, does not decrease to o pN; and iii)
strong interactions, i.e., cases where the experiment ends before a rupture
is observed and Fiymax > 100pN. Interactions where 0 < F;,;, < 100pN
at the end of the experiment — i.e., without rupture — are excluded from
further analysis, as they cannot be sorted in any of the categories i)-iii). For
all interactions, the force on the interaction site, F, is calculated with the
geometry factor.

4.7.2 Geometry correction

Reproduced from Ref. [2]
The force acting on the interaction site F is given by
F=hy+ by (4.3)

However, in our setup, we can only directly measure forces acting on bead
b1 and not the forces acting on bead b2. We therefore calculate F from the
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position of filament 34 on filament f12. The forces in the x-direction have
to be balanced so that F, = F,. With the angle «;, (i = [1,2]) between the
deflected and non-deflected filament section,

F , FE :
tana; = “ly Ayi 2y Ayi

Fy hL+a/2 By hL+a/2

the bead diameter 4, and the distance y; by which the interaction point is
been moved, Fy can be expressed in terms of Fly

lh+a/2
Fy = Plym' (4.5)

and tanap; = (4-4)

By using I + [ = I12 and Eq. (4.3), the interaction force F is given by the
expression

o lio+a

All measurements that show interactions are corrected by their respective
geometry factor to obtain the actual interaction force F, shown in Figs. 6.9
and 6.12, from the measured force Fy,. The histogram of the maximum
forces F;, reached before a rupture or rebinding event, is plotted in Fig. 6.12.

4.7.3 Force-independent binding rates

Adapted from Ref.[2]

For each measurement, we determine the number of interactions that start
at zero force and exceed 1 pN, and we extract the experiment time, during
which we observe no interaction. As binding events are rare, we determine
the mean binding rate by bootstrap resampling. For the resampling, we
randomly draw N single measurements; N is equal to the total number of
measurements, each with the corresponding number of interactions and
measurement duration without interaction. A measurement is placed back
into the population after each draw. The binding rate of each resampled
population is calculated by summing over the number of all interactions
which start at zero force, and dividing the sum by the corresponding total
experimental time without interactions. This calculation results in the force-
independent binding rate r,;, as we only take binding events at zero force
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into account. The resampling is repeated 10,000 times, and the mean and
standard deviation of the resulting r,, are determined.

4.8 MICRORHELOGY OF RECONSTITUTED VIMENTIN NETWORKS
4.8.1 Sample preparation

Adapted from Ref. [2]

Carboxylate-modified, green fluorescent microparticles of 2-pym diameter
(Molecular Probes, Eugene, Oregon, USA) are added during assembly of
the filaments. To prevent adsorption of the protein to the microparticles, the
particles are passivated by incubation with 0.1 g/L poly-(L-lysine)(20 kDa)-
g[3.5]-polyethylene glycol(2 kDa) (SuSoS AG, Diibendorf, Switzerland) at
room temperature for 15h. The microparticles are washed three times with
PB before use [16].

For assembly of vimentin networks, the final protein concentration for the
measurement is adjusted to 1g/L. We prepare 6 xbuffers of 2mM PB i)
600 mM KCl (assembly buffer) and ii) 6oo mM KCl with 30 mM MgCl,, as
well as iii) 600 mM KCl with 0.96 mM TX, all at pH 7.5. Assembly is initiated
by the kick-start method — i.e., direct mixing of the respective assembly
buffer with unpolymerized vimentin. Protein and buffer are mixed to
achieve the final protein concentration of 1 g/L protein in 1 x buffer, and
microparticles are added at less than 0.02% solids.

Two no. 1 cover slides (24 x60mm and 18 x 18 mm?, VWR, Radnor, Penn-
sylvania, USA) are cleaned by sonication in isopropanol for 15-20 min, and
dried under a stream of N2;. For the sample chamber, a rectangular hole of
9Xx7mm is cut into 100- to 120-um? thick doubled-sided tape. The tape is
placed on a clean 24 x 60 mm? cover slide, 6 uL of the respective assembly
buffer, mixed with the protein and microparticles are placed in the sam-
ple chamber, and the device is sealed with an 18 x 18 mm cover slide. The
sample chambers are kept rotating at slow speed to avoid settling of the
microparticles. After assembly in the dark at room temperature for the
times given in Fig. 6.1, MPT measurements are performed.
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4.8.2 Microparticle tracking

Reproduced from Ref. [2]

For passive microrheology measurements, we perform MPT using a commer-
cial bright-field microscope with a monochromatic LED with A = 660 nm
and a 60x objective (CFI Achromat FF, numerical aperture [NA] = 0.80,
working distance = 0.3 mm, Nikon, Tokyo, Japan) with preimplemented
tracking software (Lumicks). We record a time series of the two-dimensional
microparticle position by tracking the diffraction-ring patterns of micropar-
ticles with a quadrant interpolation algorithm. Traces are recorded for
microparticles with a minimum distance of 30 um to all surfaces over the
course of 6min at a frame rate of 138571,

4.8.3 Active microrhelogy

Reproduced from Ref. [2]

We perform active microrheological experiments by oscillating the mi-
croparticle in the network with an OT (NanoTracker 2, JPK Instruments,
Berlin, Germany) mounted on a Zeiss inverted optical microscope (AXIO
Observer A1, Carl Zeiss, Jena, Germany). The setup is equipped with a
water-immersion objective (63 x, C-Apochromat, NA = 1.2; Carl Zeiss) and
an infrared laser (1,024nm Nd:YAG, 5W). Trap stiffness and sensitivity
are calibrated in assembly buffer from the power spectrum of the thermal
fluctuations of several microparticles. We oscillate each microparticle with
an OT at a laser power of 20 or 50 mW. The microparticle displacement and
the phase shift of the oscillation of the particle with respect to the trap
center are measured by back-focal-plane interferometry with a quadrant
position detector.
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4.9 ANALYSIS OF MICRORHEOLOGY EXPERIMENTS

The calculation of the complex shear modulus G* from the passive and
active microrheology measurements is described in B.2.1, B.2.3. For each
buffer condition and network formation time, median MPT and G* curves
are calculated. For this calculation, first, the median curve of each sample
is determined. The median curves shown in Fig. 6.1, are determined by
calculating the median curve of the sample-median curves.

4.9.1 Plateau modulus

Reproduced from Ref. [2]

To determine the frequency dependence of the storage modulus for each
median G’ curve, we fit the curve in the frequency range where w >
0.005s~! and 4€° < 3 x 103 Pas by a power law G’ = Cexp(pow) using
the least-squares method. The resulting fit curves and exponents pg are
presented in Fig. 6.3. We evaluate the plateau modulus from the storage
modulus of the sample median curves at w = 1s71.

4.9.2 Relaxation time

Adapted from Ref.[2]

In a network, the bending of a single filament is constrained by other
filaments. The relaxation time of the bending mode with the longest wave-
length that is not constrained is 7, [17]. The relaxation time 7, = 1/w, is
therefore the time scale where the mechanical response shifts from the de-
formation of the network w < w, to the deformation of the single filaments
w > w,. We extract the relaxation time from the cross-over of the median
curves of G’ and G” [17].
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4.9.3 Relative bundling parameter

Adapted from Ref.[2]

At high frequencies, the shear modulus of networks of semiflexible filaments
is given by [18]

5)3/4 Py

1 . )
G(w) ~ Epvklp( —2i2 — iwn. (4-7)

At these high frequencies, the response depends on the total length per
volume p,, the persistence length Ip, the lateral drag coefficient , and the
bending stiffness k = kgTlp. We analyze the imaginary part and fit our G”
curves at high frequencies, w > 557!, by

G" = b3t — wy. (4.8)
We use this fit to investigate the effect of bundling on the sample mechanics.
From Eq. (4.7) and « = kgTIp we obtain

_i 2( g \3/4 3/4
b—15pkaTlp( 2lpkBT) * Im(i°/%). (4.9)

In Eq. (4.9), po, Ip and { depend on the number of filaments in a bundle, N,
as described in the following. For a simplified system of a cubic mesh, the
length per volume scales as p,, = 1/Np, . The lateral drag coefficient is
defined as

(= (4.10)

~ In(0.6A/4d)

with the 7 solvent viscosity, the filament or bundle diameter d and the
characteristic length scale A, which can be the mesh size ¢ [19]. The depen-
dence of the persistence length on N in worm-like bundles depends on the
coupling of the filaments within the bundle.

For comparison of the bundling parameter b (Fig. 6.1g in chapter 6) between
the samples at the different time points, we calcualte a relative bundling
parameter b,

b
brel = 7 - (4-11)
by
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We define a reference value for a network without bundles, b r and set b 7 to
the value obtained from b(6 1, KCI), which is the first time point where the
networks in the control condition show confinement or the microparticles.
To determine the effect of bundling on the high frequency mechanics, we
assume fully coupled bundles, [20], as discussed in chapter 6:

Ipp = Nzlpf . (4.12)
By combining Egs. 4.9, 4.12, and 4.11, we obtain

b 3/4
brel = bf = (@) N6/4~ (413)
f
The lateral drag coefficients ¢ for filaments and ¢, for bundles have a
negligible effect in this relation. In Fig. 6.4f, the relative bundling parameter
is plotted against N. These calculations allow for a rough estimate of the

average number of filaments per bundle.

4.10 IMAGING FILAMENT NETWORKS

Adapted from Ref. [2]

To study to overall appearance of the fluorescently labeled vimentin net-
works, confocal stacks of the samples used in microrheology experiments
are recorded by using an IX81 confocal microscope (Olympus, Hamburg,
Germany), equipped with a 100x objective with numerical aperture (NA)=1.40
(UPLANSApo100X, oil, Olympus). For each sample, the full height of the
sample chamber is scanned with 5-um z-steps. Measurements are repeated
throughout the course of the week long study of the mechanics of the
networks.

As fluctuations of the network strongly impede the image quality of the
relatively slow confocal scans, we employ a second approach based on a
fast laser scanner. Again, confocal stacks of the samples as used in microrhe-
ology experiments, shown in Fig. 6.7, are recorded. In these measurements,
we determine the structure change with increasing distance from the glass
surface. For these measurements, a custom, fast-laser-scanning confocal

86



4.11 IMAGING SINGLE FILAMENTS

setup with a 60x objective with NA=1.20 (UPLSApo6oXW, Olympus) is
used to record images at a frame rate of 39 s~! in steps of 1 um z-distance.
For each z-position 300 single frames are recorded and a final image is
calculated as the sum of all single frames. The data is recorded by Jan
Christoph Thiele and the setup is described in detail in Ref. [21].

4.11 IMAGING SINGLE FILAMENTS

Reproduced from Ref. [2]

Single filaments are imaged with wide-field fluorescence microscopy at
100X magnification (NA=1.40, UPLANSApo100X, 0il, Olympus) by using
an IX81 inverted microscope (Olympus). To follow the assembly speed
of the filaments, vimentin protein and the respective assembly buffer are
mixed at the same ratio as for microrheology experiments for a final protein
concentration of 0.2 g/L and incubated for the respective duration at room
temperature. The sample is diluted to a concentration of 2mg/L for imaging.
The filaments are imaged on no. 1 cover slides.

4.12 ANALYSIS OF FILAMENT LENGTHS

Adapted from Ref.[2]

We determine the lengths of the filaments in the fluorescence microscopy
images (Fig. B1) by manual tracing using Image]. During the manual tracing,
filaments are distinguished from bundles by shape and intensity, and only
filaments that appear nonbundled are traced. At each time point and for
each buffer condition, we plot the distribution of the filament lengths in
histograms with a bin width of 3x the full width half maximum (FWHM) of
the point-spread function.

The assembly of IFs occurs in two steps, combining lateral assembly to ULFs
and longitudinal assembly by end-to-end annealing of the ULFs as shown
in Fig. 6.2.

As described in section 3.4.1, the longitudinal assembly of IFs is equivalent
to a polymer step growth where the ULFs are the “monomers” of the
polymerization. Following the Flory-Schulz theory [22], the probability that
a single reaction, the end-to-end annealing, has occurred is equal to g, the
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extent of the reaction. To build a polymer from x monomers, x — 1 reactions
have to take place, which occur with the probability 4*~1. The probability
to find an unreacted end group is 1 — g. The probability to find a polymer
of length x is therefore given by:

_ N.
Pe=(1-q)q " == (4-14)

where N is the total number of molecules of all sizes and N, is the number
of molecules of length x. As we fit histograms of the length distributions,
Fig. B2, with a certain bin width, we use the integrated form of Eq. (4.14)
and optimize the fit for the full width of the bin by the least square method.
The resulting g values are shown in Fig. B3. To convert the lengths we
measure here into the number of ULFs in one filament, we use [,,, = 43 nm
[23] - the repeat length of ULFs in IFs— as the “monomer size”. We utilize
that a ULF has a constant weight and length to calculate the length average
Im from g, in analogy to the number average:

(4.15)

4.13 FINITE ELEMENT SIMULATION OF THE MICROFLUIDIC FLOWCELL

Reproduced from Ref. [1]

A simplified microfluidic chip design (Fig. A1) is used for finite element
method (FEM) simulations with COMSOL Multiphysics 5.3 (COMSOL GmbH,
Gottingen, Germany). Flow and diffusion are simulated for an average
velocity of 0.001m/s laminar inflow for each inlet for water plus K*
(Dg = 1.671077m?/s) [24] or Mg?>* (DMg = 0.59410? m?/s) ions [24].
For the pH, the concentration of hydrogen ions ¢(H") is calculated as

c(H") = 10" (4.16)

and the diffusion of H* is estimated by using Dy = 8.1710~m?/s [24].
First, the equilibrium ion distribution in the chip is simulated under flow.
Taking this as a starting condition, a second simulation is calculated without
flow, only allowing diffusion. The change of the concentrations of the cations
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and H" ions is simulated at the position of the force-strain measurement
(Fig. A1a, red mark) for a duration of 5min.

For the experiments where we measure single interactions, we use the
microfluidic flow cell as shown in Figs. 4.2 and Aze. The measuring buffer
is injected as indicated by the orange flow lines in Fig. A2e. During the
measurement itself, no flow is applied. This leads to a slow decrease of the
concentration of the species of interest (Mg2+ or TX) at the position of the
measurement by diffusion. To approximate the concentration during the
experiment, we perform finite element method (FEM) simulations using
COMSOL Multiphysics 5.3. The results are shown in Fig. A2a-d, alongside
the flow cell design we use for the simulation in Fig. Aze. The simulation
combines two steps: first, the equilibrium concentration distribution is cal-
culated in flow, i.e., during the period where the microparticles are trapped
and the filaments are tethered to the particles. Here, we use an average
laminar inflow velocity of 0.001 m/s for each inlet. All channels are filled
with water, in channel 4 we additionally add Mg?" or TX. Because of the
detergent properties of TX, the diffusion coefficient depends on the concen-
tration. At ¢(TX)=0.16 mM, which is below the critical micelle concentration
of TX, D1x = 8.25 x 1077 cm?s~!, whereas ¢(TX)=1.6 mM is higher than the
critical micelle concentration, therefore Dy = 6.93 x 1077 cm?s~! [25]. In
the second simulation step, the inflow is stopped and we observe the de-
crease of the concentration by diffusion at the position of the measurement,
which is marked by the black square in Fig. Aze.
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4.14 STRETCHING MDCK II CELLS ON ELASTIC SUBSTRATES
4.14.1 Elastic devices for cell stretching

For cell stretching experiments, an elastic, biocompatible poly(dimethyl-
siloxan) (PDMS) device is fabricated. For the complete device, a thin PDMS
membrane is attached to PDMS side walls. The side walls are hexagonal
with a corner-to-corner diameter of 38 mm, have 5 mm diameter holes in
the corners of the hexagon and a circular inner hole with 14 mm diameter
(Fig. 4.4, top). Cells can be cultured in the “well” formed by the inner hole
of the side walls and the thin PDMS membrane and the complete PDMS
stretching device, including cell, can be mounted on our custom built cell
stretcher.

PDMS device casting

The side walls of the PDMS stretching device are prepared by mixing PDMS
(Sylgard 184, Dow, Midland, Michigan, USA) and the supplied crosslinker
at a ratio of 20:1. Air bubbles are removed by dessication and 3.0g of
the PDMS are transferred into a 3D-printed poly(lactic acid) (PLA) casting
mold. After a second step of dessication to remove air bubbles that were
introduced during the filling of the mold, the PDMS is cured at 65-70°C
for gomin. The cured side walls are carefully removed from the casting
mold using isopropanol (VWR) and residual isopropanol is removed by
dessication.

PDMS membrane fabrication

The PDMS membrane is prepared in three layers (Fig. 4.4). In a first step,
5g PDMS are mixed with the supplied crosslinker at a ratio of 13:1. The
mixture is dessicated for 20 min. A 120 um-thin layer of PDMS is spin coated
(spin coater: KLM, IBR Spincoaterworld, Markkleeberg, Germany; distrib-
utor: Schaefer Technologie, Langen, Germany) onto a 4 inch silicon wafer
(525+25 um thickness, microchemicals, Ulm, Germany). The spin coating
protocol includes a 25s ramp to a speed of 10rps and subsequent rotation
at 10rps for another 25s. The mixture is cured at 65-70°C for 45min.
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A second layer of PDMS is spin coated onto the cured
PDMS using the same protocol. The surface of the sec-
ond layer of PDMS is treated with air-plasma (Zepto, di-
ener electronic, Ebhausen, Germany) for 30s 75% power
(75 W). Red fluorescent beads of 100nm diameter (Flu-
oSpheres, Molecular Probes, Eugene, Oregon, USA) are
diluted in isopropanol, 50 pL in 1 mL. The diluted beads
are distributed on the activated PDMS with the same spin
coating protocol as described above. A final, 30 pm-thin
layer of 13:1 PDMS is spin coated onto the bead layer at
higher speed: 40s ramp to a speed of 41 rps and subse-
quent rotation at 41rps for another 20s. To attach the
side walls to the PDMS membrane as sketched in Fig.4.4,
3g of 1:13 PDMS are evenly spread in a 9cm diameter
(VWR) petri dish, dessicated, and the finished side walls
are dipped into the thin layer of PDMS. The side walls are
subsequently placed on the uncured top PDMS layer of the
membrane. The components are gently pressed together
and cured at 65-70 °C for 45 min. The devices are cut to
size and are removed from the wafer using isopropanol.
The regions of the membrane that cover the six holes in
the corners of the device, are removed with a 3.5 mm
diameter biopsy puncher (Harris Uni-core, World Preci-
sion Instruments, Sarasota, Florida, USA). The height of
the final membrane is determined by measuring cross-
sections of pieces of the membrane in bright field and
fluorescence microscopy.

Preparation of the PDMS for cell culture

Small poly(tetrafluoroethylene) (PTFE) sleeves are inserted
into the holes of the PDMS device, see bottom of Fig. 4.5.
These PTFE sleeves prevent the PDMS from sticking to the
cell stretcher. The device, including the PTFE sleeves, is
sterilized in boiling water for 40-60 min. This boiling step
also leads to an increase of the hydrophilicity of the PDMS
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surface [26]. In the next step, the PDMS device is mounted onto a pre-
stretcher, top in Fig. 4.5. The pre-stretcher consists of a PTFE ring with six
2.8 mm stainless-steel pins. The pre-stretcher ensures that the membrane
is even and all devices are set to the same, fixed starting strain. For this
step, the device and a transfer aid (blue in Fig. 4.5) are mounted onto the
pre-stretcher. The 3D-printed transfer aid consists of a thin layer of PLA
with holes that match the pre-stretcher and enables the transfer of the
PDMS device from the pre-stretcher to the cell stretcher without distortion
of the cell layer. The well of the PDMS device is subsequently incubated
with 25 ng/mL of the extracellular matrix protein fibronectin from bovine
plasma (F1141, Merck) in PBS for 45-60min at room temperature. After
rinsing with PBS 5 times to remove excess fibronectin, the device is filled
with culture medium and kept at 37°C and 5 % CO, until cells are plated.

4.14.2 Cell culture of MDCK II cells

Madin-Darby Canine Kidney (MDCK 1) cells were originally established from the kidney
of an adult female cocker spaniel in 1958 by S.H. Madin and N.B. Darby Jr. [27]. The
MDCK I cell line used in this thesis were isolated from a high passage number of the
parental MDCK cell line in 1981 [28, 29].

MDCK II cells are purchased from the European Collection of Authenticated
Cell Cultures (UK) and are kindly provided by Tabea Oswald / Andreas
Janshoff at passage number P33. The cells are cultured in Eagle’s Minimum
Essential Medium (12-125F, Lonza, Switzerland), supplemented with 10 %
fetal calf serum (10270, Gibco, Thermo Fisher Scientific, Waltham, Mas-
sachusetts, USA) and 4 mM Glutamax (035050, Gibco), at 37°C in a 5%
CO; and water saturated atmosphere. The cells are passaged every 3-4 days,
when they are at least 80% confluent. For passaging, the cells are rinsed
with PBS once and then treated with 1 mL 0.25% Trypsin with 0.02% EDTA
in PBS (P10-020100, Pan-Biotech, Aidenbach, Germany) for 5-8 min at 37 °C.
The detached cells are diluted with 4 mL culture medium and the cells are
plated in a fresh 25 cm? cell culture flask at a ratio of 1:20-1:30. For experi-
ments that require an exact cell number, the cell suspension is centrifuged at
21°C, 270x g for 3min, and the supernatant is carefully removed. The pellet
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is resuspended in 1 mL culture medium and the cell number is determined
at a 1:10 dilution in a Neubauer cell counting chamber (0.1 mm, Marienfeld,
Lauda Konigshofen, Germany). A stock solution of the cells at the desired
cell concentration of 10,000 cells/device is prepared and the cells are plated
in the fibronectin-coated poly(dimethylsiloxan) (PDMS) device. The cells are
used up to passage number P6o.

4.14.3 Transfection with fluorescent proteins

The plasmid for keratin K8-EYFP is kindly provided by Nicole Schwarz
/ Rudolf Leube. The cells are transfected three days after plating on the
PDMS. The polymer nanoparticle based transfection kit Xfect (Takara Bio,
Kusatsu, Japan) is used. For each transfection, 10png deoxyribonucleic
acid (DNA), at 2.7pg/pL, are diluted in the Xfect reaction buffer, mixed
with the supplied polymer to a final volume of 100 pL, according to the
supplied instructions. The mixture is incubated at room temperature for
10min and is subsequently added to the cells in full culture medium, which
are incubated with the transfection reagents over night. The medium is
replaced with fresh cell culture medium on the next day and the cells
are incubated for a total of ~48h after transfection before the stretching
experiments.

4.14.4 Fluorescent labeling with SiR-actin

For labeling of actin filaments, the jasplakenolide and silica rhodamine
based SiR-actin (Spirochrome, Stein am Rhein, Switzerland) compound is
used. For a better labeling efficiency, the supplied efflux inhibitor verapamil
(5 1M) is added together with the SiR-actin compound (1 pM). The reagents
are diluted in phenol red-free Eagle’s Minimum Essential Medium (Lonza
12-668F), supplemented with 10 % fetal calf serum and 4 mM Glutamax, as
described in section 4.14.2. The cell medium is replaced with the dilute SiR-
actin in phenol-red free medium 18-24 h before the stretching experiments.
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4.14.5 Isotropic stretching of cells on an elastic substrate

The cells are stretched using a custom built cell stretcher, sketched in
Fig.7.2. The stretcher is designed and assembled by Peter Luley. In brief,
the substrate is mounted on six holding arms, which are moved by a gear
in an iris-like motion. The gear is actuated by tangential movement of a
connecting rod which is driven by a stepper motor (Nanotec, Feldkirchen,
Germany). The stepper motor of the stretcher is controlled by a Pollux Box
NT (Physik Instrumente (PI), Karlsruhe, Germany) using the software spec
(Certified Scientific Software, Cambridge, Massachusetts, USA) at intervals
of 0.1 arbitrary units.

The PDMS device with transfected and stained cells is mounted into the
stretcher that is set to the same size as the pre-strecher. To prevent the
device from moving upwards during stretching, , nuts are fastened on top
of the screws protruding from the top of the PTFE sleeves. The device is
stretched in intervals of 0.1 units in the software. Devices are stretched
up to 2.5-3.0 arbitrary units. Each strain is sustained for approximately
5min while the cells and beads are imaged, and the complete stretching
experiment takes up to 2 h.

4.14.6 Imaging cells during stretching

The cell stretcher is mounted on the stage of a BX63 upright microscope
(Olympus) and the sample is imaged with a 60x water immersion dipping
objective with a high working distance of 2mm and NA=1.00 (LUMPLFLN
60XW, Olympus). At each stretching position, z-stacks of the beads (mCherry
filter set, Olympus, ET560/40x, T585LP, ET630/75m) and a two-color z-stack
of the cells (for keratin: GFP filter set, Olympus, 470/40x, 495LP, 525/50m,
and for actin filaments: Cys filter set, Olympus, 620/60x, T660LPXR,
ET700/75m) are recorded with an ORCA-Flash4.0 camera (Hamamatsu,
Hamamatsu City, Japan). For all fluorescence images, the fluorescence lamp
(Lumencolor Sola light engine, Beaverton, Oregon, USA) intensity is set
to 15%. For images of the beads and the actin, the exposure time is set to
5oms. For images of the keratin structure, the exposure time is increased
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from 50ms to 150 ms throughout the experiment due to intensity changes
of the sample, likely caused by bleaching.

4.15 ANALYSIS OF IMAGES OF STRETCHED CELLS
4.15.1 Correction of membrane tilt

The free-standing PDMS membranes show varying degrees of tilt. A single
image of the membrane therefore consists of regions that are in focus and
other regions that are out of focus (Fig. 4.6a, top). One single image is hence
not sufficient and the beads are imaged in a z-stack (Fig. 4.6a, bottom).

For the correction of the tilt, we exploit that the beads are in one layer and
are therefore a 2D-structure in the PDMS. There is consequently only one
z-position for each pixel of the z-stack where the sample is in focus. In the
first step of the tilt correction, we define a local measure of sharpness. The
sharpness is determined by calculating a spatial Laplacian of each image
over a kernel size of 5 pixels. In the second step, we compare the local
sharpness along the z-axis of the stack. To directly compare the sharpness,
the results of the Laplacian, i.e., the gradient, are normalized along the
z-axis in in the second step. This normalization is performed with respect
to the maximum of the absolute value along the z-axis in a pixelwise
fashion. These steps of the algorithm are inspired by Ref. [30]. In a third
step, we determine which slice is in focus for each region of the stack. We
determine the ‘best-in-focus” slice for a coarse grid, as a coarse evaluation
of the sharpness improves the robustness of the analysis. The coarse grid is
generated, for example, with 128 x 128 pixels per grid block for an original
image of 2048x2048 pixels. For each z-slice and grid block, the sum of
the normalized, absolute gradient values is calculated. The index of the
z-slice with the highest sum is saved in a 2D matrix which then contains
the indices of the “best-in-focus” slices at each grid block (Fig. 4.6b). In the
fourth step, a 2D polynomial of the second order is fitted into this coarse
best-in-focus matrix. A tilt-corrected image is calculated by interpolation
of the original z-stack to the result of the polynomial fit (Fig. 4.6¢,e). The
result of the polynomial fit is applied to calculate a tilt-corrected stack of
the cell images, in Fig. 4.6d.

95



MATERIALS AND METHODS

4.15.2 Calculating membrane expansion

Before the membrane deformation is calculated, all tilt-corrected images
of the stretching series are centered with respect to the image taken at the
highest strain position. The alignment is performed semi-automatically
with a custom “point and click”-python code. The membrane expansion is
subsequently calculated using the software elastix [31, 32] with the python
implementation itk-elastix. Bead images are registered with respect to
the previous image one-by-one with an affine transformation, as depicted on
the right in Fig. 4.6. The images are alternatively registered with a similarity
transformation and a non-rigid transformation based on B-splines.

4.15.3 Processing cell images

The tilt corrected z-stacks are used for further image analysis. To determine
the cell area, the slices of the z-stack where the cell contour is visible are
combined in Fiji by maximum intensity projections. The projections are
segmented with the software CellPose [33] using the cyto2 model. The
cell probability threshold and model match threshold are adjusted for each
image to achieve the most accurate segmentation. The segmentation is
manually inspected, and partially or wrongly segmented cells are removed
using a semi automatic python code. For the single cell images shown in
Figs. 7.4 and 7.6, the z-slice where the structure of interest is best in focus is
smoothed by a median filter of 1 pixel in Fiji.
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a bead image b grid c bead image
tilted best-in-focus slice indices tilt corrected

Laplacian
and 2D
grid polinomial
evaluation fit
—> —>

apply affine
correction tranformation
d
z=0
z-stack beads z-stack cells bead image
tilted tilt corrected stretched membrane

tilt corrected

Fig. 4.6: Correction and analysis of z-stacks from stretching experiments. a)
Bottom: z-stacks of the beads, embedded in the tilted PDMS membrane. Top: Schematic
z-slice with in-focus and out-of-focus beads. b) The in-focus regions are determined
by applying a spatial Laplacian to the images. The indices of the in-focus slices are
determined for a coarse grid. c) A tilt-corrected image is calculated based on a second
order 2D-polynomial fit to the grid data. d) The resulting parameters are applied to
the z-stacks of the cells. Strain calculation: c,e) Tilt corrected bead images at different
strains are registered with an affine transformation to determine the scaling of the

membrane.
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TUNING INTERMEDIATE FILAMENT MECHANICS

ABSTRACT

The cytoskeleton is formed by three types of filamentous proteins — micro-
tubules, actin filaments, and intermediate filaments (IFs) — and enables cells
to withstand external and internal forces. Vimentin is the most abundant
IF protein in humans and assembles into ~10nm diameter filaments with
remarkable mechanical properties, such as high extensibility and stability.
It is, however, unclear to which extent these properties are influenced by
the electrostatic environment. Here, we study the mechanical properties of
single vimentin filaments by employing optical trapping combined with mi-
crofluidics. 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. By combination with Monte-Carlo
simulations, we relate these altered mechanics to electrostatic interactions
of subunits within the filaments. We thus suggest possible mechanisms
that allow cells to locally tune their stiffness without remodeling the entire
cytoskeleton.

5.1 INTRODUCTION

Biological cells are constantly exposed to varying intra- and extracellular
forces, thus their mechanical properties are challenged. It is meanwhile
well accepted that the mechanical properties of cells are, to a large extent,
governed by the cytoskeleton, a stabilizing, yet flexible framework, which
is composed of microtubules, actin filaments, and intermediate filaments
(IFs), together with motor proteins and crosslinkers. While microtubules
and actin filaments are conserved in eukaryotic cell types, there are around
7o different genes encoding IFs in man that are expressed according to the
cell’s specific requirements [2, 3]. Despite differences in their amino acid
sequence, all cytoskeletal IF proteins share their secondary structure with
a tripartite alpha-helical rod and disordered head and tail domains [4, 5].
During the hierarchical assembly, two monomers form a parallel coiled coil
and these dimers organize into anti-parallel tetramers in a half-staggered
arrangement. The tetramers rapidly assemble laterally to form unit length
filaments (ULFs) within 100ms [6], which in turn elongate to filaments by
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end-to-end annealing [4]. The resulting biopolymer comprises a complex
high-order arrangement of coiled coils [4], which allows IFs to be extended
up to at least 4.5-fold their initial length [7, 8], including a strong loading-
rate dependence [9]. This enormous extensibility is in stark contrast to
microtubules and F-actin [10].

Vimentin is the IF typically expressed in mesenchymal cells [3], and up-
regulated during the epithelial-to-mesenchymal transition in wound heal-
ing, early embryogenesis, and cancer metastasis [11]. In addition to being
highly extensible [9, 12, 13], vimentin is flexible [14-16] and stable [17].
While the extensibility describes how much a filament can be elongated
before rupture, it does not explain the mechanisms underlying the exten-
sion and therefore the response of the filament to an applied strain, i.e.
the relative elongation of the filament. By analyzing force-strain curves,
fundamental properties of the material are determined. For example, the
elasticity and the Young’s modulus can be derived from a linear force
increase. During stretching, three regimes are observed in the force-strain
data [9, 12, 13, 18, 19]: an initial linear increase, a plateau of relatively con-
stant force, and a subsequent stiffening regime. These regimes have been
linked to structural changes in the protein [18]. The initial linear increase is
described as the elastic stretching of the filament consisting of the alpha
helices, the plateau as the unfolding of alpha-helical structures, and the
stiffening as the further stretching of the unfolded structures. Once the
filament is stretched beyond the linear regime, the deformation becomes
inelastic. The three-regime behavior is, among the cytoskeletal filaments,
unique for IFs, as F-actin and microtubles rupture at much lower strains
[10]. The IFs show a pronounced softening upon re-stretching, while, at the
same time, the elongation itself is fully reversible and the noise threshold of
2pN is reached at residual strains of 0.0540.02 (mean, standard deviation)
[13, 20].

A similar three-regime force-distance behavior has been found for single
coiled coils [21, 22], which are a common theme in protein structures. The
overall structural stability of coiled coils depends on the buffer conditions,
however, the results are partially conflicting. Some studies show an in-
creased stability at low pH compared to neutral pH [23, 24], whereas others
find higher stability in neutral pH conditions [25, 26]. It has been discussed
that the response of a coiled coil to altered pH conditions depends on
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the concentration of salt ions in the buffer but also on the sequence of
the peptide [27]. Molecular dynamics simulations of the isolated vimentin
coiled-coil dimer [19] agree qualitatively with experimental force-strain
curves of single coiled coils [21, 22, 28] and vimentin filaments [9, 13].
These results indicate that coiled coils play a pivotal role in the force-strain
response of mature IFs.

Here we address the open question of how strongly the variability of the
mechanical response observed for coiled coils in different measurement
conditions is conserved in fully assembled vimentin IFs. 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. Monte-Carlo simulations enable us to
link electrostatic interactions within the filament and modifications of the
free energy landscape of the unfolding reaction to the observed force-
strain behavior. These results extend the list of remarkable mechanical
properties of IFs by adding a responsiveness to pH and ionic environment
to the established loading rate sensitivity [9] and tensile memory [13]. The
possibility to tune filament mechanics fast and locally may have important
implications within living cells.

5.2 RESULTS AND DISCUSSION
5.2.1 Cations stiffen single vimentin IFs

To investigate the effect of the ionic environment on the mechanical behavior
of single vimentin filaments, we stretch the filaments after incubation in
different buffers. For comparability, all filaments are assembled in standard
assembly buffer (2 mM phosphate buffer (PB) with 1oomM KCl, pH 7.5,
see Fig.5.1a for a schematic representation of the hierarchical assembly
pathway) before the stretching experiment. A single filament is then tethered
to optically trapped beads and incubated in the respective measuring buffer
for 30 before stretching. A graphical protocol of the experiment is shown
in Fig. 5.1b. Fig. 5.1c shows a typical resulting force-strain curve, where the
strain is defined as ¢ = (L — Lg)/Lo with the original filament length L,
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measured at 5pN force. The mechanical response of single filaments to
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Fig. 5.1: Stretching experiments on fully assembled vimentin filaments. a)
Schematic of the hierarchical assembly of vimentin monomers into filaments. In each step,
the respective precursor subunit is highlighted in red. b) Simplified measurement protocol
of the optical trap experiment in microfluidic flow channels: Two beads are captured and
calibrated (1), a single filament is covalently attached to both beads (2) and stretched
after a 30's incubation period in the measuring buffer (3). c) Typical force-strain curve
for a vimentin filament showing the elastic (1), plateau (1) and stiffening (lll) regime.
The strain at the transition of region | to Il is g, from Il to Il it is €);. Figure reproduced
from Ref. [1].

stretching shows a clear dependence on the experimental conditions, as
shown in Fig. 5.2. All panels show average data and the individual curves
are omitted here for clarity, but are shown in Figs. A3 and A4. The three
regimes that have been previously reported [9, 12, 13, 18, 19] are evident
in the force-strain data recorded under standard assembly conditions as
shown in Fig. 5.2a (100 mM KCl, see legend for color code): The initial linear
increase (I in Fig. 5.1¢), the plateau (II) and the subsequent stiffening at high
strains (III) can be clearly distinguished. Note that what we describe as
“plateau” here does not necessarily have a slope of zero, but a considerably
decreased slope compared to the rest of the curve. The curves recorded at
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TUNING INTERMEDIATE FILAMENT MECHANICS

high salt concentrations, i.e. c(KCIl) = 100 mM or 150 mM and ¢c(MgCly) =
5mM or 10mM, are consistent with this mechanical behavior. In particular,
the initial slopes, which describe the initial elasticity of the filament, agree
well between these four salt conditions, as shown in detail by the solid
circles in Fig. 5.3a. These values are determined by fitting the initial slopes
of the individual force-strain curves (Figs. A3 and Ag).
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Fig. 5.2: Force-strain behavior of single vimentin filaments. All curves shown are
averages of the individual measurements shown in Figs. A3 and A4. The strain values
at the end of the initial linear regime €| (red) and the plateau regime ¢ (blue) for all
average curves are indicated. a) Effect of indirect charge shifts caused by salt ions in the
measurement buffer at pH 7.5. b) Effect of direct charge shifts by varying pH conditions
without any additional salt. While ¢ is similar in all measurements, g increases for lower
c(KCl) and for increasing pH. c) Comparison of the effect of an addition of 100mM K*
ions at pH7.5 and 5.8. Figure reproduced from Ref. [1].

When the filaments are incubated in low salt buffer (PB, pH7.5), where
tetramers are known to be stable [29], before stretching, the mechanics
change significantly. Fig. 5.2a shows that the complete curve is shifted to
lower forces, the initial slope is lower and the plateau is less pronounced.
The decreased initial slope is indicative of a softer material. As a conse-
quence of this softening, the filament can be stretched to higher strains as
compared to high salt buffers before the maximum force of the optical trap
is reached. The curve measured at 50 mM KCl lies between the data for low
salt buffer and the standard assembly buffer curve, as does the maximum
strain for this condition. Independent of the measuring conditions, the
strain at which the initial linear increase ends is at ef = 0.15 4 0.04 (see
Fig. 5.2a), showing that the elastic extensibilty of the filament is not affected
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by the salt ions. It is remarkable that the slope of the plateau is constant for
all buffers, as shown in Fig. 5.3a by the open circles.

Amino acids, the building blocks of proteins, may be either hydrophobic,
polar or charged. Ions in the buffer interact with those polar and charged
amino acids that are accessible within a supramolecular structure, thus
mediating interactions within the assembled filament. Such electrostatic
interactions caused by ions in the buffer can be regarded as indirect charge
effects. The similarity between the curves at ¢(KCl) =100 mM or 150 mM
and ¢(MgCly) =5mM or 10mM indicates that predominantly the cations
are causing the different behavior and not the C1™ anions. In contrast, if
it were mainly the Cl~ ions that caused the stiffening of the filaments, we
would expect the curve at ¢(KCl) = 50 mM to lie above both MgCl, curves
since ckc1(Cl7) > emgcr, (C17) for all measured buffers.
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Fig. 5.3: Mechanical properties of single vimentin filaments. a),c) Analysis of the
initial slopes (solid circles) and slopes of the plateau regions (open circles) of all stable
filaments. The error bars indicate the standard deviation. b),d) The stability of the
measured filaments is presented as fractions of instable and stable filaments. Figure
reproduced from Ref. [1].
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The cations do not only stiffen but also stabilize the single filaments as
shown in Fig. 5.3b by the relative count of stable filaments (solid bars) and
instable filaments (open bars). The stability is determined from the shape
of the force-strain curve. Filaments that break before the stiffening regime
(IIT in Fig. 5.1) is reached, are classified as instable. The fraction of stable
filaments increases from 0.45 for the measurements in low salt buffer to
0.88 £ 0.02 (average and standard deviation from data at ¢(KCl) = 100 mM
and 150 mM, and c(MgCly) = 5 mM and 10 mM) at higher salt concentrations.
The cations additionally promote bundling (see Fig. 5.4a and Fig. 5.5). In
particular, at ¢(MgCly) = 10 mM, the amount of bundling limits the number
of measurable single filaments [30, 31]. This observation agrees well with
the reported behavior of vimentin networks where — with increasing concen-
trations of multivalent ions — freely fluctuating networks collapse to dense
aggregates [32]. It has further been reported that reconstituted vimentin
networks stiffen upon addition of divalent ions [15, 33, 34], and that the
network stiffness increases with increasing concentration of divalent ions
until total collapse of the network [35].
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Fig. 5.4: Relative count of single filaments and bundles for each condition. The
bundles were identified from the confocal images and from the force data. Only single
filaments were used in further analysis. a) The increased fraction of bundles at higher
salt concentrations indicates that the ions promote filament bundling. b) The fraction

of bundles does not show a trend at different pH conditions. Figure reproduced from
Ref. [1].

Combined with these findings from literature, our results show that the
divalent ion dependent stiffening of vimentin networks is solely due to
stronger interactions between filaments and not to additional stiffening
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of single filaments in the network. The small number of instable filament
we observe at physiologically relevant ¢(KCI) [36] as well as all measured
c(MgCl,) probably do not contribute considerably to cell mechanics. In line
with the known high stability under large applied strains of IF networks
[10], and cell experiments that identify IFs as the load bearing elements at
high strains [37], our data thus suggest that the stable filaments determine
IF mechanics in cells.

5.2.2 Stretching vimentin filament bundles

The increased bundling propensity of vimentin filaments at high MgCl, con-
centrations allows for the evaluation of the bundle mechanics. In Fig. 5.5a,
force-strain curves for vimentin filament bundles, measured in 10 mM
MgCl,, are plotted. The variation between the curves is larger than for
single filaments as shown in Fig. A3. The average force-strain curve of all
single filaments is indicated in blue in all panels of Fig. 5.5, and a typical
force-strain curve for a single filament shown in Fig. 5.5c. Besides the large
variability of the force-strain curves, two main features indicate a bundle:
Firstly, the forces reached in the initial linear regime (Fig.5.5a, d-f) are
often higher than for single filaments, and, in some cases, also the slope of
the initial regime is higher (Fig. 5.5b). Secondly, “kinks” in the force-strain
curve indicate that part of a bundle either ruptures or detaches. Examples
for such kinks are shown in Figs. 5.5¢,f. Whereas these features facilitate the
distinction between single filaments and bundles, quantitative analysis of,
for example, the number of filaments per bundle, is not possible.

For a perfect bundle of filaments that all reach from bead to bead, and where
all filaments have the same spring constant, the bundle spring constant is
the filament spring constant times the number of filaments. The number
of filaments can therefore be calculated from the spring constant of the
bundle. However, as visible in the confocal images in Fig. 5.5d-f, bundles
are highly heterogeneous along their length. Comparison of the slope of the
linear regime, shown in Fig. 5.5b, reveals that stretching of most bundles
leads to a slope similar to the single filaments. However, few bundles have
a slope approximately twice as high as determined for the single filaments.
This increased slope indicates that more than one filament is contributing
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to the stretching response. For bundles that have a similar initial slope as
the single filaments, the elastic stretching response seems to be dominated
by a single filament. It is also possible that part the bundle has detached
and only a single filament is stretched.

Besides the high forces reached at low strains, the plateau regime of the
force-strain curves of bundles is often very short if it is visible at all. Such
a short plateau is, for example, shown in Fig. 5.5d. This shortening of the
plateau might indicate that the unfolding of alpha helices and coiled coils
is restricted by internal interactions in bundles.
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Fig. 5.5: Force-strain behavior of vimentin filament bundles. a) Force-strain curves
for all bundles in the presence of 10 mM MgCl,. The average curve for single filaments
in the same buffer condition is shown in blue. b) Slope of the initial, linear regime. c)-f)
Examples of confocal and force-strain data of c) a single vimentin IF and d)-f) bundles.
The heterogeneity along the length of the bundle complicates the quantification of the
bundle properties. f) In some cases, individual filaments in the bundle rupture during
the experiment, leading to one single filament left between the beads. The scale bars
are 5pum.
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In future experiments, it would be interesting to prepare controlled bundles
to quantify the stretching and bending properties of vimentin bundles. For
such controlled bundles, the coupling between filaments may be tuned. By
such an approach, situations as shown in Fig. 5.5e might be prevented where
spatially separate filaments or multiple, separated bundles are stretched.

5.2.3 IF mechanics adapt to pH changes

Whereas the interactions of ions with the protein described in the previous
sections 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. To keep the two effects separate, at first, we use the curve
recorded in the low salt buffer (2mM PB, pH 7.5) 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 [38, 39], we lower the pH to 7.0. 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. 5.2b and Fig. A4c,d). The
stiffening effect is amplified at even lower pH as shown by data for pH 6.5
and pH 5.8. The curves recorded in these low pH conditions are remarkably
similar to each other and the filaments are considerably stiffer than in all
previous measurement conditions with the plateau almost disappearing.
If we, in contrast, increase the pH from 7.5 to 8.5, the mechanics of the
filament do not change. Thus, the adaption of the filament occurs between
pH®6.5 to 7.5 and it assumes an intermediate state at pH 7.0.

In line with the observations for varying salt concentrations reported above,
the strain reached with the initial, linear increase (¢; =0.16+0.03) is not
strongly influenced by the pH of the measurement buffer. This result shows
that the elastic extensibility of the filament is neither strongly affected by
pH or ionic charge variation. Additionally, the initial slope at low pH is
the same as for the standard assembly buffer or high salt concentrations
(Fig. 5.3a,c), indicating that low pH and high salt have a similar effect on
the initial stiffness of the filament. The decrease of the initial slope with
increasing pH is plotted by solid circles in Fig. 5.3c and is evident in the
force-strain curves at low strains in Fig. 5.2b. In contrast to the cations, the
pH clearly affects the unfolding mechanism responsible for the plateau
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formation and the increased slope of the plateau region at low pH suggests
that the force needed for unfolding events increases with decreasing pH.
Because the onset of the stiffening moves to lower strains for low pH, the
strain range of the plateau becomes very short. Unlike for filaments in
varying salt conditions (Fig. 5.6a), the ratio of the initial slope and slope of
the plateau does not change with the pH (Fig. 5.6b).
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Fig. 5.6: The ratio of the initial slope and the slope of the plateau for each
measuring condition. The respective slopes are presented in Fig.3 in the main text.
a) The ratio changes at different salt conditions as the plateaus have the same slope,
whereas the initial increase changes at different salt conditions. b) The ratio of the slopes
in buffers of increasing pH stays relatively constant. Figure reproduced from Ref. [1].

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. This
assumption is further supported by the stability behavior of the filaments
(see Fig.5.3d). Here, the fraction of stable filaments, represented by solid
bars, decreases with increasing pH, from 0.92 at pH 5.8 to 0.24 at pH8.5,
while the force-strain curves do not change between pH 7.5 and 8.5 or be-
tween 5.8 and 6.5. A stabilization or destabilization therefore still continues
even if the force-strain behavior of the stable filaments is not affected. While
the measuring condition clearly affects the stability of the filaments, there
is no correlation of the stability, i.e. the maximum force reached during the
experiment, and the initial length of the filament, as shown in Fig. 5.7.
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Fig. 5.7: Maximum force plotted against initial filament length for each filament.
There is no correlation between the initial filament length and the maximum force
reached during stretching. The data cluster at forces around 700 pN because beads are
pulled out of the traps. a) For varying salt concentrations, b) for varying pH conditions.
Figure reproduced from Ref. [1].

5.2.4 IF stiffening saturates at low pH

We observe an overall weaker stiffening by cationic (indirect) charge shifts
compared to pH (direct) charge shifts on single vimentin filaments. This
phenomenon is especially prominent in the plateau regions. To understand
the interplay of the two effects, we compare two sets of data recorded at
different pH (7.5 and 5.8) without additional salt and with 100 mM KCl
each. The four average curves are shown in Fig.5.2c. At pH 5.8, 1700mM
KCl does not have a strong effect, and the curves with and without ad-
ditional salt are strikingly similar (purple), especially when compared to
the pronounced effect of 100mM 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. To ensure that the
saturation of the stiffening effect we observe at low pH is constant on the
time scales accessible here, we further investigate the temporal evolution of
the adaptation of the mechanics of the filament at low pH. The negligible
difference between curves (Fig.5.8) recorded at incubation times of 15s,
30s, and 60s shows that the additional interactions within the filaments
have developed already after a few seconds.
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Fig. 5.8: Force-strain curves for filaments stretched in phosphate buffer (PB), pH
5.8 with varying incubation times. All single measurements are plotted by thin lines,
the average curves are shown by bold lines. Within the variation of the single curves
in each condition there is no difference apparent between the incubation times. Figure
reproduced from Ref. [1].

5.2.5 Variations in the free energy landscapes influence filament me-
chanics

The observed filament softening in low salt buffer and the stiffening at low
pH raises 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. 5.2. 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 hierarchical structure of the filaments [9, 40]. In the model, monomers
consist of a spring and an extendable element that can either be open or
closed. The spring accounts for the elastic contribution of the alpha helices.
Lateral arrangement of 32 such monomers represents one ULF. The filament
is simulated as a series of 100 ULFs that are connected by springs. In the
model, we can define the elastic properties of the springs «,, the strength
of the coupling between lateral monomers in each ULF, the free energy
difference of the closed (alpha) and unfolded state AG, and the length that
is added by stretching a monomer AL.
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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, x;. We expect an increase with the
number of monomers, N, per cross-section of the filament [41]. 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 [42] 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 alpha helix, %, as
shown in the Monte-Carlo simulated force-strain curves in Fig. 5.9a.

An increased stiffness can furthermore be explained if we regard the fila-
ment as a bundle of protofilaments. If these protofilaments are fully coupled
to each other, the persistence length of the bundle increases as N? instead
of linearly in N in the uncoupled case [41]. An increase in coupling strength
and thus an increased initial slope may be caused by higher salt concentra-
tion or lower pH and is thus in line with our experimental results. It should
be noted, however, that we do not include this effect in our simulations.
Instead, we simulate ‘subunit coupling’, see Fig. 5.9b, that describes the size
of fully coupled lateral subunits into which the monomers are organized
[40]. Thus, in higher order subunits, more elements have to unfold simulta-
neously to achieve the length change, AL, of the filament. This effect already
plays a role for the initial stretching and leads to a slightly increased slope
(see inset of Fig. 5.9b).
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Fig. 5.9: Monte-Carlo simulations of force-strain curves and schematics of energy
landscapes. a) An increased x, 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 x with minima for the alpha 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 alpha 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. €) A higher free energy
difference AG between the alpha and unfolded state increases Fp|ateay Without affecting
the slope of the plateau. f) Increasing the length of the unfolded monomer increases
€11 g) The suggested energy landscape at low pH, which leads to an increased energy
barrier AG, shows a higher E 4 making the transition to the unfolded state less probable,
h) even after applying the same trap load as in f). Figure reproduced from Ref.[1].
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The origin of intra-filament coupling is found in the structure of vimentin.
Each vimentin monomer has an excess of -19 ¢ negative charges. A repre-
sentation of the charge distribution in the vimentin monomer is shown in
Fig. 5.10a. The excess negative charges are mostly found in coil 1B, coil 2,
and the tail domain. As most polar and charged amino acids are not buried
within the alpha helix [43], the excess negative charges of neighboring
monomers within the filaments are likely to be in close proximity. The
resulting repulsion presumably destabilizes the filament structure. The de-
creased initial slope and reduced stability we observe in low salt conditions
therefore indicates that cations screen or — in case of multivalent ions —
cross-bridge these repulsions. This is supported by the fact that vimentin is
known to assemble in the presence of a sufficiently high concentration of
cations and to disassemble in low salt buffer [29].
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Fig. 5.10: Charged amino acids in vimentin. a) Top: Schematic representation of the
vimentin monomer. The positions of histidines in one vimentin monomer are marked
with arrows. Bottom: The charges of the amino acids are plotted versus their position
in the sequence. The number of amino acids that carry a positive (lysine and arginine,
blue) or negative charge (aspartic acid and glutamic acid, red) at pH 7.4 are shown for
the head, coils, linkers and tail. b) The possible additional intra-filament interaction sites
upon charge changes in the histidines are marked by ‘x’ for the visible front half of the
red ULF. Figure reproduced from Ref. [1].

In contrast to the ion mediated, indirect, electrostatic effect, a pH change
directly influences the charge pattern of the protein sequence. To be specific,
in the pH range used here, we switch histidines from being uncharged
to positively charged in an acidic environment [44, 45]. In vimentin there
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are six histidines at various positions, indicated by the arrows in Fig. 5.10a.
These additional positive charges increase the number of possible elec-
trostatic interaction sites between monomers in the filament (Fig. 5.10b),
and therefore in our case decrease the repulsion, increase attraction, and
promote coupling in the filament, similar to added ions.

Whereas the change of the initial slope is well explained by variations
of x,, other experimentally 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

350 4 3501

300 1 300 \ +
z 250 =z 250
o + o
7 200 4 + =, 200 *
W& 1501 W& 1507
100 1 100
50 1 50
0+ , , ; , , 0 , , , ,
0 50K 100K 150K 5Mg 10 Mg 58 65 70 75 85
¢ (mM) pH

Fig. 5.11: Plateau force of the force-strain curves. The force at ¢; is shown for all
single force-strain curves for each condition. The error bars correspond to the standard
deviation. a) Fpjateau from curves recorded at pH 7.5 with varying salt concentrations.
The plateau is shifted to higher forces for higher KCl concentrations or in the presence
of MgCly. b) Fpjateau ©xtracted from the force-strain curves measured at varying pH

values. The plateau appears at higher forces for lower pH conditions. Figure reproduced
from Ref.[1].

force level of the plateau Fpjateau (Fig.5.11), the force reached at strain
g1, is a measure of the energy necessary for unfolding. Fig.5.9c shows
a schematic and simplified energy landscape for the transition from the
alpha to the unfolded state (green). The energy barrier E4 between the
two states is indicated in Fig.5.9d. The optical trap is approximated by
a harmonic potential (dashed line). By applying a force (Fig.5.9d), the
harmonic potential is moved to the right, thereby decreasing the energy
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barrier in the total potential (blue) and the unfolded state becomes more
probable.

The simulated force-strain curves in Fig. 5.9b reveal a strong dependence
of Fplateau ON the subunit size. By choosing a small subunit size such as
Ny, = 4 we are able to reproduce the observed decrease of Fpjateau in low
salt buffer. At low pH, Fpateau is €ven higher than in high salt buffer. Thus,
E, is apparently even further increased at low pH. This behavior may be
explained by an increased free energy difference, AG, between the alpha
and unfolded state (purple curve in Fig. 5.9h as compared to green curve in
Fig. 5.9d), thus rendering the transition from the alpha to the unfolded state
less probable at the same applied force (Fig. 5.9g,h), effectively increasing
Fplateau- Fig. 5.9¢ shows how AG influences the force-strain curve.

In addition to an increased Fpateau, We also observe a shortening of the
plateau at low pH (Fig. 5.2b). The length of the plateau, ey — 1, depends on
the number of unfolding events and the length increase during unfolding,
AL. 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
g1 is relatively constant in all measuring conditions, ¢ is a measure for the
length of the plateau. Fig. 5.9f demonstrates how a decrease of AL shortens
the plateau.

Earlier interpretations of the plateau being a transition from the alpha
helices to beta sheets would allow for an elongation to strain o.77 [9,
19] in the plateau. This value agrees with ey at high salt concentrations,
but is exceeded at low salt conditions and not reached at low pH values
(Fig. 5.2). Recent results indicate that the unfolding is in fact not a two-state
process but that alpha helices first unfold to a random coil structure [20].
These random coils could be either longer or shorter than the beta-sheet
conformation and thereby explain the variations in AL. The remarkably
short plateaus we observe at low pH indicate a strong influence of the
pH on AL. From the simulation in Fig. 5.9f we learn that decreasing AL
furthermore increases the slope of the plateau, which agrees well with
the increase of the slope we observe at low pH (Fig. 5.3c). 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 AL.
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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 Fpjateau at low pH or high salt conditions by
increased subunit coupling and decreased AL. Additionally, for the low
pH conditions, a more pronounced AG comes into play, whereas for high
salt, x, is increased. The slope of the plateau can be modeled by a decrease
of the subunit size or of AL. As we observe no change of the slope of the
plateau throughout all salt conditions at pH 7.5, these effects seem to be
balance out during the plateau formation.

Previous studies of the stability of single coiled coils at varying pH and ionic
strength showed seemingly conflicting results [23, 25, 27]. These opposing
observations can be understood in the light of different primary sequences
that lead to coiled coils of varying stability, based on the length of the
coils [22], the hydrophobic packing or helix propensity, i.e. how prone
an amino acid is to form alpha-helical structures [28], and electrostatic
interactions in the coil [23, 25, 27]. It is, however, remarkable that even for
coiled-coils, which have a very defined amino acid pattern, the response
to external charge cues can vary to the reported extent. The effect of the
electrostatic environment we report here is valid for vimentin but might
be considerably weaker or stronger for other types of IFs. As the charge
patterns in different types of IFs vary, we expect the extent of the effect
of salt ions to scale according to the strength of the repulsion between
subunits in the different IFs. For example, similar IFs, such as desmin and
glial fibrillary acidic protein (GFAP) have an excess charge of -15¢ and -13e¢,
respectively. We therefore anticipate the effect of ions to be weaker in these
filaments. For the nuclear IF lamin A, which has an excess charge of -3¢
[2], the dependence of the mechanical properties on ion concentrations is
likely negligible. For the pH dependence, we expect the impact to scale
with the number of histidines per monomer rather than the excess charge of
the protein sequence. Whereas vimentin and desmin posses six histidines
(Ng = 6), GFAP (Ny = 8) contains more potential additional interaction
sites at low pH [2]. The effect in GFAP may therefore be even stronger than
observed here for vimentin. For lamin A, Ny = 13, which leads us to the
hypothesis that lamin A is more sensitive to pH variation than vimentin
but less prone the mechanical changes by variations of salt concentration.
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5.2 RESULTS AND DISCUSSION

The exact pH values the different IFs are sensitive to depend on the pKa of
each single histindine.

As the cytoplasmic pH typically lies between 7.0-7.5 [38], the mechani-
cal properties of vimentin are susceptible to pH changes in this range.
Thus, cells are equipped with a “tool” to rapidly and locally tune their
stiffness without remodeling the whole cytoskeleton. However, it remains
unclear, how relevant the adaptability of the IF mechanics is in living cells.
One intriguing phenomenon, where considerable pH changes and the up-
regulation of vimentin in epithelial cells coincide, is wound healing. In
epithelial wounds, mesenchymal cells expressing vimentin promote heal-
ing of the skin. During the restoration of the tissue, these cells might be
exposed to pH milieus reaching from the healthy skin pH (4.0-6.0) to the
body’s internal pH (7.0-7.4) [39, 46]. Vimentin is not only up-regulated in
the cells but also excreted into the extracellular space [47]. The result of
our studies suggest that the mechanical changes vimentin undergoes in
this pH range are considerable and might play a role within cells as well as
the extracellular space during skin repair. Direct studies of the mechanical
properties of cells and the corresponding structure of the IF network after
exposure to varying pH milieus are necessary to make a more substantiated
statement about the role of pH milieus for IF mechanics. Intracellular and
extracellular pH gradients have furthermore been found to be a feature of
migrating tumor cells. A decrease of the pH along the axis of migration as
well as local pH variations, such as nanodomains of high pH close to focal
adhesions, have been reported [48]. An influence of the pH on the actin
cytoskeleton is known [48], however, the role of IFs in this scenario is so far,
to our knowledge, unexplored.

IFs have been shown to provide a “rescue mechanism” for cells that are
subject to large areal strains [37]. At high strains, the actin network cannot
compensate the applied force and IFs become load bearing. The extensi-
bility of IFs therefore seems to be a crucial filament property, allowing
them support the cell at these high strains. In the case of decreased pH,
IFs are extended less at equal force, potentially leading to network stiff-
ening. According to the strong effect we observe, we speculate, that local,
intracellular pH changes may influence the role the IFs play under strain
considerably. Studies of the strain response of single cells and multi-cellular
ensembles at varying cell internal pH may shed light onto the role of IFs for
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cell mechanics in general. As a change of the pH milieu is often correlated
with stress, the results for single filaments presented here, together with
future experiments in cells may improve our understanding of biological
stress response.

5.3 CONCLUSIONS

To conclude, we directly relate the mechanical response of single vimentin
filaments 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 filaments. 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 filaments 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 the stiffening of vimentin networks that was previously reported upon
the addition of Mg?" relies on increased inter-filament interactions and
does not originate from 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.
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ABSTRACT

The cytoskeleton, an intricate network of protein filaments, motor proteins,
and cross-linkers, largely determines the mechanical properties of cells.
Among the three filamentous components, F-actin, microtubules, and in-
termediate filaments (IFs), the IF network is by far the most extensible and
resilient to stress. We present a multiscale approach to disentangle the three
main contributions to vimentin IF network mechanics — single-filament
mechanics, filament length, and interactions between filaments — including
their temporal evolution. Combining particle tracking, quadruple optical
trapping, and computational modeling, we derive quantitative information
on the strength and kinetics of filament interactions. Specifically, we find
that hydrophobic contributions to network mechanics enter mostly via
filament-elongation kinetics, whereas electrostatics have a direct influence
on filament-filament interactions.

6.1 INTRODUCTION

Cells have remarkably diverse and dynamic mechanical properties that
are largely determined by the cytoskeleton [2]. The adaptability of the
cytoskeleton relies on the unique and distinct mechanical properties of the
different biopolymers that form this composite network [3]. Intermediate
filaments (IFs) are particularly interesting from a mechanical point of view.
By contrast to F-actin and microtubules, both single IFs and networks
thereof display an enormous extensibility and stability at high strains.
These properties have been impressively shown for vimentin IFs, which are
found in cells of mesenchymal origin [3-5]. Rheological studies reveal that
vimentin networks are soft at small strains, but show pronounced strain
stiffening up to a critical strain, at which the networks soften [3, 6-9], unless
they are covalently cross-linked [9]. Furthermore, vimentin networks stiffen
in the presence of divalent ions, which has been attributed to transient
interactions between filaments, specifically between the negatively charged,
disordered tail domains [7-11]. Whereas these previous studies provide
a rich pool of information on network mechanics, they cannot unravel
the effects of filament-elongation kinetics, single filament mechanics and
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filament-filament interactions, which are all superimposed. For instance, an
influence of divalent cations for IF network mechanics is indisputable, but
the exact mechanism by which they alter the network properties remains
elusive.

Here, we present a targeted experimental and computational approach that
enables us to disentangle the contributions of single-filament properties and
filament—filament interactions to network mechanics. With our multiscale
approach we extract binding and unbinding rates for single interactions,
and thereby directly quantify the transient nature of direct interactions
between vimentin filaments.

6.2 RESULTS AND DISCUSSION

6.2.1 Vimentin filament networks mature and stiffen on time scales of
days

Previous studies of vimentin network mechanics have typically focused on
time points of about 1 to 2 h after initiation of filament assembly and network
formation, which in most experimental protocols occur simultaneously
[6-8, 10, 11]. We extend this work and study the formation of vimentin
IF networks and the evolution of the network mechanics over a broad
time range, from 3 h to 144 h after initiation of assembly, and at standard
conditions, i.e., in the presence of 100 mM KCl [12]. We record tracks of
microparticles embedded in the networks, as shown in Fig. 6.1a (Middle),
and calculate the mean squared displacement (MSD) for each assembly
duration; see Fig. 6.1b (Middle). At 3h (black line), microparticle tracking
(MPT) reveals subdiffusive behavior. For comparison, the MSD for diffusive
motion is shown as the purple dashed line. For longer network-formation
times, we observe a decrease of the mobility of the particles. This stiffening
of the vimentin network leads to a flattening of the MSDs at long lag times; as
expected, after very long network-formation times, the beads are confined
and the MSDs approach a plateau.
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Fig. 6.1: Formation and mechanics of vimentin networks. a) Microscopy images of
vimentin networks after 3days (74 h-80 h) of network-formation time, buffer conditions
indicated below each image. The insets show representative traces from MPT, recorded
over the course of 6 min after three days (71 h) of network-formation. b) Median MSD for
each condition for increasing network-formation times (for color code, see legend); the
cross section of particles with diameter 2 =2 pm is indicated by arrows. Individual curves
are shown in Figs. B4-B6. c) Elongation of the filaments; shown is the length average
Ip. The corresponding cumulative length histograms from three interdependent datasets
are provided in Fig. B2, and the extent of reaction g as determined from step-growth
polymerization is shown in Fig. B3. d) Comparison of active (symbols) and passive (lines)
microrheology measurements after 3days. The error bars denote the standard deviation
of the active measurements. e) Temporal evolution of G’ at w =1s~!. f) Temporal
evolution of the relaxation times of single filaments in the network. g) Temporal evolution
of the bundling parameters, calculated from the shift of G” = bw®/4 — 5w [13] at high
frequencies. For c, e, f, and g, the median values of the results, analyzed sample by
sample, are shown, along with the minimum and maximum, indicated by the error bars.
For each time point and condition, between one and five samples are measured; see
Figs. B4-B6 for the numbers of samples and particles. h) Schematic of the filament
and network formation process with the competition between lateral arrangement — i.e.,
bundling — and filament elongation that leads to an entangled network. Reproduced
from Ref. [1].
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The stiffening of the network continues over the whole assembly duration
probed. From 6 h on, the particles are confined, as the movement does not
exceed the particle cross section of particles with a diameter of 2 =2 um after
the total measuring time. This behavior is in accordance with Ref. [10] where
2-pm beads were reliably confined in a vimentin network at 1 g/L protein
concentration as well as the theoretical mesh size of 0.45um calculated
for a homogeneous, cubic vimentin network at 1 g/L. The transition from
subdiffusive to confined motion is caused by the network formation of the
slowly growing filaments. The hierarchical assembly pathway of vimentin
filaments and the corresponding time scales are shown in Fig. 6.2.

tetramers \

unit length filaments +KCI

e R S
Y

elongation by
end-to-end annealing

filament hoursl

Fig. 6.2: Filament assembly. Sketch of the assembly process of vimentin IFs. unit length
filaments (ULFs) form by lateral arrangement of eight tetramers. Filaments form by
end-to-end annealing of the ULFs. Based on Ref. [14]. Reproduced from Ref. [1].

6.2.2 The filament length depends on elongation and lateral association

To investigate the cause of the network stiffening, we analyze the tempo-
ral evolution of the filament length. Vimentin filament assembly strongly
depends on the ionic strength of the utilized buffer [15-18], and the type
and concentration of the ions influence the filament structure [15, 19—23].
Specifically, the formation kinetics, architecture, and mechanics of the net-
works depend on a careful balance between the slow longitudinal assembly
of single filaments and the lateral association of filaments — i.e., bundling.
This balance is influenced by lateral interactions between the filaments
[24] which we examine by varying the interaction strength, specifically
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hydrophobic and electrostatic interactions, between vimentin IFs [6, 25,
26]. For keratin IFs, in particular, it has been observed that diminishing
hydrophobic interactions by detergents may cause softening of IF networks
[25, 27]. By contrast, an increase of electrostatic attraction, mediated by
divalent ions, leads to a stiffening of IF networks [7, 9—11]. To separate
hydrophobic and electrostatic effects, we assemble vimentin filaments in
the presence of additional nonionic detergent TritonX-100 (TX) at a concen-
tration of 0.16 mM to diminish hydrophobic interactions, or 5 mM MgCl,
for increased electrostatic attraction (Fig. 6.1c). We observe a slower filament
elongation with overall shorter filaments in both cases. In the presence of TX,
decreased hydrophobic interactions severely impair the elongation (Fig. B2).
We therefore conclude that hydrophobic interactions within filaments —
i.e., between subunits — play a pivotal role during vimentin IFs assembly,
including elongation. This phenomenon has, to our knowledge, so far only
been studied for the first steps of assembly, up to the unit-length filament
stage [20, 28, 29]. For added MgCl,, we follow the line of arguments of
Ref.[24] and assume that the balance is shifted toward increased attraction
between filaments, leading to lateral association of short filaments, rather
than longitudinal annealing. For vimentin IFs, such bundling events have
been directly observed in the presence of sufficiently high concentrations of
MgCl, [30, 31].

6.2.3 Electrostatic and hydrophobic interactions lead to mechanically
distinct networks

The bundle formation caused by the addition of MgCl, not only influences
elongation kinetics, but also network mechanics. We extend previous studies
of vimentin network mechanics in the presence of divalent ions [7, 9—11]
to much longer assembly time scales, since we expect a saturation of the
network mechanical properties after days rather than hours, as shown
above for the control condition. We assemble the networks in the same
buffer conditions as the single filaments, with 0.166 mM TX for reduced
hydrophobic interactions (Fig.6.1a, Top) or 5mM MgCl, for increased
electrostatic attraction (Fig. 6.1, Bottom). Confocal images of the respective
networks reveal no apparent difference between the control condition and
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in the presence of TX, whereas the networks are more heterogeneous in the
presence of MgCls.

As expected from the filament-elongation studies, the corresponding MPT
data in Fig.6.1b, Top and Bottom, show that the network formation, in
particular the transition from subdiffusive to confined motion, is delayed
for both conditions compared to the control. As we eventually observe
confinement, we reason that the relevant length scales of the networks —
which can, for example, be the mesh size, entanglement length or filament
length — are comparable. We transfer the MSDs that show confinement
into the complex shear modulus G* = G’ 4 iG” with the storage G’ and
loss G” moduli, as shown in Figs.B8-B1o [32]. Analysis of the plateau
modulus G(1s7!) illustrates the continuous stiffening that all samples
undergo with advancing time (Fig. 6.1e). From 22h on, the network with
MgCl, is the stiffest; the network in the control sample shows intermediate
stiffness; and the sample with detergent stays the softest throughout. As
an example, the comparison of G’ and G” of the networks after 71h in
Fig. 6.1d illustrates this difference clearly. Active microrheology by optical
trapping of microparticles embedded in the respective samples (Fig. 6.1d
and Fig. B11) validates the passive microrheology results from MPT with
remarkable agreement. The moduli we obtain from MPT are lower than
those reported from macrorheological measurements [6—9], however, they
are on the same order of magnitude as reported for other microrheological
studies of vimentin networks [10, 11].

The connectivity of the networks influences the frequency dependence
of the plateau. In presence of MgCl, (Fig.6.3), the plateau is the least
frequency-dependent, indicating a more pronounced contribution of cross-
linking rather than entanglement to the network mechanics [11]. This is
in agreement with the established hypothesis that divalent ions serve as
transient cross-linkers in IF networks [7, 9, 10]. The binding and unbind-
ing rates of these transient cross-links, however, cannot be inferred from
our measurements. The increased connectivity of the networks as well as
stiffening due to bundle formation further cause an increase of the inverse
relaxation time 7, !, as determined from the cross-over frequency of G’
and G” (Fig.6.1f) [33]. Above 7,71, single-filament or bundle mechanics
dominate over the network properties (Fig. 3.13).
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Fig. 6.3: Frequency dependence of the storage modulus. a) The exponent pg of a
power law fit to the storage modulus G’ describes the frequency dependence of the
storage modulus. For clarity, the median G’ curve of all samples (solid line) and the
resulting fit (dashed line) are shown. b) Comparison of the exponents of the power law
fits over the network assembly duration. The median values of the results, analyzed
sample-by-sample, are shown, along with the minimum and maximum indicated by
the error bars. The number of samples and particles per measurement are provided in
Figs. B4-B6. Reproduced from Ref. [1].

As we expect an influence of bundling on the network mechanics, we
analyze the coupling of filaments in bundles by investigating the slope of
G* at high frequencies. At w > 557!, G" follows a power law with exponent
3/4 for all samples (Eq.(4.7) and Fig. 6.4), as theoretically predicted for
networks consisting of single filaments or of bundles that are coupled so
strongly that they behave like single filaments [34].
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Fig. 6.4: Relative bundling parameter. a) Fit of G” « bw’/* — yw to the data
involvingTX, b) only KCl, and c) MgCl,. The dashed line corresponds to the median
G" of the samples and the solid line is the fit curve, the fit result is provided in the
legend. For clarity, we here show the fit of the median of the samples, the result of the
sample-by-sample analysis is provided in d) and e). d) The median of the fit parameters
b, calculated on a sample-by-sample basis, plotted against the assembly time of the
network. The error bars indicate the minimum and maximum values. €) The median
bundling parameter b,,; calculated on a sample-by-sample basis, relative to the median
value obtained for the KCl sample after 6 h, marked with the arrow in d). The error
bars indicate the minimum and maximum values. The number of samples and particles
per measurement are provided in Figs. B4-B6. f) The simple approximation described
in section 4.9.3 gives an estimate of the dependence of b,,; on the average number of
filaments per bundle. For fully coupled bundles this estimation leads to b,,; o N®/4.
The ratio of the lateral drag coefficients (gb/gf)3/4 only weakly influences b,,; and is
neglected here. Reproduced from Ref.[1].
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Furthermore, in a simple approximation of the experimental networks, the
offset of the power-law regime of G”, b (Eq. (4.8)) indicates trends in the
degree of bundling, as it strongly depends on the persistence length of
the filaments Ip or bundles Ip(y,nge) = N*Ip(fitament), Where a denotes the
coupling strength of the filaments within the bundle and lies between 1
(uncoupled) and 2 (fully coupled) [35]. Fig. 6.1g shows a strong increase of
b over the network-formation times in the presence of Mg?* and a much
weaker increase for the control condition or in the presence of TX, suggest-
ing that in the presence of Mg2+, there are, on average, more filaments
per bundle (see also Fig.6.4). All processes described above are shown
schematically in Fig. 6.1h.

100 mM KCI + 5 mM MgCl2

Fig. 6.5: Confocal images of networks after one day and three days of assembly.
The images recorded after three days show the same sample as in Fig. 6.1a. No apparent
difference between the different times for one sample are visible. Reproduced from
Ref. [1].

While we see a clear effect of the network maturation on the mechanical
properties, we cannot resolve any structural changes in confocal images
recorded after one day and three days of assembly (Fig.6.5). Here, the
high flexibility of the filaments strongly impeded the achievable resolution
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and we do not expect to resolve single bundling events. These images,
however, nicely demonstrate the differences between samples in different
buffer conditions.

6.2.4 Maturation of networks is concentration dependent

To verify that the slower filament assembly leads to a slower maturation of
the networks, we assemble networks in the control buffer conditions at lower
initial vimentin protein concentrations than used in section 6.2.1. The speed
of the assembly of vimentin filaments has been shown to decrease at lower
protein concentrations [36—38]. At the lower initial protein concentrations,
we observe mostly diffusive motion for a longer assembly duration, i.e., the
time point, at which the network forms, is delayed, see Fig. 6.6. This delay
indicates that slower filament assembly leads to slower maturation, which
strengthens our hypothesis that in the presence of Mg?* or TX, the slower
filament assembly causes the observed delay. However, the lower protein
concentration leads to overall softer networks as the network structure is
also influenced by the protein concentration. The exact contributions of the
filament elongation to the network mechanics cannot be quantified solely
by MPT.
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Fig. 6.6: Concentration dependent evolution of the MSD. Median MSD for each
condition for increasing network-formation times at a) 0.50g/L, b) 0.75g/L, and c)
1.0g/L. Data are recorded for one sample at each concentration. Individual curves are
shown in Fig. B7.
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6.2.5 Surface effects modify network structures

Besides the protein concentration, interactions with the surface of the
measuring chamber additionally influence the network structure. To analyze
such surface effects, we record z-stacks of the networks with confocal
microscopy (Fig.6.7a). The average intensity decreases with increasing
distance to the glass surface (Fig. 6.7b) in all samples, and reaches a relatively
constant value at z ~4 pm in the chambers of ~100 pm height.

In the z-stacks shown in Fig. 6.7a, the inhomogeneity of the network in pres-
ence of Mg?t becomes evident. These results are interesting when compar-
ing the moduli we obtain from MPT to those reported from macrorheological
measurements, which are typically higher than our results [6—9]. However,
our results are on the same order of magnitude as reported for other
microrheological studies of vimentin networks [10, 11]. The discrepancy
between the mechanics determined by microrheology and macrorheology,
i.e., shear rheometry, might arise from the density gradient of the network,
caused by surface interactions. As it it crucial for shear rheometry that the
network is attached to the rheometer plates, we expect a similar density
gradient to occur in shear rheometry setups, which might lead to a stiffer
result. In the MPT experiments, we take care to measure at 30-40 pm distance
to the surface to reduce such stiffening from surface interactions. Moreover,
the discrepancy between G’ and G”, measured by microrheology and bulk
rheology [25], has additionally been attributed to interfacial elasticity at the
air-sample interface [27].
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Fig. 6.7: Surface effects on network structure. a) Confocal z-stacks of vimentin
networks in the different buffer conditions. The distance between the slices is 1 pm.
Each image shown here is the sum of 300 frames in the respective z-plane recorded at a
frame rate of 39 s~1. Images recorded by Jan Christoph Thiele. b) The average intensity
(mean, standard deviation) of each image shown in a) over the distance to the glass
surface.
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6.2.6 Single filament mechanics are unaffected by detergents or diva-
lent ions

Apart from filament-elongation kinetics, single-filament mechanics and
filament-filament interactions may be influenced by the addition of cations
or detergent. Indeed, MPT probes all of these effects in a combined fashion.
To disentangle these effects, we focus on single-filament mechanics next.
The mechanical properties of single vimentin IFs are well established [5, 40—
42], and it has been shown that they sensitively depend on the surrounding
charges [39]. We find that divalent ions do not stiffen single filaments and
TX only slightly softens filaments, as shown in Fig. 6.8. We can therefore
safely exclude single-filament mechanics as the main cause for the marked
differences found for the networks in the three buffer conditions.
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Fig. 6.8: Stretching single filaments. a) Force strain curves recorded for single vimentin
filament stretching in the optical trap. The filaments are assembled in assembly buffer
and measured after 30 s incubation in assembly buffer + 0.16 mM TX, b) assembly
buffer, ¢) 2 mM phosphate buffer + 5 mM MgCl, at pH 7.5. The data shown in b)
and c) are published in Ref. [39]. The single curves are shown in black and the average
curve in the respective color. The numbers of single filaments measured are a) 18, b)
25, ¢) 13. d) Comparison of the initial, linear increase of the force-strain curves for all
three conditions, showing the slight softening of the filaments in TX. e) Comparison of
the slope of a linear regression for the initial regime and the plateau regime. We show
the mean of all single curves and the standard deviation (error bars). The slope of the
plateau is constant for all conditions whereas the initial slope is slightly lower in TX than
in assembly buffer and Mg-buffer. Reproduced from Ref. [1].
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6.2.7 Electrostatics increase single filament-filament interactions

After investigating filament elongation and single-filament mechanics, in a
third step, 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 (Fig.4.2). Confocal
images of the experiment are shown in Fig. 6.9a.
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Fig. 6.9: Interaction measurements. a) Confocal image series of a filament pair showing
deformation of the horizontal filament as a consequence of the interaction and the return
to the initial conformation after rupture of the interaction. b) Schematic of the measuring
geometry and nomenclature used in the experiments. We measure and analyze the force
Fyy acting on bl (green). c) Typical interaction force, F, plotted against time for the
filament pair shown in a); rupture force F;. d) Typical force-time curve for a measurement
with interaction, rupture of the interaction with rebinding under force, and rupture of the
interaction. e) Force—time curve for a strong interaction of filaments that show “zipping”,
as shown in the micrograph in f). Reproduced from Ref. [1].

We slide one filament perpendicularly along the other one and measure
the interaction force by the deflection of the particle “b1”, marked green
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in Fig. 6.9b. The resulting interaction force for the filament pair shown in
Fig.6.9a is plotted in Fig.6.9c. We extract the duration of the interaction
(red in Fig.6.9c) and the strength of the interaction from the maximum
interaction force, F;, before the interaction ruptures; see also Fig. 4.3. Notably,
not all filament pairs show this interaction behavior, and some pairs show
no detectable interaction at all. In other cases, the filaments interact, the
interaction ruptures, and the filaments start to interact again before the
force has dropped to zero (Fig. 6.9d).
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Fig. 6.10: Interaction types. a) The relative occurrence of measurements without any
interaction, measurements with only interactions that show the characteristic force jump
of a breaking interaction, and strong interactions, where the measurement ends before
a force jump is observed. The strongest interaction of each measurement defines the
category. n denotes the number of measurements. b) The number of filament pairs
measured in each condition. Pairs, where filaments are stable and interaction strengths
do not exceed the maximal trap forces can be measured multiple times. c) The relative
occurrence of kinks in all, i.e. normal and strong, interactions. d) Fraction of zipping
events in all measurements. Reproduced from Ref. [1].
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Lastly, filaments can interact strongly (Fig. 6.9e and Fig. 6.10), which, only
in the presence of MgCl,, leads to remarkable “zipping events”, i.e., the
parallel association of two filaments [43] as shown in Fig. 6.9f and Fig. 6.11.
From these events, we conclude that interactions are localized and do not
slip.

0.0 25 5.0 75 10.0 125 15.0 175 20.0
t/s

Fig. 6.11: Zipping during interaction experiments. Confocal scans and respective
force curves for unzipping (top) and zipping (bottom). The confocal videos are available
as Supplementary movies of Ref.[1]. The scale bar is 5 pm. Reproduced from Ref. [1].

As we perform the optical trapping experiments in a microfluidic flow
cell, we can readily exchange the measuring buffer. A schematic of the
experiment is shown in Fig. 4.2. For the interaction measurements, we
always assemble filaments in standard assembly buffer and then move both
filaments into measuring buffer, where we bring the filaments in contact
and record a sliding assay. This allows us to measure the interactions in
extreme buffer conditions, such as 20mM MgCl,, where filament networks
collapse [30, 31], or high detergent concentrations ¢(TX) = 1.6 mM.

The distribution of forces F; shown in Fig. 6.12a at both TX concentrations
(red, 1.6 mM; orange, 0.16 mM) are similar to the control condition (yellow).
We calculate the force-independent binding rate ) as the ratio of the
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number of interactions that start at zero force and exceed 1 pN and the
experiment time during which we observe no interaction; see methods for
a detailed description. Since TX, compared to the control condition, has
no effect on two parameters that largely determine network stiffness, the
strength of the interactions and r,, (Fig. 6.12b), we conclude that the relative
softness of vimentin networks in the presence of TX is predominantly
caused by impaired filament elongation. It is, however, remarkable that
the filaments do interact with nonnegligible forces of up to 57pN (1.6 mM
TX), 85 pN (0.16 mM TX), and 112 pN (control). Contrary to observations
for keratin networks [25, 27], decreasing the hydrophobic interactions does
not affect the attraction between single vimentin filaments. Therefore, even
without divalent ions present, the filaments interact with physiologically
relevant forces [44—46].

By contrast, the interaction strength clearly increases for increasing c¢(MgCl,)
(green and blue in Fig. 6.12a). This observation is in agreement with the stiff-
ening of vimentin networks in the presence of 5 mM MgCl, at sufficiently
long network-formation times as shown in Fig. 6.1b. The interactions can
reach several hundred pN, as shown in Figs. 6.9e and 6.12a and Fig. 6.10a,
and are oftentimes even stronger than the optical trap. While interactions are
stronger at low ¢(MgCl,) = 5mM than for the control condition (Fig. 6.12a),
the force-independent binding rate r, j, is not increased (Fig. 6.12b), indicat-
ing that interactions occur with the same probability. By contrast, at high
c(MgCly), interactions become more likely (see also Fig. 6.10a). The increase
of F; for both ¢(MgCl,) measured here and the increase of 7, solely at high
c(MgCl,) explains why vimentin networks form “scaffold”-like structures
at c¢(MgCl,) < 10mM and collapse at high ¢(MgCl,) [30, 31]. We therefore
hypothesize that it is a significant increase of the binding rate that causes
the collapse of the networks, and not the increased binding strength. This
hypothesis is further supported, as we only observe zipping in the presence
of 20mM MgCl, (Fig. 6.10d).
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Fig. 6.12: 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 TX concentrations
(red, orange, and yellow), higher forces are reached. The addition of Mg2t (green, blue,
and purple) causes a broadening of the force distribution and a shift toward higher forces.
b) Force-independent binding rate 7,;. The binding rate is constant, unless MgZt is
present at a concentration of 20mM. 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 x, and the force-independent
unbinding rate ., 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 E 4 values are shown. The ordinate axis is interrupted to indicate the unknown
absolute height of the transition state. Reproduced from Ref. [1].
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The strongest increase of binding rate, interaction strength, and thereby also
occurrence of zipping events is caused by the addition of high concentra-
tions of MgCl, and TX in combination (purple in Fig. 6.12a,b and Fig. 6.10).
This “amplifying” effect of TX on MgCl, is remarkable, as TX alone only
weakly affects the interaction. It can possibly be explained by a swelling
of the negatively charged and intrinsically disordered tail domains of the
vimentin monomers, which decorate the filament surface, thus making
them more accessible for interactions mediated by MgCl,. Because of this
drastic change, we refrain from fitting the interactions in this condition
with our simplified model.

6.2.8 Interactions are independent of binding-site encounter rate

We compare the interaction forces and force-independent binding rates in
the presence of MgCl, shown in Fig.6.12 to the results from measurements
performed at a lower pulling speed, i.e., slower movement of the OTs.
Neither the interaction force distributions (Fig. 6.13a) nor the binding rate
(Fig.6.13b) are affected by the pulling speed at either of the two MgCl,
concentrations. This independence of the encounter rate of possible binding
sites indicates that interactions can form seemingly continuously along
the filaments and are not limited to sparse binding sites. Assuming that
interactions are mediated by the tail domains of vimentin monomers, we
expect this continuous binding between two filaments at the pulling rates
we use here, since tails protrude from vimentin filaments approximately
every 4onm [47]. These discrete interaction sites might be resolved by
reducing the pulling speed so that the force-independent binding rate is
higher than the time it takes the interaction site between the filaments
to travel the distance between tail domains. However this can be only
achieved by pulling speeds below 5nm/s which is experimentally not
feasible. Additionally, interacting, disordered tail regions are not point-like
and likely extensible, thereby further reducing the space to the next tail
region which leads to an even more continuous encounter of potential
binding sites.
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Fig. 6.13: Results of interaction measurements at two encounter rates. a) The dis-
tributions of the interaction forces are not influenced by the pulling speed at neither Mg?*
concentration. n denotes the number of interactions events. b) The force-independent
binding rate does not show a clear trend between the pulling speeds.

6.2.9 A two-state model accurately describes network mechanics
Details of the model are described in B.3.

From the interaction experiments, we extract the force-independent binding
rate r,, (Fig.6.12b), and the distribution of interaction forces (Fig. 6.12a).
For a quantitative comparison of the bonds formed in each condition,
we model the interaction as a single bond. The filaments undergo force-
dependent, stochastic transitions between the bound (b) and unbound (u)
state that are described by Bell-Evans kinetics [48]. The binding (r;; see
methods and Eq.(B.9)) and unbinding rates (r,; Eq. (B.10)) consist of a
force-independent term (r,; and r.,, Eq.(B.11), Eq. (B.12)) that depends
on the respective activation energy, E4;, or E4,, and the thermal energy
kgT, and a force-dependent term that depends on kpT, the applied force,
and the distance of the respective state to the transition state, x;, or x,
(Fig.6.12c) [49]. The sum x. = x}, + x, is constant due to detailed balance
[50]. We calculate the distribution of F; for a constant x., the r,; derived
from the experiment (Fig. 6.12b), and for pairs of x, and r.,, by simulating
1,000 F(t) curves. Equivalent results are achieved by numerical solutions, as
discussed in detail in Ref. [49]. Comparison of the experimental distribution
and each simulated distribution based on the Kolmogorov-Smirnov test
[51] with a 5% acceptance threshold, provides valid x, and 7., pairs. The
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means and standard deviations of the resulting distributions are shown
in Fig. 6.12a. All parameter pairs for which the two-state model describes
the experiment well, are plotted as pixels in Fig.6.12d. The parameter
spaces derived for the control and TX conditions overlap. The representative
energy landscapes, calculated for the centroid of each respective parameter
space (circles in Fig.6.12d) [r, ,(control)=0.18 57}, 7, ,(0.16 mM TX)=0.155"},
Teu(1.6 MM TX)=0.20 s~ 1], shown in Fig. 6.12e, show no distinct differences.
In the presence of MgCl,, 7., decreases compared to the control [r, (5 mM
MgCly)=0.08 s, 7o u(20mM MgCly)=0.10 s~1], which becomes apparent in
a larger E,4 , in Fig. 6.12f. These results are similar to values determined
from rheometry on actin networks (0.43 +-0.065~! [52]) but significantly
larger than reported for vimentin networks (> 0.001s™! [9]) which is likely
caused by surface effects in the macrorheology experiments.

The distance of the transition state to the bound state, x,, enters r,, (Eq. (B.10))
in the factor that describes the force-dependent unbinding. Therefore, the
decrease of both, x,, and r,, in the presence of MgCly, leads to a mostly
force-independent opening of the bond and thereby to high interaction
forces. The presence of TX has the opposite effect: The parameter space
reaches larger values of x,, indicating a more force-sensitive bond between
the filaments. The broader distribution of the parameters represented by
the shaded areas in Fig. 6.12d, for the control condition and in the presence
of TX are mostly due to the lower number of interactions.

These results support the assumptions we made during the analysis of the
MPT experiments: As the filaments interact in all conditions, the resulting
networks are not purely entangled, but are connected by transient cross-
links. However, in the control condition and in the presence of TX, the
binding rate between filaments is low, and interactions are weak; thus,
entanglements govern the network properties. In the presence of MgCl,,
however, the unbinding rate is low, leading to stronger interactions, which,
in turn, cause a more cross-linked network. As a low c(MgCl,) mostly affects
the unbinding rate and not x,, E4, can be increased without necessarily
decreasing E 4 p.
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6.3 CONCLUSIONS

By combining experimental and modeling approaches, we are able to quan-
tify three important contributions to biopolymer network properties and
their temporal evolution, i.e., filament-elongation kinetics, single-filament
mechanics and filament—filament interactions. We further determine which
kinds of interactions — i.e., hydrophobic or Mg?*-mediated, electrostatic
— are relevant for different processes involved in network formation and
mechanics. We identify altered individual interactions between filaments
as the cause of the network stiffening, where Mg“-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 [y, 9-11]. For
neurofilaments, another type of IF, a similar Mg?"-mediated stiffening, has
been reported [7]. Based on these findings and the fact that also other
cytoskeletal filament networks such as F-actin — for example, in Ref.[33]
— show a stiffening behavior in the presence of divalent ions, we expect a
similar response from other IFs.

We find that hydrophobic interactions only play a minor role for filament
interactions but are, in the case of vimentin IFs, important during filament
elongation. The head domain of IFs has been shown to be crucial for the
assembly of filaments [16, 53-55] and we hypothesize that decreasing the
hydrophobic interactions slows down the assembly. However, the effect
might not be as pronounced for other IF types that generally assemble faster.
These results show that vimentin networks, even in standard buffer con-
ditions without divalent ions, are not purely entangled, but are connected
by transient cross-links, and the kinetics and strength of these transient
cross-links strongly depend on divalent ions/electrostatic interactions [9,
11]. In future work, it would now be interesting to apply our approach
to filaments without the negatively charged tail domain and quantify the
influence of the tail domain, as the deletion of the tail has been reported to
reduce the stiffening effect of multivalent ions on vimentin networks [7, 9].
With further knowledge of the architecture of the network — in particular,
the number of potential interaction partners for each filament - the binding
probability in the network may be determined in future studies. Our quanti-
tative approach allows us to disentangle the intricate viscoelastic properties
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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 rheol-
ogy, and polymerization kinetics, as well as protein-based materials science
and synthetic cell research.

6.4 OUTLOOK
6.4.1 Entropic and elastic stretching of single vimentin filaments

Most interactions we observe between two single filaments occur in the
force regime F < 100 pN. So far, we have analyzed the linear force-strain
relation during single filament stretching at forces below the plateau regime.
However, at very low forces, entropic stretching of the filament becomes
relevant which is evident in the non-linear increase at low forces. A typical
example for a force-length curve is shown in Fig. 6.14a. By calculating the
strain with respect to the “initial length” of the filament determined from
the filament length at 5 pN, we have so far mostly excluded this entropic-
stretching regime from our analysis as we have focused on the stretching
response at higher forces. However, since many interactions occur in the
entropic or early linear regime, we now focus on this low force regime
F <8opN of the stretching curves. As described before, entropic stretch-
ing, here approximated by the WLC model, contributes to the stretching
response of IFs [5]. At low applied stretching forces, the filaments exhibit
thermal fluctuations. With increasing applied forces, the degrees of freedom
are reduced, and the force necessary to further straighten the filament
increases. The entropic contribution therefore leads to a super-exponential
force increase that approaches infinity, the closer a filament is stretched to
its contour length L.

The WLC model does not account for extensibility of the stretched chain.
However, as shown in chapters 5 and 6.2.6, IFs are extensible with a linear
force-strain response before the plateau regime is reached. We therefore
employ a model that describes the filament as an entropic and an elastic
spring connected in series (Fig.6.14), similar to the “molecular model”
described in chapter B.3.2.
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Fig. 6.14: Low-force regime during single-filament stretching. a) Typical force-
length curve of a filament (black), modeled by an elastic and an entropic spring in
series (red). For this fit, the parameters are k,; = 0.22pN/nm, Lp = 0.28 pm. The
resulting contour length L¢ is indicated in blue. The length at 5pN is indicated by the
dashed line. b) The entropic spring constant k., increases with increasing length of the
filament whereas the elastic spring constant k,; remains unchanged. c) At low forces, the
entropic spring extends more than the elastic spring and the entropic spring dictates the
stretching response. d) Above the crossover strain €y, the elastic stretching dominates
over the entropic stretching. The strain &5,y is calculated with the filament length at
5pN as reference. e) The distribution of €, determined for the stretching data shown in

Ex

Fig.6.8. The median of e, (dark line) is similar across the three buffer conditions.
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In our model, we elongate the filaments in small, constant steps of ALort;
which corresponds to the movement of the OT. Whereas the length of the
steps is constant

ALot,; = ALejj + ALey ;i , (6.1)

the elastic AL,;; and entropic AL,,; contributions change with increasing
total elongation of the filament. After each step, the contribution of the
entropic and elastic components to the elongation is determined. After
N steps, the force acting on the entropic spring is given by the sum of
all incremental force increases F,,, = Efil AF,, ;, and the elongation of the
entropic spring consequently by the sum over all elongation increments
ALy, = YN, AL, We do not directly calculate the force but use the
description of the worm-like chain from Ref. [56] to approximate the spring
constant of the entropic spring after each step by the derivative

dF.  ksT (1 Le
KenN(ALen) = =57~ '
en,N(ALen) dAL,, Lp \Lc¢ 2(Lo+ALey — LC)3 (62

with the persistence length Lp, the initial length of the filament Ly, and the
contour length Lc. As the spring constant of the entropic spring ke, N(ALen)
continuously increases, ke, (AL, ) eventually exceeds the constant elastic
spring constant k,; (Fig.6.14b), and the majority of the force is used to
elongate the elastic spring (Fig.6.14c). At strains larger than the cross-
over strain ¢y, the elastic spring dominates the stretching response of the
complete filament (Fig. 6.14d). In the limit of high extension of the entropic
spring, limy 4 ar,, 1., the spring constant of the entropic spring spring
approaches infinity. Based on the momentary entropic spring constant k., n
and the constant elastic spring constant k,;, we calculate the corresponding
force increment with the expression

1 1 -
AF; = ALor,i —|—> . 6.

1 OT,Z (kel ken,l(ALm) ( 3)
The total force after N steps is determined by Y ) AF;. We fit this numerical
model to the low force regime of single-filament force-length curves, as
shown for a typical curve in Fig. 6.14a. The model (red) describes the low-
force regime (black) remarkably well. From the model, we can extract the
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contribution of the entropic and elastic spring at each force (Fig. 6.14c) and
for each strain (Fig. 6.14d). The strain shown here is calculated with respect
to the length at 5pN as in the previous results in chapters 5 and 6.2.6 and
Refs. [5, 40, 42, 57]. We find the crossover strain ¢,, where the elastic contri-
bution starts to exceed the entropic contribution, to be nearly identical for
different buffer conditions (Fig. 6.14€). From these results, we determine that
at strains ¢ > 0.02, for most filaments, the elastic contribution to elongation
dominates the entropic contribution. As this crossover strain is relatively
small, the strain used for the analysis of the filament stretching experiments
is a good approximation. The mean persistence length determined from
the fit of the model to the data 0.34+0.17um is clearly lower than deter-
mined from freely fluctuating vimentin filaments, 2.0+o0.5 um [58], even
though both calculations are based on bending by thermal fluctuations.
This discrepancy might be due to the constraints imposed by the beads
attached at the ends of the filament or indicate that the model is too simple
to quantitatively reflect the mechanism of the filament mechanics. More-
over, the amplitude of the bending observed by fluorescence microscopy
are on the scale of 1 pm [58], while the confinement though the OTs only
allows fluctuations on the nm-scale. However, our model represents the
experimental data curves remarkably well and gives an approximation of
the entropic and elastic contributions to the stretching response.

6.4.2 Single interactions of pre-strained filaments

We study how the entropic and elastic stretching influence the interactions
between filaments by repeating the single-interaction measurements with
pre-strained filaments. Due to experimental limitations, the filaments are
typically not at the same strain. At least one of the filaments is pre-strained
between £=0.03-0.14. In Fig.6.15, preliminary results of the interaction
measurements between pre-strained filaments are shown. For the buffer
conditions with TX and in the control condition, we do not observe a change
of the interaction force distributions (Fig. 6.15a). In the presence of MgCl,,
however, interactions between pre-strained filaments rupture at lower forces
than between filaments without pre-strain. We here note that the number
of measurements with pre-strained filaments is clearly lower than for
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Fig. 6.15: Interactions of pre-strained filaments. a) Interaction force histograms of
unstrained (black outline) and pre-strained filaments (solid). n denotes the number
of interactions / number of measurements. b) Force-independent binding rates. The
mean and standard deviation are determined from bootstrap resampling of all single
measurements as described in section 4.7.3. c) Typical force-time curve of a pair of
unstrained filaments, measured in the presence of 0.16 mM TX. d) Force-time curve of a
filament pair, measured in the presence of 0.16 mM TX, with one filaments pre-strained
to e = 0.03 and the other filament to ¢ = 0.02.

159



MULTISCALE MECHANICS

filaments without pre-strain and that the observed trend might therefore
be influenced by statistical effects. Nonetheless, the interaction forces agree
well between the measurements in presence of TX and the control condition,
indicating that also for pre-stretched filaments, hydrophobic interactions do
not dominate the binding strength. When comparing the force-independent
binding rates 7, ,, we see a clear effect of the pre-straining (Fig.6.15b). In
all buffer conditions, except for 20 mM MgCl,, pre-straining leads to an
increase of r,, compared to measurements without pre-strain. In the pres-
ence of 20mM MgCly, 7, is slightly decreased within the margin of the
error in comparison to experiments without pre-strain. To draw reliable
conclusions, more data have to be acquired, however, these preliminary
results indicate that pre-straining increases the binding rate. This increase
is probably due to the filaments being in more constant contact as ther-
mal fluctuations are diminished. Two typical force-time interaction curves
shown in Fig. 6.15¢,d verify that the characteristic entropic stretching regime
is lost through pre-straining in Fig. 6.15d.

The reduction of thermal fluctuations might have two effects: On the one
hand, the filaments might be in contact for a longer time as they cannot
detach by diffusive motion. On the other hand, for unstrained filaments,
the fluctuations might allow the filaments to be in contact at more than one
interaction site, effectively forming very short bundled regions, similar to
the zipping discussed above. If the bundled region is smaller than we can
resolve with the confocal microscope, we might not be able to detect such
multiple interaction sites in the contact region. Such multiple interaction
sites might then decrease the unbinding probability, effectively increasing
the interaction forces. This second effect might explain the decrease of
interaction forces we observe in the presence of MgCl, when comparing
pre-strained to unstrained filaments. This hypothesis can be corroborated
by reducing the speed of the trap movement during the interaction mea-
surement. In the case that the unbinding rate is changed by the pre-strain
whereas the force-dependence of the interaction is unaltered, these changes
should affect the resulting interaction force histograms.

All interactions described here are between filaments stretched to strains
within the linear regime of single filament stretching curves. As the un-
folding of alpha helices mostly occurs in the plateau regime, it will be
interesting to study how this drastic structural change affects the interac-
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tions. By unfolding, other residues become exposed and, in contrast to all
results presented her, hydrophobic interactions might become relevant.
The transient interactions between IFs we observe in the interaction experi-
ments lead to fluidization of networks at high strains and on longer time
scales [9]. Comparison of interactions in different pre-strain regimes might
shed light on the role of the structure of the filaments for the interactions
in the network and thereby the emerging network response. As IFs become
especially mechanically relevant during high cellular deformations [59],
interactions at these high pre-strain interactions might play an important
role for cell integrity.
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RESPONSE OF ACTIN AND KERATIN
STRUCTURES TO ISOTROPIC CELL
STRETCHING

In this section, I describe the design of an isotropic cell stretching setup and
the development of the characterization on the instrument. The cell stretcher
was designed by Peter Luley and built by Peter Luley in collaboration
with the machine shop. I present preliminary results of cell-stretching
experiments.

7.1 INTRODUCTION

The three main filamentous components of the cytoskeleton, microtubules,
filamentous actin and intermediate filaments, all contribute unique mechan-
ical properties to the integrity, resilience and flexibility of cells. It is well
established that the filamentous actin and acto-myosin structures are a ma-
jor determinant of the mechanical properties of cells as well as their ability
to generate mechanical forces [1]. Actin forms several distinct structural
features in cells. For example, actin stress fibers, contractile acto-myosin
bundles which connect to the extracellular matrix via focal adhesions, are
involved in the generation of forces [1]. Actin filaments further form the
actin cortex, a thin network just below the cell membrane which provides
stability to the membrane, determines the shape of the cell surface, and
strongly contributes to the cell stiffness [1].

Whereas actin is highly conserved along cell types and organisms, dif-
ferent IF proteins are expressed cell-type specifically. It is therefore not
surprising that IFs form a plethora of different structures in different cells
[2]. In many cells expressing vimentin and keratin IF proteins, a dense IF
network is observed close to the nucleus, often described as a “nuclear
cage” [3, 4]. Keratin, the IF protein found in epithelial cells, typically forms
bundles that connect the nuclear cage to the cell periphery in a radial
arrangement [5]. Keratin bundles connect to desomosomes at cell—cell
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Fig. 7.1: Photo-
graph  of  the
stretched  PDMS
device during fluo-
rescence imaging
of the cells.

ISOTROPIC CELL STRETCHING

contacts and hemidesmosomes at contacts between cells
and the extracellular matrix [5]. Recently, another struc-
tural entity formed by keratin filaments was described,
where the IFs arrange in a layer beneath the plasma mem-
brane. This subplasmalemmal keratin layer, called keratin
cortex in the following, together with the radial bundles,
produces a ‘rim-and-spoke” IF structure [5]. The keratin
cortex has been hypothesized to contribute additional
mechanical support to the plasma membrane. This hy-
pothesis has, so far, not been proven on mechanically
stressed cells. In contrast to actin fibers and networks, IFs
are highly extensible as shown in chapters 5 and 6, and
might contribute complementary mechanical properties
to the layer structure consisting of plasma membrane,
actin cortex, and keratin cortex.

We here study the effect of isotropic cell stretching on
the actin and keratin structures in epithelial cells. We
design an isotropic stretching device which increases the
circumference of the cell more than a uniaxial stretching
at the same nominal strain. We characterized the stretch-
ing device and show how the actin an keratin structures
in Madin-Darby Canine Kidney II (MDCK 1I) cells react to
isotropic stretching.

7.2 RESULTS AND DISCUSSION
7.2.1 Equibiaxial stretching of PDMS devices

For cell stretching, we design and construct a custom
cell stretcher. The cells are plated on a PDMS device that
consists of hexagonal side walls with a circular hole
that are attached to a thin PDMS membrane. The cor-
ners of the hexagon are pulled outwards. A photograph
of a stretched device, mounted on an upright micro-
scope, is shown in Fig.7.1 and a simplified technical
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drawing of the PDMS device (light blue), mounted in the cell stretcher is
shown in Fig.7.2a. The cell stretcher consists of a gear (blue) that, when
rotated, causes an iris-like movement of the holding arms (gray). The gear
is actuated by a stepper motor that is tangentially attached by a connecting
rod (not sketched). The movement direction of the holding arms is indicated
by arrows for the corresponding rotation of the gear (arrow in the bottom
left). This design leads to rotation as well as stretching of the membrane.
The resulting spiral motion is apparent when comparing fluorescence
images of beads that are embedded in the membrane at increasing extension.
(Fig.7.2b).

The stepper motor is controlled by the software spec [6] in intervals of 0.1
arbitrary units. At each strain, z-stacks of full height of the stretched cells are
recorded in slices of 0.5 um distance. Small, 100-nm fluorescent beads that
are embedded in the PDMS membrane in a 2D layer serve as fiducial markers
to determine the strain of the membrane. As the membrane is typically not
perfectly parallel to the imaging plane of the upright microscope, the beads
are further used to correct for the tilt of the membrane. The algorithm we
developed for the tilt correction is described in detail in chapter 4.15.1.
After correcting for tilt of the membrane, the bead images at each exten-
sion are registered with respect to the image at the previous number of
stretching units. This registration is performed with the software elastix
[7, 8]. The registration is most reliable when images are compared to the
previous or subsequent image in the stretching sequence. For larger inter-
vals, most registration methods fail here. A comparison of the pixelwise
correlation between images registered with various methods is shown in
Fig.7.2¢, and the distributions are shown in Fig.7.2d. As expected, pure
translational registration leads to the lowest correlation (blue). From the
three registration methods tested, the affine transformation, which includes
rotation, shearing (biaxial), stretching (biaxial) and translation (biaxial), and
similarity transformation which includes stretching (isotropic), rotation and
translation (biaxial), lead to the highest correlation between the images.
The B-spline-based transformation accounts for local deformations, it is,
however, less robust for the scale of deformations we observe in our ex-
periments. Even though the B-spline analysis can be optimized, the high
correlation we achieve by affine and similarity transformations indicates
that the deformation is largely homogeneous and that a local analysis is not
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required. Comparison of the strains extracted from the two transformations
in Fig.7.2e and f shows that the strain is equibiaxial and therefore isotropic
in the field of view of the camera of the microscope. Due to the isotropic
strain, the substrate is deformed equally at each position, independent of
the orientation of, for example, structures in the cells. As the strain deter-
mined from similarity and affine transformations agree well, we use the
results from the similarity transform as the reference strain of the sample
and for the correction of the rotation of the images of the cells. While
other approaches to equibiaxial cell stretching have been reported [9-13],
most designs are not compatible with AFM measurements as they require
space above or around the sample. Even tough AFM measurements are not
included in this chapter, it is the aim of this project to combine structural
observations with mechanical characterizations with AFM. Our cell stretcher
therefore provides reliable stretching with isotropic strains of up to at least
0.25 and compatibility with AFM setups.
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Fig. 7.2: Cell stretching setup and characterization. a) Simplified technical drawing
of the cell stretcher. By rotation of the outer gear, the holding arms are pivoted and
the PDMS device deformed. b) Overlay of typical bead images recorded at increasingly
high extension. The images are aligned with a semi-automatic procedure. The rotation
and stretching of the membrane is visible. ¢) Performance of different registration and
transformation methods implemented in elastix. The correlation between a transformed
image and the corresponding, previous image is shown. d) Distribution of the correlation
results. e) Strain (€) values resulting from affine and similarity transformations between
each image and the respective previous image and f) corresponding cumulative product
of the extension (e 4 1) values. The data shown in c-f is from a single, representative

sample.

173



ISOTROPIC CELL STRETCHING

7.2.2 The cell area increases during isotropic stretching

After establishing the stretching device, we study the effect of isotropic
stretching on the cytoskeleton. We focus on the structural investigations first.
To this end, MDCK II cells are transfected with keratin K8-enhanced yellow
fluorescent protein (EYFP) and stained with SiR-actin before the stretching
measurements. Widefield fluorescence images of the actin structures are
shown in Fig.7.3a. In the images, it is apparent that the cell area increases
with the isotropic strain indicated in the figure. We analyze the cell area
Acen from the actin images with the segmentation software CellPose [14].
The cell area distribution of all correctly segmented cells at representative
strains is shown in Fig. 7.3b. The median value is marked with a blue line
in each distribution and the ratio of the median value with respect to the
median of the initial cell area A, o is indicated by orange circles. The
cell area increases throughout the experiment up to 1.55-fold. The area
increase of the substrate as calculated from the bead images (dashed line in
Fig. 7.3b) agrees remarkably well with the increase of the cell size, see also
Fig. C1 for a second example. This complete transmission of the stretching
indicates that the cells are well adhered to the PDMS membrane and do
not detach or reduce their cell size on the time scales of the stretching
experiment, where the cells are kept at each strain for approximately 5min.
A stretching-induced increase of the cell proliferation has been observed for
MDCK II cells and we expect the cell areas to decrease when the extension is
maintained at strainse > 0 for longer times than in our experiments due to
cells undergoing mitosis [15].

It is well established that MDCK I cells form strong cell-cell junctions
through tight junctions, adherens junctions and desmosomes, which all
provide connections between cells and from cell-cell contacts to the cy-
toskeleton [16, 17]. Since the cells are in a confluent layer at the start of the
experiment, any reduction of the cell size of single cells leads to an increase
of the cell area for other cells, i.e., an increase of the heterogeneity of the cell
size, unless cell—cell junctions are released. Such a heterogeneous response
of MDCK II cells to stretching has been observed [13]. We do not observe a
marked increase of the width of the cell area distribution, however, these
results are from a single measurement and more data is necessary to draw
any statistically significant conclusions.
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Fig. 7.3: The cell area increases with the isotropic strain. a) SiR-actin staining of
cells shows how the cell area increases with the isotropic strain. Magnifications of the
marked cells are shown in Fig.7.4. b) The actin images are segmented using CellPose
to extract the cell area distribution and median (blue line). The ratios of the median
cell areas with respect to the median of the initial cell area distribution are indicated by
orange circles. The expected area increase, calculated from the isotropic strain of the
bead images, is shown by the dashed line.

7.2.3 Actin stress fibers disassemble at increasing cell extension

Magnified images of single cells, shown in Fig.7.4, shows stress fibers.
During stretching, these stress fibers seem less continuous at low strains
than before strain is applied, and are not recognizable at strains above 0.15.

The low staining efficiency limits the number of cells in which any actin
structures, including stress fibers, are visible and we refrain from quan-
tification here. Nonetheless, we observe an overall loss of stress fibers in
the cells during isotropic stretching. Such a disassembly of stress fibers in
response to stretching stimuli has been observed previously as the first step
in stress fiber reorientation during uniaxial stretching [18]. The remodeling
of stress fibers during cell stretching has been shown to be sensitive to
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the frequency of cyclic stretching stimuli [19] where repeated stretching at
frequencies of 1 Hz prevents the assembly of stress fibers due to fluidization
of the actin cytoskeleton. Each extension increment is applied instantly
in our measurements and we sustain each strain for approximately 5min.
The short incubation duration is likely not sufficient for the cells to form
new stress fibers. For future measurements, it will be interesting to include
longer incubation times at each strain to further study a more dynamic
response of the cells.

To image the actin structures, we stain the cells with the jasplakinolide-based
label SiR-actin. We use the SiR-compound as it allows for a much higher
labeling efficiency than, for example, transfection of the MDCK II cells with
Lifeact [20]. To determine the cell size and observe the actin structure we
require a high labeling efficiency. A new, also jasplakinolide-based, labeling
compound has been reported [21] that provides a better labeling for cells
with high efflux activity such as MDCK II cells. The higher staining efficiency
would benefit the structural analysis, however, the labeling compound is not
yet commercially available. However, jasplakinolide is known to stabilize
stress fibers by preventing the depolymerization of F-actin also during cell
stretching [19] and will therefore bias the observations in our experiments.
Comparison of the response of cells stained with a jasplakinolide-based
label and cells transfected with Lifeact for actin visualization will give
insight into which processes are affected by the labeling procedure.
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Fig. 7.4: Stress fibers disassemble during the stretching experiment. Two typical
cells, stained with SiR-actin, are shown. Cells exhibit stress fibers at low strains that
become less pronounced at increasing isotropic strains. At the highest strain, the cell
shown in the left column start to retract. One example of a disappearing stress fiber is
indicated by white arrows in the left column.

As we eventually want to study the effect of the keratin cortex on the strain
response of the actin cortex, we compare actin cortex regions. In Fig.7.5a,c,
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we show typical cortex regions. Overall, the cortex seems less homogeneous
in the stretched cells than before stretching. Intensity profiles perpendicular
to the actin cortex before and at maximum strain show a widening of the
cortex: the FWHM of a Gaussian fit to the data increases by 0.4-0.5 um in
both cortex areas as shown in Fig.7.5b,d.
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Fig. 7.5: Comparison of the actin cortex before stretching and at maximum
strain. a,c) Fluorescence images of the actin cortex before (top, blue) and at maximum
strain € = 0.22 (bottom, orange). b,d) Intensity profiles of the regions marked in a,c),
respectively. The intensity is averaged along the long axis of the rectangles. The FWHM
of each Gaussian fit is indicated. All fluorescence images are shown to scale.
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Surprisingly, we do not observe a clear decrease of the intensity of the
cortex fluorescence. We expect such a decrease as the cortex has to adapt to
the increased circumference of the cells and a decrease of the actin density
in the cortex region has been observed for isotropically stretched cells [13].
However, in the published experiments, the cells were observed over longer
times than we allow the cells to adapt to the increased strain. Probably,
the internal, contractile forces “pulling” the cortex towards the cell center
lead to a widening of the cortex. Moreover, we observe that stressed or
dying cells accumulate more of the SiR-actin label, thereby increasing the
intensity. Even though a similar reduction of cortex density was studied
with SiR-actin and phalloidin staining [13], this increased susceptibility
might affect our results. Comparison of our results to cells without a keratin
cortex will elucidate the influence of the keratin cortex in the actin cortex
stability.

7.2.4 The keratin structure adapts to increasing strains

In contrast to the actin structures that change drastically, the keratin struc-
ture is much more robust. Keratin structures are known for their resilience
even at high cellular deformations [13, 22]. In Fig. 7.6, examples for MDCK I
cells, transiently transfected with keratin K8-EYFP, are shown. The transfec-
tion rate is low so that only few cells are visible despite them being part
of a confluent cell layer. The spoke-like keratin bundles are clearly visible
in all cells while the subplasmalemmal keratin cortex is mostly visible at
cell—cell contacts between labeled cells. In agreement with published results
[13, 22—25], we observe a straightening of the spoke-like keratin bundles
upon stretching, an example is indicated by white arrows in the left cell,
top and bottom in Fig.7.6. This straightening, i.e., the keratin becoming
load bearing, at strains where the actin cytoskeleten fluidizes has been
hypothesized to be a rescue mechanism against cell rupture [13].

We further observe that the spoke keratin bundles become less distinct at
increasing strains, see Fig. 7.6, right column. Such a decrease of the contrast
between spoke keratin bundles and cytosol in response to stretching has
been reported for other cell lines, where a decrease of the bundle diameter
was determined by fluorescence and electron microscopy [25]. The decrease
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Fig. 7.6: The keratin network during stretching. Transiently transfected cells from
two samples are shown. The isotropic strain is indicated in each image. Keratin bundles
straighten at increasing strains, one example is indicated by white arrows in the left

column.
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of the bundle diameter is followed by an increase of keratin phosphorylation
[23, 24] which has been hypothesized to be a mechanism for the cell to
reduce the mechanical stress that keratin bundles exert on desmosomes
to maintain the integrity of tissues [25]. In our experiments, bleaching is
likely also a cause for the decreasing contrast and the exposure time for
the imaging of the keratin structures had to be increased from 50 to 150 ms
throughout the experiment for the cells shown in the left column in Fig. 7.6.
The extent of the bleaching can be tested by imaging unstrained cells with
the same imaging protocol used here and comparing any loss of intensity
to the data recorded for the strained cells.

We detect no quantifiable change of the keratin cortex structures. However,
these observations are based on the three cells presented in Fig.7.6 and
the experiments have to be repeated for any meaningful conclusions to
be drawn. Ideally, experiments will be repeated with cells with a higher
transfection rate, for example by establishing a stable transfection. Nonethe-
less, the observations we make here are in good agreement with published
results.
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7.3 CONCLUSION

Our measurements clearly show a drastic difference between the response
of the actin and keratin networks to isotropic cell stretching. We already
observe a disassembly of the actin stress fibers and an increasing hetero-
geneity and broadening of the actin cortex. Whereas the response of the
stress fibers is in agreement with other published observations [18], we
expect a dilution and decrease of the actin cortex [13] that is not apparent
from our data. As our images are recorded with widefield fluorescence
microscopy, measurements with higher resolution will be beneficial to accu-
rately determine structural changes. Higher resolution is further relevant to
image the keratin cortex, as we do not observe an effect of the stretching on
the keratin cortex here. In combination with a higher labeling efficiency of
both the actin and keratin filaments, high resolution imaging will allow for
the analysis of the interplay of the actin and keratin cortices. Comparison
of the structural observation from these experiments with measurements of
cells lacking the keratin cortex will give insight into the role of the subplas-
malemmal keratin structure for the overall cell response and the effect on
the actin structure under stretching conditions. In future experiments, we
plan to combine the stretching device we have developed here with AFM
measurements to quantify the mechanical properties of the cortex regions
under strain for wt cells and cells lacking the keratin cortex. The combina-
tion of the cell stretching device with widefield fluorescence microscopy
provides insight into the response of MDCK II cells and their cytoskeletal
structures to isotropic stretching which provides the basis for many future
measurements. This long list of unstudied questions shows the potential of
the cell stretching device we have developed.
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DISCUSSION AND CONCLUSION

Cells can regulate their mechanical response to stress
through the versatile IF cytoskeleton. For example, on
long time scales of hours and days [1], differential ex-
pression of IF proteins can lead to a definite change in
the motility and stiffness of cells [2]. One prominent ex-
ample is the decrease of the keratin expression levels
during the epithelial to mesenchymal transition, which
is accompanied by an increased vimentin expression [3].
This pathway to changing the mechanical properties is
highly complex and relatively slow.

On shorter time scales, for example, during mechani-
cal stimulation by stretching, cells can alter IF mechan-
ics through post-translational modifications. An increase
of phosphorylation, the most studied post-translational
modification [4], of keratin filaments is observed within
10-305s of stretching of lung epithelial cells [5, 6]. As it has
been shown that phosphorylations at specific positions in
the IF sequence soften single filaments [7], the increase of
phosphorylation during cell stretching might be a mech-
anism to maintain a constant load on cell-to-cell contacts
[6] and thereby sustain tissue integrity. This modification
of the existing IFs is less time and energy consuming than
the exchange of the protein type by differential expres-
sion [8].

These two examples show how cells can exploit the tun-
ability of IF cytoskeleton mechanics on multiple scales.
We show that on time scales of seconds, networks of
one type of IF also possess plenty of potential to directly,
i.e., without enzymatic modification, and possibly locally,
tune their mechanical properties. In chapter 5, we show
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DISCUSSION AND CONCLUSION

with OT measurements that by small changes in the en-
vironment, i.e., the pH and the ion concentrations in
the buffer, the mechanical properties of single vimentin
IFs are drastically altered (Fig.8.1). In particular, the pH
of the environment sensitively tunes the mechanical re-
sponse of vimentin filaments within seconds. Interest-
ingly, the stretching behavior of single filaments is mostly
unaltered at physiological concentrations of KCl [9] and
at all MgCl, concentrations we measure here, whereas
sub-physiological KCl concentrations clearly lead to a
softening and destabilization of the filaments. Vimentin
IFs therefore not only show force-strain curves that are
reminiscent of the stretching response of coiled coils [10,
11], the building blocks of all IFs [12], but also that the re-
sponsiveness of coiled-coils to pH and ion concentrations
[11, 13-16] is preserved in the filaments. This ion depen-
dence, and especially the pH sensitivity, might allow cells
to tune the mechanics of their IF network without having
to express a different protein or chemically modify the
protein. We therefore hypothesize that the tunability of
single vimentin filaments we have uncovered here repre-
sents a fast mechanism to alter IF mechanics of relatively
low complexity.

We have so far reduced the system to one single fila-
ment and quantified single filament mechanics. The IF
cytoskeleton is, however, formed by more than one single
filament so that interactions between IFs become relevant.
Therefore, in the next step of our multiscale approach to
study the tunability of IF mechanics, we increase the com-
plexity of the system from one filament to two filaments.
We directly measure interactions between two single vi-
mentin filaments with four OTs (Fig. 8.2), and complement
the measurements by Monte-Carlo simulations in chap-
ter 6. Through the addition of a detergent, we determine
that hydrophobic interactions play no measurable role for
vimentin-vimentin interactions. In contrast, we ascertain
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that transient, Mg”-mediated interactions between vimentin filaments
decrease the rates of force-independent unbinding, compared to interactions
between filaments solely in presence of monovalent ions. The decreased
force-independent unbinding rates effectively lead to a stabilization of the
interactions. Such binding kinetics could so far only be indirectly inferred
from rheological studies

The next level of complexity is a full network, where many filaments
interact. The stabilization of the interactions by Mg?* ions leads to a stiff-
ening of the network structure. A continuous stiffening of IF networks at
increasing concentrations of multivalent ions has been reported [17-20].
Above a threshold ion concentration that varies with the ion type and
charge, IF networks [20-26] collapse to dense structures. With the results of
the quadruple OTs interaction experiments, we can attribute this collapse
to an increased force-independent binding rate, which we only observe
at a high Mg?"-concentration which is well above the collapse-threshold
concentration.

Any of the buffer variations, which effectively disturb the environment
of the IFs, always affect multiple processes on multiple scales, and it is
often necessary to investigate the temporal evolution of the mechanical
properties. For example, by combining the results from the multiscale
approach with filament elongation studies, we show that introducing Mg?*
ions during network formation slows down vimentin filament elongation
and stabilizes the interactions between filaments, whereas single filament
mechanics remain mostly unchanged. The altered elongation kinetics, in
turn, translate to a delayed network maturation. Similar effects were also
observed for keratin networks [27]. All of these processes contribute to the
network mechanics and their evolution over time. Through an extended
measurement period of six days, we show that vimentin networks continue
to stiffen over the complete duration of the experiments.

By disentangling these effects in separate measurements and subsequently
increasing the complexity of the system, we can quantify the influence of
the ion mediated, electrostatic as well as hydrophobic interactions on elon-
gation, filament mechanics, and interactions. By studying vimentin filament
networks by active and passive microrheology, we show in chapter 6 that all
three properties — elongation, stretching response, and filament-filament in-
teractions — as well as bundling affect the final network mechanics (Fig. 8.3).
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DISCUSSION AND CONCLUSION

We conclude that single IF properties and their role in the
final network mechanics can only be determined with
such a multiscale approach.

As cells seem to rely on the unique mechanical resilience
of IFs, the stretching response of single IFs and the un-
derlying structural changes have been discussed in detail
in this thesis (chapters 2.2.2 and 5) and in literature [7,
29-36]. However, the structural changes IFs undergo in
the cellular environment might differ from these changes
observed for single filaments. Recent nonlinear Raman
imaging studies of the secondary structure of vimentin
in cells that were subjected to different mechanical envi-
ronments, show the coexistence of alpha-helical and beta
sheet structures [37]. Similar studies of IFs in mechanically
stressed cells, for example by employing the isotropic cell
stretcher developed in chapter 77, will shed light on the
structural changes IFs undergo in the complex environ-
ment of the cytosol of living cells. The persistence length
determined from fluctuations of vimentin filaments in
small confined microfluidic channels [38] or from fluctu-
ations of vimentin filaments in cells [39] are remarkably
similar. The single filament mechanics we measure with
the OTs setup might be transferable to vimentin proper-
ties in cells. This hypothesis can be tested by studying
the response of single, fluorescently labeled vimentin
filaments as in Ref. [39] in cells during stretching.

In contrast to the relatively loose network structure of vi-
mentin in the periphery of cells, keratin filaments are
known to form bundles in cells [40]. To transfer the
mechanical properties of keratin filaments [35] to their
mechanical role in the cell environment, it will be in-
teresting to measure the mechanical response of keratin
bundles. The comparison of different types of IFs can
reveal the mechanisms underlying their mechanical prop-
erties. Additionally, the measurement of single interac-
tions between different types of IFs, for example keratin
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and vimentin filaments, is highly relevant, as some cells
[6] express both types of IF proteins. Moreover, during
the epithelial to mesenchymal transition, both proteins
are present. Biochemical assays of cells coexpressing vi-
mentin and keratin proteins have shown a direct interac-
tion between the two IFs and the coexistence of both IF
networks has been observed to be crucial for the healthy
migration of these cells [41].

So far in our studies, we have focused on the direct tun-
ability of the IF properties, interactions, and the resulting
network properties. The IF cytoskeleton might, however,
furthermore, contribute to the tunability of cell mechan-
ics through interactions with other cytoskeletal compo-
nents. As demonstrated in Ref. [42], interaction forces and
kinetics between vimentin filaments and microtubules
can be quantified. Since observations in cells indicate
some degree of interplay between the two cytoskeletal
networks [43], such direct measurements of interactions
are indispensable to understanding the mechanism be-
hind the cytoskeletal crosstalk. Very recently, observa-
tions of interpenetrating networks of actin filaments and
vimentin filaments in the cell cortex region of fibroblasts
were reported [44]. From electron microscopy studies,
the authors of Ref.[44] hypothesize that the filaments
either directly interact or that interactions are mediated
by small proteins. These hypotheses can be tested using
the quadruple OTs approach. Moreover, the effect of solu-
ble globular actin on the stretching response of vimentin
filaments may give additional insight to the mechanisms
of the interactions and the question, which subunits in-
teract. As the actin filaments in cells are constantly under
tension [44], it will be enlightening to study the effect
of pre-straining of both filaments individually on the
actin-vimentin crosstalk. As different types of IFs have
now been observed in close proximity to the actin cortex
[44, 45], extending the multiscale approach by the study
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DISCUSSION AND CONCLUSION

of the response of these actin-IF cortex structures in mechanically deformed,
living cells with our isotropic cell stretcher becomes even more relevant
(Fig.8.4). Comparison of the reaction of the actin cortex to stretching in the
presence and absence of different types of IFs might reveal the differences
and similarities between the roles of the specific IF proteins in cell cortex
mechanics.

Moreover, the changes IFs undergo through altered environment conditions
will likely affect the interactions with other cellular, non-cytoskeletal com-
ponents. For example the molecular chaperone (aB-crystallin) is known
to preferentially bind to desmin IFs at low pH rather than slightly basic
pH conditions [46]. The bound small proteins likely affect the mechanical
response of the single filaments as well as network interactions, which may
both be quantified by our multiscale approach. The altered interactions
with binding factors further increase the number of ways in which IFs are
involved in the tunability of cellular responses.

CONCLUSION

In essence, we have characterized various mechanisms by which the me-
chanics of the IF cytoskeleton can be tuned. We reveal different ways in
which cells may be able to tune their stiffness on multiple time scales and
levels of complexity: i) Filament elongation is impeded through the inhibi-
tion of hydrophobic interactions or introducing Mg?"-mediated electrostatic
interactions. This deceleration of the elongation consequently slows down
the maturation of networks. ii) We observe a softening of single filaments by
reducing the concentration of KCL iii) By contrast, single filaments stiffen
through the reduction of the pH-value. iv) Stabilization of the interactions
between filaments by the addition of Mg?* ions leads to a stiffening of net-
works. Network stiffening is further promoted by Mg?"-induced bundling.
The IF cytoskeleton therefore presents a system through which cells might
be able to quickly and locally adapt to altered mechanical requirements
without having to rebuild the entire cytoskeleton. In combination with
simulations, we determine the mechanisms by which charge shifts alter
single vimentin filament mechanics and we extract energy landscapes for in-
teractions between single filaments. The multiscale approach we implement
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here, including single filament elongation studies, dual and quadruple OTs
measurements, microrheology, and the cell stretcher, thereby allows for the
study of a plethora of mechanics-defining processes within the cytoskele-
ton. Such insights will provide a deeper understanding of the mechanisms
by which cells can maintain their integrity and adapt to the mechanical
requirements set by their environment.
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SUPPORTING INFORMATION: TUNING
INTERMEDIATE FILAMENT MECHANICS BY
VARIATION OF PH AND ION CHARGES

A.1 FLOW SIMULATIONS
Reproduced from Ref. [1]

The concentrations and pH conditions given are the buffers that were in-
jected into the microfluidic chip. Because the flow was stopped during
incubation and stretching of the filaments, diffusion of the cations between
the assembly and measuring buffers, and the assimilation of the pH have to
be considered. This means that the conditions in proximity to the filament
during the measurement were slightly different to the injected buffer. The
temporal evolution of the salt concentrations and the pH at the measure-
ment position was simulated and is described in the following.

First, the equilibrium ion distribution in the chip is simulated under flow.
Taking this as a starting condition, a second simulation is calculated without
flow, only allowing diffusion. The change of the concentrations of the cations
and H" ions is simulated at the position of the force-strain measurement
(Fig. A1a, red mark) for a duration of 5 min. The equilibrium pH is reached
within the first minute and then stays relatively constant over time and in
the flow cell. This resulting equilibrium pH was clearly distinguishable for
the different measuring buffers. The change of cation concentrations (Mg?"
from the measuring buffer, K™ from the adjacent assembly buffer) is shown
in Fig. A1b for the example of the 10 mM MgCl, measuring buffer.
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Fig. Al: Results of FEM simulations. a) Schematic of the flow cell including simulated
stream lines of the in-flowing buffers. In the experiment, beads in measuring buffer are
injected in channel 1, measuring buffer in channel 2, assembly buffer in channel 3 and
vimentin in assembly buffer in channel 4. In Fig5.1b in the main text, we omit channel
2, as it is solely used for calibration of the traps and not crucial for the understanding of
the measurement procedure. It is, however, relevant for the flow properties presented
here. The colors correspond to the cation species of the buffer (blue: KT, green: Mg?*).
For this simulation, the measuring buffer contained 10 mM Mg?* and the assembly
buffer 100mM K. IFs and beads were not included in the simulation. The position
of the measurement is marked in red and corresponds to the position for which the
development of the cation concentrations after stopping the flow was calculated. b)
Plot of the temporal evolution of the concentrations of Mg?™ and KT ions at the
measurement position after stopping the flow. The time window of the measurement is
indicated. Reproduced from Ref.[1].
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A.1 FLOW SIMULATIONS

For the experiments where we measure single interactions, we use the
microfluidic flow cell as shown in Fig. A2. The decrease of the concentration
by diffusion is plotted in Fig. A2a-d. The position of the measurement is
marked by the black square in Fig. Aze.
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Fig. A2: Temporal evolution of the concentration of TX and Mg?" at the measure-
ment position for the interaction measurements. a) Concentration of TX with the
starting condition 0.16 mM. Because of the detergent properties of TX, the diffusion coef-
ficient depends on the concentration. For this concentration Dty = 8.25 x 1077 cm?s~!
is used [2]. b) Concentration of TX with the starting condition 1.6 mM. For this condition,
D1y = 6.93 x 1077 cm?s~ ! is used [2]. c), d) Concentration of Mg?t for 5mM and
20mM MgClp measuring buffer with Dy >+ = 0.594 x 10~ cm?s~! [3]. The duration
of the experiments is marked in gray. e) Flow cell used for finite element simulations.
The flow lines for the measuring buffer are highlighted in orange. The measuring position
is marked with a black square and the flow direction is indicated by the gray arrow.
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A.2 SINGLE FORCE-STRAIN CURVES
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Fig. A3: Force-strain curves for each measured salt condition. a)-e) All single

measurements of stable filaments are plotted (thin lines) along with the average curves
(bold lines, as shown in Fig.5.2a in the main text). Reproduced from Ref.[1].
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Fig. A4: Force-strain curves for each pH condition measured. All single measure-
ments of stable filaments are plotted (thin lines) along with the average curve (bold
lines, as shown in Fig.5.2b). a)-e) Show data recorded at increasing pH values and f)
measurements at pH 5.8 with 100 mM KCI. Reproduced from Ref. [1].
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SUPPORTING INFORMATION: MULTISCALE
MECHANICS AND TEMPORAL EVOLUTION
OF VIMENTIN INTERMEDIATE FILAMENT
NETWORKS

B.1 ADDITIONAL INFORMATION FOR ELONGATION MEASUREMENTS

1 KCI 100 mM KCI + 5 mM MgCl2

Fig. B1: Example fluorescence microscopy images after 71 h assembly duration.
The filaments are assembled at 0.2 g/L in the respective buffer and diluted 100-fold for
imaging. The corresponding length distributions of several of such images are shown in
Fig. B2. Reproduced from Ref. [4].
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B.1 ADDITIONAL INFORMATION FOR ELONGATION MEASUREMENTS

Fig. B2: Opposite page. Histograms of filaments lengths measured by fluorescence
microscopy images after the given assembly duration. The filaments are assembled
at 0.2g/L and diluted 100-fold for imaging. N denotes the number of independent
data sets and n the cumulative number of measured filaments from all experiments.
For each experimental repeat, about 300 filaments were traced at each time point and
condition. The statistical p-value corresponding to the comparison of the Tx/MgCl,-data
to the control condition at each time point is indicated above each plot. We use the
Kolmogorov-Smirnov test to compare the distributions. Reproduced from Ref. [4].
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Fig. B3: Extent of the filament elongation reaction. Top: Example length histograms.
The extent of the reaction, g, results from fits of the length histograms with the integrated
version of the Flory-Schulz distribution (dashed line) and the corresponding distribution
(solid line). The data are shown for one experiment after 3h and 30h of assembly
for protein concentrations of 0.2g/L. Bottom: Fit results for the extent of reaction g
for vimentin assembled in a) assembly buffer + 0.16 mM TX, b) pure assembly buffer
and c) in assembly buffer + 5mM MgCl,. The different shades of each color indicate
independent repeats of the experiment. Reproduced from Ref. [4].
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B.2 DATA ANALYSIS OF MICRORHEOLOGY MEASUREMENTS

Sections B.2.1 and B.2.3 were written by Peter Nietmann for publication in
Ref. [4].

B.2.1 Passive microrheology
Reproduced from Ref. [4]

The fluctuation-dissipation theorem can be applied to the recorded ther-
mal motion of microparticles embedded in a viscoelastic medium that
is in equilibrium on the time scale of the measurement. By utilizing the
fluctuation-dissipation theorem, we imply that the medium, here the fila-
ment network, reacts to small, time-dependent external disturbances the
same way it reacts to internal thermal fluctuations. The viscoelastic proper-
ties of a medium are characterized by the shear modulus G*(w), which is
connected to the thermal fluctuations of the microparticles via a generalized
Stokes-Einstein equation. A Laplace unilateral transformation — denoted by
the tilde symbol - of the generalized Stokes-Einstein equation results in

~ kgT

G(s) = m (B.1)

with the particle diameter 4 and the Laplace frequency s. The MSD (Ar?(7))
is directly calculated from the thermal fluctuations of the microparticles for
the lag time 7. The difficulty lies in the Laplace transformation of the data
over a limited frequency range, which can distort the result. To simplify the
fitting process, a limited frequency range is described by a local power law
and G*(w) determined analytically [5, 6]. The local power law is extracted
from the logarithmic time derivative of the MSD.

o kT
&7~ ra{Ar?(1/w))T[1+ a(1/w)] (B-2)
dIn (A
a(1) = nflth 2 (B3)

Here, I is the gamma function and a the local power-law exponent. Using
the second order for this step improves performance of the algorithm [7].
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We use a custom Matlab code based on this method to calculate G* [8].
Finally, the complex shear modulus G* is separated into the real part, the
storage modulus G'(w), and the imaginary part, the loss modulus G” (w).
Interestingly, the heterogeneity observed in the confocal image of the net-
work in Fig.6.1a (bottom) is not obvious in the single MSD curves in Figs. B4-
B6. We attribute this observation to the fact that only microparticles that
are embedded in sufficiently dense network regions are accessible by our
method and thus conclude that the regions where particles are embedded
are homogeneous.
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B.2.2 Single curves from passive microrheology measurements
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Fig. B4: All single MSDs recorded for each assembly duration in KCI buffer. The
median curves are highlighted. n denotes the number of samples measured, followed by
the number of particles per measurement. Reproduced from Ref. [4].
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Fig. B5: All single MSDs recorded for each assembly duration in 5mM MgCl,
buffer. The median curves are highlighted. n denotes the number of samples measured,
followed by the number of particles per measurement. We observe variation between
different samples prepared with the same concentration of MgCly, in particular at early
time points. However, for each individual sample we obtain consistent MSD curves.
Reproduced from Ref. [4].
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Fig. B6: All single MSDs recorded for each assembly duration in 0.16 mM TX
buffer. The median curves are highlighted. n denotes the number of samples measured,
followed by the number of particles per measurement. Reproduced from Ref. [4].
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Fig. B7: All single MSDs recorded at varying vimentin concentrations for each
assembly duration in KCI buffer. The median curves are highlighted. N denotes
the number of particles for each measurement. The data are from one sample per
concentration.
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Fig. B8: All single storage (black) and loss (gray) moduli recorded for each

assembly duration in KCI buffer. The median curves are highlighted, the solid line

corresponds to G’ and the dashed line G”. The number of samples and particles per
measurement are provided in Fig. B4. Reproduced from Ref. [4].
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B.2.3 Active microrheology

Reproduced from Ref. [4]
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Fig. B11: Comparison of active and passive rheology. The single G’ and G” curves
from passive measurements after 71 h assembly time are shown by thin black and gray
lines, respectively. The median of the samples is plotted with a bold line (G’) and bold,
dashed line (G”). The active measurements are recorded on the same day. Rheological
properties for measurements in 100 mM KCl plus a) 0.16 mM TX, b) nothing or ¢) 5mM
MgCl. Reproduced from Ref. [4].

The amplitude-phase shift data are analyzed with a custom Matlab code.
The particle is oscillated in the potential of an optical trap with the trap
stiffness x and the amplitude A. The equation of motion for the particle is
modeled with statistical random forces fr(t) acting on the particle and a
drag force with the complex viscosity 77*(w) as response of the surrounding
medium:

mi = —6man* (w)x — fr(t) + kx + Kk Ae". (B.4)

The equation is solved with a dampened and phase shifted sinusoidal
motion:

x(t) = D(w)e'@Wt=3w)), (B.5)

where D is the amplitude of the particle motion and J its phase shift with
regards to the driving force [9].
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By neglecting the comparably small random forces and the inertial term for
low oscillation frequencies, we can use a generalized Stokes-Einstein equa-
tion to connect the complex shear modulus G*(w) with #*(w), *(w) =
% We arrive at an expression for G* with D and ¢ as only remaining
unknowns, which are determined by a sinusoidal fit to the trap motion as

well as to the particle motion.

K

G =g

<g (cos(8(w) +isin(6(w)))) — 1) (B.6)

This complex term is separated into the real part, the storage modulus
G'(w), and the imaginary part, the loss modulus G” (w) [10].

Gw) = 5 <g<cos<5<w>>> - 1) 2)
¢ (w) = £ (§<sin<6<w>>>) B8)

B.3 MODELING SINGLE INTERACTIONS

Sections B.3.1, B.3.2 and B.3.4 were written by Charlotta Lorenz for publica-
tion in Ref. [4].

B.3.1 Reaction rates
Reproduced from Ref. [4]

We model single interactions between two vimentin intermediate filaments
with a two-state model since the filaments can be either in a bound (b) or
an unbound (u) state. We describe the transition between the two states,
i.e. the binding and unbinding rate, 1, and r,, respectively, with Bell-Evans
kinetics [11]. The reaction rates, with the force F(t), the activation energy
E4p or E4y, the constant prefactor attempt rate ry; or rq,, the potential
width x; or x, and the thermal energy kpT at time f are
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rp(f) = rop exp (;S?b> - exp <—1};(3123%> , (B.9)
ru(t) = 1o, exp (7{5:}”) -exp <PIE;);”> : (B.10)

The transition rates have a force-independent contribution, 7, j, or 7.,

—E

Teh = Tob €XP ( kB?“b> , (B.11)
—E

Teu = T0,u €XP < k}g‘;,”) , (B.12)

and a force-dependent term, scaling with the distance to transition state
xp or x,. The sum of x; and x, has a constant value x. to ensure detailed
balance [12]. The rate equations may be either solved by simulating many
single interaction events or numerically, as described in detail in Ref. [13].

B.3.2 Microscopic model of the filament interaction
Reproduced from Ref. [4]

To solve Eq. B.g and Eq. B.10, we derive the functional shape of the force
increase F(t) with a microscopic modeling approach. To this end, we de-
scribe the filaments as a combination of springs. Two factors contribute
to the force increase at the interaction site: 1. The elastic stretching and
the entropic stiffening of the vimentin filaments, and 2. the variation of
the deflection angle between the filament sections of filament f12 and the
direction of motion of beads b3 and b4.
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0 0.5 1 1.5
t/s

Fig. B12: Parameters required for the microscopic model qualitatively describing
the force increase in the quadruple optical tweezers experiment. a) Lengths and
extensions of the filaments. b) Microscopic model of two interacting filaments with
the spring constants required to calculate the force increase on the interaction. c)
Theoretically expected force increase resulting from the microscopic model. Reproduced
from Ref. [4].

1. Elastic and entropic filament stretching

We model vimentin filaments with a spring constant k;; as consisting of
an elastic (k1), and an extension-dependent, entropic (ken ;) spring that are
connected in series, as sketched in Fig. Bi2b, where i is the index for the jth
filament section as marked in Fig. B12a:

1 1\!
kii={—+ ) . B.1
fi <kel ken,i ( 3)

The elastic spring constant of the of vimentin filaments is set to k¢ =
(0.22 £ 0.06) pN/nm [14]. To calculate the entropic spring constant, we
assume a worm-like chain model to describe the end-to-end extension /. ;
of the i filament section, with the entropic force F,, the persistence length
Ip, kpT and the contour length of the ith filament section loi [15]:

Elp Ly, 1 1
letP e, _ - B.1
kgT lc,i 4 (1 _ ZEL)Z 4 ( 4)
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We set the initial stretch c; of the filament to ¢s = lpes /1. i, Where I, is the
initial end-to-end extension. With the extension of the entropic spring Ley, ;,
the end-to-end distance is I, ; = lees,i + Len,i- We approximate the entropic
spring constant of a filament section by the derivative of the entropic force
with respect to the extension of the entropic spring:

dF, d [ kT [ Lens 1 1
k i — pr— z -
et dLen,i dLen,i Ip lc,i ot 4 (1 _ Leni c )2 4
lc,i s
ksT [ 1 2
—b° = z . B.1
lp (lc,i 2((C5 — 1)lc,i + Len,i)3 ( 5)

The extension of the entropic spring depends on the total extension ALy ; of
the filament section and the elastic spring in the filament model, assuming
that the force acting on the entropic and elastic spring is the same:

Lonj = -9 AL - (B.16)
We rewrite the total extension of the filament section in terms of the angle
a; by which the ith filament section is deflected while it is moved down, the
bead diameter g, the distance Ay;» by which the point of interaction moves
and the length I; of the i" (i = [1,2]) filament section when the filaments
start to interact:

Aylz a
—=——1. B.
sina; 2 h (B.17)

ALtot,i -

Substituting Eq. B.16 and Eq. B.17 into Eq. B.15 results in:

kBT 1 12'
ken,i(Ay12) === | 7= — . = A 3 |-
P 2 [(Cs = Dlei + 45 (siry\fi —a- ll)]
i=1,2].

(B.18)

We solve this equation for k.,; with the Matlab function vpasolve. A
maximum of three solutions are possible and we assume the one with
solely a real part is the physically feasible solution.
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In analogy to the spring constants of filament sections 1 and 2, we calculate
the spring constant of filament section 3. However, the distance Ay; by
which filament section 3 is extended is set by the distance that beads b3
and b4 are moved and by Ayi,. v is the speed with which the beads are
moved and t is the time after the interaction starts:

vt = Ays + Ay1o. (B.19)

Thus, the entropic spring constant of filament section 3 is:

kgT | 1 12
ken3(Ay12) = TB - == 5 | - (B.20)
N [(cs —1)les + it (ot - Ayu)}

2. Deflection of the filaments

The filament sections 1 and 2 are deflected when an interaction forms and
beads b3 and b4 are moved, leading to an increased contribution to the
force in the y direction. We calculate the projection of the forces on the y
axis with the factor cg ;:

Ay
Ay1p )) _ li+alfz

cg,i(Ay12) = sina;(Ay12) = sin (arCtan <li /2

see Figs. 4.3 and B12 for definition of the parameters. The total force acting
on the interaction site in the y direction therefore is:

F = <Cg,1 (Ay12)kf,l (Aylz) + Cg,Z(Ayu)kf,Z(AylZ)) . Ayu . (B.22)

The forces in the y direction are balanced, F = F3, and by using Egs. B.19
and B.22 we thus obtain:

(g1 (Ay12)k 1 (Ay12) + g2 (Ayr2)kf2(Ay12)) - Ay1o = (vt — Ay12) - k3 (vt — Ay1z) -
(B.23)
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We solve Eq. B.23 with the Matlab function fminsearch. A typical, calculated
force increase is shown in Fig. Bi2c, and it qualitatively resembles the
experimental data. The calculated force increase is well-described by an
exponential function for small forces and a subsequent linear increase.

B.3.3 Experimental force increase
Reproduced from Ref. [4]

The results of the microscopic model as well as the experimental force-time
curves are well represented by a simplified description consisting of an
exponential increase at low forces and a linear increase at times t > ft..
Therefore, this simplified description is used to fit the experimental data,
curves that reach forces > 10 pN are fitted by:

f(t) = Aexp(Bt) t <t

g(t) = f(te) A+ B(t—t)) t=>t,

E(t) =

utilizing that F(f.) is continuous and differentiable. The parameters A and
B are constants. Experiments where the interaction ruptures at < 10pN are
fitted by f(t). We perform this analysis for all initial increases that start at
zero force. For rebinding events under force (kinks), the increase is assumed
to be equal to the initial increase in the same measurement.

B.3.4 Comparison of simulated and experimental data
Reproduced from Ref. [4]

To determine r,, and x,, Eq. B.g and Eq. B.10 are solved for different pairs of
teu and x, with the force increase F(t) derived from the experimental data.
Teyu is varied from o.01 s'too5slin steps of 0.01 s~ 1 and x, is varied
from onm to 0.8 nm in steps of 0.01 nm. The resulting force distributions
for all experimental force increases and a specific r, ,—x, pair are averaged
and compared to the experimental force histogram with the Kolmogorov-
Smirnov test [16]. If the simulated and experimental histograms differ less
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than allowed by the 5% significance level of the Kolmogorov-Smirnov test,
the 7, ,—x, pair is accepted. We start with the evaluation of r.,-x, pairs
around r,, = 0.1 s 1 and x, = 0.1 nm, and evaluate only r,,—x, pairs
around previously accepted r.,-x, pairs. We determine the values of r,
and x, at the centroid of the valid parameter space, 7., and X,, shown in
Fig.6.12d.

B.3.5 Calculation of the energy landscape
Reproduced from Ref. [4]

To calculate the energy landscapes in Fig. 6.12e,f, we calculate the equilib-
rium free energy difference AG from the force-independent binding 7, ,
and unbinding rates at the centroid of the valid parameter space, 7, ,:

AG = —kpTln <r> . (B.24)
Teb

The absolute values of the activation energies cannot be determined from

our experiments. However, we can calculate the differences between activa-

tion energies between different conditions, e.g. condition M (¢(MgCl,)=5 mM)

and condition T ¢(TX)=0.16 mM):

—Eapm )
TebM _ P ( kT = kpTIn <r€,h/M
TebT  exp ( - EBATh,T ) Veb,T

We set the sum x. of x; and x, to x. = 2nm as shown in Fig. 6.12¢,f. The
exact value of x; in the range of 0.4 — 2nm does not change the resulting
force histograms, since r,, dominates the force-dependent term of Eq. B.9.
From ¥, and x., we calculate x;,. We directly plot x, and x, in the energy
landscape as the distances from the bound or unbound state to the transition
state.

> = Eapr —Eapm-  (B.25)
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SUPPORTING INFORMATION: RESPONSE OF
ACTIN AND KERATIN STRUCTURES TO
ISOTROPIC CELL STRETCHING
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Fig. C1: The cell area increases with the radial strain. In a second set of measure-
ments, the observed cell area increase also matches the area increase calculated from
the bead images (dashed line). The median values of the distributions are indicated by
a bold line, the ratios of the median cell areas with respect to the median of the first
analyzed cell area distributions are marked with a circle.
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Fig. C2: Strain calculated from bead images. The strain, calculated from the results
of affine and similarity transform from three separate stretching experiments.
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APPENDIX

LIST OF ACRONYMS

AFM atomic force microscopy

BFP back focal plane

DLS dynamic light scattering

DMSO dimethylsulfoxid

DNA deoxyribonucleic acid

DWS dynamic wave spectroscopy

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
EDTA 2,2’,2”,2"”’-(ethane-1,2-diyldinitrilo)tetraacetic acid

EGTA 3,12-bis(carboxymethyl)-6,9-dioxa-3,12-diazatetradecane-1,14-dioic
acid

EYFP enhanced yellow fluorescent protein
FWHM full width half maximum

IF intermediate filament

KO knock-out

MAC methylamine hydrochloride

MDCK II Madin-Darby Canine Kidney II
MDCK Madin-Darby Canine Kidney

MES 4-morpholineethanesulfonic acid
MPT microparticle tracking

MSD mean squared displacement
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ACRONYMS

NA numerical aperture

OTs optical traps or optical tweezers
OT optical trap

PB sodium phosphate buffer

PBS phosphate buffered saline
PDMS poly(dimethylsiloxan)

PLA poly(lactic acid)

PSD position sensitive detector

PTFE poly(tetrafluoroethylene)

QPD quadrant photo diode

TRIS 2-amino-2-(hydroxymethyl)propane-1,3-diol
TX TritonX-100

ULF unit length filament

WAXS wide-angle X-ray scattering
WLB worm-like bundle

WLC worm-like chain

wt wild-type
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he mechanical properties of cells are largely determined by the cytoskeleton.

The cytoskeleton is an intricate and complex structure formed by protein
filaments, motor proteins, and crosslinkers. The three main types of protein
filaments are microtubules, actin filaments, and intermediate filaments ( IFs ).
Whereas the proteins that form microtubules and actin filaments are exceptionally
conserved throughout cell types and organisms, the family of IFs is diverse. For
example, the IF protein vimentin is expressed in relatively motile fibroblasts, and
keratin IFs are found in epithelial cells. This variety of IF proteins might therefore
be linked to the various mechanical properties of different cell types.

In the scope of this thesis, | combine studies of IF mechanics on different time
scales and in systems of increasing complexity, from single filaments to networks
in cells. This multiscale approach allows for the simplification necessary to
interpret observations while adding increasing physiological context in
subsequent experiments. We especially focus on the tunability of the IF mechanics
by environmental cues in these increasingly complex systems. In a series of
experiments, including single filament elongation studies, single filament
stretching measurements with optical tweezers, filament-filament interaction
measurements with four optical tweezers, microrheology, and isotropic cell
stretching, we characterize how electrostatic (pH and ion concentration) and
hydrophobic interactions (detergent) provide various mechanisms by which the
mechanics of the IF cytoskeleton can be tuned. These studies reveal how small
changes, such as charge shifts, influence IF mechanics on multiple scales. In
combination with simulations, we determine the mechanisms by which charge
shifts alter single vimentin filament mechanics and we extract energy landscapes
for interactions between single filaments. Such insights will provide a deeper
understanding of the mechanisms by which cells can maintain their integrity and
adapt to the mechanical requirements set by their environment.
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