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INTRODUCTION

1.1. DEFORMABILITY AND STRENGTH OF CELLS

Cells in our body are deformable, as can be seen when they are subject to external forces
and when they actively deform themselves [1]. For example, immune cells and metastatic
cancer cells migrate through dense extracellular matrices [2]. On the length scale of a
cell, the extracellular matrix is highly non-uniform [3]. Cellular migration therefore re-
quires continuous shape adaptation [4]. Similarly, the cell shape changes dramatically
during division [5] and differentiation [6]. Clearly, cells are highly deformable.

The same cell has a very stressful life mechanically. For example, the cell is under
continuous osmotic pressure created by the large concentration of biomolecules inside
[7]. Furthermore, large forces are exerted on cells and their surrounding tissues, for ex-
ample during embryonic development [8] or in cartilage during the movement of joints
[9]. The high forces exerted on cells can cause fracturing of the cytoskeleton, for example
when exposed to large hydraulic pressure during epithelial stretching [10]. Furthermore
the speed of cell migration in extracellular matrices is compromised as high stress rate
triggers fracturing of the cytoskeleton [11]. Mechanical failure of cells is known to cause
developmental defects in fly embryos [12] and can lead to pathologies such as the kidney
disease FSGSI1 [13]. Therefore, apart from being highly deformable, a cell also needs to
be strong !.

Typically, materials are either deformable or strong [19]. For example, a pudding
is readily deformable but can easily be broken by hand, whereas the opposite is for a
brick which has a high rupture force, but still breaks at small deformations due to its
high stiffness. In contrast to these synthetic materials, a cell combines strength with
deformability. Which material design principles allow the cell to meet these seemingly

1For completeness, we should mention that there are exceptions to this rule. Fracturing of cy-
toskeletal networks can also have a beneficial role, for example in cell polarization [14-16], dur-
ing cell division [17], and in bleb formation during migration [18]. In any case, the strength of
cytoskeletal networks needs to be tightly controlled.
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2 1. INTRODUCTION

contradictory demands? Answering this question will not only increase our understand-
ing of biology, but can also inspire the design of new synthetic materials and possibly
give insight into diseases where the mechanical properties of a cell are compromised.

1.2. CYTOSKELETON

The mechanical properties of an animal cell arise from interactions between the cell’s
plasma membrane and the cytoskeleton, a composite dynamic biopolymer network com-
prising three interconnected subsystems: filamentous (F-) actin, microtubules, and in-
termediate filaments (IFs). Furthermore, the cytoskeleton consists of accessory proteins
such as crosslinks and molecular motors that walk along filaments to transport cargo or
connect pairs of filaments and slide them [20]. These three biopolymers each have their
own characteristic mechanical properties and are able to interact with each other and
with the plasma membrane to define the cell’s mechanical properties and shape (figure
1.1).

1.2.1. ACTIN

Actin networks are the focus of this PhD thesis as actin is the main cytoskeletal player
in cell shape processes like (de-)adhesion [22], resisting osmotic pressure [23] and force
production during division [24] and migration [25]. Actin is typically the most abundant
protein in vertebrate cells, accounting for 1 —5% of the total cytosolic protein mass in
most cell types and an astonishing 22% in muscle cells [26]. Furthermore, actin is one
of the most highly conserved proteins: even species as diverse as cows and slime molds
differ less than 2% in their amino acid sequence [27].

The high degree of conservation combined with the high expression levels suggest
exceptional functionality for actin cortices. Indeed the actin cortex meet the seemingly
contradictory demands of resisting mechanical stresses, yet allowing for large deforma-
tions. The actin cortex has to withstand tensile, compressive, shear and hydrostatic
loads, depending on the tissue type. For example, endothelial cells in blood vessels are
stretched and exposed to shear flow [28], whereas cells in cartilage are subject to com-
presive and hydrostatic loads [9]. The actin cytoskeleton plays a key role in bearing such
mechanical load, but also is able to undergo large deformations without fracturing dur-
ing e.g. cell division and migration. What makes the actin cytoskeleton strong and de-
formable at the same time? In order to be able to address this question, we first review
the structure and dynamics of actin cortices on different length scales.

ACTIN MONOMERS

An actin monomers is a 42-kDa globular protein with a diameter of approximately 5 nm.
The crystal structure of actin reveals a barbed (+) and pointed (-) end, connected by an
ATPase domain [29]. The pointed end contains a cleft which can either be in a closed
or open conformation. Close to the ATPase domain there is a divalent cation binding
site which controls whether the cleft is closed or open. The ATPase domain is, as the
name suggests, capable of hydrolyzing ATP into ADP, which is used to fuel reactions as
explained below.
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1.2. CYTOSKELETON 3
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Figure 1.1: Schematic of the cytoskeletal organization of an interphase cell adhered to an under-
lying substrate. Intermediate filaments (green) form a dense network that provides mechanical
resistance against large deformations and connects the cell nucleus to the cell periphery. The
actin cortex (red) is anchored to the membrane by numerous interactions such as the ERM (Ezrin,
Radixin and Moesin) family of proteins, which is mediated by anionic lipids. Active contraction
is caused by filament sliding, driven by myosin motor proteins, thus regulating cell surface stiff-
ness and creating high hydrostatic pressure inside the cell. Microtubules (blue) exert pushing and
pulling forces on the cell membrane, crucial for separating the chromosomes during cell division,
which is driven by polymerization, depolymerization and motor proteins such as dynein which in-
duce sliding forces and act as membrane anchors. The schematic is drawn by Anders Aufderhorst
and reproduced from Ref. [21].
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4 1. INTRODUCTION

Figure 1.2: Schematic of two actin filaments (red) crosslinked by an actin crosslinker (grey). The
schematic is drawn by Anders Aufderhorst.

ACTIN FILAMENTS

After bonding with divalent ions, actin monomers can polymerize into double-stranded,
helical actin filaments [30]. The actin monomers stack with the barbed ends to the
pointed ends, causing polarity in the actin filaments. The monomer binding and un-
binding rate are faster on the barbed end than on the pointed end. However, detailed
balance requires that the equilibrium constants are identical on both ends, meaning that
net growth of one filament end necessitates growing of the filament on the other end as
well. Interestingly, the polymerization equilibrium constant of ATP-actin is higher than
of ADP-actin [31]. This difference in equilibrium constant allows cells to break detailed
balance and have treadmilling filaments which polymerize on one end and depolymer-
ize on the other: due to the higher growth rate, filaments incorporate ATP-actin predom-
inantly at the barbed end [32]. In the filament, monomers hydrolyse ATP and thereby
decrease the equilibrium constant. As a result, filaments depolymerize on their pointed
ends (which predominantly consist of 'old’, ADP-bound actin monomers) whilst poly-
merizing on the barbed end (which predominantly consist of fresh’, ATP-bound actin).
In the cytosol, ADP is actively regenerated back into ATP.

Apart from an energy consuming ATP regeneration system, actin treadmilling also re-
quires a range of actin binding proteins to prevent ADP-actin filament formation. Firstly,
spontaneous nucleation of (both ADP- and ATP-) actin filaments is suppressed by pro-
filin, a protein that sequesters actin filaments. With spontaneous nucleation suppressed,
actin filaments exclusively polymerize from either ARP2/3 or formins, proteins which re-
spectively branch or nucleate actin filaments and typically reside close to the plasma
membrane [30]. Furthermore, actin filaments are continuously broken down by the
actin depolymerizing and severing protein cofilin [31]. Together, these actin polymeriz-
ing and depolymerizing proteins cause filament treadmilling, which is a source of force
production that facilitates the formation of membrane protrusions or invaginations [31].
In the absence of profilin, cofilin, formin and/or ARP2/3, actin filaments can sponta-
neously nucleate and grow, but do not depolymerize on timescales discussed within this
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1.2. CYTOSKELETON 5

thesis.
Actin filaments are semiflexible, which means that, unlike stiff rods, they signifi-

cantly bend due to thermal fluctuations, but not to the extent that they coil up like fully

flexible filaments. More formally, filament stiffness can be characterized by the persis-

tence length, the length scale at which correlations in the direction of the tangent are

lost due to thermal bending fluctuations. Actin filaments have a persistence length of

about 10 um [30], which is roughly the length of reconstituted actin filaments under typ-

ical experimental conditions [33], about an order of magnitude longer than typical actin

filaments in the actin cortex of live cells [34] and 1-2 orders of magnitude longer than

typical mesh sizes of both reconstituted [35] and in vivo actin cortices [34].

HIGHER ORDER ACTIN STRUCTURES

Actin filaments form multiple types of structures depending on the cell type. For exam-
ple, actin filaments bundle into stress fibers in adherent cells and in protrusions such
as filopodia and stereocilia. Furthermore, crosslinked actin forms a filamentous cor-
tex close to the plasma membrane that is able to exert contractile forces on the mem-
brane through the action of myosin motor proteins that pull on the actin filaments [36].
Actin networks and bundles are crosslinked by a wide range of actin binding proteins
such as filamin, alpha-actinin, fascin, and fimbrin [30]. Typically, these proteins re-
versibly crosslink two actin filaments, with a typical crosslinking lifetime of a few sec-
onds [37, 38]. These crosslinker dynamics uniquely confer mechanical resistance on
short timescales with the ability to flow on timescales longer than the crosslinker life-
time [37]. Myosins are a special type of actin binding protein, as myosin hydrolyses ATP
in order to slide actin filaments [36]. Myosins are called molecular motors as they con-
vert chemical into mechanical energy [36]. This active sliding is, together with active
polymerization/depolymerization [31], the source of force production by the actin cor-
tex of the cell [36].

1.2.2. MICROTUBULES AND INTERMEDIATE FILAMENTS

Whilst the focus of this work is on the actin cytoskeleton, we should briefly mention
the two other cytoskeletal biopolymers: microtubules and intermediate filaments. Mi-
crotubules have a persistence length on the order of several millimeters, which is much
longer than the diameter of cells (typically 5— 50 um depending on the cell type) [39].
These highly rigid filaments exert forces active polymerization and de-polymerization
triggered by dynamics instabilities [40] and through motor-driven sliding [41]. These
forces are the main driver for establishing cell polarity and separating the chromosomes
in dividing cells.

Intermediate filaments are softer than actin filaments and microtubules, with a per-
sistence length of about a micrometer [39]. These flexible filaments form dense networks
between the cell nucleus and the membrane with much slower turnover rates [42]. They
serve a vital scaffolding role by providing resilience against large deformations, a phe-
nomenon facilitated by their ability to withstand high tensile strains [43, 44].
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6 1. INTRODUCTION

1.3. RECONSTITUTED ACTIN NETWORK MECHANICS

Clearly, the actin cortex has unique microscopic properties which lead to interesting me-
chanics. However, it is difficult to understand the mechanical properties of actin cortices
from experiments on live cells as actin cortices are tightly regulated biochemically [45].
Furthermore, the actin cortex is strongly coupled to the plasma membrane and to the
other two cytoskeletal subsystems, microtubules and intermediate filaments [20, 21]. All
filamentous systems are able to tether to the membrane [46] and interact with each other
both through physical interactions mediated by crosslinkers and motors and through
joint biochemical regulation [20]. To dissect the contribution of the actin cortex, we uti-
lize a so-called 'bottom-up’ approach to elucidate the complex mechanics of actin cor-
tices. In this approach, actin is purified and studied in isolation or together with a limited
set of actin binding proteins in order to, step-by-step, build up understanding of how the
actin cortex controls cell shape and mechanics [21]. This approach has proven highly
successful: for example, polymerizing an actin cortex on spherical beads has given in-
sight into how stress release drives symmetry breaking for actin-based movement [47],
and encapsulating actomyosin networks inside spherical membranes has revealed how
cortical tension drives shape change [15].

1.4. STATE OF THE ART

We are interested in how actin networks combine the ability to withstand mechanical
stresses with a high degree of deformability without fracturing. Gaining insight into the
mechanics of actin networks is non-trivial due to their complex dynamics. Most materi-
als are either solids, like rubber and iron, or liquids such as water and oil. Solids deform
elastically, which means that the force required for a deformation is proportional to the
amount of deformation. In contrast, liquids deform viscously, which means that the
force required for a deformation is proportional to the rate of deformation. However,
actin networks are somewhere in between the two extreme cases of solids and liquids,
and instead deform viscoelastically upon mechanical perturbation. Furthermore, rhe-
ological experiments on actin networks have revealed multiple sources of nonlinearity,
depending on the duration and amplitude of the applied stress.

1.4.1. ACTIN RHEOLOGY

When actin filaments are reconstituted at sufficiently high concentrations, such that
the filaments sterically interact, a network is obtained with a non-zero storage modulus
[48]. This storage modulus increases with the concentration of actin, and is significantly
higher than that of flexible polymers at the same volume fraction. The relatively high
stiffness of actin networks is attributed to the semiflexible backbone of the polymer [48].
Whereas entangled actin networks are relatively weak and can sustain little stress [49],
actin filaments crosslinked by actin binding proteins are significantly stronger [50]. Fur-
thermore, such networks have a highly nonlinear elastic response, in which the shear
rigidity can increase by orders of magnitude when deformed by only a few percent [51].
For permanently cross-linked semi-flexible polymer networks, this is well accounted for
by the compliance due to transverse bending fluctuations that become suppressed un-
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1.4. STATE OF THE ART 7

der aload [48, 50].

Transient linking maintains mechanical rigidity whilst allowing for the cytoskeleton
to remodel over time [37]. The resulting viscoelastic flow follows power law dynamics be-
yond the typical crosslinker unbinding time [37, 52]. The crosslinker unbinding time de-
pends on the applied stress as force-induced unbinding of the transient linkers reduces
the typical crosslinker lifetime [53-55]. Perhaps surprisingly, an increase of the typical
relaxation time of actin networks upon force also has been observed for certain types of
actin cross linkers [56, 57], suggesting force-induced binding. Indeed, single molecule
force spectroscopy has shown that certain types of actin binding proteins increase their
bound lifetime upon force [58, 59], a process known as catch bonding.

All above-mentioned work has focused on isotropically crosslinked actin networks.
However, for high degrees of crosslinking and/or molecular crowding, the actin fila-
ments organize into bundles [60]. When an extensile force is exerted on a single bun-
dle, the bundle extends due to filament-filament sliding [61]. However, once the force is
released, the bundle contracts to maximize filament-filament overlap. For networks of
bundles, the application of shear stress can lead to formation of new contacts between
bundles [62]. As the macroscopic stress is relaxed, these newly made contacts lead to
internal stress [63] and thereby stiffen the network [62].

The active processes in the actin cortex, namely actin treadmilling and the proces-
sive movement of myosin motors, affect the cortex mechanics in various ways. A recent
pioneering work has measured the rheological properties of a network of treadmilling
filaments and has found that this form of activity greatly speeds up stress relaxation
[64]. Similarly, myosin motors fluidize uncrosslinked networks via filament-filament
sliding [65]. In contrast, crosslinked actin networks stiffen due to internal stresses, as
myosin motors cause contractile forces. How motor-induced filament sliding leads to
actomyosin contractility is not obvious a priori as filaments can either slide away or
towards each other, enabling both resp. extension and contraction. The microscopic
origins of symmetry breaking between expansive and contractile contributions are re-
viewed in detail elsewhere [36]. Briefly, possible microscopic origins for macroscopic
contractility include sliding-induced buckling [66], tension in myosin minifilaments [67]
and myosin motors residing on filament ends [68, 69].

1.4.2. THEORETICAL MODELS

The rich mechanics of actin networks has prompted the development of a range of com-
plementary theoretical approaches. Earlier models of semiflexible polymer networks
have focused on the limit of permanently crosslinked networks and, more recently, phe-
nomenological and microscopic models have been developed to understand the impor-
tance of transient crosslinking. In the limit of permanently crosslinked networks, the
elasticity of semiflexible polymer networks depends on the degree of thermal fluctua-
tions in the filament [48]. For small stresses, this elasticity is constant and depends on
the crosslinker distance which confines filament fluctuations [48]. For larger stresses,
individual filaments are pulled taut, reducing transverse filament fluctuations [51]. On a
single filament level, the worm-like chain model predicts the length scale beyond which
fluctuations get suppressed. Using mean field arguments, this length scale can then be
used to predict the nonlinear elasticity of semiflexible polymers [50]. The mean field
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8 1. INTRODUCTION

model has also been extended to address the effect of stretchable filaments [50, 70],
which is particularly relevant for intermediate filaments [71].

The effect of transient crosslinking adds significant complexity to the mechanical
properties of semiflexible polymer networks. Whereas time-dependent mechanics of
transiently crosslinked flexible polymer networks are well-described by a simple Maxwell
model with only a single timescale [72], the cytoskeleton exhibits power law behavior
[73-79]. To explain this behavior, the so-called glassy worm-like chain model has been
developed [76]. This model is inspired by the framework of soft glassy rheology, which
explains power law dynamics in materials close to the glass transition [80]. In the glassy
worm-like chain framework, fluctuations of biopolymers are slowed by a complex envi-
ronment with a broad distribution of relaxation times. Due to this complex environment,
the relaxation spectrum of the wormlike chain follows a stretched exponent [76]. Whilst
this phenomenological model can reproduce the power law dynamics as observed in
mechanical measurements on cells [73-79], the microscopic interpretation of this com-
plex environment, and therefore of the glassy dynamics, remains unclear.

A more microscopic model for transiently connected semiflexible polymer networks
has also been developed on basis of the crosslinker dynamics [37]. This dynamics model
describes the structural relaxation of semiflexible filaments that results from many in-
dependent unbinding or rebinding events . For timescales longer than the crosslinker
unbinding rate, power-law rheology arises from a broad spectrum of relaxation rates.
Specifically, a universal w"? power law was predicted for the storage and loss moduli of
transiently crosslinked semiflexible filaments [37] - as has indeed been observed exper-
imentally [37, 52, 57].

1.5. KEY OPEN QUESTIONS

e Which timescale sets the power law dynamics of transiently connected actin
networks? The crosslink-governed dynamics model predicts that actin networks
only exhibit power law dynamics beyond the timescale of crosslinker unbinding.
However, direct verification of this claim is lacking. Intriguingly, timescale as ex-
tracted from rheology [37, 81] is more than an order of magnitude faster than the
crosslinker remodeling timescale as measured by fluorescent recovery after photo-
bleaching on the same crosslinker [38, 82-84] - suggesting significantly more com-
plex dynamics than assumed so far [37, 85].

* Why do actin cortices exhibit more glassy dynamics than reconstituted actin
networks? The cross-link governed dynamics model predicts a universal w"/? power
law dependence of the storage and loss moduli of transiently crosslinked semi-
flexible filaments [37]. However, the cell cortex exhibits glassy dynamics with sig-
nificantly smaller exponents [73] than the w'"? power law as predicted [37] and
measured [52, 81] for reconstituted actin networks. The microscopic origin of this
discrepancy remains unclear.

¢ What determines the strength of transiently connected semiflexible polymer
networks? Whereas the viscoelasticity of actin networks is intensively investi-
gated, it is entirely unclear what determines the strength of these networks. Ex-
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1.6. THESIS GOAL AND OUTLINE 9

periments on reconstituted cytoskeletal networks have shown that the network
strength depends on the filament length [86] and on the crosslinker length [87],

crosslinker density [35] and crosslinker flexibility [88]. However, these results are
rather anecdotal as no models with any predictive power exist on what governs
crack initiation in transient networks. As a result, design strategies which improve
network strength remain largely obscured.

1.6. THESIS GOAL AND OUTLINE

The overarching goal of this thesis is to understand how the actin cortex allows cells
to be soft yet strong. To this end, we perform experiments on reconstituted actin net-
works and develop new theoretical models to understand the nonlinear dynamics and
fracturing behavior of these networks.

In chapter 2 we investigate in detail the linker dynamics through a combination of
theoretical modeling and several experimental techniques. We find that stress relaxation
in an actin network occurs on a faster timescale than crosslinker redistribution. We ra-
tionalize this discrepancy, using a three-state model where crosslinkers are either bound
to 0, 1 or 2 filaments. In this model, stress relaxation occurs as soon as a a doubly bound
crosslinker unbinds one of two filament, whereas crosslinker redistribution requires un-
binding from both filaments. Surprisingly, we find that the unbinding rate of a singly
bound crosslinker is more than an order of magnitude slower than when two filaments
are attached. We attribute the increased unbinding rate of doubly bound crosslinkers
to the stiff nature of biopolymers which frustrates crosslinkers bound to two filaments.
This chapter provides quantitative insight into the crosslinker dynamics in biopolymer
networks.

In chapter 3 we examine how the linker dynamics affect the nonlinear mechanical
properties of dynamically crosslinked actin networks. We find unexpectedly slow stress
relaxation, similar to disordered systems close to the glass transition. We explain our ex-
perimental results using a theoretical model that the transient nature of the crosslinkers
with the nonlinear force-extension behavior of the actin filaments. This chapter offers
a microscopic mechanism for the universal glassy dynamics as frequently observed in
cellular mechanics

In chapters 4 & 5 we propose a theoretical model that describes how fracturing oc-
curs in transient networks such as the actin network. In chapter 3, we use stochastic
modeling to investigate a collection of reversible bonds under load, and find a micro-
scopic mechanism by which cracks emerge from the nonlinear local bond dynamics.
We provide and numerically verify analytical equations for the dependence of the crit-
ical crack length on the bond kinetics and applied stress. In chapter 4, we extend the
stochastic model to consider the effect of bond mobility after unbinding on the strength
of a transient network. We find that bond mobility weakens the strength of transient net-
works. This is remarkable as bond mobility is common in biological transient networks
such as the actin cortex, and in systems responsible for cellular adhesion. These chap-
ters reveal governing principles of the fracturing of transient networks such as the actin
cortex.

In chapter 6 we study the effect of catch bonding on network strength. Catch bonds
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10 1. INTRODUCTION

are proteins whose bond lifetime increases when moderate forces are applied via expo-
sure of hidden binding sites. After full exposure at high force, catch bonds behave like
normal (slip) bonds whose bond lifetime monotonically decreases with force. Using the
stochastic model developed in chapter 3 & 4, we show that catch bonds provide vastly
more long-lived networks than slip bonds. Surprisingly, we find that catch bond net-
works are stronger than slip bond networks even when the individual bonds are weaker.
We verify our conclusion experimentally by combining single molecule and network ex-
periments on actin crosslinked by either wild type a-actinin 4 or a K255E mutant. We
attribute the increased strength of catch bond networks to a self-assembly mechanism
against force inhomogeneity, which requires bond mobility. This chapter reveals the
importance of catch bonds in preventing fracturing in highly deformable transient net-
works such as the actin cortex.

In the Outlook we create a model cell system of an actin cortex transiently connected
to and confined by a spherical, cell-sized lipid membrane and develop mechanical tools
to mechanically investigate these minimal cells. This outlook provides an important step
in bridging the gap between rheology on simplified reconstituted networks and cellular
mechanics.
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FRUSTRATED BINDING OF
BIOPOLYMER CROSSLINKERS

Transiently crosslinked actin filament networks allow cells to combine elastic rigidity with
the ability to deform viscoelastically. Theoretical models of semiflexible polymer networks
predict that the crosslinker unbinding rate governs the timescale beyond which viscoelas-
tic flow occurs. However a direct comparison between network and crosslinker dynamics
is lacking. Here we measure the network’s stress relaxation timescale using rheology and
the lifetime of bound crosslinkers using fluorescence recovery after photobleaching. Intru-
igingly, we find that the crosslinker unbinding rate measured by FRAP is more than an or-
der of magnitude slower than the rate measured by rheology. We rationalize this difference
with a three-state model where crosslinkers are bound to either 0, 1 or 2 filaments, and we
extract crosslinker transition rates that are otherwise difficult to access. Interestingly, we
find that the unbinding rate of singly bound crosslinker is nearly two orders of magnitude
slower than when two filaments are attached. We attribute the increased unbinding rate of
doubly bound crosslinkers to the stiff nature of biopolymers, which frustrates crosslinkers
bound to two filaments.

11
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12 2. FRUSTRATED BINDING OF BIOPOLYMER CROSSLINKERS

2.1. INTRODUCTION

Cell shape and mechanics are largely governed by the actin cortex, a thin biopolymer
meshwork underneath the cell membrane. The actin cortex needs to be readily de-
formable for processes like division and migration [4]. However the same material should
resist mechanical stresses to protect the cell nucleus and plasma membrane against ex-
ternal stresses [11, 23]. This extraordinary combination of deformability and mechanical
resistance is achieved by dynamic crosslinking proteins which stochastically bind and
unbind actin filaments [32]. This design principle yields mechanical resistance as the
bonds form a percolated network, whilst allowing for viscoelastic flows on timescales
longer than the crosslinker unbinding timescale as the network remodels via the linker
dynamics.

Rheological measurements on reconstituted actin filaments together with actin crosslink-
ing proteins have shown that the microscopic crosslinker dynamics determine the macro-
scopic network mechanics [56, 89-91] and mutations affecting single molecule crosslinker
dynamics also change the network mechanics [55, 81, 92]. Different from most synthetic
polymers, which are flexible and coil up due to thermal fluctuations, actin filaments are
semiflexible polymers with a persistence length close to 10 um, on the order of the fil-
ament length [93]. The elasticity of semiflexible polymer networks is inversely propor-
tional to the length scale of transverse filament fluctuations. Crosslinkers confine such
fluctuations and thereby increase network stiffness of semiflexible polymer networks
[48].

Whereas time-dependent mechanics of transiently crosslinked flexible polymer net-
works are well-described by a simple Maxwell model with a single stress relaxation rate
[72], measurements on reconstituted actin networks [52, 81] and on living cells [73, 94,
95] have revealed power law dynamics in the storage and loss modulus as a function
of frequency. Theoretical modeling [37] and simulations [85] have revealed that these
power law dynamics result from the superposition of multiple relaxation times of the
many cross linkers on a distance shorter than the persistence length that crosslink a sin-
gle filament to the surrounding network [37, 85].

Current models predict that this regime characterized by power-law dynamics occurs
on timescales longer than the crosslinker unbinding time [37, 85]. Previous studies have
used the onset frequency of power law dynamics to characterize the actin crosslinker
a-actinin 4 (ACTN4) via rheological measurements and have found a crosslinker un-
binding timescale on the order of 2 s [37, 81, 96]. In contrast, direct measurements of the
ACTN4 binding kinetics within actin networks using Fluorescence Recovery After Photo-
bleaching (FRAP) have found a typical unbinding time of 30—100 s [38, 82-84]. Although
it should be noted that these experiments have been performed under different condi-
tions (reconstituted actin networks [37, 81] versus live cells [38, 82-84]) the difference of
more than an order of magnitude between the two measurements [37, 38, 81-84] sug-
gests significantly more complex dynamics than assumed so far [37, 85].

Here we perform both FRAP and rheology experiments on reconstituted actin net-
works crosslinked by ACTN4. We find that the crosslinker unbinding rate measured by
FRAP is an order of magnitude slower than the onset frequency of power law dynamics in
the rheology even when measured on identical samples. We rationalize this difference
with a three-state crosslinker model. We are able to extract quantitative information
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2.2. METHODS 13

on the crosslinker (un)binding kinetics which is only accessible through a combination
of techniques, and has not been reported before. Interestingly, we have found that the
unbinding rate of a crosslinker attached to one filament is more than an order of magni-
tude slower than when two filaments are attached. We attribute this strongly enhanced
unbinding rate of doubly bound crosslinkers to the large bending rigidity of the actin
filaments, which frustrates doubly bound crosslinkers. Our new kinetic data allow for

more precise computational modeling of actin networks [69, 85], and give insight into
the dynamics of the cell cortex [4, 97]. Lastly, we expect that our work will help to design
synthetic materials with programmed timescales of relaxation [72].

2.2. METHODS

2.2.1. PROTEIN PURIFICATION AND NETWORK FORMATION.

The actin crosslinker human a-actinin 4 (ACTN4) was purified as described in reference
[98]: Rosetta E. Coli cells were transformed to express recombinant crosslinkers with a
6xhis-tag. Induction was performed with 500 uM isopropyl 5-D-1-thiogalactopyranoside
for eight hours at 25°C. After centrifugation at 6000 g for 15 minutes, cells were resus-
pended in 20 mM NaCl, 5 mg/ml lysozyme and 20 mM Hepes, pH 7.8. The cells were
lysed by a freeze-thaw cycle, and centrifuged at 20,000 g for 30 min. The recombinant
protein was purified from the supernatant using a QIAGEN nickel column. Next, the
column was washed with 20-bed columns of 500 mM NaCl, 25 mM imidazole, and 20
mM Hepes, pH 7.8. The recombinant proteins were eluted with 10-bed volumes of 500
mM NaCl, 500 mM imidazole, and 20 mM Hepes, pH 7.8. The proteins were concen-
trated using a Centricon filtration device (Millipore) and purified by gel filtration in 150
mM NaCl, 20 mM Hepes pH 7.8, and 10 mM dithiothreitol (DTT) using an AKTA puri-
fier (GE Healthcare) with a Sephadex 200 column. ACTN4 was labeled on cysteine using
maleimide-activated Oregon Green at a ratio of five fluorophores for every crosslinker at
room temperature for 1 h. Labeled ACTN4 was separated from free dyes by gel filtration
using Superdex 200 (GE Healthcare) [98].

All chemicals were bought from Sigma Aldrich unless otherwise mentioned. Actin
was purified from rabbit psoas skeletal muscle as described in reference [99] and stored
at —80°C in G-buffer (2 mM tris-hydrochloride pH 8.0, 0.2 mM disodium adenosine
triphosphate, 0.2 mM calcium chloride, 0.2 mM dithiothreitol) to prevent polymeriza-
tion. Unless otherwise mentioned, we used a concentration of 48 uM, corresponding
to 2 mg/ml, for all our experiments and actin was polymerized in a buffer consisting of
50 mM KCI, 20 mM imidazole pH 7.4, 2 mM MgCl,, 1 mM DTT and 0.5 mM MgATP (F-
buffer). For both rheology and FRAP all networks were allowed to polymerize at 298 K for
two hours before measurements were performed. Unless otherwise mentioned, we used
a crosslinker concentration of 0.48 uM to obtain a molar ratio of 1/100 crosslinker/actin
and on average about 1 crosslinker per 0.5 ym of actin filament; under these conditions,
networks are unbundled and isotropic as verified by confocal fluorescence microscopy
[Fig. S4].
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14 2. FRUSTRATED BINDING OF BIOPOLYMER CROSSLINKERS

2.2.2. SPIN-DOWN ASSAY

Avolume of 25 ul monomeric (G-)actin at increasing concentrations was co-polymerized
with actin binding proteins in F-buffer at room temperature, keeping the actin binding
protein concentration constant (0.1 uM). After two hours of polymerization the actin
network together with the bound crosslinkers was spun down at 120000 g. Afterwards,
20 pl was gently pipetted from the supernatant, mixed with 20 ul InstantBlue and boiled
at 95°C for 5 minutes in a closed Eppendorf vial. 30 ul of this solution was loaded onto
a4-15 % Mini-PROTEAN TGX™ Precast Protein Gel with 10 wells of 30 pl. Gels were run
for 30 minutes at 200 V, washed with Mili-q water, stained overnight with InstantBlue
and washed three times with tap water. Band intensities of the ACTN4 in the supernatant
were quantified using Image]. The fraction of bound linkers ¢y,,nq was determined by
subtracting and normalizing the ACTN4 band intensity at a particular actin concentra-
tion by the band intensity in the absence of actin: ¢poung = % Background correction
was applied to all band intensities by subtracting the average intensity of a region adja-
cent to the band of interest.

2.2.3. FLUORESCENCE RECOVERY AFTER PHOTOBLEACHING

The bound crosslinker lifetime within actin networks was measured via Fluorescence
Recovery After Photobleaching (FRAP) using a Nikon A1 confocal microscope with a per-
fect focus system, a 100x oil immersion objective, and a 100-mW 488 nm argon ion laser.
The temperature was controlled by a home-built temperature regulator. The regulator
consisted of a temperature-controlled water bath connected to a home-made objective
heater and a sample glass slide heater. The temperature of the water was measured in-
side the objective heater via a P1000 temperature sensor. We calibrated the temperature
inside the sample, measured by inserting a 0.025 mm thermocouple in a glow channel
filled with deionized water, against the temperature inside the objective heater. Using
this set-up, temperatures between 285 — 333 K can be achieved.

The FRAP protocol started with 10 images to determine baseline fluorescence. Next,
bleaching was performed by using a high intensity laser power such that 50 — 70 % of
the fluorescence intensity was bleached in 0.5 seconds. The fluorescence recovery was
tracked during a period of approximately 5x the typical recovery time, with a sampling
rate that halved every 10 frames, starting with 10 frames per second. Unless otherwise
mentioned, a circular area was bleached of 2 ym radius and an equally sized area was
used as a reference. The laser intensity during imaging was chosen such that the ref-
erence intensity dropped less than 5 % during the recovery phase. To extract a recov-
ery rate, the normalized intensity during recovery I/If was fitted with a single expo-
nent I/Lief = 1 — Io/ Les - €xp(—t - kprap), Where I is the intensity directly after bleach-
ing and kprap the recovery rate. The timescale of recovery is governed by the typical
crosslinker diffusion time, which scales quadratically with the bleach radius, and the
typical crosslinker unbinding time, which is independent of the bleach radius. To dis-
sect these two contributions, we compared the recovery time for different bleach radii, 2
pm and 4 um. We did not find a statistically significant difference [Fig. 6.17]. This result
is consistent with a calculation where we estimate that the typical diffusion distance in
the timescale of FRAP recovery time is significantly is much larger than the FRAP radius
(40 pm vs. 2 um). We used a diffusion constant based on the Stokes-Einstein relation-
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2.2. METHODS 15

ship, assuming a crosslinker radius of 3 nm on basis of the crystal structure [100].

2.2.4. RHEOLOGY

Rheology was performed using a stress-controlled Kinexus Malvern Pro rheometer with

a stainless steel 20 mm radius cone plate geometry with a 1° degree angle. We loaded
40 pl G-actin mixed with ACTN4 directly after mixing the proteins into the polymeriza-
tion buffer (F-buffer). A thin layer of Fluka mineral oil Type A was added around the
geometry to prevent evaporation, and the sample was closed off with a hood to mini-
mize effects of air flow. Polymerization of the network was followed by applying a small
oscillatory shear with a strain amplitude of 0.5 % and a frequency of 0.5 Hz for 2 h. After
2 h of polymerization, a frequency sweep was performed between 0.01 — 10 Hz, using
10 data points per decade. Frequencies above 10 Hz could not be measured as inertial
effects from the rheometer dominated the rheological response of the actin network at
high frequencies. After characterization at 25°C (298 K), the temperature was adjusted
and equilibrated for 10 minutes. The typical frequency was extracted from the frequency
dependent storage and loss moduli (G’ and G”) by fitting a previously published model
which considers the multi-relaxation times due to many crosslinks unbinding per fila-
ment [37]. The model is based on the nonlinear-force extension curve of a semiflexble
filament, and uses mean-field arguments to extract mechanical properties of the net-
work from the single filament fluctuations:

G =y -(f +ad /(Y +a @)?+ " +a" )%, @2.1)

G"=y- (" +a" @)/ +a' @)+ (" + " (@)°). (2.2)
y is a prefactor to allow for direct comparison between the semi-quantitative model and
experimental data, while y describes the viscous drag limiting transverse filament fluc-

tuations:
;L 0.0072  [_ -2
Y= 25 |2arctan(l WH
2arctan(l + w/a\g T
; (2.3)
2
log(1+ —— w/tl)ﬂ ” m)_
V2 i
log(1+ w/wﬂmd * m)]/m’
"y 0.0072 -2
= YRV [-2arctan(1l \/ﬂ)/w—ﬂm)+
2arctan(1 + w/a)ﬂmd)
(2.4
V2

log(1+—— m,wﬂ i \/T—ﬂu.-dH

108(1+w/wﬂ " \/w/w_ﬂum)]/\/w/wﬂmd.
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16 2. FRUSTRATED BINDING OF BIOPOLYMER CROSSLINKERS

Here wqyiq is the timescale of the fluid drag which depends on the fluid viscosity and the
mesh size [101] and is typically on the order of 100 Hz for actin networks [102]. Lastly, a
describes the effect of the crosslinkers limiting transverse filament fluctuations:

1 n*
li N
a=—>3 _—-7:, 2.5
a4 n=1 nd + (w/woff)2 (2.5)
1 /Wt
"_ = 1::18—02' (2.6)
T n8 + (w/wogf)

Here N is the number of crosslinkers per filament and w, is the off-rate of the crosslinker.
In this work, we refer to this rate as the rheology rate, krneo, to prevent confusion with the

FRAP rate kgrap, which is also governed by crosslinker unbinding. The G’ ~ G" ~ w™"?

power law extends down to lower frequencies (i.e. larger time scales) for higher num-

bers of crosslinkers per filament. In line with previous research [37], we arbitrarily as-

sume the number of crosslinkers to be 10, which is likely smaller than the actual number
of crosslinkers per filament but still large enough to observe power law behavior of the

shear moduli over the full experimental regime. The supplementary information con-

tains the frequency sweeps over the full range of measured temperatures.

2.3. RESULTS

We measure the crosslinker unbinding rate in actin networks using Fluorescence Re-
covery After Photobleaching (FRAP) by bleaching a circle of 2 um radius using a high
intensity laser power. Afterwards, we track the recovery of fluorescent intensity within
this circle and use a reference area to correct for any photobleaching during imaging
of the recovery phase. We find that the fluorescent intensity recovery is well-described
with a single exponential function with a rate of 0.036 +0.001 s~!, and that the intensity
asymptotically approaches the fluorescent intensity before bleaching, indicating that all
crosslinkers are mobile [Fig. 2.1a].

Next, we measure network mechanics using small amplitude oscillatory shear rheol-
ogy: we apply an oscillatory strain of 0.5 % amplitude and measure the stress required for
this deformation. We analyze the in-phase and out-of-phase contributions (storage and
loss component respectively) as a function of the applied frequency. Consistent with ear-
lier observations on transiently cross linked actin networks [52, 56, 81], we observe that
the mechanical response can be divided into three frequency regimes [Fig. 2.1b]. Firstly,
at low frequencies we observe power law dynamics, consistent with a recent crosslink-
governed network dynamics model [37]. Secondly, at intermediate frequencies, the stor-
age modulus increases less steeply while the loss modulus decreases as crosslinker un-
binding becomes increasingly unlikely [37, 48]. Lastly, at high frequencies the storage
and loss modulus increase again as transverse filament fluctuations are hampered by
viscous drag of the surrounding fluid [102]. We note that there is in principle also a
fourth regime at very low frequencies, where filaments exhibit terminal relaxation on
timescales long enough to allow for filament relaxation of its full length. However, the
termination of the G’ ~ G ~ w™"? power law does not occur within experimentally ac-
cessible timescales.
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Figure 2.1: Measurements of the FRAP and rheology rates. a) FRAP curve of the fluorescence
intensity as function of time after photobleaching (blue dots) together with a fit to a mono-
exponential recovery (black line) with a rate of kpgap = 0.036 +0.001 s™1 (dashed line, standard
error on basis of 4 repeats). b) Frequency dependence of the storage and loss moduli (upward
and downward pointing triangles) together with a fit to the crosslink governed networks dynam-
ics model (dashed and solid lines, Eq. 2.1 and 2.2) . G" peaks at kgpeo = 0.77 +0.03 s~ (vertical
dashed line, standard error on basis of fit). Both FRAP and rheology data are obtained at 283 K.
The shading highlights the intermediate regime. The actin filaments (black), crosslinkers (green)
and FRAP area (red) in the schematics are not drawn to scale.

We fit our experimental data over all three regimes using the cross-link governed net-
work dynamics model [37], giving a rate kgpeo 0f 0.77+0.03 s™! (indicated by the vertical
line in Fig. 2.1b). The only other fit parameters are the timescale of fluid drag (45 s™1)
and a pre-factor to scale the y-axis (0.02 Pa). According to the model [37], this timescale
should be equal to the crosslinker unbinding timescale the FRAP rate is more than an
order of magnitude slower at the same temperature.

To test the robustness of this difference in rates, we perform FRAP and rheology mea-
surements as a function of temperature (280 — 298 K). As shown in Fig. 2.2, the FRAP
and rheology rates both increase with temperature in accordance with the Arrhenius
equation for thermally activated processes, k(T) ~ exp(—Ea/T), where k is the rate, T is
the temperature. We can therefore extract activation energies Ex for the FRAP rate of
33+ 4kgT and for the rheology rate of 75+ 3 kgT [Fig. 2.2]. Interestingly, this implies
that the onset frequency for stress relaxation as measured by rheology is significantly
more temperature-dependent than the crosslinker unbinding rate as measured by FRAP.
Furthermore, the onset frequency for stress relaxation is higher than the crosslinker un-
binding rate over the full range of measured temperatures.

In order to explain the ~20-fold difference in timescale between the characteristic
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18 2. FRUSTRATED BINDING OF BIOPOLYMER CROSSLINKERS
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Figure 2.2: Arrhenius plot of the characteristic crosslink unbinding rates inferred from FRAP
and rheology analysis. Fitting both sets of data to the Arrhenius equation (solid lines) yields an
activation energy of 33 + 4 kgT for FRAP and 75 + 3 kg T for rheology.

rates inferred from FRAP and rheology, we hypothesize that stress relaxation in crosslinked
actin networks occurs as soon as one of the actin binding domains of a crosslinker un-
binds. In contrast, crosslinker redistribution as measured by FRAP requires both binding
domains to detach. To formalize this hypothesis, we model the crosslinker dynamics by
a three-state model where crosslinkers are either bound to zero (sy), one (s;) or two fila-
ments (s2). In this framework, the onset frequency for stress relaxation is defined by the
rate of an s, crosslinker to unbind from one filament:

kRheo = ko1. 2.7)

The FRAP rate is more compley, as it requires unbinding from both filaments. Note that
this rate is potentially much longer than the rate k»; as measured by rheology, as cycling
between the singly and doubly bound state can occur many times before the crosslinker
fully unbinds. We hypothesize that this cycling between both binding sites explains the
difference in timescales between FRAP and rheology observed experimentally. As ex-
plained in detail in the Supplementary Information, we find an analytical solution for
the experimentally observed rate of bound crosslinkers (s; and s,) transitioning to free
crosslinkers (sp) which takes into account this cycling effect:

krrap = 12+ (kg + k12 + ko1)—
(2.8)

Y2/ (k1o + k2 + k21)2 — 4 - ko - ko1 -

The FRAP rate contains two unknown parameters, kjo and kj2, which we can dissect
by measuring the recovery rate as a function of the actin concentration: whereas the
unbinding rates kj and k»; are independent of the actin concentration, the binding rate
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2.4. DISCUSSION 19

k12 increases linearly as the average filament-filament distance decreases. Assuming
that there is no spatial correlation between filaments:

k12 = k12,act - lactin], (2.9)

where [actin] is the concentration of actin in uM and kj2 4 the binding rate at an actin
concentration of 1 uM. Consequently, the three-state model predicts that the FRAP rate
decreases with an increase of the actin concentration, as crosslinkers reside more often
in the double bound state. Consistent with this prediction, we find that the FRAP rate
decreases from 0.31 +0.04 s~ at 24 M actin to 0.21 +0.02 s~! at 60 uM actin [Fig. 2.3a].
In contrast, the onset frequency of stress relaxation as measured with rheology does not
depend on the actin concentration (Refs. [37, 52, 56] and Fig. 2.8), as the unbinding rate
ko1 is independent from the actin concentration. We next combine eq. 2.8 and 2.9 to fit
the FRAP data as a function of the actin concentration and find 0.43 + 0.06 s~! for the
unbinding rate kjo and 0.3 + 0.1 s™! for the binding rate k;» at an actin concentration of
48 uM.

Lastly, in order to measure ko1, we perform a spindown assay to separate actin-bound
crosslinkers (s; + s2) from freely diffusing crosslinkers (sp) as a function of the actin con-
centration. We find that the fraction of bound crosslinkers increases with the concen-
tration of actin [Fig. 2.3b]. Like ki, the binding rate ky; increases linearly with the actin
concentration:

k()l = k()l,act - [actin]. (2.10)

Due to detailed balance, we know that the fraction of bound linkers depends on all
(un)binding rates according to (see SI for the derivation):

sits ko1 - ko1 + ko1 - k12
So+s1+s2 kio- ko1 + koi - ko1 + Koy - k12

Pbound = (2.11)
Using this equation, we fit the spin-down data to extract the last unknown rate, ko act
and find 0.83 + 0.03 s~ 1. All rates are summarized in Fig. 2.3c.

2.4. DISCUSSION

We have compared the dynamics of crosslinker unbinding in actin networks as mea-
sured by fluorescence recovery after photobleaching and by rheology. Surprisingly, we
have found that the crosslinker unbinding rate measured by FRAP is more than an order
of magnitude slower than the onset frequency of stress relaxation measured by rheom-
etry. We have rationalized this difference with a three-state model where crosslinkers
are bound to either 0, 1 or 2 filaments. Whereas stress relaxation in the network already
occurs as soon as crosslinkers unbind from one of the two filaments, full crosslinker un-
binding as measured by FRAP requires detachment from both filaments. Our results are
consistent with rheology [37, 81] and FRAP measurements [38, 82-84] in literature and
provide a mechanistic explanation to the difference in rates. Furthermore, we have used
this model to extract crosslinker transition rates that are otherwise difficult to access.
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Figure 2.3: Retrieving crosslinker binding and unbinding rates from a three-state model.a) The
FRAP rate as a function of actin concentration measured at 298K is fitted with the three-state
model (line; eqs. 2.8 and 2.9) to extract k1o and kj2. The error bars are the standard error cal-
culated on basis of 4 repeats per condition. b) The fraction of bound crosslinkers as a function of
the actin concentration is fitted with Eq. 2.11 (line) to extract ko1. c) All rates are in s~! and with
standard error on basis of the fit, measured at 25°C at an actin concentration of 48 uM. The rate
ko1 is extrapolated to T = 25 °C using the Arrhenius plot of the onset frequency of stress relaxation
[Fig. 2.2].
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Interestingly, we have found that the unbinding rate of a crosslinker attached to one
filament is more than an order of magnitude slower than when two filaments are at-
tached (0.43 +0.06 s™! vs. 17.8+0.1 s7!). This difference suggests that binding of a
second filament causes crosslinker frustration, which speeds up crosslinker-filament
dissociation. This crosslinker frustration is different from the frustration of actin fila-
ments in crosslinked bundles [103], which is due to the helical pitch of actin filaments
(104, 105]. Instead, we attribute the increased crosslinker unbinding to deformation
of the crosslinker [106, 107]. Steered molecular dynamics have revealed that torsion
in the ACTN4 backbone is energetically highly unfavorable and a 180° torsion requires
~ 75 kgT, similarly a crosslinker extension of 10% requires ~ 70 kgT [106]. As the persis-
tence length of actin filaments is large (~ 10 um [93]) compared to the typical crosslinker
distance (~ 0.5 um), binding of two filaments likely causes constraints in the crosslinker
orientation and length. Therefore, we speculate that crosslinker frustration should be
common in crosslinked semiflexible polymer networks. Our work provides an experi-
mentally straightforward way to characterize the crosslinker kinetics by combining rhe-
ology with FRAP measurements, for example as a function of the crosslinker compliance
(33, 88].

We thank Harmen Wieringa and Piet Rein ten Wolde for the analytical derivation
of the equations presented in the appendix. We thank Wouter Ellenbroek, Nicholas
Tito, Fred MacKintosh and Chase Broedersz for fruitful discussions. We thank William
Brieher and Vivian Tang for the kind gift of purified ACTN4, Marjolein Kuit-Vinkenoog
for actin purification, Henk-Jan Boluit for design and Philippine Doekes for testing
and calibrating the temperature control.
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APPENDIX

THREE STATE MODEL

We are interested in the rate at which crosslinkers fully unbind. We consider crosslinkers
with two ’heads’, i.e. binding sites for actin filaments; this means they can be in three
states, unbound, single head bound, two heads bound. Bound crosslinkers start off in a
distribution over both states 1 (single head bound) and 2 (both heads bound). Here, we
will calculate the first passage time distributions to the full unbinding (state 0), given that
the crosslinkers start in state 1 or state 2. The combined first passage time distribution
is alinear combination of these two subdistributions. We will show that this distribution
is peaked, and decays exponentially afterwards. We show that the FRAP recovery curve
is governed by this exponent, which we calculate analytically on basis of the crosslinker
(un)binding rates.

We denote the first passage time distribution from state i to state j by f; ;(¢), which
gives the probability density that a crosslinker starting at state i reaches state j # i for
the first time after a period ¢. Hence, our goal is to calculate fj o(#) and f>,0(¢). The latter
distribution can be decomposed into the first time ¢’ that the crosslinker arrives from
state 2 to state 1, and the time ¢ — ¢’ it takes to finally make it to state 0,

t
fZ,O(t) Zf fZ,l(t’)fl,O(t_ t,)dt,. (2.12)
0

This convolution can be resolved using the Laplace transform

~ (0]

Jij(® Ef fijnetdr, (2.13)

0

which applied changes the convolution of Eq. 2.12 into a simple product

F20(8) = f21(5) fro(s). 2.14)

There is only a single rate leaving from state 2, giving a simple form of the first passage
time distribution to state 1:
foa (D) = ke, (2.15)

where k»; is the rate at which a crosslinkers go from state 2 to state 1. The Laplace trans-
form of this equation gives

ko
s+ ko1 ’

fo(s) = 2.16)

There are two options for a crosslinker bound with a single head, namely binding the
loose head or fully unbinding. This means that the first passage time probability fi o(?)
can be split into a part where the first step is unbinding, and a part where the first step

23
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24 2. FRUSTRATED BINDING OF BIOPOLYMER CROSSLINKERS

involves full binding. When the first step is towards state 2 at time ¢, then a first passage
is required from state 2 to state 0 in the remaining time, leading to

fr,0(8) =kgpe” kro+h2t

t / (2.17)
+f klze—(k10+k12)t f2,0 (t— t') dr.
0
Again, we perform a Laplace transform on both sides of the equation to resolve the con-
volution. Eq. 2.14 and Eq. 2.16 subsequently are used to create a linear equation for

fi008),

=~ . ko
fLO(S) B S+ k10 + klg
(2.18)
N k1o ko1 o)
S+k10+k12 S+k21 1.0 ’
The solution of this equation is given by
~ k1o (s + k21)
= 2.19
fi0ls) §2 + (k1o + k12 + k21) s+ k1o ko (219
k ko1 — -k
__ko 2071 T2 21] (2.20)
ro—T11 | s+11 S+ 1y
while through Eq. 2.14,
~ k1oka1
= 2.21
J2o(s) §2 + (k1o + k12 + k21) s+ k1o ka1 @21
k 1 1
_ Kokar - . (2.22)
rpo—11 IS+ S+12
Here, we defined the two positive effective rates
1
rn=; (k10 + k12 + k21)
1 (2.23)
-3 \/(km + k12 + ko1)? — dkokoy,
1
r2=3 (k10 + k12 + k21)
(2.24)

1
+ 5\/(]610 + k12 + k21)* —4kokzr .

For a general initial state, of which the fraction in state 1 is @, and thus the fraction in
state 2 is (1 — ), the first passage time distribution from that general state to state 0 is
defined as

Jo—ao(®) =afio®)+ (1 —a) f20(0) (2.25)

The general solution can be found by applying inverse Laplace transforms to Eq. 2.20 and
Eq. 2.22. We make use of the inverse Laplace transform, and solve the complex integrals
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using Cauchy’s residue theorem.

k1o
rpn—n (2.26)

(ko1 —ar) e = (ko —ar) e”"?].

This is the general solution for the first passage time distribution. It can be shown that
11 < ko1 < 12, and since 0 < a < 1, we may write

f2—a,0(ﬂ =

k _
fo—a0(t) = - ior (ko1 —ar))e™ "’
! 2.27)
_kazan g,)
k21 —-an
This distribution contains an exponential tail with a rate k;,;; which equals
log[ fo_ao(t a0t
ktail - lim g[fZ a,O( )] = lim f2 a,O( ) =r. 2.28)
=00 4 =00 fo_gq0(1)

We argue that this rate is related to the rate observed in FRAP experiments performed on
actin networks crosslinked by fluorescently tagged crosslinkers. Unbound linkers diffuse
into the bleached region and are responsible for the recovery of fluorescence. Further-
more, detailed balance imposes that the flux of unbinding events from the dark region
must equal the flux of binding new fluorescent crosslinkers. As the recovery rate is in-
sensitive to the size of the bleach area, we assume that the diffusion time is negligibly
small compared to the unbinding time. Therefore, the observed recovery rate equals the
unbinding rate of the linkers, k;4;;.

This can be made more explicit by directly considering the dark and fluorescent frac-
tions in the bleached area. Denote by 7; the equilibrium fractions in state i, and call
the dark and fluorescent fractions p? (¢) and pf (1) respectively. The fluorescent fraction
becomes smaller than 7; at f = 0, the moment of bleaching. Since the total amount of
molecules does not change, we have

mi=pPw+plo. (2.29)

The assumption of a negligibly small diffusion time makes that pOD () =0and pf)? (1) = mo.
For the two fluorescent fractions in the bound states the master equation can be given
in vector form when we define the vector

F
F(t :(’71 (t))‘ 2.30
p () pf(t) ( )
The master equation is then
. —(kio+ki2) ko ) F koﬂo)
t) = 1)+ . 2.31
p () ( ki _k21p() 0 (2.31)
=-MpF (1) +b. (2.32)
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1 2 3 4 5 6
ACTN4 b — - o e B
Actin .

Figure 2.4: SDS-PAGE gel stained with Instant blue. The supernatant resulting from a high-speed
centrifugation of a mixture of actin filaments and crosslinkers was put on a polyacrylamide gel.
The top band shows the ACTN4 (100 kDa) and the lower band shows actin (42 kDa). Each channel
contains a different actin concentration: 1 =0uM, 2 =0.2uM, 3=0.4uM, 4 =0.8uM, 5 = 1.6 uM
and 6 =3.2uM.

On the second line, the negative of the matrix is named M and the constant vector con-
tribution is b. The particular solution of this differential equation is constant,

p,(H)=M'b. (2.33)

The homogeneous solutions can be created by finding the eigenvectors and eigenvalues
of M, and decomposing p?(#) into these eigenvectors. The contribution to the solution
of each eigenvector decays with a rate equal to its corresponding eigenvalue. The eigen-
values of M are exactly r; and r,, so using a similar analysis as before in equation 2.28,
we conclude that the fluorescence recovery rate equals r; in the long time limit.

APPROXIMATION OF THE RECOVERY RATE

For the experimentally relevant regime of small k), the rate in Eq. 2.23 can be approx-
imated by the mean first passage time [Fig. 2.9]. First, we look at the general solution
Eq. 2.26 and choose a such that the dark fractions in state 1 and 2 initially obey detailed

balance,
ko1
a=—" (2.34)
k12 + ko1
We call this initial state &, which gives the first passage time distribution
kiok
fratn =Sk
2= . . (2.35)
1 -t 2 —rat
-1 en +(—_1)e : ]
[( k12 + ko1 k12 + ko1
This distribution has mean value
k1o + k k k12 + k
- 12 + K21 12 _ ki t+ k2 (2.36)

kioka1 ko1 (ki + k1) kiokar
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Figure 2.5: Rheology at different temperatures. Frequency sweeps of the storage (a) and loss (b)
modulus measured at different temperatures from 280 K (black) to 298 K (red) reveal an increase
of the storage and loss modulus and a decrease of the the typical frequency w,¢, (green dots) as
a function of temperature.
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Figure 2.6: Effect of FRAP bleach area on the FRAP rate. The average recovery time for a FRAP ra-
dius of 2 um is not significantly different from a FRAP radius of 4 um, suggesting the recovery time
is not significantly affected by the diffusion time of the crosslinkers, but instead is dominated by
the crosslinker unbinding time. Data was acquired at 298 K. The error bars represent the standard
error on basis of 4 repeats per condition.
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(a) (b)

Figure 2.7: Confocal fluorescence images of ACTN4 crosslinked actin networks a) At a 1:100
ACTN4:actin molar ratio, the concentration used for all experiments in this manuscript, an
isotropically crosslinked actin network is observed with no structure above the diffraction limit.
b) For comparison, actin bundles were observed at a 1:25 ACTN4:actin molar ratio. The color cod-
ing was inverted for both images to improve the visual contrast between bundles and background.
Scale bars are 20 um.
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Figure 2.8: Rheology at different actin concentrations. a) In contrast to the FRAP rate, the rate
measured by rheology does not decrease with the actin concentration. Remarkably, a slight in-
crease of the onset frequency of stress relaxation upon an increase of the actin concentration is
observed, although that might be due to the imprecision of the fit. Indeed, previous studies found
that the timescale measured with rheology is concentration-independent [37, 52, 56]. b-e) The
storage and loss modulus (upward and downward pointing triangles) as a function of frequency
for 24 (b), 36 (c), 48 (d) and 60 uM actin (e) measured at 298 K. The dashed and solid lines show
the fit on basis of egs. 2.1 and 2.2. The timescale measured at an actin concentration of 24 uM was
discarded because of the poor quality of the fit.
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Figure 2.9: Crosslinker unbinding kinetics. The unbinding time distribution for crosslinkers that
are initially singly or doubly bound with probabilities set by detailed balance (blue). The expo-
nential distributions with rates equaling the long time tail (orange, Eq. 2.37) and the approximate
mean unbinding time (green, Eq. 2.36) are also given. For small time, the true distribution devi-
ates slightly from the approximate lines (inset), but all distributions coincide for larger times. The
parameter values used are kg = 0.43 s1, ki2 = 14571 and ko1 = 18571,

The approximation is valid when ko < ki2, k2. We can approximate Eq. 2.23 in the
same regime, giving

1 4kyok
r1:—(k10+k12+k21) 1—\/1—$2 , (2.37)

2 (k1o + k12 + ko1)
11 4kyokor

- 2.38
22k10+k12+k21 ( )

k1ok21

~—_— (2.39)

k12 + k21

The first line uses that v'1+¢€ = 1 +¢/2. Hence, we see that ry = 1/u; when kg is small,
and equals k;g times the fraction that is in state 1, as given by Eq. 2.34.

EQUILIBRIUM FRACTIONS

The fractions occupying the three states 0, 1, and 2 are set by the transition rates between
them and by detailed balance. We call 7; the equilibrium, stationary fraction in state i.
Detailed balance says that

ko170 = kiom1, (2.40)
ko1 = k21 72. (2.41)
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Together with the normalization condition 7y + 71 + 72 = 1, this gives the solutions

o = k1okz21 (2.42)
kioka1 + ko k21 + ko1 k12
ko1 k21
T = , (2.43)
"7 Krokay + kor ka1 + ko1 ko
ko1 k
2 0112 (2.44)

~ Kioka1 + ko1 ka1 + ko1 k12
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ORIGINS OF SOFT GLASSY
RHEOLOGY IN THE CYTOSKELETON

Dynamically crosslinked semiflexible biopolymers such as the actin cytoskeleton govern
cell shape and mechanics. Semiflexible biopolymers stiffen nonlinearly in response to
mechanical loads, whereas the crosslinker dynamics allow for stress relaxation over time.
Here we show, through a combination of rheology and theoretical modeling, that the com-
bined nonlinearity in time and stress leads to an unexpectedly slow stress relaxation, sim-
ilar to disordered systems close to the glass transition. Our work suggests that transient
crosslinking combined with internal stress is the microscopic origin for the universal glassy
dynamics as frequently observed in cellular mechanics.

33
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34 3. ORIGINS OF SOFT GLASSY RHEOLOGY IN THE CYTOSKELETON

3.1. INTRODUCTION

Biopolymers form the scaffolds of life, providing rigidity to both cells and their extracel-
lular matrix [39, 108]. An important characteristic of biopolymers such as fibrin [109],
intermediate filaments [71] and actin [48] is their high bending rigidity relative to most
synthetic polymers. This generally leads to a competition between entropic and ener-
getic effects that results in a range of material properties not captured by traditional poly-
mer physics. One such property is the highly nonlinear elastic response of biopolymer
networks, in which the shear rigidity can increase by orders of magnitude upon defor-
mations by only a few percent [51]. For permanently crosslinked semiflexible polymer
networks, this phenomenon is well accounted for by the compliance due to transverse
bending fluctuations that become suppressed under a load [48, 50].

The interactions of biopolymers are also complex. An example is the transient cross-
linking by specialized crosslinker proteins that takes place in the actin cortex, which
causes stress relaxation on timescales much longer than the typical cross-linker unbind-
ing time [95, 110]. The resulting viscoelastic flow does not follow a simple Maxwell model
with a single relaxation time, but instead follows power law behavior characteristic of
multiple relaxation times [37].

Here, we show that the nonlinear response of transiently crosslinked actin networks
exhibits an unexpectedly slow stress relaxation, similar to soft glassy systems [73, 80]. In-
terestingly, in contrast with prior models of soft glassy rheology [75, 76, 79], this behavior
is only observed in the nonlinear regime. We show that the time- and stress-dependent
response of actin networks is consistent with a model that accounts for both the non-
linear stiffening [48, 50] and transient crosslinking [37] of semi-flexible polymers. Our
results may provide an explanation for many prior reports of slow relaxation and near
solid-like viscoelastic response in reconstituted cytoskeletal networks [75, 78] and in liv-
ing cells [73, 74, 77, 94, 111-113]. While these phenomena have been discussed in the
context of phenomenological soft glassy rheology [73-79], a more microscopic mecha-
nism has been lacking. The present work suggests that the glassy dynamics in the cy-
toskeleton are a natural consequence of transient cross-links, combined with prestress.

3.2. RESULTS

Using small amplitude oscillatory rheology, we measure the storage (crosses) and loss
moduli (circles) in the absence of prestress (black data points) as a function of frequency
of actin networks, which are isotropically crosslinked by the dynamic linker a-actinin-
4 (ACTN4), a prominent crosslinker in human cells [114, 115] [Fig. 3.1c]. Qualitatively
consistent with previous experiments, we find a power law frequency dependence of
the moduli at frequencies below 1 Hz (black line) with an exponent close to 1/2, as
previously predicted theoretically and observed experimentally [37]. The 1/2 exponent
reflects the broad spectrum of relaxation times from the unbinding and rebinding of
multiple crosslinkers along a filament [Fig. 3.1a] [37]. The viscous modulus becomes
less frequency dependent for higher frequencies (> 1 Hz) , and is expected to peak at
the crosslinker unbinding rate (not observed here and therefore likely beyond 10 Hz) as
crosslinker unbinding becomes increasingly unlikely [37].

Next, we measure the nonlinear storage and loss moduli using a superimposed small
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Figure 3.1: Time-dependent viscoelastic response of transiently crosslinked semiflexible poly-
mer networks. a) Schematic of network of actin filaments (black lines) connected by crosslink-
ers (black dots). Left: filament before and after a crosslinker remodeling event (green and red).
Right: such events are unlikely for frequencies larger than the crosslinker unbinding rate wg. b)
Schematic phase diagram showing three different viscoelastic regimes as a function of time and
applied stress. Atlow stresses in the linear elastic regime, networks behave as permanent networks
or crosslink kinetics dominate the dynamics, depending on frequency. Our work shows that be-
yond an onset stress, a single length scale that is nonlinear in both stress and frequency governs
the mechanics. This onset stress decreases for frequencies below the crosslinker unbinding rate
as the effective crosslinker distance decreases. c¢) The storage (crosses) and loss moduli (circles)
of a crosslinked actin network against frequency in the absence of prestress (black) and for 8 Pa
prestress (red). The lines indicates a 1/2 power law.

amplitude oscillation in the presence of 8 Pa prestress (red data points in Fig. 3.1c). We
find that both moduli are larger in the presence of prestress by 1-2 orders of magnitude
than in the absence of prestress over the entire frequency range. We attribute this in-
crease in moduli to the stress stiffening response of semiflexible polymer networks due
to suppression of filament bending fluctuations [48, 50]. More surprisingly, we find that
both the storage and loss moduli are significantly less frequency-dependent in the pres-
ence of prestress than the /2 power law observed in the absence of prestress.

To find out the origin of the stress-dependent changes in the time-dependent rhe-
ology, we systematically vary the prestress over a range from 0.1 to 8.0 Pa with a super-
imposed small amplitude oscillation at different frequencies (w = 0.01...10 Hz). We find
that that both the differential storage and loss moduli increase as a function of prestress
over all frequencies [Fig. 3.2]. This increase is consistent with a 0> power-law stress
stiffening, as previously identified both experimentally and theoretically for semiexible
polymer networks [51, 71]. To test the agreement with the model more quantitatively, we
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Figure 3.2: Time-dependent stiffening. The differential storage (a) and loss (b) moduli of an
ACTN4 crosslinked actin network are plotted against the applied stress and color coded as a func-
tion of frequency from 0.01 Hz in black to 5 Hz in red in 7 logarithmically spaced steps. The solid
lines represent fits to Eq. 3.1. The blue dashed line represents the 3/2 power law characteristic of
permanently crosslinked semiflexible polymer networks [51].

fit the differential storage modulus at each frequency to the following cross-over func-
tion:

K'=G-(1+09/o0w)"?, (3.1

where G(w) is the linear storage modulus and o, is the characteristic stress for the onset
of stiffening at a given frequency. Remarkably, although the model for the 0%/ stiffen-
ing was developed and confirmed previously for the nonlinear elasticity of permanently
crosslinked networks, it accurately captures the nonlinear elastic response of transiently
crosslinked actin networks as well. However, whereas the onset stress for nonlinearity
of permanently crosslinked networks is independent of frequency [51, 71], we find that
this onset systematically increases with frequency for transiently crosslinked semiflexi-
ble polymer networks [Fig. 3.3a].

In order to capture both the frequency and the stress dependence of the shear mod-
uli, we propose a model in which we combine the transient nature of the crosslinkers
with the nonlinear force-extension behavior of the semiflexible actin filaments. For per-
manently crosslinked networks, the storage modulus in the linear regime is dependent
on the distance between crosslinkers, [, [48]:

Go ~ px 1, /13, (3.2)

where I, is the persistence length of the filament, p the filament length density per vol-

527164-L-bw-Mulla
Processed on: 27-12-2018 PDF page: 44



3.2. RESULTS 37

10’ . —~10" .
- v "
© o’ * 3
Q. ..o‘. © 10 N
T A0 S
o ®e Q
b —
310° -
-1 | vz 1
10 = =
107 10° 10" 10’
w(HZz) o/wl3(Pa*s1/3)
(a) (b)

Figure 3.3: Mastercurve behavior of the time and stress dependent viscoelastic behavior of actin
networks. a) The onset stress for stiffening of actin networks follows a 1/3 power law dependence
on frequency (black line), consistent with eq. 3.6. b) Stress-stiffening curves over all frequencies
can be collapsed onto a single mastercurve using Eq. 3.9. The color coding is identical to [Fig. 3.2].

ume and « the bending rigidity of the filament. In the nonlinear regime, the modulus
becomes independent of the distance between crosslinkers, but is defined by the length
scale beyond which bending wavelengths are suppressed due to the filament axial ten-
sion 7 [39]:

x/1. 3.3)

I; ~

As filament axial tension increases with the applied stress, o ~ p7, the relevant bending
wavelengths become smaller and the storage modulus increases nonlinearly with the
applied stress:

!
K~ pxl—’; ~ pxly 13 (0100) ™, (3.4)

T

where oo ~ px/ lg is the threshold stress at which the network begins stiffening as the
typical filament bending wavelength decreases below the typical crosslinker distance.
The important difference of transient networks compared to permanent ones is that the
effective crosslinker distance increases with time as more crosslinkers unbind [37]:

Iy ~ 0™ > Iy for o < wog, (3.5)
where w,g is the crosslinker unbinding rate. As a result, the onset for stress stiffening
now depends on frequency according to
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38 3. ORIGINS OF SOFT GLASSY RHEOLOGY IN THE CYTOSKELETON

oo~ px/ 12 ~ ", (3.6

In order to capture both transient and non-transient regimes, we let

1/
Ly =1y [1 + \/woff/w) ’ 3.7)

Strictly speaking, this is correct in the asymptotic plateau (w > wqf) and transient (v <
woff) Tegime, while it is only approximate in the crossover regime at intermediate fre-
quencies. But, we show below that Eq. 3.7 is nevertheless consistent with the experi-
ments over the full frequency range (1072 < w < 10%).

Similarly, in order to approximate the crossover from the linear to the nonlinear
regime, we let

I =1+ (0 /oo 2. 3.8)

Again, strictly speaking, this is correct for linear (o <« 0 ) and highly nonlinear (o >
0o,ir) regimes, although we show below that it approximates well the behavior of actin
networks over the entire experimentally accessible range of stress.

The resulting expression for K’ is

;o Kl [T+ (9/og)13/?
P B+ Vooie)

This model accurately describes the observed trends in the nonlinear rheology of actin
networks. Firstly, the theory predicts a w"? scaling of onset stress for nonlinearity (eq.
3.6), consistent with our experimental data [Fig. 3.3a]. Secondly, using Eq. 3.9, we suc-
cessfully collapse all stress-stiffening data [Fig. 3.3b]. Lastly, we use Eq. 3.9 to accurately
fit the differential storage modulus as a function of frequency over all prestresses [Fig.
3.4a]. Interestingly, using wg as a free parameter, we find that the characteristic fre-
quency decreases as the applied stress is raised [Fig. 3.5]. This result is consistent with
earlier rheological measurements on networks crosslinked by ACTN4 [57], and suggests
catch bonding [116] where the crosslinker unbinding rate decreases with force [38].

Strikingly, the K ~ w"? power law predicted by Ref. [37] is only observed in the ab-
sence of prestress [Fig. 3.1c], whereas prestressed networks are significantly less fre-
quency dependent [Fig. 3.4a,b]. We attribute the stress-dependence of the frequency
spectrum to two competing nonlinearities. On the one hand, the effective crosslinker
distance increases with time (Eq. 3.5), allowing for longer parts of an actin filament to
freely fluctuate. On the other hand, the onset stress for stiffening decreases with time
(Eqg. 3.6), which suppresses filament fluctuations. Together, these two effects cause the
frequency dependence to be weaker with increasing stress. We quantify this effect by
fitting the data with an empirical power law K (0, ) = a(0) - ©”® commonly used in the
cell rheology literature [73, 77, 111-113] and find that the exponent § decreases from 0.5
in the absence of stress to 0.1 at 8 Pa [Fig. 3.4c]. Furthermore, we find that the prefactor
a increases for the loss modulus and, even more steeply, for the storage modulus as the
network stiffens, such that the network becomes more solid-like with increasing stress
[Fig. 3.4d].

(3.9
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Figure 3.4: Frequency dependence of stressed networks. The differential storage (a) and loss
(b) moduli of an ACTN4 crosslinked actin network are plotted against the applied frequency and
color coded as a function of prestress from 0.2 Pa in black to 7.2 Pa in red with 1 Pa steps. The stars
are data in the absence of prestress. The blue line represents the 1/2 power law characteristic of
networks in the absence of stress. [37]. The solid lines represent fits to K’ (g, ) according to Eq.
3.9 (see Fig. 3.5 for the fitting parameters). The frequency dependent storage and loss differential
moduli are fitted between 0.01 and 1 Hz with an empirical power law a /(o) -wP©) The exponent
(c) and a pre-factor a (d) are shown as a function of stress.
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40 3. ORIGINS OF SOFT GLASSY RHEOLOGY IN THE CYTOSKELETON

3.3. DISCUSSION

We have investigated the dynamics of stressed semiflexible biopolymer networks that
are transiently crosslinked. We find that the elastic response of such a network is well
captured by a simple model that combines prior models for the linear viscoelasticity of
transient gels and the nonlinear elasticity of permanent networks. Key to our model is a
single length scale defined by Egs. 3.7,3.8 that characterizes the upper limit of fluctuating
wavelengths. This length depends nonlinearly on both time/frequency and stress. The
resulting mechanics are different from permanently crosslinked networks [71, 109, 117],
as such networks are time-independent except at very high frequencies, typically beyond
100 Hz, where the viscous drag of the fluid hampers filament relaxation [102, 118-120].
Recently, Ref. [79] proposed a model for the nonlinear response of transient semiflexible
networks, but no specific relationship between the stress and the exponent governing
the time dependence was predicted. While our minimal model does not include such
effects, it is able to capture the stress and frequency dependence of the nonlinear elas-
tic response. The current work goes beyond earlier work studying the linear response
of transiently cross-linked semiflexible polymer networks. We find that the previously
reported K ~ w'"? scaling is only apparent at small stress.

Other work on stressed dynamically crosslinked actin networks has focused on the
effect of force-induced linker (un)binding [56, 57, 121], sliding of crosslinkers along fil-
aments [122, 123] and the effect of shear-induced filament alignment [124]. While our
minimal model does not include such effects, it is able to capture the stress and fre-
quency dependence of the nonlinear elastic response. In future work, it would be in-
teresting to include the additional microscopic effects mentioned above [56, 57, 121-
123, 125], as well as to quantitatively understand the differential loss modulus, K", for
example by using detailed network simulations of transiently connected semiflexible
polymers [85].

We find that stressed semiflexible polymer networks exhibit power law dynamics
with a small exponent (§ ~ 0.1). Remarkably, mechanical experiments on living cells
have revealed similar power law dynamics [73, 74, 77, 94, 111-113]. These mechanical
properties are reminiscent of observations on a range of disordered systems close to the
glass transition [80]. The soft glassy rheological properties found in cells have been phe-
nomenologically described by assuming a broad distribution of microscopic relaxation
timescales [73, 75, 76, 78, 79]. Whilst this phenomenological description can account
for the experimental data [73, 75, 77, 78, 94, 111-113], it offers no insight into the micro-
scopic processes governing these dynamics. Here we suggest that the glassy dynamics
are a natural consequence of transient cross-links, combined with prestress.

Myosin motor-driven contractility is a likely source for such prestress in the cell [35,
126]. Consistent with our results, experiments on cells have revealed that the power
law exponent decreases with the prestress generated by actomyosin contractility [113].
Remarkably though, whereas the reconstituted networks become more solid-like with
prestress [Fig. 3.4d], mechanical experiments on cells have shown that the loss modulus
increases more rapidly than the storage modulus as a function of myosin-driven tension
[113]. We speculate that external stress as imposed in our rheological experiments differs
from internal stresses generated by myosin motors, as motors not only cause contractil-
ity but also fluidize networks via inter filament sliding [65, 127] and severing [64, 66].
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APPENDIX

PROTEIN PURIFICATION AND NETWORK FORMATION.

The actin crosslinker human a-actinin 4 (ACTN4) was purified as described in reference
[98]: Rosetta E. Coli cells were transformed to express recombinant crosslinkers with a
6xhis-tag. Induction was performed with 500 uM isopropyl f-D-1-thiogalactopyranoside
for eight hours at 25°C. After centrifugation at 6000 g for 15 minutes, cells were resus-
pended in 20 mM Nacl, 5 mg/ml lysozyme and 20 mM Hepes, pH 7.8. The cells were
lysed by a freeze-thaw cycle, and centrifuged at 20,000 g for 30 min. The recombinant
protein was purified from the supernatant using a QIAGEN nickel column. Next, the col-
umn was washed with 20-bed columns of 500 mM NacCl, 25 mM imidazole, and 20 mM
Hepes, pH 7.8. The recombinant proteins were eluted with 10-bed volumes of 500 mM
NaCl, 500 mM imidazole, and 20 mM Hepes, pH 7.8. The proteins were concentrated
using a Centricon filtration device (Millipore) and purified by gel filtration in 150 mM
NaCl, 20 mM Hepes pH 7.8, and 10 mM dithiothreitol (DTT) using an AKTA purifier (GE
Healthcare) and a Sephadex 200 column.

Actin was purified from rabbit psoas skeletal muscle as described in reference [99]
and stored at —80°C in G-buffer (2 mM tris-hydrochloride pH 8.0, 0.2 mM disodium
adenosine triphosphate, 0.2 mM calcium chloride, 0.2 mM dithiothreitol) to prevent
polymerization. We used a concentration of 48 uM (2 mg/ml) for all our experiments
and actin was polymerized in a buffer consisting of 50 mM KCl, 20 mM imidazole pH
7.4, 2 mM MgCly, 1 mM DTT and 0.5 mM MgATP (F-buffer). Unless otherwise men-
tioned, we used a crosslinker concentration of 0.48 uM to obtain a molar ratio of 1/100
crosslinker/actin and on average about 1 crosslinker per 0.5 um of actin filament; under
these conditions, networks are unbundled and isotropic as verified by confocal fluores-
cence microscopy [Fig. S6.17]. All chemicals were bought from Sigma Aldrich unless
otherwise mentioned.

RHEOLOGY

Rheology was performed using a stress-controlled Kinexus Malvern Pro rheometer with
a stainless steel 20 mm radius cone plate geometry with a 1° degree angle. We loaded
40 ul of the ACTN4 crosslinked actin networks directly after mixing the proteins into the
polymerization buffer. A thin layer of Fluka mineral oil Type A was added around the ge-
ometry to prevent evaporation, and the sample was closed off with a hood to minimize
effects of air flow. Polymerization of the network was followed by applying a small oscil-
latory shear with a strain amplitude of 0.5% and a frequency of 0.5 Hz for 2 h. Next, a fre-
quency sweep was performed between 0.01 —10 Hz, using 10 data points per decade and
an amplitude of 0.5%. Afterwards, 2D stress/frequency rheology was performed [Fig.
S3.6a] by varying both the prestress (0.2 — 8 Pa) and the frequency (0.01 — 10 Hz) with
an amplitude of oscillation that equals 10% of the applied constant stress. Frequencies
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44 3. ORIGINS OF SOFT GLASSY RHEOLOGY IN THE CYTOSKELETON

above 10 Hz could not be measured as inertial effects from the rheometer dominated
the rheological response of the actin network at high frequencies. The prestress was
increased from 0.2 Pa to 8 Pa with 0.2 Pa intervals. At every step in prestress, a superim-
posed small amplitude oscillation was applied with a frequency of oscillation that started
at a frequency of 10 Hz for every prestress and was decreased to 0.01 Hz in 20 logarith-
mically spaced steps using 4 cycles per frequency. After reaching 8 Pa, the prestress was
decreased with 0.2 Pa intervals, again performing a frequency sweep at every prestress.
All experiments were performed at T =298 K.

In the main text, all figures show data from the decreasing sweep as the viscoelastic
flow due to the prestress was smaller for the decreasing sweep than for the increasing
sweep [Fig. 3.6b]. However, we show that similar trends are observed in the upward
stress/frequency sweep [Fig. 3.7]. Furthermore, the stress/frequency sweep data in the
main text [Fig. 3.2] and [Fig. 3.4a,b] only show a representative selection of the exper-
imental data to preven graphs from becoming crowded, whereas the full data sets are
shown in [Fig. S3.7].

FITTING PROCEDURE

We fit the differential storage modulus with Eq. 3.9 from the main text using a least
square fitting algorithm in two steps. In the first step, we fit the data with all param-
eters (pre-factor, characteristic frequency and an onset stress of stiffening) fixed over
the entire stress/frequency range. In the second step, we refine the fit by allowing for a
stress-dependent characteristic frequency, using the pre-factor and onset stress of stiff-
ening from the first step. Note that the characteristic frequency obtained in this way is
larger than the highest probed frequency over the full stress range [Fig. S3.5]. Therefore,
the values should be interpreted with caution as the absolute values are sensitive to the
choice of pre-factor and onset stress of stiffening. However, the decrease in characteris-
tic frequency with prestress shown in [Fig. S3.5] should be robust.
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Figure 3.5: Characteristic frequency indicative of the crosslinker unbinding rate as a function
of the applied stress. The differential storage modulus was fit at every prestress with Eq. 9, using
the characteristic frequency as a free parameter. Data are shown on a lin-lin (a) and log-lin scale
(b). The pre-factor and onset stress of stiffening (o, not o ;) were fixed at resp. 748 Pa and 11.8
Pa.
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Figure 3.6: Stress protocol and creep. a) Schematic of the 2D stress/frequency protocol. We apply
a prestress (dashed blue line) with a superimposed small amplitude oscillation, varying both the
frequency and prestress in time. Using this protocol, we measure the differential storage and loss
moduli. The frequency is color coded. b) During the 2D stress/frequency sweep, the actin network
is under continuous stress and therefore viscoelastically flows. Here we plot the strain as a function
of time, with ¢ = 0 corresponding to the start of the sweep. The prestress is color coded from 0.1 Pa
in black to 8 Pa in red. After approximately 400 min, a full 2D scan is completed and the stress is
ramped down to measure the reversibility of the stiffening (400 — 800 min).
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Figure 3.7: Comparison of upward and downward 2D stress/frequency sweeps. The differential
storage (a,c) and loss (b,d) moduli for the upward (a,b) and downward (c,d) stress sweep. The
dashed line shows the 3/2 power law expected for permanently crosslinked networks. e) Using
Eq. 9, we collapse the upward (red) and downward (black) curves - showing that the stiffening and
frequency dependence are both insensitive to the sample history. The individual upward (f) and
downward (g) curves are color coded as a function of frequency similar to [Fig. 3.3] from the main
text.
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(@) (b)

Figure 3.8: Confocal fluorescence images of ACTN4 crosslinked actin networks a) At a 1:100
ACTN4:actin molar ratio, the concentration used for all experiments in this manuscript, an
isotropically crosslinked actin network is observed with no structure above the diffraction limit.
b) For comparison, actin bundles were observed at a 1:25 ACTN4:actin molar ratio. The color cod-
ing was inverted for both images to improve the visual contrast between bundles and background.

Scale bars are 20 ym.
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CRACK INITIATION IN
VISCOELASTIC MATERIALS

In viscoelastic materials, individually short-lived bonds collectively result in a mechani-
cal resistance which is long-lived but finite, as ultimately cracks appear. Here we provide
a microscopic mechanism by which a critical crack length emerges from the nonlinear lo-
cal bond dynamics. Due to this emerging length scale, macroscopic viscoelastic materials
fracture in a fundamentally different manner from microscopically small systems consid-
ered in previous models. We provide and numerically verify analytical equations for the
dependence of the critical crack length on the bond kinetics and applied stress.
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50 4. CRACK INITIATION IN VISCOELASTIC MATERIALS

4.1. INTRODUCTION

Liquids cannot fracture, but solids can. We consider the intermediate case: viscoelastic
materials. These materials are made of filaments or particles interconnected by short-
lived bonds. This design theme of transient networks is commonly used in both natural
and man-made materials such as cytoskeletal polymer networks in cells [37], physical
gels [128], associative and telechelic polymers [129], and colloidal gels [130].

The molecular dynamics of transient networks lead to interesting macroscopic me-
chanics: at times shorter than the bond lifetime the material behaves like a solid [37],
while on longer time scales the bonds reorganize and the material deforms viscoelas-
tically [37, 122, 131]. As a result, transient networks are much more deformable than
permanent networks [132]. However, viscoelastic materials can resist mechanical stress
only for a limited time, after which the system suddenly loses its mechanical percola-
tion, a process which is known as fracturing [129, 133-135]. This raises the question how
we can design transient networks such that the robustness against stress is optimized,
which requires an understanding of the mechanism by which transient networks frac-
ture.

Fracturing of viscoelastic materials is often explained by the Griffith theory of crack
stability in brittle solids [99, 129, 133, 136-138]. The Griffith theory predicts that beyond
a critical stress, initial defects will grow into macroscopic cracks as the elastic energy
released by the crack dominates the surface energy required for separation [139]. This
thermodynamic model provides a criterion for stability, but cannot be used to describe
the dynamic process of stochastic crack initiation [140]. Moreover, this framework was
originally developed for solids, and assumes defects are either static or growing. This
assumption is clearly invalid for viscoelastic materials, as defects are not static entities
but instead continuously appear and heal [141]. Therefore, viscoelastic materials require
a framework which takes into account the reversible bond dynamics.

The seminal work of Bell on cellular adhesion provides such a framework of reversible
bond dynamics under force [142], and has received considerable attention in studying
small-scale systems such as protein clusters which provide cellular adhesion [143, 144],
fracturing of a single colloidal strand [134] and protein unfolding [145].

In all of these works, force is assumed to be homogeneously distributed across all
bonds, which appears to be a realistic assumption for microscopically small systems.
Contrarily, in the context of viscoelastic materials, theoretical [146, 147] and experimen-
tal work on both synthetic gels [148] and biopolymer networks [149] has revealed non-
affine deformations upon application of global stress [150]. Indeed, imaging of various
networks under stress showed inhomogeneities of the local force which are strongly cor-
related in space [125, 151, 152]. These inhomogeneities might be negligible when con-
sidering bulk properties such as the average bond lifetime under stress [54, 153], but
likely play a key role in crack initiation. In situ imaging of stressed viscoelastic materials
revealed that fracturing occurs via well-defined cracks [129, 136, 154, 155] rather than
via the homogeneous degradation expected from the Bell model [54, 142-145, 153, 156],
suggesting local rather than global load sharing. At which length scale does the global
load sharing assumption become inaccurate? And what determines the fracturing prop-
erties of a system of reversible bonds under load beyond this length scale?

To answer these questions we developed a minimal model that includes reversible
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4.2. METHOD 51

bond dynamics (figure 4.1a) in the simplest possible 'material’ that is capable of exhibit-
ing spatial inhomogeneity required for studying crack initiation: bonds distributed over
a 1D-space, subject to tensile load. The experimental analogue in three-dimensional
networks is a shear load as a constant tensile load would cause continuous thinning
[136]. To account for inhomogeneous load sharing, we assume a force distribution that
depends on the local bond spacing (figure 4.1b). We show that this minimal model sys-
tem exhibits spontaneous crack initiation and subsequent fracture, in a manner that is
consistent with experimental observations in wide range of viscoelastic materials [129,
136, 154, 155]. We verify our results by comparison with a mechanical model. We study
the process of crack initiation in more detail by locally "ablating’ bonds (figure 4.1c),
which reveals a critical crack length beyond which fracturing occurs. We provide an-
alytical equations describing the process of crack initiation on basis of the nonlinear
bond dynamics, and predict the dependence of the critical crack length on both bond u
properties and applied stress. Our work reveals that microscopic viscoelastic materials

smaller than this typical crack length behave qualitatively different from macroscopic
viscoelastic materials.

4.2. METHOD

We initialize a one-dimensional (1D) network with N equally spaced binding sites using
periodic boundary conditions, each bond having a probability K to startin a closed state.
Next we model the dynamics of the bonds with a kinetic Monte Carlo scheme [157] using
the following bond dynamics:

kon

=_—°n (4.1
kon + koff,O

where ko, is the rate of bond closing and kot the rate of bond opening in the absence
of force (figure 4.1a). We normalize time by the on-rate, k,,. Note that we do not in-
troduce a force-dependence in k,;,, as binding sites could both appear and disappear
as a function of shear stress. Moreover, including a force-dependence in the on-rate
would introduce an extra parameter in the model, without qualitatively changing any of
our results. The off-rate increases exponentially with the applied force f on the bond in
keeping with the Bell model [142]:

i
fl/e

where f/e is the force where the off-rate has fallen to 1/e of k. We calculate the force
per bond f; via

ko (fi) = Koft0 - €xp(=—) 4.2)

fi=a;-o (4.3)

where o is the stress on the system and « is a yet to be defined stress intensity factor
per bond. In global load sharing, the applied stress is equally divided over all bonds.
To investigate the effect of inhomogeneous force distribution as present in any network
under stress [125, 151, 152], we investigate a local load sharing model. In this model, we
assume that the force distribution is dependent on the distance /; of a bond to its nearest
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Zablate

Figure 4.1: Schematic of model a) Bonds switch from an open to a closed state with rate kon and
reverse with a rate of kg o in the absence of force. b) Bonds in a closed state share an applied load
o (the force normalized by the system size), where the load distribution depends on the distance
[; from bond i to its nearest neighbors. ¢) We perform bond ablation experiments by opening all
bonds in /p),te @djacent positions to investigate the critical length required for triggering fractur-
ing. Periodic boundary conditions are used to prevent edge effects from influencing the results.

neighbor on both sides (figure 4.1b). Explicitly, we define a stress intensity factor @ on a
closed bond at site i by:

N- ):l—ll Local
a; = it (4.4)

% Global

where n; equals 1 when the bond is closed and 0 when the bond is open. Note that
in both modes of load sharing the total amount of force is independent of the bound
fraction and normalized by the system size,%:o‘. We normalize the applied stress by
the bond force sensitivity fj/e. After calculating the force on all bonds, we employ a
kinetic Monte Carlo step to either open or close a bond stochastically. We repeat this
process of stochastic bond removal/addition until all bonds are removed.
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4.3. RESULTS

As shown in figure 4.2a, the fraction of closed bonds fluctuates over time, until it drops
precipitously to zero at a certain moment that we denote as the rupture time. The rup-
ture time is exponentially distributed - indicative of the stochastic nature of fracturing
[158]. To test the sensitivity of the average rupture time to the applied stress, we perform
simulations at a fixed network size and fixed bond affinity for different levels of stress
(N =20, K =0.9, 0 =0.5...2). For both local and global load sharing, we find that the
average rupture time shows two distinct regimes with a transition around < fype>=1 (fig-
ure 4.2b). As we will explain later on, these regimes correspond to a metastable network
at low stress and an unstable network at high stress. Importantly, networks with local
load sharing are markedly less robust than globally load sharing networks, with smaller

average rupture times at all stresses.

To test how the system size influences the average rupture time, we perform simula- u
tions for networks with N varying between 5 and 100 (figure 4.2c). In case of global load
sharing, we see that the average rupture time monotonically increases with system size,
as the relative fluctuations of the fraction of closed bonds (W) decreases [134, 142—
144]. In case of local load sharing, we find similar rupture times as compared to globally
load sharing networks for small N. But strikingly, beyond a critical length (around N = 12
for these conditions), we find that only in case of local load sharing the rupture time de-
creases with increasing system size, according to <fypi>~ N 1 (inset of figure 4.2c). This
dependence suggests a constant crack initiation rate for every 12 bonds at this particular
stress. Indeed, kymographs of simulations using local load sharing reveal that fracturing
proceeds via cracks rather than homogeneous degradation (figure 4.2d). The relevance
of our model is limited to crack initiation, the rate-limiting step in rupturing [159], as
the fracture energy during crack propagation depends on system-specific physical pro-
cesses, such as solvent dynamics and polymer disentanglement [160, 161].

To understand what sets the critical length for crack initiation as observed in fig-
ure 4.2c, we performed ’ablation experiments’ (figure 4.1c): first we equilibrate the net-
work under stress, next we remove all bonds in Iy, adjacent positions, then we study
whether bond ablation triggered network fracturing. We chose the system size N=/,pjqa¢e- 10,
such that the system is large compared to the number of ablated bonds, yet small enough
to allow for equilibration without spontaneous crack initiaton. Figure 4.3a shows how
fracturing becomes more likely upon increasing the ablation size lapjate, and that the
required ablation size I pjate to initiate fracturing decreases with the applied stress o.
Figure 4.3b shows that an increase of bond affinity K increases the critical ablation size
lablate Tequired for triggering fracture.

To quantitatively understand the ablation data, we define crack length L as the largest
bond distance /; in the system. In case of global load sharing, the force on bonds at the
edge of the crack stays independent of L as long as L<«N, so ablation does not induce
fracture. By contrast, in case of local load sharing, the force on the bond at the edge
of the crack is f=0-L-1/2 (the factor 1/2 is because the load on the hole is shared by the
bonds at both ends). Thus, k¢ exponentially grows with the crack size due to a linearly
increasing force, whereas the chance of rebinding increases only linearly due to a larger
area in which rebinding can occur. As a result, for large enough I;pjate, bond unzipping
will occur for any system under stress.
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Figure 4.2: Stochastic rupture of simulated 1D transient networks subject to a mechanical
stress. a) Typical example of the fraction of closed bonds in time upon application of stress, af-
ter ¢ = frypt, spontaneous fracture occurs (K = 0.9, N = 20, o = 0.7, global load sharing). b) Stress
dependence of rupture time. Although quantitatively different, global and local load sharing show
qualitatively similar behavior with two exponential regimes with a cross over at around <#rupt>~1
(K =0.9, N =20). ¢) The system size dependence of the rupture time reveals a qualitative differ-
ence between global and local load sharing: whereas the rupture time increases with system size
for global load sharing, local load sharing shows an optimum in strength at a well-defined system
size (K = 0.9, 0 = 0.7). Inset: same data on a log-log scale, showing that after a critical system
size <trupt>~ N ~1 for local load sharing. d) Kymograph of crack initiation under local load sharing
(white=closed, black=open) clearly reveals how bond opening proceeds via a well-defined crack.
The x-axis shows simulation step rather than time, as the crack propagation is orders of magnitude
faster than the crack initiation (figure 4.2a). Note that time is normalized by kopn.
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We are interested in the length Lynstable @t which the crack becomes unstable. As a

first order approximation, we can find the fixed points of crack length L by calculating
the length at which the rates of bond opening and closing are equal (figure 4.4a):

2- koff(l/Z'U‘z) = kon L 4.5)

This condition is met at the average bond distance at equilibrium, Lgple, and the bond
distance at the unstable point, Lynstable:

Wo(-0-(+ -1
Lgaple(0,K) = 2- M (4.6)

W_i(-0-(-1)

Lynstable(0,K) = 2- ——(T 4.7) u
where W is the Lambert W function with W, the main branch and W_; the second
branch [162]. Note that the network transitions from metastable to unstable at Lgtapie=Lunstable
(seen as a change in slope in figure 4.2b at around <#pt>=1). For local load sharing, the
transition from a metastable to an unstable network occurs beyond a critical bond-to-
bond distance Lynstable, Whereas for global load sharing this transition occurs beyond a
critical fraction of open bonds and therefore explains the continuous increase of rupture
time as function of time [134, 142-144].

To test equation 4.7, we show in figure 4.4b that all ablation data can be successfully
collapsed onto a single master curve using a normalized ablation size ﬁ To com-
pare equation 4.7 with both the ablation data and the typical length scale observed in fig-
ure 4.2b, we first define a critical ablation length, I, which we obtain by fitting the size
dependence of the rupture probability ¢yp: to a sigmoidal function ‘Pmpt:m
at each applied stress and at bond affinity K = 0.9. We can now combine the critical ab-
lation length I from figure 4.3a with the optimal system size N found in figure 4.2c and
conclude that all these data are well-described by equation 4.7 (figure 4.4c).

4.4, DISCUSSION

Up to now, theoretical work on transient network fracturing has been limited to the as-
sumption of global load sharing [134, 142-144]. We find that < fyp > is insensitive to
this assumption for microscopic systems. However, fracturing of macroscopic system
follows fundamentally different rules, in which the notion of local load sharing becomes
important. The length scale separating microscopic from macroscopic materials de-
pends on K and o, and ranges from tens of bonds up to arbitrarily large values (equation
4.7). Our study investigates the idealized limit of fully localized load sharing, but we ob-
serve similar behavior of a typical fracture length when the load distribution is simulated
via a mechanical model [158, 163].

Our model predicts features which are different from global load sharing, but con-
sistent with experimental observations on a wide range of viscoelastic materials. First,
rupturing of macroscopic viscoelastic materials proceeds via spontaneous crack initi-
ation, different from the homogeneous failure predicted by global load sharing mod-
els [134, 142-144]. This prediction is borne out by experimental observations of a wide
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lablate lablate

Figure 4.3: Characterization of critical crack length in local load sharing Ablation experiments
were performed by first equilibrating the system under stress until ¢ = 1, next bonds were ablated:
n; = 0 fori=0...[;p]ate- After the ablation, the network was studied up to ¢ = 2. This experiment was
repeated 30x per condition, and the fraction of observed ruptures ¢rupt was recorded. We plot the
fraction of observed ruptures ¢rupt as a function of the ablation size lyp),¢e for different values of
a) applied stress o at K = 0.9 or b) bond affinity K at ¢ = 0.1. Control ablation experiments using
the same parameter with global load sharing never showed fracturing.

a) @ Theor
kOn [} Ablaticym data
k:off @® Optimal N
kOff,O :  C— 15 1081 5 e
L stable L unstable lablate/ L unstable

Figure 4.4: Comparison between theory and simulation a) As a function of crack size, the on-
rate increases linearly, whereas the off-rate increase exponentially. As a result, the crack becomes
unstable after L, sable- D) All data from figure 4.3 can be collapsed obtained onto a single master
curve by normalizing according to lpjate/ (Lunstable (0> K)). ¢) Equation 4.7 quantitatively predicts
both the critical length for ablation, and the width at which the maximal rupture time is observed
in figure 4.2.

527164-L-bw-Mulla
Processed on: 27-12-2018 PDF page: 64



4.4. DISCUSSION 57

range of viscoelastic materials [129, 136, 154, 155]. Second, the model of global load shar-
ing predicts that the rupture time strongly increases with the system size. As a result,
delayed fracturing (<fupt>> kon) would only be experimentally observable very close
to the critical stress for any macroscopic system. Instead, delayed fracture is experi-
mentally observed for many different viscoelastic materials over a wide range of stresses
[129, 133-135]. We find that in case of local load sharing, the dependence of < fyp¢ > on
o does not diverge upon increasing system size N. Thus, our model for the first time ex-
plains why delayed fracturing is readily observable on laboratory timescales over a wide
range of stresses in; experiments.

The model makes several concrete predictions that can be tested experimentally by
applying shear stress on viscoelastic materials. Firstly, we predict that the average rup-
ture time measured at constant stress will be inversely proportional to the system size
(figure 4.2c) as the crack initiation rate is constant per volume. Secondly, the presence u
of a critical crack length can be measured directly by performing laser ablation on vis-
coelastic materials under stress, a technique that is common in biophysical studies of
cell and tissue tension [23]. Thirdly, the dependence of the critical crack length on the
applied stress and bond kinetics (Equation 4.7) can be tested experimentally. The bond
kinetics can for instance be experimentally controlled by changing the temperature in
cross linked actin networks [164] or salt conditions in polyelectrolyte gels [165].

Previous simulations of viscoelastic materials have only considered systems of 10-
100 bonds in width [137, 166-168] - small compared to typical crack lengths as found
in our study and therefore significantly less sensitive to local load sharing than macro-
scopic materials used in experiments [129, 133-135]. Future computational work should
focus on networks larger than the typical crack length to investigate how microscopic de-
tails not addressed in our simple 1D model (e.g. polymer length [33] or network fractality
[169]) influence the dynamics of bond inhomogeneity in two [137, 166, 167] or three di-
mensions [168] as for traditional solids it is well-known that crack stability depends on
the 3D shape of defects [139].

Our framework for understanding the crack initiation process in viscoelastic materi-
als can be used to rationally design more robust materials. We have considered evenly
distributed bonds. For future work, it would be interesting to investigate the effect of
inhomogeneity under local load sharing. It is interesting to note that cellular adhesion
proteins are not randomly distributed but clustered with a well-defined size [22]. Sim-
ulations have shown that an intermediate degree of clustering is optimal for preventing
fracturing [170, 171], although the nature of this optimum remained poorly understood.
We speculate that this optimal clustering density is related to the critical length scale for
crack initiation and that this strategy of clustering bonds is an interesting design princi-
ple for synthetic materials.

We thank Giorgio Oliveri and Bas Overvelde for the development of the Finite Ele-
ment Analysis. We thank Pieter Rein ten Wolde, Chase Broedersz, David Brueckner and
Mareike Berger for fruitful discussions.
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APPENDIX

CRACK INSTABILITY CRITERION

In the main text we derive a criterion for the size at which cracks become unstable (equa-
tion 7). Here we present the derivation in more detail. A full description of the crack
dynamlcs dL is analytically untractable. However we can approximate the fixed points

L Where = 0, by considering the two types of events which contribute directly to the
crack dynamlcs unbinding of either of the two bonds at each edge of the crack, and re-
binding of any of the bonds within the crack. Following equation 5.2, the rate kegge at
which unbinding at the edge occurs is:

kedge = koff,O -exp( /i )= offO eXp( (4.8)

f le f 1/e
Note that this solution is only approximate, as we ignore the distance from the bonds
at the edge of the crack to their nearest neighbor. Next, we compute the rate kcenter at
which binding occurs anywhere within the crack:

kcenter = kon - L 4.9
We now ask at which crack length the rate of unbinding at the edge equals the rate of

rebinding at the center:

*

kon - L Koft0 - exp( (4.10)
f e
AsK = konlfr",‘gofm (eq. 4.1) and kop, = f1/e = 1 due to normalization, the equation simplifies
to: . .
-0-(1-K)=—-0-L-exp(-0-L) (4.11)

which we can solve using the Lambert W function [162], where the Lambert W function
represents the branches of the inverse relationship of the function f(z) = z-exp(z), so
z =W (z-exp((z)). Solving this equation using the Lambert W function with f(z) = —

(1-K) and z = —o - Lresults in equation 4.6 and 4.7 for resp. the first (stable) and second
(instable) branch of the Lambert W function [162].

MECHANICAL MODEL

To validate the behavior of cracks in viscoelastic materials obtained with the local load
sharing assumption, we implemented a 2D mechanical model (figure 4.5) based on Fi-
nite Element Analysis (FEA) [163]. The transient bonds, modeled by a linear elastic ma-
terial with a Young’s modulus E and Poisson’s ratio v, are modeled as elastic bodies fixed
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Orea

Solid body

Transient bonds

Figure 4.5: Finite element model Finite element model representation of an elastic body (blue) of
total thickness i with random distribution of bonds (green) at rest (left) and stretched (right). The
deformation, due to the applied force ogpp on the elastic body, is exaggerated for clarity.

at their bottom and attached to an upper body with the same material properties. Both
the bonds and the elastic body are discretized using bi-linear square elements consist-
ing of four nodes. The elastic body consists of /- N elements, where & is the height of
the elastic body expressed in terms of the in number of elements and N is the number
of bonds. Periodic boundary conditions are applied to the left and right boundaries. To
apply tension to the bonds, a vertical displacement is applied to the upper boundary of
the solid part, until a force opga is reached. A Monte Carlo scheme similar to the one
used for the local load sharing model is applied to determine the transient behavior of
the bonds, using equation 5.2 and 4.3, and we define the stress intensity factor value «;
for FEA as:

i Ui
where U; is the bonds’ elastic strain energy density which can be found by integrating
the stress vector on the bond {s}; for the strain vector {e}; according to:

a; (4.12)

€xx

1 1
Ui = f {s}?{de},-=5{s}f{e}i=5[sxx sy Suyli | eyy (4.13)

Figure 4.6 shows how the elastic body redistributes the applied force on the bonds. Im-
portantly, we observe a stress intensity distribution for FEA that is comparable to that
of the local load sharing assumption using the settings of & = N and Epody = Epond. For
future work it will be interesting to vary h and/or Epond/ Epody and test the effect on the
stress distribution and subsequent fracturing behavior.
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Figure 4.6: Comparison of load distribution Stress intensity factor comparison of different modes
of load sharing (global, local, FEA) for the bond distribution shown in Figure 4.5.
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Figure 4.7: FEA verifies main qualitative difference between local and global load sharing Unlike
global load sharing but similar to local load sharing [Fig. 4.2c], the average rupture time in FEA is
peaked for intermediate system size N.
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Figure 4.8: Rupture times are exponentially distributed We performed fracturing simulations
under local load sharing for 1D networks (see figure 4.1) using identical parameters (o = 0.7, K =
0.9, N = 20, 1000 repeats) and recorded Trupt. The distribution of rupture times is exponential,
suggesting a stochastic process.
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CROSSLINKER MOBILITY WEAKENS
TRANSIENT POLYMER NETWORKS

Transient networks comprised of polymers connected by short-lived bonds are a common
design theme for both biological and synthetic materials. Transient bonds can provide
mechanical rigidity, while still allowing for viscoelastic flows on timescales longer than
the bond lifetime. In many biological polymer networks such as the actin cytoskeleton, the
short-lived bonds are formed by accessory proteins that diffuse away after unbinding. By
contrast, bonds in synthetic networks, such as the pendant groups of telechelic polymers,
can only rebind in the same location. Using a recently developed theoretical model of the
fracturing of viscoelastic materials, we here investigate the effect of linker mobility on the
bond dynamics of a network under stress. We find that although mean field properties
such as the average bond linker lifetime are barely affected by bond mobility, networks
cross linked by mobile bonds fracture more readily due to 'leaking’ of linkers from crack
areas to less stressed regions within the network. We propose a theoretical model to de-
scribe the redistribution of mobile linkers, which we validate by simulations. Our work
offers insight into a potential trade-off that cells face, between fracture strength versus the
modularity and tight dynamic control offered by mobile linkers.

63
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64 5. CROSSLINKER MOBILITY WEAKENS TRANSIENT POLYMER NETWORKS

5.1. INTRODUCTION

Transient polymer networks are connected by individually short-lived bonds, which col-
lectively result in a long-lived mechanical resistance by distributed load sharing [159].
This design principle is the basis of viscoelastic materials: the reversible bond dynamics
allow the network to flow whilst maintaining mechanical integrity [131]. Furthermore,
transient networks are self-healing due to the reversibility of unbinding [172] and the
sensitivity of the bond dynamics to a range of external conditions makes these materi-
als stimuli-responsive [54, 164, 165]. Due to the viscoelastic flow, transient networks are
much more deformable than permanent networks [132]. However, viscoelastic materi-
als can resist mechanical stress only for a limited time, after which the system suddenly
loses its mechanical percolation, a process which is known as fracturing [129, 133-135].
Crack initiation of viscoelastic materials occurs stochastically [129, 159] due to fluctua-
tions in the local density of bound linkers [141, 173], which eventually results in fracture
due to rapid crack propagation [160]. In order to understand the fracturing behavior of
transient networks, one needs to understand the linker dynamics.

Transient networks can be divided in networks bound by immobile or by mobile
linkers. Mobile linkers can be found in many biological systems. A well-studied ex-
ample is the actin cortex, which consists of a network of actin filaments connected by
actin-binding proteins [37]. These actin binding proteins can freely diffuse after unbind-
ing. Similarly, cells use integrins [174] and cadherins [175] for cell-matrix and cell-cell
adhesion [22], respectively. These adhesive proteins diffuse in the plane of the mem-
brane after unbinding. By contrast, examples of networks connected by immobile link-
ers are colloidal gels connected by pendant groups [176] and adhesive polymer net-
works [177], such as hydrogen-bonded associative polymers [178], telechelic polymers
[129], ionomers [179] and polyelectrolyes [155]. A biological example of immobile linkers
can be found in fibrin blood clots, where fibrin forms fibers with pendant sticky groups
which unbind upon mechanical loading [180].

Both mobile and immobile linkers result in transient networks, but only mobile link-
ers allow for linker rebinding in new locations of the network. This linker mobility al-
lows for bond redistribution upon the application of mechanical stress [62, 124]. Due
to crack-induced stress localization [139] and subsequent force-induced linker unbind-
ing [142], bond redistribution is most pronounced around cracks. We therefore wonder
what is the effect of linker mobility on the mechanical strength of a material?

In order to investigate the effect of bond mobility on network strength, we use a
model which we recently developed in the context of crack initiation in viscoelastic ma-
terials [173]. This model includes force-sensitive reversible bonds that are subjected to
an external stress. Different from previous transient network models [54, 142-145, 153,
156], this model acknowledges that the applied stress is distributed inhomogeneously
over the bonds on basis of their spatial distribution [125, 151, 152]. As a result of this
inhomogeneous force distribution, cracks stochastically initiate and subsequently prop-
agate due to fluctuations in the local bond density [173]. However, this model was spe-
cific for the case of immobile linkers. We here extend the model, allowing us to include
the effect of bond mobility to investigate the influence of bond mobility on the frac-
ture strength of the network. Our model is in essence a fiber bundle model, where load
is distributed over many bonds. This generic approach is used to study fracturing in a
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5.2. MODEL 65

wide range of material, from cotton yarn to earthquakes [181]. The salient feature of
our model is that the reversible bond dynamics in combination with local load sharing
give rise to an inherent length scale for crack initiation as explained in our previous work
(173].

The main result of our work is that bond mobility hardly affects mean field prop-
erties of a bond, such as the average bound lifetime, but significantly reduces the net-
work’s strength. We attribute the reduced network strength to the 'leaking’ of linkers
from crack areas to less stressed regions within the network. Intriguingly, mobile linkers
are widespread in biology despite the reduced fracture strength compared to networks
connected by immobile linkers. We speculate that cells trade fracture strength for the
modularity and tight dynamic control offered by mobile linkers.

5.2. MODEL

5.2.1. IMMOBILE LINKERS

In this work, we compare a network connected by mobile linkers to a network connected

by immobile linkers. For immobile linkers, we use a model that was introduced in ref- ﬂ
erence [173]. Here, we briefly summarize its salient features for clarity, and afterwards
explain how we extend this model to the case of mobile linkers.

We initialize a one-dimensional (1D) network with N equally spaced linkers using
periodic boundary conditions, each link having a probability K to start in a bound state
(figure 5.1a). Next we model the dynamics of the linkers with a kinetic Monte Carlo
scheme [157] using the following linker dynamics:

kon

=— (5.1)
kon + koff,O

where ko is the rate of linker binding and ko the rate of linker unbinding in the ab-
sence of force. We normalize time by the on-rate, k,,. The off-rate increases exponen-
tially with the applied force f; on the linker i, in keeping with the Bell model [142]:

i
fl/e

where f/e is the force where the off-rate has decreased to kofr(fi/e) = kofro/e. We calcu-
late the force per linker f; via

ko (fi) = Koft,0 - €xp(=—) (5.2)

fi=ai-o (5.3)

where o is the stress on the system and « is a yet to be defined stress intensity factor
per linker. To account for the effect of inhomogeneous force distribution characteristic
of polymer networks [125, 151, 152], we assume local loading sharing. Previously, we
have shown that local load sharing provides an accurate description of crack initiation
in macroscopic viscoelastic materials (N > 100) [173] consistent with experiments [129,
136, 154, 155]. Specifically, we assume that the force distribution is dependent on the
distance /; of a linker to its nearest bound linker on both sides. Explicitly, we define a
stress intensity factor a on a bound linker at site i by:
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66 5. CROSSLINKER MOBILITY WEAKENS TRANSIENT POLYMER NETWORKS

Figure 5.1: Immobile linkers provide stronger networks than mobile linkers. a) We consider the
dynamics of bonds that bind with a rate kon and unbind with a rate k¢ that increases exponen-
tially according to equation 5.2. Immobile linkers rebind in the same location from which they
unbound, whereas (b) mobile linkers rebind in a random new location from a pool of freely diffus-
ing linkers. c) The network lifetime versus of stress for networks connected by either mobile (blue)
or immobile linkers (red). In both cases, a metastable regime at low stress and an unstable regime
at high stress are observed, with a cross over at < frypt >= ﬁ + Fin (dashed line). Notably, net-
works connected by immobile linkers have a higher < #rypt > at all stresses. K =0.9 and N = 103
for both networks. The shaded regions show the standard deviation of the rupture time on basis
of 30 repeats per condition.

;=N (5.4)

Note that the total force is independent of the bound fraction and normalized by the sys-
tem size, % =o0. We normalize the applied stress by the linker force sensitivity fj,e. After
calculating the force on all linkers, we employ a kinetic Monte Carlo step to either bind
or unbind a linker stochastically. We repeat this process until all linkers are unbound,

and define the time at which the last linker unbinds as the rupture time #pt.

5.2.2. MOBILE LINKERS

We model mobile linkers by initializing N linkers with a probability K to start in the
bound state. Every linker gets assigned a random location in a network of length N.
Each bound linker follows the same unbinding rules as explained above for immobile
linkers, and each unbound linker binds with a rate k,,. However, crucially, the difference
with immobile linkers is that mobile linkers get assigned a new location in the network
(figure 5.1b), whereas immobile linkers always rebind in the same location as where they
previously unbound. For mobile linkers, we consider the limit of rapid diffusion after
unbinding, and therefore rebinding occurs in a random new location. Throughout the
paper, we compare mobile and immobile linkers using the same parameters K, N and
.
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5.3. RESULTS

To probe the mechanical strength of transient networks, we study the network lifetime
as a function of the applied stress. We run 30 simulations for each set of parameters and
record the rupture time as the time where the fraction of closed bonds drops to zero. This
way, we compare the rupture time as a function of stress for networks connected by mo-
bile linkers versus immobile linkers, using otherwise identical parameters (figure 5.1b).
We find that the average lifetime decreases with applied stress with two distinct regimes
for both types of networks (figure 5.1c). In the high stress regime, the network lifetime is
significantly shorter than the bond turnover time (< frypt >= ﬁ + ﬁ, dashed line). In
this regime, the network is unstable and the lifetime decreases exponentially as applied
stress promotes linker unbinding. In the low stress regime, the network is metastable
and linkers re-bind many times before rupturing is observed. The average network life-
time again decreases exponentially with stress, but more steeply compared to the high
stress regime as not only the linker unbinding speeds up as a function of stress, but also
the critical length for crack nucleation decreases (see section 5.4). Qualitatively, mobile
and immobile linkers show a similar biphasic stress-dependence of the network rupture

time. Strikingly, however, the mobile networks are weaker for all observed stresses, even ﬂ
though the linker affinity K and number of linkers N are identical.

To investigate why linker mobility compromises network strength, we compare the
microscopic linker properties at steady state. We first consider the average lifetime of the
bound linkers as a function of stress. As shown in Figure 5.2a, the average bound linker
lifetime decreases with stress for both networks, due to force-induced unbinding. More-
over, the average lifetimes are comparable for mobile and immobile linkers. Similarly,
we find that the average bond-bond distance is comparable for mobile and immobile
linkers (< I >=1.4 and < I >= 1.1 respectively, vertical lines in figure 5.2b).

Why is the network lifetime with mobile linkers drastically smaller than with static
linkers, even though the average linker lifetime and bond-bond distance are similar?
To understand this difference in network lifetime, we need to look beyond the mean
field properties as rupture is a stochastic phenomenon, initiated by the emergence and
growth of cracks due to local fluctuations [129, 136, 154, 155, 173]. Plotting the distri-
bution of bound linker distances at steady state reveals a crucial difference between im-
mobile and mobile linkers: whereas their mean values are comparable, the bond-bond
distance is significantly more widely distributed for mobile than for immobile linkers
(figure 5.2b). We conclude that the reduced strength of networks crosslinked by mobile
linkers is due to a more inhomogeneous force distribution over all bonds.

To investigate at what system size the difference between mobile and immobile link-
ers emerges, we compare networks with sizes ranging from N = 1 to N = 10° (figure
5.3). For both mobile and immobile linkers, < fypt > increases with N for microscop-
ically small systems (up to N = 10 for mobile linkers or N = 20 for immobile linkers),
as relative fluctuations in the number of bound linkers become smaller. Conversely, for
macroscopically large systems (IV = 30 for mobile linkers or N = 20 for immobile linkers)
the average rupture time decreases with system size according to a power of —1, as the
number of crack nucleation sites increases linearly with the system size. However, an
intermediate size regime exists for mobile linkers (20 < N < 30) where a faster decrease
of the rupture time is observed. We hypothesize that this intermediate regime is caused
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Figure 5.2: Bond mobility does not affect the average linker lifetime and bond spacing, but
broadens the distribution of bond-bond distances. a) Average bound lifetime of mobile (blue)
versus immobile linkers (red) as a function of the applied stress (K = 0.9, N = 10%). The networks
are first equilibrated under stress up to ¢ = 30, before the average bond lifetime is determined. The
average bound lifetime is measured over the entire metastable regime, which extends to larger
stress for immobile than for mobile linkers (figure 5.1¢). b) Distribution of bond-bond distances
measured at a fixed stress, bond affinity and system size (o = 0.2, K = 0.9 and N = 10°). The ver-
tical lines represent the average bond-bond distance for immobile (red, < / >= 1.1) and mobile
linkers (blue, < I >=1.4).
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5.3. RESULTS 69

Figure 5.3: System size dependence of the network lifetime. The network lifetime is compared
for immobile linkers (red) and mobile linkers (blue). For microscopically small systems (N < 10)
the network lifetime increases with N (o = 0.55, K = 0.9). For macroscopic systems, the network
lifetime follows a -1 power law (black line) due to an increase of possible crack nucleation sites.
For networks connected by mobile linkers, an intermediate size regime exists (between the two
blue dashed lines) where the network lifetime decreases more steeply.

by 'leaking’ of linkers from stressed areas (large [) to the rest of the material.

In the limit of small systems, smaller than the crack length, rebinding of linkers al-
ways happens in the vicinity of the unbinding area. In the opposite limit of macroscopic
materials, much larger than the crack length, the pool of free linkers is constant in time
and therefore uncorrelated from local fluctuations in bound linker density. Thus, the
network lifetime decreases solely due to the increased number of crack nucleation sites.
For intermediately sized systems, there is an enhanced reduction in network lifetime
with increasing system size, because the correlation between local bound linker density
and pool of free linkers becomes smaller with system size. Local unbinding of a linker
increases the fraction of free linkers that can subsequently rebind in the crack area. For
macroscopically large systems however, the fraction of free linkers is relatively constant
in time due to the rule of large numbers. In other words, linkers in macroscopic systems
effectively 'leak away’ from the crack area into the bulk of the material.
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70 5. CROSSLINKER MOBILITY WEAKENS TRANSIENT POLYMER NETWORKS

5.4. THEORY

To test the hypothesis that mobile linkers leak away, we modeled the dynamics of a gap
area free of linkers within the material of length L. The two processes which affect L are
binding of linkers anywhere within the gap, and unbinding of either of the two linkers
at the edge of the gap. We assume that the gap length L is significantly longer than the
distance of each edge linker to its nearest neighbor. The unbinding rate of either of the
linkers at the edge kr . is therefore:

1 1
kL+:Z'koff(é'L'O')=2'k0ff,()'exp(§'L'O') (5.5)

The pre-factor 2 results from the fact that two linkers can unbind, and the exponent %
is because the force over the gap (L- o) is distributed over both edge linkers. We next
consider the binding of linkers anywhere within the gap. As the gap size increases, the
rate of binding increases as more binding possibilities are present:
- {L- kon - M2 MF)bile 56
L-kon Sticky
where k;_ is the rate of binding in the gap, and 7 is the number of bound linkers. The
factor &¥ ~~ for mobile linkers arises from the fact that the pool of free linkers decreases
with the fraction of bound linkers. For immobile linkers, rebinding does not depend
on the global pool of free linkers, as every linker only rebinds locally. For macroscopic
systems, n is independent of L, namely 7 = ngeaqy. We calculate ngzeqq, by numerically
solving:

d Nsteady
dt

where kon - (N — Rsteady) 18 the total rate of linker binding and koff(0) - Nsteady is the total
rate of linker unbinding within the network. As kj. increases linearly with the gap size,
whereas ki, increases exponentially, gaps will always become unstable for large enough
Lasunbinding occurs significantly more rapidly than re-binding [173]. We are interested
in the length Lynsuable at which gaps become unstable and propagate. We approximate
Lunstable by calculating the length at which the rate of unbinding at the edge equals the
rate of binding within the center k7 (Lynstable) ® k1- (Lunstable), Which we can numerically
solve by combining equations 5.5, 5.6 and 5.7.

We test our theory quantitatively by measuring Lypnstaple by performing simulations
where we ablate a gap of controlled length: first we equilibrate a network under stress
until ¢ = 30, after which we unbind all bound linkers in the positions [ = 0...I3pate- Next,
we observe the network until ¢ = 60 (figure 5.4a). We repeat this procedure for 100 net-
works per condition and plot the fraction of ruptured networks ¢ as a function of
laplate (figure 5.4b). For small L pj4¢e, all networks stay intact, whereas networks become
unstable and rapidly fracture for large Iypjate. We extract Lyngtable from simulations by
calculating the ablation length at which ¢y, (laplate) = 0.5 via linear interpolation. We
observe that mobile linkers have a shorter typical ablation length than immobile linkers
(Lunstable = 35 versus Lypstable = 60, respectively (figure 5.4b). For both types of networks,

=0 = kon - (N — Rsteady) — Koff(0) - Nsteady (5.7
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Lynstable increases with ¢ as cracks are more likely to propagate under increasing stress
(symbols in figure 5.4c). The theoretical model describes this trend correctly, although
there is a systematic under-estimation of the absolute value of L ,gpie by approximately
20% (lines in figure 5.4c). A fully quantitative calculation of Lyysaple Would require solv-
ing % = 0, which is not possible as we do not have an equation for %. There-
fore, we have approximated the unstable point Lynstable by calculating the gap length
at which linker unbinding is equally likely as linker binding within the gap. However,
kr+ (Lunstable) = kr-(Lunstable) 1S only a good approximation of the unstable length if an
unbinding event increases the gap size by an equal amount as a rebinding event would
decrease it. This assumption is not fully correct, as a linker unbinding event might only
cause a marginal increase in gap length L in case the unbinding linker has a neighboring
linker that is close-by, whereas a linker rebinding in the middle of the gap halves the gap

size L.

We next calculated the crack length Lyngapble @s a function of the bond affinity K for
both mobile and immobile linkers at a fixed o - K = 0.2 (figure 5.4d). We fix o - K rather K,
because otherwise Lynsiable Would increase far more rapidly as a function of K and would
not be computationally tractable for large K. Furthermore, we choose to plot Lypstable* K, ﬂ
rather than Lynsiaple, @s this quantity roughly represents the number of ablated bound
linkers. It is therefore more straightforward to interpret than Lyngaple for different values
of K, as the density of bound linkers varies with K. We find that Lypgapie - K stays ap-
proximately constant for mobile linkers upon increasing the bond affinity K, whereas it
increases for immobile linkers. As a result, the difference in Lpstaple - K between mobile
and immobile linkers is most pronounced for high K, whereas the two types of networks
become similar at low K. Indeed, as seen from equation 5.6, the only difference between
mobile and immobile linkers is the factor & ~» which reduces the rate of binding within
a gap. In the limit of a low bond affinity K, nseeady < N and therefore immobile and
mobile linkers behave identically.

5.5. DISCUSSION

We studied the dynamics of a transient network of reversible bonds under mechanical
stress, and have compared immobile linkers, which always rebind in the same place as
where they unbound, with mobile linkers, which can rebind anywhere within the net-
work. We found that the mean lifetime of bound linkers in a transient network is un-
affected by the mobility of the linker (figure 5.2a). Yet, networks connected by mobile
linkers are significantly weaker than network connected by immobile linkers, with frac-
turing times that are orders of magnitude lower (figure 5.1c). We attribute the reduced
strength of networks connected by mobile linkers to the redistribution of mobile linkers
from areas low in linker density, corresponding to highly stressed areas, to the rest of the
material. This effect does not occur for immobile linkers, as they stay in the place from
which they unbound. Our general model shows that linker mobility lowers the lifetime of
any transient network with a system size larger than the crack initiation length /pstaple-
We have investigated this length scale in the limit of nearest neighbor load sharing, but in
previous work we have shown that this length scale also emerges for more long-ranged
types of load sharing [173]. Therefore, we expect that our conclusion of reduced net-
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Figure 5.4: Bond ablation for immobile and mobile linkers. a) Kymograph representation of an
ablation experiment (K = 0.9, 0 = 0.2, N = 103 and ,ja( = 100; mobile linkers). We plot the bond
position as a function of simulation step, where white represents a bound linker and black repre-
sents an unbound linker. The first 1000 steps show steady state dynamics of stochastic binding
and unbinding, after which we ablate 100 adjacent bonds. Afterwards, the ablated gap propagates
and the material fractures. b) The fraction of ruptured networks ¢rup¢ plotted as a function of ab-
lation length I,p)a¢e reveals how zones depleted of bonds can trigger fracturing. Notably, immobile
linkers (red) require a larger [,p4¢e to trigger fracturing than mobile linkers (blue) (o = 0.2, K =0.9
and N = 10- [pjate)- (¢, d) We compare [staple from the simulations (dots) with the theoretical
prediction (lines - no free parameters) as a function of the applied stress o (c - fixed K = 0.9) and

the bond affinity K (d - fixed o - K = 0.2). Bond mobility weakens networks at high K but has no
effect for small K.
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work lifetime by bond mobility holds true for any macroscopic transient network. We
note that we chose a one-dimensional model because nearest neighbor load sharing be-
comes ill-defined in higher dimension as the shape of a defect somehow needs to be
acknowledged. Given that transient networks such as colloidal gels or polymer networks
are not continuum materials at the microscopic level, no sensible choice can be made for
load sharing in higher dimensions. However, we expect that our conclusion is general,
as crosslinkers will leak away regardless of the dimensionality of the system.

Our results raise the question of why mobile linkers exist at all in nature [22, 37, 174,
175], as immobile linkers yield stronger networks. An important thing to note in this
context is that fracturing in biology is not always detrimental. In fact, fracturing in some
cases is even required for biological function. For example local failure of the actin cortex
can lead to cell polarization [14-16] and facilitate a mode of cellular migration which re-
lies on the formation of membrane blebs [18]. Similarly, destabilization and subsequent
rupturing of the polar actomyosin cortex aids proper positioning of the cytokinetic fur-
row [17]. However, in many other circumstances fracturing of transient networks in bi-
ology is related to developmental defects [10, 12] and diseases [13, 115]. Therefore, the
widespread existence of mobile linkers involved in cellular adhesion [22, 174, 175] and ﬂ
crosslinking of biopolymer networks [37, 71] requires explanation.

Both cell-cell and cell-matrix adhesion are mediated by proteins embedded in the
membrane, which are either bound to their substrate or diffuse within the plane of the
membrane and can therefore be classified as mobile linkers. Examples of such protein
families are E-cadherin for cell-cell adhesion and integrin for cell-matrix adhesion [22].
The collagen matrix to which integrins adhere have mesh sizes of up to several microm-
eters [3], whereas the individual collagen fibers are only a few tens of nanometers thick
[182]. As a result, the fraction of the membrane area which is in close enough proximity
to fibers to allow for binding is very low. A large fraction of the plasma membrane area
would have to be covered with immobile linkers in order to have a significant number of
integrins interacting with the extracellular matrix. Instead, we speculate that linker mo-
bility allows for diffusion through the membrane to facilitate binding to the sparse fibers.
Therefore, linker mobility allows for cellular adhesion whilst requiring only a small frac-
tion of the membrane area.

Biopolymer networks are either connected via stickiness of the fibers, for example in
the case of fibrin fibers [180], or via mobile linkers such as cross linking ions which cross
link the intermediate filament vimentin [71]. Different from the case of cellular adhe-
sion, linker mobility does not necessarily increase the connectivity of biopolymer net-
works: where immobile linkers only require close proximity of two fibers, mobile linkers
require the proximity of two fibers and the proximity of a linker. For ionically cross linked
intermediate filaments, linkers are abundantly present as the concentration of magne-
sium ions in the cytosol is on the order of a mM [183]. Furthermore, as the concentration
of intermediate filaments is orders of magnitude lower, in the uM regime [184], magne-
sium is abundant and has a low effective bond affinity K. In this regime mobile linkers
are as strong as immobile linkers (figure 5.4d).

Another case of mobile linkers are actin binding proteins which cross link the actin
cytoskeleton [37]. Many different types of cross linking proteins exist, with an enormous
variety in their cross linking properties such as length [87], compliance [185], preferred
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74 5. CROSSLINKER MOBILITY WEAKENS TRANSIENT POLYMER NETWORKS

binding angle [107], angular flexibility [88], typical lifetime of actin binding [89] and force
sensitivity of the unbinding rate [186]. Many of these linker properties have been found
to affect biopolymer network mechanics [37, 54, 87, 88, 187]. As a result, this variety of
mobile linkers allows the cell to have tight dynamic control of the mechanical properties
of its actin cytoskeleton, which would be difficult to obtain if the actin filaments were
connected by the stickiness of the fibers.

5.6. CONCLUSION

To summarize, we have studied the fracturing of transient networks connected by either
mobile or immobile linkers. Our main result is that linker mobility weakens networks
under stress. We have proposed and verified a theoretical model to explain this effect on
basis of the leaking of linkers from crack areas to less stressed areas within the material.
Even though linker mobility weakens transient networks, mobile linkers are widespread
in biology. We speculate that cellular adhesion proteins are more likely to interact due to
linker mobility and the large variety of mobile linkers connecting the actin cytoskeleton
allows for a flexible control over the mechanics.

5.7. FUTURE WORK

In this work we have focused on the effect of crosslinker mobility using a minimal model
that contains only general features of transient networks, namely its linker dynamics.
Beyond this general feature, real-life transient networks differ widely in their micro-
scopic properties. For example, biopolymers are typically significantly stiffer than syn-
thetic polymers [93]. Brownian dynamics simulations have been limited to investigate
steady state properties of such materials [85], as studying fracturing is computationally
very expensive due to the large separation of timescales between the linker unbinding
rate and the network rupture time. By focusing exclusively on the crosslinker dynam-
ics, our model allows for studying the effect of different types of crosslinker dynamics
on network fracturing in a minimal model. However, it remains an open question how
microscopic properties such as the network coordination number, filament stiffness and
filament length affect the crack initiation rate of transient networks.

We hypothesize that such microscopic properties affect the crack initiation rate via
the degree ofload sharing. Up to now, we have considered fully localized (nearest neigh-
bour) or global (homogeneous) load sharing [173]. However, the model can be readily
extended to any type of intermediate load sharing [170, 171]. For future work, we sug-
gest that detailed molecular dynamics simulations can be used to measure the degree
of load sharing of various types of networks by bond removal and subsequent measure-
ment of the load redistribution [188]. Next, this load redistribution can be used in our
minimal model to investigate the crack initiation rate. Therefore, in the future our model
allows for a multi-scale approach to investigate how the crack initation rate is influenced
by microscopic properties such as the coordination number [169], filament length [86],
crosslinker length [87], crosslinker density [35] and crosslinker flexibility [88].

We thank Pieter Rein ten Wolde and Chase Broedersz for fruitful discussions.
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CATCH BONDS FORM DYNAMIC YET
STRONG MATERIALS

Nature uses dynamic materials in order to combine mechanical resistance with the abil-
ity to adapt and self-heal. Biological soft matter is therefore made of transiently bonded
interfaces and polymers [4, 189, 190]. Whereas synthetic transient networks readily frac-
ture due to the inherent force sensitivity of dynamic bonds [129, 173, 191], biological net-
works are surprisingly strong [57, 192, 193]. How does biological matter achieve the ability
to flow without risking mechanical failure [10, 11]? Remarkably, many biopolymer net-
works and virtually all cellular interfaces are crosslinked by catch bonds [194-196], pro-
teins whose bond lifetime increases when moderate forces are applied via exposure of hid-
den binding sites [116]. After full exposure at high force, catch bonds behave like normal
(slip) bonds whose bond lifetime monotonically decreases with force [116, 142]. Here we
show by stochastic modeling of transient networks under stress that catch bonds provide
vastly more long-lived networks than slip bonds. Surprisingly, catch bond networks are
stronger than slip bond networks even when the individual bonds are weaker, which we
attribute to a self-assembly mechanism against force inhomogeneity. We verify our con-
clusion experimentally by performing single molecule and network experiments on actin
networks crosslinked by ACTN4 and a K255E mutant. Our work provides insight into the
widespread phenomenon of catch bonds in biology and offers a new design route towards
life-like materials that combine material adaptability with strength.

75
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| Protein/complex | Plays a role in | Reference |
Cellular interfaces
P-Selectin Cell-matrix adhesion [198]
L-Selectin Cell-matrix adhesion [199]
Integrin Cell-matrix adhesion [194]
Von Willebrand factor Cell-matrix adhesion [200]
CD44 Cell-matrix adhesion [201]
Cadherin Cell-cell adhesion [202]
Notch-jagged Cell-cell adhesion [203]
Catenin Membrane-cytoskeleton adhesion [196]
Talin Membrane-cytoskeleton adhesion [204]
Vinculin Membrane-cytoskeleton adhesion [59]
BBK32 Bacterial adhesion [28]
FimH Bacterial adhesion [205]
Biopolymer networks
Myosin Cytoskeleton [206]
Kinetochore Cytoskeleton [207]
Actin Cytoskeleton [208]
Fibrin Extracellular matrix [209]
a-Actinin-4 Cytoskeleton [38, 57], this work

Table 6.1: Overview of known proteins and complexes exhibiting catch bond behavior.

6.1. INTRODUCTION

Single molecule experiments have demonstrated catch bond behavior for a wide range
of biological linkers (Table 6.1). Chief among them are actin binding proteins, which
crosslink actin filaments in the cytoskeleton of the cell [4], and transmembrane proteins
known as cadherins [175] and integrins [174], which form cell-cell and cell-extracellular
matrix adhesions. Whereas catch bonds are well-studied on the single molecule level
[116, 194-196], emergent phenomena in materials connected by catch bonds remain
unexplored. To bridge this gap, we consider a simple 1D network of N reversible bonds
sharing a load o (Fig. 6.1a). We compare catch bonds with slip bonds. Specifically, we
consider catch bonds that hide a second, strong binding site in the absence of force with
their constitutively active counterparts whose two binding sites are always open. This
comparison mimics the situation of a wild-type protein that acts as a catch bond and
a mutant protein that is constitutively open such as the actin crosslinker ACTN4 and its
K255E mutant [38, 57, 197]. Following this definition, catch bonds have a shorter lifetime
than the corresponding slip bonds, irrespective of the applied force (Fig. 6.1b).
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6.2. THEORETICAL MODEL

We model the effect of a force f on the unbinding rate k¢ of a bound linker i as follows:

fi slip i
catch) +k0ff,0 exp( slip

/e 1/e

Kot (fi) = kSGio - exp(— ) ©6.1)

The first exponent models the catching of the weakly bound state whereas the second
exponent models the slipping of the active state. We compare catch bonds with con-

stitutively active (slip) bonds (kg?ftf)h = 0), keeping all other parameters identical (Table
kOl"l

6.2). We define a bond affinity K = Font koo
To account for the mobility after unbinding of linkers such as integrins and actin bind-
ing proteins, which diffuse in resp. the membrane or the cytosol, we allow for unbound
linkers to rebind at a random new location [194, 196].

It is known that stressed networks connected by reversible bonds exhibit sponta-
neous crack initiation and propagation due to inhomogeneous load sharing [129, 173,
191]. We reproduce this fracturing behavior using a minimal model where the force per
linker f; depends on the global stress and the distance to its nearest neighbors /; in 1D,
using periodic boundary conditions (Fig. 6.1a):

L
fi=——- 6.2
YLl 7 ©2) a

The total system length is normalized such that it equals the number of bonds. Time is
normalized by the on-rate, and the applied stress is normalized by the typical unbinding

, where ko, is the on-rate of unbound linkers.

force flsllsp and by the number of bonds.

Surprisingly, even though we consider slip bonds that are stronger on the single molecule
level (Fig. 6.1b), we find that networks of catch bonds are nevertheless more stable un-
der stress than networks of slip bonds. This is illustrated in Fig. 6.1c, which shows the
time evolution of the bound linker fraction for networks of N = 10® bonds under a stress
of o0 = 0.485. The bound fraction initially shows only small fluctuations due to the large
number of bonds, but in both catch and slip bond networks, the bound fraction even-
tually drops to zero due to the initiation and propagation of a crack (Fig. 6.12). Strik-
ingly, the rupture time is only around 50 for the network of slip bonds (blue), whereas
it is around 900 for the networks of catch bonds. Repeat simulations robustly show that
despite the stochastic nature of fracturing, the network strength is enhanced by catch
bonds compared to slip bonds (top panel Fig. 6.1c).

To investigate the generality of the enhanced strength of catch bond networks, we
compare the average rupture time of catch and slip bond networks as a function of
stress (Fig. 6.2a). For both types of networks, the network lifetime decreases exponen-
tially with the applied stress with two distinct regimes. For low stresses, the networks
are metastable and they experience stochastic fracture due to local fluctuations in bond
density. For high stresses, the networks are unstable and all bonds unbind progressively.
The cross-over rupture time separating the two regimes is comparable to the linker life-
time (indicated by the dashed line). We find that in the metastable regime, where the net-
work lifetime is longer than the bond lifetime, catch bond networks are more long-lived
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Figure 6.1: Catch bonds enhance the mechanical strength of transient networks. a) We model
transient networks as 1D arrays of linkers that stochastically exchange between a bound and freely
diffusing state. N bound linkers share the applied force inhomogeneously according to the nearest
neighbor distance /; (red). b) Single molecule bound lifetime as a function of applied force for
catch bonds (red) and slip bonds (blue), with k(s)lflf}”o =0.01, kg?ft'gh =0.1 (or kg?ffgh = 0 for the slip
bond) and fﬁ?t"h = 0.4. The grey area indicates the hidden binding potential of the catch bond
compared to the constitutively active slip bond. c) Example rupture trajectories for catch and
slip bonds showing the time evolution of the fraction of bound linkers under a stress o = 0.4 with
arrows indicating the rupture time of the network. Top panel: Comparison of the average rupture
time for networks crosslinked by catch and slip bonds obtained from 50 repeats per condition.
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Figure 6.2: Catch bonds provide enhanced network strength in metastable macroscopic net-
works. a) Both catch (red) and slip (blue) bond networks exhibit a metastable (frupt = 1/ ko) and
an unstable rupture regime (frupt < 1/ k(s)lflf? o grey area). The average rupture time decreases expo-
nentially with the applied stress for both networks, but catch bond networks are significantly more
long-lived in the metastable regime (solid lines to guide the eye). b) Both catch and slip bond net-
works exhibit a biphasic response on system size with a microscopic and macroscopic regime.
Catch bond networks are weaker than slip bond networks for microscopically small systems (up

to several tens of bonds), but stronger for macroscopic materials. a

than slip bond networks by several orders of magnitude. We conclude that strengthening
by catch bonds is a robust phenomenon.

How can catch bonds provide more long-lived networks than slip bonds, even though
they are more short-lived on the single molecule level? As the increased network strength
is a collective phenomenon, it is interesting to investigate what system size is required
for the effect to emerge. We observe a biphasic dependence of the rupture time on sys-
tem size for both catch and slip bonds, with an initial increase for small N followed by
a decrease for large N. This biphasic dependence emerges from the nonlinear bond dy-
namics, which establish a critical crack length [97, 173]: for microscopic systems that are
smaller than this critical crack length, the rupture time increases with N because relative
fluctuations in the number of bound linkers become smaller [142]. By contrast, the rup-
ture time increases with N for macroscopic systems, since the number of possible crack
nucleation sites increases with system size. Our simulations show that catch bonds only
exhibit longer network lifetimes compared to slip bonds for macroscopic systems larger
than the critical crack length (Fig. 6.2b). For smaller systems, catch bond networks are
actually weaker than slip bond networks. The catch bond advantage is therefore clearly
not a single molecule property, but only emerges in macroscopic networks.

To investigate the mechanism behind this emergent behavior, we measure the steady
state properties of the networks under stress. Specifically, we consider the distribution of
distances between bonds in metastable networks under stress (Fig. 6.3a). Interestingly,
the average bond spacing is higher for the catch bonds, consistent with their lower affin-
ity, but the distribution is significantly narrower. Catch bond networks therefore present
significantly fewer gaps of more than 40 empty bond sites. This interesting finding raises
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Figure 6.3: Catch bonds reduce force inhomogeneities and improve resilience against gaps. a)
The distribution of bond distances /; is measured at steady state (3 < ¢ < frypt — 20, sampled at
intervals of ¢ = 30, 0 =0.22). The average bond distance (vertical lines, 10.1 and 10.9) is larger
for catch bonds (red) than for constitutively active slip bonds (blue), but the distribution is sig-
nificantly more narrow. c¢) We perform ablation experiments by removing /,pja¢e adjacent bonds
(black arrow, grey bonds) of a network under stress, and recording whether this ablation induces
fracturing. The fraction of ruptured networks ¢rypt increases with ablation size for both consti-
tutively active slip bond (blue) and catch bond (red) networks, but catch bond networks require
larger ablation lengths to induce fracturing.

the question at which length gaps trigger network fracture. To identify this length scale,
we perform ablation experiments: first we equilibrate a network under stress, and next
we remove all bonds in the positions I = 0...[p1ate and observe the time evolution of the
network. We repeat this procedure for 100 networks per condition and plot the fraction
of ruptured networks ¢ypt as a function of lypiaee (Fig. 6.3b). All networks stay intact
for small ablation lengths, whereas large ablation lengths destabilize the network and
induce fracture. Notably, catch bond networks require approximately two times larger
gap lengths to induce fracturing. Apparently the enhanced strength of catch bond net-
works emerges because they contain smaller gaps and can handle larger gaps without
becoming unstable. Taken together, this means that cracks are less likely to initiate.

The observation that bonds are more homogeneously distributed in catch bond net-
works compared to slip bond networks suggests that linker diffusion and redistribution
upon stress is an essential element of the strengthening mechanism. To test this idea, we
simulate networks with immobile linkers, which can only rebind in the same location,
so that bond redistribution is not possible (Fig. 6.10a). We again observe a biphasic de-
pendence of network lifetime on system size, but, now the networks connected by catch
bonds fail more readily than those connected by slip bonds irrespective of the system
size (Fig. 6.10b). We conclude that bond redistribution is indeed essential for the catch
bond advantage to emerge.

Finally we ask how the catch bond advantage depends on the single molecule bind-
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ing kinetics. To this end, we study the lifetime enhancement ratio conferred by (mo-
o
bt
binding potential and the activation force overpa wide range of two orders of magnitude
(10710 < k&eh < 10%° and 107" < f" < 10'). We find that the catch bond advan-
tage is maximal for intermediate values of both parameters and completely vanishes for
large kg‘f‘ffgh and/or large fffg‘"‘h (Fig. 6.4a). Importantly, we find that catch bonding only
increases network lifetime when ko > kog (Fig. 6.4b). This observation provides ad-
ditional insight into the mechanism of the catch bond advantage. When ko > kof, an
increase in ko will barely affect the number of bound linkers, whereas the number of
free linkers will linearly increase with k. This makes more linkers available for rebind-
ing throughout the entire network, including in highly stressed areas, providing a self-
assembly mechanism against force inhomogeneity that increases network lifetime (Fig.
6.4c).

bile) catch bonds compared to slip bonds as a function of the degree of hidden

6.3. EXPERIMENTAL VERIFICATION
6.3.1. ACTN4 AND A K255E MUTANT AS MODEL SYSTEM

To test the model’s prediction that cryptic binding sites that can be open by force in-
crease network stability, we compare actin networks crosslinked by wild type (WT) ACTN4
or by a K255E mutant. There is prior structural evidence that this crosslinker pair should a
nicely correspond to the catch/slip pair considered in our model [Fig. 6.1b]. WT ACTN4
has two weak actin-binding sites (ABS2 and ABS3 in Fig. 6.5b) that are always exposed,
and one strong actin-binding site (ABS1) that is hidden [210]. The interaction between
the ABS-1 domain and actin is blocked by an intramolecular lysine-tryptophan interface,
which is thought to be opened upon mechanical loading [211]. In contrast, the ABS-1
binding domain is constitutively active for the K255E point mutant as the intramolec-
ular interface is destabilized [Fig. 6.5b] [212]. The wild type crosslinker and the K255E
mutant therefore serve as an ideal model system to experimentally test the prediction
that hiding a linker binding site (ABS1-domain) improves network stability compared to
crosslinking by a constitutively active linker (K255E mutant).

6.3.2. ACTN4-ACTIN CHARACTERIZATION

We first characterize both crosslinker variants by performing Fluorescence Recovery Af-
ter Photobleaching (FRAP) measurements on actin networks crosslinked by fluorescently
tagged crosslinkers. We find the recovery rate is 3.5 + 0.6 s for the WT and 300 + 160 s for
the K255E mutant. This result is consistent with literature reports, which have shown
that WT ACTN4 is a more dynamic linker than the K255E mutant [38]. Furthermore,
we show that both WT and K255E crosslinkers are fully mobile after unbinding [Fig.
6.19], which is essential for the self-assembly process against force inhomogeneity pre-
dicted by the model [Fig. 6.10]. Next, we independently measure the affinity of the two
crosslinkers using a high-speed cosedimentation assay. We determine the fraction of
bound versus unbound linkers by measuring the amount of crosslinker that remains in
the supernatant [Fig. 6.13]. We find that the WT variant has a binding affinity of 0.51 +
0.001 uM whereas the K255E mutant has a much higher affinity of 0.064 +0.0002 uM [Fig.
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Figure 6.4: Optimal catch bonding. a) Lifetime enhancement ratio of networks connected by mo-
bile linkers as a function of the hidden binding potential and activation force reveals an optimum
for intermediate values of both single molecule parameters. b) A plot of the network rupture time
versus the binding affinity of the active state shows that catch bonds (red) only provide stronger
networks than slip bonds (blue) close to the limit of saturation, where the majority of linkers is
bound (o2 > 18 or Kilip > 0.95, dashed line). ¢) Schematic of constitutively active slip bonds (left)

slip
off,0
versus catch bonds (right). Colored arrows represent the unbinding rate of a relatively stressed and

relatively force-free linker. Catch bonds have a higher off-rate than the slip bonds, especially those
carrying little force. Thus a larger pool of linkers is available for rebinding and thereby homogeniz-
ing the force distribution. This self-assembly process increases the lifetime of networks connected
by catch bonds.
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Figure 6.5: Schematic of ACTN4-actin crosslinking. a) ACTN4 consists of two actin binding
Calponin Homology (CH) domains (red), a neck region (yellow) and spectrin repeats (green) that
mediate linker dimerization. b) The CH-domains contain three Actin Binding Sites (ABS). For the
wild type (WT), ABS-1 is blocked from actin binding by a lysine-tryptophan interface that opens
upon mechanical loading. In contrast, the ABS-1 domain is constitutively active for the K255E
mutant.
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Figure 6.6: ACTN4-actin linker kinetics. a) Crosslinker remodelling timescale measured with
FRAP for WT (red) and K255E ACTN4 (blue) in the presence of 48 uM actin. The standard error is on
basis of 6 repeats per condition. b) Affinity of both crosslinkers measured with a co-sedimentation
assay. The standard error indicated by bars and shaded regions is on basis of the fit [Fig. 6.13].
Results were obtained at 298 K.

6.6b], quantitatively consistent with literature reports [92]. From the co-sedimentation
assay and FRAP measurements we conclude that the WT crosslinker has a lower affinity
for actin than the K255E mutant in the absence of force.

The high affinities of both the WT and K255E ACTN4 suggest that the majority of
crosslinkers is bound at the actin concentration used in all of our experiments (48 uM).
Indeed, when we spin down actin filaments in a network of 48 uM we find that virtually
all crosslinkers are bound [Fig. 6.13]. This means that our network experiments target a
regime where the model predicts that catch bonding is favourable [Fig. 6.4b].

The difference in crosslinker affinity for actin is also apparent in the rheological prop-
erties of actin networks crosslinked with the two variants [Fig. 6.7]. Both networks ex-
hibit clear characteristics in their time-dependent rheology of transiently crosslinked
polymer networks. For low frequencies, shorter than the crosslinker unbinding rate,
both networks deform viscoelastically, with the storage and loss modulus following a
power law dependence on frequency with an exponent of 1/2. This exponent arises from
the superposition of multiple relaxation times of many crosslinkers connecting a sin-
gle filament to the surrounding network, which collectively cause a w2 relaxation [37],
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Figure 6.7: Time-dependent rheology of actin networks crosslinked by WT or K255E ACTN4 The
storage (triangles) and loss moduli (circles and shading) were measured using small amplitude
oscillatory strain. The moduli are shown as a function of frequency (a) and as a function of the
frequency normalized by the frequency at which the loss modulus peaks (b). The peak frequency
is 0.5 Hz for the WT (red), and 0.01 Hz for the K255E mutant (blue). Both curves are measured at
283 K. c) The time-dependent rheology of actin networks is compared between WT crosslinking
at 283 K (red) and K255E crosslinking at 298 K (black). The standard error indicated by bars and
shaded regions is on basis of 4 repeats per condition.

opposed to the stress relaxation observed for flexible polymer networks, which are well-
described by a simple Maxwell model with a single relaxation time [72]. At the crosslinker
unbinding rate, the loss modulus peaks and decreases for higher frequencies, whereas
the storage modulus shows a plateau [37]. The moduli both show a slight upturn at fre-
quencies above 5 Hz, which reflects the influence of viscous drag on the actin filaments
[Fig. 6.7a].

Importantly, the WT exhibits the same dynamics as, but at a higher frequency than,
the K255E mutant. By normalizing the applied frequency with the frequency at which
the loss modulus peaks, both curves can be super-imposed. There is a small deviation
between at high normalized frequencies, which we attribute to the effect of the viscous
drag on the filaments [Fig. 6.7b]. This collapse suggests that, although the crosslinker
lifetime is longer for the WT protein than for the K255E mutant, the network structure
is not significantly different, as any change in for example the typical crosslinker dis-
tance would alter the absolute magnitude of the moduli of the network [37]. Indeed,
with light microscopy we do not find any bundles, indicating that both networks are
isotropically crosslinked [Fig. 6.17]. Furthermore, we can tune the frequency where G”
peaks for K255E crosslinked networks by increasing the temperature [Chapter 2], such
that it equals the peak frequency of WT crosslinked networks at low temperature. Now,
the time-dependent linear rheology of both networks is indistinguishable even without
normalizing the frequency [Fig. 6.7c]. From the collapse in Fig 6.7b,c and the light mi-
croscopy [Fig. 6.17] we conclude that, even though the crosslinker lifetime is longer for
the WT crosslinker than for the K255E mutant, the network structure is not significantly
different.
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6.3.3. ACTN4-ACTIN INTERACTIONS AT THE SINGLE-MOLECULE LEVEL

Next, we address the force-dependent binding dynamics of the two crosslinker variants
at the single-molecule level by employing dual optical tweezers. We engineer a construct
consisting of ACTN4 (both WT and mutant) covalently linked to a 2.5 kbp DNA handle
modified with biotin, via a SFP synthase mediated reaction and a subsequent ligation
(Fig. 6.8a, for details see Methods). We coat NeutrAvidin polystyrene beads with either
the crosslinker construct, or with biotinylated and fluorescently labeled actin filaments
[Fig. 6.8a].

Beads are optically trapped by a 1064 nm laser and we use confocal fluorescence mi-
croscopy to verify the different identities of the beads. Polystyrene beads show intrinsic
autofluorescence at 532 nm laser excitation, while the labeled actin filaments can be
excited with 638 nm light (Fig 6.8b). Next, we start an approaching-retracting protocol
in order to establish connections between ACTN4 and actin [Fig. 6.8c, top panel]. In
some occasions retraction leads to a marked increase in force [Fig. 6.8c, bottom panell],
indicating the formation of a tether between an actin filament and a crosslinker. The in-
terpretation of such events is aided by the inclusion of DNA in the construct. First, DNA
serves as a spacer, reducing surface effects and unspecific binding. Indeed, the same
protocol fails to create tethers when using DNA without crosslinker. Second, the DNA
was specifically attached to ACTN4 close to the ABS3 domain, ensuring that the force
exerted on ACTN4 by the optical tweezers is along the same direction as when ACTN4 is
forced in stressed actin networks. Lastly, the well-known mechanical properties of DNA
are used to discern between a single and multiple tethers (see Methods).

Tether lifetimes ranged from 40 ms to a few tens of seconds, and a portion of molecules
did not break even after several minutes. Unspecific interactions between both beads
likely explain the long-lived population, since we observe a similar trend for the wild-
type and the mutant variants [Fig. 6.8d]. Therefore, to estimate the lifetime, we disregard
the long-lived population and only consider tethers that break within 1 minute. Impor-
tantly, whereas the K255E mutant lifetime is longest at low force, wild-type ACTN4 shows
a peak in the bond lifetime at an intermediate force (6 pN), characteristic of catch bond
behavior. Furthermore, at this peak force, the WT and K255E mutant have similar bond
lifetimes, consistent with the hypothesis that the K255E mutant is constitutively active
[Fig. 6.8e].

6.3.4. FRACTURING OFACTN4 WT AND K255E CROSSLINKED ACTIN NET-
WORKS

Now that we have established ACTN4 WT and the K255E mutant as an ideal model sys-
tem, we test the theoretical prediction that catch bond behavior, as occurs in WT ACTN4,
increases the network strength compared to constitutively active slip bond linkers such
as the K255E mutant. We determine the rupture stress of crosslinked actin networks by
linearly increasing the shear stress in time until the network fractures. During the stress
ramp, we apply a superimposed small oscillatory oscillation to measure the differen-
tial storage modulus. We find that the differential storage modulus is constant for small
stresses, but increases for larger stresses as the thermal undulations of the filaments are
pulled taut [Fig. 6.9a]. This network stiffening behavior is characteristic for semiflexible
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Figure 6.8: ACTN4-actin force spectroscopy reveal ACTN4 binding dynamics at the single-
molecule level. a) Schematic of the force spectroscopy assay, where the interaction between an
ACTN4-coated (left) and actin coated bead (right) is measured. The DNA construct attached to
ACTN4 (top) aids in ascertaining the single-molecule nature of the interaction. b) Confocal scan-
ning reveals the different bead identities. Green channel (1=532 nm) shows the autofluorescence
of polystyrene beads, while the red channel (1=638 nm) indicates the presence of fluorescent
actin on the surface of only one of the beads. c¢) Approaching and retracting protocol to establish
ACTN4-actin connections (top). An increase in the force while retracting indicates the presence of
a tether, and the lifetime is measured until the instant the tether breaks (bottom). d) Fraction of
tethers that did not break after 1 minute. e) Lifetime of breaking tethers at different forces.

527164-L-bw-Mulla

Processed on: 27-12-2018 PDF page: 95



88 6. CATCH BONDS FORM DYNAMIC YET STRONG MATERIALS

polymers such as actin [50].

At high stress, we find that the differential storage modulus precipitously drops to
zero and the strain rate diverges [Fig. 6.9b], indicating rupture. Strikingly, we find that
WT crosslinked networks fracture at 27 + 3 Pa, whereas K255E networks are significantly
weaker with a rupture stress of 9+ 1 Pa [Fig. 6.9c]. We next measure the rupture stress
of both types of networks at an elevated temperature (298 K instead of 283 K), such that
the crosslinker unbinding rate is increased [Chapter 2]. For both types of networks, we
find a lower rupture stress at the elevated temperature (from 27 +3 Pa to 14 + 2 Pa for
WT crosslinking and from 9 + 1 Pa to 8 + 1 Pa for K255E crosslinking [Fig. 6.9c, 6.18]).
The lower rupture stress for networks with a higher crosslinker turnover rate is consis-
tent with our theoretical model, where fracturing occurs due to fluctuations in the local
crosslinker density. In contrast to the rupture stress, the rupture strain increases with
temperature (from 273 £ 15 % to 847 £ 100 % for WT crosslinking and from 80 +5 % to
170 + 24 % for K255E crosslinking [Fig. 6.9c, 6.18]), showing that crosslinker turnover in-
creases the network deformability at the expense of the network strength. However, WT
crosslinking yields more deformable and stronger networks than K255E crosslinking, yet
consistent with the self-assembly mechanism against force-inhomogeneity offered by
he catch bonding [Fig. 6.4c].

We furthermore observe that at low stress up to 1Pa, crosslinking by WT ACTN4 re-
sults in a higher strain rate than crosslinking by the K255E mutant at the same temper-
ature. We attribute this increased deformability to the increased crosslinker unbinding
rate of the WT protein compared to the K255E mutant. However, importantly, the strain
rate of WT crosslinked networks decreases as a function of stress and becomes similar to
that of K255E crosslinked networks at intermediate stress [10 —20 Pa in Fig. 6.9b]. This
result strongly supports the hypothesis that the strong ABS-1 binding site is activated
under network stress for the WT crosslinker, while it is constutively active for the K255E
linker.

6.4. DISCUSSION

In summary, we have investigated the influence of single molecule catch bond behav-
ior on network fracturing by a minimal 1D model combined with single molecule force
spectroscopy and actin network rheology. By comparing catch bonds that undergo a
force-induced activation from a weakly bound to a strongly bound state with their con-
stitutively active slip bond counterparts, we have discovered that catch bonds enhance
network strength by self-assembling against force inhomogeneity. Importantly, this catch
bond advantage only emerges for macroscopically sized systems that are larger than the
typical crack length, and it also requires the bonds to be close to saturation (kon > ko)
and to be able to diffuse and redistribute after unbinding. These conditions are all satis-
fied in case of actin networks.

6.4.1. WT ACTN4 AND K255E AS A MODEL SYSTEM

To experimentally verify the conclusions of our theoretical model, we have used WT
ACTN4 and the K255E mutant as a model system. Multiple lines of evidence show that
the WT crosslinker is activated by force (catch bonding) whereas the K255E mutant is
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Figure 6.9: Trade-off between deformability and strength of transiently crosslinked actin net-
works. a) Representative example curves of the differential storage modulus measured at 0.5 Hz is
plotted against the applied shear stress for actin networks crosslinked by ACTN4 WT (red), K255E
(blue) or K255E at T + 15 K (black). We define the rupture strain as the last data point where K’ " ex-
ceeds the linear storage modulus. The shear rate (b) and shear strain (c) are plotted against shear
stress for the same experiments. At the rupture stress, both quantities diverge. The top panel
shows the average rupture stress and the right-most panel the rupture strain, with error bars rep-
resenting the standard error on basis of 4 repeats per condition. All experiments are performed at
a stress rate of 2.0 mPa/s.
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constitutively active. First, we have found that the WT crosslinker has a lower affinity
and shorter bound lifetime than the K255E mutant in the absence of force [Fig. 6.6]. Sec-
ond, force spectroscopy shows that crosslinker unbinding for the WT protein slows down
with force [Fig. 6.8]. Third, whereas the network shear rate is higher for WT crosslinked
networks than for K255E networks, the shear rate becomes comparable for both types of
crosslinkers at high stress [Fig. 6.9b].

Our findings unify a range of literature results: in living cells, mechanical experi-
ments have revealed that WT but not K255E ACTN4 strongly localizes to actin stress
fibers [84] and externally stressed areas of the actin cortex [38, 197], and that its bound
lifetime increases with the application of stress [38]. In vitro experiments have shown
that this increase of lifetime is intrinsic to the ACTN4-actin interaction and not due to
regulatory pathways, as a similar increase of bound lifetime upon application of me-
chanical stress was observed in a reconstituted network consisting of only actin fila-
ments and ACTN4 cross linkers [57]. Lastly, x-ray crystallography has identified ABS-1
as a hidden actin binding site [100] and MD-simulations have shown that this hidden
binding site is exposed upon a K255E point mutation [210]. By contrast, the K255E mu-
tant that has a constitutively exposed ABS1 domain was shown not to accumulate in
stressed regions nor to increase its bound lifetime upon network stress [57, 84], suggest-
ing that it is the exposure of the ABS1 domain upon force that is responsible for catch
bonding. Summarizing, mechanical experiments on living cells [38, 197] and purified
networks (Ref. [57] and Fig. 6.9b), single molecule force spectroscopy [Fig. 6.8], x-ray
crystallography [100] and MD-simulations [210] all support our conclusion that the WT
ACTN4 requires force to be fully active whereas the K255E mutant is constitutively active
- similar to the situation that we have considered in the theoretical model [Fig. 6.1b].
Furthermore, the WT and K255E ACTN4 are mobile after unbinding [Fig. 6.6a] and op-
erate close to saturation [Fig. 6.6b, Fig. 6.13]. Therefore, we conclude that the WT and
K255E ACTN4 crosslinkers are an ideal model system to test our theoretical predictions.

6.4.2. ALTERNATIVE MECHANISMS

We propose, based on the consistency experiment and theory, that ACTN4 reinforces
actin networks by catch bonding. There were earlier hints in the literature that networks
crosslinked by WT might be stronger than K255E-networks, but this was never system-
atically explored [81]. Moreover, the increased rupture stress of WT crosslinking was at-
tributed to the higher crosslinker unbinding rate compared to the K255E mutant, based
on an idea that the lower crosslinker unbinding rate of the K255E mutant might prevent
homogeneous stress redistribution and subsequent network remodeling [81]. However,
by performing stress ramps at different temperatures we show that an increased unbind-
ing rate actually leads to a decreased rupture stress [Fig. 6.9c, Fig. 6.18].

Another alternative explanation that has been put forward recently, on basis of cell
stretching experiments, is that K255E ACTN4 networks are more brittle than WT ACTN4
networks due to a difference in network structure between both types of crosslinking
[115]. However, the collapse observed in the time-dependent rheology [Fig. 6.7, 6.18]
and the light microscopy data [Fig. 6.17] we observe suggest that the network structure
in our experiments is not significantly different between both types of crosslinking. Our
work suggests that the larger strength can be ascribed exclusively to catch bonding of
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WT ACTNA4.

6.4.3. FUTURE EXPERIMENTS

Our theoretical model makes several predictions that can be tested experimentally. Firstly,
the network lifetime can be measured as a function of the applied stress. When a con-
stant stress is applied, the model predicts that catch bond crosslinking should allow for
a network lifetime that is orders of magnitude longer than slip bond crosslinking at low
stress, but that networks have a similar rupture time at high stress [Fig. 6.2a]. Secondly,
it would be interesting to consider recently developed mechanical experiments on net-
works as small as only a few bonds [213, 214], rather than the macroscopic networks
as measured with rheology. This way, the theoretical prediction can be verified that
catch bonding only improves the network strength for macroscopically sized systems
[Fig. 6.2b]. Lastly, the theoretical model predicts that catch bonds increase the robust-
ness via a self-assembly mechanism against force inhomogeneity [Fig. 6.3a]. Recent
advances in fluorescent force sensors enable measuring the force per crosslinker [215].
In principle, by combining such force sensors with single molecule fluoresence tech-
niques [216], the distribution of linker forces can be measured and compared between
WT and K255E crosslinking. Whilst such experiments would be non-trivial to perform, it
would allow for a detailed verification of the self-assembly mechanism proposed by the

theoretical model. a

6.4.4. RELEVANCE

Catch bonds are widespread in biology, and can be found in virtually any system of cel-
lular adhesion and in many biopolymer networks including the cytoskeleton (table 6.1).
In all these cases, mechanical force is distributed over many bonds and the bonds dif-
fuse after unbinding - as described by our simple theoretical model. The functional rele-
vance of catch bonds is often viewed in the context of mechanosensing, where the force-
induced conformational transition could serve as a read-out for force [156, 197, 206].
Our results imply another, non-exclusive, possibility, namely that catch bonds evolved
to prevent fracturing.

We have found two examples in biology where a mutation that turns the linker from a
catch bonds into a constitutively active slip bonds leads to cell or tissue fragility. Indeed,
the first example is the actin crosslinker a-actinin-4 and the K255E mutant as investi-
gated here. Remarkably, the K255E point mutation causes a disease known as focal seg-
mental glomerulosclerosis type 1 that is associated with brittle cells and kidney failure
[57, 211]. The second example is the platelet adhesion glycoprotein Iba mutant R1450E,
which causes a disease known as von Willebrand disease type 2B [217-219]. Here, blood
cells expressing the mutant vWD al are incapable of forming stable blood clots under
flow, leading to excessive bleeding [219]. Again the mutant has a longer single molecule
bound lifetime in absence of force while the lifetime approaches that of the wild type in
the presence of force [217, 218]. Our work suggests a new physical mechanism to explain
these diseases.

Outside biology, catch bonds provide an intriguing new biomimetic design princi-
ple towards smart materials. Typically materials trade deformability for strength [193],
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whereas many applications, especially in regenerative medicine [220], require both fea-
tures. The strength of dynamic materials can be improved by the addition of permanent
bonds [179, 221], but this greatly limits the deformability. Our findings show that catch
bonds uniquely combine the advantages of enhanced deformability and strength of ma-
terials. Furthermore, unlike other bio-mimetic routes towards robust materials, which
rely on hierarchically structured materials across several length scales [193, 222], molec-
ular catch bonding is a single-length design principle. This makes the future design of
synthetic materials relatively straightforward and modular, as it only relies on the molec-
ular structure of the linker. Synthetic analogues of catch bonds have recently been dis-
covered [223] and provide an excellent starting point towards highly dynamic yet strong
biomimetic materials.

We thank Mario Avellaneda and Sander Tans for performing the single molecule
experiments. We thank Martin van Hecke and Celine Alkemade for critical reading of
the chapter. We thank Pieter Rein ten Wolde, Kees Storm, Wouter Ellenbroek, Chase
Broedersz, David Brueckner and Mareike Berger for fruitful discussions. We thanlk
Marjolein Kuit-Vinkenoog for actin and ACTN4 purification, and Vanda Sunderlikova
for design, mutagenesis, cloning and purifying of the ACTN4 constructs used in the sin-
gle molecule experiments.
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APPENDIX

EXPERIMENTAL METHODS
SDS-PAGE GEL PROTOCOL AND QUANTIFICATION

SDS-PAGE gels were used to characterize and quantify purified proteins. In all cases,
20 ul sample was mixed with 20 ul InstantBlue and boiled at 95°C for 5 minutes in a
closed Eppendorf vial. 30 ul of this solution was loaded onto a 4-15 % Mini-PROTEAN
TGX™ Precast Protein Gel with 10 wells of 30 pl. Gels were run for 30 minutes at 200
V, washed with miliq water, stained overnight with InstantBlue and washed three times
with tap water. Band intensities were quantified using Image]J. Background correction
was applied to all band intensities by subtracting the average intensity of a region adja-
cent to the band of interest.

PROTEIN PURIFICATION

The actin crosslinker human a-actinin 4 (the wild type variant and its mutant counter-
part K255E) was purified as described in reference [98]: E. Coli cells were transformed
to express recombinant crosslinkers with a 6xhis-tag. Induction was performed with 500
UM isopropyl B-D-1-thiogalactopyranoside for eight hours at 25 °C. After centrifugation
at 6000 g for 15 minutes, cells were resuspended in 20 mM NaCl, 5 mg/ml lysozyme and
20 mM Hepes, pH 7.8. The cells were lysed by a freeze-thaw cycle, and centrifuged at
20,000 g for 30 min. The recombinant proteins were purified from the supernatant using
a QIAGEN nickel column. Next, the column was washed with 20-bed columns of 500
mM NaCl, 25 mM imidazole, and 20 mM Hepes, pH 7.8. The recombinant proteins were
eluted with 10-bed volumes of 500 mM NaCl, 500 mM imidazole, and 20 mM Hepes,
pH 7.8. The proteins were concentrated using Centricon (Millipore) and purified by gel
filtration in 150 mM NaCl, 20 mM Hepes pH 7.8, and 10 mM dithiothreitol (DTT).

To ensure we use the same concentration of the WT and K255E ACTN4, we deter-
mined the ratio of stock concentrations by measuring the band intensity of both types
of crosslinkers on a SDS-PAGE gel. We chose this method over determining the protein
concentration by the absorbance of the stock solution at 280 nm, as with the SDS-PAGE
gel we specifically measure the protein of interest and exclude the contribution of con-
taminants [Fig. S5]. WT and K255E ACTN4 were labeled on cysteine using maleimide-
activated Oregon Green at a ratio of five fluorophores for every crosslinker at room tem-
perature for 1 h. Labeled proteins were separated from free dyes by gel filtration using
Superdex 200 (GE Healthcare) [98].

Actin was purified from rabbit psoas skeletal muscle as described in reference [99].
The concentration was determined by measuring the absorbance at 280 nm. Aliquots
were stored at —80°C in G-buffer (2 mM tris-hydrochloride pH 8.0, 0.2 mM disodium
adenosine triphosphate, 0.2 mM calcium chloride, 0.2 mM dithiothreitol) to prevent
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‘ Figure ‘ o ‘ N ‘ kzlflfp ) kg?ftcoh ‘ ﬁj‘Ch ‘
1c 0.485 103 1072 1071 0.4
2b 0.35 | 1-10° 1071 0.4 0.8
3a 0.22 103 1072 1071 0.4
3b 0.22 103 1072 1071 0.4
S1b 135 | 1-10° 1072 1071 1.5
4a 0.7 103 1072 10712 -10%° | 1071 =10
b | 05 | 100 [1072-10] K10 0.4

Table 6.2: Table of parameters used for network simulations. In all simulations, we use kop = 1
and fﬁ'jmh = 1. The catch bond advantage was more pronounced at lower stresses [Fig. 2a]. How-
ever the computation time quickly diverges below the critical stress and simulating network rup-
ture times below the critical stress therefore quickly becomes computationally intractable. We had
to optimize o per figure: small enough to have a clearly visible difference between catch and con-
stitutively active slip bonds, and large enough to observe network fracturing in computationally
feasible timescales.

polymerization. After thawing, we store G-actin stock samples overnight at 4°C. The
next day, we spin the sample at 120000 g to spin down any aggregates. We store the su-
pernatant at 4 °C for maximum of 7 days before use. Unless otherwise mentioned, we
used a concentration of 48 uM, corresponding to 2 mg/ml, for all our experiments and
actin was polymerized in an F-buffer consisting of 50 mM KCl, 20 mM imidazole pH 7.4,
2 mM MgCl,, 1 mM DTT and 0.5 mM MgATP. Unless otherwise mentioned, we used a
crosslinker concentration of 0.48 uM to obtain a molar ratio of 1/100 crosslinker/actin
and on average around 1 crosslinker per 0.5 um of actin filament; under these condi-
tions, networks are isotropic [Fig. S8].

FLUORESCENCE RECOVERY AFTER PHOTOBLEACHING

The lifetime of bound crosslinkers was measured via Fluorescence Recovery After Pho-
tobleaching (FRAP) using a Nikon Al confocal microscope with a perfect focus system
and a 100x oil immersion objective using a 100-mW 488 nm argon ion laser. The FRAP
protocol started with 10 images to determine baseline fluorescence. Next, bleaching was
performed by using a high intensity laser power such that 50 — 70 % of the fluorescence
intensity was bleached in 0.5 seconds. The fluorescence recovery was tracked during a
period of approximately 5x the typical recovery time, with a sampling rate that halved
every 10 frames, starting with 10 frames/second. Unless otherwise mentioned, a circu-
lar area was bleached of 2 um radius and an equally sized area was used as a reference.
The laser intensity during imaging was chosen such that the reference intensity dropped
less than 5 % during the recovery phase.

To extract a timescale for recovery. Trrap, the normalized intensity during recovery
I/ e was fitted with a single exponential function I/ lief = 1 — I/ Lief-€xp(— f), where I is
the intensity directly after bleaching. The timescale of recovery (hereafter named kprap)
is defined by the typical crosslinker diffusion time, which scales quadratically with the

bleach radius, and the typical crosslinker unbinding time, which is independent of the
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Figure 6.10: System size dependence of rupture time for networks connected by immobile link-
ers. a) Schematic of a model with immobile linkers that always (re-)bind in the same location.
b) The rupture time of networks connected by immobile linkers shows a biphasic dependence on
system size, similar to networks connected by mobile linkers [Fig. 2b], but catch bonds networks
(red) are less long-lived than constitutively active slip bond networks (blue) for any value of N.
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Figure 6.11: Force-lifetime curves for various parameters. Exemplary catch bond curves used
to generate the data presented in Fig. 4a,b. The following parameter ranges were used: 10715 <

kg?ftgh <10%5 in 11 logarithmically spaced steps (a), 107! < flcf‘emh < 10! in 15 logarithmically

spaced steps (b) and 107! < klg% <10 in 30 logarithmically spaced steps (c). All graphs are color

off,0
coded in black for the lowest value and red for the highest value.
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Figure 6.12: Kymographs of spontaneous crack initiation. Example kymograph showing the last
1700 simulation steps before fracturing of the slip (a) and catch (b) bond networks fracturing as
presented in Fig. 1c. The fracture behavior is similar for both types of networks, except that cracks
initiate less frequently for catch bond networks.

bleach radius. To dissect these two contributions, we compared the recovery time for dif-
ferent bleach radii, 2 um and 4 um. We did not find a statistically significant difference.
We conclude that the FRAP recovery timescale is dominated by the typical crosslinker
unbinding time, as any contribution of the diffusion timescale would have increased as
a function of bleach area. This result is consistent with a calculation where we estimate
that the typical diffusion distance during the typical fluorescent recovery timescale is
significantly is larger than the FRAP radius (2um) for both the WT (40 um) and the K255E
mutant (365 um) . We used a diffusion constant based on the Stokes-Einstein relation-
ship, assuming a crosslinker radius of 3 nm on basis of the crystal structure [100]).

CO-SEDIMENTATION ASSAY

Avolume of 25 ul monomeric (G-)actin at increasing concentrations was co-polymerized
with actin binding proteins in F-buffer at room temperature, keeping the actin binding
protein (WT or K255E ACTN4) concentration constant (0.1 uM). After two hours of poly-
merization the actin network together with the bound crosslinkers was spun down at
120000 g. Afterwards, 20 ul was gently pipetted from the supernatant and run on an
SDS-PAGE gel as described above. The fraction of bound linkers ¢poung was determined
by subtracting and normalizing the ACTN4 band intensity at a particular actin concen-

tration by the band intensity in the absence of actin: ¢pqung = %

RHEOLOGY

Rheology was performed using a stress-controlled Kinexus Malvern Pro rheometer with
a stainless steel 20 mm radius cone plate geometry with a 1° degree angle. We loaded
40 ul of the ACTN4 cross linked actin networks directly after mixing the proteins into the
polymerization buffer. A thin layer of Fluka mineral oil Type A was added around the
geometry to prevent evaporation, and the sample was closed off with a hood to mini-
mize effects of air flow. Polymerization of the network was followed by applying a small
oscillatory shear with a strain amplitude of 0.5 % and a frequency of 0.5 Hz. After 2 h of
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Figure 6.13: High-speed co-sedimentation. The supernatant resulting from a high-speed cen-
trifugation of a mixture of actin filaments and crosslinkers was run on a SDS-page gel. The right
band shows the WT or K255E ACTN4 (100 kDa) and the left band shows actin (42 kDa). Each chan-
nel contains a different actin concentration. a) shows the raw image whereas b) shows the same
image with enhanced contrast via post-acquisition processing. c) The fraction of bound linkers as
determined from the co-sedimentation assay as a function of the actin concentration was fit using
$bound = Ca“'“ , where K is the affinity of the crosslinker. d) Co-sedimentation of WT and K255E
ACTN4 was performed in the presence and absence of 48 uM actin (the concentration used in all
network experiments). In the presence of an actin network, neither WT nor K255E ACTN4 could
be detected in the supernatant. The top panel shows the raw image, the bottom panel shows same
image with enhanced contrast via post-acquisition processing.
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Figure 6.14: Determination of the WT/K255E ratio in stock concentration. a) SDS-PAGE gel of
the WT (red) and K255E (blue) at several different volume fractions. The brightest band in every
channel shows the undegraded ACTN4 (WT or K255E). b) Quantification of the band intensity as
a function of the undegraded crosslinker as a function of the volumetric fraction shows that the
WT ACTN4 stock concentration is 2.5x more concentrated compared to the K255E stock concen-
tration. Therefore, we dilute the WT ACTN4 2.5x more in all our network experiments to ensure
that the same final concentration is used for both types of crosslinkers.
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Figure 6.15: ACTN4-DNA coupling. DNA was coupled to ACTN4 to prepare the single molecule
constructs. We performed coupling reactions at several different molar ratios of DNA:ACTN4.
These samples were run on a SDS-PAGE gel to measure the degree of coupling. The DNA:ACTN4
molar ratios is indicated on top of each band. We find that the fraction of coupled ACTN4
monomers increases with the amount of DNA added to the solution. At a molar ratio of 1:1, most
of the ACTN4 is uncoupled.
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Figure 6.16: Classification criterion for single tethers. Force-extension curves revealed a force
plateau between 63 and 65 pN that is characteristic of dsDNA [224] (dashed line). This was used
as the criterion to classify tethers as single connections. Due to the uncertainty on bead radii
and actin layer thickness, we generated two WLC models with contour lengths 25 nm shorter and

longer than the theoretical 850 nm (red lines). Data lying within this range that broke in a clean a
step (and showed DNA overstretching when reaching 65 pN if pulled) was regarded as single teth-
ers (blue dots), otherwise the data were discarded (grey dots).
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Figure 6.17: Confocal fluorescence images of ACTN4 crosslinked actin networks At a 1:100
crosslinker:actin molar ratio, the concentration used for all experiments in this manuscript, an
isotropically crosslinked actin network is observed with no structure above the diffraction limit
for both WT (a) and K255E ACTN4 (b). ¢) For comparison, actin bundles were observed at a 1:25
ACTN4:actin molar ratio. The color coding was inverted for both images to improve the visual
contrast between bundles and background. Scale bars are 20 um.
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Figure 6.18: Comparison between WT crosslinked actin networks at different temperatures.
The storage (triangles) and loss moduli (circles and shading) were measured using small ampli-
tude oscillatory strain. The moduli are shown as a function of frequency (a) and as a function of
the frequency normalized by the frequency at which the loss modulus peaks (b). The peak fre-
quency is 8 Hz at 298 K (red), and 0.5 Hz at 283 K (magenta). The average rupture strain (c) and
rupture stress (d) was measured at a stress rate of 2.0mPa/s. The error bars indicated vertical lines
and shaded regions represent the standard error on basis of 4 repeats.
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Figure 6.19: Examplary FRAP curves. The intensity of fluorescently labeled crosslinkers normal-
ized by the intensity before bleaching as a function time. The moment of bleaching is defined as
t=0. The intensity asymptotically approaches the pre-bleach intensity for both WT (a) and K255E
ACNT4 (b), suggesting that all linkers are mobile.

polymerization, a frequency sweep was performed between 0.01 — 10 Hz, using 10 data
points per decade. Frequencies above 10 Hz could not be measured as inertial effects

from the rheometer dominated the rheological response of the actin network at high a
frequencies. Then, we perform a fracturing experiment by linearly increasing the stress
in time (2 mPa/s), until the network fractures.We define the rupture point as the last data
point at which the differential storage modulus exceeds the linear modulus [Fig. 9a].

SINGLE MOLECULE FORCE SPECTROSCOPY

SINGLE-MOLECULE CONSTRUCTS GENERATION

The wild-type crosslinker and the K255E mutant were modified to include a ybbR tag
(DSLEFIASKLA) [225] right after the His-tag. Purified proteins were coupled to 20 nu-
cleotide Coenzyme A-modified DNA oligonucleotides using a phosphopantetheinyl trans-
ferase (SFP)-mediated reaction [225]. A protein to DNA molar ratio of 10:1 ensured that
coupling mostly occurred only on one monomer, as evidenced by SDS-PAGE analysis
[Fig. S6]. Next, 2.5 kbp DNA tethers were PCR amplified from the pUC19 plasmid (New
England Biolabs) with a biotinylated primer on one side and a phosphoprimer on the
other side. Purification was done with the QIAquick PCR purification kit (Qiagen, Hilden,
Germany). The phosphorylated strand was digested by Lambda exonuclease (New Eng-
land Biolabs) for 2 hours at 37 degrees Celsius and purified using a Amicon 30 kDa
MWCO filter (Merck, Darmstadt, Germany). Deep Vent exo-DNA polymerase (New Eng-
land Biolabs) and a 20 nucleotide more upstream primer than the phosphoprimer from
the PCR was used to fill up the second DNA strand, creating a 20 nt overhang (details on
the single molecule constructs will be published elsewhere). This overhang is comple-
mentary to the 20 nt oligonucleotide sequence coupled to the proteins. The generated
DNA tether was then ligated to the DNA-protein hybrid using T4 ligase (New England
Biolabs) and incubated overnight at room temperature.
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Preparation of actin coated beads Actin monomers were mixed with biotinylated actin
monomers and actin monomers labeled with AlexaFluor 647 in a molar ratio of 8:1:1 and
polymerized into filaments in 1 mL F-buffer at a concentration of 2 uM for 2 hours. Next,
these filaments were mixed with 4 ul of 2.4 uM Neutravidin-coated beads (NVP-20-5, di-
ameter 2.1 um, Spherotech) and incubated for 15 minutes to couple the filaments to the
beads. The actin-coated beads were washed from unbound filaments by centrifuging 3x
at 1000 rcf for 2 minutes. After every round, 800 ul of supernatant was discarded, whilst
carefully avoiding to disturb the pellet, and replaced by 800 ul of fresh F-buffer. Suc-
cessful coating was verified using confocal fluorescence microscopy by the presence of
a fluorescent ring on the edge of the bead upon excitation with a 638 nm laser.

Single molecule data acquisition and analysis Data was collected at 500 Hz using
a custom-built dual trap optical tweezers [226] and a commercial C-Trap (Lumicks).
Tethers were classified as single if the extension-force characteristics were similar to
molecules that showed DNA overstretching and only if they ruptured in a clean single
step [Fig. S7]. The theoretical contour length of the construct is 850 nm, however we
found an increase in length from the force-extension curve expected for DNA of 50 — 200
nm, which we attribute to the actin coating. We shifted the extension so that overstretch-
ing curves matched a worm-like chain of 850 nm contour length. Then we considered
an additional uncertainty margin of 50 nm and every point falling within this range was
assigned as a single tether [SI fig. 7].

COMPUTATIONAL MODEL

To investigate the effect of molecular catch bonding on the strength of transient net-
works, we harness a computational model we recently developed to predict failure of
transient networks [97, 173]. We consider a 1D model of N linkers which share an exter-
nally applied load (Fig. 1a). We define o as the applied load normalized by the system
size N and bond force sensitivity fi,. We use a Gillespie algorithm to model stochastic
linker binding and unbinding [157]. Bound linkers unbind with a rate that depends on
the applied local force ko (f), as detailed in Eq. 2, and rebind with a rate koy,. To take into
account the mobility after unbinding of linkers like integrins or actin binding proteins,
which diffuse in resp. the membrane or cytosol, we allow for unbound linkers to rebind
at arandom new location. The stress o is inhomogeneously distributed over the bonds,
fi = a;j-o,where f; is the force and «; the stress intensity factor per bond. Previously we
found that although microscopic systems (approximately N < 100) are relatively insen-
sitive to the distribution of load sharing, macroscopic systems fail via stress localization
[97, 173]. We model this stress localization by assuming that a depends on the distance
of a bond to its nearest neighbors on both sides, specifically: a; = ﬁ [Fig. 1a]. We use a
periodic boundary condition to prevent edge effects. To simulate catch bonds and their
corresponding constitutively active slip bonds, we model the bond force sensitivity as a
single exponential for slip bonds [142] and as a sum of two exponents for catch bonds
[116] [Fig. 1b] according to Eq. 1. We initialize networks by randomly placing N - K link-
ers, where K is the bond affinity, K Kon

~ kon+ Kofto
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OUTLOOK - SYNTHESIS AND
MECHANICAL CHARACTERIZATION
OF A MINIMAL CELL MODEL

In this work we have extensively studied the mechanics and dynamics of actin networks
as amodel system for cellular mechanics. The advantage of such reconstituted networks
over studying living cells is that they allow for quantitative control over the composition.
Furthermore, the mechanics of reconstituted networks are readily investigated experi-
mentally by using rheometers. As a result, both historically and in this thesis, reconsti-
tuted networks have played a crucial role in understanding the mechanics of biopolymer
networks. However, the physical principles governing cellular mechanics are undeniably
more complex than that of reconstituted biopolymer networks. For example, actin cor-
tices are confined by the plasma membrane. As actin filaments have a persistence length
that is typically on the order of the cell size (approximately 10 um), this confinement in-
duces internal stresses in the actin cortex [227]. Furthermore, actin filaments interact
with the plasma membrane via anchoring proteins such as ezrin, radixin and moesin
which transiently bind both actin and the plasma membrane [228]. In this outlook, we
develop a model system to study the mechanics of an actin cortex transiently connected
to and confined by a spherical, cell-sized lipid membrane. We measure the efficiency of
protein encapsulation in these liposomes, and characterize the membrane. Lastly and
most importantly, we develop mechanical tools to allow for mechanical investigation of
these minimal cells. This outlook provides an important step in bridging the gap be-
tween rheology on simplified reconstituted networks and cellular mechanics.

Buffer and lipids - unless otherwise mentioned, all aqueous solutions contain 50 mM KCl,
20 mM imidazole pH 7.4, 2 mM MgCly, 1 mM DTT and 0.5 mM MgATP (F-buffer). Further-
more, the solution inside liposomes is enriched with 300 mM sucrose to create a density difference
with the outer solution required for centrifugation as explained below. We observed the highest
number of liposomes after centrifugation when the osmolarity inside the liposome was 10 mM
higher compared to the outer solution. Therefore, the outer solution contained 290 mM glucose
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. We used the following lipids: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, zwitter-ionic),
1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS, negatively charged), 1-oleoyl-2-{12-[(7-nitro-
2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl}-sn-glycero-3-phosphoserine (NBD-PS, negatively charged
and fluorescent), 1-Oleoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-sn-Glycero-
3-Phosphocholine (NBD-PC, negatively charged and zwitter-ionic) and 1,2-dioleoyl-sn-glycero-
3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] (DGS-NTA, binds His-tags). Lastly,
we used the water-soluble dye pyranine (8-Hydroxypyrene-1,3,6-Trisulfonic Acid, Trisodium Salt)
(HPTS). All lipids were ordered from Avanti Polar Lipids and stored in chloroform in glass vials at
—20°C. All chemicals were ordered from Sigma Aldrich.

We create liposomes using the Inverted Emulsion method [229] (IE). First, 500 ul
mineral oil Type A solution containing 0.5 mg/ml DOPC lipids is layered on top of 125 ul
water solution and incubated for 1 h to create a lipid monolayer at the oil water interface.
This bottom water solution will become the aqueous phase surrounding the liposomes.
Next, 15 ul of water is mixed with 500 1 oil containing 0.5 mg/ml lipids by pipetting the
emulsion up and down. The water droplets will become the inner solution of the li-
posomes. Importantly, the inner solution has a density that is 50 mg/ml higher than
the outer solution whilst having a similar osmotic pressure. This density mismatch is
achieved by encapsulating sucrose. Glucose, which has half the molecular weight of su-
crose, is added to the outer aqueous phase to match the osmolarity between the inner
and outer solution. Lastly, we centrifuge the inverted emulsion through the incubated
water-oil interface to yield a solution of liposomes for 10 minutes at 300 rcf [Fig. 7.1a].
Compared to other methods of protein encapsalution in liposomes [21], IE is experi-
mentally straightforward and allows quantitative control over the encapsulated mixture
by tuning the composition of the water used to create the emulsion [Fig. 7.1b].

A downside of the inverted emulsion method is that residual oil from the emulsion
might get trapped between the leaflets of the liposomes [230]. Oil defects affect the me-
chanics of liposomes [230], and therefore complicate interpretation of mechanical ex-
periments on minimal cells. To test whether oil is present in the liposomes, we use sev-
eral assays. First, we test whether membrane pore proteins can be incorporated in the
membrane. As pore proteins have a well-defined transmembrane length of only a few
nanometers, the presence of oil is detrimental to pore protein functioning [231]. We find
that the addition of pore proteins to the outer solution of the membrane rapidly causes
release of encapsulants [Fig. 7.2a], suggesting that at least part of the membrane is thin
enough to accommodate for the pore protein. Next, we compare liposomes made by in-
verted emulsion to liposomes made by electroformation (EF) as explained in Ref. [232].
The downside of electroformation is that, unlike inverted emulsion, it cannot be used to
encapsulate proteins at physiological salt conditions, however the advantage is that no
oil is required in the formation of liposomes. Therefore, electroformed liposomes serve
as an oil-free benchmark. We compare the fluorescence intensity between EF liposomes
with IE liposomes, both containing 0.1 % rho-PE fluorescent tracer lipids. Any residual
oil in IE membranes should cause an increase of fluorescence, as fluorescent lipids are
dissolved at high concentrations. However, we find that the fluorescence intensity of IE
and EF liposomes is similar [Fig. 7.2c]. Lastly, we check for the presence of oil by mea-
suring the flip-flop rate of NBD-PC lipids. These lipids exchange between the inner and
outer leaflet (flip-flop) due to thermal motion, and this process is likely affected by resid-
ual oil. We measure the rate of flip-flop rate by adding dithionite to the outer solution.,
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Figure 7.1: Liposomal encapsulation. a) Schematic of the Inverted Emulsion method [229] used
to encapsulate actin in liposomes. b) The fluorescence intensity per voxel of 0.05 M encapsulated
GFP-labeled Drosophila septin hexamers [24] (bottom - a white dashed lined shows the location
of the liposome, the outer solution does not contain septin) was compared with the same con-
centration of GFP labeled septin in bulk (top). The scale bar is 20 um. No statistically significant
difference was found, suggesting 100% encapsulation efficiency (error bar on basis of 5 images per
condition).

which exclusively bleaches NBD-PC present on the outer leaflet and lipids present on the

inner leaflet only bleach after flip-flopping [233]. Using this technique, we find a flip-rate
on the order of 30 minutes [Fig. 7.2d], comparable to reports in literature on pure lipid

membranes [231, 233, 234]. Taken together, the incorporation of pore proteins, compar-

ison to electroformed liposomes and flip-flop assay suggest that no significant fraction

of residual oil is present in the membrane of liposomes created by the inverted emulsion

method under our experimental conditions.

Now that we have asserted IE-formed liposomes as a suitable platform for creating
minimal cells, we set out to create an actin cortex by encapsulating actin together with
moesin, a membrane anchoring protein [235]. When actin and moesin are incorporated
in aliposome that only contains neutral lipids, neither protein colocalizes with the mem-
brane. Instead, actin is depleted from the edges - which indicates that actin is filamen-
tous [Fig. 7.3a]. To anchor the actin filaments via His-tagged moesin to the membrane,
we include nickel-NTA lipids and observe strong membrane localization of both moesin
and actin [Fig. 7.3b]. For future work, this assay can serve as an ideal model system for
a minimal cell containing an actin cortex. Furthermore, we demonstrate control over
the type of actin structures inside the liposome. By adding Polyethylene glycol-35K as
a crowding agent we can obtain actin bundles [Fig. 7.3c] and rings [Fig. 7.3d] which
resemble stress fibers of adherent cells [22] and the actin ring of dividing cells [[24]].

We have shown that we can create minimal cells with anchored actin cortices [Fig.
7.3b]. However, whereas mechanical experiments are readily performed on mm-sized
reconstituted actin networks, it is significantly more difficult to physically manipulate
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Figure 7.2: Membrane characterization. a) Liposomes (red) containing 1 mM of the water-soluble
dye HPTS (green) were imaged before (left) and 10 s after the addition of the membrane pore
protein melittin (0.05 mg/ml). Note that one liposome drifted away due to the mixing of melit-
tin. The field of view for both images is 128x128 um. b) The membrane fluorescence intensity
(0.5 mole-percent NBD-PC) was measured by drawing a box over the liposome and taking the
peak fluorescence intensity. ¢) Comparison of the membrane fluorescence intensity per voxel be-
tween liposomes made with electroformation (EF) and inverted emulsion (IE) for both zwitter-
ionic 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine and negatively charged 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-L-serine lipids (error bars represent the standard error on basis of
5 liposomes per condition). d) The fluorescence membrane intensity normalized by the intensity
before addition of dithionite as a function of time after addition of dithionite.
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Figure 7.3: Minimal cell model with various actin architectures. We encapsulate 24 uM actin
and 1 pM moesin in F-buffer inside liposomes. a) In the absence of membrane anchoring, actin
(blue) nor moesin (red) colocalizes to the surface of the liposome. Top: radial integration of the
actin fluorescence normalized by the moesin intensity as a function of the cell radius shows that
actin is depleted from the outer 3 um. b) In the presence of 1 % Ni-NTA lipids, moesin binds to the
membrane via its His tag and subsequently recruits actin. In the presence of 50 mg/ml PEG-35K,
crowding causes actin bundling (c - 3D reconstruction, 60 um x 60 um x 25 um) and sometimes
rings are observed (d - z-slices). The distance between each z-slice in (d) is 0.2um and field of
view of 16 um x 16 um.
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(minimal) cells due to their small size. In order to be able to perform mechanical mea-
surements on these minimal cells, we have developed the 'minicel microscope’ which
combines optical tweezers with laser ablation and micropipette aspiration [Fig. 7.4].
Here, we present proof-of-principle data that demonstrates how optical tweezers and
micropipette aspiration can be used to manipulate and ultimately mechanically charac-
terize minimal cells.

Using micromanipulators, we position a home-forged micropipette in the vicinity of
a liposome. We then suck in a liposome using a pressure controller attached to the mi-
cropipette. The tongue length can be studied as a function of the applied pressure to
probe the mechanical properties of minicells [Fig. 7.5a,b]. Furthermore, using optical
tweezers and a polystyrene bead we are able to pull a membrane tube from a liposome
[Fig. 7.5c,d]. Next, we can measure the force required to pull the tube as a function of
the applied pressure with the micropipette and/or as a function of the tube length. Mi-
cropipette aspiration and membrane tube pulling provide complementary information
on the mechanics of these minimal cells, so different contributions of the actin cortex
to cell mechanics can thereby be dissected. For example, the actin cortex is significantly
deformed upon micropipette aspiration [197, 236]. In contrast, membrane tube pulling
does not affect the shape of the cortex, and the anchor-mediated friction between the
actin and the membrane can be measured by pulling tubes at different rates [237]. For
future work, it will be interesting to obtain mechanical data for minimal cells with vary-
ing types of actin cortices, for example by including contractile actomyosin activity, to
gain deeper insight into how the actin cytoskeleton contributes to cellular mechanics.

527164-L-bw-Mulla
Processed on: 27-12-2018 PDF page: 116



109

(a)

405 nm L4f

1064 nm GM PBS L4f

——

—

(b)

Figure 7.4: Minicel microscope. a) Drawing of microscope base and the micropipette aspiration
pump with a zoom in on the micropipettes and sample holder. Two micropipettes are installed
to allow for micropipette aspiration with one pipette, whilst simultaneously injecting compounds
into or next to the liposome with the other micropipette. b) Schematic of optics for laser abla-
tion and optical tweezers. SF=spatial filter, BE=beam expander, GM=galvo mirror, L4f=4f lens,
HWP=half wave plate, PBS=polarizing beam splitter, AT=motorized attenuator and MM=manually
steerable mirror. We acknowledge Alexander Franzen’s ComponentLibrary under the Creative
Commons license for the schematics of the optical components.
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Figure 7.5: Towards mechanical characterization of minimal cells. a) Schematic of micropipette
aspiration experiment. b) Confocal microscopy image of aliposome deformed by micropipette as-
piration. d) Schematic of tether pulling experiment e) Confocal microscopy image of a membrane
tube pulled by an optical tweezer from a liposome held by micropipette aspiration. The bright
spots in the lower left corner are lipids stuck to the micropipette.
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SUMMARY

In your body, cells are continuously squeezing themselves through holes of different
shapes and sizes. For example, immune cells migrate through the polymer matrix of
your tissues, hunting for intruders. This extracellular matrix is highly non-uniform, and
cellular migration requires continuous shape adaptation. Similarly, cells change their
shape dramatically during cell division and differentiation. Clearly, the cell needs to be
highly deformable.

The same cell has a very stressful life mechanically. For example, the cell is under
continuous risk of being blown up by osmotic pressure created by the large concentra-
tion of biomolecules inside. Furthermore, large forces are exerted on cells and their sur-
rounding tissues, for example during embryonic development or in cartilage during the
movement of joints. Therefore, apart from being highly deformable, a cell also needs to
be very strong.

Typically, materials are either soft or strong. For example, a pudding is readily de-
formable but can easily be broken by hand, whereas the opposite holds true for a brick,
which has a high rupture force, but still breaks at small deformations due to its high stiff-
ness. In contrast to these synthetic materials, a cell combines strength with deformabil-
ity. Which material design principles allow the cell to meet these seemingly contradictory
demands? Answering this question will not only increase our understanding of biology,
but can also inspire the design of new synthetic materials and possibly give insight into
diseases where the mechanical properties of a cell are compromised.

The mechanics of a cell are controlled by the cytoskeleton, which consists of biopoly-
mer filaments and accessory proteins like linkers and motors. We focus on actin, the
most abundant cytoskelal subunit. Actin filaments form the cell cortex, which is the
main cytoskeletal player in controlling cell shape and mechanics. In the cortex, actin fila-
ments are transiently connected by linker proteins, with a bond lifetime of a few seconds.
This design principle of transient linkers causes elastic rigidity on short-timescales, whilst
allowing for viscoelastic flows on timescales longer than the crosslinker unbinding timescale.

The overarching goal of this thesis is to understand how the actin cortex allows
cells to be soft yet strong. To be able to directly examine the mechanical properties of
actin networks, we purify and reconstitute actin together with actin binding proteins.
We combine experiments with theoretical modeling to unravel the governing principles
which allow for both deformability and strength of actin networks.

In chapter 2 we investigate in detail the linker dynamics through a combination of
theoretical modeling and several experimental techniques. We find that stress relaxation
in an actin network occurs on a faster timescale than crosslinker redistribution. We ra-
tionalize this discrepancy, using a three-state model where crosslinkers are either bound
to 0, 1 or 2 filaments. In this model, stress relaxation occurs as soon as a a doubly bound
crosslinker unbinds one of two filament, whereas crosslinker redistribution requires un-
binding from both filaments. Surprisingly, we find that the unbinding rate of a singly
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bound crosslinker is more than an order of magnitude slower than when two filaments
are attached. We attribute the increased unbinding rate of doubly bound crosslinkers
to the stiff nature of biopolymers, which frustrates crosslinkers bound to two filaments.
This chapter provides quantitative insight into the crosslinker dynamics in biopolymer
networks.

In chapter 3 we examine how the linker dynamics affect the nonlinear mechanical
properties of dynamically crosslinked actin networks. We find unexpectedly slow stress
relaxation, similar to disordered systems close to the glass transition. We explain our
experimental results using a theoretical model that accounts for the transient nature of
the crosslinkers combined with the nonlinear force-extension behavior of the actin fila-
ments. This chapter offers a microscopic mechanism for the universal glassy dynamics
frequently observed in cellular mechanics.

In chapters 4 & 5 we propose a theoretical model that describes how fracturing oc-
curs in transient networks such as the actin network. In chapter 4, we use stochastic
modeling to investigate a collection of reversible bonds under load, and find a micro-
scopic mechanism by which cracks emerge from the nonlinear local bond dynamics.
We provide and numerically verify analytical equations for the dependence of the crit-
ical crack length on the bond kinetics and applied stress. In chapter 5, we extend the
stochastic model to consider the effect of bond mobility after unbinding on the strength
of a transient network. We find that bond mobility weakens transient networks. This
is remarkable as bond mobility is common in biological transient networks such as the
actin cortex, and in systems responsible for cellular adhesion. We speculate that cells
trade fracture strength for the modularity and tight dynamic control offered by mobile
linkers. These chapters reveal governing principles of the fracturing of transient net-
works such as the actin cortex.

In chapter 6 we study the effect of catch bonding on network strength. Catch bonds
are proteins whose bond lifetime increases when moderate forces are applied via expo-
sure of hidden binding sites. After full exposure at high force, catch bonds behave like
normal (slip) bonds whose bond lifetime monotonically decreases with force. Using the
stochastic model developed in chapter 4 & 5, we show that catch bonds provide vastly
more long-lived networks than slip bonds. Surprisingly, we find that catch bond net-
works are stronger than slip bond networks even when the individual bonds are weaker.
We verify our conclusion experimentally by combining single molecule and network ex-
periments on actin crosslinked by either wild type a-actinin 4 (which forms catch bonds)
or its slip bond counterpart, a mutant with a single point mutation referred to as K255E.
We attribute the increased strength of catch bond networks to a self-assembly mecha-
nism against force inhomogeneity. This chapter reveals the importance of catch bonds
in preventing fracturing in highly deformable transient networks such as the actin cor-
tex.

The work in this thesis gives novel insight into how cells manage to be highly de-
formable yet strong. The design principle of transient networks allows for substantial de-
formability over timescales longer than the typical crosslinker unbinding time. However,
due to fluctuations in local linker density, transient networks are also prone to crack ini-
tiation and subsequent fracturing. Importantly, catch bond linkers self-assemble against
force inhomogeneity, and thereby prevent crack initiation despite their faster unbinding
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kinetics compared to slip bond linkers. These catch bond linkers therefore simultane-
ously increase both deformability and strength of transient networks. We have revealed
this principle for actin networks, but expect the mechanism to occur for any transient
network connected by catch bond linkers. Our finding of increased strength and de-
formability therefore suggests a novel evolutionary driving force behind catch bonds,
and indeed we have found many biological examples of catch bonds connecting tran-
sient networks.

Strikingly, our work on the catch bond crosslinker and the constitutively active mu-
tant is interesting from a biomedical perspective as well. The catch bond we considered,
a-actinin 4, is the actin crosslinker in podocytes. These cells are under continuous pres-
sure as they filter the blood in our kidneys. Whereas the catch bond crosslinker is the
wild type version, the constitutively active mutant is known to cause the kidney failure
disease focal segmental glomerulosclerosis 1 (FSGS1). Strikingly, FSGS1 cells expressing
the constitutively active mutant linker are significantly more brittle than cells expressing
the wild type catch bond linker. It will be interesting to study the importance of catch
bonding in preventing failure of cells and tissues in the context of FSGS1 and other dis-
eases.

Lastly, our work can provide inspiration for new design strategies of synthetic ma-
terials. Transient networks are not only common in biology, but are also often used to
create synthetic viscoelastic materials such as colloidal gels and polyelectrolytes in food
and cosmetics. These materials suffer from limited deformability due to crack initiation.
For future work, it would be interesting to create synthetic analogues of catch bonds to
create bio-inspired materials which are highly deformable yet durable under stress. Such
materials would be ideal for applications in regenerative medicine.
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SAMENVATTING

In je lichaam persen cellen zichzelf continu door gaten van verschillende vormen en
grootten. Immuuncellen migreren bijvoorbeeld door de polymeermatrix van je bindweef-
sel, op jacht naar indringers. Deze extracellulaire matrix is sterk heterogeen en cellulaire
migratie vereist voortdurende vormveranderingen. De cel vervormt ook drastisch tij-
dens celdeling en -differentiatie. Een cel dient overduidelijk vervormbaar te zijn.

Tegelijkertijd heeft een cel mechanisch gezien een stressvol leven. De cel loopt bi-
jvoorbeeld permanent het risico om opgeblazen te worden door de osmotische druk
die het gevolg is van de grote concentratie biomoleculen aan de binnenkant van de cel.
Verder worden er grote krachten op cellen en hun omringend weefsel uitgeoefend, bi-
jvoorbeeld tijdens de embryonale ontwikkeling of tijdens beweging van je spieren en
van kraakbeen in je gewrichten. Daarom moet een cel, behalve vervormbaar, ook sterk
zijn.

Materialen zijn normaliter vervormbaar of sterk. Pudding is bijvoorbeeld zo te ver-
vormen, maar je kan het makkelijk met je handen breken en is dus niet sterk. Het tegen-
overgestelde is waar voor een baksteen, die veel kracht kan weerstaan, maar al bij kleine
vervormingen breekt. In tegenstelling tot deze niet-biologische materialen, is een cel
zowel vervormbaar als sterk. Welke materiaalontwerpprincipes stellen een cel in staat
om deze schijnbaar tegengestelde eisen te vervullen? Het beantwoorden van deze vraag
zal ons begrip van biologie doen toenemen, bijvoorbeeld van ziektebeelden waarbij de
mechanische eigenschappen van de cel zijn aangetast. Verder kunnen de biologische
materiaalontwerpprincipes inspiratie geven voor het ontwerp van nieuwe synthetische
materialen, zodat we sterke, zachte materialen kunnen maken.

De mechanische eigenschappen van een cel worden bepaald door het cytoskelet, dat
bestaat uit biopolymeren en bijbehorende eiwitten, zoals linkers die polymeren verbinden
en moleculaire motoren. Wij richten ons op aktine, de meest voorkomende deeleen-
heid van het cytoskelet. Aktine filamenten vormen de celschors. Deze celschors speelt
een belangrijke rol in het dirigeren van celvorm en -mechanica. In de celschors zijn ak-
tinefilamenten gebonden door linkereiwitten, die doorgaans slechts een paar seconden
gebonden zijn, waarna ze loslaten en ergens anders binden. Dit ontwerpprincipe van
'vergankelijke linkers’ zorgt voor stijtheid op korte tijdschalen, terwijl het viscoelastisch
stromen toelaat op tijdschalen langer dan de bindingstijd van de linkers.

Het overkoepelende doel van deze dissertatie is om te begrijpen hoe de aktineschors
ervoor zorgt dat cellen zacht doch sterk kunnen zijn. Om de mechanische eigenschap-
pen van aktinenetwerken direct te kunnen bestuderen, zuiveren we aktine samen met
aktine-bindende eiwitten op en reconstrueren we de netwerken. We combineren exper-
imenten met theoretisch modeleren, om de leidende principes te ontrafelen die aktine
netwerken in staat stellen zowel vervormbaar als sterk te zijn.

In hoofdstuk 2 bekijken we de linkerdynamica in detail door een combinatie van
theoretisch modeleren en verschillende experimentele technieken. We ontdekken dat
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de stressrelaxatie in aktine netwerken op snellere tijdschalen optreedt dan de linker dy-
namica. We onthullen de oorzaak van deze discrepantie middels een drie-staten model,
waarbij linkers gebonden zijn aan 0, 1 of 2 filamenten. In dit model treedt stressrelaxatie
op zodra een dubbelgebonden linker een van de twee filamenten loslaat, terwijl link-
erredistributie pas optreedt als beide filamenten zijn losgelaten. Verrassend genoeg vin-
den we dat de snelheid waarmee een enkel gebonden linker een filament loslaat, meer
dan tien keer langzamer is dan wanneer twee filamenten gebonden zijn. We schrijven
het versnelde loslaten van een dubbelgebonden linker toe aan de stijfheid van biopoly-
meren. Deze stijfheid belemmert linkers die gebonden zijn aan twee filamenten, waar-
door er spanning ontstaat en linkers sneller loslaten. Dit hoofdstuk geeft kwantitatief
inzicht over de linkerdynamica in biopolymeernetwerken.

In hoofdstuk 3 onderzoeken we hoe de linkerdynamica de niet-lineare mechanis-
che eigenschappen van dynamisch verbonden aktine netwerken beinvloedt. We vin-
den onverwacht langzame stressrelaxatie, die vergelijkbaar is met ongeordende syste-
men dichtbij de glastransitie. We verklaren onze experimentele waarnemingen middels
een theoretisch model dat rekening houdt met de vergankelijke aard van de linkers in
combinatie met het niet-lineaire kracht-uitrek gedrag van aktine filamenten. Dit hoofd-
stuk biedt microscopisch mechanisme dat kan verklaren waarom celmechanica de uni-
versele dynamica van glazige systemen volgt.

In hoofdstukken 4 & 5 stellen we een theoretisch model voor dat beschrijft hoe ver-
gankelijke netwerken, waaronder aktine netwerken, breken. In hoofdstuk 4 maken we
gebruik van een stochastisch model om een verzameling van reversibele bindingen on-
der druk te bestuderen. We ontdekken een microscopisch mechanisme waarmee scheuren
oprijzen uit de niet-lineare, plaatselijke bonddynamica. We stellen analytische vergeli-
jkingen voor die we numeriek verifieren, en beschrijven hoe de kritische kraaklengte
afthangt van de bonddynamica en de uitgeoefende kracht. In hoofdstuk 5 breiden we dit
stochastische model uit en beschouwen we het effect van bondmobiliteit na ontbinden
op de kracht van vergankelijke netwerken. We ontdekken dat mobiliteit vergankelijke
netwerken verzwakt. Dit is merkwaardig omdat bondmobiliteit vaak voorkomt in biol-
ogische, vergankelijke netwerken zoals de aktine schors en in systemen die verantwo-
ordelijk zijn voor celadhesie. We speculeren dat cellen een compromis maken tussen
netwerkkracht en de modulariteit en nauwe dynamische controle die mobiele linkers
biedt. Deze hoofdstukken onthullen de leidende principes achter de breekbaarheid van
vergankelijke netwerken zoals de aktineschors.

In hoofdstuk 6 bestuderen we het effect van 'vangstbindingen’ op netwerkkracht.
’Vangstbindingen’ zijn bindingen tussen eiwitten waarbij de bindingsduur toeneemt als
er een gematigde kracht op uitgeoefend wordt. De bindingsduur neemt toe door mid-
del van verborgen bindingsdomeinen die worden blootgesteld bij kracht. Na volledige
blootlegging bij hoge kracht, gedragen vangstbindingen zich zoals normale (slip)bindingen
waarbij de bindingsduur monotoon afneemt met kracht. Middels het stochastische model
ontwikkeld in hoofdstuk 4 & 5 laten we zien hoe vangstbindingen netwerken opleveren
die veel duurzamer zijn dan netwerken verbonden door slipbindingen. Verrassend ge-
noeg ontdekken we dat vangstbindingsnetwerken sterker zijn dan slipbindingsnetwerken
zelfs waneer de individuele bindingen zwakker zijn. We verifieren onze conclusies exper-
imenteel door een combinatie van experimenten op netwerk- en enkel molecuulniveau.
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In deze experimenten vergelijken we aktine gebonden door veldstam a-actinin 4 (die
vangstbindingen vormt) of zijn slipbinding tegenhanger, een mutant met een enkele
K255E puntmutatie. We schrijven de verbeterde kracht van vangstbindingsnetwerken
toe aan een zelf-assemblage mechanisme tegen krachtinhomogeniteit. Dit hoofdstuk
toont het belang van vangstbindingen aan in het voorkomen van scheuren in verganke-
lijke netwerken zoals de aktineschors.

Deze dissertatie geeft nieuwe inzichten over hoe de cel het voor elkaar krijgt sterk en
toch vervormbaar te zijn. Het ontwerpprincipe van vergankelijke netwerken staat sub-
stantiele vervorming toe op tijdschalen langer dan de typische bindingsduur van linkers.
Door fluctuaties in de lokale linkerdichtheid zijn vergankelijke netwerken echter ook
gevoelig voor het ontstaan van scheuren waarna het materiaal breekt. Vangstbindin-
gen zelf-assembleren tegen krachtinhomogeniteit en voorkomen daardoor het ontstaan
van scheuren. Zelfs als vangstbindingen sneller loslaten dan slipbindingen, zorgen ze
voor sterkere netwerken. Deze vangstbindingen vergroten daarmee tegelijkertijd de ver-
vormbaarheid en kracht van vergankelijke netwerken. Wij hebben dit principe ontdekt
in aktine netwerken, maar verwachten dat het mechanisme optreedt in elk vergankeli-
jke netwerk dat verbonden is door vangstbindingen. Onze ontdekking van toegenomen
kracht en vervormbaarheid suggereert een evolutionaire drijvende kracht achter vangst-
bindingen. Deze evolutionaire drijvende kracht verklaart mogelijk waarom vangstbindi-
gen wijdverspreid zijn in vergankelijke netwerken in de biologie.

Ons werk is ook relevant vanuit een biomedische invalshoek. De vangstbinding die
we bestudeerd hebben, a-actinin 4, is een aktine linker in podocyten. Deze cellen staan
onder permanente druk door het bloed dat ze filteren in onze nieren. Waar de vangst-
bindingen te vinden zijn in gezonde nieren, is bekend dat de K255E mutatie zorgt voor
nierfalen (Focale Segmentale Glomerulosclerose 1, afgekort met FSGS1). Opvallend is
dat FSGS1 cellen die de slipbindingsmutant tot expressie brengen significant brozer zijn
dan gezonden cellen met de vangstbindingen. Het zou interessant zijn om het belang
van vangstbindingen te onderzoeken in het voorkomen van breken van cellen en weef-
sel in de context van FSGS1 en andere ziektes.

Tenslotte biedt deze dissertatie een inspiratiebron voor nieuwe ontwerpprincipes
van synthetische materialen. Vergankelijke netwerken zijn niet alleen veelvoorkomend
in de biologie, maar worden ook vaak gebruikt om synthetische viscoelastische materi-
alen te maken zoals kolloidale gelen en polyelectrolyten in voedsel en cosmetica. Het
nut van deze materialen is echter beperkt doordat er na geringe vervormbaarheid al
scheuren ontstaan. In de toekomst zou het interessant zijn om synthetische analogen
van vangstbindingen te gebruiken om materialen te maken die, geinspireerd door de bi-
ologie, sterk vervormbaar en toch sterk zijn. Zulke materialen zouden ideaal zijn voor
toepassingen in bijvoorbeeld regeneratieve geneeskunde.
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