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Abstract: The actin cytoskeleton is essential for the continued function and
survival of the cell. A peculiar mechanical characteristic of actin networks is
their remodelling ability, providing them with a time-dependent response to
mechanical forces. In cross-linked actin networks, this behaviour is typically
tuned by the binding affinity of the cross-link. We propose that the debonding
of a cross-link between filaments can be modelled using a stochastic approach,
in which the activation energy for a bond is modified by a term to account for
mechanical strain energy. By use of a finite element model, we perform
numerical analyses in which we first compare the model behaviour to
experimental results. The computed and experimental results are in good
agreement for short time scales, but over longer time scales the stress is
overestimated. However, it does provide a possible explanation for
experimentally observed strain-rate dependence as well as strain-softening at
longer time scales.
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1 Introduction

In the context of a mechanical approach to cell biology, there is a close relationship
between cellular function and mechanical properties. Cells in a diseased state can exhibit
a significantly altered mechanical response to external forces. This allows them to behave
abnormally, promoting progression of the pathology. For example, in the case of cancer
cells, reduced cell stiffness and adhesion strength (Ronnlund et al., 2013) promotes
metastasis.

The most important part of the intracellular structure that allows the cell to respond to
mechanical signals is the interconnected network of polymerised protein filaments called
the cytoskeleton. This network determines the mechanical properties of the cell,
functioning as both a passive mechanical structure and an entity that actively partakes in
biological processes such as cell migration.

There are three major types of protein filaments in the cytoskeleton — actin filaments,
intermediate filaments and microtubules. Each of these filaments is associated with a
specific type of protein that may be added to or removed from a filament. This allows for
remodelling of the cytoskeleton in response to signals such as external mechanical forces.

Actin filaments (F-actin) are formed from polymerisation of globular actin (G-actin).
These filaments are crucial for a wide range of cellular functions and structural properties
— for example, bundles of actin (filopodia) act to push the lamellipodium forward during
cell migration while actin filaments bundled into stress fibres anchor the cell to the extra
cellular matrix (ECM).

Actin binding proteins (ABPs) are cross-linking proteins, which regulate the
architecture of the filamentous actin network. For example, a-actinin favours the
formation of bundles of filaments while the hinge-like structure of filamin promotes the
formation of three-dimensional cross-linked networks, thought to provide much of the
cytoplasmic stiffness. This network has the characteristics of a viscoelastic solid, in
which the binding affinity of the ABP influences the macroscopic mechanical properties
(Wachsstock et al., 1993, 1994). To predict the mechanical response of these actin
networks a homogenised continuum-based approach, in which the network is assumed to
behave as a continuous solid, can be utilised. We have previously proposed such a
phenomenological chemo-mechanical constitutive model, in which the strain energy
function of the material is assumed to be proportional to the concentration of cross-linked
filaments (Fallqvist and Kroon, 2012).

Another option is to utilise tools such as finite elements to create a discrete numerical
model. The influence of network geometrical and material parameters on the mechanical
response and deformation field can then be more directly assessed. This approach was
taken in previous work (Fallqvist et al., 2014; Onck et al., 2005; Huisman et al., 2007),
demonstrating the influence of network parameters such as filament density on the
mechanical response. Kim et al. (2011) performed Brownian dynamics simulations of
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actin networks, finding a distinct strain-rate dependence in which unbinding and
unfolding events of cross-linking proteins was dominating the response at low and high
shear rates, respectively. Abhilash et al. (2012, 2014) performed numerical finite element
simulations of discrete networks with stochastic unbinding of cross-links.

In this paper, we utilise a somewhat similar method approach to model cross-link
unbinding, but differ in that we do not use the well-known Bell’s (1978) equation in
terms of crosslink force and interaction length to modify the dissociation rate. Rather, we
use Arrhenius’ law to define the debonding kinetics in terms of an activation energy per
bound cross-link, as this results in a more general approach — the strain energy need not
only include the tensile force.

Figure 1 Domain of two-dimensional network model
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2.1 Network model

For details on this section, see work performed previously (Fallqvist et al., 2014). The
software ANSYS was used for generating the geometrical network model, and the
numerical computations were performed using a custom code integrated into ANSYS
with user programmable features. A quasi-static implicit time integration solver was
used.

We define a network region representative of a larger periodic structure in the form of
a square network cell with length I, see Figure 1. To generate the filaments constituting
the network, we compute the network mass from an assumed concentration of 24 uM, the
monomer mass and an assumed network thickness (here set to 0.02 um). With the mass
per filament easily computed with a known monomer-to-filament ratio (Biron and Moses,
2004), filaments are seeded at random positions and orientations until the sum of filament
masses is equal to the network mass. Periodicity of the network is accounted for by
cutting filaments extending over the edges and repositioning the cut sections to achieve a
periodic structure. Each filament is discretised into 50 linear elastic and isotropic
Euler-Bernoullis beam elements.

To ensure that the cell size W is adequately large as to not influence the computed
results, we refer to previous work (Fallgvist et al., 2014), where we performed studies on
the influence of cell size. In light of this, we let W = 10 L. It is assumed that no thermal
fluctuations influence the filament shape, and they are generated with a perturbed
straightness to elude local buckling instabilities. Further, all free ends are removed to
improve convergence and reduce computational effort. From typical properties of actin
filaments found in the literature (Furuike et al., 2001; Kamm and Mofrad, 2006; Gardel



Cross-link debonding in actin networks 19

and Nakamura, 2006; Gardel et al., 2004, 2008), we choose to use a diameter of 6 nm and
Young’s modulus of 1.8 GPa. The filament length of this baseline model — the reference
case to compare influence of parameter variation with — is set to what is typically found
experimentally in reconstituted actin networks (Kasza et al., 2010; Xu et al., 2000;
Nunnally et al., 1980), 15 um. Of course, not all filaments can be expected to have an
equal length — an exponential distribution is most commonly found in reconstituted
networks. However, this has been found previously to not affect the qualitative behaviour
of the network response (Fallqvist et al., 2014).

The free ends of the beam elements are removed to reduce computational effort. An
example of a generated network model can be seen in Figure 2.

Figure 2 Example of generated finite element model (see online version for colours)

Note: The free dangling ends of the beams are removed to improve convergence.

2.2 Cross-link model

In actin networks, the rich variation of possible microstructures can be attributed to the
multitude of available cross-linking proteins, as well as chemical factors such as the
relative concentration of these proteins. We focus here on a network of cross-linked
filaments without bundles, shown schematically in Figure 3. To model the influence of
these cross-links and their properties on the network response, spring elements with zero
initial length were created at intersection of filaments. The stiffness of these spring
elements was defined as a hyperbolic function based on the deformed position of the
nodes according to

ﬁ,(u):Cl-sinh(C2~u), (1)

where C; and C, are parameters and u is the relative displacement between the nodes.
This relationship is chosen because it can replicate the mechanical response of the
unfolding of cross-linking proteins reasonably well, while being simple to implement in
the finite element code. For our baseline model we choose parameters to approximately
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reproduce experimental data of o-actinin unfolding (Rief et al., 1999), resulting in
C,=12-107 pN and C, = 22/um.

Figure 3 Network of cross-linked filaments (see online version for colours)
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The dynamic nature of cross-links can be traced back to its thermal exchange with the
environment. A bound cross-link becomes trapped in an energy well of depth E, (defined
as energy per a-actinin bond), see Figure 4. The stochastic nature of the bonds can be
accounted for by considering the state of a bound cross-link in a probabilistic sense,
according to
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where p, is the probability of the cross-link to be found in a state with energy E,, kp is
Boltzmann’s constant and 7 the temperature. The factor 4 is a pre-factor representing the
number of collisions that might result in a reaction, which is here set to unity. This
equation is similar to the well-known Bell’s equation, except it is expressed in terms of
activation energy, and not molecular force and interaction length.

Applying equation (2) to a bound cross-link according to Figure 4, the probability Ap
of a cross-link debonding during a short time interval will be

Ap =At- exp(—%j 3)

where Af is the current time increment. The coefficient £ should be interpreted as a
coefficient of free bonding energy, a fraction of the strain energy w available to break
bonds. A logic for implementing this in the finite element code is straightforward — for
each created cross-link and in each time step, Ap is compared to a random number r. If
Ap > r the element is deactivated for the subsequent steps, simulating a debonding event
between filaments. The time increment A¢ was ensured to be small as to not influence the
results, verified by performing identical computations of decreasing time step size. The
bond energy E,, is set to 2kzT (Biron and Moses, 2004). Rebinding of cross-links is not
considered, and as such the model is an initial approach to studying the influence of
cross-link debonding at an initial stage.

2.3 Numerical implementation

The indices on variables such as strains and stresses refer to the coordinate axes spanning
the orthogonal frame in Figure 1.

For the nodes corresponding to X; = 0 and X; = W, periodic boundary conditions
were enforced — both translational and rotational degrees of freedom were coupled.
For the nodes at X; = 0 and X, = W, only the rotational degrees of freedom were coupled.
The nodes at the top of the cell were given prescribed horizontal displacements when
shearing the network with shear strain ), and the vertical degrees of freedom were
coupled.

To alleviate problems related to instabilities during debonding events, artificial
stabilisation in the form of viscous forces were introduced. These were ensured to be
small enough as to not affect the results.

The shear stress 71, is computed as the sum of the extracted nodal reaction forces
divided by the projected network area (in the thickness direction, assuming a network
thickness 7). For comparisons with experiments, we use our previously defined baseline
model, i.e., filament length L = 15 um, g =1, W/L = 10, E, = 2k, T, T = 298 K,
C, =12 10°° puN, C, = 22/um and ¢ = 0.02 pum. To characterise the time-dependent
mechanics of the network, we introduce a time scale £, which is defined according to the
type of computations described hereafter.
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Initially, we perform computations where the network is subjected to a step shear
strain ¢, at time zero, and the computed stress is compared to that obtained
experimentally. Here, # is the time after the step strain that the stress is measured.

Further, to investigate the influence of model parameters, we perform a parametric
study. In this case, #; is the amount of time over which the strain level applied to the
network is ramped to 50%. We vary the bond strength and stiffness over two time-scales,
as well as the coefficient g, see Table 1.

Table 1 Sets of parameters for study

Set Ey [keT] Cy [uN] Gy [1/um] B

Baseline 2 12-107° 22 1

Red. E, 0.2 12107 22 1

Red. C 2 12-10°° 22 1

Red. 2 12-10° 22 0.1
3 Results

3.1 Experimental comparisons

Experiments on actin networks cross-linked by a-actinin have been performed by Xu
et al. (2000). While a-actinin tends to favour the formation of filament bundles, the
concentration of cross-linker in this study was kept low enough to avoid this, and we
therefore deem it appropriate to use for comparison. We compare the computed shear
stress to these results over two time scales for varying strain levels, see Figure 5.
However, to fit results from the shorter time-scale, f must be reduced, in this case set to
0.1. This might be due to a larger amount of energy available to break bonds — at longer
time scales mechanisms such as relaxation due to filament motions might be able to
reduce this. As will be seen later, the cross-link dynamics in the region of large strains
and short time-scales depends on this factor £. Observing the results in general, we can
deduce that the mechanism for stress-relaxation of cross-linked actin is more complex
than merely cross-link debonding, as the computed stress is higher than that obtained
experimentally. However, in spite of this, the mechanics of cross-link debonding suggests
an explanation for experimentally observed behaviour of cross-linked actin networks,
such as strain rate dependence and strain softening.

3.2 Influence of parameters

The computed shear stress for the parametric study is shown in Figure 6. Some
interesting observations can be made from these computations; first, the response at short
enough timescales is independent of bond strength £, — there simply is not enough time
to allow for debonding. However, one may speculate that if the bond is extremely weak
or in the presence of high temperature, debonding events would still occur due to the
presence of these terms in the exponential function of Arrhenius’ law. There is still a
separation from the more compliant cross-links, however, which is to be expected since
the cross-link compliance has been found to influence the macroscopic stiffness of cross-
linked actin networks (Kasza et al., 2010; Fallqvist et al., 2014).
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Figure 5 Shear stress computation for two time scales at different shear strain levels (see online
version for colours)
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Note: The crosses denote computed results, and the dots are experimental results from Xu
et al. (2000).

Figure 6 Computed shear stress for variation of cross-link properties (see online version
for colours)
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Second, a reduction in bond strength yields a softening behaviour at long time scales for
large strains (see dashed red line in Figure 6, a behaviour also observed experimentally
(Xu et al., 2000).

The coefficient of free bonding energy, £, is instrumental to the model, and therefore
we investigate the influence of f =1 and f = 0.1 on the large strain-response of our
previously defined baseline model, see Figure 7. It appears that only at large strains and
for short time scales, f influences the results significantly. When seen in the light of
previous results, one may conclude that in general, the bond strength is more important in
determining the overall response, and this coefficient can be assumed to be unity. This is
also evident when assessing the number of debonded cross-links n, normalised by the
total number #,,, see Figure 8. For short time scales, only at larger strains is there a
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significant difference between computations with = 0.1 and f= 1, which is a reason for
the difference in stress in Figure 7. The dependence on strain-rate found is qualitatively
similar to that of Abhilash et al. (2012), in which the propensity for initiation and growth
of damage in terms of debonded cross-links is greater for lower strain-rates. It can be
noted that the stress-strain relation increases nonlinearly despite an increasing number of
debonded cross-links. This is due to the re-orientation of filaments and associated strain
hardening of the network itself, found previously in computational studies (Huisman
et al,, 2007; Fallqvist et al., 2014). The small number of debonded cross-links is
apparently not enough to offset this.

Figure 7 Influence of model parameter £ on the mechanical response, in terms of computed shear
stress (see online version for colours)
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Figure 8 Influence of model parameter /3, in terms of total number of debonded cross-links
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4 Discussion

Cross-linked actin networks are significantly different from their entangled counterparts,
not only in respect to structure, but also in the way filament interactions affect the
macroscopic behaviour. While the viscoelastic behaviour of entangled actin networks can
be attributed to the thermal undulations and sliding of filaments, for cross-linked actin
networks the additional constraints imposed by the cross-links must also be considered.
Disregarding the heterogenous networks of cross-linked bundles formed at certain
concentrations of cross-linking proteins, purely cross-linked actin networks have shown
themselves to exhibit characteristics such as a strong strain-rate dependence and initial
rapid stress relaxation in experiments (Xu et al., 2000; Schmoller et al., 2009; Tseng
et al., 2002).

We attribute this partly to the stochastic nature of the cross-links themselves, and
propose a model in which a bound cross-link is trapped in an energy well. With an
increasing mechanical load, there is a greater probability of a debonding event due to the
available strain energy. This is similar to models previously proposed in which Bell’s
equation is utilised (Abhilash et al., 2012, 2014; Kim et al., 2011), but we hope that this
method is a way to develop a more general form of cross-link and filament interaction in
which the energy affecting the cross-link dynamics is not solely that of the cross-link
tensile force. The drawback of this however, is the difficulty of properly describing the
model parameters in terms of physical quantities and these must be seen in a
phenomenological sense, for example the parameter £ described as a fraction of free
bonding energy available to break bonds. We can speculate that from this definition, it
might depend on factors such as network pre-stress and temperature, especially evident in
the inability to find a single value for it to properly predict experimental results.

Of course, the computational framework presented here by no means provides the
whole picture — ideally filament-filament interaction (contact and dissipation due to
friction) and thermal undulations would be needed, as well as rebinding of the
cross-links. However, that is outside the scope of this paper, which focuses on the initial
response more than that of long-term stress relaxation, which rebinding kinetics have
been found to influence (Kim et al, 2011).

A more accurate fit for longer time-scales can be found by reducing the bond
strength, although the initial relaxation then is too fast. Given the uncertainty in
measuring the bond strength of a cross-linking protein (for example, o-actinin is
2 + 1 kT (Biron and Moses, 2004), using a statistical dispersion of these might be more
representative of reality.
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