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The viscoelastic response of living cells is largely determined by heterogenous networks of cross-linked
and bundled actin filaments. The quantitative impact of such local network heterogeneities is studied
best in well-defined in vitro model systems by employing microscopic and micromechanical techniques.
In this study, we show that reconstituted a-actinin/actin networks exhibit a structural polymorphism,
which is dictated by two types of mesoscopic heterogeneities: a composite bundle phase at intermediate
a-actinin concentrations and clusters of actin bundles at high a-actinin concentrations. We
demonstrate the influence of these structural heterogeneities on the mechanical properties of cross-
linked and bundled actin networks. First, locally embedding stiff bundles into the network strengthens
the macroscopic network response. Second, the formation of fractal, star-like bundle clusters
drastically concentrates material in localized spots and weakens the network elasticity. Such bundle
cluster networks exhibit kinetically trapped and thus metastable network configurations—which is
contrary to the commonly accepted belief of equilibrated network formations.

Introduction

Cells make use of semi-flexible polymers to form networks that
provide structural integrity and can withstand mechanical load.
The mechanical properties of the cytoskeleton are mainly
attributed to the biopolymer actin.’?* To obtain a physical
understanding regarding the formation and the mechanical
function of cytoskeletal networks, a bottom-up approach has
been proven essential since the microstructure of reconstituted
systems can be controlled.> Above the overlap concentration
actin filaments form entangled solutions that are mechanically
weak. Actin binding proteins (ABPs) can significantly enhance
the elasticity of an entangled actin solution; their effectiveness in
increasing the elasticity sensitively depends on their micro-
mechanical and biochemical properties*” and on their effect on
the network microstructure.**° o-Actinin belongs to a highly
conserved family of ABPs; its different isoforms are ubiquitous
in muscle as well as in non-muscle cells.!! In the latter, a-actinin is
predominantly found to form stiff contractile bundles—so called
‘stress-fibers’.'? These bundles are embedded into a filamentous
actin network. It was shown that a-actinin can also bundle actin
filaments in vitro.**' Yet, the resulting network morphology
seems to strongly depend on the w«-actinin concentration as
different network structures have been reported. Although
a homogenous network of bundles has been observed at high
a-actinin  concentrations,® also intrinsically heterogeneous
networks have been described: composite networks have been
seen at lower concentrations!® and at very low concentrations the
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appearance of microdomains has been proposed.’® While
homogeneous phases seem to be the result of free energy
minimizations,>'” a clear classification and characterization of
heterogeneous actin networks is missing. So far, a detailed
quantitative physical description of the viscoelastic properties
of actin networks has been achieved for pure systems with well-
defined microstructures, e.g. networks consisting of either single
filaments or bundles only.®'® For such isotropically cross-linked
or homogeneous bundle networks, the microscopic origin of
the network elasticity has been identified.?*!81° These homo-
geneous networks are relatively simple and exhibit only two
different structural and mechanical phases.’®*® In order to ach-
ieve significant progress in the understanding of heterogeneities
in cytoskeletal networks, a systematic identification of the
structural polymorphism as well as a characterization of the
resulting viscoelastic network properties is crucial. Only an
integrated approach combining micro- and macrorheological
techniques with optical microscopy and simulations can provide
the basis for a detailed understanding of the mechanical
properties of such heterogeneous cytoskeletal networks.

Here, we demonstrate that the structural polymorphism of
reconstituted a-actinin/actin networks goes beyond the equilib-
rium phases described until now. We identify two types of
structural heterogeneities in these networks and elucidate their
influence on the macroscopic network response. First, locally
embedding stiff bundles into the network efficiently strengthens
the macroscopic network response while the local network elas-
ticity remains low. Second, the formation of star-like clusters
drastically concentrates material in localized spots. Using finite
element simulations, we demonstrate that this rearrangement of
bundles into local clusters weakens the overall network elasticity
and is responsible for the less effective enhancement of the
network elasticity at high a-actinin concentrations. Moreover, in
this regime the networks appear to be trapped in a metastable
state. This structural phase seems to be the result of a subtle
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interplay of growth and aggregation processes since the bundle The elastic response of a-actinin/actin networks depends
clusters show a fractal dimension of d = 1.8. sensitively on temperature.’® This can be rationalized since in
general the binding affinity of ABPs towards actin is temperature
dependent. The data discussed so far was obtained at 18 °C

Results where the binding affinity of «-actinin is low; at lower tempera-
By increasing the relative «-actinin concentration from ture the effective amount of bound «-actinin molecules should be
Ca—act . . increased. As a consequence, the mechanical transition points

R = —— = 0 up to R = 0.5, the macroscopic elastic . ’. .
Ca P P discussed before should be shifted to lower nominal R-values.
response of a-actinin/actin networks can be enhanced by more Indeed, our data is consistent with such a behavior: Both

than 3 orders of magnitude (see inset of Fig. 1). However, this mechanical transitions, R* and R¥ occur at lower wa-actinin
enhancement is not uniform throughout the whole concentration concentrations if the network is probed at 12 °C. Note that only
regime; with respect to R, the plateau modulus Gy—which in this  the bounderies of the three mechanical regimes are shifted by the
study is approximated by G'(10 mHz)—reveals three distinct temperature change (Fig. 1).

regimes as visualized by the three lines of different steepness in The particular strong or weak dependence of the plateau
Fig. 1. At low a-actinin concentrations, the network elasticity  elasticity on the cross-linker concentration reflects various
depends only weakly on R. However, above a critical concen- microscopic information about the probed network. Besides the

tration of R* = 0.01, a strong increase in the plateau modulusis  length-dependent bending stiffness of the constituting bundles'*

observed. This regime at intermediate a-actinin concentrations and the microscopic deformation mode,>!*!#1° the static network

crosses over to a third regime at R* = 0.1. Here, the plateau  elasticity of cross-linked and bundled actin networks is mainly

modulus still increases with respect to R; however, the observed dictated by the microstructure. Therefore, the existence of three

enhancement of the network elasticity is weaker than before. distinct mechanical regimes implicates that different network
microstructures are present at low (R < R*), intermediate (R* <
R < R*) and high (R > R*) a-actinin concentrations.
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R mation field of a R = 0.001 network is mapped using magnetic

- . . . - tweezer microrheology (see Materials and methods section for
Fig. 1 Plateau elasticity Go as a function of the relative w«-actinin details). The def . field should b .. local
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observed, the transition points between these regimes can be shifted by heterogeneities in the network elasticity. A magnetic bead is used

temperature as indicated by the dashed lines (red symbols and lines: 18 to create an oscillating deformation using a frequency of 0.5 Hz
°C, blue symbols and lines: 12 °C). The inset shows frequency spectra as (red arrows in Fig. 2A). Non-magnetic beads are employed as
obtained for a-actinin/actin networks at 12 °C. tracer particles to map the deformation field. Their oscillatory
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Fig. 2 (A) An oscillating magnetic bead (red arrows) generates a deformation field, which can be detected with tracer particles (blue arrows). The
normalized amplitude of the oscillating tracer particles u* is depicted in (B) and (C) as a function of the distance of the tracer particle from the magnetic
bead, r. An entangled solution (B) is compared to a weakly cross-linked a-actinin network (R = 0.001) (C). The insets show homogeneous bead
distributions that are evaluated to calculate the deformation field. Scale bars denote 20 pum, the actin concentration is 4.75 pM.
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motion is tracked and the amplitude ug s, (r, ¥) is determined at
various sample positions (r, ¢) (blue arrows in Fig. 2A).
As depicted in Fig. 2B and C, the normalized amplitude

w*(r) = u(r,0)/1/1 4 3cos? ()
distance r between the tracer particle and the magnetic bead. As
indicated by the solid lines, u* follows the predicted scaling law,
u* ~ %(see eqn (2) of the Materials and methods section) for both
an entangled actin solution and a weakly cross-linked a-actinin
network (R = 0.001). This finding shows that in this first
mechanical regime no pronounced heterogeneities are present
and the network microstructure is still comparable to that of an
entangled actin solution.

decays with increasing

2. Composite bundle phase

Concomitant with the first mechanical transition at R = R*, the
formation of bundles can be observed in confocal microscopy
images (Fig. 3A and B) in agreement with former observations.**
This onset of bundling occurs in a very similar concentration
regime as also reported for scruin® and fascin,'® which underlines
the generic mechanism of bundle formation in actin networks.
In contrast to the purely bundled network formed by fascin,
«-actinin creates a heterogeneous, composite phase above the
bundling transition: Distinct bundles are embedded in a network
that still contains single filament structures (Fig. 3A and B).
This composite phase is similar to the microstructure of actin/
scruin networks as reported in ref. 9. Indeed, the roughly
quadratic dependence of the plateau modulus (i.e. an increase by
two orders of magnitude over one decade in R) in this composite
regime resembles the scaling relation obtained by Shin ez al. for
scruin networks in the composite phase. As the confocal image
depicted in Fig. 3A shows, thick a-actinin/actin bundles are only
sparsely present at intermediate a-actinin concentrations. The
degree of bundling can be tuned: increasing the nominal «-acti-
nin concentration®? at a given temperature leads to the formation
of thicker bundles and increases the bundle density. Increasing
the effective a-actinin concentration by lowering the temperature
has the same effect (Fig. 3B). In either case, the resulting network
structure retains its heterogeneous character. This suggests
that besides the well-defined macromechanical response of the

A

27 °C i

heterogeneous network, the viscoelastic properties could be
drastically different on a local length scale.

In order to test this putative difference between the local and
macromechanical properties, again a microrheological experi-
ment would be of avail. However, due to the increased stiffness of
the network a locally generated deformation decays extremely
fast. Given the limited force that can be applied with our
magnetic tweezer setup (5 pN), this makes a deformation field
mapping as conducted for the weakly cross-linked regime
impossible. Instead, the microscopic storage modulus at a given
frequency, G'(0.1 Hz), is determined by active 1-bead magnetic
tweezer microrheology and then compared to the macro-
rheological value. Distributions of this local modulus are
obtained by analyzing 80 different bead positions in a given
sample for a heterogeneous R = 0.02 network (ESIf). The
obtained moduli are approximately one order of magnitude
lower than the macroscopic result (Fig. 3C); however, the
network elasticity can be enhanced by increasing the binding
affinity in either case. Moreover, the locally obtained frequency
spectrum of such a network resembles the spectrum of a weakly
cross-linked network below the cross-link transition.?® Micro-
rheology probes the mechanical properties of the network on
a length scale comparable to the size of the probing particle—in
this case 4.5 pm, which is the diameter of the beads used. In the
intermediate a-actinin concentration regime the bundle density is
still quite low, thus the mechanical fortification caused by the
embedded bundles is not detectable on this local scale.

An appropriate parameter to quantify the degree of micro-
mechanical heterogeneity is the relative distribution width g, = o/
<G'(0.1 Hz)> of the local storage moduli.?* <G'(0.1 Hz)> denotes
the average value of the distribution as depicted in Fig. 3C and ¢
the absolute distribution width. For composite a-actinin networks
(R =0.02), this relative distribution width is very low: g, = 0.22
for both temperatures investigated and corresponds to values
obtained for isotropically cross-linked networks.?® This further
underlines that the observed heterogeneities affect the mechanical
properties of the network only on length scales larger than 4.5 pm.

3. Clustered bundle phase

The heterogeneities described so far are still quite modest; on the
mesoscopic length scale accessible with classical phase contrast
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Fig.3 (A), (B) Confocal micrograph of an composite network (¢, = 4.75 uM, R = 0.05) where bundles are locally embedded in the network. The degree
of bundling can be adjusted by temperature. (A): 27 °C, bundles are very rare (arrow); (B): 7 °C, the degree of bundling is increased but the network
structure is still very heterogeneous. Scale bars denote 10 pm. (C): Local and macroscopic elasticity of a composite network (¢, = 9.5 uM, R = 0.02) at

21 °C (red) and 12 °C (blue).
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Fig. 4 Epifluorescence (A), phase contrast (B) micrograph of a-actinin networks (R = 0.5, ¢, = 2.4 uM) showing bundle clusters. (C) Z-projection (20
um) of a confocal micrograph of bundle clusters (R = 0.5, ¢, = 4.75 uM). Pictures are taken at ambient temperature, scale bars denote 10 um.

microscopy or epifluorescence, individual bundles as detected by
confocal microscopy are hardly visible—the bundle diameters
are still too small compared to single filaments to stand out from
the background network. However, very thick bundles and even
stronger heterogeneities in the local network structure should
be detectable. Such structural rearrangements occur at higher
a-actinin concentrations, R > R¥, and can be observed by all
kinds of light microscopy techniques as depicted in Fig. 4: star-
shaped clusters are detectable both in epifluorescence (Fig. 4A)
and phase contrast micrographs (Fig. 4B). Confocal images
reveal, that in these clusters lots of bundles, ie. =15%, are
concentrated in localized spots that have a size of =2-20 pum.
Interestingly, the star-shaped regions resemble a-actinin/actin
foci that are found in living cells where a-actinin and fascin
colocalize.* Reconstituted actin networks formed by fascin can
only reproduce these star-like aggregates if nucleation points are
provided, e.g. by the Arp2/3 complex.?®* In contrast, a-actinin
alone is sufficient to form a network containing clusters of actin
bundles. The spatial distribution of these star-shaped bundle
clusters can be visualized by a projection of a confocal z-stack at
low magnification as depicted in Fig. SA. In order to determine
the fractal dimension d of such bundle clusters, a scaling relation
between the cluster mass M and the cluster size R is needed,
similar to colloidal aggregates:* M ~ R’ The integrated fluo-
rescence intensity of a bundle cluster is proportional to the
amount of actin filaments in the cluster and can thus be used to
represent M. The determination of cluster sizes from the confocal
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micrograph is conducted by two methods. First, the cluster is
approximated by a sphere and a circular region in the projection
is chosen (circles in Fig. 5B). Second, a polygon approximation
is applied (squares in Fig. 5B) and the resulting scaling relation is
compared to the one obtained by the spherical approximation.
Both methods return the identical power law behavior M ~
R'#+02 which corresponds to a fractal (or Hausdorff) dimension
of d = 1.8. Analyzing the cluster mass distribution reveals
a constant distribution for smaller cluster sizes and a decay at
higher cluster sizes (see upper inset in Fig. 5B).

However, such regions of clustered bundles are not detectable
in our in vitro assays at «-actinin concentrations R < R*. Thus,
the occurrence of bundle clustering coincides with the mechan-
ical transition point at R* = 0.1. This suggests that the lower
effectiveness of elasticity enhancement observed for R > R* is
attributable to this type of structural heterogeneity. In order to
analyze the effect of local bundle clustering on the mechanical
response of bundle networks, we make use of 3-dimensional
finite element simulations similar to®® (for details see the Mate-
rials and methods section). A cross-linked network composed of
stiff beams (‘bundles’, each beam is discretized by 11 nodes) with
random beam position and orientation (Fig. 6A) is compared to
networks with increasing degree of heterogeneity. Networks with
one centered cluster of increasing size (Fig. 6B) and networks
containing four distinct clusters (Fig. 6C) are investigated. For
cluster formation, the beams are merely rearranged to create
increasingly heterogeneous network structures. In all cases, the
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Fig.5 (A) Confocal micrograph of a bundle cluster network (c, = 4.75 uM, R = 0.5) at low magnification (the scale bar represents 100 um). The picture
shows a projection of a z-stack of 150 um height. (B) The integrated fluorescence intensity of the bundle clusters depicted in (A) is plotted as a function of
cluster size, R. Circles denote data points that were obtained by assuming spherical clusters, squares denote a polygon approximation (see lower inset for
a schematic). The same power law behavior ~R'® is observed by both methods. The upper inset shows the corresponding cluster mass distribution.
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Fig. 6 Finite element simulations of cross-linked bundle networks with increasing degree of heterogeneity: (A) homogeneous network, while 25% of the
material is redistributed into one central cluster (B) or four distinct clusters (C). The corresponding network stiffnesses are normalized by the stiffness of
the homogeneous network as depicted in (D). The degree of heterogeneity is represented by the ratio of clustered beams to the total number of beams.
Circles denote networks with one central cluster, squares denote networks containing four distinct clusters. The total beam density is kept constant

throughout all simulations.

total amount of material is preserved. For simplicity, we assume
full degree of cross-linking; i.e. a cross-link is introduced between
each pair of nodes that are closer than 500 nm. It is important
to note that the qualitative result of our simulation is largely
insensitive towards the detailed assumptions made on the
microstructure as shown in the ESI.1 As depicted in Fig. 6D, the
stiffness of such a network of cross-linked stiff beams decreases
roughly exponentially with increasing degree of clustering. The
key parameter is the amount of material that is localized in
isolated spots as the simulation result is largely insensitive to the
number of clusters formed. Note, that clustering drastically
affects the network elasticity. Already a degree of heterogeneity
of 20% —which roughly corresponds to the amount of clustered
bundles under experimental conditions—leads to a drop in the
network stiffness by 80%.

Despite the occurrence of bundle clusters, an increase of the
network elasticity is observable in our experiments at high
a-actinin concentrations—albeit weaker than at intermediate R.
Recall that this result is based on increasing R-values. Increasing
a-actinin concentrations induce two types of structural rear-
rangements, that have competing effects on the network elas-
ticity: First, clustering of bundles weakens the network elasticity
by concentrating material in localized and isolated spots that are
too sparse to allow for percolation of these stiff regions. Second,
the bundle density, thickness and stiffness may further increase,
which counteracts the increase in average mesh size—similar to
what was observed for purely bundled networks.'® Still, the

drastic effect of bundle clustering on the network elasticity
observed in the simulations is consistent with the relatively low
plateau moduli observed for high a-actinin concentrations (R >
R*). If the strong R-dependence valid for intermediate a-actinin
concentrations would also extend into the high-R regime,
a 30 times higher elasticity would occur for a R = 0.5 network.

4. Metastable state of clustered bundles

Pronounced mesoscopic heterogeneities such as bundle clus-
tering are neither reported nor expected for fully equilibrated
actin networks. Interestingly, the structural patterns formed and
the concomitant mechanical properties are highly reproducible
even in this strongly heterogeneous phase of actin/a-actinin
networks. Yet the viscoelastic response of a bundle cluster
network critically depends on the initial conditions at which the
network is formed (Fig. 7A): if an a-actinin network (R = 0.5) is
polymerized at low temperature only a moderately larger
elasticity (Go™“(12 °C) = 35 Pa) is observed compared to
polymerization at high temperature (Gy™(21 °C) = 20 Pa).
However, if the same 12 °C network is treated by an intermediate
heating step to 21 °C a significantly higher plateau modulus,
Go™(12 °C) = 200 Pa, is obtained when the network is brought
back to its initial temperature. The same final network elasticity
Go™(12 °C) is reached if the sample is polymerized at the high
temperature and subsequently cooled to 12 °C. This indicates
that the polymerization at 12 °C results in a kinetically trapped
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Fig. 7 (A) Plateau modulus G, of R = 0.5 networks at different temperatures: After polymerization at 12 °C (blue) a heating step up to 21 °C (red)
followed by re-cooling to 12 °C (purple) was applied. (B) The frequency spectra corresponding to the plateau moduli shown in (A) are compared directly
after polymerization at 12 °C (blue circles), after heating to 21 °C (red diamonds) and after re-cooling to 12 °C (purple squares). Closed symbols denote

G, open symbols denote G”.

structure, which can be cured by temporarily lowering the
binding affinity of the cross-linking molecules. This is achieved
by the transient heating step and allows for a faster spatial
equilibration of the cross-linking molecules. Consistently, a very
slow increase over = 15 h, which saturates at the same high
elastic modulus G,™(12 °C) = 200 Pa, is observed for samples
that have been polymerized at 12 °C (see ESIT). This phenom-
enon is not limited to an initial temperature of 12 °C—the
network exhibits an identical behavior at higher temperatures
(see ESIF). The presented data show that a well-defined final state
of the system exists, that is determined by the effective cross-
linker concentration—which in turn is set by the temperature-
dependent binding affinity of the cross-linking molecule. In all
cases, the starting conditions and the subsequent sample treat-
ment dictate how fast this final state is reached. The fractal
cluster dimension of d = 1.8 indicates that this metastable phase
is the result of kinetic aggregation and growth effects. The cluster
mass distribution obtained here would be consistent with
a diffusion limited aggregation process but not with an reaction
controlled process underlining the strong interaction potential
between actin bundles induced by a-actinin. Still, a quantitative
modelling of the complex kinetics which is driving the formation
of the network will be necessary in order to rationalize the
clustering process in detail: The polymerization and treadmilling
of the filaments and the formation of cross-links and bundles
occur simultaneously. In addition, the binding of the cross-
linking molecules is dynamic with a well-defined off-rate,
which—to a certain extent—should also allow for disaggrega-
tion. Yet, the clusters themselves are stable and unaffected by the
temperature sweeps as confirmed by confocal microscopy (ESIT).
This indicates that thermal cross-linker unbinding events
between distinct bundles are not sufficient to disaggregate the
bundle clusters and local or external forces might be required to
rupture the bundle-bundle interconnections.?

The thermal curing (Fig. 7) and the retarded temporal equili-
bration (ESIt) of the system both result in a pronounced change
in the viscoelastic spectrum. The frequency spectra of the two
low-temperature networks shown in Fig. 7B both exhibit a peak
in the loss modulus at low frequencies. This peak in the viscous

dissipation is a signature for a transiently cross-linked network:
its position is given by the cross-linker off-rate while its height is
set by the cross-link density.® Unlike the 12 °C data, the spectrum
obtained at 21 °C does not show such a low-frequency peak in
the viscous dissipation. It rather resembles the featureless
shape of frequency spectra obtained for bundled filamin/actin
networks,*” which do not possess point-like cross-links between
the bundles. Moreover, after heating and subsequent cooling
both components of the viscoelastic frequency spectrum are
shifted to higher absolute values while retaining their overall
shape. This suggests that the applied temperature cycle (12 °C —
21 °C — 12 °C) leads to an effectively increased inter-
connectivity: a-actinin molecules that have been trapped in the
clustered bundles might be able to escape when their affinity is
lowered during the temperature sweep. Clearly, the mechanical
properties of cluster networks are highly sensitive on the inter-
connnectivity, i.e. the cross-link density between bundles and
clusters (see ESIf). In contrast to this third cross-linker
concentration regime (R > R*), where kinetic effects play an
important role, networks with R < R* are virtually unaffected by
the starting conditions indicating their thermally well-equili-
brated nature (ESIY).

Summary and discussion

We have demonstrated that two types of structural heterogene-
ities can occur in bundle networks as they are formed by
a-actinin. The mechanical behavior of such networks sensitively
depends on the binding affinity of the cross-linking molecule.
In combination with kinetic trapping effects, this gives rise to
a delicate temperature memory of the network elasticity.
Temperature changes also lead to alterations in the viscoelastic
response of isotropically cross-linked actin networks as they are
formed by rigor-HMM. There, the temperature-induced change
in the network elasticity can quantitatively be related to the
cross-linker density.” The structure of an isotropically cross-
linked network does not undergo qualitative changes if the
temperature is altered—variations in the network elasticity are
purely due to changes in the cross-linker distance.® However, this

This journal is © The Royal Society of Chemistry 2009
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does not hold true for other cross-linked actin networks where
multiple structural phases can be reached. In the case of a-acti-
nin, we have shown that 3 distinct structural and therefore
mechanical regimes exist. The transition points R* and R* are in
good agreement with results obtained from X-ray studies.’® If
such a transition point is crossed due to a variation of the
effective cross-linker concentration, drastic structural rear-
rangements can be triggered which manifest themselves in the
elastic network response. As an outstanding example of such
a structural rearrangement we have described the formation of
fractal bundle clusters. The occurrence of bundle clusters is not
limited to the ABP wa-actinin, qualititatively similar heterogene-
ities can be observed for filamin bundle networks, but not for
bundle networks formed by scruin,® fascin'® or espin.?® We
speculate, that the size of the ABP is the crucial parameter as
long and flexible ABPs like «-actinin or filamin might be required
to perform cross-linking and clustering besides bundling.

Materials and methods
Protein and sample preparation

G-actin is obtained from rabbit skeletal muscle following ref. 29,
stored and polymerized into filaments as described before.?®
a-Actinin isisolated from turkey gizzard smooth muscle following
ref. 30, dialyzed against G-buffer and stored at 4 °C for several
weeks. In the experiments the molar ratio R between «-actinin and
actin, R = ¢,.aci/Ca, 1s varied. Polymerization is initiated by adding
10x F-buffer as described in ref. 20. The average length of the
actin filaments is controlled to 21 um using gelsolin®' which is
obtained from bovine plasma serum following ref. 32.

Sample characterization

a. Macrorheology. Approximately 500 pl sample volume is
loaded into the rheometer (Physica MCR 301, Anton Paar, Graz,
Austria). The viscoelastic response is recorded in the linear
regime as described in ref. 20. With the exception of the
temperature cycles, samples are polymerized at 18 °C prior to
measurements at lower temperature (12 °C). A 30 min waiting
time is provided for thermal equilibration.

b. Microrheology and deformation field mapping. A magnetic
tweezer microrheometer equipped with phase contrast micros-
copy is used to obtain local information on the viscoelastic
moduli.*® Distributions of local moduli are obtained as described
in ref. 20. For deformation field mapping, monodisperse para-
magnetic beads (4.5 pm in diameter, Dynal M-450; Invitrogen,
Karlsruhe, Germany) are used to locally deform the network.
Non-magnetic polystyrol beads (carboxyl-terminated, 1.2 pm in
diameter, Interfacial Dynamics Corp., Portland, USA) are used
as tracer particles to determine the deformation field. According
to ref. 34, a point force F induces a deformation field u(r) in an
elastic medium with

l4+0 (3—40)F +r(iF)
u(r) = 8nE(1 — o) r

()

where ¢ denotes the Poisson ratio and E denotes the Young’s
modulus of the material. Using ¢ = 0.5 as determined for actin

solutions,* eqn (1) can be simplified for the two-dimensional
case used in this study obtaining

u(r,9) = ﬁ g\/l + 3cos?(d) (2)

c. Microscopy. In order to investigate the network structures,
actin was labelled with phalloidin-TRITC (Sigma). Epifluor-
escence and phase contrast pictures were taken with a 63x
objective, confocal images were acquired with a confocal
microscope (TCS SP5, Leica, Wetzlar, Germany).

Simulations

For simulations of clustered bundle networks, the academic
research version of the widely used general-purpose finite
element program ANSYS is employed. While recently intro-
duced 3-dimensional simulations of fiber networks? are based on
Euler-Bernoulli beam elements, we implement Timoshenko
beam elements to account for shear deformations within the
fibers. A network consisting of 16 000 fibers of equal length
L= 50 pum is restricted to a cube with side length L = 0.5 mm.
The network is confined by rigid plates on the upper and lower
boundary. In x- and y-direction free boundaries, i.e. zero Neu-
mann boundary conditions are chosen. The lower plate is fixed,
contacting fibers are accounted for by zero Dirichlet boundary
conditions in the finite element model.
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