Flexibly Cross-Linked Actin Networks

FIGURE 5 Dependence on L of the linear elastic modulus measured at
a frequency of 0.1 Hz, Go. (A) For filamin networks Go increases stronger
than linearly with L. RF ¼ 0.001 (open), 0.002 (light shaded), 0.005
(medium shaded), and 0.01 (solid). (B) Rigidly cross-linked networks
show qualitatively different behavior. RB ¼ 0.01. (C) Go for networks
cross-linked with filamin at different RF collapse onto a single curve
when plotted versus RFL2 with nearly linear scaling above RFL2 ¼ 0.1.
Shaded bar represents the range of moduli measured for F-actin solutions
with 2 < L < 7 mm.

this theory the network elasticity is controlled by the
distance between cross-links rather than by the length of
the actin filaments, in disagreement with our results for
filamin-F-actin.
Alternatively, the elasticity of our networks can originate
from the compliant nature of the filamin cross-links. The
large 160-nm chain between the actin binding domains of
a filamin protein is quite flexible and can be modeled as
a linear polymer with lp ¼ 20 nm (34). As a result, a filamin
cross-link is soft compared to an F-actin segment of length
lc, which ranges from 0.3 to 2 mm. This suggests a model in
which the compliance of the network is governed by
the flexible cross-links. The actin polymers are treated as
rigid rods linked by many flexible linkers, as depicted in
Fig. 1 A. When the network surrounding a rigid rod is
deformed, the linkers get stretched by an amount that
increases linearly in the distance from the center of the
rod, as shown in Fig. 1 C. Provided the network deformation
is uniform on the length scale of L,
Go ¼

1
rnkL " RF L2 ;
8

with k the stiffness of the flexible cross-links and n the
average number of cross-links per actin filament (21). The
explicit L dependence arises as a direct result of the nonuniform deformation profile of the cross-links. The average
number of cross-links per actin filament is proportional to
both RF and L and is given by n ¼ 370 RFL; thus, the overall
prediction is that Go will increase proportional to RFL2.
To test this mechanism, we plot Go as a function of RFL2
(Fig. 5 C). The data for different cross-linking densities
collapses onto a single curve. For RFL2 R 0.1, Go scales
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nearly linearly with RFL2, consistent with the prediction.
This supports the model of crosslink-dominated elasticity.
Below RFL2 ¼ 0.1, which corresponds to n ¼ 7 cross-links
for a 5-mm filament, the values of Go are roughly equivalent
to the elasticities we measure for F-actin solutions in the
absence of cross-linking, as shown in Fig. 5 C (shaded
bar). This suggests that the linear elasticity of these weakly
cross-linked networks is dominated by the solution elasticity, not by the cross-links. The threshold of RFL2 ¼ 0.1
corresponds to typical physiological conditions (L ¼
2 mm, RF ¼ 0.02) (35,36), suggesting that by spatially or
temporally regulating L, cytoskeletal elasticity could be
adjusted from essentially that of entangled F-actin to
a network with tunable stiffness.
By contrast, the dependence of Go on L for the rigidly
cross-linked networks is of a qualitatively different form;
Go increases linearly with L for small L but approaches
a plateau for large L (Fig. 5 B). Simulations of two-dimensional (37) and three-dimensional (38) stiff polymer
networks reveal a dependence on L qualitatively similar to
our results. The departure from the plateau for decreasing
L in simulations has been attributed to an increase in the
nonaffinity in the deformation of the network, where the
affine thermal theory is expected to break down.
Nonlinear response
The dependence of Go on RF and L is consistent with
network elasticity that is governed by the filamin crosslinks. We further test the origin of the elasticity by
measuring the nonlinear elastic properties of the filaminF-actin gels with two complementary techniques—strain
ramps and prestress measurements.
Strain ramps

In the first approach, we increase the strain, g, at a fixed rate
and measure the resulting stress, s. From the derivative of
the stress-strain curve, K ¼ ds/dg, we quantify the nonlinear
behavior. This technique has been used to study nonlinear
behavior of both entangled and cross-linked F-actin
networks (39–41). For a filamin cross-linked network with
L ¼ 15 mm and RF ¼ 0.01, K normalized by its initial value,
Ko, is equal to 1 for small strains (Fig. 6 A). At the critical
strain, gc ¼ 0.06, K/Ko increases above 1, and the network
begins to stiffen. It stiffens 30-fold before breaking at
gm ¼ 0.9. Networks with shorter filaments initially display
weakening behavior, where K/Ko decreases below 1, due to
their lower network connectivity, but eventually stiffen. As
we decrease L, gc increases markedly, as shown in Fig. 6 A.
By contrast, rigidly cross-linked networks with L > 5 mm
stiffen at small strains, independent of L (Fig. 6 B).
Networks with L % 2 mm do not stiffen and display weakening behavior. This is consistent with a transition from
stiffening behavior arising from pulling out fluctuations in
F-actin, where
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