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A hallmark of biopolymer networks is their sensitivity to stress, reflected by pronounced nonlinear
elastic stiffening. Here, we demonstrate a distinct dynamical nonlinearity in biopolymer networks
consisting of F-actin cross-linked by α-actinin-4. Applied stress delays the onset of relaxation and
flow, markedly enhancing gelation and extending the regime of solid-like behavior to much lower
frequencies. We show that this macroscopic network response can be accounted for at the single
molecule level by the increased binding affinity of the cross-linker under load, characteristic of
catch-bond-like behavior.

PACS numbers: 87.15.La, 83.60.Df, 83.80.Rs, 87.16.Ka

Biopolymer networks are major structural components
of the cytoskleton of living cells; they exhibit a rich diver-
sity of mechanical responses. Indeed, the complexity of
cellular dynamics in vivo [1, 2] has prompted extensive
studies of reconstituted networks in vitro to help eluci-
date nature’s underlying design principles [3–5]. A ubiq-
uitous feature of the cytoskeleton, which has been clearly
elucidated through studies of reconstituted networks, is
pronounced nonlinear stress-stiffening; in this case, both
filaments and linkers can contribute to this static non-
linearity [6–9]. Interestingly, many physiological cross-
linkers are themselves transient and hence dynamical; it
is this transiency which controls the structural relaxation
of the network [10–13]. Typically, the interplay between
stress and linker dynamics increases network fluidization,
limiting solid gel-like behavior.
In this letter, we investigate a biopolymer network in

which static stress does not induce yielding [14], but
rather, strongly delays the onset of structural relaxation;
we therefore call this behavior stress-enhanced gelation
(SEG). In particular, we study the transient physiolog-

ical cross-linker α-Actinin-4 (Actn4), a protein crucial
to normal kidney function; previous studies of Actn4
have focused only on linear [11] and nonlinear elastic-
ity [18]. By contrast, here, we show that actin-Actn4
networks exhibit a novel, dynamical form of nonlinear-
ity distinct from the elastic stiffening observed in most
biopolymer networks. To probe the molecular origin of
SEG, we exploit human kidney disease-associated mu-
tant Actn4 cross-linkers [15, 16]. Such mutations induce
conformational changes of the protein, which in turn, af-
fect its actin binding affinity; these changes in binding
affinity are reflected in the network’s macroscopic relax-
ation [17, 18]. Remarkably, applied external prestress is
able to perfectly mimic the effects of mutagenesis on net-

work dynamics. We thus propose a molecular mechanism
for stress-enhanced gelation: It results from changes in
the protein conformation of the cross-linker under load,
reminiscent of catch-bond-like behavior [18, 20, 21, 23].
To examine the effects of external load on transiently

cross-linked networks, we measure both the linear and
nonlinear mechanics of in vitro actin networks cross-
linked with wild-type (WT) and mutant Actn4. Such
networks are formed by mixing 23.8 µM (1mg/ml) G-
actin solution with corresponding WT and mutant α-
actinin-4 solution at a molar ratio R = 0.001 − 0.01
of Actn4 to actin. Such ratios correspond to a single-
filament regime, in which the network structure is dom-
inated by unbundled actin [19]. Full-length human re-
combinant Actn4 protein was expressed in and puri-
fied from baculovirus-infected Sf21 insect cells by Pro-
teinOne (Bethesda, MD). Polymerization is initiated by
the addition of 5x polymerization buffer [11] and we uti-
lize fluorescence imaging to ensure that the resulting
three-dimensional networks are free of large-scale inho-
mogeneities [18, 19].
The mechanical response of the network is character-

ized by measuring the differential storage modulus, K ′,
and the differential loss modulus, K ′′ as a function of fre-
quency [6, 25, 26]; K ′ represents the in-phase component
of the differential shear modulus in response to a small
applied oscillatory stress, while K ′′ represents the out-
of-phase component. At frequencies above 1Hz, K ′ ex-
hibits a nearly-frequency-independent plateau over which
it remains significantly larger than the loss modulus; this
plateau modulus determines the network stiffness as it
reflects the existence of a solid-like gel, as shown by the
squares in Fig. 1a. Below a clearly defined frequency,
ωR, structural relaxation sets in and both storage and
loss moduli decrease dramatically: The network under-
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goes a transition from a clearly solid-like gel state to a
power-law rheology regime where K ′,K ′′

∼ ω1/2 [13].
This rheology is in stark contrast to that expected for
a simple Maxwell fluid [27], in spite of the single micro-
scopic relaxation time ωR [13]. We characterize ωR by
the local maximum in the loss modulus, as depicted in
Fig. 1a [11–13].

The Actn4-F-actin network also exhibits pronounced
stress-stiffening, reminiscent of other biopolymer net-
works [2, 4–7, 28, 29]. Upon application of an external
prestress, the plateau modulus increases significantly, as
shown by the circles in Fig. 1a. Moreover, the relax-
ation frequency also exhibits a remarkable decrease by
more than an order of magnitude; interestingly, recent ex-
periments performed on the actin-binding protein heavy
meromysin (HMM) have observed analogous results [21].
Thus, the applied stress not only increases the stiffness
of the network but it also dramatically extends the range
(e.g. time-scale) of solid-like behavior. This is in con-
tradistinction to the response of most materials, in which
external stress typically leads to yielding and fluidiza-
tion [30, 31]. The network returns to its original linear
mechanical response after removal of the steady prestess,
as shown by the inset of Fig. 1a. This behavior rules out
shear-induced filament bundling, where one would have
expected considerable differences in the network’s linear
rheological response following the application of an ex-
ternal load [32].

To characterize the gel-like behavior of the networks,
we measure the inverse loss tangent (ILT), I = K ′/K ′′

over a broad range of applied prestress and frequency.
Larger values of ILT indicate a higher degree of network
solidity and hence, a relative suppression of dissipation.
With increasing prestress, the solid-like regions persist
over a wider frequency range, as depicted in Fig. 1b,
highlighting the stress-enhanced gelation of the network.
Moreover, we find that there exist two distinct regimes
of nonlinear behavior. In the first regime, at moder-
ate values of prestress, the network exhibits only dy-
namic nonlinearity as evidenced by the significant shift
of the relaxation frequency shown in Fig. 1c. While the
range of solid-like behavior is extended in this regime,
the plateau modulus remains unchanged. In the second
regime, at larger values of prestress, the network exhibits
stress-stiffening, common to most biopolymer networks,
as shown in Fig. 1a. At the same time, the range of
solid-like behavior is even further extended.

Stress-enhanced gelation is in sharp contrast with the
fluidization expected for a network under load, where an
applied force can weaken the bonds between the cross-
linkers and the filaments. Instead, this behavior is remi-
niscent of that expected for a catch-bond, where applied
force actually strengthens rather than weakens the bond
of a single molecule [20]. To explore the molecular ori-
gin of this stress-dependent bond stability and therefore
of SEG itself, we exploit the existence of single point
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FIG. 1: (color online) a) Depicts frequency sweeps of the
differential storage (K′) and loss (K′′) moduli of WT cross-
linked networks under zero prestress (squares) [13] and under
significant prestress (circles). The prestress data is acquired
just before network rupture at ∼ 9Pa. (Inset) Demonstrates
the recovery of the linear mechanical response (red crosses)
following measurements of nonlinear elasticity at 8.7Pa [18].
b) Depicts a contour plot of the WT ILT= K′/K′′ as a func-
tion of both frequency and prestress. Individual data points
are located in frequency at: 17 log-spaced points between
6.94 × 10−4Hz and 15 Hz, and in prestress at: 0, 2, 4, 6, 8Pa.
We utilize a third-order spline interpolation to fit the data
to generate smooth contours. c) At intermediate levels of
prestress, the plateau modulus remains unchanged (red line).
However, the relaxation frequency ωR (arrows) has already
decreased, demonstrating a clear separation between network
stiffening and the dynamic nonlinearity which underlies SEG.
d) Depicts a contour plot of the K255E ILT= K′/K′′ as a
function of both frequency and prestress. Individual data
points are located at the same frequencies as b) and in pre-
stress at: 0, 0.5, 1, 1.1, 1.2Pa. All of the above data is taken
at R = 0.01.

mutants of Actn4, which are known to modify the bind-
ing affinity of the linker. This allows us to explore the
relationship between single-molecule binding affinity, ex-
ternal applied stress and network relaxation, highlighting
the molecular origin of the network’s macroscopic dissi-
pation.

At the single molecule level, the actin binding do-
main (ABD) of α-Actinin-4 is formed from two N-
terminal calponin homology (CH) domains and, like all
α-Actinins, contains three actin-binding sites: ABS1-3.
We utilize Actn4 linkers containing the K255E point mu-
tation, known to cause an inherited form of human kid-
ney disease, focal segmental glomerulosclerosis. In com-
parison to the WT linker, measurements of the K255E
mutant exhibit a 6-fold lower equilibrium dissociation
constant, implying a significantly enhanced actin bind-
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ing affinity [16]. By comparison to the WT, networks
formed with the K255E mutant exhibit a lower charac-
teristic frequency for structural relaxation even in the
absence of prestress, as shown in Fig. 2a. Hence, the in-
creased bond affinity of the K255E linker leads to mutant-
enhanced gelation directly analogous to the SEG seen in
WT networks, clearly evincing that single molecule bind-
ing properties are reflected at the macroscopic level.
The underlying molecular origin of the K255E mu-

tant’s enhanced affinity is attributed to changes in the
protein’s conformation. Such conformational changes
may enhance the accessibility to a latent high affinity
actin binding site (ABS1) [15]. Alternatively, these con-
formational changes may destabilize the CH1-CH2 inter-
face of α-Actinin-4, mitigating the steric hindrance of
CH2, which otherwise weakens the linker’s binding with
F-actin [33].
Inspired by mutant-enhanced gelation, we also demon-

strate enhanced network fluidization; we do so, by ex-
ploiting the QTAA mutant Actn4, a cross-linker known
to exhibit a lower actin binding affinity. Networks formed
with the QTAA mutant do indeed exhibit a higher char-
acteristic frequency for structural relaxation, leading to a
more fluid-like structure over the full range of frequencies
probed, as depicted in Fig. 2a.
To further explore the role of binding affinity, we use

the double mutant (DM) K255E/QTAA, whose two point
mutations have opposite effects; therefore, in the absence
of prestress, the DM binding affinity should revert back
to a value approximately equal to that of WT Actn4 [18].
This is in fact confirmed by the data: Networks formed
with the DM mutant exhibit a characteristic frequency
for structural relaxation nearly identical to that of WT
networks, as illustrated in Fig. 2a. This provides fur-
ther support for the crucial role that affinity plays in the
enhanced stability of the Actin-K255E bond [16].
The similarity of the functional form for all of the data

with mutant cross-links to that of the data with WT
cross-links, both with and without prestress, suggests
that the full mechanical response of all networks can be
characterized within the framework of linker dynamics
and entropic stiffening [13]; this is indeed highlighted by
the scaling of all data onto the same universal curve, as
shown in Fig. 2b. Moreover, this similarity also evinces a
possible molecular origin for the observed catch-bond-like
behavior of the WT linker: It results from a load-induced

protein conformational change, leading to a relaxation
rate similar to that of the K255E mutant. Interestingly,
this demonstrates that external prestress may be able
to control the relative exposure of ABS1 or the relative
stability of the CH1-CH2 interface [16, 33].
Our proposed molecular catch-bond picture is consis-

tent with all of the observed macroscopic rheology. Fur-
ther evidence is found at the highest applied stresses
before network rupture, where the WT relaxation rate
approaches the zero stress K255E relaxation rate ωR ≈

0.03 Hz, as shown in Fig. 2c. Moreover, for the full
range of molar ratios probed (R = 0.001 − 0.01), the
network dynamics (e.g. relaxation frequency dependence
and onset frequency) are consistent [13, 18]. Nonetheless,
an alternative explanation for this catch-bond behavior
can arise from a collective, network-level, geometric ef-
fect [21, 22]. While such geometry may play a role in
the network’s enhanced gelation [21, 22], it would not,
however, explain the observed changes in the microscopic
dissociation constant, Kd, of mutant forms of Actn4 [16].
Indeed, the fact that our observed shifts in macroscopic
relaxation timescales are mirrored in microscopic changes
of Kd suggests that the observed catch-bond-like behav-
ior may be dominated by Actn4’s underlying molecular
structure. Although Kd characterizes only the ratio of
the linker’s off- to on-rate, since kon is typically diffusion-
limited, changes in Kd directly reflect changes in the
linker’s binding affinity, and hence, the network’s relax-
ation time. We emphasize that additional single molecule
experiments are important to fully elucidate the nature
of Actn4 and to clarify the interplay between geometry
and molecular structure.

If stress-enhanced gelation arises from load-induced
changes to the WT-protein conformation, these effects
should be abrogated in networks formed with the K255E
mutant, which already harbors an exposed ABS1 site.
Thus, we probe the rheological response of K255E cross-
linked networks under varying amounts of external pre-
stress. The ILT contours of the K255E mutant are nearly
horizontal and do not significantly expand in frequency
range as the prestress increases, as shown in Fig. 1d.
This reflects a sharply suppressed SEG response by com-
parison to the WT contours, which exhibit significantly
enlarged regions of solid-like behavior as the prestress in-
creases. Here, the distinction between SEG and simple
nonlinear stiffening is especially apparent: Despite a sup-
pressed SEG response, the elastic modulus of the K255E
mutant networks nevertheless increases with stress [18].
At the highest stresses achieved before network rupture,
the frequency range of solid-like behavior is sharply re-
duced, indicating enhanced fluidization. This impending
fluidization may reflect the inevitable onset of Bell-like
behavior due to the load-induced rupturing of the linker-
filament bond [35]. This transition to Bell-like behavior is
not directly seen in the WT ILT contours. Nevertheless,
the WT contours do flatten at the highest prestresses,
analogous to the suppressed SEG of the K255E mutant,
strongly suggesting incipient Bell-like behavior.

The stress-dependent viscoelastic behavior of Actn4-
F-actin networks exhibits three distinct regimes: At the
lowest applied stresses (σ < 1.5Pa), the network behav-
ior is fully linear, with both K ′ and ωR independent of
prestress. As stress increases, (1.5Pa < σ < 4Pa), the
elastic modulus remains unchanged, whereas the region
of gelation is expanded, as the relaxation frequency de-
creases from ωR = 0.5Hz to ωR = 0.1Hz. At the highest
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FIG. 2: (color online) a) Depicts frequency sweeps of the vis-
coelastic moduli for K255E, QTAA and double-mutant Actn4
cross-linked networks without external prestress (data from
[18]). (b) Shows the clear collapse of the viscoelastic response
for a wide variety of network compositions onto the univer-
sal theory curve. The theoretical predictions for the elastic
(solid) and viscous (dashed) response are obtained from the
mean-field CGD model of [13] with teq → 0. It is important
to note that the collapse is expected to fail at the highest
frequencies, as born out by the data, both due to instrument
inertial effects and viscous dynamics [34]. c) Depicts the three
distinct regimes of WT network behavior, characterized as
linear (yellow), elastically nonlinear (blue), and dynamically
nonlinear (orange). The relaxation frequency ultimately ap-
proaches the zero stress K255E relaxation rate ωR ≈ 0.03 Hz
(represented by the blue line). d) Schematic illustration of
the molecular origin of the three regimes of mechanical re-
sponse [18]. At the lowest levels of prestress (purple arrow),
the system is linear and the filaments exhibit thermal fluctu-
ations as evidenced by the contortions of the polymer. In this
regime, the linker’s unbinding rate (green arrow), which corre-
sponds to ωR, is also maximal. As the prestress increases, the
conformational state of the linker changes and the ABS1 site
is exposed. This induces a catch-bond-like behavior where
cross-linking is stabilized by force, slowing down the relax-
ation dynamics and significantly decreasing ωR. However,
the applied stress is not yet strong enough to have pulled out
the fluctuations of the filament; thus, the network stiffness
remains unchanged. Finally, at the highest prestresses, the
fluctuations of the filament are pulled out and the network
depicts entropic stress-stiffening with a dramatic increase in
the network’s plateau modulus.

stresses (σ > 4Pa) the elastic plateau modulus also ex-
hibits nonlinear behavior, consistent with K ′

∼ σ3/2, as
predicted by theory for the entropic stretching of semi-
flexible filaments [6, 29]. These results are summarized
by plots of the stress-dependence of both K ′ and ωR in
Fig. 2c.; these data highlight the existence of three dis-
tinct rheological behaviors: linear, dynamically nonlin-
ear, and elastically nonlinear.

The origin of these three distinct regimes can be un-

derstood physically through a combination of the molec-
ular behavior of the cross-linker and the rheology of the
network. In the limit of low external prestress, neither
the linker’s actin binding affinity, nor the filament’s ther-
mal fluctuations are dramatically affected; this limit cor-
responds to the maximal linker unbinding rate. Phys-
ically, this may correspond to a hidden ABS1 site, as
shown schematically in Fig. 2d. As the applied stress is
increased, the Actn4 conformation begins to open, ex-
posing the previously hidden ABS1 site and thereby in-
creasing the linker’s actin affinity. This leads to a corre-
sponding decrease in the linker’s unbinding rate, result-
ing in dynamic nonlinearity. However, at such moderate
stresses, the thermal fluctuations governing the network’s
plateau modulus are unaffected, and hence the elastic-
ity remains linear. By contrast, at the highest stresses,
the thermal fluctuations of the actin filaments are pulled
out leading to entropically driven stress-stiffening and
thus elastic nonlinearity, as depicted in Fig. 2d. The in-
dependence of linker conformation and network entropy
can thus naturally explain the appearance of two distinct
nonlinear regimes.

Stress-enhanced gelation could have important biolog-
ical consequences relating to the mechanisms of intra-
cellular remodeling and dynamic stress accommodation.
Combined with myosin activity, SEG would enable the
actin cytoskeleton to independently control both the net-
work stiffness and the frequency range of solid-like be-
havior. Prior work has shown that contractile myosin
activity can lead to stiffening of model actin networks
[36]. The present results suggest that such activity can
also modulate the onset of fluidization. Thus, by varying
myosin motor activity, the cell can actively tune the in-
ternal tension of its cytoskeleton, thereby accessing a full
range of network mechanics and relaxation. This is qual-
itatively demonstrated by experiments on airway smooth
muscle cells where myosin driven contractile stresses con-
trol the transition between fluid- and solid-like behavior
[37]. Remarkably, the cellular solidity, as measured by
the inverse loss tangent, increases as a function of in-
creasing contractile stress, suggesting that SEG does in
fact manifest in vivo [38]. This attests to the impor-
tance of understanding the stress-dependent mechanics
of reconstituted biopolymer networks. Further study is
required to fully elucidate the SEG behavior in such cells;
particularly intriguing is the possible interplay between
myosin-driven enhanced gelation and actin bundles that
organize as stress fibers. Finally, complementary stud-
ies at the single molecule level could provide additional
insights into the underlying molecular mechanism.
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