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Dynamic Viscoelasticity of Actin Cross-Linked with Wild-Type
and Disease-Causing Mutant a-Actinin-4
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ABSTRACT The actin cross-linker a-actinin-4 has been found to be indispensable for the structural and functional integrity of
podocytes; deficiency or alteration of this protein due to mutations results in kidney disease. To gain insight into the effect of the
cross-linker on cytoskeletal mechanics, we studied the macroscopic rheological properties of actin networks cross-linked with
wild-type and mutant «a-actinin-4. The frequency-dependent viscoelasticity of the networks is characterized by an elastic plateau
at intermediate frequencies, and relaxation toward fluid properties at low frequencies. The relaxation frequencies of networks
with mutant a-actinin-4 are an order of magnitude lower than that with the wild-type, suggesting a slower reaction rate for the
dissociation of actin and «a-actinin for the mutant, consistent with a smaller observed equilibrium dissociation constant. This
difference can be attributed to an additional binding site that is exposed as a result of the mutation, and can be interpreted as a
difference in binding energy barriers. This is further supported by the Arrhenius-like temperature dependence of the relaxation

frequencies.

INTRODUCTION

Rheological studies of biopolymer gels can make valuable
contributions to our understanding of the cell as a material
(1), and in particular the mechanical properties of the cyto-
skeleton. Research in recent years has focused on in vitro
measurements of the viscoelastic properties of reconstituted
cytoskeletal protein networks, which have been shown to
resemble their in vivo counterparts in many aspects. Among
the three major components of the cytoskeleton—actin, in-
termediate filaments, and microtubules—filamentous actin
(F-actin) has been the most widely studied (2,3). F-actin is a
polymer composed of 42 kDa globular monomeric subunits
(G-actin) that assemble into double-stranded, helical, semi-
flexible microfilaments that measure ~7 nm in diameter. The
finely woven entangled networks typically formed by pure
1 mg/mL F-actin solutions behave like weak viscoelastic
solids with an elastic modulus on the order of 0.1-1 Pa (4).
The addition of cross-linking proteins strengthens these
networks and can, at sufficiently high concentrations, bundle
individual microfilaments into filaments of larger diameters,
which in turn form networks of larger mesh size and often
dramatically altered viscoelastic properties. Scruin, for in-
stance, is a 102 kDa molecule that cross-links the network
incompliantly, increasing its stiffness by two orders of
magnitude at a monomer ratio to actin of 0.1 (5,6). The larger,
more flexible 560 kDa dimer filamin affects the linear
elasticity only weakly, but alters the nonlinear stiffness
drastically (7,8). The cross-linker a-actinin, an antiparallel
homodimer of 200 kDa and ~40 nm in length, is similar
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to scruin in its structure, but cross-links actin reversibly
as does filamin. Its various isoforms, which can be found
in smooth muscle, skeletal muscle, and nonmuscle cells,
result in networks of widely varying structure and stiffness
(9-13).

In recent years, the nonmuscle isoform a-actinin-4 has
been found to play a nonredundant role in the function of
renal glomeruli (14,15). To date, five mutations in the actin-
binding domain of a-actinin-4 have been shown to cause a
progressive form of kidney dysfunction, characterized by a
pattern of tissue injury termed focal and segmental glomer-
ulosclerosis (FSGS) (15-17). An estimated 4% of familial
FSGS in affected humans is accounted for by these mutations
(17). The initial sites of injury are the glomerular epithelial
cells, or podocytes, which are a major constituent in the fil-
tration barrier and are exposed to significant mechanical
stresses due to dynamic changes in glomerular capillary
pressure. In these cells, a-actinin-4, which is believed to
regulate the cells’ highly organized actin cytoskeleton, is
highly expressed. All disease-causing mutations increase the
protein’s actin binding affinity and lead to abnormal actin
aggregation. Since the unique structure of podocytes renders
them particularly susceptible to changes in the actin cyto-
skeleton, these w-actinin-4 mutations have drastic conse-
quences for the kidney, even if they do not affect the
phenotype of other organs and tissues.

One particular point mutation, which encodes a K255E
amino acid exchange in the a-actinin-4 protein and is known
to cause FSGS and kidney failure in humans, has been
extensively investigated by Weins et al. (18). A mouse model
homozygous for the mutation exhibits large actin/a-actinin-4
aggregates in the podocytes and subsequently develops a
form of collapsing glomerulopathy. The actin cytoskeleton in
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podocytes is important for maintaining the structural integrity
of these cells as mechanical support for the glomerular
capillaries. Thus, it is likely that dysregulation of this intricate
cytoskeleton is responsible for the collapsing phenotype. In
standard cosedimentation assays of actin and a-actinin-4, the
equilibrium dissociation constant for the mutant has been
determined to be Ky = 0.046 uM, almost six times lower
than that of the wild-type, K4 = 0.267 uM. Further, the
mutant saturates actin at one dimer per two actin monomers,
whereas the wild-type saturates at one dimer per four actin
monomers. Weins et al. (18) attributed these differences to a
conformational change in the protein. Each a-actinin mono-
mer is composed of an N-terminal F-actin binding domain,
four spectrin repeats, and a C-terminal Ca®" binding domain.
In wild-type a-actinin-4, the actin-binding domain contains
two actin-binding sites, and its actin affinity can be regulated
by Ca®" binding to the neighboring N-terminal domain of the
second a-actinin monomer (18). An additional actin-binding
site is partially buried in the ‘‘closed’’ conformation of the
wild-type. The K255E mutation is believed to lead to a higher
propensity of the open conformation, which exposes the
otherwise buried actin-binding site. The mutant has also been
shown to be insensitive to regulation by Ca>*. This expla-
nation is corroborated by the fact that inactivation of the
additional binding site returns the affinity of the mutant to
that of the wild-type, while leaving the affinity of the wild-
type unaltered. Weins et al. (18) proposed that the different
stoichiometric ratios of a-actinin-4 to actin can be ascribed to
greater geometric flexibility of the mutant, which allows it to
access every binding site along an actin filament. This flex-
ibility also serves to explain their observation that actin po-
lymerized in the presence of mutant a-actinin-4 forms
networks of thin actin bundles, whereas the wild-type tends
to connect actin into thicker, parallel bundles. Using minia-
ture falling-ball viscometry, Weins et al. (18) found that the
mutant results in an abrupt viscosity increase, signifying the
gel point of the network, at a much lower cross-linker
concentration than the wild-type. Further comparative
investigations of the viscosity and elasticity of networks with
wild-type and mutant a-actinin-4 could provide more insight
into the disease-mediating characteristics of the mutant,
especially in view of the pivotal role of the actin cytoskeleton
in podocytes; however, to our knowledge, no systematic studies
of actin networks cross-linked specifically with a-actinin-4
have been performed to date.

In this work we provide a detailed analysis of the
viscoelastic properties of in vitro networks formed from
actin with wild-type and K255E-mutant «-actinin-4, using
rheological data. The difference between the two cross-
linkers is most apparent in measurements of the elastic and
viscous moduli as a function of the frequency of the
applied oscillatory shear stress. We elucidate the effect of
different binding affinities on the macroscopic network
dynamics by contrasting it with the effect of varied cross-
linker concentration and temperature.
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MATERIALS AND METHODS
Materials

Actin was prepared from rabbit skeletal muscle in a polymerization-depo-
lymerization cycle, and subsequently further purified by gel filtration. G-actin
was stored in G-buffer (2 mM Tris-HCI, pH 7.4, 0.5 mM ATP, 0.5 mM
2-mercaptoethanol, 0.2 mM CaCl,) at —80°C. Baculovirus-expressed re-
combinant wild-type and K255E mutant a-actinin-4 was generated from
human cDNA sequences by ProteinOne (Bethesda, MD) (18) and stored in
a-actinin buffer (20 mM Tris-HCI, pH 7.9, 20% glycerol, 100 mM NaCl,
1 mM DTT, 0.2 mM EDTA) at —80°C.

Network formation

Networks of various cross-linker concentrations were formed by mixing 23.8
uM (1 mg/mL) G-actin solution with a-actinin-4 solutions of concentrations
ranging from 0.03 uM to 1.9 uM, corresponding to molar ratios of a-actinin
to actin, R, between R = 0.00125 and R = 0.08. Polymerization was initiated
by the addition of 5X polymerization buffer (50 mM Tris-HCI, pH 7.4, 500
mM KCl, 5mM MgCl, 2.5 mM EGTA, 2.5 mM ATP). The samples were
then immediately transferred to a rheometer or confocal microscope, re-
spectively.

Network visualization

Actin was fluorescently stained with 2 uM Alexa Fluor 488 phalloidin (In-
vitrogen, Carlsbad, CA). Samples of 10 uL in volume were confined be-
tween two glass coverslips spaced at ~1 mm and examined under a Zeiss
LSM 510-Meta confocal microscope with a 63X objective. Fluorescence
was excited with an Argon laser at 488 nm, and the signal was filtered by a
505-nm-long-pass filter.

Bulk rheology

Oscillatory measurements of the elastic modulus G’ and the viscous modulus
G" were performed with a controlled stress AR-G2 rheometer (TA Instru-
ments, New Castle, DE). The sample was loaded into a cone-plate geometry
with a diameter of 20 mm, a cone angle of 2°, and a gap size of 50 um
(sample volume = 70 nL). A solvent trap was used to prevent drying. Im-
mediately after the addition of polymerization buffer and sample transfer to
the rheometer, polymerization was monitored for a period of 1-2 h through
point measurements of the viscoelastic moduli in 5-min intervals at a strain of
0.5% and an oscillation frequency of 0.1 Hz. The frequency dependence of
the linear viscoelastic moduli G’ and G” was determined between 0.01 Hz
and 10 Hz. To ensure that data were taken in the linear regime, where the
network response is proportional to the amplitude of the imposed oscillatory
stress, the instrument was operated in its strain-controlled mode at strains
between 0.5% and 2%, depending on the strength of the network. For each
measurement of the frequency dependence, the temperature was kept con-
stant. If not stated otherwise, it was held at 25°C. To investigate the tem-
perature dependence of the network dynamics, the temperatures for different
measurements at the same sample were varied between 5°C and 40°C by
means of the Peltier temperature control of the lower rheometer plate.

RESULTS AND DISCUSSION

Actin polymerized in vitro forms finely meshed, homoge-
neous, isotropic three-dimensional networks (Fig. 1 A). The
addition of cross-linking proteins often results in networks
of larger mesh size, which consist of actin bundles com-
prising many individual filaments. We confirmed by confocal
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fluorescence microscopy that this general trend also holds for
networks of actin with wild-type and mutant «-actinin-4
prepared in the same way as the samples used for our rhe-
ological measurements. At a concentration of one a-actinin-4
molecule per 100 actin monomers, R = 0.01, the wild-type
cross-linker (Fig. 1 B) appears to form a coarser network than
the mutant (Fig. 1 C), consistent with the larger bundle di-
ameter reported by Weins et al. (18) for actin cross-linked
with wild-type a-actinin-4. However, we find the cross-
linked networks interspersed with large actin agglomerates
(Fig. 1, B and C), whose size and number vary from sample to
sample, and tend to increase with higher cross-linker con-
centration. Moreover, the homogeneous network regions
vary in mesh size even within one sample, thus rendering a
quantitative comparison of the effects of wild-type and
mutant on the network structure unfeasible.

Despite the large sample-to-sample variations of the net-
work structures and inhomogeneities at length scales of tens
of micrometers, the cross-linked networks exhibit robust
rheological properties, a consequence of sample averaging
over larger dimensions. At a molar ratio of R = 0.01, cross-
linking increases the network stiffness by about an order of
magnitude. The elastic and viscous moduli vary greatly with
the frequency of the applied oscillatory shear stress. At the
intermediate frequencies that we can access through bulk
rheological measurements, the linear viscoelasticity is
characterized by a nearly frequency-independent plateau in
the elastic modulus G’ and a corresponding minimum of the
viscous modulus G” (Fig. 2). A direct comparison of the
effect of wild-type (circles) and mutant (triangles) cross-
linker reveals that the latter results in a more distinct elastic
plateau. Moreover, the characteristic frequency of the pla-
teau, fplaeau, Which we define as the frequency at which G”
assumes its local minimum, is smaller for the mutant than for
the wild-type, as indicated by the dotted, downward pointing
arrows in Fig. 2.

In the high-frequency limit, we expect the network
viscoelasticity to be dominated by the thermal bending
fluctuations of individual filaments, leading to an increase of
both moduli with frequency with a power of 3/4 (19,20). We
cannot measure at frequencies high enough to confirm this
dependence, but we observe for several samples the onset of
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FIGURE 1 Confocal images of networks
formed of actin (1 mg/mL) (A) without
cross-linker, (B) with wild-type a-actinin-4
(R = 0.01), and (C) with mutant «-actinin-4
(R = 0.01). Actin is fluorescently labeled
with Alexa-Fluor-Phalloidin (excitation at
488 nm). Scale bar, 40 um.

an ascent of G’ and G” with an increasing slope of up to 0.6
in a log-log plot.

At low frequencies, the networks carry the signature of a
structural relaxation process: the viscous modulus G”
approaches the elastic modulus with decreasing frequency,
passing through a maximum value and then decreasing along
with G'. We expect G” to eventually exceed G', indicating a
relaxation of the network behavior to fluid properties. Al-
though for most data sets the range of our measurements does
not extend to low enough frequencies to verify this crossover,
we do observe it in a few cases. For comparisons of relaxation
frequencies across samples, we take fi.j.x to be the well-de-
fined frequency at which G” reaches a local maximum,
indicated by upward-pointing arrows in Fig. 2. In comparing
networks with wild-type and mutant a-actinin-4, we find that
frelax 1S more than an order of magnitude lower for the mutant.
Taken together with the smaller equilibrium dissociation
constant of mutant a-actinin-4 (18), this observation suggests
that the relaxation of the macroscopic network may be related
to the microscopic unbinding of the cross-linker. When an
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FIGURE 2 Frequency dependence of the elastic modulus G’ (solid sym-

bols) and the viscous modulus G” (open symbols) of actin networks with
wild-type (+/+, circles) and mutant (K255E, triangles) «-actinin-4 at a molar
ratio of a-actinin-4 to actin of R = 0.01. The networks are characterized by an
elastic plateau and a relaxation toward fluid properties at lower frequencies.
The response for mutant a-actinin-4 appears shifted toward lower frequencies
and exhibits a higher ratio G'/G” at the plateau frequency. The dotted,
downward-pointing arrows define the plateau frequency; the solid, upward-
pointing arrows define the relaxation frequency of the networks.
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a-actinin-4 dimer dissociates from actin at either binding site,
the cross-link breaks, and filaments can locally slide with
respect to each other. The cross-linker may bind again to
actin at both ends, thereby reforming a link in the network. If
this happens before other cross-linkers in the vicinity of the
broken bond detach, a macroscopic relaxation of the network
is not possible. However, our data suggest that enough cross-
linkers unbind simultaneously to allow the network to
structurally relax, becoming fluid-like at low frequencies.

We extended our comparison of wild-type and mutant
a-actinin-4 by investigating the effect of the cross-linker
concentration on the frequency-dependent viscoelasticity of
the networks. With increasing concentration of the wild-type
or mutant cross-linker, G’ and G” rise noticeably over the
entire frequency range of our measurements. Although the
elastic modulus is shifted upward without a change in its
frequency dependence, an increase in concentration does
alter the frequency dependence of the viscous modulus. At
the plateau, the increase in G’ with concentration tends to be
greater than that in G”. Thus, increasing the a-actinin-4
concentration enhances the plateau, pushing the network
properties further toward that of a solid, as illustrated by
representative network responses for relative «-actinin-4
concentrations of R = 0.005 (triangles), 0.01 (circles), and
0.02 (inverted triangles) in Fig. 3 A for the wild-type and in
Fig. 3 B for the mutant cross-linker. Of interest, an increased
amount of wild-type a-actinin-4 effects the shape of the
viscoelasticity in the vicinity of the plateau qualitatively
similarly to a replacement of wild-type by mutant cross-
linker. In comparing the curves in Fig. 3, A and B, we see that
the behavior of the wild-type cross-linker of the highest
concentration shown resembles that of the mutant with the
lowest concentration, albeit shifted along both axes. Based on
this observation, we investigated whether the altered prop-
erties of the mutant can partly be compensated for by a de-
creased concentration. We found that this is indeed the case.
The frequency-dependent viscoelasticity of a network with
wild-type a-actinin-4 at a high concentration of R = 0.04
(circles) and a network with mutant «-actinin-4 at a four
times lower concentration (R = 0.01, triangles), shown in
Fig. 4 A, overlap remarkably well if the mutant curve is
shifted toward higher frequencies and higher viscoelastic
moduli, as illustrated in Fig. 4 B. Similarly, the curves for
samples with a medium amount of wild-type (R = 0.01) and
a low amount of mutant (R = 0.0025), which are shown in
Fig. 4 C, can be scaled nearly perfectly (Fig. 4 D). This in-
triguing scaling behavior may have profound implications for
understanding the effects of a-actinin-4 on the network
properties.

To test the statistical significance of our qualitative ob-
servations, we extracted several characteristic quantities from
the frequency-dependent viscoelasticity of a larger set of
samples, comprised of 24 networks with wild-type and 18
with mutant a-actinin-4, and containing the samples presented
in Figs. 3 and 4, and plotted these quantities as a function of
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FIGURE 3 Frequency dependence of the elastic modulus G’ (solid
symbols) and the viscous modulus G” (open symbols) of actin networks
with (A) wild-type and (B) mutant a-actinin-4 at molar ratios of a-actinin-4
to actin of R = 0.005 (triangles), R = 0.01 (circles), and R = 0.02 (inverted
triangles). For both types of cross-linker, the elastic plateau modulus
increases with concentration. Moreover, the plateau is more pronounced
and appears at higher frequencies for increased concentration.

cross-linker concentration. We confirmed that the elastic
modulus at the plateau frequency, Gpjaeau, increases with
cross-linker concentration for both wild-type (circles) and
mutant (triangles), as shown in Fig. 5 A. Above relative
a-actinin-4 concentrations of R = 0.005, the plateau modulus
follows a power law of Gpjarean ~ R (solid lines). A similar
concentration dependence was previously observed for other
cross-linkers (3,6). We infer from Fig. 5 that the values of
G plateau for wild-type and mutant a-actinin-4 at the same con-
centration are comparable. This might at first seem surprising;
however, if we assume a first-order binding reaction between
actin and «-actinin-4, we calculate that at an actin monomer
concentration of 23.8 uM, almost all cross-linkers are bound
to actin. The higher binding affinity of the mutant therefore
results in only a marginal increase of bound a-actinin-4 from
98.8% to 99.8% of the total cross-linker amount.

Although the mutant does not appear to increase the
overall network strength, it does render the network more
solid-like, as is evident from the consistently higher values
for the ratio of G’ and G” at the plateau, which is plotted in
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Fig. 5 B. As observed before and confirmed by the larger data
set, this ratio increases slightly with concentration. In addi-
tion to G'/G" at the plateau frequency, the prominence of the
elastic plateau is characterized by the width of the frequency
range spanned between fieiax and fpiaean- We find that the
plateau frequency increases with cross-linker concentration
(Fig. 5 C), whereas the relaxation frequency remains ap-
proximately constant (Fig. 5 D). As a result, the higher the
amount of a-actinin-4, the wider the plateau tends to be.
Furthermore, networks with the mutant cross-linker exhibit a
slightly lower plateau and a significantly lower relaxation

frequency. Consequently, the plateau width is greater for the
mutant.

The networks with mutant «-actinin-4 differ most sig-
nificantly from their wild-type counterparts in that their
relaxation frequencies are consistently lower by at least an
order of magnitude for concentrations ranging from R =
0.0025 to R = 0.04 (Fig. 5 D). We propose that this shift
in timescales is a consequence of a smaller actin/a-actinin-4
unbinding rate for the mutant. Since the equilibrium dis-
sociation constant K is the ratio of the dissociation rate, or
off-rate k_, and the association rate, or on-rate k,, we

FIGURE 5 Characteristic features of the fre-
quency-dependent viscoelasticity as a function of
the relative concentration R of wild-type (circles)

A ) B and mutant (triangles) a-actinin-4. (A) The plateau
8 5 modulus Gpjaeau has comparable values for wild-
nﬂf 100 5 3 g 10k i : A N . type and I.nutant, and increases with cross-linker
= " a = A 3 i i . concentration. Above R = 0.005, the plateau mo-
% . * . Q : [ '] dulus follows a power law for both cross-linker
2 = . . S .
) : 2 ® n — l4v-ol Q * . I types, as indicated by the solid line for the wild-
A KISSE 0 134-02 e 1 A K255E . .
b E N L—H type and the dotted line for the mutant, and their
1E-3 0.01 0.4 1E-3 0.01 01 respective slopes (lower right). (B) The ratio of the
R R plateau modulus and the corresponding viscous
C D . E— modulus, (G'/G" )plateau» Which indicates the solid-
10} H . o 2 e ness of the network, grows weakly with increasing
. ! ” 1 . i ] ’ 1 cross-linker concentration, and is on average higher
—_ . — .
X : . e s ' N . . . : for the mutant than for the wild-type at the same
= H t - I . . .
= 1k, = o4 R N . concentration. (C) The frequency at which the
A 1 F . .. . .
£ 4 i H‘_ﬁ i i 4 i A elastic plateau occurs (minimum in G") increases
ot H ;‘2*555 A A weakly with cross-linker concentration, and is
0.1 . - 0.01 . ; _
5y e oy Nes T - system.atlcally smaller for the mutant (.D) T}.le
R R relaxation frequency of the network (maximum in

G") appears to be independent of the cross-linker
concentration, and is about an order of magnitude
smaller for the mutant.
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cannot say with certainty which of the rates differs be-
tween wild-type and mutant. However, Weins et al. (18),
following an argument of Wachsstock et al. (10), have
explained their observation of a stronger tendency of wild-
type a-actinin-4 to bundle actin partly by assuming a
higher dissociation rate for the wild-type, consistent with
the higher value they determined for Ky. If we adopt this
assumption, the dissociation rate of the mutant follows to
be ~6 times smaller than that of the wild-type. Given that
our practical definition of f,..x as the frequency at which
G" reaches a local maximum only approximates the fre-
quency at which the relaxation actually occurs, this factor is
consistent with the observed factor of slightly more than 10
between the relaxation frequencies of wild-type and mutant
cross-linked networks (Figs. 2, 4, and 5 D).

The proposed direct relationship between the characteristic
relaxation frequency of the macroscopic network and the
microscopic dissociation rates of its constituents is intrigu-
ing. One way to test whether the collective network relaxa-
tion is indeed related to the unbinding of cross-linkers is to
control the microscopic dissociation rate. If we assume that
this rate is limited by the fraction of cross-linkers with suf-
ficient kinetic energies to overcome the activation energy
barrier of the reaction, an obvious way to influence the dis-
sociation rate is by means of the temperature. Based on our
proposition, we expect that the characteristic frequencies of
the networks increase with increasing temperature. Our
measurements of the dynamic viscoelastic response of cross-
linked networks for different temperatures verify this
dependence, as demonstrated in Fig. 6 for networks with
cross-linker concentrations of R = 0.01 at 15°C (inverted
triangles), 25°C (circles), and 35°C (triangles). Since the
relaxation frequency (fiejax) rises faster with temperature
than the plateau frequency (fyiateau), the €lastic plateau spans
a wider frequency range at lower temperatures. Moreover,
a decrease in temperature—similarly to an increase in
a-actinin-4 concentration—increases the ratio of G’ to G” at
the plateau, rendering the network more solid-like. In con-
trast to a change in cross-linker concentration, which influ-
ences the prominence of the elastic plateau while leaving the
relaxation frequency of the network unaltered, a change in
temperature appears to influence both network features. We
expect the effect of the mutation to be largely compensated
for by an appropriate temperature increase, such that the
viscoelasticity curves of networks with wild-type and mutant
a-actinin-4 of different temperatures coincide without
significant scaling in frequency or moduli. Our obser-
vations confirm this notion. For example, we find that the
viscoelasticity of the network with wild-type a-actinin-4 at
25°C (circles in Fig. 6 A) agrees well with that of the network
with mutant cross-linker at 37°C (triangles in Fig. 6 B), as
illustrated in Fig. 7 A. Similarly, the viscoelastic responses of
networks with wild-type (circles) and mutant (triangles)
a-actinin-4 at R = 0.02 and temperatures of 15°C and 32.5°C
nearly coincide, as illustrated in Fig. 7 B.
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FIGURE 6 Frequency dependence of the elastic modulus G’ (solid
symbols) and the viscous modulus G” (open symbols) of actin networks
with (A) wild-type and (B) mutant a-actinin-4 (molar ratio of a-actinin-4 to
actin R = 0.01) at 37°C (triangles), 25°C (circles), and 15°C (inverted
triangles). Similarly to a high cross-linker concentration, a lower temper-
ature results in a more pronounced elastic plateau. In addition, a temperature
decrease shifts the network relaxation toward lower frequencies.

To analyze the temperature dependence of the relaxation
frequency more quantitatively, we measured the frequency-
dependent viscoelasticity at temperatures between 5°C and
40°C for six samples of each cross-linker type with relative
cross-linker concentrations ranging from R = 0.00125 to
R = 0.08, and extracted f,.j.x from these curves. For a few
samples, the relaxation frequency falls outside the range of
our measurements (0.01-10 Hz) at the lowest temperatures
(e.g., inverted triangles in Fig. 6 B), and the corresponding
data are not included in our compilation. We assume that the
temperature dependence of the dissociation rates of wild-type
and mutant a-actinin-4 follows the Arrhenius equation:

k. = ky X e*Ea/(kBNAT).
Herein, E, denotes the molar activation energy that needs to
be overcome for the dissociation reaction to take place, kg
describes the rate at which unbinding is attempted, and kg and
N4 are the Boltzmann and Avogadro constants, respectively.
To test whether the macroscopic relaxation frequencies of the
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FIGURE 7 Increase in temperature can return the viscoelasticity of
networks with mutant a-actinin-4 (triangles) to that of networks with
wild-type cross-linker (circles), as illustrated by the frequency dependence
of G’ (solid symbols) and G" (open symbols) for (A) R = 0.01, wild-type
at 25°C, mutant at 37°C, and (B) R = 0.02, wild-type at 15°C, mutant at
32.5°C. In contrast to the scaling behavior for mutant and wild-type at
different concentrations, a shift in frequency or moduli is not necessary.

networks exhibit the same temperature dependence, we
plotted fi.1ax On a natural-logarithmic scale over the inverse
of the thermal energy kgNaT, measured in kilojoules per
mole. The relaxation frequencies for wild-type (circles) and
mutant (triangles) a-actinin-4 form two distinct bands of data
points, separated by about an order of magnitude, as shown in
Fig. 8. The width of these bands can be attributed to the
various cross-linker concentrations in the samples. However,
since the concentration dependence of the relaxation fre-
quency is very weak, we do not distinguish between different
concentrations in our plot. The temperature-dependent relax-
ation frequencies of wild-type and mutant can indeed be
described by the Arrhenius equation, as indicated by straight
line fits with slopes of (119.2 = 4.4) kJ/mol for the wild-type
(solid) and (126.2 = 8.0) kJ/mol for the mutant (dotted).
These values are on the order of typical protein interaction
energies, which allows us to identify them with the activation
energies of the microscopic dissociation rates.

The disparity in equilibrium dissociation constants Ky
between wild-type and mutant «-actinin-4 can plausibly be
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FIGURE 8 Temperature dependence of the network relaxation frequency.
The logarithm of the frequency is plotted as a function of the inverse thermal
energy. For both wild-type (circles) and mutant (triangles) cross-linkers, the
relaxation frequency follows the Arrhenius equation. The slopes (indicated
by solid lines), which correspond to an activation energy barrier in the
Arrhenius equation, are comparable. Relaxation frequencies for the mutant
are consistently lower by about an order of magnitude.

accounted for by a difference in the activation energies. As
Weins et al. (18) have established, the binding surface of the
mutant cross-linker is extended by a third binding site, which
is buried in the wild-type. This additional site could simply
decrease the energy level of the bound state and thus increase
the energy barrier E, for unbinding. Since the activation
energy appears in the exponential, a small difference E, -
E, s of 4.5 kJ/mol suffices to cause a six times lower dis-
sociation rate k_ ,,, consistent with the lower equilibrium
dissociation constant observed for the mutant. This differ-
ence in activation energies is consistent with our data.

An alternative explanation lies in sequential binding of
the two sites that the mutant a-actinin-4 has in common with
the wild-type, and its additional binding site, as described by
the following chemical reaction:

K

ko
a+ Act == (@ — Act) = (a — Act)
(= K

%

We assume that the first reaction, including its association
and dissociation rates, is identical for wild-type and mutant.
The second reaction only applies to the mutant and describes
its binding to actin at the third binding site, which results in a
distinct, energetically favorable bound state. The overall
concentration of mutant cross-linker, [« ], 1s in this case:

(@i = [@gee + [ = Act] + [a — Act']

= [a];,,, + [0 — Act] X (1 +I]ii>

= [a],., X (1 +%>< [Act] X (1 +lli*>>

The dissociation constant Ky, as measured in a cosedi-
mentation assay from the amount of free and bound cross-
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linker, can be calculated from the dissociation constant for the
wild-type and the reaction rates for the second binding step:

k. Ll ACT]_ [ACT]  Kuw

,mut — - ¥ = ¥ .

' [a}tol_[a]free 1 X[ACT]X <1 +k+> (1+k+)
d,wt ki k*,

To recover the experimentally determined factor of 6 be-
tween the binding affinities of mutant and wild-type, we need
to assume a ratio k% /k* = 5. This ratio also implies that most
of the mutant is bound to actin at all three binding sites, and
only one-sixth is in the weaker bound state. We can now
explain the lower relaxation frequency of networks with
mutant «-actinin-4 by relating it to the number of cross-
linkers that unbind per unit time, which is the product of k_,
the rate at which weakly bound mutant «-actinin-4 dissoci-
ates completely from actin, and the number of mutant in this
weaker binding state. With this interpretation, the shift in
relaxation frequencies between wild-type and mutant stems
from a lower prefactor for the mutant, which reflects the
smaller fraction of cross-linker available for unbinding and is
only weakly temperature dependent. The main temperature
dependence of the relaxation frequency is determined by the
exponential in k_, which is the same for wild-type and
mutant. Consequently, the slope of the natural logarithm of
Jrelax over 1/kg NAT, which is given by the corresponding
activation energy E,, is the same for both types of cross-
linker as well. Our measurements of the temperature-depen-
dent macroscopic relaxation frequencies of networks with
wild-type and mutant do not provide a criterion by which to
choose one of the proposed explanations over the other. Both
are consistent with our data and support the suggested
relationship between the network dynamics and the micro-
scopic binding dynamics.

CONCLUSIONS

We have established through rheological measurements that
the dynamic viscoelasticity of actin networks formed in vitro
in the presence of the cross-linking protein «-actinin-4 is
characterized by an elastic plateau in the frequency range
between 0.1 Hz and 10 Hz, and a relaxation toward fluid
properties at lower frequencies. These features result from a
combination of the properties of individual actin filaments
and the cross-linker dynamics. The high network elasticity at
the plateau is a direct consequence of cross-linking, as evi-
denced by the increased elastic plateau modulus and greater
prominence of the plateau at higher cross-linker concentra-
tion.

In contrasting the effects of the wild-type cross-linker and
a mutant known to have a significantly higher actin-binding
affinity, we find the network dynamics for the mutant to be
shifted to longer timescales. In particular, networks with
mutant «-actinin-4 undergo their relaxation at lower fre-
quencies. We explain this phenomenon by proposing that the
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relaxation of the network on the macroscopic level results
from the dissociation of a-actinin-4 from actin, which we
assume to take place at a lower rate for the mutant, consistent
with its smaller equilibrium dissociation constant. In strong
support of this explanation, we show that the temperature
dependence of the network relaxation frequency follows the
Arrhenius equation for rate constants of chemical reactions,
and allows us to extract a conceivable value of the energy
implied in the dissociation reaction. Based on knowledge
about an additional actin-binding site exposed in the mutant
cross-linker, we suggest two different binding mechanisms:
one-step binding with a lower energy level in the bound state
for the mutant, and sequential two-step binding, which implies
the same temperature dependence, but different prefactors for
the dissociation of wild-type and mutant a-actinin-4 from
actin.

In addition to shifting the relaxation to lower frequencies,
the substitution of wild-type by mutant a-actinin-4 and a
decrease in temperature both result in a more pronounced
elastic plateau, thus rendering the network more solid-like.
We find that a higher temperature compensated for the effect
of the mutant. Of interest, an increase in cross-linker con-
centration likewise alters the frequency-dependent visco-
elasticity in a manner remarkably similar to the change from
wild-type to mutant, up to scaling factors in frequency and
modulus. Whether there is a profound reason for this ap-
parent scalability that could provide further insight into the
properties of cross-linked networks remains a question for
future investigations.

Our comparison of actin networks cross-linked with mu-
tant and wild-type a-actinin-4 is not the first study of the
effect of different binding affinities of actin cross-linkers on
the dynamic rheological behavior of the resulting networks.
Previous comparative studies have been performed, such as
that by Wachsstock et al. (11), who related the different
cross-linker dynamics of Acanthamoeba and chicken smooth
muscle a-actinin to the mechanical properties of the net-
works. However, the difference between the two cross-link-
ing proteins studied here is unique in that it results from the
smallest possible variation in the underlying genetic code—
a point mutation. It is interesting that we found this mutation
to have a drastic effect on the properties of in vitro networks
at shear frequencies around 1 Hz, close to the human heart
rate. In vivo, the pathological consequences of the mutant
cross-linker are most apparent in podocytes, which are sub-
ject to substantial shear stresses resulting from dynamic
capillary pressure. The combination of these facts strongly
suggests that altered viscoelastic properties of cross-linked
actin networks contribute to the phenotypic changes in dis-
eased kidneys.

We are grateful to K. Kasza and D. Blair for motivating this work through
initial experimental findings, and for insightful discussions. We thank T.
and F. Nakamura (Harvard Medical School, Brigham and Women’s
Hospital, Boston, MA) for providing us with purified actin.



Actin/a-Actinin-4 Networks

This work was supported by the National Science Foundation (DMR-
060268, CTS-0505929), the National Institutes of Health (DK59588), the
Harvard Materials Research Science and Engineering Center (DMR-
0213805), and the American Heart Association. The confocal microscope
is maintained by the Harvard Center for Nanoscale Systems.

REFERENCES

1.

Kasza, K. E., A. C. Rowat, J. Liu, T. E. Angelini, C. P. Brangwynne,
G. H. Koenderink, and D. A. Weitz. 2007. The cell as a material. Curr.
Opin. Cell Biol. 19:101-107.

. Miiller, O., H. E. Gaub, M. Bidrmann, and E. Sackmann. 1991.

Viscoelastic moduli of sterically and chemically cross-linked actin
networks in the dilute to semidilute regime: measurements by an
oscillating disk rheometer. Macromolecules. 24:3111-3120.

. Wagner, B., R. Tharmann, I. Haase, M. Fischer, and A. R. Bausch.

2006. Cytoskeletal polymer networks: The molecular structure of
cross-linkers determines macroscopic properties. Proc. Natl. Acad.
Sci. USA. 103:13974-13978.

. Xu, J., W. H. Schwarz, J. A. Kis, T. P. Stossel, P. A. Janmey, and T. D.

Pollard. 1998. Mechanical properties of actin filament networks depend
on preparation, polymerization conditions, and storage of actin mono-
mers. Biophys. J. 74:2731-2740.

. Shin, J. H.,, M. L. Gardel, L. Mahadevan, P. Matsudaira, and

D. A. Weitz. 2004. Relating microstructure to rheology of a bundled
and cross-linked F-actin network in vitro. Proc. Natl. Acad. Sci. USA.
101:9636-9641.

. Gardel, M. L., J. H. Shin, F. C. MacKintosh, L. Mahavedan, P.

Matsudaira, and D. A. Weitz. 2004. Elastic behavior of cross-linked
and bundled actin networks. Science. 304:1301-1305.

. Gardel, M. L., F. Nakamura, J. H. Hartwig, J. C. Crocker, T. P. Stossel,

and D. A. Weitz. 2006. Prestressed F-actin networks cross-linked by
hinged filamins replicate mechanical properties of cells. Proc. Natl.
Acad. Sci. USA. 103:1762-1767.

. Gardel, M. L., F. Nakamura, J. H. Hartwig, J. C. Crocker, T. P. Stossel,

and D. A. Weitz. 2006. Stress-dependent elasticity of composite actin
networks as a model for cell behavior. Phys. Rev. Lett. 96:088102.

. Janssen, K.-P., L. Eichinger, P. A. Janmey, A. A. Noegel, M. Schliwa,

W. Witke, and M. Schleicher. 1996. Viscoelastic properties of F-actin

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

4923

solutions in the presence of normal and mutated actin-binding proteins.
Arch. Biochem. Biophys. 325:183-189.

Wachsstock, D. H., W. H. Schwarz, and T. D. Pollard. 1993. Affinity
of a-actinin for actin determines the structure and mechanical-proper-
ties of actin filament gels. Biophys. J. 65:205-214.

Wachsstock, D. H., W. H. Schwarz, and T. D. Pollard. 1994. Cross-
linker dynamics determine the mechanical properties of actin gels.
Biophys. J. 66:801-809.

Xu, J., D. Wirtz, and T. D. Pollard. 1998. Dynamic cross-linking by
a-actinin determines the mechanical properties of actin filament net-
works. J. Biol. Chem. 273:9570-9576.

Sato, M., W. H. Schwarz, and T. D. Pollard. 1987. Dependence of the
mechanical properties of actin-a-actinin gels on deformation rate.
Nature. 325:828-830.

Kos, C. H., T. C. Le, S. Sinha, J. M. Henderson, S. H. Kim,
H. Sugimoto, R. Kalluri, R. E. Gerszten, and M. R. Pollak. 2003.
Mice deficient in a-actinin-4 have severe glomerular disease. J. Clin.
Invest. 111:1683-1690.

Kaplan, J. M., S. H. Kim, K. N. North, H. Rennke, L. A. Correia, H.-Q.
Tong, B. J. Mathis, J.-C. Rodrigues-Pérez, P. G. Allen, A. H. Beggs,
and M. R. Pollak. 2000. Mutations in ACTN4, encoding «-actinin-4,
cause familial focal segmental glomerulosclerosis. Nat. Genet. 24:251-256.

Michaud, J.-L., L. I. Lemieux, M. Dubé, B. C. Vanderhyden,
S. J. Robertson, and C. R. J. Kennedy. 2003. Focal and segmental
glomerulosclerosis in mice with podocyte-specific expression of mu-
tant a-actinin-4. J. Am. Soc. Nephrol. 14:1200-1211.

Weins, A., P. Kenlan, S. Herbert, T. C. Le, I. Villegas, B. S. Kaplan,
G. B. Appel, and M. R. Pollak. 2005. Mutational and biological
analysis of a-actinin-4 in focal segmental glomerulosclerosis. J. Am.
Soc. Nephrol. 16:3694-3701.

Weins, A., J. S. Schlondorff, F. Nakamura, B. M. Denker,
J. H. Hartwig, T. P. Stossel, and M. R. Pollak. 2007. Disease-

associated a-actinin-4 reveals a mechanism for regulating its F-actin
binding affinity. Proc. Natl. Acad. Sci. USA. 104:16080-16085.

. Morse, D. C. 1998. Viscoelasticity of tightly entangled solutions of

semiflexible polymers. Phys. Rev. E Stat. Phys. Plasmas Fluids Relat.
Interdiscip. Topics. 58:R1237-R1240.

Gittes, F., and F. C. MacKintosh. 1998. Dynamic shear modulus of a
semiflexible polymer network. Phys. Rev. E Stat. Phys. Plasmas Fluids
Relat. Interdiscip. Topics. 58:R1241-R1244.

Biophysical Journal 95(10) 4915-4923



	Dynamic Viscoelasticity of Actin Cross-Linked with Wild-Type and Disease-Causing Mutant a-Actinin-4
	Introduction
	Materials and methods
	Materials
	Network formation
	Network visualization
	Bulk rheology

	Results and discussion
	Conclusions
	References


