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Viscoelasticity of actin-gelsolin networks in the presence of filamin
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Cross-linking of actin filaments by filamin by means of frequency-dependent rheology yields an
increase in the filament’s elasticity and stiffness. Higher cross-linker (filamin) ratios are required for
mean actin-filament lengths of 5—6 um than for random-length distribution of actin filaments. The loss
modulus (i.e. the viscous portion) in the region of the internal-chain dynamics [G”(w) = w“] is influenced
by the cross-linking of filaments, and with an increasing molar ratio of filamin/actin a reduction of « is
observed. Rheological measurements reveal that actin networks are already formed at the polymerizing
stage at a molar ratio of filamin/actin of less than 1:100, and electron micrographs show phase separation
of actin/filament networks of low density and of actin/filament bundles.
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Filamin is an approximately 160-nm elongated, highly flexi-
ble homodimer of approximately 540 kDa, and is ubiquitous in
mammalian cells {1, 2]. In its dimeric form, filamin has actin-
binding sites at each amino-terminal end, and self-association
sites at the carboxyl-terminal ends. This allows filamin to act as
an efficient cross-linking protein in actin gels [3, 4]. Further,
filamin is believed to be involved in connecting the cytoskeleton
with the lipid membrane and f2-integrin [5S—7].

Hou et al. [8] showed, in an extensive light-microscopic and
fluorescence-photobleaching-recovery study, that filamin (at a
low molar ratio of actin/filamin) bundles actin filaments, while
at a high molar ratio the actin network remains isotropic. The
molar ratio of filamin/actin that was critical for the shift from
isotropic to network-bundle formation was 1:140. Further, Jan-
mey et al. [9] reported that mixtures of actin filaments and
filamin form gels that are physically equivalent to covalently
cross-linked networks. The viscoelastic properties of filamin
gels are similar to those of gels composed of avidin and biotiny-
lated actin. Extensive rheological measurements have been car-
ried out by Zaner [10] and Ruddies et al. [11], varying the actin
concentration, the molar ratio of actin/filamin, and the frequency
from 3X107* Hz to 0.5 Hz and from 1.8X107* Hz to 2.2 Hz,
respectively. These researchers found that as the molar ratio of
filamin increased, the plateau modulus G}, when measuring the
elastic portion G'() was increased, and the viscous portion, G”
(= wn), increased. Common to both studies was that the actin-
length distribution was random, from 5 pm to 50 pm.
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Abbreviations. G'(w), dynamic modulus (elastic portion of the gel);
G”(w), loss modulus (viscous portion of the gel); Gy, shear elastic con-
stant; |G*|, absolute value of the complex shear modulus; J(¥), creep
(deformation); w, frequency; ¢, phase shift; #, viscosity; ¢, time; a(?),
rotational amplitude; G*(w), viscoelastic impedance; J,(f), creep (defor-
mation) recovery; &, mesh size of purely entangled actin network; r.q,
molar ratio of actin/gelsolin.

In the present study, we investigated the effect of actin fila-
ments at a mean length (=5—6 pum) on gels formed by filamin.
We measured the dynamic moduli G'(w) and G”(w), which
determine the elastic and viscous portion, and the creep (defor-
mation) J(f) and creep recovery J(z) of gels, by means of a mag-
netically driven rotation disc rheometer. Further, we measured
and examined actin-filamin networks at various molar ratios
using electron microscopy.

MATERIALS AND METHODS

Protein preparation. Filamin was isolated by means of the
method of Shizuta et al. [12]. Low-ionic strength-extraction of
chicken gizzard was followed by Mg** and (NH,),SO, precipita-
tion, ion exchange, and gel-filtration column chromatography.
For all experiments, a hydroxylapatite column was used to fur-
ther purify the protein [13]. The purity of the filamin was deter-
mined by means of 7.5% SDS/PAGE following [14]. The con-
centration of purified filamin was measured by ultraviolet
spectroscopy, using an extinction coefficient of 0.82 mg™' cm™'
at 278.5 nm [15] according to the method of Bradford [16] with
BSA as standard. A molecular mass of 270 kDa for monomeric
filamin was used.

Actin was prepared according to procedures of Spudich and
Watt [17], from acetone powder obtained from rabbit back mus-
cle; this was followed by a gel-filtration step as described by
MacLean-Fletcher and Pollard [18]. The biological activity of
the purified actin was tested, by means of. falling-ball viscome-
try, and its concentration was determined from its A, .. (absor-
bance coefficient = 0.63 mg~' cm™"). Fractionated G-actin was
stored in 2 mM imidazole, pH 7.4, 0.2 mM CaCl,, 0.5 mM ATP,
0.2 mM dithiothreitol and 0.005% NaNs,, for no longer than 10
days. For the polymerization studies in the rheometer, all pro-
teins were added at the same time to 2 mM imidazole; pH 7.4,
50 mM KCl, 2 mM MgCl,, 1 mM EGTA, 0.2 mM CaCl,, 1 mM
ATP.

Gelsolin was purified from bovine plasma serum by means
of the procedure described by Cooper et al. [19]. The concentra-
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Fig. 1. Schematic diagram of the purpose-built oscillating rheometer.
A, measuring quartz cuvette; B, aluminium block; C, laser; D, mirror
attached to disc; E, photodiode; F, signal amplifier; G, computer. Two
coils orientate the mirror (D) at a constant magnetic field, and two coils
oscillate the disc (H) by a small amplitude of no more than 0.05. Compo-
nents A, D and H are encaged by a metal chamber to shield off external
magnetic fields.

tion was determined by the Bradford method, with BSA as stan-
dard.

Rotation disc rheometer. The rotation disc rheometer has
been described in detail by Miiller et al. [20]. The storage (elas-
tic) modulus G’(w), loss (viscous) modulus G”(w), and the creep
(deformation) J(f) were measured at w/2xr = 107°—10! Hz and
t = 107'—~10*s. Using these dynamic moduli, the phase shift
angle [tan(p) = G”/G’] was determined.

The rheometer consists of a cylindrical quartz cuvette with
an inner diameter of 15 mm and a volume of about 1.5 ml. The
base of the cuvette was mounted in an aluminum thermostated
holder. A glass disc with a diameter of 8 mm was placed on the
surface of the viscoelastic solution. Mounted on top of the disc
were a magnet and deflection mirror with dimensions of
0.5X0.5X1.5 mm® and 1.5X2.0 mm?, respectively. The plane of
the deflection mirror forms a 45° angle with the horizontal line.
The quartz cuvette is surrounded by two perpendicularly ori-
ented magnetic coils. One of these serves to fix the orientation
of the disc, the other (the deflection coil) applies a shear force
to the viscoelastic solution. When the dynamic moduli G'(w)
and G”(w) are measured, the deflection coils are driven by an
oscillatory voltage of frequency w. In the present study, creep
measurements [J(f)] were carried out at a constant voltage to
these coils. The magnetic coils and the measuring cuvette were
placed into a g-metal chamber to shield the cuvette from exter-
nal magnetic fields.

The rotational amplitude a(r) of the disc was analyzed as
follows. The beam of a He-Ne-laser incident light was hori-
zontally deflected by the mirror, in a parallel direction along the
rotational axis of the disc. Its horizontal orientation was recorded
by a position-sensitive photodiode, amplified and evaluated by
computer.

The actin solution in the measuring cuvette was covered by
a phospholipid monolayer (dimyristoylphosphatidylcholine),
which is essential to avoid the gelation of actin owing to its
denaturing at the air/water interface [19]. This ensures good me-
chanical contact with the glass disc when covered by a mono-
layer of octadecyltrichlorosilane. Protein mixtures of 400 pl
were polymerized for about 15 h prior to rheometer experiments.
A schematic view of the rotating disc rheometer is shown in
Fig. 1.

Electron microscopy. Protein samples were absorbed to
glow-discharged carbon-coated Formar films on copper grids for
60 s. The grids were washed with distilled water and excess fluid
was removed by filter paper. Electron microcope grids were
negatively stained with 0.8 % uranyl acetate for 60 s.
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Fig. 2. Numerically transformed creep measurements [J(f) — G’(®)]
of 25 pM actin at various gelsolin molar ratios (r.g). rac = 900—
7400.

Theoretical basis of the actin/gelsolin polymerization. The
mathematical model of Coppin [21] was used to describe actin
polymerization in the presence of gelsolin. This approach allows
the prediction of the qualitative and quantitative distribution of
the actin-filament length over time. Assuming that gelsolin
blocks the barbed end of an actin filament, polymerization oc-
curs only at the pointed end (k, 0.6 umol™' s™' k_ 0.4 s "). We
used 25 uM actin at various ratios of gelsolin to determine the
filament length numerically (Fig. 2).

RESULTS

Frequency-dependent measurements. Prior to frequency mea-
surements, 10 uM actin was polymerized in the presence of gel-
solin at a molar ratio of 2000:1, to restrict the actin-filament
contour length to 5—6 pm ([22, 32]; Fig. 2). Results of studies
to determine the elastic portion [G'(w)] and the viscous portion
[G”(w)] of the actin-gelsolin gel in the presence of filamin are
shown in Fig. 3.

When measuring the elastic and viscous portions of the gel,
in the presence and absence of filamin at a molar ratio of 300:1,
(Fig. 3A) we observed no significant changes in the logarithmic
plot. Thus, a relative increase in the plateau region (<0.1 Hz)
of about 15% was calculated. When the molar ratio was changed
to 100:1 (Fig. 3B) marked changes occurred. On examination
of the plateau region, we determined a relative increase in G'(w)
and G”(w) of about 60%. Ruddies et al. [11] reported an
increase in viscoelastic parameters in the plateau region of
greater than 100% in the absence of gelsolin. At a molar ratio
of 50:1 (Fig. 3C), the viscoelastic changes were even more
drastic; an increase by a factor of 4—5 was observed.

An aspect of filamin-actin cross-linking was detected at fre-
quencies around 0.1 Hz, indicating internal-chain dynamics. In
double-logarithmic plots, the slope of G’ is constant, [G'(w) =
"] at frequencies above 0.1 Hz, with the slope of G” decreas-
ing with increasing filamin concentration. An actin-gelsolin
solution polymerizes at G”{(w) = (w*) with ¢ = 0.80. Thus, in
the presence of filamin at molar ratios of 300:1, 100:1 and
50:1, at @ = 0,79, 0,68 and 0,45, respectively. The reduction of
the w dependence of the loss modulus G” in the internal dy-
namic region could be explained by the high number of cross-
linking points within the contour length of single filaments,
which lower the energy dissipation.

This result is consistent with light-microscopic and rheologic
observations of actin networks in the presence of talin. Kauf-
mann et al. [23] detected actin filaments with an average length
of about 4 pm and 14 pum in the presence and absence of talin,
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Fig. 3. Frequency measurements G'(w) and G”(®) of actin and gel-
solin at different filamin concentrations. <, control experiments with
10 pM actin at a molar ratio to gelsolin of 2000: 1. The molar ratios of
actin/filamin (+) were 300:1 (A), 100:1 (B) and 50:1 (C). The logarith-
mic plot show relative changes of about 15% (A), about 60% (B) and
by a factor of 4—5 (C).

respectively. Ruddies et al. [24] reported that actin filaments in
the presence of talin polymerize at G”(w) = @®*. Thus, the
presence of talin caused a significant decrease in the effective
segment length of actin filaments.

Creep measurements. Creep measurements were performed in
the presence and absence of filamin to evaluate the time-depen-
dent deformation of actin gels. The transient function J(¢) yields
more reliable values for the viscoelasticity of actin networks at
longer times than do the dynamic moduli G'(w) and G”(w).
Fig. 4 A shows examples of time-dependent measurements of the
creep [J(#)} of pure actin and actin in the presence of filamin at
molar ratios of 1:200 and 1:40. Results from these experiments
indicate that the presence of filamin greatly reduces the creep.
The cross-linking of actin filaments by filamin and the subse-
quent restriction of filament diffusion reduce the motility of ac-
tin filaments in the network. At high filamin concentrations, the
mobility of actin filaments was limited insofar as the viscoelastic
properties show macroscopic features similar to those of a solid
state.

Another way to measure the viscoelastic properties of cross-
linked polymers is by creep recovery [J.(f)]. Fig. 4B shows pure
actin and actin/filamin at a molar ratio of 1:50, for which the
creep was measured for 200 s and then switched off. The recov-
ery of the actin network in the presence of filamin was almost
100%, while in the absence of filamin it was less than 100%.
The difference can be explained by the much greater ability of
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Fig. 4. Time dependence of the creep (deformation) of actin-filamin
networks. The average contour length of actin was controlled by an
actin to gelsolin molar ratio of 2000:1. (A) Double logarithmic plots of
the J(#) in the absence of filamin (&) and in the presence filamin at
actin/filamin molar ratios of 200:1 (+) and 40:1 (). (B) Linear pre-
sentation of the J(¢) at less than 200 s and J(f) at greater than 200 s in
the absence of filamin (<) and in the presence of filamin at an actin/
filamin molar ratio of 50:1 (+). The y-axis scale is fivefold lower for
results of experiments in the absence of filamin.

filamin cross-linked actin networks to retain elastic energy that

is due to deformation, compared with pure actin networks. Such

behavior can only be observed when the absolute deformation
of networks is very small, i.e. when it is in the linear viscoelas-
ticity range, which otherwise would lead to the disruption of the
actin network [9].

Polymerization measurements. Measuring actin polymeriza-
tion by various methods showed that the presence of filamin has
little effect on the promotion of actin assembly [23, 24]. Hou et
al. [8] observed, with 12—120 uM actin in the presence of fi-
lamin at a molar ratio of greater than 210:1, the formation of
isotropic actin networks; at molar ratios of less than 140:1 ani-
sotropic, laterally associated actin bundles were observed. We
used rheology to verify these findings.

Polymerization of 3, 5 and 7 uM actin in the presence and
absence of filamin at a constant molar ratio was performed in
the rheometer. The viscoelastic parameters are described by the
complex shear modulus |G*|, which is a measure of the resis-
tance of the solution versus the oscillatoric deformation charac-
terized by its stiffness [27], and the phase shift ¢, which indi-
cates whether the gel is more viscous (¢ approached n/2) or
elastic (¢ approaches 0). Fig. 5 shows the effect of filamin on
actin polymerization. In the absence of filamin, a steady state
was reached with increasing actin concentration. At 3 uM actin,
the presence of filamin had little influence on |G*|; however, at
5 uM and 7 uM actin, significant changes were observed. The
time dependence of ¢ at 7 uM actin is particularly interesting at
t less than 1000 s. A constant phase was observed with pure
actin, and a continuously reduced phase was observed with actin
in the presence of filamin. This was probably due to the mixture
of actin networks and bundles, which form shortly after the on-
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Fig. 5. Time dependence of |G*| and ¢ of actin polymerizing at different actin concentrations. Experiments were performed in the absence (<)
or presence (+) of filamin at molar ratios of actin/filamin of 100:1, at actin concentrations of 3 uM (A), 5 uM (B), and 7 uM (C). Only every

fourth data point measured is shown.

set of polymerization. When the bundles were short, they had
no influence on actin entanglement and, therefore, did not con-
tribute to the viscosity of the solution. With progressing poly-
merization, however, the length of filament bundles grow and
start to cross-link, building a network which is likely to be stiffer
than a network of single filaments. This might explain why the
stiffness of actin solutions in the presence of filamin increased
over longer periods of time (r > 1000 s).

Electron microscopy. Electron microscopy was used to exam-
ine the microstructural change in the actin-filament network
caused by filamin. Three images of the same actin-gelsolin con-
centration, and at actin/filamin ratios of 300:1 and 20:1, and in
the absence of filamin are shown in Fig. 6.

Fig. 6 A shows that there is little change in the organization
of the actin network compared with the control. Only a few
density fluctuations of the network were observed, which are
indicative of microgel formation [28, 29]. At low filamin con-
centrations, signs of actin-bundle formation were found. This
changed dramatically at high filamin concentrations Fig. 6 B. In
addition to an actin network of low spatial density, a macro-
scopic network of actin bundles could be recognized.

DISCUSSION

The actin network provides a versatile model with which to
study the fundamental properties of gels. In a living cell, a large

number of structural and regulatory actin proteins exist, enabling
the cell to modity its network and control its shape and motility.
These proteins include filamin and gelsolin, each of which in-
teracts with actin in its own way. It is possible that the ability
of filamin to cross-link actin filaments allows the cell to resist
deformation, and that the small amounts of gelsolin in cells very
subtly regulate the polymerization of actin. An important factor
in these processes is that most components seem to attach with
a low affinity, which normally does not exceed K, values of
1puM at ambient temperature [13]. Thus, by employing a
multitude of components that interact with modest affinities, the
cell gains a high degree of viscoelasticity.

Here we studied filamin and gelsolin to examine changes in
the viscoelastic behavior of actin filaments of constant mean
length. These results were compared with previous findings of
Zaner [10], and Ruddies et al. [11] of random-length actin fila-
ments cross-linked with filamin. Actin filaments of random
length form heterogeneous gels, which consist of clusters of
cross-linked short chains that are interconnected by long chains.
Tempel et al. [30] described this structure as the consequence of
the slow generation of actin trimers, which act as nuclei for the
polymerization process. It leads to the initial formation of very
long chains, which cannot effectively entangle due to their semi-
flexibility. Subsequently, shorter chains form that are cross-
linked among themselves and coupled to long chains. Because
of the fast diffusion of short chains, the gelation is associated
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Fig. 6. Negative-staining electron micrographs of actin-filamin networks in the presence of gelsolin. 10 uM actin in the presence of gelsolin
(2000:1) at a molar ratio to filamin of 300:1 (A), 20:1 (B), and in the absence of filamin (C). Bar = 3 pm.

with local phase separation. A microgel composed of clusters of
interconnected short chains coupled by long filaments results,
which can be characterized by the size of the mesh. Electron
micrographs (Fig. 6) indicate that the gel is a homogeneous
network at a Jow molar ratio of filamin cross-linking. Regions
of more densely packed and highly cross-linked actin filaments

increase with higher filamin concentration, and at a very high
degree of cross-linking complete separation into bundle struc-
tures and dilute solution of residual filaments occur.

The present study shows that the gelation of networks of
semiflexible actin filaments passes through the same sequence
of transitions as do synthetic gels at increasing degree of cross-
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Fig.7. Hypothetical phase diagram of actin-filamin networks based
on kinetic measurements. The abscissa represents increasing filamin
concentration at constant actin/geisolin molar ratio, and the ordinate the
rate of crosslinking/bundling [,] of the actin-filamin complex [33]. The
dividing line depicts the imaginary phase boundary between the solid
and gel state. With increasing temperture, k, and, subsequently, the
crosslinking/bundling activity increase. With increasing {filamin] at con-
stant {actin] a tighter actin-filamin network is observed.

linking [31]. Since bundle formation is also induced by another
actin cross-linker, a-actinin [30, 32], we believe that this beha-
vior observed with filamin might account for actin-cross-linking
proteins in general (Fig. 7). As the dissociation/association equi-
librium of an actin/filamin system easily shifts to the side of
association by adjusting the fraction of polymerizable actin [33,
34], the sensitive dependence of the gel point on the actin con-
centration and on the actin-filamin ratio provides the cell with a
mechanism to regulate its shape and movement. Further, it is
possible that several other actin-binding proteins affect the vis-
coelasticity of actin gels, but evidence that these proteins influ-
ence the mechanics of cells has been shown in only a few cases
[35—37]. Using a rheometer over a wide frequency range
(>50 Hz) could help to define the role of actin-binding proteins,
by providing information on the elastic modulus or response of
the cell to the applied shear, i.e. the cell’s dynamic energy (G”),
the viscous modulus (G”), i.e. the cell’s stored energy, and the
creep [J(9)], i.e. the cell’s elastic energy over a period of time,
or its ability to sustain stresses. This non-invasive method has
some advantages in that the shear strain imposed is unlikely to
damage the cell, and the viscoelastic response is due to deforma-
tion of a collective cell mass rather than of individual cells, as
is the case with atomic force microscopy [35].
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