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Abstract

Actin-crosslinking proteins organize actin filaments into dynamic and complex subcellular scaffolds that orchestrate important
mechanical functions, including cell motility and adhesion. Recent mutation studies have shown that individual crosslinking pro-
teins often play seemingly non-essential roles, leading to the hypothesis that they have considerable redundancy in function. We
report live-cell, in vitro, and theoretical studies testing the mechanical role of the two ubiquitous actin-crosslinking proteins, a-ac-
tinin and fascin, which co-localize to stress fibers and the basis of filopodia. Using live-cell particle tracking microrheology, we show
that the addition of a-actinin and fascin elicits a cell mechanical response that is significantly greater than that originated by a-ac-
tinin or fascin alone. These live-cell measurements are supported by quantitative rheological measurements with reconstituted actin
filament networks containing pure proteins that show that a-actinin and fascin can work in concert to generate enhanced cell stiff-
ness. Computational simulations using finite element modeling qualitatively reproduce and explain the functional synergy of a-ac-
tinin and fascin. These findings highlight the cooperative activity of fascin and a-actinin and provide a strong rationale that an
evolutionary advantage might be conferred by the cooperative action of multiple actin-crosslinking proteins with overlapping
but non-identical biochemical properties. Thus the combination of structural proteins with similar function can provide the cell with
unique properties that are required for biologically optimal responses.
� 2005 Elsevier Inc. All rights reserved.
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Upon association with actin filaments, actin-cross-
linking proteins promote the formation of entangled ac-
tin filament networks and bundles that provide
mechanical elasticity to support various cellular activi-
ties [1,2], including membrane protrusions, cell motility,
and cell adhesion, through the formation of specialized
cyto-architectures, including stress fibers [3–5], dorsal
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arcs [6], concave or convex bundles [7,8], geodesic arrays
[9–12], and loose meshworks [13–15]. The formation of
these complex architectures seems to be dictated by
the type of actin-crosslinking protein and protein stoi-
chiometry controlled by the expression in actin and
crosslinking proteins, the kinetics of actin polymeriza-
tion, and the regulation of crosslinking activity. The
modulation of actin-crosslinking proteins is critical
during embryonic tissue development; for example,
deficiency of a-actinin-3 leads to muscular dystrophy
[16]. The expression levels of several actin-crosslinking
proteins is also correlated with cell tumorigenicity [17].
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Smooth muscle a-actinin is a known transformation-
sensitive marker in NIH3T3 and rat-2 cells [18]; in sim-
ian virus 40-transformed 3T3 cells, over-expression of
a-actinin suppresses tumorigenicity [19]. Fascin expres-
sion also correlates with cell transformation and inva-
siveness [20]; for example, fascin is undetectable in
normal epithelium, but is dramatically up-regulated in
colorectal adenocarcinoma [21]. Together, these results
suggest that the modulation of actin-crosslinking pro-
teins plays a determinant role in cell function and, given
the structural function of F-actin crosslinkers, in cell
mechanics.

Over the past three decades, more than 23 different
classes of proteins have been shown to crosslink F-actin
[22]. Whether these crosslinking proteins with seemingly
similar function have redundant or unique structural
properties remains in dispute. The specialized subcellu-
lar localization of many F-actin crosslinkers suggest that
each of these auxiliary proteins may play a unique role
in orchestrating the dynamic organization of actin archi-
tectures that coordinate specific cellular activities. For
instance, Arp2/3 complex is mainly localized to the cell
periphery[23] and spectrin is exclusively localized to the
inner surface of the plasma membrane. These F-actin
crosslinkers can work in concert; for instance, using
Drosophila as a model system, Tilney et al. [24,25] found
that the two actin-crosslinking proteins fascin and
forked play complementary roles in the formation of
specific structures which modulate the morphology of
bristles. However, several lines of evidence suggest that
actin crosslinking proteins have redundant roles. For
instance, actin crosslinkers often co-localize to the same
subcellular organelles, e.g., a-actinin and fascin co-local-
ize to stress fibers and the basis of filopodia along with
several other F-actin crosslinking proteins. Moreover,
several genetic studies have shown that individual cyto-
skeletal components are seemingly not essential, sug-
gesting that there is considerable redundancy in
function [26–29]. Whether the particularly large number
of crosslinking proteins in the same cell reflects function-
al redundancy (to potentially enhance cell survival?) or
that the combination of structural proteins of similar
function provides the cell with unique properties for bio-
logically optimal responses remains unknown.

Actin-crosslinking proteins interact with F-actin
through bivalent actin-binding [30]. The proximal dis-
tance between two actin-binding sites of an actin-cross-
linking protein seems to correlate with the
ultrastructural properties of the actin filament network.
Electron microscopy studies show that filamin, a v-
shaped homodimer with the actin-binding sites located
at the tips separated by a flexible molecular arm, cross-
links F-actin into a loose and mostly orthogonal net-
work at low filamin/actin molar ratios and tight
bundles at high molar ratios [31]. Similarly, a-actinin
has a 40-nm spacer between its two actin-binding sites
and crosslinks actin filaments into loose networks at
low a-actinin/actin molar ratio and tight bundles at high
molar ratios [32,33]. Fascin, a compact actin bundling
protein that has two actin-binding sites within 12 nm
(Almo, unpublished data), forms tightly packed parallel
actin bundles at low fascin/actin molar ratios [34].
Together, these results suggest that the subcellular mor-
phology of actin filament networks is determined partly
by the structural properties of actin-crosslinking
proteins.

Here, we report live-cell, in vitro, and theoretical
studies testing the redundant/synergistic mechanical
roles of two ubiquitous actin-crosslinking proteins, a-ac-
tinin and fascin. Using the method of multiple-particle
tracking microrheology [35–40], we show that the addi-
tion of a-actinin and fascin in live cells elicits a synergis-
tic mechanical response that is significantly greater than
originated by a-actinin or fascin alone. Quantitative rhe-
ological measurements with reconstituted actin filament
networks further support the hypothesis that a-actinin
and fascin can work cooperatively to generate an
enhanced mechanical response. Computational simula-
tions using finite element modeling qualitatively repro-
duce and explain the mechanical synergy of a-actinin
and fascin observed in live cells and in vitro.
Materials and methods

Protein purification. Actin was prepared from chicken skeletal
muscle, gel-filtrated, and purified as described [33]. Mg2+-actin fila-
ments were generated by adding 1 volume of 10· KMEI (500 mM
KCl, 10 mM MgCl2, 10 mM EGTA, and 100 mM imidazole, pH 7.0)
to 9 volumes of G-actin in buffer G (0.2 mM ATP, 0.5 mM DTT,
0.2 mM CaCl2, 1 mM sodium azide, and 2 mM Tris–HCl, pH 8.0). a-
Actinin was purified from chicken smooth muscle as described [41];
fascin was expressed in Escherichia coli and purified as described [34].

Mechanical rheometry in vitro. To measure the mechanical prop-
erties of F-actin solutions in vitro, a cone-and-plate, strain-controlled
rheometer (ARES-100 Rheometrics, Piscataway, NJ) was employed
as described [33]. G-Actin solutions were mixed with fascin, a-actinin
or a mixture of fascin and a-actinin in a test tube; 10· KMEI was
added to each solution, which was immediately loaded onto the lower
plate of the rheometer. At steady state, oscillatory shear deforma-
tions of controlled frequency and amplitude were applied; the in-
phase and out-of-phase components of the stress were then measured
to compute viscoelastic moduli. Here, we report the elastic modulus
G 0 and the phase angle d = tan�1 (G00/G 0), where G00 is the loss
modulus, which characterizes viscous dissipation within sheared
networks.

Cell culture and cell microinjection. Swiss 3T3 fibroblasts obtained
from ATCC (Manassas, VA) were maintained at 37 �C in a humidified
environment containing 5% CO2 in Dulbecco�s modified Eagle�s
medium (DMEM/F12) supplemented with 10% bovine calf serum
(ATCC). Cells were microinjected with yellow-green, fluorescent, car-
boxylate-modified, 100 nm diameter nanospheres (Molecular Probes,
Eugene, OR) using the Eppendorf Transjector 5246 (Brinkmann
Instruments, Westbury, NY) following a method adapted from
Beckerle [42]. After injection of probe nanospheres, cells were washed
with Hanks� balanced salt solution and incubated overnight in serum-
free medium.
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Live-cell particle tracking microrheology. The trajectories of
microinjected nanospheres imbedded in cytoplasm of cells were
recorded using a SIT camera (VE-1000 Dage-MTI, Michigan City, IN)
mounted on an inverted epifluorescence microscope equipped with a
100· oil-immersion lens (N.A. 1.3) (Nikon, Melville, NY) [43]. The
coordinates of individual nanospheres, defined as the intensity-
weighted centroid, were tracked with �5 nm resolution [44]; for each
tested condition, 5–7 cells were probed and the trajectories of a total of
140 nanospheres were tracked. Movies of the movements of the fluc-
tuating nanospheres were captured at a frame rate of 30 Hz for 20 s
using the software Metaview (Universal Imaging, West Chester, PA)
and analyzed using a custom routine incorporated to the software
Metamorph (Universal Imaging) [45]. The cytoplasm is assumed to be
locally isotropic, i.e., the measured trajectories faithfully represent 2D
projections of 3D trajectories, which is reasonable given the Brownian
nature of the probe movements. The mean squared displacement
(MSD), ÆDr2(s)æ, of a nanosphere can be shown [46] to be proportional
to the local compliance, C(s) = 3/2(pa/kBT) ÆDr2(s)æ, of the specimen
due to the small, local random force created by the fluctuating nano-
sphere. Here, kB is the Boltzmann�s constant, T is the absolute tem-
perature, and a is the radius of the probe nanosphere. Local frequency-
dependent elastic modulus G 0(x) and loss modulus G00(x) were com-
puted from individual MSD traces as described [47]. Neglecting inertial
effects which only matter at MHz frequencies and assuming that the
fluid surrounding the probe particles is incompressible, the viscoelastic
spectrum G(s), which is derived from a generalized Langevin equation
for the motion of the nanosphere, is G(s) = (2/3)kBT/pasÆDr2(s)æ. Here,
s is the Laplace frequency and ÆDr2(s)æ is the unilateral Laplace
transform of ÆDr2(s)æ. The elastic modulus G 0(x) and loss modulus
G00(x) are the real and imaginary parts, respectively, of the complex
viscoelastic modulus Gd(x), which is the projection of G(s) in Fourier
space [47]. Shear viscosity was evaluated as the product of the plateau
modulus at high frequencies and the relaxation, i.e., the inverse of the
frequency at which G 0 and G00 were equal at low frequencies (see also
[37–39]).

We have extensively tested MPTM on standard fluids and cyto-
skeleton networks in vitro. Quantitative agreement has been obtained
between the viscoelastic moduli measured by conventional rheometry
(using a strain-controlled rheometer) and those calculated from the
MSD�s of nanospheres imbedded in those standard fluids [44,47]. In
particular, we verified that negatively charged, microinjected latex
nanospheres did not undergo directed (motor-protein-driven) motion
within cytoplasm [35,38]. Unlike those obtained with positively
charged and endocytosed nanospheres, viscoelastic moduli calculated
from negatively charged nanospheres were independent of their
diameter [35]. These nanospheres showed extremely little non-specific
binding to cell extracts as assessed by SDS–PAGE and a total protein
assay [35]. We verified that cells were viable for at least 48 h after
microinjection and that nanospheres were (somewhat evenly) split
between daughter cells during cell division [35]. Moreover, microin-
jected nanospheres dispersed evenly throughout the cell, which permits
a global characterization of the mechanics of a single cell (see Fig. 1A).
These nanospheres are the same ones that we used previously to
demonstrate the feasibility of particle tracking microrheology on
standard fluids.

Fluorescence microscopy and actin filament organization in cells. Cell
cultures were washed with PBS and fixed in 2.5% paraformaldehyde
for 1 h. They were then washed with PBS and the cell membrane was
pemeabilized by treatment with a 0.1% solution of Triton X-100 in
PBS for 10 min. After rinsing with washing buffer (2% FCS), the cells
were fixed in 10% FCS PBS and incubated in a 50 ng/ml solution of
Alexa Fluor phalloidin (Molecular Probes) for 2 h. Cytoarchitecture of
cells was visualized with a Nikon TE3000 inverted epifluorescence
microscope, using a Nikon 100· Planfluor oil immersion objective
(N.A. 1.3). Images were captured using a CCD camera (Hammamatsu,
Bridgewater, NJ) controlled by the Metamorph/Metaview imaging
software.
Confocal microscopy of reconstituted F-actin networks. To stain
F-actin for fluorescence microscopy, 10 ll of 6.6 lM rhodamine
phalloidin (Molecular Probes, Eugene, OR) in methanol was
deposited on the microscopy chamber (PC20 CoverWell, Grace
Biolab, Eugene, OR), and left to dry for 10 min [44]. G-actin
samples suspended in a fluorescence buffer (1 mM MgCl2, 50 mM
KCl, 10 mM imidazole, pH 7.0, 100 mM DTT, 10 nM EDTA,
0.018 mg/ml catalase, 1 mg/ml glucose oxidase, and 3 mg/ml glu-
cose) were placed immediately into the chamber well, mounted with
a glass slide, and allowed to polymerize overnight at 4 �C. Samples
were examined via a 100· oil-immersion objective (N.A. 1.3) with a
Nikon PCM 2000 laser-scanning confocal system attached to a
Nikon TE300 inverted microscope. Twenty optical sections collect-
ed, 0.5 lm apart, were combined to produce maximum projections
of the actin gels using the software SimplePCI (Compix, Cranberry
Township, PA).

Computer modeling. Calculations were performed using finite ele-
ment analysis using the commercial software ABAQUS 5.8-16 (HKS,
Providence, RI). Geometrically nonlinear static analysis (large defor-
mations, no mass inertia) was conducted, where Newton�s method was
used for convergence of the equilibrium equations. Using Euler-Ber-
noulli beam elements, filaments and bundles were modeled as linear
elastic fibers with YounG�s modulus of 2.6 GPa and Poisson�s ratio of
0.4 [48]. Perfect connection (i.e., no slip) was assumed between any two
crossing fibers. A small axial pre-tension (1% of the total length) was
assumed to engage the filament�s axial stiffness. The ends of the fila-
ments and bundles were pinned after the application of the pre-tension.
The total out-of-plane loading was constant for all simulations and
uniformly distributed on the fibers.
Results

Functional synergy of crosslinking protein a-actinin and

bundling protein fascin in live cells

To test the mechanical function of individual F-actin
crosslinkers and their possible synergistic function in
live cells, we investigated the changes in the mechanical
properties of Swiss 3T3 fibroblasts upon microinjection
of a-actinin, fascin or mixtures of a-actinin and fascin.
Live-cell viscoelastic properties were measured in situ
via multiple-particle tracking microrheology (MPTM)
(Fig. 1A). This method transforms measured Brownian
displacements of nanospheres imbedded in cytoplasm
into local viscous and elastic moduli. The time-depen-
dent coordinates [x (t),y (t)] (t, elapsed time) of the cent-
roids of individual 50 nm-radius nanospheres were
video-tracked with 5 nm spatial resolution and 33 ms
temporal resolution (Figs. 1A and B), transformed
into mean squared displacements (MSDs), ÆDr2(s)æ =
Æ[x (ts) � x (t)] 2 + [y (ts) � y(t)]2æ (s, time scale or time
lag) (not shown), and then transformed into compliance
(i.e., deformability) profiles (Fig. 1C) and frequency-de-
pendent viscoelastic moduli (not shown). The MSD of
individual nanospheres is proportional to the local
deformation (i.e., compliance) of the cytoplasm in re-
sponse to the small local force created by the fluctua-
tions of the probe nanosphere [46]. Details about
MPTM can be found in [35,49]. These papers offer a
thorough description of control experiments involving



Fig. 2. Intracellular compliance of fibroblasts microinjected with the
F-actin crosslinking/bundling proteins fascin, a-actinin, or both. (A)
Mean shear compliance of the cytoplasm of either control cells or cells
injected with purified a-actinin, fascin, or a 50/50 mixture of a-actinin
and fascin. (Inset) Exponent a of the effective power-law increase of the
elasticity versus frequency, G 0 � xa, over the 1–100 rad/s frequency
range. (B) Mean shear compliance evaluated at 0.5 s (left column) and
5.0 s (right column) of cells injected with a-actinin, fascin, or both.

Fig. 1. Particle tracking microrheology of live fibroblasts. (A) Live-cell
particle tracking microrheology: DIC micrograph of a cell plated on
poly-L-lysine superimposed to a fluorescence micrograph of the
trajectories of 0.1 lm-diameter PS nanospheres injected. The thermally
excited motion of the nanospheres is monitored via multiple-particle
video tracking. For illustration, the displacements are transformed into
compliance and color coded according to their amplitude (soft, large
compliance, stiff, small compliance measured at 20 s). The scaling bar
represents 20 lm. (B) Typical trajectory of a nanosphere undergoing
Brownian motion in a control cell. (C) Corresponding local compli-
ance computed from the mean squared displacement (MSD).
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nanospheres of different sizes and surface charges. In
particular, specific and non-specific interactions between
cytoplasmic cell extracts and the nanospheres were ver-
ified to be negligible. Measured mechanical properties
were highly reproducible, exhibiting cell-to-cell varia-
tions as large or smaller than the differences between lo-
cal moduli within a cell; mock injections of the
microinjection buffer produced no measurable changes
in cell mechanics (data not shown) [35]. Moreover, the
motion of the nanospheres was verified to be purely
Brownian, i.e., not directed (potentially) by motor pro-
teins [50].

We investigated the effect of exogenous F-actin cross-
linking and bundling proteins in serum-starved cells [39].
We found that serum-starved cells co-injected with a-ac-
tinin and fascin were significantly stiffer (i.e., less com-
pliant) than a-actinin-injected cells, which in turn were
stiffer than fascin-injected cells and control cells (Figs.
2A and B). This mechanical hierarchy suggests that
crosslinking proteins a-actinin and fascin can work in
concert to provide cells with enhanced mechanical
strength. Compliance profiles displayed typically a shal-
low slope at short time scales and a steep slope at long
time scales (Fig. 2A). Compliance profiles were trans-
formed into frequency-dependent viscoelastic moduli
as described [47] (see Materials and methods). Cells
co-injected with a-actinin and fascin exhibited elastic
moduli that were significantly higher than those of cells
injected with fascin or a-actinin alone (Fig. 3A). These
results indicate that a-actinin and fascin can function
synergistically to provide cells with enhanced elasticity.

Microinjected fascin and a-actinin modulated not
only the elasticity of the cytoskeleton but also its shear
viscosity (Fig. 3B). The relative magnitude of viscosity
to elasticity is evaluated by the phase angle, which deter-
mines whether a material behaves like a Hookean solid
(d = 0�), a viscous liquid (d = 90�), or a viscoelastic ele-
ment (0� < d < 90�) [51]. The ratio of the viscous modu-
lus to elastic modulus of cells co-injected with fascin and
a-actinin, which was similar to that of control cells, was
intermediate between that of the cells injected with fas-
cin alone, which were strongly solid-like, and the cells
injected with a-actinin alone, which were more liquid-
like (Fig. 3C and Table 1). Hence, cells co-injected with



Fig. 3. Intracellular vicoelastic properties of fibroblasts microinjected with fascin, a-actinin, or both. (A) Mean elastic modulus evaluated at a
frequency of x = 1 Hz (= 6.2 rad/s) of cells injected with a-actinin, fascin, or both (six cells, total probed nanospheres is 140). (B) Mean viscosity of
either control cells or cells injected with a-actinin, fascin, or both. For comparison, the viscosity of water is 0.01 P. (C) Mean phase angle between
elastic and loss moduli, d = tan�1 (G00/G 0), evaluated at 10 Hz (left column) and 0.1 Hz (right column) of either control cells or cells injected with
a-actinin, fascin, or both. The phase angle of a viscous liquid is 90� and that of a Hookean solid is 0�.

Table 1
Viscoelastic moduli of Swiss 3T3 cells and cytoskeletal filament networks

In vitro Elasticity
(dyn/cm2)b

Phase angle
(deg)b

Frequency-
dependencec

Live cell Elasticity
(dyn/cm2)d

Phase angle
(deg)d

Frequency-
dependencec

F-actina 12 ± 3 29 ± 5 ++ Control cells 80 ± 20 25 ± 5 ++
F-actin + a-actinin 440 ± 20 20 ± 3 +++ Cells + a-actinin 190 ± 30 29 ± 6 +++
F-actin + fascin 85 ± 8 12 ± 3 + Cells + fascin 120 ± 25 9 ± 2 +
F-actin + fascin + a-actinin 990 ± 75 15 ± 2 ++ Cells + fascin + a-actinin 240 ± 35 19 ± 4 ++

a Actin concentration was 24 lM � 1 mg/ml; a-actinin, fascin + a-actinin concentrations were 1.2 lM.
b Elasticity and phase angle in vitro were measured by applying an oscillatory deformation of 1 rad/s frequency and 1% strain amplitude.
c As measured by the frequency dependence of G 0(x) over the range 1–100 rad/s.
d Elasticity and phase angle in live cells were evaluated at 1 rad/s using MSD measurements as described in the text.

Y. Tseng et al. / Biochemical and Biophysical Research Communications 334 (2005) 183–192 187
a-actinin and fascin are stiffer than cells injected with
a-actinin and fascin separately and display an intermedi-
ate viscoelastic character, which is close to that dis-
played by control cells.

The local dynamic response of cytoplasm was
assessed through the time-dependence of the compli-
ance profiles and, equivalently, the frequency depen-
dence of the elastic modulus. A strong frequency
dependence of G 0(x) or strong time-dependence of
the compliance profile indicates that the (small) stress
created by the nanosphere�s fluctuations relaxes and
dissipates rapidly presumably due to rapid macromo-
lecular motion in the vicinity of the probe nanospheres.
Vice versa, weak frequency dependence of G 0 signifies
that fluctuating stresses in the vicinity of the probe
nanospheres are not rapidly dissipated. The time-de-
pendence of the compliance in cells co-injected with
both a-actinin and fascin was intermediate between
that of a-actinin-injected cells and fascin-injected cells
(Fig. 2A). The elasticity of cytoplasm was frequency-
dependent at low frequencies and mostly independent
of frequency at high frequencies, i.e., cells resist high
rates of deformations effectively, but do not resist
deformations that are applied slowly. Similarly, the fre-
quency dependence of the elastic modulus indicated
that cytoplasmic dynamics was greatest in a-actinin-in-
jected cells and lowest in fascin-injected cells. Cells co-
injected with both a-actinin and fascin exhibited an
elasticity that had a frequency dependence, G 0(x) � xa,
which was intermediate. Hence, the rate-dependent re-
sponse of hybrid cells microinjected with both a-actinin
and fascin is intermediate between the responses of
a-actinin-injected cells and fascin-injected cells.

Functional synergy of a-actinin and fascin in vitro

To begin to understand the origin of the synergistic
enhancement of cell stiffness by the actin crosslinking
proteins a-actinin and fascin, we turned to F-actin net-
works reconstituted with pure proteins. The mechanical
behavior of F-actin networks in the presence and ab-
sence of a-actinin and fascin was tested in vitro using
rheometry, which measures viscoelastic moduli by com-
puting the in- and out-of-phase components of the stress
induced within the networks by applied oscillatory
deformations [51]. To allow a more direct comparison
of rheological measurements in vitro with MPTM mea-
surements in live cells presented above, rheometric mea-
surements were conducted at very small deformation
amplitudes (=1%). Both MPTM and small-deformation
rheology measure frequency-dependent moduli in the
so-called linear regime for which moduli are
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independent of the deformation amplitude [47]. Rheo-
metric measurements therefore complement our previ-
ous measurements of reconstituted F-actin/a-actinin/
fascin networks obtained at large deformation ampli-
tudes [52,53]. In the absence of associated proteins,
F-actin networks formed in vitro exhibited poor
mechanical resilience and low elasticity (Fig. 3A and Ta-
ble 1) [54]. As expected from previous work, a-actinin
and fascin separately enhanced the stiffness of F-actin
networks in vitro (Figs. 4A and B) [34]. However, F-ac-
tin networks containing both fascin and a-actinin were
much stiffer than F-actin networks bundled/crosslinked
by the same amount of a-actinin or fascin alone over a
wide range of protein concentrations (Fig. 4B).

The behavior of actin filament networks was further
examined by systematically varying the molar ratio of
fascin to a-actinin, which exhibited a maximum in net-
work stiffness between the minima displayed by pure
F-actin/fascin and F-actin/a-actinin networks (Fig 4B).
The elasticity of F-actin/a-actinin/fascin networks with
a 1:1 molar ratio of fascin and a-actinin was between
30 and 200 times higher than that of pure F-actin,
5–14 times higher than that of F-actin/fascin networks
and 1.5–3.5 times higher than that of F-actin/a-actinin
networks (Fig. 4B).

Reconstituted actin filament networks crosslinked
and bundled by a-actinin and fascin showed an interme-
diate viscoelastic character. Fascin decreased the phase
angle of F-actin/a-actinin networks in vitro from �20�
to 15�, i.e., when combined, fascin and a-actinin pro-
duced networks that are more liquid-like than fascin-
crosslinked networks, but more solid-like (more elastic
than viscous) than a-actinin-crosslinked networks
(Table 1). These observations indicate that the cytoskel-
eton of living cells and F-actin/fascin/a-actinin networks
assembled in vitro form structures that are similarly less
Fig. 4. Synergistic enhancement of the elasticity of reconstituted actin filamen
networks in the presence of increasing concentration of fascin (lower curve), a
actin/a-actinin/fascin networks for molar ratios of fascin-to-actinin ranging fr
elasticity versus frequency, G 0 � xa, over the 1–100 rad/s frequency range. T
applying an oscillatory shear of 1 rad/s frequency and 1% amplitude. Th
constant and equal to 0.96 lM in (B,C). Actin concentration was 24 lM in
dissipative than F-actin/a-actinin networks. The
findings are of biological significance because a reduced
dissipation in the actin cytoskeleton under mechanical
stress allows, for instance, actin polymers to effectively
transmit propulsive forces generated by actin assembly
at the leading edge of motile cells [55]. These results
show that a-actinin and fascin can synergistically
enhance the stiffness of F-actin networks in vitro and
endow F-actin networks with an intermediate viscoelas-
tic character, in a manner similar to that observed in live
cells.

The mobility of filaments in reconstituted F-actin net-
works in the presence of fascin and a-actinin was inter-
mediate between that in the presence of a-actinin and
fascin separately. Polymer mobility was assayed in vitro
by applying (small) oscillatory deformations of increas-
ing frequency and measuring the frequency dependence
of the elastic modulus, G 0(x), in the linear regime of
small deformations, the regime tested by the live-cell
PTM assay. A high frequency-dependence for G 0(x)
indicates that filaments are able to relax the stress pre-
sumably by diffusion [56]; in contrast, a weak frequen-
cy-dependence of the modulus indicates that individual
filaments are highly constrained and do not readily
move relative to the local filament network and there-
fore cannot relax stresses rapidly. This is the classical
interpretation of frequency-dependent moduli profiles
for polymer networks [56]. The dynamics of actin net-
works, measured by the frequency dependence of G 0,
was greater in networks crosslinked by a-actinin than
in networks crosslinked by fascin or networks cross-
linked by both a-actinin and fascin (Fig. 4C and Table
1). These in vitro micromechanical measurements there-
fore qualitatively agree with the trends exhibited by the
cytoskeleton of live cells, and demonstrate that cross-
linking proteins can work in concert to enhance the
t networks by combining a-actinin and fascin. (A) Elasticity of F-actin
-actinin (intermediate curve), or both (upper curve). (B) Elasticity of F-
om 1:0 to 0:1. (C) Exponent a of the effective power-law increase of the
he elasticity and the phase angle of each network were measured by

e total concentration of auxiliary proteins, [fascin] + [a-actinin], was
all experiments.
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mechanical response of F-actin networks and produced
networks with intermediate dynamical properties.

Origin of mechanical synergy of crosslinking and bundling

proteins: a computational model

We hypothesized that the origin of the mechanical
synergy of a-actinin and fascin observed in live cells
and in reconstituted actin filament networks was due
to the mixed organization of actin filaments in bundles
and crosslinked networks directed by these proteins.
Fascin crosslinks actin filaments into highly ordered
parallel bundles [57,58] readily; a-actinin crosslinks ac-
tin filaments into orthogonal arrays at low concentra-
tions and into disordered bundles at high
concentrations [59]. Fluorescence microscopy showed
that cells co-injected with a-actinin and fascin displayed
both F-actin bundles (also prominent in fascin-injected
cells), and a dense orthogonal meshwork intertwined
with loose bundles (also prominent in a-actinin-injected
cells) (Figs. 5A and A00). Confocal microscopy of recon-
stituted actin filament networks in the presence of
a-actinin and fascin showed straight bundles (predomi-
nantly present in F-actin/fascin networks) and a
combination of orthogonal meshworks and loose
Fig. 5. Actin filament organization in cells microinjected with fascin, a-acti
networks. (A,A00) Fluorescence micrographs of cells injected with a-actinin (
(B,B00) Confocal micrographs of actin filament networks in the presence of a
30 lm.
bundles (predominantly present in F-actin/a-actinin net-
works) (Figs. 5B and B 0).

To examine the hypothesis that bundles and cross-
linked filaments act synergistically to enhance network
stiffness, we utilized a highly simplified computer model
of crosslinked cytoskeletal networks (see Materials and
methods). The amount of material employed was con-
stant and equal to 100 · 100 actin filaments for all sim-
ulated F-actin network architectures. These filaments
were arranged symmetrically and orthogonally on a
square area of 100 lm2 supported around the outer
edge. The filaments spanned the 100-lm distance as
either individual filaments or as highly packed perfectly
bonded 7 filament bundles (model results were the same
for 19-filament bundles). As Fig. 6 demonstrates, the
out-of-plane stiffness of the network of filaments and fil-
ament bundles is sensitive to the total number of indi-
vidual filaments and filament-bundles. The stiffest
network consists neither all filaments nor all bundles,
rather a mixture of the two provides the optimum stiff-
ness. This mechanical behavior corresponds grossly to
the cases of F-actin + a-actinin, actin + a-actin-
in + fascin, and F-actin + fascin, respectively, which
were considered in our in vitro and live-cell experiments
in which combinations that induced some filament
nin, or both and corresponding organization of reconstituted F-actin
A), fascin (A 0), or both (A00). The scaling bar in A represents 30 mm.
-actinin (B), fascin (B 0), or both (B00). The scaling bar in B represents



Fig. 6. Finite-element analysis of the mechanical response of a
simplified model cytoskeletal ultrastructure containing a mixed
arrangement of individual actin filaments and actin filament bundles.
Bending stiffness measured at a deformation of 0.5 lm applied at the
center of a symmetric, orthogonal array containing on each side either
100, 86, 79, 65, 51, 30, or 2 filaments and, respectively, either 0, 2, 3, 5,
7, 10, or 14 bundles. Each bundle contains seven filaments.

190 Y. Tseng et al. / Biochemical and Biophysical Research Communications 334 (2005) 183–192
bundling and some filament crosslinking provided an
optimum solution, as opposed to individual dopants.
This simple model suggests that a mixed arrangement
of crosslinked filaments and bundles displays an overall
elasticity that is greater than in structures containing
either mostly individual filaments or mostly filament
bundles (Fig. 6).
Discussion

Live-cell microrheology has demonstrated that actin-
crosslinking proteins can work cooperatively to enhance
cell mechanical strength. Rheometric studies of reconsti-
tuted actin networks containing pure proteins and com-
puter modeling suggest the origin of this synergistic
effect. The superior mechanical behavior of mixed actin
networking architectures that direct the assembly of
both crosslinked filament networks and bundles are
much stiffer than those containing only crosslinked
orthogonal networks or only filament bundles. Our re-
sults in vitro are further supported by previous results
with reconstituted actin networks which showed that,
when combined, actin-crosslinking proteins can provide
actin networks with superior resilience and feature en-
hanced strain-hardening under large deformations [52].

Motile cells extend a leading edge via the coordinated
assembly of actin filaments and the organization of these
filaments into resilient networks [2,60]. To prevent rear-
ward movements of the filaments to drive the cell sur-
face forward, polymerizing actin needs to be anchored
to the substratum or crosslinked into stiff structures
[60]. Our results suggest that a-actinin and fascin, which
co-localize to the basis of cellular protrusions, could
work synergistically to crosslink F-actin by exploiting
the orthogonal crosslinking activity of a-actinin and
the filament bundling activity of fascin. Previous work
has shown, however, that F-actin-crosslinkers are capa-
ble of mediating the formation of orthogonal networks
at low concentrations and bundles past a threshold con-
centration [59]. The molar ratio for bundle formation is
�1:150 for a-actinin and �1:500 for fascin, respectively
[34,59,61]. Therefore a high a-actinin concentration
induces simultaneously filament bundling and crosslink-
ing [59], and, according to our computational model,
a-actinin alone could in principle generate high network
elasticity and resilience. However, a-actinin produces
F-actin structures that are less stiff and more dissipative
than networks containing both a-actinin and fascin
(Table 1). This is because a-actinin domain organization
mediates the formation of loose and disorganized, as
opposed to tightly packed, bundles. Similarly, fascin,
an extremely effective bundling protein, crosslinks
filaments into orthogonal networks at extremely low
concentrations [34,62], but rather poorly as measured
by the low elastic modulus of fascin-crosslinked
networks. Hence, filaments crosslinked by fascin or
a-actinin alone would be too dissipative and not suffi-
ciently stiff to prevent filaments� rearward movements
at the basis of cell protrusions. Our experimental and
computational results suggest that it is much more
effective for the actin cytoskeleton to combine bona fide
actin-bundling proteins (e.g., fascin) and bona fide
actin-crosslinking proteins (e.g., a-actinin).

The mechanical properties of tumor cells are expected
to be dramatically different from normal cells as cancer
cells feature a re-organized cytoskeleton and do not de-
pend on adhesion to grow. A common feature of cancer
cells is the loss of protein kinase C (PKC) modulation
[63]. PKC phosphorylates fascin on Ser53 residue [64],
which blocks the actin-crosslinking activity of fascin
[65,66]. The PKC activity also affects its downstream
signaling pathways, which includes PI3 kinase activity
that would alter the PIP2-regulated actin-crosslinking
activity of a-actinin [67]. Hence, in PKC modulation
events, fascin and a-actinin activities are expected to
be regulated simultaneously. Since a-actinin and fascin
work synergistically, the regulation of these structural
proteins is likely to mediate cytomechanical changes
upon cancer cell transformation.

We believe that our observations are of considerable
importance as they suggest the need to re-evaluate the
much-invoked notion of functional redundancy among
cytoskeletal regulatory proteins, in particular the actin-
crosslinking proteins. Numerous genetic studies have
shown that individual cytoskeletal components are not
essential, leading the hypothesis that there is consider-
able redundancy in function [26–29]. The findings
reported here highlight the synergistic activity of fascin
and a-actinin and provide a strong rationale that an
evolutionary advantage might be conferred by the
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cooperative action of multiple actin-crosslinking pro-
teins with overlapping but non-identical biochemical
properties. Thus, the combination of structural proteins
with seemingly similar function can provide the cell with
unique properties that are required for biologically opti-
mal responses.
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