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ABSTRACT Knowledge of the elastic properties of actin
filaments is crucial for considering its role in muscle con-
traction, cellular motile events, and formation of cell shape.
The stiffness of actin filaments in the directions of stretching
and bending has been determined. In this study, we have
directly determined the torsional rigidity and breaking force
of single actin filaments by measuring the rotational Brown-
ian motion and tensile strength using optical tweezers and
microneedles, respectively. Rotational angular fluctuations of
filaments supplied the torsional rigidity as (8.0 = 1.2) x 1026
Nm?. This value is similar to that deduced from the longitu-
dinal rigidity, assuming the actin filament to be a homoge-
neous rod. The breaking force of the actin-actin bond was
measured while twisting a filament through various angles
using microneedles. The breaking force decreased greatly
under twist, e.g., from 600-320 pN when filaments were
turned through 90°, independent of the rotational direction.
Our results indicate that an actin filament exhibits compa-
rable flexibility in the rotational and longitudinal directions,
but breaks more easily under torsional load.

Actin is a major protein involved in a variety of cellular motile
events and in the maintenance of cell shape and form. Deter-
mining its elastic properties in the polymeric state is central to
an understanding of its function (1, 2). Recently, actin fila-
ments have been measured to be several-fold more flexible
longitudinally in vitro (3) and in muscle (4-6) than many
models of muscle contraction have assumed (7). This finding
would seem to require reconsideration of aspects of such
models (8-10). Because of its helical structure, an actin
filament should experience not only longitudinal but also
torsional loads during interactions with myosin (11). To ex-
plain the mechanism of force generation, it is also important
to know the elastic behavior of actin filaments during torsion.
The torsional rigidity of actin filament can be estimated based
on its bending rigidity, assuming the actin filament to be a
homogenous rod (12). However, this assumption is not nec-
essarily correct, because the actin filament is a double-helical
polymer of globular actin monomers (13, 14). Spectroscopic
(12, 15-17) and electron microscopic studies (18) have sug-
gested that the elastic property of an actin filament is largely
anisotropic in the directions of twisting, bending, and stretch-
ing, i.e., the torsional rigidity is much smaller than the bending
and longitudinal ones, assuming the actin filament to be a
homogeneous rod, whereas the normal mode analysis based on
the atomic structure of actin has shown much larger torsional
rigidity than those suggested by these studies (19).
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Here, we have directly determined the torsional rigidity of
actin filaments and the actin—-actin bond breaking force under
torsion by manipulating single actin filaments with optical
tweezers and microneedles, respectively. Developments in
video-assist fluorescence microscopy have enabled direct ob-
servation of single actin filaments labeled with fluorescent
phalloidin in solution (20). We have combined this technique
for observing single fluorescent actin filaments with a method
by which the filaments can be manipulated. The optical
gradient field trap (optical tweezers), based on a highly focused
laser beam, is a useful method to capture and manipulate small
dielectric particles in solution (21, 22). One end of a single
actin filament was bound to a 2-um diameter latex bead caught
in the optical tweezers and the other end was bound to a
coverslip. The actin filament was pulled in the direction
perpendicular to the coverslip and held taut by manipulating
the bead with the optical tweezers. We found that the optical
tweezers act as a frictionless bearing allowing free rotation of
the bead, so that free rotation of actin filaments attached to
trapped beads can be observed while being maintained under
moderate tension. Thus, the rotational Brownian motion of the
bead and its actin tail were directly measured to determine the
torsional rigidity of the actin filament. Microneedles are also
useful for manipulating single actin filaments, especially for
measuring and exerting large force on them (3, 23, 24). Both
ends of a single actin filament were caught by two mi-
croneedles: one fine, for force measurement, and the other
stiff, for rotating and pulling the filament. We measured the
tensile strength of the actin filaments rotated at various angles.
The results indicate that actin filaments are comparably flex-
ible in twist, stretch, and bend but fragile against torsion.

MATERIALS AND METHODS

Actin and myosin were obtained from rabbit skeletal muscle
and purified as described (24). Actin filaments were labeled
with phalloidin-tetramethylrhodamine at the molar ratio of 1:1
and observed by fluorescence microscopy (20). Manipulation
of an actin filament with optical tweezers was performed as
described (25). Fluorescently labeled myosin filaments were
prepared by copolymerizing N-ethylmaleimide-treated myosin
and rhodamine-labeled rod as described (24). To visualize the
angular position (see Fig. 2), transparent polystyrene beads (2
pm in diameter, Polybead Carboxylate Microspheres, Poly-
sciences) were coated with fluorescent (Ex. 530 nm; Em. 560
nm) microbeads (0.01 wm in diameter, FluoSpheres, carbox-
ylate-modified, Molecular Probes) in the presence of ethyl-
enediamine by 1-ethyl-3-[3-dimethylaminopropyl]carbodiim-
ide (EDC)-mediated coupling reaction between carboxyl- and
amino-groups, and then coated with N-ethylmaleimide-treated
myosin to increase the affinity for actin (23).

The fluorescent images of microbeads were videotaped with
a silicon intensified target (SIT) camera (model C2400,
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Fi6. 1. Thermal rotational diffusion of beads without an actin tail
caught in an optical tweezers. Rotational angles of trapped beads were
determined by measuring the position of fluorescent microbeads (0.01
wpm in diameter) projected on the two dimensional photosensor plane
(see Fig. 2b). The laser power measured before introduced into the
objective lens was 10 mW. A solid line indicates that theoretically
expected for a free bead of 2 wm in diameter in solution (see Materials
and Methods for details). Three symbols (e, A, and ¥) are for three
different beads.

Hamamatsu Photonics, Hamamatsu City, Japan) and analyzed
by a computer image processor (Avio/Excel, Nippon Avionics,
Japan). Manipulation of an actin filament with microneedles
a
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was performed according to the method previously described
(23).

RESULTS

Thermal Rotational Diffusion of Beads Caught in an Op-
tical Tweezers. To examine how much frictional drag is exerted
on the rotational motion of beads caught in an optical twee-
zers, the rotational angular diffusion of the beads has been
measured. Fig. 1 shows the relationship between the mean
square angular deviation of beads without actin filaments and
the observation time. Although the rotational motions of
beads should be three-dimensional, the positions of fluores-
cent microbeads attached to the surface of a transparent bead
were projected on a two-dimensional photosensor plane, so
one-dimensional rotational diffusion should be observed (Fig.
2b). The mean square angular deviation increased linearly with
time. Using an equation of one-dimensional rotational diffu-
sion, (6% = 2D, the rotational diffusion constant D, was
0.19 = 0.02 rad>s™! (n = 3) as determined from the slope in
Fig. 1. This value is in good agreement with the value (0.18
rad®s™!) for a free bead of 2 um in diameter in solution
theoretically predicted using an equation, D, = kgT/&, where
kg is the Boltzmann’s constant, 7T is the absolute temperature,
and & is the rotational frictional drag coefficient of a free bead
in water. The good agreement in these results shows that the
optical tweezers act as a frictionless bearing that allows free
rotation of the bead. When moderate tension (<1 pN) was
exerted on the bead with an actin tail by pulling the tail in the
direction perpendicular to the coverslip, the rotational friction
of the bead in an optical tweezers would be also negligible,
because the rotational relaxation time of the bead with an actin
tail was consistent with that estimated from the torsional

FIG. 2. Measurement of the rotational Brownian motion of the bead and its actin tail. (a) Schematic representation of the measurement (not
drawn to scale, see text for details). Optical tweezers act as a frictionless bearing for a trapped bead, so that free rotation of the actin filament
can be observed while the filament is maintained under moderate tension (see Fig. 1). (b) Fluorescent images of the bead, tagged with fluorescent
microbeads and bearing an actin filament tail, undergoing motion. The plane of projection is parallel to that of the coverslip, i.e., perpendicular
to the actin filament axis (see Materials and Methods). Images taken every 2 s are shown.
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(a) Rotational angular fluctuation of a bead attached to a 10-pum actin filament. Data points were taken every six frames (0.2 s). The

rotational relaxation time (&/x) obtained from the autocorrelation function of the data taken at a sampling time of 0.066 s was 2.7 s, and this is
~14-fold shorter than the above sampling time. This rotational relaxation time is consistent with that estimated from the torsional rigidity obtained
later from the variance in rotational angle («) and the theoretical value of the rotational frictional drag coefficient for a free bead (2 wm in diameter)
in water (&) (see ref. 32). (b) Variance in rotational angle as a function of the length of an actin filament. Each vertical bar indicates SEM for 8§
to 12 filaments. Each horizontal bar indicates the range of filament lengths, in which variance was averaged. A solid line indicates the least squares
fit of the data. Data recorded for >180 s were used for analysis of each filament. The sampling time was 0.2-1 s. The results were hardly dependent
of the sampling time in this range. Experiments were performed in a solution containing 25 mM KCI, 5 mM MgCl,, 2 mM ATP, 20 mM Hepes

(pH 7.8), and an oxygen scavenging system (24) at 25 = 2°C.

rigidity of an actin filament and the rotational friction drag
coefficient of a free bead in water (as shown in Fig. 3). Thus,
the free rotation of an actin filament attached to a trapped
bead can be observed while the filament is maintained under
moderate tension.

Torsional Rigidity of Single Actin Filaments. The free end
of a single actin filament labeled with fluorescent phalloidin
was attached to a polystyrene latex bead (2 um in diameter)
and thereby trapped by optical tweezers, while its other end
was rigidly bound to a fluorescently labeled myosin filament
immobilized on a coverslip (Fig. 2a). The center of the bead
was overlapped with the position where the tail end of the actin
filament was bound to the coverslip to make the filament
perpendicular to the coverslip. Then, the actin filament was
pulled in a direction perpendicular to the surface of the
coverslip and held taut by the optical tweezers. It was con-
firmed by monitoring the defocus of the bead image that the

actin filament was taut. The maximum trapping force was
approximately 1 pN. Therefore, the tension exerted on the
bead when the filament was pulled and held taut was less than
1 pN. The rotational Brownian motion of the bead and its actin
tail is shown in Fig. 2b. Fig. 3a shows the rotational angular
fluctuation. Fig. 3b shows the variance of rotational angle,
((6?) for various lengths of actin filaments. The variance is
related to the torsional rigidity, k, through equipartition by
k(6%)/2L = kgT/2, where « is the torsional rigidity per unit
length of the filament and L is the length of the filament (26).
The variances were proportional to the length of filaments, as
expected. Thus, the value of k was yielded as (8.0 = 1.2) X
1072 Nm? (=SEM for 40 different filaments).

Actin-Actin Bond Breaking Force Under Torsion. Next, we
explored the breaking force of single actin filaments under
torsion. Both ends of a single actin filament were caught by two
needles of differing stiffness: one fine, for measuring force, and
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(a) Schematic representation of the measurement of tensile strength. Manipulation of an actin filament and the measurement of tensile

strength were performed as described (23). The actin filament was twisted by rotating the stiff needle with a stepper motor. 6 is the rotational
angle of the actin filament undergoing the rotation under no tension, and 6y is the angle of the filament rotated by the needle. The stiffness of
glass needles was calibrated as described (3, 23). (b) Average tensile strengths of single actin filaments when twisted clock wise (+) and counter
clock wise (—). The length of filaments used was 10 = 2 um. Experiments were performed in the same solution described in the Fig. 2 legend.

Temperature = 25 = 2°C. Bars = SD for 20-150 filaments.

the other stiff, for pulling the filament. The actin filament was
twisted through various angles by rotating the stiff needle,
after which the filament was pulled until it broke. The tensile
strength was determined by measuring the bending of the fine
needle at the point where the filament just broke (Fig. 4a). The
tensile strength greatly decreased when the filament was
twisted, independent of the direction of twist (Fig. 4b).

Fig. 5a shows histograms of tensile strength when filaments
of 10 = 2 um were twisted to a variety of angles between 0° and
360°. The histograms show broad distributions. Since actin
filaments of 10 um would be twisted through tens of degrees
on average due to rotational Brownian motion as discussed
earlier, the broad distributions are most likely due to the
randomizing effect of the rotational Brownian motion on the
actin filaments as follows. When the free end of an actin
filament whose other end had been previously attached to the
fine needle was caught by the stiff needle, the free end should
become attached with some residual twisting angle (6g) due to
rotational Brownian motion. Thus, the tensile strength would
display a distribution of values even if the filament were not
twisted by the needle. The angular distribution due to Brown-
ian motion should be given by a Boltzmann distribution, N =
Noexp(—k0g/2kpTL), where N is the number of filaments with
rotational angle 6z and Nyo = N at 6g = 0° (26). The number
of filaments, N, is shown as a function of tensile strength but
not of the true angle (Fig. 5a). Since average tensile strength
decreases monotonically with increasing rotational angles in
either direction (Fig. 4a), the tensile strength, F, could be
represented as F = Fy — (1/a) |0, where Fy is F at 65 = 0°
and « is some smooth positive function of 6g. Inserting this
equation, N = Noexp{—«a?(Fy — F)*2ksTL}, the histogram
plotted against the tensile strength should be approximately

Gaussian with the center at F = Fj, provided that « is a
relatively smooth function. Actually, the histogram appears
Gaussian (Fig. 5a). Since the tensile strength decreased sim-
ilarly when rotated in either direction (Fig. 4b), F(6g) = F(0°),
the histogram resembles a half Gaussian (Fig. 5a). The un-
twisted tensile strength should be given by the value where N
is maximum in Fig. 5a (i.e., 65 = 0°), 600 pN.

When the actin filament was twisted by the needle, the total
rotational angle should be the sum of the angles due to the
rotational Brownian motion and rotation of the needle, 6 +
On. Invoking to the same interpretation as above, the distri-
bution of tensile strength should be given by N
Noexp{—ka*(Fn — F)*2kgTL}, where Fy is the tensile
strengths at § = 6x. Again, the histograms in Fig. 5 b-e
resemble Gaussians. The tensile strengths when the filaments
are twisted by On, Fy, are supplied by the values where N is
maximum (i.e., O = 0°), 420, 320, 280, and 200 pN at 6 = 45°,
90°, 180°, and 360°, respectively.

Torsional Rigidity Determined from Tensile Strengths Un-
der Torsion. Conversely, the histogram of tensile strength at On
= 0° (Fig. 5a) can be replotted against the thermal rotational
angle, 6g, according to the relationship between the tensile
strength and the twist angle obtained above. The rotational
angular distribution of the filaments is shown in Fig. 5f. The
solid line is the best fit of the data to the Boltzmann distri-
bution, N = Noexp(—«k63/2kgTL). The fit gives the torsional
rigidity, «, as 6.7 X 1072 Nm?2. Thus, consistent values of the
torsional rigidity were obtained using two different methods.

DISCUSSION

The torsional rigidity of the actin filament can be compared
with the longitudinal rigidity previously obtained in vitro (3),
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F16.5. Histograms of tensile strength of single actin filaments twisted by 0° (a), 45° (b), 90° (c), 180° (d), and 360° (e). (f) Distribution of thermal
rotational angles. The histogram at twist angle 6 = 0° (Fig. 4a) was replotted against the thermal rotational angle, using the relationship between
the tensile strength and the twist angle. Each bar shows the number per 45° interval. A solid line indicates the best fit of the data to a Boltzmann
distribution, N = Noexp(—«63/2kgTL), with k = 6.7 X 10726 Nm? and L = 10 pm.

if one assumes that the actin filament is a homogeneous rod.
The torsional rigidity is related to Young’s modulus E in the
form, k = EI/(1 + 8), where I is the moment of inertia and &
is the Poisson’s ratio, which is about 0.5 of a homogeneous rod
(12). I'is given by m*/4, where r is the outer radius of the actin
filament, assuming the filament to be a homogeneous cylinder.
E is 1.8 X 10° Nm~2 from the longitudinal stiffness, using r =
2.8 nm (3), which was calculated from the contour of the
filament cross-section based on the atomic model (14). Thus,
the torsional rigidity is 5.8 X 10726 Nm?, in agreement with the
present value. As this estimation is very sensitive to the choice
of rod, however, it would be possible that the predicted value
for the longitudinal rigidity is changed by a factor of two to
three. Phalloidin hardly affects the motile function of actin
filaments (27) but has been reported to increase the bending
rigidity approximately by a factor of two (28). Thus, the
torsional rigidity of an actin filament without phalloidin could
be smaller by a factor of two than that reported here.

The actin filament is a double helical polymer of globular
actin monomers (13, 14). It has been argued whether its elastic
property is isotropic in the directions of twisting, bending, and
stretching. This study indicates that it is approximately isotro-
pic. Previous spectroscopic studies (12, 15-17) have measured
the microsecond rotational dynamics of actin filaments with
transient phosphorescence anisotropy spectroscopy and re-
ported more than 10-fold smaller torsional rigidities than that
determined here. This large difference cannot be explained by

the effect of phalloidin, because phalloidin only slightly af-
fected the rotational dynamics of actin filaments (12, 17). The
calculation of torsional rigidity from the transient phospho-
rescence anisotropy of actin filaments in solution is model-
dependent and is based primarily on the rate of anisotropy
decay (17), whereas the present method is based more directly
on the amplitude of rotational fluctuations. The microsecond
motions detected by phosphorescence (17) are more than 10
times faster than those detected here, so it seems likely that
those microsecond motions correspond to internal dynamics
that occurs on a faster time scale than the motion of the whole
filament. Electron microscopic studies have shown large an-
gular disorder of actin monomers in a filament (18). If such a
large angular disorder (=~7° per monomer) is due to the
rotational Brownian motion, the torsional rigidity would be
more than 100-fold smaller than the present one. It is more
likely that the electron microscopy may observe the static
angular disorder of the actin monomers, e.g., the actin mono-
mers could bind to adjacent ones at several metastable angles
in a filament, or that the variation arises during preparation for
electron microscopy. The normal mode analysis based on the
atomic structure of actin has given a value, 2.6 X 1072° Nm?,
similar to the present one (19).

Actin—actin bond breaking force was 600 pN under untwist.
This value is several-fold larger than previously reported (23).
Previously, the randomizing effect of the rotational Brownian
motion was not considered and the calibration of needles
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contained systematic errors. This breaking force is several-fold
larger than that of a single bond between biotin and avidin (29)
and the tensile strength of a single DNA (30). The breaking
force of actin filaments greatly decreased under torsion. The
fragility of actin filaments under torsion provides an explana-
tion for why long actin filaments are often broken during
interactions with myosin in solution (20) and in motility assays
on surfaces (31) in the presence of ATP. The longitudinal
forces exerted on such filaments are at most 100 pN (24), which
does not seem large enough to break them. However, these
filaments would be subjected to additional torsional strain
during the interaction with myosin that may seriously com-
promise their stabilities.

These elastic properties determined here will be fundamen-
tal in considering the mechanical role of actin in muscle
contraction, cell motility, and formation of cell shape.
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