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Spiral Defects in Motility Assays: A Measure of Motor Protein Force
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In a commonly used motility assay, cytoskeletal filaments are observed as they glide over a
surface coated with motor proteins. Defects in the motion frequently interrupt the How of filaments.
Examination of one such defect, in which a filament adopts a spiral form and rotates about a fixed point,
provides a simple measure of the force exerted by the motor proteins. We demonstrate the universality
of this approach by estimating the elementary forces of both myosin and kinesin.

PACS numbers: 87.15.—v

Molecular motors such as myosin and kinesin play
important and multifunctional roles in most higher organ-
isms. Our knowledge of their action is based on experi-
ments which probe their structure, chemistry, and physical
properties [1]. The latter experiments, which have
concentrated on measurement of velocity and force, are
accomplished by in vitro motility assays [2—5] and by
micromanipulation of individual molecules [6—9]. For
example, delicate experiments using optical tweez-
ers [6—8] or microneedles [9] have recently been
performed to measure the force produced by single
motor enzymes. We show here that an estimate of
the average motor force may be obtained in a much
more straightforward fashion by studying naturally
arising defects in the motion of the associated fila-
ments in motility assays. Despite the microscopic
nature and small number of motor proteins interacting
with the filaments, these "motility defects" can be analyzed
using continuum elasticity theory [10]. We demonstrate
this by performing a detailed quantitative study of the
actomyosin system and further illustrate the universality
of our approach by presenting results for kinesin and
microtubules.

The actin motility assays were performed according
to a published protocol [11]. Myosin was tethered to a
nitrocellulose-coated coverslip via a specific attachment
to a monoclonal antibody. Actin labeled with phalloidin-
rhodamine was diluted to 3—6 nM with motility buffer,
dropped on a slide, and covered with the myosin-coated
coverslip. The motion of actin filaments was observed
by using fluorescence microscopy. Microtubule motility
assays were performed according to a published protocol
[12]. Taxol-stabilized microtubules were introduced into
a flow cell that had first been coated with casein and
then incubated for 3 min with kinesin (70 p, g/ml) to
saturate the surface. Motility was observed using dark-
field microscopy.

When cytoskeletal protein filaments are propelled
across a surface coated with motor enzymes, defects in

the motion occasionally disrupt the uniform gliding of the
filaments. Most commonly, these occur when a filament
gets pinned at its leading tip. This causes it to buckle
in the plane of the surface and subsequently to rotate
uniformly around the fixed tip (Fig. 1). Precisely what
causes the pinning is unknown, although we infer from
our observations that it is pointlike [13]. The resulting
motility defect, in which a filament adopts a spiral form
and whirls around the pinning point, is observed in
motility assays of both F-actin on myosin [Fig. 1(a)] and
microtubules on kinesin [Fig. 1(b)]. Both clockwise and
counterclockwise rotations are observed, in the former
case with equal probability. Filaments make several
revolutions before they break free from the pinning point.
The spirals may be characterized by two quantities:
their radius and their frequency of rotation. The typical
radius is of the order of 1 —2 p, m for both F-actin and
microtubules. The rotation frequency at 25 'C is of the
order of 0.5 s ' for F-actin filaments and 0.05 s ' for
microtubules. Several spirals can be observed simultane-
ously in the 80 X 60 p, m field of view, making possible
a statistical study.

To analyze theoretically the dynamics of a filament,
we consider a continuum approximation in which the
forces applied locally by the motor proteins are replaced
by a constant force per unit length, directed along the
contour of the filament. This driving force induces both
an internal thrust and an elastic bending moment in a
pinned filament. Discretizing the filament as a chain of
links of unit length with vectors u;, its motion may be
examined by numerically solving for the evolution of the
position vectors r; of the joints between successive links
i and i + 1. These obey the Langevin equation

/dr;/dt = F;, (1)
where g is the friction coefficient per unit length and F; is
the total force, which comprises four distinct terms:

F; = (T;u; —T;+~u;+~) + f(u; + u;+~)/2

+ kgTLt, (u; )
—3u; + 3u;+) —u;+2) + g;. (2)
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The first term describes the effect of the thrust (neg-
ative tension) T; in each link. The second accounts
for the average driving force per unit length f that the
motors exert on the filament. The third term, propor-
tional to the second derivative of the local curvature,
is the gradient of the bending energy and varies with
persistence length L~ of the filament (which measures
its fiexural rigidity ~, = kBTL„). The final contribution
represents thermal noise: g; is a random force that sat-
isfies the fiuctuation-dissipation relation (i1;(t)g~(t')) =
2kTB;~6(t —r') in each component. The Langevin equa-
tion (1) is numerically integrated with the constraint that
the length of each link in the chain remains constant. This
constraint determines, in a self-consistent manner, the ten-
sion along the chain [14].

The behavior of filaments that encounter a pinning
point is investigated by adding to the above description
a strong harmonic trapping force that acts only on the
terminal point of the filament, restricting its translational

motion but permitting free rotation. The filaments buckle
[15] and, after a transient period, reach a steady state in
which they rotate uniformly about the pinning point while
maintaining a constant spiral form [Fig. 1(c)].

A simple scaling argument reveals how the asymptotic
radius R of the spiral varies with the driving force per
unit length f On. the limiting circle, the bending moment
is M = sc, /R. In the steady state, this must be equal to
the torque I produced by the external forces (the driving
force and the friction). Since the radius of the spiral
defect is the only relevant length scale, I must scale
as fR Thu. s the condition M = I yields the scaling
relation

R —(k,TL„/f)'". (3)
Since on the limiting circle the driving force is exactly
opposed by the frictional force, the angular velocity cu of
rotation is given by f = coRQ, so that

—f' '/C(k TL )' ' (4)
In order to make a comparison between the simulated mo-
tion and the experimentally observed behavior in differ-
ent motor systems it is convenient to introduce two di-
mensionless parameters: p = R/L„and a = fL„/(k~T).
Then relation (3) may be written p = Aa '/, where A is
a dimenslonless constant.

Figure 2 (inset) shows this dependence between p and
e obtained from the numerical simulation. The constant
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FIG. 1. Time series of the position of a filament pinned at the
leading tip and rotating around the fixed point. The size of
each image is 7.5 p, m. (a) Actin filament on a myosin coated
surface. MgATP concentration 7.5 mM, temperature 27.5 C,
and time interval 0.3 s. (b) Microtubules on a kinesin coated
surface. MgATP concentration 1 mM, temperature 25 C, and
time interval 4 s. (c) Numerical simulation of the formation
of a whirling spiral, e = 5 && 10 . At the bottom of each
column is shown the time average of the filament shape (in the
corotating reference frame) and the time average of the filament
position (in the fixed reference frame).

FIG. 2. Radius of the actin filament spiral as a function
of the density of myosin. Myosin surface density was
changed by varying the volume concentration of myosin drops
incubating on an antibody coated coverslip and carefully
measured, with 10% accuracy, by radioimmunoassay [11].
The power law fit to the experimental data has exponent
—0.36 ~ 0.05. The corresponding values for e = fL„/(kBT)
and p = R/L~ are indicated for L~ = 16 pm, wr = 1 nm,
and F0 = 0.6 pN. Inset: Dependence of p on g obtained by
numerical simulation. The straight line is the scaling relation

p =As ' withA =27.
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of proportionality is determined to be A = 2.7. The
uniformly rotating spiral form is found to be stable for
a ~ 10 . Below this value, thermal noise disrupts the
structure and the direction of rotation frequently reverses.
Typical ranges of values e for F-actin and microtubules
are indicated. The distinction between the two systems
arises primarily from the widely differing values of the
persistence length.

Experimentally, the easiest way to change s for a given
motor system is to vary the density of motor proteins
on the surface a, and, thereby, the force per unit length
f. We did this for the actin/myosin assay, where the
average density of motors was carefully changed and
measured according to a published protocol [11]. As the
surface density was decreased from 1000 molecules/p, m

(a value close to that of saturation of the surface) to
100 molecules/p, m, the filaments rotated more slowly
and the radius of the spiral increased as shown in Fig. 2.
The dependence of the radius on the surface concentration
was found to be a power law of exponent —0.36 + 0.05.
Fluctuations in the spiral shape were observed to be larger
at lower concentrations, a consequence of motor density
fluctuations not considered in the theory.

To test the scaling behavior, the relationship between
the force per unit length f and the surface density o. must
be established. In a simple model, a filament interacts
with motor proteins located in a band of width w, equal
to the characteristic distance over which the enzymes can
reach to bind to the filament [3,16]. Let Fo be the mean
force exerted by one motor enzyme during its power
stroke and r (also called the "duty ratio") be the time
fraction of the ATPase cycle during which the enzyme is
strongly bound to the filament. Then the average distance
between two heads that are simultaneously exerting force
is (wro)' and the force .per unit length is f = Fowrrr
[16]. Equation (3) then predicts

The experimental data are in very good agreement with
this scaling. For the actomyosin system, the values I.~ =
16 p, m [17,18] and wr = 1 —1.5 nm [19] have been es-
tablished by independent experiments. Using these val-
ues, our data imply that the elementary force of the actin
enzyme is Fo = 0.5 —0.7 pN. This is comparable with
the force per crossbridge measured in muscles [1]. The
value is smaller, however, than the force measured in mi-
cromanipulation experiments of single myosin molecules
[6,9]. We have not performed a similarly accurate mea-
surement of the surface concentration of active kinesin
motors, but using reported values for these standards
assays [12] o. = 2000—5000 molecules/p, m2 and L„=
5 mm [18], w = 20 nm [20] and r = 1 [4,8], the mea-
sured spiral radius R = 1.3 p, m implies that the elemen-
tary force of the kynesin enzyme is Fo = 2—5 pN. This
coincides with most recent estimates obtained by a variety
of experimental methods [5,7,8].
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FIG. 3. Temperature dependence of the radius (&&) and angular
frequency ( ~ ) of actin filament spirals. The line is a fit of an
exponential to the angular frequency data, with an apparent
activation energy of 40k&T.

In our analysis, we have assumed that the motor force
does not depend on the direction of motion of the fil-
ament. It is a plausible hypothesis, however, that mo-
tors are less effective at exerting force if the filament
is moving laterally than if it is gliding along its con-
tour. Theoretically, we investigated the consequences of
a motor force which declines as the angle p between the
filament's contour and its direction of motion increases:
F = Fo~ cos p ~. The spiral defect has a slightly different
form, but a substantially larger radius: The same scal-
ing law applies but the dimensionless constant increases
to A = 4.6. Our data would then imply an elementary
myosin force Fo = 3 pN, which is close to the values ob-
tained by micromanipulation experiments, and a kinesin
force Fo = 10—25 pN, considerably larger than all recent
estimates. These results and those of the previous para-
graph are consistent with the hypothesis that the myosin
force depends on the direction of the movement of the fil-
ament, but the kinesin force does not.

The inhuence of temperature on the radius and the
angular frequency of the spiral defects has also been
examined. Figure 3 shows that the radius is constant
within experimental error over the temperature range
17.5—37.5 C. The frequency of rotation increases as
exp( —E~ jk~T), with an effective activation energy Eq =
40kHT. In Eq. (5), the product k&TL„ is the fiexural
rigidity ~, and is not expected to be strongly dependent on
the temperature. Hence, the constancy of the radius im-
plies that the elementary force of the myosin enzyme does
not depend appreciably on temperature. The variation of
the frequency of rotation implies, from Eq. (3), that the ef-
fective friction decreases rapidly with rising temperature.
This is consistent with a thermally activated ATPase cycle
so that the frequency of application of the kicking force
varies as exp( —E~/kjiT).

In conclusion, it is remarkable that the spiral motility
defect, which arises from the interaction of a filament
with a small number of motor enzymes, behaves like
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FIG. 4. Time series of the position of an actin filament
pinned at the leading tip and developing an undulating motion
reminiscent of a flagellum. The last frame is a time average
of the series, on which one can see the fixed end segment of
the filament. Image size 10 p, m, temperature 27.5 C, and time
interval 0.1 s.

a macroscopic object with well-defined form and size.
At the lowest surface densities examined, only a single
myosin molecule (on average) was actively pushing the
actin filament at any one instant. Furthermore, we have
observed another type of defect which can also be
described by the same continuum elastic model. When
the pinning is not pointlike, but extends over a line, the
filament does not rotate, but undulates like a flagellum
(Fig. 4). The same equation of motion describes this
defect, but the boundary condition is different —a fixed
vector at the end of the filament, rather than a fixed
point [21]. As often happens in physics, defects yield
more information than can be obtained from a perfect
system. In this case, the spiral motility defects provide a
ready estimate of the magnitude of the elementary motor
force which can be used as a first measurement for newly
discovered motor proteins.
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