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Abstract.  We have developed a semi-automatic image tracking system to analyze the
longitudinal sliding and transformation of a string-like object. By using this system, we
made a moving image analysis on actin filament (F-actin) in an in vitro motility assay. In
this assay, F-actin was sliding on the surface under a fluorescent microscope. The tracking
system pursues the fluorescent image of F-actin by matching a polygon line model with
the video images. In this study, the directional change and the curvatures of the sliding F-
actin were statistically analyzed using the data obtained by the tracking system. The
simplified sliding motion of the polygon line model was simulated on a computer. By
comparing the result of the analysis with that of the simulation, we found that the sliding
F-actin has a flexible and compliant nature.

1.  Introduction

In vitro motility assay is a useful method to study motile mechanisms of actin-myosin
ATPase system (KRON and SPUDICH, 1986; HARADA et al., 1987; HUXLEY, 1990; HIGASHI-
FUJIME, 1991). In this assay, actin filament (fibrous actin: F-actin) moves over a myosin-
coated glass surface, in the presence of adenosinetriphosphate (ATP). Fluorescent images
of string-like F-actin are observed under a fluorescent microscope. F-actin shows a
unidirectional sliding with a complicated transformation, as we also described in our
previous report (HASEGAWA and MIHASHI, 2000).

Using this motility assay, the sliding velocity of F-actin in various conditions has been
studied (YANAGIDA et al., 1985; SELLERS and KACHAR, 1990; UYEDA et al., 1990;
HORIUCHI and CHACKO, 1995; ODA et al., 1996; CUDA et al., 1997). Also, various types
of methods to obtain the sliding velocity either automatically or manually from the video
images of the motility assay were reported (SHIRINSKY et al., 1992; WORK and WARSHAW,
1992; BOREJDO and BURLACU, 1992; MARSTON et al., 1996; UTTENWEILER et al., 2000).

However, a problem was pointed out that the winding of the locus and/or the form of
sliding F-actin have certain influences on the velocity measurement. The velocity was



126 S. HASEGAWA et al.

underestimated, if it was obtained by measuring the distance between two points such as
centroids of filament images at two different times (UTTENWEILER et al., 2000). Even if the
center points (or other points such as anterior or posterior tip ends) of the string-like
filament images at two different times were used for the velocity determination, the
influence of the winding of the locus remained (HASEGAWA and MIHASHI, 2000). In this
report, we demonstrate statistically the influence of the locus on the velocity measurement
in Subsec. 3.3. These influences cannot be repaired without the information about the locus
of the sliding F-actin.

Moreover, the sliding locus or the form of F-actin itself can indicate the important
nature of the sliding F-actin (YAMADA and TAKAHASHI, 1992; NISHIZAKA et al., 1993;
SHIKATA et al., 1994; HATORI et al., 1996; HONDA et al., 1999). The elasticity and
flexibility have already been examined as the nature of static F-actin (NAGASHIMA and
ASAKURA, 1980; KÄS et al., 1994). However, the nature of the sliding F-actin (i.e. F-actin
interacting with myosin in the presence of ATP) has not sufficiently been solved. The
transformation of the sliding F-actin ought to be researched in detail.

In our previous work (HASEGAWA and MIHASHI, 2000), we processed the video
images of a sliding F-actin into binary thin line and described the sliding and the
transformation by a color pattern. That method was effective to visualize the sliding
character. However, by that method, it was difficult to obtain efficiently a number of data
large enough to analyze statistically because of the poor conditions of the images, for
example, a low contrast and signal-to-noise (S/N) ratio of fluorescent video microscopy.

In the present work, we have developed a semi-automatic tracking system. In this
system, the polygon line that is the shape model of F-actin is adjusted to the fluorescent
image of F-actin in each frame of the video image. Although this system is not fully
automatic, it enables us to obtain data more efficiently. In addition, this system is superior
to other previous methods in respect that the transformation can be measured simultaneously
with the sliding velocity. In this paper, we first describe the details of the polygon line
model and its two applications: the simplified computer simulation and above-mentioned
tracking system. Then, we report the results on the fluctuation of the sliding direction and
the transformation of the sliding F-actin, which are analyzed by the tracking system. In
addition, we discuss the dynamics of F-actin by comparing the results of the analysis with
the artificial data generated by the simplified simulation.

2.  Materials and Methods

2.1.  In vitro motility assay and video fluorescent microscopy
Actin was extracted from acetone-dried powder of rabbit skeletal muscle and then

polymerized into F-actin according to the method of SPUDICH and WATT (1971) with a
slight modification as shown by SUZUKI and MIHASHI (1991). The F-actin was labeled with
Rhodamine-Phalloidin molecular probes. Myosin was extracted from rabbit skeletal
muscle following the method of PERRY (1955), and stored at –80°C according to the
method of HARADA et al. (1990). After this, heavy meromyosin (HMM) was refined from
the stored myosin, following the procedures of OKAMOTO and SEKINE (1985) and KRON et
al. (1991). The movement of F-actin on the surface-fixed HMM was induced by the
addition of ATP in the flow cell of the in vitro assay (KRON et al., 1991). Solutions used
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for this study contained 2 mM ATP and 25 µg/mL HMM. The experiment was conducted
at a room temperature of approximately 22°C.

The fluorescent images of the sliding F-actin were caught by a charge coupled device
(CCD) camera with image intensifier (II) (HAMAMATSU ICCD C2400 with II unit
C2400-21). These images were recorded on VHS videotape at the rate of interlacing one
frame per 1/30 second by using the video image control system (HAMAMATSU ARGUS-
100).

2.2.  Polygon line model
We defined the polygon line model in order to describe the form of F-actin observed

as fluorescent image. The polygon line model is shown and defined in Fig. 1. This polygon
line model was used in two applications. One was the simplified simulation (Subsec. 2.3).
The other was the semi-automatic tracking system (Subsec. 2.4).

The polygon line model consists of nodes and segment lines as shown in Fig. 1(a).
Nodes are the n–1 points that divide filament into n pieces, plus the two tip ends of the
filaments. This makes n+1 nodes named, 0, 1, 2, ..., n from the anterior tip end to the
posterior end. Segment lines are straight lines that link two neighbor nodes. The number
of the segment lines is n. The condition of the node k (k = 0, 1, 2, ..., n) at time t is expressed
by the function f(k,t) as shown in Fig. 1(b). The attributes of the f(k,t) such as location
coordinates x(k,t), y(k,t) can be defined on demand. The form and other situations of F-actin
at time t is expressed by functions f(0,t), f(1,t), ..., f(n,t). Movement and transformation of
F-actin are expressed by the temporal change of these functions initialized as f(0,0), f(1,0),
..., f(n,0).

2.3.  A simplified simulation of sliding motion by the polygon line model
We simulated the “simplified sliding motion” on a computer by adding basic conditions

to the above-mentioned polygon line model. Conditions added to the simplified simulation
are following (1)–(5):

(1) The total length of the filament (L) is constant in time.
(2) The segment length (ds) is constant in both time and position (ds = L/n).
(3) The sliding speed (v: the absolute value of the velocity) is constantly ds (equal to

the segment length) per unit time interval (v = ds).

Fig. 1.  Polygon line model. This model represents a form of F-actin. (a) Polygon line model consists of nodes
and segment lines directly linking neighboring nodes. Nodes represented as dot like black circles were
named 0, 1, 2, ..., n from the anterior end to the posterior end. Arrow means sliding direction. (b) Temporal
transformation of the polygon line model. Function f(k,t) represents the condition of the node k (k = 0, 1, 2,
..., n) at time t. Locations of the nodes determined by coordinates x(k,t) and y(k,t), or other parameters can
be defined as the attributes of the function f(k,t).
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(4) Each point of the filament follows the locus of the previous point. In other words,
the form of the filament is transported to the back as the sliding occurs. If the initial model
is given as f(0,0), f(1,0), f(2,0), ..., f(n,0), then functions f(1,t), f(2,t), ..., f(n,t), except that
of anterior tip end f(0,t), are determined as follows:

f(n,t) = f(n–1,t–1)     n = 1, 2, ···     t = 1, 2, ···. (1)

(5) The function of the anterior tip end f(0,t) that consists of x, y coordinate values
is generated according to the following rules:

x(0,t) = x(0,t–1) + ds·cosθ(0,t) (2.1)

y(0,t) = y(0,t–1) + ds·sinθ(0,t) (2.2)

θ(0,t) = θ(0,t–1) + dθ (2.3)

where θ(0,t) is the direction from the anterior tip point at time t–1 to the one at time t, and
dθ is the directional change of the anterior tip end.

Owing to these five conditions, transformation and movement of polygon lines are all
determined by only one parameter of dθ in the simplified simulation.

We carried out the simplified simulation by giving appropriate initial values to ds and
n, and changing the conditions to generate dθ. If dθ was given as a random number
uniformly distributed in ±180°, anterior tip moved randomly and the form of the filament
agreed with the locus of the “random walk”. This is evidently different from the actual
sliding movement. When the distribution of the given random number was limited to
approximately ±30°, unidirectional sliding movement was observed in the simulation.
Moreover, by giving dθ in a random number with a normalized distribution N(0,σ), the
polygon line slid smoothly like actual F-actin.

However, this simulation in which the sliding movement is simplified considerably,
differs in detail from the actual F-actin. We will discuss the differences below, comparing
the artificial data generated by this simulation with data extracted from the video images
of the actual sliding F-actin by using the semi-automatic tracking system.

2.4.  The semi-automatic tracking system by the polygon line model
The semi-automatic tracking system can follow the sliding F-actin in low contrast

fluorescent video images by fitting the polygon line model (Subsec. 2.2.) to each frame of
the video images. The devices to run this software are a moving image analyzing system
(Library Co. Ltd. HIMAWARI-60) and a personal computer (NEC PC-9801). The tracking
algorithm consisted of an iteration of following three processes:

(1)  Manual setting of the initial model (shown in Fig. 2(a))
This tracking system requires a user to set the initial model which is the polygon line

fit to the F-actin in video frame at time t = 0. The user gives appropriate value to ds (segment
length). In this study, we gave ds = 10 dot that is equal to 0.8 µm. The user sets the initial
model by clicking the mouse button at the node point. The user decides these locations by
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watching video image. The tracking system supports the user to determine the positions of
the nodes, by displaying circles on the video image with uniform radius of ds and center
of previously determined node (Fig. 2(a)). The value of n (number of segment lines) is
automatically determined from the number of the nodes set by the user (n+1). The initial
model, once set, can be saved in a computer file and can be retrieved for the next tracking.
All coordinate data of the input initial nodes are integers, however, that will be reset
automatically by fitting the Gaussian distribution function into non-integers whose pixel
values are calculated by using bilinear interpolation represented as:

p(x,y) = (1–a)(1–b)p(X,Y) + a(1–b)p(X+1,Y) + (1–a)bp(X,Y+1) + abp(X+1,Y+1) (3)

where p(x,y) is a pixel value at coordinate (x,y). And x and y are non-integers, X, Y are the
maximum integer smaller than x, y respectively. Coefficients a and b are a = x–X and b =
y–Y, respectively.

Fig. 2.  Concept of the semi-automatic tracking system. (a) Method to set initial polygon line model. At first the
posterior end node is located by clicking the computer mouse. Then the circles with a constant radius
inputted by user are displayed for every located node to help setting next node. By this method, sequential
isometric lines are set as an initial polygon line model. (b) Automatic tracking algorithm. Tracking system
searches and detects the anterior tip of a sliding filament automatically by fitting the Gaussian function to
the pixel values on an arc whose center is the last anterior tip node. (c) Automatic resetting of the segment
model. All nodes are relocated by fitting the Gaussian function to the pixel values on the perpendiculars to
the filament.
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(2)  Automatic search for the anterior tip end (Fig. 2(b))
The moving direction of the anterior tip end of the polygon line model is determined

by searching for the new anterior tip end automatically. The new anterior tip end is
determined by fitting the Gaussian function into the sequence of pixel values on the arc, of
which the center is the previous anterior tip point and the radius is ds (shown in Fig. 2(b)).
The angle of the arc is θ(0,t) ± w°, where w is the angle width set by the user. In this study,
we set w wide enough to track the movement for each filament image. Most of the values
of w were within the range of approximately 30~40°. In this study, the smallest frame
interval to detect the anterior tip end was 5/30 second. The appropriate time interval to find
a new anterior tip end depends on ds and the sliding speed. However, the speed is not
necessarily known at the time when this tracking is applied. Thus the above-mentioned
detection of the anterior tip end is completed once in every frame. After that, the average
brightness on the detected provisional anterior tip segment is compared with the one on the
last posterior segment. If the brightness is stronger in the provisional anterior segment than
in the posterior segment, then the anterior tip is determined to be a new anterior tip end in
this system. This is the method to move a polygon line model forward.

(3)  Automatic resetting of the segment model (Fig. 2(c))
The peak of the values is extracted at every node in every frame by fitting Gaussian

function to the sequential pixels on the perpendicular to the filament length axis (Fig. 2(c)).

Fig. 3.  Dependence of sliding velocity on filament length measured by the semi-automatic tracking system.
Velocity is a mean value averaged over the sample number that corresponds to the number of the sequential
frames tracked by the system. Each speed was calculated from distances between the anterior tip nodes of
polygon line models in two different times. The time interval used to determine each velocity was 2/3 sec.
Filament length was a total length of the straight segments of polygon line. 98 points were plotted, which
were selected from obtained data of 156 F-actin, so that all of them have a sample number greater than 30.
Then the sample number was distributed from 31 to 137.
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(This perpendicular is a bisector of the interior angle between two neighboring segments.)
By this refitting process, locations of every node on the polygon line are determined with
sub-pixel accuracy. These pixel values at the non-integer coordinate are calculated by
bilinear interpolation according to the Eq. (3).

3.  Results

The time sequences of the coordinate values of the nodes on the polygon line fitted to
156 different F-acin filaments were used in this study. They were obtained under the same
experimental conditions mentioned in Subsec. 2.1.

3.1.  Sliding velocity as functions of total length of F-actin
Figure 3 shows the sliding velocity (absolute value of the velocity) of F-actin

filaments. Each data point corresponded to one F-actin. The sliding velocity was calculated
for each F-actin by averaging the instantaneous speeds of the anterior tip node over sample
number. Each sample number depends on the length of the time sequence of the successful
tracking. The instantaneous speed in the time sequence was measured in every 2/3 second
(i.e. 4 frame intervals of 5/30 second). The data that had a sample number greater than 30
were plotted. Values of the total length of individual F-actin were equal to the segment
number multiplied by 0.8 µm (=ds). The sliding velocity was independent of the filament
length up to 17 µm.

Fig. 4.  Dependence of angle fluctuation of the sliding direction on the filament length. Angle fluctuation is
represented by the s.d. of the angle change of anterior tip end calculated from locations of anterior tip node
of polygon line model in three different times. Filament length is a total length of the straight segments of
the polygon line model set in the semi-automatic tracking system. Time interval was 2/3 sec. 98 points in
which the data had a sample number greater than 30 were plotted.
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3.2.  Directional change as functions of total length of F-actin
In Fig. 4, the standard deviations (s.d.) of the time sequence of  dθ calculated over 2/

3 second intervals, which indicated fluctuations of sliding directions of individual F-actin,
were shown as a function of the total length of F-actin. Fluctuations in the sliding direction
of the shorter F-actin were more significant than the long F-actin. There appeared only a
small negative dependence of the directional fluctuation on the filament length, though the
previous report by SHIKATA et al. (1994) showed a large dependence on the filament length.
The reason for this discrepancy was not clear.

Fig. 5.  Dependence of fluctuation of the sliding direction or angle of the anterior tip portion on the sliding
velocity. (a) Angle fluctuation of sliding direction versus velocity of actual sliding F-actin. Velocity is a
mean value of the speeds determined by the semi-automatic tracking system with the time interval of 2/3 sec.
Angle fluctuation of sliding direction is s.d. of the directional change calculated from the anterior tip
locations at three different times. (b) Angle fluctuation of the sliding direction versus velocity of the
computer simulation of the moving polygon line. Values were calculated with the same method used in (a).
(c) Angle fluctuation of the anterior tip segment (~0.8 µm from the anterior tip) versus velocity of actual
sliding F-actin. Angle fluctuation of anterior tip segment was s.d. of the angle change of the anterior one
segment in polygon line calculated from angles at two different times. Time interval was 2/3 second in both
(a) and (c). The time interval in the case (b) was 6 frames, where the unit interval of the simulation was 1
frame. The number of the plotted data is 98 points in (a) and (c), and 96 in (b). Plotted data were selected
so that they had a sample number greater than 30.
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Fig. 5.  (continued).

3.3.  Changes in the sliding direction and the angle of the anterior tip segment
The influence of the sliding locus on the velocity measurement is shown statistically,

based on the actual sliding (Fig. 5(a)) and the simulation (Fig. 5(b)). In addition, by
comparing Fig. 5(c) with Fig. 5(a), a curious result on the anterior portion of actual F-actin
will be demonstrated below.

Figure 5(a) shows a relationship between the sliding velocity (the same values as the
ordinate in Fig. 3) and the fluctuation of the sliding direction (the same as the ordinate in
Fig. 4). Negative correlation is shown in Fig. 5(a). However, it would be incorrect to
understand that the negative correlation (in Fig. 5(a)) indicates a physical phenomenon
such that the increase of the velocity limits the fluctuation of the sliding direction. Such a
conclusion is drawn from a misinterpretation of the ‘velocity’ that was computed by
dividing the length of the vector connecting the anterior tip points in two different frames
by the time interval between frames. This velocity was underestimated owing to the
winding of the sliding locus (HASEGAWA and MIHASHI, 2000). This ‘velocity’ distribution
represents a degree of the winding in the locus rather than the difference in actual sliding
speed.

In fact, the negative correlation between this ‘velocity’ and fluctuation of direction is
also shown in Fig. 5(b). This is the case of the simplified simulation (mentioned in Subsec.
2.3), in which the polygon lines moved without any physical influence. The sliding velocity
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given for each unit time-interval was constant. However, the ‘velocity’ computed from the
artificial data is varied depending on the winding of the sliding locus, when it was computed
with the time-interval larger than the unit interval (Fig. 5(b)). Therefore, the negative
correlation shown in Fig. 5(a) should also illuminate only a simple fact that the fluctuation
of sliding direction depends on the winding of the sliding locus.

In contrast, the tendency shown in Fig. 5(c) is different from Figs. 5(a) and 5(b). In the
case of Fig. 5(c), abscissa is the same as the case of Figs. 5(a) and 5(b), but the ordinate is
s.d. of the angle change of the anterior one segment (~0.8 µm from anterior tip) in the
polygon line models fitted to the images of the actual F-actin. The angle change was
calculated with the same time interval of 2/3 second as the case of 5(a). In this case (Fig.
5(c)), the angle change of the anterior tip segment was independent of the winding of the
sliding locus.

In the simplified simulation, the angle of the anterior tip segment was equal to the
sliding direction, and both of them deeply depended on the winding of the sliding locus as
shown in Fig. 5(b). This is one of the differences between the simplified simulation and the
actual sliding F-actin.

3.4.  Curvature distribution along the longitudinal axis of F-actin
Of sliding F-actin, the mean curvatures varied along the longitudinal axis of F-actin

Fig. 5.  (continued).
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(Fig. 6). The mean curvatures of F-actin were calculated as (<κ2>)1/2, where κ  (being the
curvature computed from the coordinates of three neighboring nodes and the brackets < >
denoting the average over obtained data. The mean curvature at the points of each node was
calculated, except the anterior and posterior tip nodes, and shown in Fig. 6 as a function of
the distance from the anterior node. We see that (1) the maximum value of the mean
curvatures of F-actin increased as the length of the filament increased. (2) In shorter
filaments (shorter than ~4 µm approximately), the mean curvatures were almost constant
along the longitudinal axis. (3) In longer filaments (longer than ~4 µm approximately), the
mean curvature increased as the distance from the anterior tip end increased, excepting the
anterior tip portion (~2 µm from the anterior tip end) and the posterior tip portion (~1 µm
from the posterior tip end). These suggested that the curvature of filament tended to
accumulate in the direction of the posterior tip.

Fig. 6.  Regional distribution of mean curvatures on sliding F-actin. The node interval of the fitted polygon line
was ~0.8 µm (ds = 10 dot). The curvatures are the angle change per 1 µm, calculated from coordinates of
three neighboring nodes. Mean curvatures are ordered along the abscissa, from the anterior node to the
posterior node points, except the anterior and posterior tip nodes. Plotted 10 lines are the data of the polygon
line that have 3–12 nodes (i.e. 2–11 segments), they are equal to the filament length of 1.6 ± 0.8 µm ~ 8.8
± 0.8 µm, respectively. These mean curvatures were the averages of 856 (18), 898 (16), 883 (18), 870 (17),
425 (10), 785 (14), 544 (12), 276 (7), 439 (8) and 254 (5) samples respectively, where the numbers shown
inside the parentheses are the number of the F-actin tracked by the tracking system.
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4.  Discussions

4.1.  Analysis by the semi-automatic tracking system
It is a well-known observation that the sliding velocity of F-actin in an in vitro motility

assay is independent of the length of F-actin (YANAGIDA et al., 1985; HARADA et al., 1990;
TOYOSHIMA et al., 1990; UYEDA et al., 1990). This was verified in the present study by
utilizing the semi-automatic tracking system as shown in Fig. 3. However our study also
showed that a large variety of the sliding speed appeared in the shorter filaments. One of
the reasons why the velocity of the shorter filament varied is probably due to a large variety
of the sliding locus. The ‘velocity’ was influenced by the winding of the sliding locus as
shown in Fig. 5(a). The tracking system introduced in this study made it possible to analyze
the locus and form of sliding F-actin efficiently as well as the velocity. However, this
system was not fully automatic with respect to that the users have to set initial model
manually and to judge whether the tracking is successful or not. The tracking would fail
when the images of more than two filaments crossed each other during the sliding. It also
fails when quality of the images such as contrast or S/N ratio was poor in sequential video
frames. It therefore remains to be refined.

4.2.  Nature of sliding F-actin
By comparing the results of the simplified simulation with that of the actual sliding,

we understood the characteristics of sliding F-actin. In the simplified simulation (in
Subsec. 2.3), it is assumed that the sliding velocity is independent of the filament length.
This explained the observations of the actual F-actin (Fig. 3). It was also shown equally in
both the simulation (Fig. 5(b)) and the actual sliding (Fig. 5(a)), that the fluctuation of
sliding direction depended on the winding of the sliding locus.

On the contrary, the differences between the simplified simulation and the actual
sliding appeared in following three points.

(1)  Dependence of the directional change on the filament length
It was assumed in the simplified simulation that the directional change is independent

of the filament length. However, a weak negative dependence appeared in the actual F-actin
(Fig. 4). SHIKATA et al. (1994), predicted that fluctuation in the sliding direction dθ
depends on the filament length L in a manner of dθ ∝  Lp, where p was a parameter
representing the nature of sliding F-actin. If the sliding object was a rigid straight bar, then
the directional fluctuation dθ would be inversely proportional to the length taking p = –1.
If, on the other hand, the sliding object was semi-flexible, then –1 < p < 0. The result
obtained by SHIKATA et al. (1994) indicated that p = –0.7 approximately. This meant that
F-actin retained its semi-flexibility during sliding motion. The result we obtained (Fig. 4),
however, showed that p was nearly 0 (p < 0). In the previous study (SHIKATA et al., 1994),
the conditions of the running solution in the motility assay were different. For instance,
there were not only ATP but also GTP present in the solution. Therefore, discrepancy
between two studies may not simply be attributed to difference in the nature of F-actin. The
value of p we found was nearly 0 (p < 0). This corresponded to a highly compliant nature
of the sliding F-actin particularly in bending motion. If p equals really 0, it means that the
sliding F-actin is completely compliant and no interrelation exists between the sliding



Transformation of F-Actin Analyzed by a Tracking System 137

direction and the posterior portion of the F-actin. In other words, if p = 0, the sliding
direction of the anterior tip end was generated by only the anterior tip itself and was
independent of the posterior portion as in the case of the simplified simulation. However,
in the actual F-actin, p was less than zero.

(2)  Behavior of the anterior portion
In the simplified simulation, the sliding direction of the anterior tip end was exactly

equal to the angle of the anterior one segment, and its temporal change (dθ in Eq. (2.3)) was
also the same. Therefore, the fluctuation of both dθ depended equally on the winding of
sliding locus as shown in Fig. 5(b). In actual sliding F-actin, however, dependence was
shown only in the case of the sliding direction (Fig. 5(a)). The angle of the anterior segment
was independent of the locus (Fig. 5(c)). This fact suggested that the anterior ~1 µm portion
of actual F-actin moved in a different manner from the change of the sliding direction.
Possible nature of the sliding F-actin that was responsible for such behavior of the anterior
portion will be discussed below.

(3)  Distributions of the curvatures along the long axis of filament.
In the simplified simulation, curvatures in the polygon line are also generated only by

dθ (in Eq. (2.3)), and the mean curvatures are independent of both filament length and the
position in a filament.

Fig. 7.  An example of the transformation of a sliding F-actin. These are displayed by computer graphics using
the coordinate data of the nodes in the polygon line obtained by matching them to the video image by the
semi-automatic tracking system. Typical scenes to show the growth of the buckling are selected in this
figure. Arrow indicates the sliding direction.
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However, in the actual F-actin, it was often observed that the curvature was generated
and grown in the middle portion of F-actin during sliding as depicted in Fig. 7. Statistical
analysis, shown in Fig. 6, also suggested the growing of the curvatures and its transfer to
the direction of the posterior part. This tendency corresponded to actual observations that
the buckling of filament was occurred and gradually increased (as shown in Fig. 7). In short
filaments, the mean curvatures of filament were limited in small values (Fig. 6). It was also
limited in small values in the tip portions of the long filaments (Fig. 6). These small mean
curvature may be due to the high elasticity of the sliding F-actin. It is reasonable that quick
release of the buckling might occur at the open ends of the filament. This release may also
generate the fluctuation of the angle in the anterior portion that does not agree with the
change of the sliding direction or the winding of the sliding locus (as shown in Fig. 5(c) and
discussed above).

Taking the above statements (1)–(3) into consideration, the transformation of the
fluorescent image of F-actin indicated the elasticity and compliance of sliding F-actin. The
verification of the influence of this nature on the mechanisms of the sliding movement is
up to the future elucidation of the more detailed structure transformation of F-actin as well
as the energy transfer mechanisms related to myosin and ATPase activity.
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