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Single molecule imaging and manipulation are powerful tools in describing the operations of
molecular machines like molecular motors. The single molecule measurements allow a dynamic
behaviour of individual biomolecules to be measured. In this paper, we describe how we have
developed single molecule measurements to understand the mechanism of molecular motors. The
step movement of molecular motors associated with a single cycle of ATP hydrolysis has been
identified. The single molecule measurements that have sensitivity to monitor thermal fluctuation
have revealed that thermal Brownian motion is involved in the step movement of molecular motors.
Several mechanisms have been suggested in different motors to bias random thermal motion to

directional movement.
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1. INTRODUCTION

Progress in bioscience studies has been intimately
related to the development of new technologies. These
new technologies are in response to the need for
acquiring new and better data in order to improve our
understanding. New data with new technologies, in
some cases, lead us to new fundamental concepts
regarding the operation of life. Recently, single
molecule detection techniques have been developed
and applied to a wide range of biosciences. Single
molecule manipulation techniques allow for the
mechanical properties of biomolecule interaction to
be measured. Single molecule imaging techniques can
visualize the behaviour of individual biomolecules.
In this paper, we describe the recently developed
science and technologies in molecular motor studies,
demonstrating how single molecule techniques have
been needed to be developed in the studies of
molecular motors and how the latest in single molecule
techniques has led to understanding the mechanism of
molecular motors.

Molecular motors are molecular machines that
convert chemical energy released from the hydrolysis
of ATP to mechanical work for unidirectional move-
ment. In particular, the actomyosin motors have been
extensively studied as contractile elements of muscle
for more than a half century. However, until very
recently, energy input and output have been studied
separately in different experimental systems. The
mechanical properties of muscle (output) have been
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studied using muscle fibres and myofibrils. Based on
structural changes in these macroscopic apparatus,
muscle contraction has been described by a sliding
between myosin and actin filaments. Between these
two filaments, cross-bridges or myosin heads (motor
domain of myosin) that protrude from the myosin
filaments towards the actin filament were observed as
motors for the sliding movement. Two modes of cross-
bridges were found in both the contracting and the
relaxed muscle. These modes were interpreted as
different orientations of the cross-bridge relative to
the actin filaments. On the other hand, the biochemical
studies have been performed using solubilized myosin
and actin in solution. They showed that myosin and
actin cycle between weak and strong interaction states
depending on ATP hydrolysis. Considering these data,
weak and strong interacting states are related to two
cross-bridge states leading to a swinging cross-bridge
model where the sliding movement is caused by
swinging of the myosin head associated with the
ATP hydrolysis (Huxley 1969). However, until
recently, no assay system has been able to directly
observe the sliding between actin and myosin. No
direct evidence for the structural changes in myosin has
been detected, either.

In the meantime, individual microtubules and the
organelles moving along have been visualized using
video-enhanced differential interference contrast
microscopy (Allen ez al. 1981). Kinesin was discovered
as a microtubule-based motor responsible for the
transport of organelles (Vale ez al. 1985). These studies
in the microtubule system have stimulated research in
the field of actomyosin. Spudich and his colleagues
demonstrated that HMM-coated beads slide along
actin cables consisting of hundreds of filaments with
identical polarity prepared from Nitella cells (Sheetz &
Spudich 1983). Fujime also demonstrated the sliding
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Figure 1. Visualization of actin filament. Actin filament was
labelled with phalloidin-rhodamine and imaged under
fluorescence microscopy. Time lapse fluorescence micro-
graphs of actin filament in the absence (upper images) and
the presence (lower images) of interaction with HMM are
shown. Actin filaments contained tropomyosin and troponin.

movement between myosin filaments and actin bundles
formed in the presence of 20-50 mM MgCl, during
and after superprecipitation (Higashi-Fujime 1985).

2. VISUALIZATION OF ACTIN FILAMENTS AND
THERMAL BENDING MOTION INFLUENCED BY
INTERACTION WITH MYOSIN HEADS

Visualization of individual actin filaments was a key to
visualize the sliding movement of individual actin
filaments. Actin filaments are too thin (5 nm in radius)
to be observed under a light microscope but were
visualized by attaching fluorescently labelled phalloidin
(Yanagida et al. 1984; figure 1). Phalloidin specifically
binds to the filamentous form of actin to stabilize
against depolymerization, allowing the observation of
the stable actin filament under a microscope (Wulf
et al. 1979). The binding of phalloidin does not affect
the physiological, biochemical or structural properties
of the filaments. Fluorescently labelled actin filaments
showed a thermal bending motion in solution (figure 1).
The flexibility of the filaments deduced from the end-
to-end distance distribution was consistent with that
obtained from other techniques such as quasi-elastic
light scattering based on ensemble measurements
(Fujime & Ishiwata 1971). The bending motion of
the filaments was enhanced and accelerated upon the
interaction with HMM in the presence of Mg-ATP.
However, the sliding movement of actin filaments was
not observed in solution. The energy used for the
directional movement of actomyosin appeared to
dissipate as the thermal motion of the actin filaments
increased in solution.

3. VISUALIZATION OF SLIDING MOVEMENT OF
ACTIN AND SLIDING DISTANCE DURING
HYDROLYSIS OF SINGLE ATP MOLECULES

The visualization of actin filaments enabled the
observation of their sliding movement (Yanagida ez al.
1985; figure 2a). Single sarcomeres, a contractile
machine that contains bipolar myosin filaments, and
actin filaments sliding into myosin filaments from both
sides were prepared by removing Z-lines from myofi-
brils of crab leg muscle. The actin filaments were
specifically labelled with fluorescent phalloidin. The
fluorescence micrographs showed that the actin
filaments initially located at both ends of the sarcomere
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moved closer and overlapped at the centre when the
sarcomere shortened upon the addition of ATP. The
shortening velocity was estimated to be approximately
5ums~ ! from the time-dependent fluorescence
images, which is in agreement with the values estimated
from light-scattering changes due to the overlap of
myosin and actin filaments in the same suspension and
reported for muscle contraction.

Using fluorescently labelled actin filaments, Spudich
and his colleagues observed the sliding movement of
individual actin filaments on myosin filaments fixed on
a glass slide (Kron & Spudich 1986). We also observed
the sliding movement of individual actin filaments on
single-headed myosin filaments instead of double-
headed ones (Harada er al. 1987; figure 2b6). The
movement of actin filaments was smooth and the
direction of the movement did not change in both
cases. The sliding velocity of the one-headed myosin
was the same as that of the two-headed myosin
filament, indicating that two heads are not crucial for
motility. This result was confirmed by using single-
head myosin fragment (S1) and double-head fragment
(HMM) fixed on a glass slide (Toyoshima ez al. 1987).

To understand the mechanism of the sliding move-
ment, the average sliding distance during hydrolysis of
single ATP molecules was estimated by simultaneously
measuring the velocity and the ATPase activity
(Yanagida er al. 1985; Harada ez al. 1990; Toyoshima
etal. 1990; Uyeda er al. 1991). If the structural changes
cause the movement, then the sliding distance should
be of the order of the size of the structural changes.
However, the results depended on the research groups,
mainly because parameters such as working stroke time
in a single ATPase cycle required an estimation that
could not be determined directly from the measure-
ments. Ideally, a direct observation of the unitary steps
caused by single myosin motors during single ATP
hydrolysis cycles would be made. To do this, one must
be able to manipulate the actin filaments with
nanometre- and millisecond-order sensitivity.

4. MANIPULATION OF SINGLE ACTIN
FILAMENTS AND FORCE MEASUREMENTS
USING A MICRONEEDLE

Microneedles have been used for the manipulation of
single actin filaments (Kishino & Yanagida 1988;
figure 3a). A similar method had originally been
used for the manipulation and force measurements
for microtubular sliding in flagella (Kamimura &
Takahashi 1981). A thin glass thread (less than 1 pum
radius) was prepared from a glass rod approximately
1 mm in diameter by heating and pulling it manually
using a puller. Single actin filaments were attached to a
glass microneedle while they were visualized under
microscopy. For the measurement of force exerted by
myosin, single actin filaments attached to the glass
microneedle were brought to interact with a myosin
filament fixed on the glass surface (figure 3¢). When the
actin filament moved, the flexible microneedle bent
proportional to the force and the flexibility of the
microneedle. Accurately measuring the displacement
of the tip of the microneedle allowed the interaction
with myosin molecules to be determined.
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Figure 2. In vitro motility of fluorescently labelled actin filament. (a) Sequence fluorescence micrographs of a sarcomere
containing fluorescently labelled actin filament without Z-lines during shortening. Scale bar, 5 um. (b) Sliding movement of
fluorescently labelled actin filaments on a glass slide coated with single-headed myosin filaments. Two images taken 1.5 s apart
were photographed on the same frame. Dotted lines represent traces of the movement of actin filaments with arrowheads

indicating the direction of the movement. Scale bar, 5 um.

The accuracy of the displacement measurements of
the glass microneedle was improved to nanometre and
millisecond order using a detector composed of a pair
of photodiodes (Ishijima er al. 1991; figure 3b). An
image of the tip of the microneedle was projected onto
the detector and the displacement was measured by
recording the difference in intensity between the
photodiodes. When single actin filaments interacted
with a small number of myosin heads in artificially
prepared cofilaments made from a mixture of myosins
and myosin rods, force fluctuations generated by
individual myosin molecules were observed in an
isometric condition (Ishijima ez al. 1996; figure 3d).
The result suggested that individual myosin molecules
underwent attachment, force generation and detach-
ment in a cycle coupled to the hydrolysis of single ATP
molecules randomly and independently. When actin
filaments were sliding, the fluctuation of displacement
observed diverged from the smoothed displacement
curves and the amplitude of the variation greatly
decreased with the increase in velocity or the decrease
in load. In these cases, single mechanical events were
not identified from each other.

In order to clearly distinguish the single mechanical
events, the number of myosin molecules interacting
with a single actin filament was decreased by decreasing
the number of myosin heads in the myosin—myosin
rod cofilament. Consequently, distinct attachment,
force generation and detachment in the unitary step
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movement were directly observed (figure 3e¢). The
mean displacement of single mechanical events was
17 nm at low needle stiffness (0.09 pN nm ).

5. MANIPULATION OF ACTIN FILAMENTS USING

LASER TRAP

A single actin filament was also manipulated using laser
trap (Saito ez al. 1994). Laser trap is a method to
capture dielectric particles on a focused laser beam
(Ashkin & Dziedzic 1985). Dielectric particles such
as polystyrene beads are attached to biomolecules
because the biomolecules themselves are too small to
be trapped. Two dielectric beads of submicron order
were trapped by a laser and attached to both the ends of
a single actin filament, while being visualized under a
fluorescence microscope. Using this method, a single
actin filament was suspended taut in solution and the
movement of fluorescently labelled myosin filaments
could be monitored along it.

The laser trap method had been used successfully
for the detection of the step movement of processive
motor kinesin (Svoboda ez al. 1993). Beads attached to
single kinesin molecules could trace the successive step
movement of kinesin. In the case of muscle myosin, in
contrast to Kkinesin, myosin motors dissociate after
hydrolysis of each ATP molecule. Here, a single actin
filament is caught by two beads trapped by a laser at
each of the ends of the actin (Finer er al. 1994;
figure 4a). The actin filament held taut was brought to
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Figure 3. Manipulation of single actin filaments and force measurement using a microneedle. (a) Measurement of the tensile
strength of an actin filament. A single actin filament bound to a flexible glass microneedle at one end (at the left) was stretched
through a stiff needle bound at the other end until the actin filament was broken. The flexible needle was bent as the filament was
stretched. (b-d) Force measurement of the interaction between myosin molecules and actin filament. (b) Schematic of the
measurement system with nanometre-, piconewton- and millisecond-order sensitivity. See Ishijima ez al. (1996) for details. (¢) A
single actin filament was captured by a glass needle and interacted with small number of myosin heads in the cofilament of
myosin and myosin rod. (d) The force fluctuation exerted by individual myosin molecules was measured as a displacement
record of a tip of a microneedle. (¢) Displacement record caused by single myosin heads. The lower trace indicates thermal
vibrations of free needles. Broken lines show +5 nm.
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Figure 4. Manipulation and force measurement between single actin filaments and single myosin using laser trap. (a) Schematic
of the measurement. (b) Upper image: the time course of displacements by a single myosin molecule. White line represents raw
data and black line represents the same data passed through a low pass filter of 20 Hz bandwidth. Lower image: changes in
stiffness calculated from the variance of the displacement data as a monitor of the interaction of myosin with actin.

interact with a single myosin head attached to the glass
surface. The interaction with myosin was detected by
an increase in stiffness calculated from the variance of
the bead’s position (figure 4b). However, the step size
of individual steps could not be determined because the
starting position of the step was not known due to a fast
thermal fluctuation (Molloy ez al. 1995). The average
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step size determined was 5—-10 nm for myosin attached
directly onto the glass surface (Finer er al. 1994; Molloy
et al. 1995; QGuilford er al. 1997). To avoid direct
interaction between myosin and the glass surface, we
measured mixed single-headed myosin in the cofilament
with a large excess amount of myosin rod (Tanaka ez al.
1998). In this measurement system, we could also
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Figure 5. Imaging of single fluorescent molecules using
TIRFM. (a) Fluorescent micrograph of single Cy5-labelled
S1 molecules bound to the surface of a glass slide. Scale bar,
5 um. (b) Schematic of the visualization of the turnovers of
a fluorescent analogue of ATP, Cy3-ATP, catalysed by single
S1 molecules. (¢) ATP turnovers by a single S1 molecule.
Upper image: fluorescent image from Cy3-nucleotides bound
to S1. Lower image: time course of the corresponding
fluorescence intensity.

measure the effects of the angles between actin and
myosin. The average step size was 10-15 nm when
myosin and actin filaments were oriented in approxi-
mately the same direction and no displacement spikes
were observed when they were crossed nearly perpendi-
cularly. Therefore, under the condition where myosin
heads were adsorbed randomly in multiple directions,
the step size was an average that included less than
optimum values. Owing to these differences in the
experimental systems and difficulties in the measure-
ments of muscle myosin, the values of the step size varied
from 3.5 to 15 nm with the research groups.

The nucleotide-dependent atomic structures of the
motor domain of muscle myosin have been reported
(Rayment ez al. 1993; Whittaker ez al. 1995), providing a
basis for a model describing structural changes in the
myosin head as the cause for sliding movement. Small
changes in the conformation at a nucleotide-binding
region caused by a change in the chemical state of the
nucleotide are amplified into a rotation at the neck
domain relative to the motor domain. Based on this result,
the swinging cross-bridge model has been extended to a
more elaborate model called the lever-arm model in
which the neck domain acts as a lever arm to cause myosin
steps. The model predicts a step size of approximately
5 nm. The data from some groups are consistent with the
lever-arm model, whereas others are not.

6. VISUALIZATION OF SINGLE MOLECULES AND
SINGLE CHEMICAL REACTIONS

The observed mechanical events are caused by ATP
hydrolysis catalysed by myosin. Therefore, it is
important to know how these mechanical events are
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coupled to the chemical reaction of ATP. However, in
the mechanical measurements described above, it was
not known when ATP molecules were bound to
myosin, hydrolysed or when the products were
released. In order to detect the ATP turnover coupled
to the mechanical events caused by single myosin
molecules, single ATP molecules were visualized using
fluorescently labelled ATP. In 1995, the visualization of
single fluorophores in aqueous solution was accom-
plished using total internal reflection fluorescence
microscopy (TIRFM; Funatsu ez al. 1995; figure 5a).
In this technique, only those molecules located in the
vicinity of the glass slide (approx. 100 nm) are excited
by an evanescent field created when the incident laser
light is totally reflected at the surface. Local illumina-
tion such as the evanescent illumination resulted in a
large reduction in background noise, increasing the
signal-to-noise ratio. The visualization of single fluor-
escence molecules allows the observation of dis-
sociation and association events in single molecules.
The binding and dissociation of fluorescently labelled
ATP associated with the ATP hydrolysis by single
myosin molecules was observed as the appearance and
disappearance of fluorescence spots at the position
where myosin molecules were fixed to the glass surface
(figure 5b,c). The time duration from the binding of
ATP to the dissociation of ADP varied for individual
events and was distributed as an exponential function
in the histogram. The decay time statistically
determined was consistent with the ATPase rate of
myosin in solution in the ensemble measurement.

7. DIRECT DETERMINATION OF COUPLING
BETWEEN CHEMICAL AND MECHANICAL
EVENTS

Based on biochemical studies, the interaction of
myosin with actin is described depending on the
nucleotide state of myosin. The myosin head interacts
with the actin filament weakly in the ATP bound and
hydrolysed products (ADPPi) bound state. The
displacement of the actin filament is triggered by the
release of inorganic phosphate (Pi) and ADP. The actin
filament then remains strongly bound to the myosin
head until a new ATP binds, which causes detachment
of myosin from the actin filament. It should be very
important to experimentally test this consensus scheme
summarized from the ensemble measurements. Simul-
taneous measurements using a laser trap and imaging
of the turnover of single ATP molecules makes it
possible to directly determine the coupling between
mechanical events and the hydrolysis of ATP (Ishijima
et al. 1998; figure 6). The results were consistent with
the biochemical studies. However, a more precise
comparison of the timing between the chemical and
mechanical events raised a question. The release of
ADP and the reattachment of myosin to actin filaments
did not always couple whereas the binding of ATP to
myosin and the dissociation of myosin from actin was
tightly coupled. In half of the cases the displacement
occurred at the same time as the release of ADP, while
in the other half the displacement was delayed after
the dissociation of ADP. It is possible that the energy
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Figure 6. The simultaneous observation of individual ATPase and mechanical events. The upper and lower traces show the time
course of displacements and changes in fluorescence intensity from the Cy3-nucleotide bound to the myosin head, respectively.

The middle trace shows the changes in the stiffness.

released from the hydrolysis of ATP is stored at some
place in myosin and/or actin for later use.

8. MANIPULATION OF A SINGLE MYOSIN
MOLECULE AND SUBSTEPS

The mechanical events usually occurred too quickly to
be resolved. The resolution of the measurement system
could be improved by increasing the stiffness. The
probes, either microneedles or trapped beads, undergo
thermal motion due to collisions with water molecules
in the surroundings. The variance of the probe is
dependent on the stiffness of the probe system. In the
laser trap system, the trapped beads are allowed to
rotate freely and are attached to the side of actin
filaments, which contribute to the compliance in the
measurement system. To overcome this problem, we
captured single myosin heads to a cantilever attached to
the tip of a microneedle, preventing the probe from
rotating (Kitamura ez al. 1999; figure 7). To achieve
this, scanning probes must be prepared and myosin
molecules must be captured one by one. The
confirmation of single molecules also must be made
one by one using single molecule fluorescence imaging.
This is in contrast to the laser trap method in which
beads and myosin molecules are mixed in solution and
the single molecules are confirmed statistically. The
result was an improvement in the stiffness reaching
1 pN nm ™! compared with less than 0.2 pN nm ! for
the manipulation of actin filaments by the laser trap
system, resulting in a decrease in the variance to 2.0 nm
from 4.5 nm. This improvement in space resolution
allowed us to monitor the substeps in the rising phase
of the displacement during hydrolysis of single ATP
molecules. The step generated during a single cycle of
ATP hydrolysis was found to contain several substeps
of 5.5nm corresponding to the size of the actin
monomer, giving rise to a mean total displacement of
approximately 13 nm (figure 7¢). These substeps
cannot be explained by a conformational change of
myosin tightly coupled with the hydrolysis of ATP.
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The substeps occur stochastically and some of them
(less than 10% of the total) occur in the backward
direction. The movement is described as a particle
diffusing on an energy landscape in which the energy
barrier difference for the forward and backward steps is
2-3 kgT. The energy landscape may reflect the
interaction between myosin head and actin filament.
Several models have been proposed for the mechanism
of the substeps (Terada er al. 2002; Esaki et al. 2003).

In the microneedle method, myosin heads are
attached to large scanning probes. The movement of
the head is restricted by the microneedle (figure 7).
The myosin head is allowed to move along a
protofilament. Given that the head cannot go through
the bottom of the filament for geometrical reasons, it
does not move beyond the pitch of the actin helix unless
it changes the path to another protofilament. In fact,
the number of substeps was less than seven, in
agreement with the number of steps possible along a
single protofilament, based on the number of actin
monomers in the pitch of the protofilament helix. It
should be noted that this situation is similar to myosin
heads on the filament in muscle. That is, the myosin
head is attached to a large myosin filament and is
therefore restricted by the movement of the filament.
Thus, the myosin heads attached to a scanning probe
behave like myosin molecules in muscle and the
mechanical properties of muscle can be understood
based on the conclusions obtained in this method.

In muscle, many myosin motors are present,
which may modulate the properties of the isolated
myosin. Previous reports have suggested that the
step size of myosin measured in muscle is longer than
that obtained for isolated single myosin molecules
(Yanagida et al. 1985; Higuchi & Goldman 1991). A
collaboration between myosin heads in the muscle is
very probable. A model describing this collaboration was
proposed based on the results of the scanning probe
measurements. When many myosin motors interact
with a single actin filament, the motors may switch a
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Figure 7. Manipulation of single myosin molecules using a scanning probe and measurement of substeps of myosin.
(a) Schematic of the measurement. See reference Kitamura ez al. (2005) for details. (b) The schematic of the tip of the scanning
probe. A single myosin head was captured at the tip of a whisker attached at the glass microneedle. Motion of myosin head is
restricted geometrically. (¢) Stepwise movements in the rising phase of the displacements. Some backward steps were observed

as indicated by arrows.

track to a different actin protofilament, resulting in a
longer step than the single myosin step. This change
is facilitated by rotating the actin filament (Kitamura
et al. 2005). Given that the properties of an isolated
single motor are well described, the next step is to
understand the behaviour of motors in systems where
many motors interact.

9. ROLES OF ACTIN FILAMENT IN THE MOTILITY
OF MYOSIN

These manipulation techniques have been used to
study the physical properties of actin filaments. Actin
filaments serve as a track for myosin motility. The
physical properties of actin filaments are fundamental
parameters to understand the mechanism of myosin
motility. The basic premises of these techniques have
also been applied to studies of the structure and
interaction of single biomolecules.
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Taking advantage of the laser trap method in which
the rotational motion of a trapped bead is allowed, the
torsional motion of actin filaments is measured while
the actin is manipulated. The actin filaments are held
taut vertically by trapping a bead attached at the end by
a laser while the other end is fixed on the glass surface
(Tsuda et al. 1996). The bead trapped by the laser
rotates around the axis of the actin filaments due to
thermal torsional motion, while the rotational motion
is stopped at the other end. The rotational motion of
the bead is measured by monitoring the motion of
small fluorescent beads attached to it. The torsional
rigidity obtained from the variance of the angle (8.0 X
10~ %° Nm?) was similar to that deduced from longitudi-
nal rigidity (5.8 X102 Nm?). This method was used
for the detection of the rotation of single DNA molecules
associated with the step movement of RNA polymerase
moving along them (Harada ez al. 2001).

The force that breaks the monomer—-monomer bond
of the actin filament (tensile strength) was determined
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Figure 8. Single molecule FRET measurement from single
actin molecules in the filament. (a) Schematic of the
experiment. Actin monomer in the filament was specifically
labelled with tetramethyl-rhodamine (TMR) attached as a
donor and IC5 attached as an acceptor. (b) Histograms of
FRET efficiency for actin molecules. Blue bars and line, actin
molecules cross-linked with glutaraldehyde. Red bars and
line, actin molecules in the presence of myosin V. Green bars
and line, intact actin filaments. (¢) Time course of the donor
(green line) and the acceptor (red line) fluorescence from a
double-labelled actin. (d) The conformational dynamics of
actin molecules in the actin filament.

using both microneedle and laser trap methods (see
figure 3a). The tensile strength was determined by
pulling the microneedle or trapped bead until it broke
by measuring the displacement of the pull (Kishino &
Yanagida 1988; Tsuda et al. 1996). The maximum
value of tensile strength was 600 pN at the untwisted
condition. The tensile strength of the actin filament
significantly decreased under a torsion of approxi-
mately 100 pN, which was not much greater than the
force applied on the filament in a contracting muscle.
When a sinusoidal displacement is applied at one end
of the actin filament, the displacement at the other
end is damped and delayed owing to the extensibility
of the filament, allowing the stiffness of the actin
filament to be measured. These elastic properties
determined by single molecule techniques will be
fundamental in considering the mechanical role of
actin in muscle contraction, cell motility and formation
of cell shape.

Actin has been suggested to play an active role in
myosin motility. The motility of myosin is inhibited
while the ATPase activity of myosin is not affected
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when actin is chemically cross-linked. Recent single
molecule studies on actin conformation have revealed
that the change in the conformational state of actin is
responsible for the activation of myosin motility. The
conformational changes of actin monomers in the
filaments were observed using the single molecule
fluorescence resonance energy transfer (FRET) tech-
nique (Kozuka er al. 2006; figure 8). The actin
monomers in the filaments spontaneously changed
conformation between two states, one in which the
motility of myosin is inhibited due to the cross-linking
of actin and the other in which it is activated upon the
binding of myosin. The binding of the myosin heads
shifted the population in the state towards a state that
activates the motility of myosin. The conformational
changes may involve the relative rotation of two
subdomains of the monomer. These conformational
changes may result in an increase in the flexibility of
actin filaments as demonstrated in the imaging of actin
filaments in solution.

10. PROCESSIVE MOVEMENT OF
UNCONVENTIONAL MYOSINS

Owing to the development in molecular and cell
biology, a variety of myosin motors have recently
been available for experimental use. Unlike muscle
myosin, unconventional myosins, such as myosin Vand
VI, move in a processive manner and the step size is
much larger (36 nm) than that of muscle myosin.
These properties make it easier to measure the
mechanical properties of single molecule motors and
to interpret the data. The stepwise movement has been
detected using high spatial resolution fluorescence
imaging as well as laser trap (Yildiz er al. 2003).
These data have shown that myosin moves in a hand-
over-hand manner where one head steps while the
other head stays bound to the actin filament. The large
step size of myosin V (36 nm) has been attributed to its
long neck region, which is in agreement with the lever-
arm model. To further test the lever-arm model, we
measured step movements of a mutant of myosin V, in
which the neck domain was shortened to one-sixth its
natural length (Tanaka er al. 2002). Even then the step
size was 36 nm, the same as that of native myosin V.
However, the linear relationship between the length of
the lever arm and the step size has been reported in
many cases. Flexible regions created in the mutated
neck domain may contribute to a diffusive motion in
unbound heads. This diffusive motion may be involved
in the stepping process in addition to structural
changes in the myosin head. Recently, the diffusive
motion of unbound myosin V heads has been directly
observed during the stepping process (Dunn &
Spudich 2007; Shiroguchi & Kinosita 2007). The
random twisting motion of the neck domain around its
axis was observed associated with the step movement
(Komori ez al. 2007).

The involvement of diffusive motion was more
evident for the processive step movement of the two-
headed myosin VI, which has a large step size in spite of
its naturally short neck domain (Rock ez al. 2001;
Nishikawa er al. 2002). A flexible region adjacent to
the neck domain contributes to the diffusion of the
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Figure 9. Movements of single-headed myosin VI. (a) Time course of displacement of single-headed myosin VI (i) without bead
and (ii) with bead. The traces in (i) were measured by the fluorescence position of GFP fused with myosin head and the trace in
(i) was measured by the bead position. (b) Stepping model for cargo-bound single-headed myosin VI. Huge cargo keeps the
myosin head near the actin filament and the head repeatedly attaches and detaches to several actin monomers during diffusion.
Finally, the head preferentially lands on the forward binding site.

unbound head and extends to bind to actin. The
wide distribution of the step size is consistent with
the diffusion mechanism. It has been reported that wild-
type myosin VI has only one head when it transports
vesicles in cells. Generally, single-headed motors must
readily dissociate and diffuse away after a step. In the
case of single-headed kinesin, additional interactions
with microtubules prevent kinesin from dissociating
(Inoue et al. 1997). In the case of myosin VI, single-
headed myosin VI did not move processively but the
attachment of 200 nm polystyrene beads as a cargo
changed the movement of single-headed myosin VI to a
processive one with a large step of 40 nm (Iwaki et al.
2006; figure 9a).

The cargo-assisted stepwise movement is explained
by a slow diffusion of cargoes relative to the diffusion of
the head, because the diffusion is dependent on the size
of the particles. When a myosin VI head dissociates
from actin, the head diffuses rapidly to the next site on
an actin filament, while the bead diffuses slowly
preventing the head-bead complex from diffusing
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away from the actin filament. The preferential binding
to a site in one direction biases the diffusive motion to
that direction (figure 95). In the case of myosin VI,
among many possible explanations, we believe that the
myosin head senses the strain applied to it, causing an
acceleration in ATP binding and the release of ATP
hydrolysis products.

11. BIASED STEP MOVEMENT OF MICRO-
TUBULE-BASED MOTOR KINESIN

Kinesin has been extensively studied, partly because it
has several advantages over myosin for various
experiments. Kinesin is a processive motor, which
was expressed before muscle myosin. The movement
of individual kinesin molecules along microtubules
was visualized immediately after single fluorophores
were visualized in aqueous solution (Vale et al. 1996)
and the stepwise movement was detected using a
laser trap (Svoboda ez al. 1993). Kinesin moves in a
hand-over-hand manner with regular 8 nm intervals
along microtubules (Svoboda ez al. 1993; Kojima ez al.
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1997; figure 10a). Although kinesin is smaller than
myosin and a microtubule-based motor, the funda-
mental structure is similar to that of myosin, leading to
the expectation that basic mechanisms are shared with
myosin. From structural studies, it has been suggested
that the conformational docking at a short region called
the neck linker, which is located between the head and
coiled-coil tail domain, is responsible for the step
movement of kinesin.

The step movement of kinesin occurs overwhel-
mingly in one direction at no load. At high load,
backward stepping has been observed. The number of
the backward steps increases relative to the forward
steps as the external force increases (Nishiyama ez al.
2002). Finally, successive 8 nm backward steps occur
in the presence of excessive load (Carter & Cross
2005). The stochastic processes of kinesin step move-
ment were statistically analysed and the data were
interpreted based on the thermal diffusion of the head
in a free energy landscape (figure 1056). In the energy
landscape of forward and backward step movement, the
directional movement has a lower activation free-
energy barrier for the forward step as compared with
the backward step. The difference in the free-energy
barrier between the forward and backward directions
was 6kg7, suggesting that the energy reported for
docking (1-2kgT") was not sufficient for the bias to the
directional movement. The temperature dependence of
the step movement of kinesin showed that the
difference in the activation free energy between the
forward and backward movements is mainly entropic
(Taniguchi er al. 2005). One possible explanation is the
sterically restricted geometry between the kinesin head
and the binding sites on microtubules (figure 10c¢). The
kinesin head orients itself in the opposite direction
relative to the orientation of the microtubule when it is
located in the forward or backward position. The
orientation of the kinesin head in the forward position
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coincides with the orientation of the binding site on the
microtubule biasing forward movement.

12. PERSPECTIVES

These single molecule detection techniques allowed us
to directly measure the behaviour of individual
molecules. For molecular motors, unitary steps during
the hydrolysis of single ATP molecules have been
described experimentally. Because the single molecule
measurements were improved to have the sensitivity to
detect thermal fluctuations, it was found that a diffusive
motion was involved in the step movement of
molecular motors. The random thermal motion of
the molecules is biased by preferential landing in
one direction resulting in an overall directional move-
ment. The mechanism for the bias is important to
explore. These processes will be studied experimentally
and theoretically.

In the case of processive motors, especially myosin V
and kinesin, that move cargo as only a few molecules,
the unit steps are clearly characterized and the
mechanism for the bias seems robust against thermal
fluctuation, as indicated by a constant step size and
almost unidirectional at no load. This property is
advantageous for these molecules’ biological functions
which must be achieved unequivocally in single
molecules. In contrast to these processive motors,
muscle myosin works when large numbers of myosin
motors participate. The step movement of muscle
myosin seems rather stochastic when it is isolated,
for example, the size of the step has a distribution
attributed to stochastic properties of the substeps.
This stochastic property may be advantageous in
the viewpoint of adaptability, flexibility and perhaps
efficiency when it assembles individual myosin
molecules into a large machine like the muscle. Under-
standing the mechanism of the formation of assembly
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from individual molecules will be the theme that
we will attack experimentally and theoretically in the
next step.
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