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Abstract

It is widely accepted that the vesicle-transporter myosin-V moves processively along F-actin with large steps of �36 nm using a hand-
over-hand mechanism. A key question is how does the rear head of two-headed myosin-V search for the forward actin target in the for-
ward direction. Scanning probe nanometry was used to resolve this underlying search process, which was made possible by attaching the
head to a relatively large probe. One-headed myosin-V undergoes directional diffusion with �5.5 nm substeps to develop an average dis-
placement of �20 nm, which was independent of the neck length (2IQ and 6IQ motifs). Two-headed myosin-V showed several �5.5 nm
substeps within each processive �36 nm step. These results suggest that the myosin-V head searches in the forward direction for the actin
target using directional diffusion on the actin subunits according to a potential slope created along the actin helix.
� 2006 Elsevier Inc. All rights reserved.
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Class-V myosin is a processive motor that transports
organelles in cells [1,2]. Myosin-V has two heads, each with
a long neck [3] (6IQ motifs), and moves along F-actin
(actin filament) with large steps of �36 nm. This step size
coincides with an actin half helical pitch [1]. Electron
microscopy [4] and single molecule nano-scale imaging
(FIONA) [5] have shown that myosin-V walks along the
actin helical repeats using a hand-over-hand mechanism.
Single molecule polarized fluorescence microscopy [6] and
structural studies [7–9] have proposed that the rear head
diffuses towards the forward target, with a bias by tilting
the long neck. This tilting coupled to a rotation of the front
head is based on the crossbridge tilting model [10,11]. The
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bending rigidity of the neck of myosin-V is �0.2 pN/nm
[12,13] and the displacement of one-headed myosin-V
6IQ is �24 nm [12,13]. This displacement would not be suf-
ficient to lead the rear head to the forward actin target by
tilting the neck fast enough particularly against high loads
(2–3 pN). Furthermore, a truncation mutant of myosin-V
that has a short neck (1IQ motif), that is, no rigid long neck
domain, can move processively with large, �36 nm steps,
the same as that for wild-type myosin-V (6IQ motifs)
[14]. These results suggest that another mechanism oper-
ates the search mechanism of the rear head.

The diffusive movement of the rear head occurs too fast
(�1 ms) to be detected by optical trapping nanometry [1]
and single molecule nano-scale imaging [5]. In this study,
we used scanning probe nanometry to resolve the diffusive
process of the head, which had been slowed by attaching
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the head to a relatively large probe [15,16]. We found that
one-headed myosin-V underwent directional diffusion with
�5.5 nm substeps to produce an average displacement of
�20 nm, which was independent of the neck size (2IQ
and 6IQ motifs). The two-headed myosin-V showed pro-
cessive �36 nm steps. Within each of these steps an inter-
mediate step was observed, which has been observed at
high loads [17] or in the presence of 2,3-butanedione
2-monoxime [18]. The intermediate step of �17 nm could
be further resolved into several �5.5 nm substeps. The
results strongly indicate that the myosin-V head moves
along actin monomers. Based on these results, we propose
a mechanism whereby the myosin-V head searches in the
forward direction along an actin filament by directional
diffusion according to a potential slope along the actin
helix.
Materials and methods

To obtain recombinant one-headed myosin-V, SF9 cells were co-in-
fected with two separate viruses expressing human myosin-V heavy chain
(2IQ and 6IQ) and calmodulin. To obtain recombinant two-headed
myosin-V, mouse myosin-V heavy chain was used [19]. Actin was obtained
from rabbit skeletal muscle and purified as described previously [20]. a-
actinin was obtained from chicken gizzard and prepared as described
previously [21]. Cy5-labeled actin monomers were prepared by conjugat-
ing Cy5-maleimide to reactive Cys-374 of actin as described previously
[22]. The biotinylated F-actin was prepared as previously described [23].
Biotin-BSA was prepared as previously described [23]. A scanning probe
was prepared as previously described [15].

A scanning probe measurement system was constructed based on an
inverted fluorescence microscope (IX70, Olympus, Japan) as previously
described with some modifications [15]. A blue laser (k = 488 nm, Sap-
phire 488-20-CDRH, Coherent, Japan) was used for measuring the posi-
tion of the probe. The bright field image of the scanning probe was
projected to a split photodiode for nanometer measurements (Fig. 1A).
The blue laser was also used to illuminate GFP fused to myosin through
objective-type TIRFM by switching the beam path. The fluorescence
image was detected by a SIT camera (C2741-08, Hamamatsu Photonics,
Japan) with an image intensifier (C8600-03, Hamamatsu Photonics,
Japan). A red laser (k = 632.8 nm, 05-LHP-928, Melles Griot, USA) was
used to illuminate Cy5-labeled actin bundles through an objective-type
TIRFM. For myosin-V HMM, a previously described system was used
[15].

Fluorescence images of GFP fused to myosin acquired at 33.3 ms
intervals were stored on a PC with a DAQ board (PCI-1409, National
Instruments, USA) and analyzed using Labview (National Instruments,
USA) image analysis system. The displacement of the scanning probe was
recorded at 24 kHz sampling rate by a DAT recorder (LX10, TEAC,
Japan) and analyzed as previously described [15]. The change in stiffness
from low stiffness (0.01–0.07 pN/nm) to high stiffness (0.3–1.0 pN/nm)
was considered an indicator of the interaction between the actin filament
and myosin head [24]. All pairwise distance analysis was used to analyze
the rising phases [25,26].
Results

The captured myosin heads were visualized using the
fluorescence of fused GFP detected by total internal reflec-
tion fluorescence microscopy (TIRFM) [27,28] in conjunc-
tion with a scanning probe microscope (Fig. 1A). The
single one-headed myosin-V captured onto the probe was
brought into contact with actin bundles formed by a-actin-
in fixed on a glass surface. The displacements were deter-
mined by measuring the deflection of the needle with a
split photodiode with nanometer accuracy (Fig. 1A).
For two-headed myosin-V, we confirmed that single two-
headed myosin-V molecules were sufficient to move the
probe using conventional analysis [29].

Fig. 1B shows typical traces of displacements (upper
green traces) and their rising phases on an expanded time
scale (lower blue traces), produced by a one-headed myo-
sin-V with a short neck (2IQ motifs) (B) or a long neck
(6IQ motifs) (C), all in the presence of 1 lM ATP at
15 �C. One-headed myosin-V showed non-processive dis-
placements. Displacements did not take place abruptly
but instead developed in a stepwise fashion. In order to
resolve the displacements, we took all pairwise distance
of the rising phase of each displacement and its power spec-
trum (Supplementary Fig. 1). The pairwise distances and
their power spectra for 169 (63%) out of 267 observed dis-
placements by one-headed myosin-V with 2IQ in 7 different
experiments at 15 and 20 �C showed peaks corresponding
to �5.5 nm and/or �11 nm substeps. Fig. 2A shows a his-
togram of pairwise distances averaged for the rising phases
of these 169 displacements. The power spectrum showed a
clear peak corresponding to �5.5 nm substep, indicating
that the rising phases of displacements included �5.5 nm.
The substeps of �11 nm most likely correspond to
2 · �5.5 nm substeps occurring within the temporal resolu-
tion of the measurement system. However, the remaining
98 (37%) displacements showed no clear substeps in their
rising phases. The present measurement system was able
to resolve the �5.5 nm substeps whose dwell times were
>�1 ms (s = (2pfc)�1, where fc is the corner frequency of
the needle, �200 Hz). Therefore, the most likely explana-
tion for the absence of 5.5 nm substeps is that they took
place within the time and spatial resolution of the measure-
ment system (Supplementary Fig. 2). Those exhibiting no
clear steps were consistent with the results of a computer
simulation on the effect of noise on the detection of
5.5 nm steps. For negative controls, we performed the pair-
wise distance and power spectrum analyses for three peri-
ods during which rising phases included 5.5 and/or 11 nm
steps: in between displacement events, during plateaus,
and during the falling phases of displacements. Neither
pairwise distance nor power spectrum in these three groups
had 5.5 or 11 nm steps. The data are shown in supplemen-
tary materials (Supplementary Fig. 3A–C).

Substeps were also observed for one-headed constructs
with a long (6IQ) neck. The pairwise analysis indicated that
46 (35%) and 37 (28%) out of observed 130 displacements
(2 different experiments) at 15 �C included �5.5 nm and
�11 nm substeps, respectively. For the remaining 47
(37%) displacements, substeps were not clear. The thermal
noise created by the vibration of the needle resulting from
the large compliance of the long neck was larger than that
for the construct with a short (2IQ) neck, so in the pairwise
distance and power spectrum averaged for all displace-



Fig. 1. Schematic drawing of the experimental apparatus and substeps in the rising phases of displacements. (A) Schematic drawing of the measurement
system. A scanning probe nanometry system originally made to resolve the detailed processes of the displacement of myosin II [15,16] was used with some
modifications. In this measurement, a blue laser was used for single molecule GFP imaging in an objective-type TIRFM and for bright field image of a
scanning probe on a split photodiode for nanometer measurements. A single myosin molecule, which had been fused to GFP, was specifically attached to
the tip of a scanning probe through myc tag via c-Myc monoclonal antibody (Ab). The one-headed myosin-V was rigidly attached to a reasonably large
scanning probe, so it was assumed to stably interact with an actin filament without diffusing away. (B) Typical recordings of the time courses of
displacements (upper) and rising phases of displacements on an expanded time scale (lower) by a one-headed myosin-V 2IQ. (C) Typical recordings of the
time courses of displacements (upper) and rising phases of displacements on an expanded time scale (lower) by a one-headed myosin-V 6IQ. [ATP] = 1 lM
and T = 15 �C.
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ments exhibiting �5.5 nm and/or �11 nm substeps, the
peak corresponding to 5.5 nm substeps was damped.
Therefore we analysed these separately. The power spec-
trum of all pairwise distances averaged for the 46 displace-
ments showed a peak corresponding to �5.5 nm substeps
(Fig. 2B) and that averaged for the 37 displacements
showed a peak corresponding to �11 nm substeps.

The number of �5.5 nm substeps per displacement for
one-headed myosin-V 2IQ was between 1 and 7 with a
mean of 3.6 ± 0.2 steps (Fig. 2C), which was similar to that
of one-headed myosin-V 6IQ (3.8 ± 0.2 steps) (Fig. 2D).

The mechanical kinetics of displacements and �5.5 nm
substeps by one-headed myosin-V 2IQ at different ATP
concentrations at 20 �C were analyzed. The mean dura-
tions of displacements were 0.28 and 1.3 s at 1 and
0.2 mM ATP, respectively. These durations give the second
order association constant of ATP for actin–myosin com-
plexes of �3.4 lM�1s�1. This value was slightly larger than
those obtained by a previous study for one-headed myosin-
V with a short neck (1IQ) (�2.0 lM�1 s�1) [30]. The ATP
binding to an actomyosin-V complex is strain dependent
[12]. Therefore, the strain exerted on myosin-V head
attached to a large scanning probe would be different. This
result indicates that each displacement corresponds to a
single ATPase cycle by a single myosin head. This is in
agreement with the fluorescence observations of GFP fused
to the head of the probe. On the other hand, the mean
dwell times for �5.5 nm substeps observed in the rising
phases of displacements were constant, independent of
the concentration of ATP. Furthermore, the dwell times
(2–3 ms) of the �5.5 nm substeps were >100-fold shorter
than the ATP turnover time at 1 lM ATP. Thus, these
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Fig. 2. Analyses of substeps. (A) A histogram of pairwise distance for all
data points of the rising phases of observed displacements primarily
constituted �5.5 nm and/or �11 nm substeps (169 out of 268 displace-
ments from 7 different experiments) by one-headed myosin-V 2IQ (left) at
15 and 20 �C and the power spectrum of the histogram of all measure-
ments for pairwise distance (right) (See text for selection). (B) A histogram
of all pairwise distance averaged for displacements primarily constituting
substeps of �5.5 nm (46 displacements out of 130 displacements from 2
different experiments) by one-headed myosin-V 6IQ (left) and its power
spectrum (right) at 15 �C. Histograms of the number of �5.5 nm substeps
per displacement for one-headed myosin-V 2IQ (C) and 6IQ (D).
[ATP] = 1 lM.

Fig. 3. (A) Typical recordings of the time courses of displacements by a
two-headed myosin-V. Arrows indicate intermediate steps (see text). (B)
Time courses of the rising phases of displacements by a two-headed
myosin-V on an expanded time scale. [ATP] = 2 lM or 2 mM and
T = 20 �C. (C) A histogram of all pairwise distances averaged for 46
displacements (3 different experiments) primarily constituted �5.5 nm
substeps and/or �11 nm and the power spectrum (insertion).
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results indicate that the observed multiple �5.5 nm sub-
steps take place within a single ATP hydrolysis event
caused by a single myosin head.

A two-headed myosin-V showed processive movement
with �34 nm steps (Fig. 3A) as previously observed by
optical trapping nanometry [1,17,18]. Furthermore an
intermediate step (�17 nm) within each 34 nm step was
observed (Fig. 3A, arrow). Such intermediate steps have
been previously observed using optical trapping nanometry
at high loads [17] or in the presence of 2,3-butanedione
monoxime [18]. In this experiment, the intermediate step
was clearly observed even at low loads. It is likely that
the intermediate step was also slowed by attaching the
two-headed myosin-V to a large scanning probe. Fig. 3B
shows the rising phases of the intermediate steps on an
expanded time scale. The substeps of �5.5 nm could be
clearly observed. The number of �5.5 nm substeps within
each intermediate step varied from between 1 and 6 with
a mean number of �3. Fig. 3C shows a histogram of all
the pairwise distance of the rising phases and the power
spectrum (insertion) averaged for 46 displacements (3 dif-
ferent experiments). Clear peaks were observed at the
positions corresponding to �5.5 nm substeps. �5.5 nm
substeps were observed for both the first and second inter-
mediate steps. This is probably because the rear head inter-
acts with actin in the backward actin helix region (see
Discussion). The size of substeps (�5.5 nm) observed near
the maximum force was similar to that at low loads, indi-
cating that the size of substeps was independent of load.
Discussion

The total number of �5.5 nm substeps per displacement
was between 1 and 7 with a mean value of 3–4 steps (Figs.
2C, D and 3B). The substepsize (�5.5 nm) coincides with
the distance between adjacent actin subunits and the
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maximum stepping distance (�5.5 nm · 7) was approxi-
mately half the helical pitch of an actin filament (36 nm).
Furthermore, the size of the substeps (�5.5 nm) was con-
stant and independent of the myosin head neck domain size
and the load. Thus, the results suggest that the myosin
head undergoes directional steps on actin subunits accord-
ing to a potential slope along the half helical pitch of an
actin filament (Fig. 4A). The potential slope may be due
to conformational changes in the actin filament [31,32].
The binding sites for a myosin head rotate along the F-ac-
tin helix. Therefore, when the myosin head fixed on the
probe tip is brought into contact with an actin filament
fixed on a glass surface, the steric compatibility between
the orientation of the actin binding sites and the myosin
head changes along the F-actin helix [14]. Thus, this steric
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Fig. 4. Hopping model for myosin-V stepping. (A) Potential slope along
the actin helix. The potential slope is generated by the steric compatibility
between the orientations of the actin and the myosin head (see text for
detail). (B) The hopping model for myosin-V stepping. The rear head
searches for the actin target in the forward direction by a hopping
movement on the actin subunits according to a potential slope along the
actin helix (see text for detail). Black closed circle, ATP or ADP-Pi.
F = Force. Yellow of �17 nm indicate displacements by the neck bending
and its diffusion. Gray bands of �17 nm indicate directional steps on actin
monomers according to the potential slope along the actin helix.
compatibility should make a potential slope along the half
helix of F-actin as previously suggested by Veigel et al. [33].

Based on these results, we propose a hopping model for
two-headed myosin-V (Fig. 4B). ATP favorably binds to
the rear head because of an intramolecular strain through
the bending of the neck [12] (Fig. 4B (i)). The rear head
detaches from actin and undergoes Brownian motion back
and forth along the backward actin helix region, probably
interacting with actin in the weak binding state because
�5.5 nm substeps were observed when trailing the front
head (Fig. 4B (ii)). When the rear head moves beyond
the front head, it undergoes directional hopping over
approximately 3 actin subunits (�17 nm) according to a
potential slope along the actin helix (Fig. 4B (iii)). This
results in the movement of the stalk of myosin-V by
�16.5 nm (3· 5.5 nm). When the rear head reaches the bot-
tom of the potential i.e., the forward target, the negative
strain is exerted on the neck domain of head and the release
of Pi from the myosin head or isomerization of the myosin
head is accelerated to form strong binding [34–36] (Fig. 4B
(iv)). Thus, the myosin-V walks along the F-actin with
�36 nm steps.
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