A single myosin head moves along
an actin filament with regular steps
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Actomyosin, a complex of actin filaments and myosin motor proteins, is responsible for force generation during muscle
contraction. To resolve the individual mechanical events of force generation by actomyosin, we have developed a new
instrument with which we can capture and directly manipulate individual myosin subfragment-1 molecules using a
scanning probe. Single subfragment-1 molecules can be visualized by using a fluorescent label. The data that we
obtain using this technique are consistent with myosin moving along an actin filament with single mechanical steps of
approximately 5.3 nanometres; groups of two to five rapid steps in succession often produce displacements of 11 to 30

nanometres. This multiple stepping is produced by a single myosin head during just one biochemical cycle of ATP

hydrolysis.

Studies of the actomyosin motor have entered a new phase in the
past few years. Structures of the actin monomer' and the myosin
head’, determined by X-ray crystallography, have provided a frame-
work for understanding the interaction between the myosin head
and the actin filament. The ‘tilting crossbridge’ model of force
generation™ has been refined, on the basis of the myosin crystal
structure, into the ‘lever-arm’ hypothesis’. In this model, small
structural changes that are coupled to ATP hydrolysis in the catalytic
domain of the myosin head are magnified by pivoting of the
~10-nm-long myosin light-chain domain, which acts as a lever
arm>”’. The translation caused by this pivoting of the lever arm
would be ~6 nm (refs 8, 9).

New techniques for manipulating single actin filaments using
microneedles'® or optical traps'' and optical sensors that can resolve
objects at nanometre scales'™'? have allowed the displacement of
single molecules of myosin or its subfragments to be measured
directly in vitro''™'®. The size of displacements reported, however,
has varied considerably. Some investigators have found myosin
displacements of 4—10nm (refs 11, 14—17), which are consistent
with the lever-arm model. On the other hand, we have reported
values of 10-25nm (refs 18—20), which is significantly larger than
the values expected from the lever-arm model. Large displacement
values indicate that myosin heads may interact several times with an
actin filament for each ATP used'>*'~*. It is essential to measure the
displacement unambiguously to determine how conformational
changes in the myosin head lead to force generation, and how
mechanical cycles are coupled to ATP hydrolysis.

We have developed a new method for directly manipulating single
myosin subfragment-1 (S1) molecules. S1 is the head region of
myosin and contains the ATP- and actin-binding sites. The techni-
que uses a scanning probe to measure the mechanical events that
occur during generation of actomyosin displacements at high
temporal and spatial resolution.

Nano-manipulation of single S1 molecules

The experimental arrangement is shown in Fig. la. S1 was biotiny-
lated and fluorescently labelled on the regulatory light chain (RLC)
at a molar ratio of >0.95:1 (fluorescent label:RLC). The RLC is a
subunit of relative molecular mass 20,000 (20K) that is located near
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the carboxy terminus of S1, away from the ATP- and actin-binding
sites which are located on the S1 heavy chain. The scanning probe, a
5-7-um long ZnO crystal whisker™”, with a very sharp tip
(~15nm radius of curvature), was attached to a fine glass needle
mounted on a three-dimensional piezoelectric scanner. The
probe was coated with streptavidin so that single myosin heads
could be captured specifically at the biotinylation site on the RLC
(see Methods). The stiffness of the needles was low (0.01—
0.03pNnm™'), and thus the mechanical load exerted on an S1
molecule was small (<1 pN).

Single S1 molecules captured on the tip of the scanning probe
were visualized by objective-type total internal reflection fluores-
cence microscopy (TIRFM)¥, which produced clear images of single
fluorophores at a high fluorescence-to-background ratio (Fig. 1b;
an individual S1 molecule captured by the probe is identified by an
arrowhead). The fluorescence was characterized by a single,
approximately gaussian, intensity distribution and single-step
photobleaching”** (data not shown), strongly indicating that the
fluorescent spots were indeed due to single fluorophores. The S1
molecule was brought into contact with an actin bundle in the
presence of ATP by manipulating the probe (Fig. la, right). We
detected the displacements resulting from S1—actin interactions by
measuring deflections of the needle, with subnanometre accuracy,
using a differential pair of photodiodes'>".

Individual mechanical events

When S1 was not associated with an actin filament, large thermal
fluctuations of the probe with an r.m.s. amplitude of ~13 nm were
apparent. Upon binding of S1 to actin, the fluctuations decreased
suddenly to an r.m.s. amplitude of <4.5 nm (Fig. 2a, upper trace).
Motions of the probe caused by Sl-actin interactions could be
clearly distinguished from thermal noise by monitoring the increase
in stiffness’, calculated as the reciprocal of the variance of the
fluctuating probe position (Fig. 2a, lower trace). The concentration
of ATP was low (0.1 or 1 uM), leading to prolonged interactions
between actin and myosin and thus enabling us to identify indi-
vidual mechanical events. During Sl-actin attachments, the
stiffness of the probe—Sl-actin linkage increased by more than
tenfold to 0.2-1.5pNnm™" at 20 °C, and by more than fivefold to
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0.1-0.7pNnm™" at 27°C. The stiffness at 20°C is similar to
estimates of actomyosin crossbridge stiffness (0.5-2pNnm™) in
intact muscle”. The high stiffness during active generation of
displacements greatly improved the instrumental time resolution
and signal-to-noise ratio, and allowed us to resolve elementary
processes during generation of displacements (see Methods).

Displacements caused by single S1 molecules spread over a wide
range of positive and negative values. The large width of this
distribution is probably caused the probe’s thermal fluctuations';
if the S1 molecule attaches to an actin filament when the probe has
diffused away from its equilibrium (zero) position, the start posi-
tion will be displaced. The stiffness started to increase when the
needle was displaced to both positive and negative positions, as
shown in Fig. 2b, ¢, respectively. As the start positions are expected
to distribute randomly around the zero position, the mean dis-
placement over many events gives the net displacement caused by an
S1 molecule® (Fig. 2d). The mean displacements, averaged over all
of the observed events, were ~13 nm with 0.1 uM ATP (n = 55)
and ~14nm with 1uM ATP (n = 135) at 20°C, and ~12nm
(n = 235) with 1 uM ATP at 27°C. In some cases (~20%), the
direction of the displacement was reversed, probably because the S1
interacted with an actin filament with the opposite orientation in
the actin bundle. Therefore, the mean displacements obtained in
this way should underestimate the true mean by ~20%. The
durations of displacements at 0.1 and 1 wM ATP were distributed
exponentially, with means of 2,400ms (n =55) and 220ms
(n = 135), respectively, at 20 °C. The second-order rate constant
for dissociation of S1—actin by ATP, based on these mean durations,
was 4-5 X 10° M~ 's ™', which is consistent with values obtained
for an actin—myosin-head complex in solution® and by optical
trapping nanometry'"'>~%°.

Stepping motion

We scrutinized the rising phase of the displacements to determine
the detailed mechanism of sliding. Figure 3 shows the time course of
the rising phases on an expanded timescale, in the presence of 1 puM
ATP (Fig. 3a) and 0.1 wM ATP (Fig. 3b) at 20 °C, and in the presence
of 1 WM ATP at 27 °C (Fig. 3¢). The displacements did not take place
abruptly but instead developed in a stepwise fashion. The steps at
20°C were clearer than those at 27°C, because the dwell time
between steps was longer.
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To analyse the step size for unitary and multiple displacements,
we used a statistical method similar to that previously applied for
the microtubule-bound molecular motor kinesin®' (see Methods).
The start point for a step had to have a dwell time of >4 ms, and the
variance of the starting position had to be no greater than double
that at the final plateau position (Fig. 2b, ¢). This method excludes
steps that have pre-attachment dwell times of <4 ms.

A histogram of pairwise distances during the rising phase of
displacements was produced for each record. The data from 66
events obtained in 8 different experiments (50 events from 6 S1
molecules at 1 wM ATP and 16 events from 2 S1 molecules at 0.1 uM
ATP) at 20 °C were pooled together (Fig. 4a). A new probe was used
for each experiment. About 20 events were observed in each
experiment. Of the 190 events, 35% (66 events) had a stiffness
upon binding of >0.5pN nm™; 65% of the events had too small a
stiffness to allow us to determine the probe position reliably, and
were thus not analysed—when the stiffness upon binding was small,
the start positions could not be determined as reliably because of
large fluctuations of the probe position. Low stiffness may have
occurred when the actin bundle was not rigidly attached to the glass
surface or when some actin filaments were not rigidly incorporated
into the actin bundle. Data at 27 °C were also excluded because the
dwell time was short and therefore the start positions could not be
reliably determined. The histogram shows a peak spacing at
5.3 = 0.2nm (mean * s.e.m.) and a small shoulder at twice the
displacement, ~11nm. The shoulder is probably caused by the
occurrence of two sequential steps within the interval (which was
2ms) used for calculating the distance histogram (see Methods). A
small shoulder was identified near —5 nm. This shoulder may have
resulted from backward steps (Fig. 3b). The peak at 5.3 nm in the
histogram is statistically significant according to x” test of goodness
of fit and a non-parametric test based on a kernel-type probability
density function (see Methods).

Figure 4b shows histograms of dwell times between steps. The
data are well fitted by single exponentials with time constants of 3.2
and 4.8 ms in the presence of 0.1 and 1 uM ATP, respectively,
indicating that the steps may have occurred stochastically. The
mean velocities in the rising phase, obtained from step size divided
by dwell time, are 1.7 and 1.1 wms™ at 0.1 and 1pM ATP,
respectively, at 20 °C. These velocities are close to the maximum
sliding velocities between actin and myosin at saturating concentra-
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Figure 1 Direct capture and manipulation of a single S1 molecule by a scanning
probe. a, Schematic drawing of the experiment. Left, a single S1 molecule, which
was biotinylated (small black circle) and fluorescently labelled Cy3 (yellow star;
molar ratio >0.95:1 Cy3:S1) at its regulatory light chain (blue), was specifically
attached at its tail end through the biotin-streptavidin system to a scanning probe
(ZnO whisker and glass microneedle) and observed by objective-type TIRFM?’
Right, the displacement produced when the S1 molecule was brought into
contact with an actin bundle bound to a glass surface was determined by
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measuring the position of the needle with nanometre accuracy. See text and
Methods for details. b, Fluorescence images of single S1 molecules. The micro-
graph shows superimposed images of single ST molecules either captured by the
probe (arrowheads) or bound to coverslip. The red and yellow spots represent,
respectively, images before and after movement of the stage by a piezoelectric
actuator. The captured S1 molecule (arrowheads) did not move with the stage, but
could be moved independently by piezoelectric scanners holding the needle.
Calibration bar, 5 um.
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tions of ATP (>1mM) and zero load at 20 °C, and are >100-fold
larger than the velocities occurring during steady sliding at 0.1 and
1 WM ATP*, The mean velocity (3.1 wms™") at 27 °C, obtained from
the slope of the rising phase of averaged events (n = 35), was
roughly twofold larger than that at 20 °C (Q,, = 2.7).
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Figure 2 Displacements caused by single S1 molecules captured on the tip of the
scanning probe. a, Upper trace, typical recordings of the displacements made by
an S1 molecule. Bandwidth for recording, 2kHz. The spring constant of the
needle was 0.03pNnm™". Lower trace, stiffness calculated at intervals of 20ms
from the variance of the probe position. b, ¢, Displacements due to S1-actin
interactions starting at positive (b) and negative (¢) positions. Upper traces, probe-
position records plotted on an expanded timescale. Dotted horizontal lines show
the equilibrium (zero) position of the probe. Bandwidth, 2kHz. Lower plots
indicate (variance)™". A 2-ms window was positioned every 1 ms and the variance
during the window was calculated from samples at 0.25ms intervals. In this
calculation, the whole range of frequencies of probe fluctuations is not covered
because the width of the window (2 ms) was small. ‘Attached’ and ‘detached’
indicate attachment and detachment of S1 to actin. d, Mean displacement
averaged over all observed events (n = 135; see text). In averaging the events, we
synchronized the start positions of rising phases. As the durations of rising
phases varied from event to event, the end positions were not synchronized.
Experiments were done in assay buffer containing an oxygen-scavenging
system'®® and 1 wM ATP at 20°C.
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The number of steps in each event ranged from one to five, and
was 2.5 steps on average (Fig. 4c); that is, the overall displacements
ranged from 5.3 to 30 nm and averaged 13 nm. For individual S1
molecules, the distribution of step number ranged from one to three
and one to five. The mean displacement (~13 nm) averaged over
the events (n = 16 + 50, obtained in the presence of 0.1 and 1 uM
ATP, respectively) selected for high stiffness at 0.1 and 1 uM ATP at
20 °C was similar to that (~14 nm) averaged over all of the observed
events (n = 55 + 135). This result indicates that our selection of
events for analysis of the steps did not bias the distribution towards
large overall displacements.

In the falling phase of the displacements (detachment of the S1
molecule from actin following ATP binding), the probe returned to
the zero position with a 1/e time of 2-5 ms (Fig. 3a, ¢, last traces),
which was similar to the settling time of the free needle (see
Methods). No regular steps were observed either by eye or on a
histogram of pairwise distances calculated during the falling phase.

Discussion

In this study, the mean displacement caused by single S1 molecules
was 13 nm and displacements of up to 30 nm were observed. These
values are greater than those (4-10nm) reported previously
from use of optical trapping nanometry''*""”. However, in the
previous studies, because of the large variance in start positions'

a 1puM ATP, 20 °C

b 0.1 uM ATP, 20 °C

Figure 3 Steps in the rising phase of displacement records on an expanded
timescale. Displacements in the presence of a, 1 uM ATP, 20°C; b, 0.1 uM ATP,
20°C; and ¢, 1 M ATP, 27°C. Black lines show records passed through a 2-kHz-
bandwidth low-pass filter; grey lines show the same records passed through a
nonlinear median filter® of rank 2. Dashed horizontal gridlines indicate spacings
of 5.5nm. The start positions of the rising phase of displacements were deter-
mined as described in the text. The last traces in a, ¢ are records of the falling
phase of displacements.
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(£~30nm; r.m.s. ~10nm), only a mean displacement could be
determined, rather than the distribution of individual step sizes.
Thus, in previous work, some displacements could have been
>10 nm. Here we have determined the size of individual displace-
ments directly (Fig. 3). Furthermore, in our study the S1 molecule
was brought close to the actin bundle, which was rigidly bound to a
glass surface; thus the S1 molecule was more easily able to interact
continuously with the actin filaments. In addition, the S1 molecules
were specifically attached at their tail ends to the probe by an
avidin—biotin system; this avoided damage to the S1 molecules
caused by interaction with the probe surface. We have shown
previously that the velocity of movement of actin filaments obtained
with S1 molecules that are bound to a glass surface through
streptavidin—biotinylated BSA, as here, is as fast as the velocity
with intact myosin and several fold larger than that obtained when
S1 is bound directly to the glass surface™.

Thermal diffusion of the probe spreads the starting position of
displacements, but it cannot account for the number of steps or the
large displacements that occur following attachment to actin. In the
presence of ADP, the mean displacement was zero and no steps were
observed (data not shown). Furthermore, if the displacements
resulted from thermal diffusion, the velocity in the rising phase
would be proportional to the square root of the absolute tempera-
ture. The velocity, however, increased roughly twofold when the
temperature was raised from 20 °C to 27 °C (Fig. 3), which is much
more than would be expected from thermal diffusion.
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Figure 4 Statistical analysis of stepping motion. a, Histogram of pairwise
distances in the rising phase of the displacements. The solid line is the sum of
four gaussian peaks fitted to the data by least squares®. The position and width of
each gaussian peak were allowed to vary during the fitting iteration. The fit
parameters for positions and widths of four gaussians are 3.8 and 1.3nm, 0.02
and 1.3nm, 5.3 and 2.0nm, 11.3 and 1.6nm, respectively. Inset, the Gaussian
distribution at ~Onm was subtracted from the data and the fitted curve. b,
Histogram of the dwell times between steps, determined as described®. Values
are expressed asn + |n. Closed and open circles indicate results obtained in the
presence of 0.1 and 1 uM ATP, respectively. The lines show exponential curves
fitted to the data, giving time constants of 3.2ms and 4.8ms at 0.1 and 1 uM ATP,
respectively. ¢, Histogram of the number of steps per displacement. The steps
were counted by eye. Steps of ~5.3nm X /N were counted as N steps. The
histogram shows combined results obtained in the presence of 0.1 or 1 uM ATP at
20°C.
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We did not observe displacements of more than 30 nm, even
though the energy required to produce a 30-nm displacement
under the present load (1/2 X (30nm)® X (0.03pNnm ') =
14pN X nm) is <15% of the energy liberated by ATP hydrolysis
(~100 pN X nm)*. The displacement may be limited by the helical
pitch of actin. If an S1 molecule moves 30 nm along a single strand
of an actin filament, the S1 would rotate by ~145° around the
filament axis. Further rotation may be difficult, because of mechan-
ical constraints at the probe or in the filament bundle.

Could the large displacements composed of successive 5.3-nm
steps be produced by multiple S1 molecules? We observed bound
fluorophores rather than S1 molecules, so it is possible that the
probe may have bound extra, non-fluorescent S1 molecules that
were either unlabelled or labelled with photobleached fluorophores.
However, this is unlikely, for several reasons. First, S1 molecules,
labelled with fluorophores at a molar ratio of >0.95:1, were
attached to the tip of the probe under safe, red-light illumination
(see Methods). Illumination with green laser light was then used to
check that single S1 molecules were captured (Fig. 1b). More than
90% of S1 molecules should be fluorescent, at least until this
checking procedure is carried out, so most instances of capturing
multiple myosins would have been detected by greater fluorescence
intensity. Second, the probability of capturing more than one S1
molecule, determined by fluorescence, was ~5% (see Methods) and
the fraction of contaminating, non-fluorescent, S1 molecules in the
preparation was <<10%, so the likelihood that the probe bound one
fluorescent S1 molecule and one or more non-fluorescent S1
molecule is <0.5%. Third, if multiple steps are caused by multiple
S1 molecules each producing a single step for each ATP used, then
the velocity of the rising phase should have been much smaller at
1 uM ATP than the actomyosin sliding velocity at a saturating ATP
concentration, and should have been lower still in the presence of
0.1 uM ATP*. This is because, at low ATP concentrations, the
myosin head forms a rigid, long-lived rigor complex with actin that
limits the rate of movement.

How are the steps coupled to biochemical cycles of ATP hydro-
lysis? During the production of one to five steps, to generate
displacements of ~5 to ~30nm (Fig. 3), the mean dwell times
were 3.2 and 4.8 ms in the presence of 0.1 and 1 uM ATD, respectively,
at 20 °C (Fig. 4b). If a single step corresponds to each ATP used, an
ATP molecule must bind to the S1 within these dwell times. The
likelihood of this is ~3.2ms divided by 2,400 ms and ~4.8 ms
divided by 220 ms in 0.1 and 1 M ATP, respectively, where 2,400 ms
and 220ms are the average times required for ATP binding,
estimated from the plateau durations. If the hydrolysis of a single
ATP molecule does correspond to a single step, and if the S1
undergoes more than two steps sequentially, more than two ATP
molecules should associate repeatedly with the S1, a much less likely
occurrence. The fact that the dwell time did not depend on the ATP
concentration indicates that each step did not correlate with the
binding of ATP. For kinesin®*® and the F,-ATPase”, each transla-
tional or rotational step is thought to require hydrolysis of an ATP
molecule; for these motor proteins, the dwell times depend strongly
on the ATP concentration. Thus, our results indicate that multiple
elementary steps may be produced during each biochemical cycle.

The step size coincides approximately with the distance between
adjacent actin monomers in one strand of an actin filament (5.5 nm;
ref. 38) and myosin heads are known to bind two adjacent actin
subunits during rigor®. A myosin head may walk along actin by
using these two binding sites, without detaching from the filament.
Our results do not imply, however, that the myosin head remains
continuously attached to actin during movement. The probe and
the needle that we used are much larger than S1, and their
diffusion rate is slow. If S1 dissociates, it could move or diffuse
to the adjacent actin before the probe diffuses away from the
actin bundle. Thus, continuous movement along the actin fila-
ment or adjacent filaments in the bundle could involve rapid
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attachment— (movement)—detachment cycles. Each step may be
produced by a conformational change in the myosin head, as
suggested by the lever-arm model, or by other mechanisms such
as the thermal ratchet (see, for example, ref. 39). It is also possible
that conformational changes within the actin filament are impor-
tant in force generation**'.

To allow for the production of multiple steps for each molecule of
ATP split, chemical energy from ATP hydrolysis might be stored in
the myosin head or in the actin filament and released gradually
during successive actomyosin interactions. This idea challenges the
widely accepted view that force generation is directly coupled to
release of bound ligands*. We have shown recently that the myosin
head can attach to actin and generate force for a considerable time
(>100ms) after the release of bound nucleotide”. In some other
proteins, ligand-induced conformations, termed imprints or pro-
tein memory, are retained after removal of the ligand®. Our results
indicate that the myosin head may be able to store energy from ATP
hydrolysis and later release it productively in several packets of
work. ]
Methods
Proteins. S1 was obtained by papain digestion of chicken skeletal muscle
myosin** and purified by HPLC gel filtration (Superose-6, Pharmacia). Con-
tamination with heavy meromyosin and myosin was below the limit for
detection (<<0.5%). Biotinylated and fluorescently labelled S1 was obtained
by exchanging the RLC for a biotinylated and labelled light chain as described”.
A recombinant fusion protein, consisting of biotin-dependent transcarboxylase
(BDTC), a peptide biotinylated in Escherichia coli, and chicken gizzard myosin
RLC, was expressed in E. coli strain JM109 and purified”. The single cystein
residue of RLC was labelled with an orange fluorescing cyanine reagent,
Cy3—maleimide, which was prepared by coupling monofunctional Cy3
N-hydroxysuccinimide ester (Amersham) with N-[2-(1-piperazinyl)ethyl]-
maleimide (Dojindo Laboratories, Japan), and Cy3—-BDTC-RLC was
exchanged for endogenous RLC”. The Cy3:S1 molar ratio was estimated
spectrophotometrically from the suspension in solution to be >0.95 using
the extinction coefficients 0.83 (mg/ml)™" cm™ at 280 nm for S1 (ref. 44), and
150,000M ™" cm™ at 552 nm for Cy3 (product data sheet). By measuring the
absorption of Cy3 in the absence and presence of a twofold molar excess of
BDTC-RLC, we found that the extinction coefficient for Cy3 was unchanged
(it changed by <2%) upon binding to RLC. The contribution of the absorbance
of BDTC to that of S1 was negligible (<1%). To determine whether the
suspension was a mixture of SI molecules that bound none, one and more than
one fluorescent Cy3 molecule, we measured the fluorescence intensity and
photobleaching of individual S1 molecules bound to a glass surface by
TIRFM?. The fluorescence intensity showed a single, approximately
gaussian-shaped distribution. 169 out of 179 fluorescent spots, corresponding
to S1 molecules, were photobleached in one step, and the other 10 spots were
photobleached in two steps. Thus 6% of the S1 molecules apparently bound
two dye molecules; this percentage is an upper limit, because two S1 molecules
may occasionally have been in close proximity on the coverslip.

Actin® and a-actinin®® were obtained from rabbit skeletal muscle and
chicken gizzard, respectively. Actin bundles of ~100 nm in width were prepared
by dialysis of G-actin and a-actinin in a molar ratio of 10:1 against the assay
buffer (25 mM KCI, 5mM MgCl,, 20 mM HEPES, pH 7.8), and then fluores-
cently labelled with BODIPY FL phallacidin (Molecular Probes).

Probe. ZnO whisker crystals (a gift from Central Research Laboratories,
Matsushita Electric Industrial Co, Ltd) were amino-silanized as described*,
biotinylated in N,N-dimethylformamide containing 1mM 5-[5-(N-suc-
cinimidyloxycarbonyl)pentylamido]hexyl-p-biotinamide (biotin-(AC;),-Osu,
Dojindo Laboratories) overnight at room temperature, washed several times
with ethanol and stored in ethanol. A biotinylated ZnO whisker was glued with
epoxy resin under a binocular microscope to the end of a very fine glass
microneedle, ~100 um long and ~0.3 pwm in diameter'®. The bending stiffness
(spring constant) of the needles was calibrated by measuring the mean square
of their thermal fluctuations using the principle of energy equipartition'®, or by
cross-calibration against stiffer calibrated needles'®. The compliance added to
the actomyosin—probe—needle system by torsion of the glass needle was
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calculated to be 0.5—1nm pN™". When the probe was attached directly to a
glass surface, fluctuations of the probe were reduced below the detector noise
(~0.3 nm r.m.s.), indicating that the ZnO whisker and its epoxy attachment
were rigid.

Observation and manipulation of single S1 molecules. Cy3-labelled
BDTC-S1 (Cy3—BDTC-S1) was visualized under an improved fluorescence
microscope (IMT-2, Olympus) equipped for objective-type TIRFM?” and
including a nanometre—piconewton measurement system'>'®. Fluorescence
intensity and photobleaching were measured under the same conditions as
described”. Both the Cy3-labelled S1 and BODIPY-FL-labelled actin bundles
were excited by a frequency-doubled Nd:YAG laser (A = 532 nm)*. A solution
containing the actin bundles was applied to a glass surface that had been
cleaned and then coated with «-actinin (0.1 mg ml™). Unbound actin
bundles were washed out with the assay buffer. ~107'° mol of Cy3-BDTC-SI
in assay buffer without ATP was then applied to the coverslip. After 1 min of
incubation, unbound Cy3—-BDTC-S1 was washed out. The surface was then
washed with assay buffer containing 0.5% 2-mercaptoethanol and an oxygen-
scavenging system'** to reduce photobleaching. S1 molecules bound to actin
bundles fixed on the glass surface were observed briefly (for ~1s) under
532-nm illumination, a short period compared with the average photobleaching
time on actin bundles (~60s).

The streptavidin-coated probe was then positioned above the surface of a

coverslip and scanned overa 1 um X 1 pum area to capture a single S1 molecule
through the streptavidin—biotin bond. Contact of the probe with the surface
was monitored by observing thermal fluctuations of the needle, under He—Ne
laser (A = 632.8 nm) illumination. The green laser was turned off during this
part of the procedure to suppress photobleaching. Then the fluorescence at the
tip of the probe was observed under 532-nm illumination, as described above,
to determine, according to the fluorescence intensity and single-step
photobleaching” whether a single S1 molecule had bound. During the time
required (~5 min) to complete all experimental manipulations before checking
for capture of a single S1, under the red-light and room-lighting conditions
used, the number of photobleached Cy3 molecules bound to S1 attached to
actin bundles on a glass surface was ~2% (out of 1,000 observed fluorescent
spots). If no S1 molecule was captured, the probe was replaced and this
procedure was repeated until an S1 molecule was successfully captured. It was
rare that more than one S1 molecules was captured, as determined by
fluorescence (1 of 20 trials in which S1 molecule(s) were captured). At the S1
concentration, solution and illumination conditions, and duration of the
experiments used, we did not observe binding of more than two molecules
to the tip of the probe. Damage of an S1 molecule by physical contact with the
probe during this process is likely to be small because the needle was very
flexible. The stiffness of the needle was >1,000-fold less than that of the
cantilevers generally used for scanning probe microscopy (>0.1 nNnm™).
The probe and captured S1 were manipulated in three dimensions, with
subnanometre accuracy, by piezoelectric scanners.
Displacement measurements. After the S1 molecule was captured on the
probe tip, ATP was added to the medium. The S1 was then brought into contact
with a fresh actin bundle bound to a different region of the same coverslip
(Fig. 1a). The angle between the needle and the actin bundle was set at ~90°.
The interaction between the single S1 molecule and the actin filaments was
monitored by measuring deflections of the glass microneedle with subnano-
metre resolution using a split-photodiode and the 532-nm laser'®. The response
time (rise time from 0 to 63% of a free needle was 2—5 ms, as determined from
the corner frequency (f, = 30-60 Hz) of the power spectrum of the needle’s
thermal fluctuations: the response time (7) = 1/(2nf.). During generation of
displacements, however, the stiffness of the probe—Sl—actin linkage (ks;)
increased, so that 7 should be greatly improved according to the equation
7= {/(ks; + Kpeeare)> Where ¢ is the friction coefficient. 7 is calculated to be <
0.4 ms at kg, > 0.5 pN nm ™~ '. This response time was sufficient to observe steps
occurring on a millisecond timescale. Thermal fluctuations of a free needle
were large (r.m.s. amplitude ~13 nm), but they decreased during generation of
displacements because of the increased stiffness (Fig. 2). This effect can be
quantified using the principle of energy equipartition, {(x*)"” =
(ks T/ (ks + kpeeare))", Where kg is Boltzmann’s constant and T is the absolute
temperature. When kg; is >0.5pNnm™', (x?)'
enough not to obscure the stepping motions.

is <2.5nm, which is small

133




articles

Data acquisition and analysis. Probe position data were acquired at 24 kHz
by a DAT recorder (RD-125T, TEAC, Japan), and analysed offline by using
DADISP (DSP Development Corp.), LabVIEW (National Instruments) and
Origin (Microcal, Inc.) software. The acquired data were passed through a
digital recursive Chebyshev type I filter of bandwidth 2 kHz. Pairwise distances
were obtained by a method used previously for determining the step size of
kinesin®', with some modifications. Before the pairwise-distance analysis, the
rising phases of the displacements were further filtered by a nonlinear median
filter of rank 2 (ref. 31). The traces during the rising phase were shifted by 2 ms
and the distances between the original and shifted traces were calculated every
0.25 ms. Reliability of the signal-processing and statistical analysis was checked
by the following observations. When a single S1 molecule attached to the probe
was bound to an actin bundle on a glass surface in the absence of ATP and the
stage was moved smoothly at a velocity similar to that occurring in the rising
phase of the displacements, the pairwise-distance histogram showed a single
gaussian peak and no auxiliary peaks at a spatial periodicity near 5.3 nm. As the
stage could not be moved in 5.3-nm steps rapidly enough to simulate the active
steps, simulated data with stochastic 5.3-nm steps and gaussian noise were
processed in the same way as experimental data. The distance histogram was
indistinguishable from that shown in Fig. 4a.

Statistics. The sum of several gaussian distributions was fitted to the data by
the least-squares method using the Levenberg—Marquardt algorithm®. The
fitted curve was tested by the x> test of goodness of fit (significance level,
a = 0.005). The data were further tested by a non-parametric test based on the
kernel-type probability-density function (PDF).”. The estimator of the PDF is
defined as:

. P x— Xi
f(x: h) = (nh) 1;1(( ; )

where 7 is the number of the data, Xi is the ith datum and 4 is the bandwidth
that satisfies the relationship h o n'®. The standard normal distribution
function has been used as the kernel K(-). The sign of the differential coefficient
of the PDF shows the increase or the decrease of the PDF which indicates the
position of the peaks within the PDFE.
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