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Class V myosins are actin-based molecular motors involved in vesicular and organellar transport. Single myosin V
molecules move processively along F-actin, taking several 36-nm steps for each diffusional encounter. Here we have
measured the mechanical interactions between mouse brain myosin V and rabbit skeletal F-actin. The working
stroke produced by a myosin V head is ∼∼ 25 nm, consisting of two separate mechanical phases (20 ++ 5 nm). We show
that there are preferred myosin binding positions (target zones) every 36 nm along the actin filament, and propose
that the 36-nm steps of the double-headed motor are a combination of the working stroke (25 nm) of the bound
head and a biased, thermally driven diffusive movement (11 nm) of the free head onto the next target zone. The
second phase of the working stroke (5 nm) acts as a gate — like an escapement in a clock, coordinating the ATPase
cycles of the two myosin V heads. This mechanism increases processivity and enables a single myosin V molecule to
travel distances of several hundred nanometres along the actin filament.

Class V myosins are two-headed, actin-based motors that use
the free energy derived from ATP hydrolysis to produce a
wide variety of directed cellular movements including the

transport of melanosomes, mRNA, smooth endoplasmic reticulum
and neuronal vesicles1–4. Previous studies5–9 have shown that
myosin V is a processive motor that moves along a single actin fil-
ament by taking several successive 36-nm steps before diffusing
from the filament track. However, the detailed mechanism that
underlies such processive movement is still not fully understood.
Here we address the issue of how the individual mechanical steps
are made (that is, the gait of the motor) and provide evidence for a
mechanical gating mechanism that reduces the stochastic asyn-
chrony between the chemical cycles of the two heads and enhances
the molecular processivity10.

Mouse brain myosin V consists of two heavy chains, each with an
amino-terminal head region composed of a motor domain, a regu-
latory domain that binds six light chains and a carboxy-terminal tail
region that contains coiled-coil-forming motifs (dimerization
domain) and a cargo-binding domain2. The current view is that
during its ATPase cycle, the myosin motor domain attaches to actin,
generates force and then detaches. This enables the molecule to
advance along actin towards its next actin-binding site. Because
myosin V has two heads they might operate in a hand-over-hand
fashion to walk or ‘process’ along actin. This would be a probabilis-
tic process and the degree of processivity, or average ‘run length’,
would depend on the biochemical processes occurring on both
heads. When a human being walks, the movement is fairly smooth;
this is because inertial forces are large compared with friction.
However, the situation is reversed for single motor molecules;
momentum is negligible and friction forces dominate. This means
that motor proteins should produce a rather jerky motion that con-
sists of discrete steps or dwell points.

We expect a motor molecule to dwell in certain biochemical or
mechanical states and make rapid transitions between these states.
We know from solution biochemical studies that the acto-myosin
ATP hydrolysis pathway consists of many, probably about seven,
states. However, let us here consider a simple model in which the
biochemical cycle is reduced to two states, one that is attached to

actin and the other detached (Fig. 1). The apparent attachment (f)
and detachment (g) rate constants then determine the instanta-
neous probability of a myosin head being attached to actin
(f/(f + g)). Alternatively, one can consider this as the average pro-
portion of time that a head spends bound during an average cat-
alytic cycle period. This has become known as the duty-cycle
ratio, r. If both myosin V heads can bind simultaneously to actin and
their biochemical cycles are independent and stochastic, the average
number of steps taken per diffusional encounter (which we define
here as its processivity number, Pn), will be Pn = 1 + [ln2/−ln(2r − r2)].
This is equal to the average run length divided by the step size. Here
we have assumed that a processive run of interactions terminates
when, by chance, both heads detach from actin simultaneously (with
a probability of 2r − r2) (see Fig. 1). By this analysis, low-duty-ratio
motors, for example skeletal muscle myosin II, have a Pn of close to
one.

Structural studies8 have shown that the two heads of intact
myosin V are long enough for both heads to be able to bind simul-
taneously to F-actin with spacing between the leading and trailing
heads that is commensurate with the actin filament’s helical pseu-
do-repeat distance of 36 nm. This means that both heads can bind
with little or no azimuthal distortion (that is, little twist with
respect to the actin filament axis). However, there might be other
modes of internal strain in the molecule, for example longitudinal
bending strain or torsion at the junction between the heads.

Solution biochemical studies of single-headed, recombinant,
myosin V have shown that the ATPase cycle has a high duty ratio
(r ≥ 0.7) (ref. 9). The observed rate constant for ADP release is sim-
ilar to the catalytic site activity (∼ 10 s−1) and is probably rate-limiting
for both the ATPase activity and the stepping rate. From our simple
model, a duty ratio of 0.7 would predict a Pn of 8.3 steps.

Single-molecule mechanical studies using optical tweezers have
allowed both the step size and average run length of the processive
motion to be measured directly. The step size, or distance moved
between dwells, is reported5,6 as 36 nm; we find the same value in
the present study. In these experiments it has been difficult to meas-
ure the processivity number directly for two different reasons. First,
in the earliest study5, processivity was limited because the increasing
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force applied by the fixed optical tweezer caused myosin V to stall.
The stall force was ∼ 3 pN and was reached after only four or five
steps. Second, in the more recent study6 a force-feedback arrange-
ment was used in which a constant small force was applied and runs
of up to 10 steps were recorded. However, run length was limited by
the range and linearity of the position sensor.

The published mechanical studies have also addressed the issue
of how the mechanical and biochemical cycles of myosin V are cou-
pled. They have shown that at low loads and physiological concen-
tration of ATP, velocity is limited by the rate of ADP release from
the trailing head6 and this is made slower by increasing load. In
contrast, at low ATP concentration the velocity is limited by the rate
of ATP binding and this is relatively insensitive to external load5.

Single-molecule fluorescence imaging7 has enabled the run
length of single, fluorescently labelled, myosin V molecules to be
viewed directly. Individual run lengths were distributed exponen-
tially (like the model graph of Fig. 1) with an average distance of
2.4 µm. So if we combine the results of the single-molecule optical
and mechanical studies we find that the processivity number at low
load would be 2400/36 = 66 steps.

We expect each processive step to be produced by a single bio-
chemical cycle, in other words the breakdown of one ATP mole-
cule6. However, the dwell period at each step could contain several
biochemical states and the movement between dwell points (the
step itself) might be driven by different biophysical processes. Here
we propose that the myosin V mechanical step is produced by a
combination of two different processes: a two-phase ‘working-
stroke’ that is produced by a single myosin head while it is attached
to actin, and a ‘diffusive search’ that is produced by the second
myosin head while it is detached from actin.

Results
The working stroke of single-headed, recombinant myosin V
(MVS1) is produced in two phases. We used a transducer based on
optical tweezers11 to compare the mechanical properties of two
forms of mouse-brain myosin V: (1) single-headed recombinant
protein (termed MVS1), produced by baculovirus expression12

and composed solely of the motor domain and neck region with
all six-light-chain binding motifs, and (2) tissue-purified13 intact
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Figure 1 Duty-cycle ratio of myosin V. a, How a single myosin head might adopt
two states (detached and attached). The rate constants governing transitions
between these states are here termed f and g (ref. 22). The average proportion of
time spent in the attached state (known as the duty-cycle ratio, r) compared with
the total cycle time is shown on the right. b, The possible bound configurations for
a two-headed myosin species: both heads attached, one head attached and one
detached, and both heads detached; immediately below this, the average proportion
of time spent in each configuration is shown as a function of r. c, The dependence

of r on the rate constants f and g. d, How the expected number of steps taken
(degree of processivity) depends on r. The processivity number, defined as the aver-
age number of steps taken per diffusional encounter, is derived in terms of this sim-
ple model (bottom line in c). The inset in d shows how the processivity depends on r
for four arbitrary values of r. One important feature of this type of analysis is that all
two-headed motors are processive, and the concept of processivity is framed cor-
rectly as a continuum.
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dimeric myosin V (termed TPMV). Both proteins were active in
motility assays in vitro and moved actin at similar velocities of
∼ 0.3 µm s−1. In our experiments, a single actin filament was sus-
pended between two plastic microspheres held in two optical
tweezers (Fig. 2a). The filament was positioned over a third, sur-
face-attached, bead on which myosin V was deposited at a suffi-
ciently low density for single acto-myosin V molecular interactions
to occur. Mechanical interactions were measured by monitoring
the positions of the microspheres holding the actin filament by
using two photodetectors14 (Fig. 2). MVS1 produced single, isolat-
ed interactions with the actin filament, which were identified by the
change in Brownian noise15 of the signal, corresponding to sudden
changes in system stiffness as myosin bound to actin. Individual
displacements were biased in one direction, determined by the ori-
entation of the actin filament. Close inspection of individual events
showed that displacements were produced in two distinct phases.
An initial displacement of 16 nm was produced within 10 ms of
acto-MVS1 binding; this was followed by a further displacement of
5 nm, which occurred after an average delay of ∼ 140 ms (Fig. 2b).
The amplitude and kinetics of the first and second phases were
determined by an averaging method16 (Fig. 2b): individual events
were synchronized to their start and end as defined by changes in
signal variance. Both the average event amplitude and the transi-
tion kinetics between the two mechanical states could then be
derived by exponential fitting to the averaged data. The duration of
the initial displacement (phase 1) was independent of ATP concen-
tration (with a transition rate constant, k1, of 5 s−1), whereas the

duration of the second displacement (phase 2) became briefer at
higher ATP concentration (with a transition rate constant, k2, of ∼ 1
µM−1s−1; Fig. 2b). The kinetic parameters are in good agreement
with rate constants determined for ADP release and ATP binding
measured in solution for MVS1 (refs 9, 13). From these experi-
ments we conclude that a single myosin V head produces a work-
ing stroke of 21 nm and that this occurs in two distinct phases.
The working stroke produced by a single myosin V head is signif-
icantly shorter than the step size produced by dimeric myosin V.
Mechanical experiments with TPMV showed a more complicated
behaviour than MVS1. We observed a mixture of isolated single
interactions and ‘staircase’ interactions involving multiple succes-
sive steps (Fig. 3a). This behaviour is as expected for a stochastic,
processive enzyme that stalls at high load. Our data for TPMV are
consistent with a Pn of ∼ 15–20. This value is calculated from the
distribution of the number of steps taken in staircases at low load
(<2 pN). The frequency of single interactions and short runs with
two and three steps indicate that the processivity of myosin V is
lower than that of highly processive enzymes such as kinesin or
DNA polymerases, which produce hundreds of steps per diffusion-
al encounter. We exploited the relatively low processivity of this
enzyme (that is, compared with conventional kinesin) to obtain an
estimate of the working stroke amplitude by analysing the small
number of single isolated interactions. We assume that interactions
giving rise to a single displacement level occur when the second
TPMV head fails to bind before the first head has detached; such
events therefore enable the working stroke to be determined.
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Figure 2 Single-molecule mechanical interactions measured for MVS1. a,The
record shows bead movement in parallel with the actin filament axis at low trap
stiffness (see Methods). Intervals of reduced Brownian noise indicate attachment
events of a single MVS1 (ref. 15). During the attachment events a small step
occurred with a time delay of ∼ 140 ms after binding (arrows). b, Examples of
ensemble-averaged attachment events measured with MVS1 at two different ATP
concentrations and TPMV (grey data points). Data points were synchronized to the
beginning (tb) and end (te) of each attachment event (Fig. 1a) by thresholding the
variance of the raw data. The kinetics of the first and second phases of the working
stroke were separated in the following way: the kinetics of the first phase (k1) was
obtained by synchronizing n displacement events with respect to the beginning (tb)
of each event; however, before ensemble averaging, all events with lifetime tn

were made to be of the same duration t by extending short events by the time t −
tn, keeping the level reached at the end of the event during the extra time t − tn

(bottom right, dotted lines). The kinetics of the second phase (k2) was obtained by
aligning the displacement events with respect to the end (te) of each event and
again all events were made to be of the same duration t by extending the duration
of short events at the beginning of the event. The time course of the ensemble
average was fitted by single exponentials. Rate constants determined for MVS1
with 2, 10 and 50 µM ATP, respectively, were as follows: k1 = 4.5, 5 and 7 s−1; k2

= 3, 8 and 30 s−1; n = 152, 152 and 136. Rate constants for single-step interac-
tions measured with TPMV were k1 = 6 s−1 and k2 = 5 s−1, n = 152, for 5 µM ATP.
The standard deviation (s.d.) of the ensemble data at each time window is plotted
as a black line. The s.d. measured during the event window is the same as that of
the data recorded before and after the event. This means that the events do not in
themselves add extra variation to the data and the individual event amplitudes
must vary by less than 5 nm.
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We found that the amplitude of such single isolated events and also
the first step in a ‘staircase’ produced by TPMV (Fig. 3c, d) were
similar to the isolated interactions produced by MVS1. We con-
clude that the working stroke of both MVS1 and TPMV is 21–25
nm, whereas the average step size produced by the processive inter-
action of TPMV is 34–36 nm (Fig. 3b)3. We believe that the slight-
ly smaller working stroke measured for MVS1 (21 nm) than the
stroke size measured for TPMV (25 nm) is most probably based on
slight differences in binding of the two different molecules to the
nitrocellulose surface.
Actin scanning experiment. To explore this result further, we used
MVS1 to see whether there were preferred or target binding posi-
tions along the actin filament, as suggested originally for insect
flight muscle17 and indicated in an earlier study on rabbit skeletal
muscle myosin II (ref. 11). We moved the actin filament back and
forth, past a single MVS1 molecule, by applying a sinusoidal
motion to one of the optical tweezers. This enabled us to probe the
binding probability of myosin V along a segment of the actin fila-
ment that spanned several of its helical repeats. We then measured
the pairwise difference in binding position between adjacent acto-
myosin binding interactions to see whether binding occurred at
discretely spaced sites along actin. We found that adjacent interac-
tions showed ‘beating’ at multiples of 36 nm (Fig. 4).
Stiffness measurements indicate the number of attached heads

during processive interactions. Finally, we measured changes in
stiffness and position as TPMV walked along the actin filament
(Fig. 5A). To do this we applied a rapid sinusoidal oscillation to one
of the beads holding the actin filament and monitored pickup of
this signal at the other bead. We found a brief decrease in stiffness
from ∼ 0.35 to ∼ 0.18 pN nm−1 immediately preceding many of the
transitions between step levels. At low load (<1 pN), the dwell time
at reduced stiffness was ∼ 18 ms, although at high load (>2 pN)
intervals of reduced stiffness increased to hundreds of milliseconds.
We interpret intervals of high stiffness to be those in which both
heads are bound and the brief intervals of low stiffness to be those
in which only one head is bound. In separate experiments with
MVS1 we found the stiffness with one myosin head bound to be 0.2
± 0.01 pN nm−1 (mean ± s.e.m.; n = 47; 5 µM ATP; data not
shown).

Discussion
One way of explaining the disparity between the step size (34–36
nm) and the work-stroke size (21–25 nm) is if the step is produced
by a combination of (1) a working stroke produced when myosin is
bound to actin and (2) forward-biased diffusion of the unbound
head onto the next ‘preferred’ or ‘target’ actin monomer. The diffu-
sive component would show directional bias only in measurements
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Figure 3 Single-molecule mechanical interactions measured for TPMV. 
a, Attachment events with one to nine successive steps (‘staircases’) were observed
(100 µM ATP). b, Mean step size of the second to fourth steps in the staircases;
mean ± s.e.m. 34.5 ± 0.6 nm, n = 302, 100 µM ATP. c, Amplitude of the first step
in the staircases; mean ± s.e.m. 26.2 ± 2.3 nm, n = 142, 100 µM ATP. 

d, Amplitude of single step displacements; mean ± s.e.m. 25.7 ± 0.6 nm, n = 885,
5 µM ATP. e, Force-dependent lifetime of steps. Filled diamonds show dwell times
during staircases; n = 125, 127, 107 and 86 for external forces of 0.5, 1.2, 1.9
and 2.7 pN, respectively. The open square shows the dwell time of single interac-
tions of TPMV with actin n = 885, average force of 0.77 pN.
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made with TPMV while processing along actin and would not be
evident in experiments with MVS1. This would require that the
helical twist of the actin filament impose a periodic energy profile
with minima at binding positions with lowest azimuthal distortion
to the myosin V molecule (that is, the actin helical pseudorepeat
distance of 36 nm). The working stroke produced by the bound
head would then serve to position the unbound head in an unsta-
ble region where diffusion is biased in the forward direction.

Data from the actin-scanning experiment are consistent with a
simple model in which there is a sinusoidal energy landscape for
binding probability along each of the two actin protofilaments
(Fig. 5B). The derivative of the free-energy profile (shown in Fig.
5Be) would yield the diffusive force acting on an unbound TPMV
head. This causes it to diffuse forward by a distance (x) of ∼ 10–15
nm, to the next target actin monomer (producing an overall step
size of 36 nm). A consequence of this model is that the TPMV
molecule must become internally strained to enable both heads to
bind. Knowing the mechanical properties of the system, we can cal-
culate the average time that it would take for the unbound head to
diffuse this distance. First, the internal strain energy, U, is found
from a knowledge of the stiffness, κm, of MVS1 to be one half
κmx2 ≈ 12 pN nm ≡ 3kbT. Second, the relaxation time, τ, of the
unbound TPMV head in water is given by τ = 6πηr/κm ≈ 1 µs.
Third, the Kramer18,19 first-passage time, tk, is therefore given by 
tk = τ√(π/4)√(kbT/U)exp(U/kbT) ≈ 0.1 ms. This is only a small frac-
tion of the dwell time at each processive step. We suspect that the
intervals of reduced stiffness observed immediately before steps
(Fig. 5A) betray this diffusive process. We know that whereas the

unbound head undergoes such diffusive motion, the bound head
must have product in its catalytic site; otherwise rapid binding of
ATP to the acto-myosin V rigor complex would cause the head, and
hence the entire molecule, to dissociate. When the free head binds,
the internal molecular strain that it produces should affect chemical
kinetics on the rear head by a factor of up to tenfold (exp(−U/kbT)).
We compared the dwell times of single interactions of TPMV with
the dwell times observed in ‘staircases’. At saturating ATP (>0.1 mM
ATP) and low load conditions (external forces <2 pN) the dwell
times of single interactions were significantly longer (107 ± 11 ms)
than the dwell times observed in ‘staircases’ (67–75 ms; Fig. 3e). This
indicates that the rate-limiting step at saturating ATP is accelerated
about twofold by internal strain. We suspect that the strain-depend-
ent step is either ADP release or an ADP isomerization occurring
on the rear head and at low load this produces the 5-nm working-
stroke transition from phase 1 to phase 2 observed with both MVS1
and TPMV (see, for example, Fig. 2b).

A related model for a strain-dependent ADP release mechanism
has been suggested for two-headed smooth-muscle myosin, with
ADP release being accelerated from a cross-bridge bearing negative
strain and slowed under positive strains20.

We conclude that the processive movement of mouse myosin V
along the 36-nm actin helical repeat is achieved as follows: head 1
binds to actin with ADP-Pi in its catalytic site, phosphate leaves and
a 20-nm working stroke is produced. Head 2 then undergoes a dif-
fusive search along the actin helix and binds preferentially to the
actin monomer that presents least azimuthal distortion (36 nm
downstream from head 1). Upon binding of head 2, internal
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between adjacent binding events was measured and plotted as a histogram.
Binding events cluster at multiples of 36 nm, which is the same distance as the hel-
ical pseudorepeat of actin. For conditions see Methods; 5 µM ATP; n = 1468.
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molecular strain accelerates the loss of product from head 1 and
initiates three rapid events: (1) a second conformational change
(of 5 nm) in head 1 followed by a loss of ADP, (2) the binding of
ATP and the dissociation of head 1; (3) a loss of phosphate from
head 2 and the production of the 20-nm working stroke, position-
ing head 1 now to make its diffusive search for the next actin tar-
get site. Crucial to the mechanism are the following: (1) the
myosin V working stroke is not commensurate with the helical
repeat, which means both that there must be a diffusive search for
the next target actin binding site and that there is internal molec-
ular stress when both heads are bound; and (2) the second phase
of the working stroke acts as a gate that is opened by the internal
strain produced by the binding of head 2. This makes the chemical

cycles of the two heads cooperative and increases the processivity.
We have modelled this mechanism with Monte Carlo methods
(data not shown) and confirmed that processivity increases signif-
icantly if the biochemical cycles of the two heads interact in the
way that we propose.

Myosin V is involved in membrane trafficking processes such as
the trafficking of melanosomes1, smooth endoplasmic reticulum2

and neuronal vesicles in dendritic spines4. Actin filaments forming
the cytoskeletal scaffolding in hippocampal dendritic spines are
between 10 and 1,000 nm long21. With a processivity number of
∼ 20, a single myosin V molecule would be able to transport vesicles
along actin for ∼ 720 nm, which is similar to the average filament
length in dendritic spines.
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Figure 5 Stiffness measurements with TPMV and a model for processive
myosin movement. A, Stiffness measurements with TPMV and 100 µM ATP. a,
Stiffness was measured by driving one bead with a sinusoidal forcing function at 75
Hz and a peak-to-peak amplitude of 250 nm; the position of both beads over time
was recorded. The time-dependent position of the driven bead is shown. Positional
data from boxes (i) and (ii) are shown on an expanded time scale in b. Note the low-
stiffness intervals (high-amplitude movements marked by boxes) of variable duration
immediately preceding many of the transitions between levels. The low-stiffness
intervals are of longer duration at higher forces. The mid-position during such low-
stiffness intervals was ∼ 20 nm above the previous level, which is similar to the
amplitude of the first phase of the working stroke measured for MVS1. B, Model for
processive myosin movement along the 36-nm helical repeat of actin. a, Head 1
attaches and produces a working stroke of 20 nm, probably coupled to the release
of phosphate (straight arrow). While ADP is still bound to head 1, the unbound head
2 explores the energy landscape of the actin filament surface (shown in e), driven

by Brownian motion (curved arrow). Note that the working stroke of head 1 has
positioned head 2 in an unstable region such that it experiences a diffusional force
(which would be the derivative of the sinusoidal free-energy landscape (e)) directed
towards the next preferred binding position (dotted vertical line). b, Head 2 binds,
causing internal strain (elastic strain energy, parabolic function of position; black
parabola in e). c, The elastic strain gates the release of ADP from head 1 by accel-
erating the second phase of the working stroke (5 nm), which then relieves some of
the internal strain. Subsequent binding of ATP to head 1 causes it to detach and
head 2 to undergo its working stroke so that the next mechanical step can be
made. d, At low ATP concentration, processively moving myosin V would dwell pre-
dominantly with ADP bound to the front head and the rear head in rigor state, as
shown in c. At saturating ATP, myosin V would probably dwell with ADP bound to
both the front and the rear head, as shown in b.
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Methods
Protein preparations
Expressed mouse myosin V fragment S1 (MVS1) and tissue-purified myosin V from mouse brain

(TPMV) were prepared as described12,13. Both preparations translocated actin filaments in sliding-fila-

ment assays at 0.2–0.4 µm s−1. Rhodamine-phalloidin-labelled F-actin and N-ethylmaleimide (NEM)-

modified rabbit myosin were prepared by standard methods14. 

Optical trapping conditions
We used a transducer based on optical tweezers that was built around a Zeiss Axiovert microscope11,14.

Experiments were performed with flow cells made from a microscope slide and pieces of coverslip11.

Glass microspheres (1.7 µm) were applied to the coverslip surface as a suspension in 0.1% v/w nitro-

cellulose/amyl acetate. The nitrocellulose surface was precoated with 10 µg ml−1 BSA (Sigma). Then

MVS1 or TPMV was allowed to bind to the coverslip surface, with 10–50 ng ml−1 of protein in buffered

salt solution. (containing, in mM, 25 KCl, 25 imidazole, 4 MgCl2 and 1 EGTA; pH 7.4 at 23 °C). With

some TPMV preparations a significantly higher number of processive interactions were observed when

TPMV was applied to the experimental chamber in the presence of 10 µM calcium. The solution was

replaced with one containing rhodamine-phalloidin-labelled actin filaments and 1.1 µm polystyrene

beads that had been precoated with NEM-modified myosin. The buffered salt solution was supple-

mented with (in mM) 2 creatine phosphate, 20 dithiothreitol, 0.02–0.1 ATP and (in mg ml−1) 1 crea-

tine phosphokinase, 0.5 BSA, 3 glucose, 0.1 glucose oxidase and 0.02 catalase. In the experiments, a

single actin filament was attached at either end to a 1.1-µm polystyrene bead held in optical tweezers

and positioned near a stationary glass microsphere. Interactions between actin and the surface-bound

myosin V were monitored by casting the image of the polystyrene beads onto two four-quadrant pho-

todetectors. With the actin filament held taut, but in the absence of myosin binding, the root-mean-

square (r.m.s.) amplitude of Brownian motion was (kbT/κtrap)
0.5 ≈ 12 nm (where kbT is the thermal

energy and κtrap is the combined stiffness of the optical tweezers, κtrap = 0.015–0.02 pN nm−1). When

myosin bound to actin, the motion of the beads parallel to the filament axis was restrained by an addi-

tional stiffness, κadd, making the total system stiffness κtot = κtrap + κadd, which reduced the r.m.s. ampli-

tude to (kbT/κtot)
0.5. Brownian motion showed a lorentzian power-density distribution with a roll-off

frequency, fc, of κtot/2πβ ≈ 500 Hz (where β = 6πηr; η is solution viscosity and r is combined bead

radius, 1.1 µm).

To ensure that the records obtained were derived from a single myosin molecule, we adjusted the sur-

face density by diluting the myosin-containing solution such that binding events were separated by

long intervening periods of free bead diffusion and that ∼ 70% of the stationary beads tested showed

no interactions with the actin filament.
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