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The structural change that generates force and motion in actomyosin motility has been proposed to be tilting of the myosin light
chain domain, which serves as a lever arm. Several experimental approaches have provided support for the lever arm hypothesis;
however, the extent and timing of tilting motions are not well defined in the motor protein complex of functioning actomyosin. Here
we report three-dimensional measurements of the structural dynamics of the light chain domain of brain myosin V using a singlemolecule fluorescence polarization technique that determines the orientation of individual protein domains with 20–40-ms time
resolution. Single fluorescent calmodulin light chains tilted back and forth between two well-defined angles as the myosin
molecule processively translocated along actin. The results provide evidence for lever arm rotation of the calmodulin-binding
domain in myosin V, and support a ‘hand-over-hand’ mechanism for the translocation of double-headed myosin V molecules along
actin filaments. The technique is applicable to the study of real-time structural changes in other biological systems.
Force and translocation in actomyosin systems are thought to be
generated by motions in which the myosin light chain domain
(LCD) acts as a mechanical lever arm. In the lever arm hypothesis,
the amino-terminal motor domain of myosin binds stereospecifically to actin while the LCD rotates relative to the motor domain1,2.
The motor domain and LCD can occupy a number of relative
orientations3,4, and LCD rotations accompany translocation and
force generation in muscle fibres5,6. Despite extensive work, however, time-resolved angle changes of the LCD with appropriate
magnitude to explain observed stepping distances and velocities
have not yet been demonstrated clearly in an active system.
X-ray crystallography and cryo-electron microscopy provide
high spatial resolution but they cannot measure changes in a
functioning sample over time. On the other hand, techniques
such as spectroscopy and low-angle X-ray diffraction of bulk
samples, such as muscle fibres, have provided good temporal
resolution, but are difficult to quantify and interpret structurally
because averaging among unsynchronized populations of molecules
reduces the signal changes. To circumvent these difficulties, we have
developed a single-molecule fluorescence polarization technique,
which is able to determine the orientation of individual protein
domains to a time resolution of 20–40 ms. This method detects the
mean three-dimensional orientation as well as the amplitude of
wobble occupying the timescale .
.4 ns to ,,10 ms. Here we report
its use to observe, in real time, large angle changes in the LCD of
individual myosin V molecules, with magnitude and dynamics
consistent with the lever arm hypothesis.
We used myosin V for this study because its specific enzymatic
and mechanical features7–10 confer advantages for single-molecule
fluorescence polarization measurements. Individual double-headed
myosin V molecules move along actin with high processivity11,12,
undergoing many biochemical cycles and multiple 36–37-nm
mechanical steps for each encounter with an actin filament. A
myosin V molecule frequently moves along an actin filament for
several seconds, allowing the determination of its velocity followed
by measurement of orientation changes during several catalytic
cycles. The most widely held hypothesis that explains myosin V
processivity is the so-called ‘hand-over-hand’ model, which predicts
that each head spends most of its ATPase cycle attached to the actin
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filament, either leading or trailing its partner head. Stepping events
are thought to occur through detachment of the trailing head, rapid
forward motion of this head by about 74 nm, and reattachment as
the new leading head, while the other head remains attached8,11,13–15.
The translation of the detached head from trailing to leading
position is thought to be generated mainly by tilting of the LCD
of the attached head. On the basis of this model, we expected to
observe two discrete orientations of the myosin V LCD with similar
lifetimes, corresponding to the two head positions.

Time-resolved single-molecule fluorescence polarization
Calmodulin (CaM) was labelled with bisiodoacetamidorhodamine16,17 at a known orientation (see Supplementary Information)
relative to the molecular structure and exchanged for endogenous
CaM on myosin V at low stoichiometry (on average ,0.5 labelled
CaM light chains per double-headed myosin V molecule). Labelled
myosin V molecules in a sample chamber on a fused silica microscope slide diffused from the bulk medium to interact with biotinand AEDANS-labelled F-actin, which was immobilized on the slide
surface (see Methods). Total internal reflection fluorescence
microscopy18,19 was used to image alternately the AEDANS–actin
and rhodamine-labelled myosin V at the slide surface with evanescent waves at two distinct wavelengths. Individual rhodaminelabelled myosin V molecules, which were localized with an actin
filament and moved along it when ATP was present, were selected
for further investigation. These molecules were excited by an
evanescent wave with four different polarization states switched
(time-multiplexed) at intervals of 5 or 10 ms each, in aggregate
filling out the three orthogonal spatial directions of optical polarization (x and y in the plane of the microscope slide, and z along the
microscope optical axis; see Methods). The fluorescence was
resolved into its components linearly polarized along the x and y
axes, and was detected by two photon-counting avalanche photodiodes. The four time-multiplexed excitation and two simultaneously detected emission polarizations resulted in eight
polarized fluorescence intensities for each successive 20- or 40-ms
time point.
Fluorescence traces from rhodamine-labelled myosin V molecules
containing single fluorophores were identified by a characteristic
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intensity as well as simultaneous discrete photobleaching of all
polarized intensities to background levels (Figs 1 and 2). Data were
obtained from myosin V molecules interacting with actin filaments
at 0 and 5 mM ATP with 40-ms time resolution, and at 40 mM ATP
with 20-ms time resolution. Many of the molecules at 5 mM ATP
(Fig. 1) and at 40 mM ATP (Supplementary Information) exhibited
polarized fluorescence intensity levels that repeatedly underwent
transitions back and forth in opposite directions. In Fig. 1, these
transitions are most apparent in the intensities labelled s1I y and s2I x
(see Methods for definitions). A weighted sum of all eight intensities
(I Tot), representing the total fluorescence independent of orientation, was constant, indicating that the intensity changes of the
individual traces were due to abrupt rotations of the fluorophore.
As the dual covalent linkage between the fluorophore and CaM fixes
their relative orientation, these results imply that the LCD of myosin
V tilts back and forth. For each time point in the single-molecule
trace, the polarized intensities were fit to a set of equations to
determine the total intensity (I Fit), the axial angle (b) of the
fluorophore relative to the actin axis, the azimuthal angle (a)
around that axis, and the half-angle (d) of a cone describing the
wobbling motion of the fluorophore20 on a timescale much slower
than 4 ns but much faster than 10 ms (Fig. 1, lower panels and inset).
The abrupt jumps of fluorescence intensity are caused by large
changes in the b-value between periods of relatively steady b, as
predicted by the hand-over-hand model.
To clarify the time course of these tilting motions relative to the
noise in the recordings, individual transitions from many molecules
were effectively synchronized by shifting their time bases to align the
start times, and then averaged. The average angular traces derived
from this procedure (Fig. 3; see also Supplementary Information)
show that b-values changed by 40–508 and that this change was

Figure 1 Data trace from a single myosin V molecule translocating along actin in the
presence of 5 mM ATP. Polarized fluorescence intensities have units of photocounts per
10-ms gate; total intensities have units of photocounts per 40-ms cycle. Polarized
intensity subscripts indicate excitation/detection polarizations as defined in the Methods.
I Fit is the total intensity determined by fitting the polarized fluorescence intensities; I Tot is
calculated from the polarized intensities as described in the Methods and should
approximate I Fit plus background. The single discrete decrease of all intensities to
background levels at 3.7 s is due to photobleaching of the fluorophore. The inset defines
b, a and d (red, green and blue traces, respectively, in bottom panels) relative to the actin
filament and the microscope frame, which is defined with the stage in the x–y plane.
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abrupt relative to the 20–40-ms recording time resolution. Furthermore, the averaging procedure revealed a step change of 15–208 in a.
Whether this angle change implies left- or right-handed pitch in the
step is not discernable from the current data owing to symmetries of
the probe dipole and the experimental setup. The mobility parameter, d, averaged 30–358 and changed much less than a or b. A small
spike in d at the transition is probably a sampling artefact due to
limited temporal resolution and time-multiplexing of the excitation
polarizations. These results imply that, at the ATP concentrations
studied, any intermediate state with a different LCD orientation,
such as that associated with a detached head, can occupy at most
10% of the average cycle time. This result is in agreement with a
hand-over-hand model in which both heads of myosin V are
attached to actin for most of the ATPase cycle.
Traces from a subset of molecules observed with 5 or 40 mM ATP,
and nearly all traces recorded at 0 ATP (with apyrase present, Fig. 2),
showed constant intensities, corresponding to steady angles. Angular transitions were observed at 0 ATP only rarely (0.1 events per
molecule as compared with 3.1 and 2.4 for 5 and 40 mM ATP,
respectively), consistent with occasional photochemical processes,
the details of which will be reported elsewhere (M.E.Q., J.N.F. and
Y.E.G., manuscript in preparation). None of the traces at 0 ATP
showed the reversible and repeated transitions observed at 5 and
40 mM ATP, indicating that the orientation of a myosin V molecule
bound to actin was stable in the absence of ATP.

Angular distributions
To characterize further the LCD orientations, an average b-value
was calculated over each interval of the traces where the b-value was
steady. This procedure resulted in many average b-values for each
molecule that exhibited tilting at 5 and 40 mM ATP, but only one (or
occasionally two) average b-value for each molecule that did
not exhibit tilting at 0, 5 and 40 mM ATP. Distributions of average
b-values for these groups of molecules showed discrete peaks that
were fitted by gaussian-shaped curves (Fig. 4, Table 1 and Supplementary Information). An angular component with peak b at
27–308 and a relatively small wobble amplitude ðd1 ¼ 32–368Þ was
detected for molecules in the absence of ATP and for molecules
exhibiting tilting at 5 and 40 mM ATP. Dispersion of these angular

Figure 2 Data trace from a myosin V molecule bound to actin in the absence of ATP. All
traces are relatively flat except for noise until the probe bleaches at 3.3 s.
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components, j b1 (Table 1), was lower at 0 ATP, reflecting the welldefined orientation of an attached myosin head near the end of its
working stroke in the absence of ATP. Thus, it is likely that this
angular component (at b1 ¼ 27–308Þ also represents the end of the
working stroke in the active case. In the hand-over-hand mechanism, this corresponds to the trailing head with its LCD tilted forward
towards the barbed end of the actin filament.
An angular component with a higher b-value, peaking at 72–788
for the tilting molecules at 5 and 40 mM ATP, would then represent
the leading heads. Owing to symmetries of the probe dipole and the
experimental setup, it is possible that the two b-peaks are actually on
opposite sides of the plane perpendicular to actin (that is, one peak
is at 1808 2 b). As discussed later, the peak at b2 ¼ 72–788 for the
tilting molecules probably represents probes at 108–1028.
For the set of molecules that did not tilt in the presence of ATP,
the average b-distributions peaked at 52–548 and the mobility (d̄2)
was 42–458 (Fig. 4b, Table 1 and Supplementary Information).
These values match a component in the 0 ATP distribution with
similar b- and d-values, suggesting that both correspond to the same
population of labelled CaM light chains. The absence of tilting may
indicate that these CaM light chains are bound to a different site on
myosin V than those that display tilting. If a labelled CaM were
bound to a myosin V molecule outside the LCD, it would not be
expected to tilt. Another potential explanation for non-tilting CaM
light chains is that the LCD of the leading head may bend after
attaching to actin, so that the section of LCD closest to the motor
domain retains the same orientation in both leading and trailing
positions. In that case, a CaM bound to this proximal region of the
LCD would not exhibit tilting. It is also possible that non-tilting
traces represent CaM light chains associated with myosin V heads
that have stopped moving. Such heads could be detached from
actin, but remain close to the surface if, for instance, their partner
heads were still bound to actin. For molecules in the absence of ATP,
double-headed attachments are unlikely13, so the two components

Figure 3 Transition averages. Point-by-point averages of 208 tilting events from 86
molecules in the presence of 5 mM ATP were determined after synchronizing the
transitions at the points where the b-value abruptly increased or decreased. The time
course shows that the tilting is rapid and incorporates axial (b) and azimuthal (a)
components.
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in Fig. 4c may represent attached (b̄1 ¼ 278, d̄1 ¼ 368) and detached
(b̄2 ¼ 518, d̄2 ¼ 468) heads.

Kinetics of tilting and translocation
For each molecule that exhibited tilting, structural events containing an interval of steady b flanked by discrete transitions were
divided into two groups with average b-values either greater or less
than 508. Event dwell times were measured as the interval between
the beginnings of consecutive events. Histograms of these dwell
times showed approximately exponential decay with no significant
difference in rate between events at high and low b-values (see
Methods).
Histograms of aggregate dwell time including both high and low
b-events are shown in Fig. 5. The event durations decreased
markedly when the ATP concentration was raised from 5 to
40 mM. The rate constant for a single exponential decay fitted to
each of these histograms (dashed lines) increased 2.7-fold for the
8-fold increase in ATP concentration (see Methods), indicating that
the dwell times are determined by both an ATP-dependent kinetic
process and an ATP-independent process. Therefore, a double
exponential curve assuming two sequential processes, one with
rate k 1·[ATP], and the other with rate k 2, independent of [ATP],
was fitted to the data in both histograms (solid lines in Fig. 5a, b).
This global analysis yielded rate constants of k1 ¼ 1:1 ^ 0:2 £
106 M21 s21 ; and k2 ¼ 12:0 ^ 1:7 s21 (95% confidence limits).
These values are in good agreement with the ATP-binding rate of
0:9 £ 106 M21 s21 and the ADP release rate of 12–16 s21 measured
biochemically8, and with the two rate constants (0:9 £ 106 M21 s21

Figure 4 Distributions of average b-values in the presence and absence of ATP.
a, Myosin V molecules translocating and showing repeated tilting events at 5 mM ATP.
b, Molecules translocating in the presence of 5 mM ATP but not showing angle changes.
c, Myosin V co-localized with actin filaments in the absence of ATP. Solid lines indicate the
best fits to single or double gaussian-shaped profiles. Parameters of the fits are given in
Table 1.
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Table 1 Peak angles, dispersions and mobilities
ATP concentration

n

Fraction in first peak

b̄ 1

j b1

d¯1

j d1

b̄ 2

j b2

d¯2

j d2

30.0 ^ 0.9
27.1 ^ 0.6
—
—
26.6 ^ 0.6

10.0 ^ 0.9
8.92 ^ 0.6
—
—
4.78 ^ 0.6

34.4
31.6
—
—
36.1

13.6
11.4
—
—
7.6

71.7 ^ 1.1
77.8 ^ 1.3
52.0 ^ 0.5
54.2 ^ 0.7
51.3 ^ 0.9

12.4 ^ 1.5
13.1 ^ 1.5
4.5 ^ 0.5
6.2 ^ 0.7
7.8 ^ 1.0

37.3
30.4
44.9
41.9
46.4

11.2
12.1
9.0
8.3
6.0

...................................................................................................................................................................................................................................................................................................................................................................

5 mM tilting
40 mM tilting
5 mM non-tilting
40 mM non-tilting
0 mM

86
100
48
101
140

0.48 ^ 0.04
0.46 ^ 0.03
—
—
0.42 ^ 0.04

...................................................................................................................................................................................................................................................................................................................................................................
Fits of single or double gaussian profiles to the histograms in Fig. 4 (5 mM tilting/non-tilting and 0 ATP) and Supplementary Fig. 3 (40 mM tilting/non-tilting) gave values for the peak axial angle (b̄) and standard
deviation (jb) of each gaussian profile. Uncertainties in these fitted parameters (for example, ^0.9) are given as standard errors. d-value (wobble amplitude as described in the main text), mean (d̄)
and standard deviation (jd) were calculated for the population of steady b-levels in each gaussian profile (see Methods). Angles are given in degrees. n is the number of molecules. The number of
steady b-levels in the 5-mM-ATP tilting and 40-mM-ATP tilting populations were 495 and 576, respectively.

and 13 s21) that describe single-molecule mechanical stepping rates
determined by optical trapping experiments11. Therefore, sequential
tilts of the myosin V LCD each correspond to the binding of one
ATP molecule, release of one ADP molecule, and a single mechanical step, which are all consistent with the hand-over-hand model.
Average translocation velocities (V) were measured in the same
experiments and were fitted by the hyperbolic relation V ¼
V max ½ATP=ð½ATP þ K M Þ (Fig. 5c), yielding V max ¼ 453 ^
10 nm s21 and K M ¼ 11:7 ^ 1:2 mM (95% confidence limits).
Within uncertainties, K M is equal to the ratio of k 2 to k 1, implying
that the same processes control the rate of the observed structural

changes and the mechanical displacements. To further quantify this
relationship, the product of the velocity measured at each ATP
concentration

 and the corresponding mean event duration, te ¼
1
1
k1 ½ATP þ k2 ; was calculated to determine the average distance a
myosin V molecule moves per discrete rotation of the LCD. V· t e
values at 5 and 40 mM ATP were 36.2 ^ 4.0 and 37.4 ^ 3.5 nm
(95% confidence limits), respectively, similar to the crossover
distance of actin’s long-pitch helix. These values provide an estimate
of the stride length of the myosin V molecule solely from its
structural dynamics and independent of other mechanical or
biochemical data. This stride length per structural change is
comparable to the unitary mechanical displacements previously
measured11, confirming the conclusion above that the LCD tilts
once per mechanical step.

Discussion

Figure 5 Event kinetics. a, b, Distributions of event dwell times determined from b-traces
at 5 mM (a) and 40 mM (b) ATP (Fig. 1 and Supplementary Information). Dashed curves
are single exponential fits; solid curves represent the global fit of a two-step model
explained in the text. The first bins (light-grey bars) in a and b are under-populated owing
to limited time resolution and were ignored during fitting. In b, the height of this bin was
doubled because its width is halved. c, Average translocation velocities versus ATP
concentration (inset shows an expanded view). Error bars indicate standard errors of the
mean.
402

Our study represents the first direct time-resolved measurement of
tilting in an actively translocating motor protein sufficient to
explain the observed mechanical step. The head–tail junction of a
myosin V molecule travels 36–37 nm for each major tilting motion,
as shown above. Consider the lever arm provisionally to be a rigid
24-nm rod. The axis of the lever tilts, for instance, from 408 to 1408
when stepping from the trailing to the leading position
ððcos 408–cos 1408Þ24 nm ¼ 36:8 nmÞ: With these angles, the head–
tail junctions of the two heavy chains meet at the same radial
distance from actin ðsin 408 ¼ sin 1408Þ: Our rhodamine probe,
oriented 408 from the lever axis (see Supplementary Information),
is observed to tilt from about 308 to about 1058 (Fig. 4, peak plotted
near 758 ¼ 1808 2 1058). The slightly smaller magnitude of tilting
can be accommodated if the probe dipole is not oriented in the
plane of the lever arm rotation and the lever twists about its own axis
by 108 or by 858 (calculation given in Supplementary Information).
The probe data are compatible with other angles of lever tilt and
twist if the CaM-binding region is flexible13 or if the two head–tail
junctions do not coincide. The data thus provide clear evidence for
the lever arm function of the CaM-binding region of myosin V.
Single-molecule fluorescence polarization techniques have been
used previously for studies of protein domain rotations20. Rotation
of F1-ATPase21 and actin22, and transitions between disordered and
ordered states of myosin II23 were detected during ATP-driven
motility. Spontaneous motions of DNA24 and kinesin25 have been
detected, the latter with a bifunctional probe similar to that used
here. All of these previous studies were limited to detecting the twodimensional projection of the probe orientation onto the plane of
the microscope stage. With myosin V, determination of the lever
arm rotations relative to actin required measurement of the threedimensional probe orientation (that is, the probe angle relative to
the microscope optical axis in addition to the orientation of the
projection onto the stage). Other techniques have been described
for measuring the three-dimensional orientations of single fluorophores20. However, these have not yet been used for biomolecular
structural dynamics and are currently limited by specialized sample
requirements26,27 or low time resolution28,29. Robust, time-resolved
measurement of three-dimensional probe orientation is a major
advantage of the technique described here. Similar three-
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dimensional angular data should be relevant to many other biological systems that can operate near a surface.
A model of myosin V processivity must explain the following
structural observations obtained in the present study: (1) in the
presence of ATP, the LCD tilts between two discrete axial angles that
differ by $458 or $758; (2) the two states corresponding to these
orientations have approximately the same amplitude of 4 ns to
10 ms mobility; (3) the duration of occupancy in the two orientations is the same, within the 20–40-ms time resolution of
the current experiments; (4) no additional structural states with
distinct LCD orientations or mobilities are occupied for more than
20–40 ms; (5) myosin V translocates about 37 nm on average for
each LCD rotation; and (6) the rates of the observed structural
changes, combined with earlier measurements, imply one rotation
per unitary mechanical step, and per hydrolysis of an ATP molecule.
These results imply that the approximately 37-nm mechanical
steps of myosin V involve transitions of the individual heads
between two structural states, both bound to actin strongly enough
to limit the mobility of the CaM-binding region. These two states
are probably a leading head at the beginning of its working stroke
and a trailing head at the end. Several models other than the handover-hand mechanism have been proposed to explain processive
translocation of motor proteins along cytoskeletal tracks—in particular, ‘biased diffusion’, ‘inchworm’ and ‘hotspot’ models30–35.
Biased diffusion and hotspot models, as well as some hand-overhand models36 postulate that, for a significant portion of a catalytic
cycle, only one head of the motor protein is strongly bound to its
track. They typically do not include high occupancy of the state with
two heads firmly attached to actin that predominates in the present
experiments. In the typical inchworm model33, the structural state
of neither head changes on completion of consecutive steps, which
is incompatible with our observation that individual heads oscillate
between two distinct orientations. Of the proposed models for
myosin V processivity, the hand-over-hand model, including a
working stroke generated by a tilting lever arm, most readily
explains the observations reported here.
Note added in proof: Burgess et al.44 have recently published results
that are difficult to reconcile with one of our possible explanations
for the non-tilting CaM light chains in the presence of ATP: the bent
neck model.
A

Methods
Protein preparation
Rabbit muscle actin was purified37 and labelled38 at Cys 374 with 1,5-IAEDANS. F-actin, at
1 mM total monomer concentration, 14% unlabelled, 81% AEDANS-labelled, and 5%
biotin-labelled (Cytoskeleton), was stabilized with 2.6 mM phalloidin (Molecular Probes).
Residues Pro 66 and Ala 73 of chicken CaM39 were mutated to Cys (QuikChange,
Stratagene; plasmid supplied by H. L. Sweeney). Mutant CaM was expressed40, labelled17
and purified (Supplementary Information). Electrospray mass spectrometry, after
endoproteinase Asp-N (Roche Diagnostics) digestion, confirmed rhodamine crosslinking of Cys 66 and Cys 73. Chick brain myosin V was purified41 and labelled by
exchanging12 endogenous CaM with a 1:10 mixture of bifunctional rhodamine-labelled
calmodulin and wild-type CaM.

Data analysis
Single molecules were identified by total intensity and single-step photobleaching. In
traces with two bleaching steps, only data after the first step were analysed. Analytical
equations (to be described elsewhere: J.N.F, M.E.Q. and Y.E.G., manuscript in
preparation) were fitted to data for each time point to obtain I Fit, b, a and d. Transitions
where the b-value changed abruptly from one approximately constant value to another
were identified manually using defined criteria. For averaging, transitions were grouped
according to whether the b-value increased or decreased. Each transition was shifted to set
the preceding datum to 0 ms and traces were averaged between the preceding and
following adjacent transitions.

Histograms of b-values
b-values were averaged for each region of a trace where b remained approximately
constant (steady b-level), except the last region in traces exhibiting tilting. Three-degree
bin width histograms of averages were fitted by gaussian distributions, r(b), given by:
"
"

2 #

2 #




f
1 b 2 b1
12f
1 b 2 b2
pffiffiffiffiffi exp 2
pffiffiffiffiffi exp 2
þA
rðbÞ ¼ A
j b1
jb2
2
2
jb1 2p
jb2 2p
where A is the product of the total number of steady b-levels and the bin width; f is the
fraction of steady b-levels in the first gaussian peak. For 5 and 40 mM ATP data exhibiting
tilting, mean ^ s.d. of d-values were determined for the two groups of steady b-intervals
with average b greater or less than 508. For 0 ATP data, the groups were split at 398. For 5
and 40 mM ATP data without tilting, they were determined for average b within b̄ 2 ^ 3j b2.

Event dwell times
Dwell times were differences between the starting times of consecutive events with
b-values on opposite sides of 508. Separating events into populations with b-values greater
or less than 508 gave single exponential fits to histograms of 5 mM ATP dwell times, with
rate constants of 4.2 ^ 0.3 s21 and 4.1 ^ 0.3 s21 (^standard error), respectively. The
corresponding rates for the 40 mM ATP data were 10.1 ^ 0.4 s21 and 11.7 ^ 0.7 s21. A
single exponential fit to histograms with all event data (without discriminating by
b-value) gave rate constants of 4.1 ^ 0.2 s21 for 5 mM ATP and 10.9 ^ 0.4 s21 for 40 mM
ATP.
The 5 and 40 mM ATP histograms were also fit simultaneously to:


k1 ½ATPk2
rðtÞ ¼ A
ðexpð2k2 tÞ 2 expð2k1 ½ATPtÞÞ
k1 ½ATP 2 k2
where t is dwell time and A is amplitude (different for the two ATP concentrations). This
fit used bin widths equal to the measurement time resolutions (MTR): 40 ms for 5 mM ATP
and 20 ms for 40 mM ATP. Because selection criteria required events to contain $2 time
points, no dwell times equal to the MTR were scored. Bins at twice the MTR also had fewer
events than expected from the fitted curves, presumably being undercounted owing to
noise. These bins (light-grey bars in Fig. 5) were therefore ignored. Monte-Carlo
simulations determined 95% confidence limits for fitted rates43.

Velocity measurements
Velocities of individual myosin V molecules were determined from images with 10-msresolution time stamps taken at approximately 1-s intervals.
Received 16 December 2002; accepted 3 March 2003; doi:10.1038/nature01529.

Motility assay
21

Fused silica slides (Quartz Scientific), spin-coated with 2 mg ml poly(methyl
methacrylate) (Aldrich Chemical, no. 37,003-7) in methylene chloride, were incorporated
into approximately 10-ml sample chambers with glass coverslips and double-sided
adhesive tape. F-actin was bound to the poly(methyl methacrylate) surface through
biotinylated BSA and streptavidin12. Flow aligned the F-actin with the microscope x axis.
Myosin V labelled with bifunctional rhodamine-labelled calmodulin was introduced into
the sample chamber at about 10–1,000 pM in 25 mM KCl, 2 mM MgCl2, 1 mM EGTA,
100 mg ml21 wild-type CaM, 100 mM dithiothreitol, 20 mM HEPES, pH 7.6, and ATP as
indicated. Compatible with earlier work8, k 1 and K M were calculated based on total ATP
concentration. With the dissociation constant (K d) for Mg2þ binding to ATP of 133 mM,
MgATP concentration would be 6% less42. This correction does not affect calculated step
sizes. For 0 ATP experiments, the buffer included 2 U ml21 apyrase (Sigma).

Single-molecule fluorescence polarization
Full details of this technique will be described elsewhere (J.N.F., M.E.Q. and Y.E.G.,
manuscript in preparation). Briefly, a 1 mW, 355-nm laser (JDS Uniphase) and a
10–20 mW, 532-nm laser (Lightwave Electronics) were directed towards the sample
NATURE | VOL 422 | 27 MARCH 2003 | www.nature.com/nature

chamber through a BK7 prism (ESCO Products) and index-matching liquid (Cargille
Laboratories) at a glancing angle relative to the microscope slide. Total internal reflection
generated evanescent waves near the sample chamber surface18,19. The 532-nm laser
direction and polarization were modulated by Pockels cells (Conoptics) at 5 or 10 ms,
producing four excitation polarizations. s1 and s2 generated linear polarizations along
y and x axes; p1 and p2 produced polarizations approximately along the z axis with small
components along x and y, respectively20. Camera (V/ICCD, Roper Scientific) images were
used to identify actin filament location and orientation, and individual rhodamines. A
piezo-electric stage (Polytec PI) centred a single labelled myosin V molecule co-localized
with actin on the microscope stage. A £100 1.2 NA water immersion objective projected
fluorescence through a polarizing beam splitter to resolve x and y polarizations onto two
avalanche photodiodes (Perkin Elmer, SPCM-AQR-16). Total fluorescence was calculated
using I Tot ¼ ðs1 I x þs1 I y þs2 I x þs2 I y Þ þ 0:885ðp1 I x þp1 I y þp2 I x þp2 I y Þ; which is
approximately independent of probe orientation.
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