SUPPLEMENTARY METHODS

In vitro motility assay of myosin V

The assay was performed at various Ca¥ concentrations, After
flushing the chamber with 10 pl buffer A, the chamber was filled
with 6 pl of 10 nM myosin V for a period of 2 min. Finally, the
solution in the chamber was exchanged with buffer containing free
Ca®™ supplemented with 150 nM Alexa—647 labeled actin filaments,
1 mM ATP and an oxygen scavenger systemn. The number of sliding
labeled actin filaments was counted and averaged from ten observed
areas. The velocity was measured and averaged from ten actin
filaments.

For restoration of the myosin V motility, myosin V was treated
with free Ca’ at pCa 5.2 for 3 min and then its motile activity
restored by washing out free Ca®*, followed by incubation with 10
uM CaM for 5 min. The excessive CaM was washed out before
performing in vitro motility assay. The percentage of moving actin
filaments was estimated and averaged from five observed areas.

For the regulation of actin filaments sliding on myosin V using
transient Ca®* concentrations®, the final solution contained Ca?* at
pCa 5.0 with the addition of 1 mM NP-EGTA. During the motility
assay, an area of the glass ~17 pm in diameter containing myosin V
was locally illuminated with UV for a period of 4 s.

To measure the local transient Ca® concentration inside the
chamber, 10 nM Rhod-2, a Ca®* sensitive ﬂuorophoren, was added
to the solution in the chamber and the fluorescent intensity
monitored. The standard curve for the relationship between the
Rhod—2 fluorescent intensity and Ca®* concentration was prepared
using solutions, with pre—determined free Ca®* concentrations.

Estimation the number of dissociated CaM

Myosin V bound to a glass surface (~0.19 molecules pm™) was
treated for 3 min with 10 pl of solution of Ca® ranging from less
than pCa 7.0 to pCa 5.2. The dissociated CaM from myosin V was
substituted with 20 pl of 100 nM *CaM in buffer A for 10 min. The
free *CaM was washed out with 20 pl buffer A for 3 min. *CaM
bound on myosin V was observed under TIRFM. The number of
spots is equal to the number of myosin V molecules from which one
CaM molecule or more was dissociated. To avoid the overlap of
more than one myosin V molecules at the same position, the
experiment was performed at low concentration of myosin V.

The intensity of light emitted from a single *CaM is relatively
stable. However the emitted light is photobleached within tens of
seconds of illumination. Thus the number of *CaM on each spot was
estimated by counting the bleaching step of the intensity. Each step
corresponds to the one *CaM molecule.

Association rate constant of single CaM molecules to myosin V in
the absence of Ca®*

Myosin V bound to a glass surface (~0.19 molecules pm™) was
treated with 10 pl of solution (pCa 5.2) for 3 min. The dissociated
CaM from myosin V was substituted with 20 pl of 100 nM *CaM in
buffer A for various pericds of time up to 15 min. The substitution
was stopped by washing out the free *CaM with 20 pul buffer A for 3
min. *CaM bound on myosin V was observed under TIRFM. The
following reaction occurs:

*CaM + IQ !_i‘*:af.a *CaM-IQ

1Q is the IQ motif of myosin V on which the CaM was dissociated
from. k4. and k;, are the association and dissociation rate constant
in the absence of Ca®* (pCa > 7.0), respectively.

At 100 nM *CaM and in the absence of Ca*", the dissociation rate
of *CaM from myosin V is negligibly slow compared to the
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association rate (ksp,[*CaM] >> kyp). The k;pe could be
determined by fitting the experimental data into an exponential
curve:
(*CaM-1Q} / IQ]= 1 - e "Mit7 0%

Where {IQ,] is the total number of IQ available for the
substitution of *CaM at time 0, [*CaM-IQ] is the number of
substituted *CaM, t is the time for taken for the substitution.

Dissociation rate constant of CaM from myosin V in the
absence of Ca®*

Myosin V bound on a glass surface (~0.19 molecules um™) was
incubated with 100 nM *CaM in buffer A (pCa > 7.0) for various
times up to 24 h in order to complete the substitution with CaM.
The reaction was stopped by washing free *CaM with 20 pl buffer
A for 3 min. *CaM bound to myosin V was observed under TIRFM.
As [*CaM] >> [CaM] (4000 times), the association rate of CaM to
IQ is negligibly small compared to that of *CaM to IQ. At 100 nM
*CaM and in the absence of Ca®, the dissociation rate of *CaM
from myosin V is negligibly slow compared to the association rate.
This can be described by the fellowing reactions:

CaM-1Q0 —8= 3 10 + CaM (1)
WCaM +1Q —Hey sCaM-1Q  (2)

As reaction (1} is the rate limiting step for the two reactions, the
k;o. can be determined by fitting the experimental data of
exchanged *CaM number to the expenential curve:

[*CaM-IQ] / [CaM-IQ,] = 1 — "%

Where, [*CaM-IQ}] is the number of exchanged *CaM, [CaM-
IQ,] is the total number of CaM-IQ that could participate in the
reaction at time 0, and t is the incubation time for exchanging.

Dissociation rate constant of CaM from myosin V at pCa 5.2,
Myosin V bound on a glass surface (~0.19 molecules pm™) was
treated at pCa 5.2 at various times for u? to 300 s at a time, in the
presence of 100 nM *CaM. The free Ca** was washed out with 20
ul of 100 nM *CaM in buffer A and the incubation continued for
10 more minutes. *CaM bound myosin V was observed under
TIRFM.

During treatment of myosin V with *CaM at pCa 5.2, as [*CaM]
>> [CaM], the association rate of CaM and IQ is negligibly small,
compared to the rate of *CaM to IQ. This can be described by the
following reactions:

CaM-1Q —52—3 CaM +1Q (0
[T

*CaM +IQ -—--;#*CaM—IQ )
32~

ks34 and ks ;_ are the association and dissociation rate constants
at ?Ca 5.2, respectively. In the next step of the experiment, free
Ca*" was removed to stop the reaction (2) in the presence of 100
nM *CaM. Reaction (2) therefore becomes:

*CaM +1Q ey *CaM-1Q (€))]

The CaM dissociated IQ number in (1} was indicated by total
number of *CaM-IQ in (2) and (3) which was observed under
TIRFM. The k5, in reaction (1} could be determined by fitting the
experimental data of observed *CaM-IQ number to the exponential
curve:

[*CaM-IQ] / [CaM-IQ,] = 1 — e ¥#*

Where, [*CaM-IQ] is the number of observed *CaM-IQ,
[CaM-1Q,] is the total number of CaM-IQ that could release CaM
at ime 0 after incubation at pCa 5.2, and t is the treatment time at
pCas.2.



Supplementary Video 1

The reversible attachment and movement of actin filaments by myosin V.

An in vitro motility was performed in the presence of 10 pM CaM and transient Ca®* concentrations, which was generated locally by UV
photolysis of caged Ca’* within a time frame of 4 s. The number indicates the time in seconds and tens of milliseconds. The time period of the
UV flash was indicated by “UV™. Bar 10 pm. This movie is a supplement for Figure 4a.

Before the UV flash

During

+

Several seconds after the UV flash
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Biased Binding of Single Molecules and Continuous Movement of
Multiple Molecules of Truncated Single-Headed Kinesin
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ABSTRACT Conventional kinesin has a double-headed structure consisting of two motor domains and moves processively
along a microtubule using the two heads cooperatively, The movement of single and multiple truncated heads of Drosophita
kinesin was measured using a laser trap and nanometer detecting apparatus. Single molecules of single-headed kinesin bound
to the microtubules with a 3.5 nm biased displacement toward the plus end of the microtubule. The position of these single-
headed kinesin molecules bound to a microtubule did not change until they had dissociated, indicating that single kinesin heads
utilize nonprocessive movement processes. Two molecules of single-headed kinesin moved continuously along a microtubule
with a lower velocity and force than that of single molecules of double-headed kinesin. The biased binding of the heads de-
termines the directionality of movement, whereas two molecules of single-headed kinesin move continuously without dis-

sociation from a microtubule.

INTRODUCTION

Conventional kinesin is an intracellular vesicle transporter.
Kinesin forms homodimers with two motor heads (Bloom
et al.,, 1988; Kuznetsov et al., 1988). The double-headed
kinesin moves processively along a microtubule via the
cooperative interaction of both heads by utilizing the energy
of adenosine 5'-triphosphate (ATP) hydrolysis (Howard etal.,
1989). The processivity of single molecules of kinesin ensures
high-energy efficiency of vesicle transport and economical
protein usage. The unidirectional processive movement has
been explained by a hand-over-hand mechanism in which the
two heads step alternatively (Asbury et al., 2003; Higuchi
et al., 2004; Howard, 2001; Kaseda et al., 2003; Yildiz et al.,
2004). It is difficult to distinguish the role of each head during
the movement of double-headed kinesin, The movement of
each individual head has not been elucidated.
Single-headed conventional kinesin (SHC-kinesin) was
genetically constructed using a combination of two pre-
viously reported methods (Berliner et al., 1995; Hancock and
Howard, 1998). In one method the SHC-kinesin molecules
were prepared as monomer heads by truncating the tail section
so it did not form the coiled-coil (Berliner et al., 1995). The
other method utilized heterodimers by coexpressing full
length kinesin with the kinesin tails minus the head portion
(Hancock and Howard, 1998). The velocity of the SHC-
kinesins was lower than that of double-headed kinesin
(Hancock and Howard, 1998; Inoue et al., 2001; Young
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ctal., 1998). The distance the microtubule moved on the SHC-
kinesin molecules became shorter as the number of SHC-
kinesin molecules interacting with the microtubules in the in
vitro motility assay was reduced (Berliner et al., 1995;
Hancock and Howard, 1998; Young et al., 1998). This result
indicates that the processivity of SHC-kinesin is very low or
nonexistent. Hancock and Howard (1998) suggested that 4-6
molecules of SHC-kinesin are needed for continuous
movement along a microtubule for distances >300 nm
without detachment in an in vitro motility assay. In contrast,
Inoue et al, (2001) showed that single molecules of SHC-
kinesin move processively along microtubules using a fluo-
rescent imaging technique with video resolution. To clearly
show whether single molecules of SHC-kinesin moved pro-
cessively along a microtubule, recordings at a high spatial re-
solution were required.

Monomeric motors of the kinesin superfamily, KIFIA or
Uncl04, provide useful information about the behavior of
motor heads of conventional kinesin when interacting with
a microtubule, and vice versa. Multiple molecules of KIF1A
and Uncl04 exhibited continuous rapid movement (Okada
etal., 2003; Tomishige etal., 2002). The term ‘processive” has
been adopted for the movement of individual motor proteins
and ‘continuous’ for the movement of ensembles of motors.
QOkada and Hirokawa (1999) alsc showed that single
molecules of KIF1A moved processively along amicrotubule.
Processive movement of KIFIA is enhanced by the
electrostatic interaction between the K-loop and the micro-
tubule because the K-loop deleted KIFIA did not move
processively beyond the spatial resolution of the image
analysis system of ~50 nm (Okada and Hirokawa, 1999,
2000). KIF1A bound to the microtubule moved toward the
plus end of the microtubule with a displacement of 2.8 nm
(Okada et al, 2003). The direction of the processive
movement of KIF1A is determined by the biased binding.

doi: 10.1529/biophysf.104.049759



Movement of Single-Headed Kinesin

Measuring the displacement of the biased binding of single
SHC-kinesin molecules is an important issue to address.
The unidirectional processive movement of single mole-
cules of double-headed kinesin and multiple molecules of
monomeric kinesin is an important process used to translocate
large vesicles along a micretubule in a cell. To understand the
movement of single-headed and double-headed kinesin, we
evaluated the movement of single and multiple molecules of
SHC-kinesin with nanometer accuracy using a laser trap.
Single molecules of SHC-kinesin bound to a microtubule with
a definite bias for the plus end of the microtubule and dis-
sociated from a microtubule without exhibiting processive
movement. There was no significant displacement of SHC-
kinesin molecules bound to the microtubules. Two molecules
of SHC-kinesin moved continuously with lower force and
velocity than single molecules of double-headed kinesin,

MATERIALS AND METHODS
Protein

SHC-kinesin and double-headed kinesin consist of 351 and 411 amino acid
residues from the N-termini of Drosophila kinesin with biotin carboxyl
career protein (BCCP) fused at the C-termini. The expression and purifi-
cation systems have been reported previously by Iwatani and co-workers
(Berliner et al., 1995; Huang and Hackney, 1994; Iwatani et al., 1999).
Tubulin was purified from porcine brain and the microtubules were labeled
with tetramethylrhodamine succinimidy! ester (Molecular Probes, Eugene,
OR). The minus end of the microtubules was marked with a higher
concentration of rhodamine-labeled tubulin (Howard and Hyman, 1993).

Laser trap nanometry

SHC-kinesin molecules were bound to the polystyrene beads (0.2 um
diameter, Molecular Probes, Eugene, OR) via streptavidin (Sigma, St, Louis,
MO; Inoue et al., 1997) and were tapped by an infrared laser (A = 1064 nm)
positioned near a fluorescence-labeled microtubule. Details of the laser trap
system and apparatus have been reported previously (Nishiyama et al., 2001;
Svovodaet al,, 1993). All assays were performed using a solution containing
25 mM K-Acetate, 1 mM EGTA, 4 mM MgCl;, 10 uM Taxol, 0.12 mg/ml
casein, and 20 mM K-HEPES (pH 7.2} with an added oxygen scavenger
system (0.14 M 2-mercaptoethanol, 20 mM glucose, 20 pg/ml catalase, 100
pgfml glucose oxydase) at 25°C = 1°C.

Data analysis

The bead displacements were recorded at a sampling rate of 20 ¥Hz with
a bandwidth of 10 kHz, The force produced by SHC-kinesin was calculated
from the bead displacement multiplied by the trap stiffness (35 {N/nm) that
was determined from the variance of the thermal fluctuations of a trapped
bead by the equipartion of thermal theory (Kojima et al, 1997). The
velocity, taking into account the attenuation factor, was derived from the low
pass filter at 5 Hz. The auenuation factor for correcting the displacement of
the SHC kinesin fragments was evaluated from (K, + K)/K}, where K, is the
stiffness of the optical trap and K, is that of the bead-to-glass linkage which
is the series of linkages of a bead, the SHC-kinesin molecules, a microtubule,
and the surface of a glass slide (Kojima et al,, 1997; Svoboda et al., 1993).
The total stiffness, K, + X, of the linkage and the trap, was also calculated
from the variance of the bead fluctuations when kinesin interacted with the
microtubule.
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The displacement at each binding event of single SHC-kinesin molecules
to the microtubule was calculated from the displacement multiplied by the
attenuation factor, The anenuation factor, 1,72 + 0.02 (mean * SE, n =
162}, at the displacement of —5 to 5 nm was not a significant difference from
1.69 £ 0.02 {(n = 122) at the displacement of =10 to —5 and 5 to 10 nm
before attenuation. This factor decreased slightly to 1.62 * 0.02 (n = 116) at
<=10 and >10 nm before attenuation, or <—17 and >17 nm after
attenuation.

The velocity of each displacement trace was derived from the slope of the
displacement which had been smoothed by a low pass filter of 5 Hz and
multiplied by the attenuation factor. The average values of the attenuation
factors during continuous movement were 1.7 at low loads of ~1 pN and
1.2 at high loads of >>5 pN.

RESULTS

Minimum number of SHC-kinesin molecules
required for continuous movement

To make the SHC-kinesin-beads, various concentrations of
SHC-kinesin were mixed with a constant concentration of
the polystyrene beads, 0.2 um in diameter, in a solution
(~0.01%, v/v or ~60 pM). Beads coated with SHC-kinesin
were ftrapped using optical tweezers and then placed on
a microtubule. A reduction in Brownian motion of an SHC-
kinesin-bead was considered to be an interaction with
a microtubule (Veigel et al., 1999). The ratio of the number
of SHC-kinesin-beads interacting with the microtubules to
the total number of beads observed at each concentration of
SHC-kinesin was determined. Interaction times shorter than
50 ms have not been included to avoid any artifacts resulting
from the binding of molecules other than the SHC-kinesin
molecules to a microtubule.

In the presence of 1 mM adenosine 5'-(3-y-imido)tri-
phosphate (AMP-PNP), SHC-kinesin-beads bound to a mi-
crotubule for a long time, i.e., for more than several seconds
(Fig. 1 a). At low concentrations of SHC-kinesin and in the
presence of ATP (6 uM), SHC-kinesin-beads bound to and
dissociated from a microtubule repeatedly without exhibiting
continuous movement (Fig. T b). Fig. 1, ¢ and &, shows the
continuous movement of SHC-kinesin-beads at high and low
ATP concentrations.

In the presence of AMP-PNP, single molecules of SHC-
kinesin on the beads should bind to a microtubule for long
periods of time because of the strong binding (Endow and
Higuchi, 2000; Huang and Hackney, 1994). Thus, the ratio of
the interacting beads to the total number of beads indicates
the ratio of the beads to which one or more molecules of
SHC-kinesin had bound to a microtubule, Assuming SHC-
kinesins are distributed randomly on the beads, the number
of molecules on the bead can be described by a Poisson
distribution (Svoboda and Block, 1994). According to the
Poisson distribution, the probability that there are one or more
SHC-kinesin molecules on a bead can be described by the
curve, 1 — exp(—C/Cy), where C is the concentration of
SHC-kinesin (nM) and Cy is the concentration when the
average number of SHC-kinesin molecules on a bead is one
(SHC-kinesin concentration of 0.2 nM). The ratio of the beads
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interacting with a microtubule increased with an increase in C
(Fig. 1 e, rectangles onthe dotted line). Therefore, the average
number of SHC-kinesins bound to a bead assuming the
Poisson distribution of the molecules on beads can be cal-
culated (Fig. 1 e, upper horizontal axis).

At ATP concentrations of 6 pM, the ratio of the beads
interacting with a microtubule was almost the same as that of
the beads in the presence of AMP-PNP (Fig. 1 ¢, triangles and
rectangles). Atlow ATP and low SHC-kinesin concentrations
(<~1 nM)}, the ratio of the beads moving continuously was
considerably lower than that of the beads interacting with
a microtubule (Fig. 1 e, triangles and diamonds). This
indicates that single molecules of SHC-kinesin bind to and
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microtubules at 6 oM ATP. The average number of SHC-
kinesin molecules on a bead was calculated by fitting the
Poisson distribution (dotred curve} to the data at | mM
AMP-PNP and is shown on an upper abscissa. The ratios
of the beads moving continuously at ImM ATP and 6 M
ATPF are shown in the circles and diamonds, respectively.
Error bars are expressed as *(p(1 — p)/n)'?, where pis the
fraction interacting and » is the number of the measuring
beads (n = 19 ~ 42 at each point; Svoboda and Block,
1994), The moving ratios were simulated when two or
more (solid curve) or three or more (dashed curve) SHC-
kinesin molecules on a bead interacted simultaneously
with a microtubule (see Appendix).

dissociate from a microtubule without processive movement,
although multiple molecules can move continugusly.

In the presence of 1 mM ATP, the ratio of the beads
interacting with a microtubule was lower than that of the
beads in the presence of 6 pM ATP (Fig. 1 ¢, triangles and
circles). The time from binding to disscciation (the cycle
time) was too short to detect and is discussed later. The ratio of
the beads interacting with a microtubule was almost the same
as that of the beads moving continuously in the presence of
6 uM ATP (Fig. 1 ¢, circles and diamonds).

The minimum number of SHC-kinesin molecules required
for the continuous movement on a bead was determined by
comparing the ratio of the beads moving continuously with
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Movement of Single-Headed Kinesin

the curves obtained from a simulation model. In this model,
the distances among the SHC-kinesin molecules were
calculated by considering the geometry of the spherical
bead and SHC-kinesin construct and testing whether
molecules on the bead interacted simultaneously with the
microtubule (sce Appendix). The ratio of the continuous
movement in the presence of 1 mM ATP (circles in Fig. 1 €)
and the number of interacting molecules was in good
agreement with the solid curve (Fig. 1 ¢), which shows that
two or more molecules of SHC-kinesin simultaneously
interact with a microtubule. The data, however, could not be
fitted to the curve that describes three or more molecules of
SHC-kinesin interacting with the microtubule (dashed curve
in Fig. 1 e). This result suggests that two molecules of
SHC-kinesin are able to support continuous movement.

Binding and dissociation of SHC-kinesin

Single molecules of SHC-kinesin bound to and dissociated
from a microtubule without processive movement (Figs. 1 &
and 2 a). The dwell time and the directionality when SHC-
kinesin bound to a microtubule were analyzed. The event
where the noise (the variance of displacement) was reduced to
less than half for >50 ms was considered to be a binding event
(Fig. 2 a). Time (tg) from the binding to the dissociation was
measured to determine the binding time (Fig. 2 a). The
histograms of gz showed an exponential decay with a time
constant of 99 ms at 6 uM ATP and 380 ms at 1.2 uM ATP
(Fig. 2 b).

The histograms of the displacement are shown in Fig, 2 ¢,
X, and X, show the mean displacement from the trap center
for a 50 ms period after binding and before dissociation. This
allowed the directionality of binding to be measured. The
microtubule polarity was determined by marking the minus
end with a strong fluorescence dye (Howard and Hyman,
1993). Microtubules with opposite directionalities were
selected to minimize any artifacts associated with the shift.
The minus ends of 50% of the microtubules were oriented to
the upper region on the TV display and the other 50% to the
lower region. The histograms of X; and X, show Gaussian
distributions which have peaks biased to the plus end of the
microtubule, The values of X, and X, were 3.4 £ 0.8 nm
(mean * SE, n = 400) and 3.5 = 0.9 nm (n = 400),
respectively. These values did not depend on the direction
that the microtubules were oriented on the TV display; the
displacements at the opposite directionalities of microtubules
were 3.1 £ 1.1and 3.8 = 1.1 nmfor X; and 3.2 £ 1.2 and
3.8 £ 1.1 nm for X;. The average step size of each bead was
2-6 nm with a standard error of 2 nm (n == 100), indicating
that no continuous movement had been included in the steps
upon binding. As a result, single molecules of SHC-kinesin
bound to a microtubule toward the plus end of the
microtubule with a 3.5 nm bias. The displacement from X,
t0 X3, 0.18 £ 0.6 nm (n = 242, t5 = 100 ms), was not
significantly different from zero (Fig. 2 c). Furthermore, the
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ensemble displacement was analyzed by synchronizing the
traces at both binding and detachment (n =71, tp > 100 ms;
deCastro et al., 2000; Okada et al., 2003). Displacements
were considered significant if they were >1.5 (+2 SD) nm
within ~3 ms after binding. No such displacements were
observed. These results indicate that single molecules of
SHC-kinesin bind to microtubules in the direction of the plus
end and do not move during binding.

Movement of multiple molecules of SHC-kinesin

The ratio of the beads moving continuously for distances
>20 nm after binding to a microtubule (>>2 steps of 8 nm)
increased with an increase in the concentration of SHC-
kinesin. The continuous movement of the SHC-kinesin and
the processive movement of double-headed kinesin at the
various concentrations are shown in Fig. 3 a. The beads
coated with SHC-kinesin moved continuously for 70-200
nm and then detached from the microtubule. The frequency
of force generation increased as the SHC-kinesin concen-
tration increased from 0.36 nM to 2.0 nM. At an SHC-
kinesin concentration of 12 nM, the period when the beads
dissociated from the microtubules decreased dramatically.
Beads that detached from the microtubule quickly reattached
to the microtubule before it had returned to the center of laser
trap at zero force and then once again showed continuous
movement. Single molecules of double-headed kinesin at
a concentration of 0.1 nM moved processively for ~200 nm
and generated stall forces of 7-8 pN as reported previously
(Inoue et al., 1997; Iwatani et al., 1999).

The histograms of the force generated by SHC-kinesin and
double-headed kinesin are shown in Fig. 3 b. The force was
measured just before kinesin detached from the micro-
tubules. The force population of SHC-kinesin in the
histograms decreased almost exponentially with the increase
in force. The mean force at an SHC-kinesin concentration of
0.36 nM was 1.7 pN, and this increased to 2.7 pN at
a concentration of 12 nM. The force population of double-
headed kinesin was increased and then decreased with an
increase in the force (bortom in Fig. 3 b). The stall force, at
which kinesin did not move >10 nm over a time frame of
100 ms, was 7 ~ 8 pN. The mean force of 4.9 pN, however,
was lower because the forces before movement ceased have
been included.

The force-velocity relationships for two molecules of
SHC-kinesin at <<1.2 nM and for single molecules of double-
headed kinesin are shown in Fig. 4 a. The highest 10% of
forces (>7 pN) for double-headed kinesin which corre-
sponded to the stall force recorded have been analyzed
(Iwatani et al.,, 1999; Kojima et al., 1997). Therefore, the
highest 10% of forces were also analyzed for SHC-kinesin.
At low forces of ~1pN, the velocity of SHC-kinesin was
~400 nm/s. This value was approximately half of the
velocity obtained for double-headed kinesin, ~750 nm/s.
The sliding velocity of double-headed kinesin decreased
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slightly with forces up to 3 pN and dramatically at forces >3
pN. The sliding velocity of SHC-kinesin decreased in an

almost linear fashion.
The force and velocity changed with the concentration of

SHC-kinesin (Fig. 4 b). The mean force increased gradually
from 1.7 to 2.7 pN with an increase in the concentration of
SHC-kinesin from 0.36 nM to 12 nM. The velocity of SHC-
kinesin was recorded at small forces of ~1 pN. The velocity
remained constant at ~350 nm/s at SHC-kinesin concen-
trations between 0.36 and 2.0 nM and then decreased to

~230 nm/s at a concentration of 12 nM.
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In this study, the movement of single molecules of SHC-
kinesin expressed as monomers (Berliner et al,, 1995) was
measured by the laser trap and nanometry system. Single and
multiple molecules of SHC-kinesin bound to small beads,
0.2 pm in diameter, interacted with a microtubule. The position
of the beads was detected with high spatiotemporal resolution to

accurately determine the movement of SHC-kinesin.
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FIGURE 2 Analysis of the biased binding at
6 uM ATP. (a) The time course of the
displacement and its variance of SHC-kine-
sin-beads are shown in the top and bottom
panels, respectively. X; and X; indicate the
average displacements from the trap center for
50 ms after binding and before dissociation. g
is binding time from the initial binding to
dissociation. (b) The histograms of the binding
time in the presence of 6 pM ATP (top, n =
400) and 1.2 uM ATP (bottom, n = 245),
respectively. (¢) The histograms of X} (n =
400), X; (r = 400), and X; — X, (n = 242 for tg
> 100 ms) could be fitted to Gaussian curves
with peaks at X, = 3.4 (mean * SE = 0.8) nm,
Xz =35 (mean * SE= 09) nm, and Xz et X[
=10,18 {mean * SE = 0.5) nm. (d) Ensernble-
averaged traces at binding and detachment by
single molecules of SHC-kinesin. Each trace
(through 200 Hz low pass filter) for 50 ms
before and after the binding and detachment
was fitted by rectangle curve represented as
d=a X[l + exp{~4( - B}~ + ¢, where d
is displacement, t is time, @ is the step size, and
b and ¢ are fitting parameters. Black solid
curves are the ensemble traces synchronized at
the binding and the detachment, and shaded
dashed curves are rectangle curves with step
displacement of 3.5 ~ 3.6 nm.



Movement of Single-Headed Kinesin

2073

FIGURE 3 Force generation of the SHC-kine-
sin. (@) Force generation of SHC-kinesin at con-
centrations of (.36, 1.2, 2.0, and 12 nM from top
to bottom panels and that of single molecules of
double-headed kinesin at concentration of 0.12 nM
(lowest panel). (b) The histograms of the generated
force of multiple molecules of SHC-kinesin and
single molecules of double-headed kinesin, Solid
arrows indicate the average forces, and broken

arrow indicates the stall force.
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The number of SHC-kinesin molecules bound to a bead
was estimated using the Poisson distribution of the mol-
ecules on the bead. Single molecules of SHC-kinesin on a
bead bound to and dissociated from a microtubule without
undergoing processive movement. If single molecules of
SHC-kinesin moved processively, the ratio of the beads mov-
ing continuously in the presence of ATP should be the same

Forca (pN}

as that binding in the presence of AMP-PNP because single
molecules of SHC-kinesin bind strongly to the microtubules
in the presence of AMP-PNP. In this instance, the curve
did not match the ratio of the beads moving continuously
(Fig. 1 e, dotted curve, and diamonds and circles), indicating
the lack of processive movement of single molecules of SHC-
kinesin.
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FIGURE 4 Movement of the SHC-kinesin. (2) Relationship between
velocity and force of two SHC-kinesin molecules and single double-headed
kinesin molecules are shown in circles (n = 21} and rectangles (n = 15),
respectively. The curves could be well fitted to the equation, V=8/{a + b X
exp(kF)}, (V, velocity (nm/s); F, force (pN); a, b, and k are fitting
parameters; Nishiyama et al., 2002). () Relationship between the number of
SHC-kinesin molecules bound to a bead and velocity {circles) and force
(rectangles), (n = 87 ~ 100 at each point).

In the in vitro motility assay, the run lengths of the
microtubules moving on SHC-kinesins bound to the glass
slides became shorter and even too short to detect when low
concentrations of SHC-kinesin were used (Hancock and
Howard, 1998; Young et al., 1998). This result indicates that
the processivity of single molecules of SHC-kinesin is very
low or nonexistent. However, the video analysis system had
a limited spatial resolution of ~300 nm, thus the number of
steps <38 (=300 nm/8 nm) could not be counted (Hancock
and Howard, 1998). In this study, only one step could be
detected by using the optical tweezers apparatus with high
spatial resolution. Steps longer than 8 nm in length, however,
were not observed during the binding of SHC-kinesin to the
microtubule. Using traces that had been averaged, there was
no significant displacement from the binding to the dis-
sociation of SHC-kinesin (0.18 % 0.60 nm; Fig. 2 ¢). This
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result clearly indicates that single molecules of SHC-kinesin
did not take any additional steps once they had bound to the
microtubules. Thus, it appears that single molecules of SHC-
kinesin bound to and dissociated from a microtubule upon
the hydrolysis of ATP without undergoing any stepwise
movement.

Biased binding and dissociation of SHC-kinesin

At low SHC-kinesin concentrations (<0.1 nM), beads were
observed to bind to and then dissociate from a microtubule
(Fig. 1 b) at low concentrations of ATP (Fig. 1 ¢, triangles
and diamonds). At ATP concentrations of 6 and 1.2 uM, the
time constants for binding were 99 and 380 ms, respectively.
These values are in agreement with the cycle time of ATP
hydrolysis by single molecules of SHC-kinesin which had
been calculated using a kinetic parameter, K,=43 uM ATP,
to be 101 and 460 ms, respectively (Huang and Hackney,
1994). The histograms of the binding time showed an
exponential decay (Fig. 2 b), indicating that the hydrolysis of
single ATP molecules could be approximately described by
a first order reaction. This kinetic analysis supported the
observation that the binding and dissociation would be per-
formed within a single tumover of ATP by single molecules
of SHC-kinesin. The binding of SHC-kinesin to a microtu-
bule in the presence of 1 mM ATP was not observed because
the binding time was too brief to detect (12 ms, estimated
from the ATPase rate at ImM ATP).

SHC-kinesin binds to a microtubule when in the ADP
binding state because ADP release is a rate limiting step in
the absence of microtubules (Hackney, 1995). After ADP
release, SHC-kinesin binds strongly to a microtubule in a
nucleotide free state. The SHC-kinesin and microtubule
complex then hydrelyze ATP into ADP-P;. After P; is re-
leased, the SHC-kinesin in the ADP binding state dissociates
from the microtubule because, in this state, it has a low
affinity to the microtubules (Hackney, 1995), Thus, the bind-
ing, hydrolysis, and detachment of SHC-kinesin to a micro-
tubule can be described as follows:

K-ADP
|
M-K-ADP->M-K—>M-K-ATP—M-K-ADP-P—M-K-ADP
4

K-ADP’

where M and K indicate a microtubule and an SHC-kinesin,
respectively,

SHC-kinesin bound to a microtubule in the direction
biased toward the plus end of 3.5 nm (Fig. 2 ¢). The 3.5-nm
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biased displacement was generated at the time of binding or
within 30 ms of binding to a microtubule (Fig. 2 d). Since the
ATP free state was calculated to be ~100 ms at an ATP
concentration of 6 uM from bicchemical result (Huang and
Hackney, 1994), the bias displacement occurred before the
binding of ATP, that is, when it was bound to the
microtubule or when ADP was released. The average 3.5
nm biased displacement was due to the translational
movement of the SHC-kinesin head along a microtubule
and an angular change of SHC-kinesin neck. Okada et al.
(2003) evaluated the influence of the angular change of the
neck linker of KIF1 A by measuring the displacement of the
beads bound to the N- and C-termini of KIF1 A, respectively.
The same relation between the steps and force of both the N-
and C-termini indicates that the angular change of the neck
linker did not affect the biased binding of KIF1A. The
contribution of angular change will also be small on SHC-
kinesin.

Continuous movement by multipte molecules
of SHC-kinesin

The minimum number of SHC-kinesin molecules needed for
continucus movement is two (Fig. 1 €). To move proces-
stvely, it is essential that kinesin molecules have the di-
rectional displacement and do not dissociate from the
microtubules. Directional movement by biased binding could
be produced when two or more SHC-kinesin molecules
attached to a bead. In this case, one molecule could produce
the directional movement, whereas the other prevents the
kinesin from dissociating from the microtubule (Tomishige
et al., 2002). Inoue et al. (2001) observed the movement of
single molecules of the fluorescently labeled SHC-kinesin
with or without BCCP. They suggested that BCCP had some
affinity for the microtubule preventing it from dissociating,
In our experiment, it is possible that BCCP did not bind to
the microtubule because the BCCP of SHC-kinesin at the
C-termini was bound to a bead via streptavidin. As aresult, the
nonprocessive movement of single molecules of SHC kinesin
could be observed.

Both the velocity and force of two molecules of SHC-
kinesin were lower than those of double-headed kinesin (Fig.
4 a). The reasen for this reduction could be that the position
and direction of SHC-kinesin binding to microtubules is not
optimal because of the random binding to the beads. The
probability that backward steps occurred (8-20 nm) was
<6% for double-headed kinesin, and that increased to ~20%
for SHC-kinesin with a 1-2 pN load (data not shown). This
increment in the frequency of backward movement would
also contribute to the slower velocity.

Inoue et al. (1997) reported that the velocity and force of
multiple molecules of SHC-kinesin in the absence of BCCP
was comparable to that of double-headed kinesin. It has been
suggested that SHC-kinesin attached to a small molecule of
biotin, ~0.5 nm in diameter, can bind to two sites on the single
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molecules of streptavidin, forming a pseudo-double-headed
kinesin (Inoue et al., 1997). A BCCP of SHC-kinesin, ~3 nm
in diameter, should sterically block another SHC-kinesin
binding to neighboring binding sites on an avidin because the
distance between binding sites was ~1 nm (Weber et al,,
1989). Okada and colleagues suggested that the single-headed
kinesin with BCCP on the avidin did not form a dimer because
the F, fragment of the antibody with a single binding site to
kinesin had similar binding and movement ratios to those of
streptavidin (Okada et al., 2003). In this study, two molecules
of SHC-kinesin bound randomly to a bead. This resulted in the
production of low forces and beads that moved at a slow
velocity because the heads were not able to interact with the
microtubule in the optimum orientation.

The force and the sliding velocity remained almost
constant when the average number of SHC-kinesin mole-
cules on a bead was between 1 and 10 (Fig. 4 b). The number
of molecules interacting simultaneously with the microtu-
bule was calculated to be ~2 (occasionally 3) from the geo-
metry of kinesin and the microtubules (Fig. 1 e, solid and
dashed curves). Therefore, two molecules of SHC-kinesin
produced a force of ~2 pN in average.

When ~60 molecules of SHC-kinesin were bound to
a bead, the force increased and the velocity of sliding de-
creased (Fig. 4 b). The reason for the large forces is the
number of molecules interacting simultaneously with
a microtubule increases to >3, The decrease in velocity
may be explained by an increase in the number of SHC-
kinesin interacting with a microtubule in an unsuitable
orientation and/or position. The slow velocity of the micro-
tubules interacting with SHC-kinesin has also been observed
in the motility assays by our lab (~120 nm/s, data not shown)
and others (Hancock and Howard, 1998; Inoue et al., 2001;
Young et al., 1998). This result suggests that SHC-kinesin
molecules interact with the microtubules in a less than
optimum orientation which may inhibit the motility.

Model of the unidirectional movement
by SHC-kinesin

Single molecules of SHC-kinesin in the ADP binding state
bind to tubulin with a displacement of x nm as a result of
Brownian moticn (Fig. 5 @). Then SHC-kinesin moves an
average of ~4 nm toward the plus end of the microtubule as
biased binding. The SHC-kinesin and microtubule complex
binds an ATP molecule to be hydrolyzed, and then SHC-
kinesin in the ADP state dissociates from the microtubule.
The movement of two molecules of SHC-kinesin begins
with the state where the rear head binds to a microtubule. In
contrast, the front head is in the ADP binding state and is
positioned over the microtubule (Fig. 5 b). The front head
attaches to the microtubule with displacement of x nm to the
plus end. The displacements, x, of the heads are considered to
be positive because of the neck linker docking to the head or
structural changes that occur during ATP hydrolysis (Kikkawa
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etal.,2001;Riceetal., 1999). The front head thenreleases ADP
and binds strongly to the microtubule. Atthe same time, the ~4
nm biased displacement occurs to the plus end of the
microtubule. Whereas the front head binds to a microtubule
and produces force, the rear head is dissociated from the
microtubule, The rear head then attaches to the microtubule
with a displacement to the plus end as a result of the biased
binding (data not shown). Finally, the front head dissociates
from the microtubule once it is in the ADP binding state.
Alternatively, the role of the front head could be exchanged
with that of the rear head. Repetitions of these cycles generate
the continuous movement, The regular 8 nm steps typically
observed with double-headed kinesin were not observed for
SHC-kinesin (datanotshown). Thedistance between the heads
and the SHC-kinesin interactions with the protofilaments most
likely take steps of varying size but those other than 8 nm.
Double-headed kinesin motility begins with the state in
which the front head with ADP attached is positioned over
amicrotubule and the rear head without nucleotides is bound
to the microtubule (Hancock and Howard, 1999; Fig. 5 ¢).
The front head attaches to a microtubule with a displacement
toward the plus end of the microtubule. Either before or after
the displacement, the single-head moves by ~4 nm toward
the plus end as biased binding and completes the & nm step,
suggesting the existence of substeps (Nishiyama et al.,
2001). The rear head is pulled forward by the front head and
then dissociates from the microtubule (Uemura and Ishiwata,
2003). Repetitions of these cycles generate the unidirectional
processive movement of 8 nm by the hand-over-hand mech-
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anism (Asbury et al., 2003; Crevel et al,, 1999; Higuchi et al.,
2004; Kaseda et al., 2003; Yildiz et al., 2004).

According to our model, two molecules of SHC-kinesin
and single molecules of double-headed kinesin move through
the biased binding of single molecules of SHC-kinesin.
Therefore, ‘bias binding’ is the key mechanism for the
movement of motor proteins.

APPENDIX

Model simulation for determining the minimum
number of SHC-kinesin molecules required on a
bead for continuous movement

The minimum number of SHC-kinesin molecules required for the
continuous movement was deterrnined using a model calculation, when n
equals the number of molecules bound randomly on a bead, 200 nm in
diameter. The probability, g(nr, m), of n molecules bound on a bead out of an
average number of molecules (m) was represented by m"e~"/n! according to
a Poisson distribution. A bead is a sphere, and the length between the BCCP-
biotin and the microtubule binding site is relatively short (<10 nm,
considering the configurations of SHC-kinesin and BCCP; Rice et al., 1999;
Vale and Milligan, 2000). Thus, there is a limited distance between SHC-
kinesin molecules, so this will limit the number of molecules that can
simultaneously interact with a microtubule.

If the minimum number of molecules is two, the distances between every
two melecules among a molecules can be cafculated and the minimum
distance between molecules, duin, determined. The number of beads where
dmin Was shorter than the threshold distance dy (nm) where two SHC-kinesin
molecules were able to interact simultaneously with a microtubule were
counted. The probabilities, pa(#, dumin < dp}, are given by the number of the
beads (do, < dp) divided by the calculated number of beads (1000 trials at
each n in this work). The total probability, Pa(m) = Zg{n, m)-X pan, dpin <
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dy), n = 2-%, The best value of d; was obtained by fitting Py(m) to the
experimental data to give a value of 48—62 nm (R = 0.98, 0.95 for d; = 48,
62 nm). From this dy value, the possible area where twe SHC-kinesin
molecules interact simultaneously with a microtubule was calculated to be
6%—10% of the total area of a bead. Thus, the minimum distance required for
an SHC-kinesin to interact with a microtubule from the bead surface was
caleulated to be 3-5 nm. This is consistent with the result obtained for
KIF1A (Qkada et al., 2003).

The model simulation for the minimum number of three molecules is as
follows. All combinations (,C; ways) of three molecules out of a total of n
molecules were selected. The number of beads on which the selected three
molecules interacted simultaneously with a microtubule was counted. The
probability, p3(n, do, Ip), where dy (nm) is the threshold distance between
SHC-kinesins and /, (nm) is the width of microtubule, was given by the
number of beads counted divided by the total number of the calculated beads
{1000 trials at each n, in this work). The total probability, P3(m), that three
molecules interacted simultaneously with a microtubule is represented by
Py(m} = Zq(n) X pyla, do, Ip), n = 3—o. When Iy = 25 nm (diameter of
microtubules) and dy << 48-62 nm (the minimum distance for an SHC-
kinesin to interact with a microtubule from the bead surface is 3-5 nm),
P3(m) did not fit the experimental data. Even when dg = 105 nm where the
distance between the microtubule and the bead surface is 15 nm, i.e., longer
than the length of SHC-kinesin, the simulated curve did not fit to the
experimental data. These results indicate that the minimum number of
molecules required for the continuous movement is two but not three.
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Myosin V is a double-headed processive molecular motor that moves along an actin filament by taking 36-nm steps. Using optical
trapping nanometry with high spatiotemporal resolution, we discovered that there are two possible pathways for the 36-nm
steps, one with 12- and 24-nm substeps, in this order, and the other without substeps. Based on the analyses of effects of ATP,
ADP and 2,3-butanedicne 2-monoxime (a reagent shown here to slow ADP release from actomyosin V) on the dwell time and the
occurrence frequency of the main and the intermediate states, we propose that the 12-nm substep occurs after ATP binding to
the bound trailing head and the 24-nm substep results from a mechanical step following the isomerization of an actomyosin-ADP
state on the bound leading head. When the isomerization precedes the 12-nm substep, the 36-nm step occurs without substeps.

Myosin V belongs to the myosin superfamily of actin-based molecular
motors and is involved in the intracellular transport of organelles'.
Myosin V consists of two identical heavy chains, each composed of an
N-terminal motor domain (‘head’), a domain comprising six IQ
motifs that bind light chains (‘neck’), a coiled coil dimerization
domain and a globular cargo-binding tail domain!. Myosin V is a
processive motor that ‘walks’ along an actin filament toward the
barbed end over a long distance without dissociating from the fila-
ment>®, Electron microscopy of actomyosin V in the presence of low
ATP concentrations shows both motor domains of myosin V bound to
the actin filament at sites spaced 36 nm apart, which corresponds to
the half pitch of the filament long-pitch helix”, Experiments using
optical tweezers identified processive 36-nm steps of 2 bead, on which
single myosin V molecules were adsorbed5®. Moreover, it was shown
that myosin V walks as a left-handed spiral motor along an actin fila-
ment, because the average step size is slightly shorter than the half
pitch of the long-pitch actin helix®.

The hand-over-hand walking model has received strong support
from two recent experiments that (i) observed the orientation of the
neck domain of myoesin V by monitoring the polarization of a single
fluorophore covalently attached to a light chain!® and (ii} measured
the stepwise displacement of a single fluorophore labeled at one of six
light chains of myosin V1i,

Solution kinetic studies demonstrate that ADP release occurs at
~15 s and limits the myosin V ATPase cycle!2, Microscopic analysis
of myosin V stepping under various nucleotide conditions is consis-
tent with rate-limiting ADP release!?. The next key target is to deter-
mine how the mechanical and biochemical cycles are coupled to each
other at the single-molecule level.

Here, we focused on mechanical events and detected substeps that
occur within each regular 36-nm step with high temporal resolution.
Each regular 36-nm step is composed of two consecutive substeps, one
generating a 12-nm substep and the other a 24-nm substep. To investi-
gate how these substeps and the states attained after the steps are
coupled to the ATPase cycle of myosin V, we examined the effects of
ATP and ADP concentrations, and 2,3-butanedione 2-monoxime
{BDM)}". We also examined the force dependence of the occurrence
frequency of each step and substep, and the dwell time of each state.

RESULTS

Movement of myosin V along an actin filament

A single myosin V-coated bead was trapped with optical tweezers and
brought into contact with a fluorescently labeled biotinylated actin
filament, which was immobilized on an avidin-coated glass surface
through biotinylated BSA (Fig. 1a). A focused red light (685 nm) laser
was used to diagonally illuminate the bead, and its dark-field image
was projected onto a quadrant photodiode. The bead displacement
was determined by measuring the differential output of the quadrant
photodiode with nanometer accuracy and a 10-kHz sampling ratel”,
The use of a 200-nm-diameter bead here instead of a 1-pim bead was
essential to obtain a high spatiotemporal resolution.

An example of the time course of bead displacement along an actin
filament (Fig. 1b) shows three consecutive runs of a single myosin V
molecule along an actin filament at a saturating ATP concentration
{1 mM). As the bead began to deviate from the trap center, a positive
external load was applied to the myosin V-actin complex (toward the
pointed end of an actin filament). Myosin V detached from actin at a
stall force of ~3 pN. After detachment, the bead quickly returned to the

Department of Physics, School of Science and Engineering, Waseda University, 3-4-1 Okubo, Shinjuku-ku, Tokyo 169-8555, Japan. 2Department of Metallurgy,
Graduate School of Engineering, 3Center of Interdisciplinary Research, Tohoku University, Sendai, 980-8579, Japan. 4Department of Molecular Biophysics and
Biochemistry, Yale University, New Haven, Connecticut 06520, USA. SAdvanced Research Institute for Science and Engineering, Waseda University, 3-4-1 Okubo,
Shinjuku-ku, Tokyo 169-8555, Japan. Correspondence should be addressed to 5.). (ishiwata@waseda.jp).

Published online 1 August 2004; doi:10.1038/nsmb806

NATURE STRUCTURAL & MOLECULAR BIOLOGY VOLUME 11

NUMBER 9 SEPTEMBER 2004 877

— 110 —



Glass

Biotinytated
Avidin  BSA

b

E 400

= 3

E 300 -
z

§ 200 28
L]

L]

. 100 1 §

o w

©

- 0 0

o

m -100 —1

c
21 y
£ S
g 0.8 f;soo E 1 mMATHe 200,00 A0F|
hid 400+
506 E
o o > 300t 1
=04 =
§ 8 200}
= [
g 0.2 > 100} <
w g . . :
0 100 cO 1 2 3

A 1 10
[Myosin V] /[bead] Force (pN)

trap center and immediately began to deviate from the trap center
again as a result of the processive motility of myosin V along actin.

We observed regular forward steps of ~36 nm, approximately
equal to the half pitch of the actin filament helix. Nearly half of the
36-nm steps contained an ‘intermediate state’, indicated by horizon-
tal arrows in Fig. 1b (compare inset}). At higher forces 22 pN,
backward 36-nm steps (see large vertical arrows in Fig. 1b) and back-
ward steps from the intermediate state (see small vertical arrows in
Fig. 1b) were identified®5,

Figure 1 Stepwise movement of single myosin ¥ motor under various
external loads. (a) Schematic illustration showing how the movement of

a myosin V—coated bead is measured. To allow the interaction of myosin

¥ with an actin filament, the bead trapped with optical tweezers was moved
onto a single actin filament attached to the glass surface through BSA
using the bictin-avidin interaction. The position of the trap center was then
fixed. The black and blue arrows, respectively, show the directions for the
myosin V movement and the applied external load. (b} An example showing
the displacement of the bead, where the consecutive 36-nm stepwise
movements are clearly seen, A backward 36-nm step is shown by a large
vertical arrow. A backward step for the substep is shown by a vertical small
arrow. An intermediate state (shown by horizontal arrows) after a short step
{substep} is sometimes gbservable; the 36-nm step in the middle trace is
enlarged in an inset, The force was calculated from the displacement of the
bead from the trap center times trap stiffness (0.002 pN nm~! in b; right
axis). {e) Relation between proportion of beads that moved along an actin
filament and a mixing molar ratio of myosin V to beads. The proportion of
moved beads (avg. £ 5.d.) was obtained by examining three trials for each
bead (20 different beads) at each point. A solid curve was obtained by fitting
with 1 - e*C, where ¢ is the mixing molar ratio of myosin V to beads, and

1 (0.197} is the fitting parameter?.17.18, {d) Force-velocity relationship
cbtained under different conditicns (n = 8-24 at each point, total = 405).
The relationship shown by solid curves was gbtained as described in the
Methods secticn.

To confirm that a single molecule is sufficient to generate the move-
ment observed, we examined the fraction of beads that bind and move
processively along an actin filament at various mixing ratios of myosin
V and bead. We confirmed by statistical analysis that single myosin V
molecules were sufficient to move the beads (Fig. 1c)!778,

The force-velocity relationships in the presence of 1 mM ATP
(£ ADP) were sigmoidal, showing a steep decrease in the velocity at
higher than ~1 pN (Fig. 1d). In comparison, the relationship in the
presence of 10 uM ATP showed a small force dependence. ADP release
is rate limiting in the presence of 1 mM ATP!2, whereas ATP binding
becomes rate limiting at low ATP concentrations!. The present results
suggest that ADP release is more load dependent than ATP binding. It
should be noted that the stall force, 2.5-3 pN, does not depend on the
nucleotide conditions (Fig. 1d}.

Measurement of substeps within each 36-nm step

The time course of bead movement examined on an expanded time
scale with 0.1-ms time intervals clearly shows the existence of substeps
within the regular 36-nm step (Fig. 2). We identified the presence of

Figure 2 The time course of myosin V a b 1 J’n :’lI_rF' Howe 1 10
movement at a 10-kHz sampling rate and force 38-nm stap -;..,,.wf.g. tamatas| oL
dependence of the occurrence of various steps. E Jomaive | Seovary

(a) Consecutive two substeps at 1 miM ATP L T d (nm)
shown in the upper trace and at 1 mM ATP + E 1354
100 mM BDM shown in the lower trace. We 2 ] ’
determined whether or not substeps were = ] 244
present by obtaining the histogram of the bead 2 1.8
positions at 0.1-ms time intervals (gray lines). EI ‘@

Black lines were obtained by the smaothing of L ) o SRRAT > T—

21 successive points. {b) Force dependence ? ! JOrTHERY % -20F E 109
of step size in the presence of 1 mM ATP. The }(%M ATPSM .

size of the steps was estimated as described in . . mi B, o —40 . P kel
Methods. The first 12-nm substep, blue circle; 0 100 200 300 400 1} 1 2 3

the second 24-nm substep, green triangle; the Time {ms) Force (pN)

36-nm step in which substeps could not be

identified, red square; the 12-nm substep that was followed by a backward step, dark blue circle; the backward steps, black circles. We could not
determine the occurrence of the 24-nm backward step. The figures along the right ordinate are the average step size estimated independent of force as

shown by a straight line parallel to the abscissa.
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c r Figure 3 Force dependence of the intermediate and the main dwell times at various nucleotide states and of the
— B o occurrence frequency of the intermediate state. (a,b} Histogram showing the distribution of the dwell time, <, of
Em RE Rt the intermediate state in the presence of 1 mM ATP in a and 1 mM ATP + 100 mM BDM in b at different force
g M levels. The data <2 ms dwell time (pink bars in a and thin black bars in b) include those in which substeps could
e not be identified. The fitting curves {thin lines) expressed by exp(-t/ 7} were obtained without the data <2 ms
2 {see text for explanation), where 1, is a time constant (equal to average dwell time) dependent on developed
© 10 ] force. {c) Force dependence of the average dwell time, g, of the intermediate state at 1 mM ATP, 10 pM ATF,
§' ? 1 mM ATP + 200 pM ADP and 1 mM ATP + 100 mM BDM {nn = 8-14 at each point, total = 225). The average
§ dwell time was determined at several force levels different from those shown in a and b. Among the data shown
< in a and b, only the data in which the substeps were identified were used for the analysis in ¢. A red line was
10 ojs :I 1'.5 2 25 determined for the data at the first three conditions and a black line for the last condition by using a global fit
Force {pN) analysis assuming the same slope for the two lines. (d,e} Histogram showing the distribution of the main dwel!

time, 1, in the presence of 1 mM ATP
dependence of the average dwell time, 1 (= ;™) + &;~1) of the main state at 1

indand 1 mM ATP + 100 mM BDM in e at low force level. (f) Force
mM ATP, 10 uM ATP, 1 mM ATP + 200 uM ADP and 1 mM ATP + 100 mM

BDM (n = 18-32 at each point, total = 562}. The average dwell time was determined at several force levels different from those shown in d and e. All the

data shown in d and & were used for the analysis in f. The force dependence of

Ty for each condition was expressed by 1 exp(Fdy / kg T) + 1, where 1 is

the time constant representing the dwell time independent of force. The values obtained are summarized in Table 1. (g) The occurrence frequency of the
intermediate state at several force levels for each nucleotide condition. Not only the 36-nm steps with substeps but also those without substeps are
included in the first column shown by pink and thin black bars in a and b. Thus, the accurrence frequency of the 36-nm main steps without substeps was
estimated by subtracting that obtained by extrapolating the exponential function of the dwell time distribution for the intermediate state.

the intermediate state by making a histogram of the bead position
before and after each 36-nm step. We refer to each 36-nm step, in
which substeps could not be identified, as a ‘main step’. The state pop-
ulated after the main step or subsequent to the intermediate state is
termed a ‘main state! The intermediate state had a lifetime of a few
milliseconds at low forces in the presence of I mM ATP (an upper
trace in Fig. 2a} and tens of milliseconds in the presence of 100 mM
BDM (lower trace in Fig. 2a). The main state had a longer lifetime
(several tens of milliseconds) than the intermediate state in all the con-
ditions tested. The substeps occurred at random and did not correlate
with the occurrence of the 36-nm main steps.

The step size was determined directly from the time course of step-
wise movements of the myosin V—coated bead. A step size distribution
had peaks at 11.6 nm (12-nm substep), 24.1 nm (24-nm substep) and
35.4 nm (36-nm step in which substeps could not be identified), and
included backward steps at 12 nm and 36 nm (Fig. 2b). The step size of
either the two substeps or for the single main step depended little on the
force level (Fig. 2b), although a possibility that the step size depends on
the force level cannot be excluded because we did not take account of the
attenuation factor to estimate the step size (see Methods). On the other
hand, approaching the stall force, the occurrence frequency of 24-nm
and 36-nm steps decreased and that of backward steps increased,

Characterization of the intermediate state

Histograms showing the distribution of intermediate state dwell times
under several nucleotide and force conditions fit single exponentials
regardless of the nucleotide conditions (Fig. 3a,b), indicating that this
dwell time is coupled with a single chemical reaction. The decay time

estimated by exponential fitting became longer as force (balanced to
external load) increased. It should be noted here that the occurrence
frequency <2 ms dwell time (shown by pink bars in Fig. 3a and thin
black bars in Fig. 3b) largely exceeded that estimated from the expo-
nential fitting of the dwell time, strongly suggesting that there is a
pathway for the 36-nm main step without the intermediate state. In
the Discussion, we attempt to construct a walking mode] that can
explain this postulate.

The intermediate dwell time did not depend on the concentrations
of ATP and ADP (Fig. 3c), suggesting that the intermediate state is not
coupled with nucleotide binding or release. On the other hand, BDM
markedly prolonged the intermediate dwell time {Figs. 2a and 3b).

The force dependence of the average dwell time of the intermediate
state is expressed by the single exponential function of the force,
T, exp(Fd, / kgT), where 1, is the average dwell time in the absence of
force (F), d; the characteristic distance (a parameter having the dimen-
sion of length that characterizes the bond instability against applied
load), kg the Boltzmann constant and T the absclute temperature
(Fig. 3c). We determined the values of 1; and 4, by global fitting of all
the data!®2, assuming that 7; is only prolonged by the addition of
BDM and d; is common to all the conditions examined (see Table 1).

Characterization of the main state

In contrast to the intermediate dwell time (Fig. 3a-), the histogram of
the main dwell time (Fig. 3d,e) shows a peak. The main dwell time ¢an
be expressed by the sum of two exponential functions as shown
previously?, indicating that the main dwell time is coupled with two
consecutive chemical reactions.
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Table 1 Parameters obtained by dwell time analysis

Tyota = Tp €Xp{Fdp/ kg 1) + ¢ + 1 exp(Fd,f kgD

Nucleotide states Trota (F=0)

1p {ms}, dp{nm)

1 (ms) T(ms), & (nm)

1 mM ATP 86.7+13.0
1 mMATP + 100 mM BDM 141.2 1 16.2
1 mM ATP + 200 uM ADP 1455+ 20.2
10 uM ATP 553.5+ 50.1

1.120.3,125+04
1.7+04,125+0.4
28+03,125+04
1.1+0.3,12.5+0.4

797115 59x1.2,22x0.2
1106+£92 289x6.6,2.240.2
136.8+18.7 59+12,22+0.2
546.5+48.6 59+1.2,22120.2

higher than ~1 pN in 1 mM ATP or ~2 pN in
10 UM ATP, as observed in Fig. 3f.)

Frequency of the intermediate state

The occurrence frequency of the intermediate
state within the 36-nm main step is greatest in
the presence of BDM and is increased with
force irrespective of the nucleotide condition

The main dwell time was fit to the sum of a force-dependent exporential and a constant, whereas the intermediate
dwall time was fit to a force-dependent single exponential. The values of parameters 1p, dp, e, T and 4, were
determined by global fit with nonlinear optimization!%.29 using SigmaPlot 8.0, For the global fit analysis, we assumed
that the values of o and ¢} are common to the main and intermediate states, respectively, and 1 and t; for some

nucleotide states.

Either lowering the ATP concentration or adding ADP caused an
increase in the average dwell time, T, (ty = k™! + k, ™) (Fig. 3f). This
indicates that ATP binding and ADP release shorten the dwell time of
the main state®. We also confirmed that the average dwell time
increases with force (Fig. 3f). We observed that 100 mM BDM pro-
longed this dwell time at every force level.

The force (F) dependence of the average main dwell time is
expressed by T, exp(Fdyp, / kg T) + T, where'the values of Tp, dp and T
were determined by global fitting of all the data!®20, assuming that dp,
is common to all the conditions examined, 1, is longer in the presence
of either ADP or BDM, and 1. is different at every condition. We con-
clude that 7y is attributable to ADP release in the absence of load,
because the value of 1y is determined independent of the ATP concen-
tration but prolonged by ADP and BDM (see Table 1). ¢ is a constant
term, which increased on lowering the ATP concentration and adding
ADP (see Table 1). Also, it is to be noted that the large value of dp,
(12.5 nm) indicates that ADP release largely depends on the force
Ievel. (Note that this factor becomes predominant at the force level
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(Fig. 3g). In the absence of BDM, the propor-
tion merged at a high force level irrespective
of the nucleotide conditions, whereas at a low
force level the proportion was decreased on
lowering the ATP concentration and by the
addition of ADP.

Effects of BDM on the ATPase kinetics of myosin V

Actin filaments activate the steady-state ATPase activity of MV-11Q
(Fig. 4a). The solid line in Fig. 4a is the best fit to a hyperbola
(rate = (V. % [actin] / (Kjppae + [actin]}). In the absence of BDM,
the maximum turnover rate, V., was 13.7 £ 0.9 57! and the Kypp,..
was 3.5 £ 0.6 pM, in agreement with eatlier determinations!221:22,
BDM (100 mM) reduces the Vi, and Kypp,, approximately two-fold
to 6.9 0.2 st and 2.3 + 0.2 UM, respectively. In agreement with
an earlier study??, ~10 mM BDM has no appreciable effect on the
maximal steady-state cycling of MV-11Q.

Actin filaments accelerate the rate of transient P; release from
MV-11Q-ADP-P; (Fig. 4b). Time courses of P; release follow single
exponentials (Fig. 4b inset) because myosin V is limited to a single
ATP turnover by including excess ADP in the actin filament solution
(see Methods). In the absence of BDM, the maximum rate of P; release
from MV-11Q-ADP-P; (k,, following nomenclature of ref. 24) was
60 £ 9 571 and the actin concentration at the half-maximum rate
(Ky™! ref. 24) was 7.3 £ 0.6 M. The rate of myosin V-ADP-P; binding

Flucrescence Intensity

1 1
0 02 04 06 03
Time (s)

1.0 12 14 18

Figure 4 Effects of BDM on ATPase cycle kinetics of single-headed myoesin
V. (a) Actin concentration dependence of MV-11Q steady-state ATPase
activity. The final [MV-11Q] was 13 nM. The solid line is the best fitto a
hyperbola. Error bars represent standard errors in the best fits to the steady-
state ATPase activity. (b) Actin concentration dependence of the rate of
transient P; release from MV-11Q. The solid line is the best fit of the data to
a hyperbola. Error bars represent standard errors in the best fits of the time
courses of P; release to single exponentials. Inset, time course of P; release
from 0.5 pM MV-11Q-ADP-P; after mixing with 5 pM F-actin and 2 mM ADP,
The trace represents the raw, unaveraged data. The solid line through the
data is the best fit to a single exponential with a rate of 28.5 £ 0.6 51,

(c) Time courses of mantADP release from 0.25 uM actomyosin V-11Q with

0 10 20 30 40 50 and without BOM, The jagged lines are the averages of three traces. The
[F-Actin] (M) smooth lines through the data are the best fits to single exponentials,
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Figure 5 Hand-over-hand model coupled with nucleotide states explaining
the present results. We propose that there are two possible pathways:
pathway 1 in which 12-nm and 24-nm substeps occur {left column}, and
pathway 2 in which only the 36-nm main step occurs (right column). BDM
is assurned to stabilize both the AMD complex (D) and the AM*D complex
{D*}, so that the transition rates indicated by red arrows are slowed down.
T, ATP; D, ADP; P;, inorganic phosphate; ¢, no nucleotides; (P,), a possible
step at which P; release occurs. For more details, see the text.

to actin filaments (Kok,,;”) was ~8 pM~! 57!, comparable to earlier
measurements!?, In the presence of 100 mM BDM, k,,” was
59+ 1.4s7and Ky was 7.7 £ 0.6 M. BDM (100 mM) does not affect
k., or K57 (Fig. 4b). )

ADP release limits steady-state cycling of myosin V1221, The rate of
N-methylanthraniloyl-ADP {mantADP) release from actoMV-11Q in
the absence of BDM (Fig. 4¢) was 10.2 £ 0.1 57}, in agreement with
earlier determinations!??122, BDM (100 mM) slowed the rate of
mantADP release approximately two-fold to 4.6 + 0.1 571 The reduc-
tion in ADP release accounts for the slower turnover rate in the pres-
ence of 100 mM BDM.

The Kyrp,,. of a myosin with rate-limiting ADP release (k,s" =V, ..)
can be related to the maximum rate of P; release (k,,"), the actin con-
centration needed to reach half of the maximum P; release rate (K, in
units of M), and the equilibrium constant for ATP hydrolysis
(Ks)(ref. 21): Kyrpase = kys5 (Kofk, ") ({11 + K31K;). The two-fold
reduction of ADP release (k,5") by 100 mM BDM accounts for the
two-fold reduction in V., and Kygp,.. suggesting that BDM does not
greatly affect the equilibrium constant for ATP hydrolysis (K;), even
though it was not measured directly. This result is in contrast to the
case of muscle myosin II, where BDM stabilizes the actomyosin
ADP-P; state and accordingly suppresses P, release?®. Finally, we con-
firmed that the velocity of bead movement in the absence of external
load decreased as the concentrations of BDM increased in the presence
of 1 mM ATP. The BDM concentration dependence of the average
bead velocity showed that the velocity decreases to nearly half with the
addition of 100 mM BDM (data not shown). These results are consis-
tent with those of the steady-state ATPase (Fig. 4a).

DISCUSSION

We propose here a hand-over-hand walking model of myosin V by
taking into account all the experimental data described here together
with those reported elsewhere”26:27,

First, considering that BDM reduces the rate of ADP release from
actomyosin V (Fig. 4¢) and largely prolongs the intermediate state
(Fig. 3a—), it is possible that the main species of the intermediate state
is the actomyosin V-ADP complex and that the 24-nm substeps occur
accornpanied by the ADP release. However, this contradicts the obser-
vation that exogenous ADP does not affect the dwell time of the inter-
mediate state. To resolve this apparent contradiction, we assume that
isomerization exists in the actomyosin V (AM)-ADP complex, that is,
AM*ADP (D*) and AMADP (D). It has already been proposed on the
basis of a kinetic study using mant-nucleotides!? that two states exist
in the AM-ADP complex. Furthermore, it is well known that such an
isomerization exists in the contraction mechanism of the muscle acto-
myosin II system?®, Here, D is a complex produced by the binding of
ADP to AM, whereas D™ is produced after the hydrolysis of ATP on the
AM-ATP complex?®2%, We assume that D* is the major component of
the intermediate state, implying that BDM stabilizes the D* state,

The intermediate state is terminated by the 24-nm substep, so thata
straightforward deduction from such consideration is that the 24-nm
substep occurs by the mechanical step mainly following the transition

from D* to D (a part of the 24-nm substep may be attributable to the
binding of detached head (T or DF;) to actin after Brownian motion).
It is notable that one set of researchers®® showed that, in a single-
headed myosin V, there exist two stable binding modes with different
angles of the neck region in the ADP-bound state. Also, another
group®! recently showed that a one-headed myosin V produces a
25-nm working stroke,

The occurrence frequency of the 36-nm main step, in which the
intermediate state could not be identified, was substantially larger than
that predicted from the frequency extrapolated from the exponential
fitting of the distribution of the dwell time of the intermediate states
(Fig. 3a,b). This is understandable if we assume that there are two
kinetic pathways for the 36-nm steps with (pathway 1) and without
{pathway 2) passing through the intermediate state.

On the main state, the dwell time is largely prolonged on lowering
the ATP concentration, and by adding ADP or 100 mM BDM
(Fig. 3d-f}, implying that it is shortened by the attachment of ATP and
the detachment of ADP. The simplest assumption deduced from these
results is that the main state is terminated; that is, the 12-nm substep
occurs upon the ATP binding to a bound trailing head of myosin V
from which ADP has been released. This assumption is similar to that
predicted by Kolomeisky and Fisher*? and also consistent with several
models previously proposed for myosin V7:222426.27 and for myosin
VI24, This is also consistent with the effect of BDM that slows the ADP
release (Fig. 4c) and the overall ATPase activity as shown by the
decrease in the velocity of myosin V movement (data not shown). That
is, BDM stabilizes not only the D* state but also the D state.

Thus, we propose the hand-over-hand modei as illustrated in Fig. 5,
which incorporates the previous models”2%27 and which can explain, at
least qualitatively, all the data presented here. First, the model can
account for the existence of two kinds of steps: the 36-nm step com-
posed of the sequential 12-nm and 24-nm substeps {pathway 1), and
the 36-nm main step without substeps {pathway 2). The occurrence
frequency of these two pathways depends on the conditions as dis-
cussed later. According to this model, the intermediate state is in a
single-headed binding, whereas the main state is in a double-headed
binding. This may be experimentally confirmed by the measurements
of the stiffness of the protein-bead complex, In this respect, it is notable
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that Veigel et al.3! reported that the low stiffness intervals, which may
imply the single-headed binding, exist during the main steps.

Second, the 12-nm substep is assumed to occur upon the binding
of ATP to the bound trailing head. Although we do not know whether
the bound leading head is D* or D*P; at this stage (the upper left in
Fig. 5), we infer that the 12-nm step may be attributable to the con-
formational change of the leading head due to the transition from DP;
to D* (or D*P,).

Third, if the transition rate from D* to D decreases on increasing the
force level, not only the dwell time of the intermediate state but also
that of the main state are prolonged. Besides, we can understand that
the higher the force level, the higher the occurrence frequency of the
intermediate state irrespective of the nucleotide conditions (Fig. 3g),
because the transition probability of the process shown by the hori-
zontal arrows in Fig. 5 (from the pathway 1 to the pathway 2) is sup-
pressed irrespective of the nucleotide conditions.

Fourth, because we assumed that BDM stabilizes not only the
D* state but also the D state, both the intermediate state and the main
state are stabilized, so that the dwell times of both states are expected to
be prolonged. This assumption can also explain a large degree of
extension of the dwell time, T, of the intermediate state, because it is
tightly coupled to the lifetime of the D* state, whereas the degree of
extension of the dwell time of the main state was less because several
other states must be involved in the main state.

Fifth, at low ATP concentrations, the attachment of ATP to the
bound trailing head is slowed down, so that the probability increases
that the transition from D* to D occurs at the bound leading head
before ATP binds to the trailing head. This results in the increase in the
occurrence frequency of the pathway 2. In the pathway 2, it is expected
that the internal strain is largest within the D-D complex, because the
leading head is considered to take the orientation similar to that real-
ized after the 24-nm mechanical step. Thus, the D-D (also ¢-D) com-
plex may have a telemark shape as observed by electron microscopy”.
It is to be stressed that the two pathways are not independent of each
other, but the pathway 1 {or 2) is chosen when the transition from
D* to D occurs after {or before) the 12-nm substep; that is, the model
in Fig. 5 proposes that the timing of the 12-pm substep and the iso-
merization {the transition from D* to D) determines the pathways.

Finally, if the binding affinity of ADP for the bound trailing head is
lower than that for the bound leading head because of the
mechanochemical coupling due to the internal strain, ADP tends to
detach from the bound trailing head, which results in the binding of
ATP to the trailing head. Such an asymmetrical binding affinity of
ADP may be prerequisite for the directional movement of myosin V
toward the barbed end of an actin filament, although this must be
experimentally confirmed. We infer that the loading-direction depen-
dency of binding affinity of ADP assumed for myosin V is the reverse
of that for kinesin as recently reported by us?®. Also, another study
showed that the binding of ATP to the bound leading head is pre-
requisite for the directional movement of kinesin toward the plus-end
of a microtubule. The correspondence between internal strain and
nucleotide affinity in mechanochemical coupling for myosin V may be
different from that for kinesin.

METHODS

Protein and assays used for optical trapping measurements, Myosin V was
purified from chick brains®%. Actin purificd from rabbit skeletal muscle was
biotinylated by 10% and, after polymerization, the filaments were labeled with
rhodamine phalloidin {Molecular Probes)>. About 1 nM of fluorescent poly-
styrene beads (200 nm in diameter, yellow-green; Molecular Probes) were
incubated for 20 min in an assay buffer (10 mM imidazole-HCL, pH 7.2, 75 mM

KCl, 2.5 mM MgCl,, 2 mM DTT and 0.1 mM EGTA) containing 10 mg ml™!
BSA. Myosin V (650 kDa) molecules were mixed with the beads at a molar ratio
of 3:1 in assay buffer containing 300 mM KCl instead of 75 mM KCl as had been
used in the previous studies. The average number of functional myesin V mol-
ecules on a bead was estimated by statistical analyses to be one {considering the
geometry of the myosin V on the bead, we estimate that only single myosin V
molecules interacted with an actin filament in almost all the measure-
mentst?29), Assay buffer containing biotinylated BSA at 3 mg ml™! was intro-
duced inte a flow cell and incubated for 2 min to coat the glass surface with
biotinylated BSA. After rinsing with two volumes of assay buffer, 2 mg mi™!
streptavidin in assay buffer was flowed into the cell and incubated for 2 min.
After rinsing with assay buffer, a sclution of actin filaments, of which 10% was
biotinylated and labeled with rhodamine-phalloidin, was flowed into the cell to
allow binding of the filaments to the glass surface through avidin-bound
biotinylated BSA. The flow cell was then filled with assay solution containing
the myosin V—coated beads, filtered BSA and an oxygen-scavenging enzyme
system®. The final solvent condition was approximately 0.1 pM myosin
V—coated beads, 10 mM imidazole-HCI, pH 7.2, 75 mM KCl, 2.5 mM MgCl,,
2 mM DTT, 0.1 mM EGTA, 3.6 mg ml™ glucose, 0.08 mg mi! glucose oxidase,
0.01 mg ml! catalase, 0.95% (v/v) B-mercaptoethano! and nucleotides (1 mM
ATP, 10 pM ATP, 1 mM ATP + 200 uM ADP or 1 mM ATP + 100 mM BDM).
We were able to observe repeatedly the stepwise movements of myosin
V—coated beads along the same actin filaments on the same beads, presurmably
for the same myosin V molecules, by using optical tweezers to manipulate the
beads. All experiments on microscopy wete done at 24+ 1°C,

We found that the percentage of biotinylation of actin is important for the
processive movement of myosin V. In other words, myosin V could move pro-
cessively on 1% and 10% biotinylated actin filaments, whereas it could not on
100% biotinylated ones, suggesting that the manner in which actin filaments
bind to the glass surface is crucial. It should be noted that myosin V is reported
to be a left-handed spiral motor®, so that the revolution of a myoesin V—coated
bead around the actin filament could be sterically hindered. However, this pos-
sibility could be ignored, because the maximum distance of bead displacement
was less than ~0.3 pm (Fig. 1b), such that it was much shorter than the dis-
tance, 2 jirn, for one revolution®,

The velocity of myosin V under no external load was obtained from the time
course of bead movement along an actin filament in the absence of optical trap.
The bead position was determined by the center of the fluorescence intensity
distribution of the bead every video frame.

Proteins and reagents used for biochemical experiments, Actin was purified
from rabbit skeletal muscle and gel filtered over Sephacryl $-300HR (ref. 12).
The motor domain of myosin V containing the first 1Q motif (MV-11Q) and
the essential light chain, LC-13sa, were co-expressed in $f9 insect cells and puri-
fied by FLAG affinity chromatography!2. The fluorescently labeled mutant of
the phosphate-binding protein {MDCC-PBP; clone provided by M.R. Webb,
National Institute for Medical Research, London} was expressed, purified and
labeled as described?. ATP and ADP were purchased from Roche Molecular
Biochemicals. mantADP was synthesized as described® or purchased from
Molecular Probes with identical results. A molar equivalent of MgCl, was
added to nucleotides immediately before use, BDM was purchased from Sigma
{lot 092K1722) and prepared as a 250 mM stock solution in KMg50-MOPS
{10 mM MOFS, pH 7.0, 50 mM KCl, 1 mM MgCl,, 1 mM EGTA and 1 mM
DTT) immediately before use?l,

Instrumentation and calibration. The myosin V—coated bead was trapped with
an optical tweezers—that is, a focused infrared laser beam (A = 1,064 nm, 2'W;
Spectra Physics)—and illuminated diagenally by a focused red laser beam
{A =685 nm, 20 mW; Phototechnica) through an objective lens (fluor x100/1.3
oil; Nikon}. The light scattered by the bead was gathered by an objective lens
with an aperture (NA = 0.5, X100 oil; Olympus) and projected onto a quadrant
photodiode sensor {$4349; Hamamatsu Photonics) coupled to a differential
amplifier (20-kHz roll-off frequency; OP711, Sentec), The fluorescently labeled
beads and actin labeled with rhodamine-phalloidin were excited by a green
laser (A = 532 nm, 50 mW; Peace Engineering), and the fluorescence images
were captured by a silicon-intensified target camera (C-2740; Hamamatsu
Photonics) and displayed on a video monitor. The bead positions were
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recorded on a computer equipped with a laboratory interface board (MacLab;
AD Instruments)'* at a sampling rate of 10 kHz through a digital low-pass filter
at 10 kHz, The bead displacement was calibrated by moving the photadiode!S,
The trap stiffness of the optical tweezers was calibrated for every bead from
the standard deviation of the position fluctuation of the trapped bead
(0.009-0.011 pN nm™!). The step size was obtained directly from individual
stepwise movements of the bead at a sampling time of 0.1 ms and estimated as
the difference between the average bead positions determined for 5 ms each
interval just before and after the steps. We did not take into account the attenu-
ation factor, which is a function of the stiffness of optical trap and the stiffness
of the protein-bead complex!*Y7, because the trap stiffness we used is consid-
ered to be much smaller than that of the protein-bead complex. The average
velocity of bead movement (v} was estimated by dividing the average step size
{36 nm) by the average total dwell time {1, in units of ms) at each external
load, which is balanced to the force (F) generated by myosin V. Force-velocity
relationships were described by the following function: v = 36 nm / Tp,; =
36Htp exp(Fdp f kg T)+ 1c +1; exp(Fd; f kg T)} (nm ms™), where Tp, dp, Te T
d;, kg and T are described in the text.

Steady-state and transient kinetic experiments, All kinetic experiments were
done at 25 % 0.1 °C in KMg50-MOPS with an $X.18MV-R stopped-flow appa-
ratus (Applied Photophysics). Fitting was done with Pro-K software provided
with the instrument. Steady-state ATPase activity of MV-11Q was measured
using the ATP-regenerating, NADH-coupled assay as described®’. BDM had
minimal effects on the assay components as determined by direct mixing with
MgADP

Transient P; release of MV-1IQ was measured using MDCC-PBP
{Ay = 430 nm, 455 nm emission filter) with the instrument in sequential mix-
ing mode as described?*. Briefly, 2 pM MV-11Q (treated with 0.01 U ml!
potato grade VII apyrase to remove residual ADP and ATF, £ 200 mM BDM)
was mixed with 300 pM MgATP (£ 200 mM BDM) and aged for 40-60 ms to
allow for nucleotide binding and hydrolysis to occur, then mixed with an equal
volume of a range of actin filament concentrations. As first described for
myosin VI*%, myosin V was limited to a single ATP turnover by including 2 mM
MgADP with the actin. ADP ¢competes with ATP for binding to myosin V after
the first tumover and inhibits subsequent steady-state cycling. Therefore, time
courses follow single exponentials {see Fig. 4b inset) rather than exponentials
followed by a linear steady-state component, permitting more accurate
fitting of the P, release time courses, This method of measuring P; release can be
used for all high-duty-ratio myosins with rapid rates of ADP binding and high
ADP affinities.

ADP release was measured with a fluorescent nucleotide mantADPI2. The
fluorescence of mantADP (A, = 366 nm, 400-nm emission filter) was moni-
tored after an equilibrated mixture of 0.5 uM actomyosin V-11Q (£ 200 mM
BDM) and 20 uM mantADP was mixed with an equal volume of 2 mM

MgADP.
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