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Myosin V is a two-headed, actin-based molecular motor
implicated in organelle transport. Previously, a single myosin
V molecule has been shown to move processively along an
actin filament in discrete (36 nm steps. However, 36 nm is the
helical repeat length of actin, and the geometry of the previ-
ous experiments may have forced the heads to bind to, or halt
at, sites on one side of actin that are separated by 36 nm. To
observe unconstrained motion, we suspended an actin fila-
ment in solution and attached a single myosin V molecule
carrying a bead duplex. The duplex moved as a left-handed
spiral around the filament, disregarding the right-handed
actin helix. Our results indicate a stepwise walking mecha-
nism in which myosin V positions and orients the unbound
head such that the head will land at the 11t or 13% actin
subunit on the opposing strand of the actin double helix.

Class V myosin has two globular motor domains that interact
with an actin filament to generate force upon ATP hydrolysis; the
motor supports a wide variety of cellular movementst-5,
Myosin V consists of two identical heavy chains, each composed
of an N-terminal motor domain (‘head"), six 1Q motifs that bind
light chains (‘neck’), a coiled coil tail domain and a globular
cargo-binding domain®. A single myosin V molecule moves
along an actin filament for many catalytic cycles without dis-
sociating from the filament®-8, Steps of (36 nm have been identi-
fied in this processive movement®’?, and the two heads of
myosin V have been shown to bind to actin [B6 nm apart, sug-
gesting that myosin V ‘walks’ on actin with 36 nm strides by
alternate binding of the two heads.

Whether myosin V really walks and, if so, how its step size is
determined are fundamental issues relating to the motor mecha-
nism. The step size measurements above were made either with
myosin V fixed on a surface®® or actin filaments lying on a sur-
face”1% such that myosin V could approach an actin filament only
from one side. Myosin V had to move straight on actin; thus, the
motor may well have been forced to step on blue actin subunits
(Fig. 1a), which are 36 nm apart. Here we allow myosin V to
freely rotate around an actin filament and monitor how or
whether the motor walks. If myosin V walks but its natural step
size is slightly longer or shorter than 36 nm, unconstrained
motion should be a right- or left-handed, long-pitch spiral.
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Fig. 1 Experimental design. a, Motility assay system (not to scale). The
heads of myosin V are green; the necks, gray. Every 13t actin subunit is
blue. b, Fraction of beads that moved more than [0.5 um along an actin
filament (see Methods). Error bars indicate +n¥2 N-1, where n is the num-
ber of beads that moved and N (50 or 100) is the number of trials. Line
shows the theoretical probability that a bead carries one or more active
motors, 1 — exp(-Ac), where c is the molar ratio of myosin V to beads and
A (0.092) is the fit parameters°.

Alternatively, steps may be so short that myosin V sequentially
interacts with neighboring actin subunits in one of the two heli-
cal strands (crossing onto the other strand would require
extremely ‘bowlegged’ necks). In this case, myosin V would
undergo extensive right-handed rotation, as does RNA poly-
merase around DNA!, A single head might glide over many
actin subunits in a strand during one ATPase cycle'2. Such
gliding is not necessarily inconsistent with the observed (36 nm
steps, because gliding would be forced to stop at (36 nm when
rotation around the actin filament is prohibited. Direct observa-
tion of rotation will distinguish between these cases.

Myosin V rotates as a left-handed screw

To allow myosin V to freely rotate around an actin filament, we
suspended an actin filament between two large (4.5 um) beads
immobilized on a glass surface!® (Fig. 1a); a similar system has
been reported?4. Using optical tweezers, we positioned a duplex
of smaller (1 um) beads that were pre-incubated with myosin V
at the molar ratio of 1:1 onto the midpoint of the filament.
When the laser trap was turned off, the duplex started to move
along and, at the same time, rotate around the actin filament.
Results from experiments in which single 1 pm beads prepared
at various myosin:bead ratios were allowed to move along an
actin filament (Fig. 1b) indicate that a single myosin V molecule
is most likely responsible for this motion. The fraction of
moving beads as a function of myosin:bead ratio fit well to a
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Fig. 2 Spiral motion of myosin V around an actin filament at 400 pM ATP. a, Sequential images at 1 s intervals. Upper and lower panels show bright-
field and corresponding fluorescence images, respectively. The bar corresponds to 5 pm. Dashed lines are the position of the actin filament deduced
from lower panels (arrow heads); dots, center of the beads that are judged to be on actin. Note that the actin filament remained straight. b, Images
of a 1 um bead at decreasing heights (left to right at [0.2 um intervals) from the glass surface. Because our images represent views from above the
sample?’, white beads in (a) and (b) are closer to the observer, whereas the black beads are farther away.

Poisson distribution (solid line); this fit indicates that >95% of
moving beads were driven by only one myosin V molecule.
These single beads also rotated around the actin filament, but
precise analysis was far easier with the bead duplex.

Myosin V-decorated bead duplexes were allowed to move
along an actin filament at 400 uM ATP, where the linear velocity
of the motor was maximal. Sequential video images of such a
system reveal that the bead duplex rotates around the actin fila-
ment (Fig. 2a; movies at http://k2.ims.ac.jp). In these images, a
bead that appears white is closer to the observer, whereas a black
one is farther from the observer (Fig. 2b). Thus, the duplex
moved as a left-handed screw, making two revolutions while
traveling over C4.4 um. Such complete rotations were observed
at all ATP concentrations examined, and all complete rotations
were left-handed. This is in contrast to myosin I, which rotates
as a right-handed screw®. Not all bead duplexes bound to an
actin filament showed clear rotation (Table 1), the primary rea-
sons being either that they did not move long enough or the fila-
ment was <2 pum from the surface. There were 10 instances
where, with no apparent reason, the duplex moved for >1 um
without appreciable rotation (Fig. 3c; Table 1). Presumably, the
filament height was [2 um or some debris was attached to the
duplex and impeded rotation. Indeed, we occasionally observed
beads carrying relatively large debris, including short actin fila-

Table 1 Summary of bead duplex
experiments at 1:1 myosin V:bead

Total number of bead duplexes tested at

1-1,000 uM ATP 1,040
Duplexes bound to actin 229
Active duplexes! 156 (100%)

Moved only for <1 pm 57 (37%)?
Moved for >1 um and made >0.5 revolution 43 (28%)
Moved for >1 um without rotation3 46 (29%)
Moved for >1 um without rotation* 10 (6%0)

1Defined as having moved along actin for >0.5 um.
2Actin filaments were not long enough in 22 cases.
3The filament height was <2 pm.

“Reason for no rotation is unknown.
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ments, in the fluorescence image. Smaller debris would have
been unnoticed. That myosin V can move without rotation is
consistent with the previous observations of stepping on actin
lying on a surface.

Unconstrained step size is 34.8 nm
From the time courses of rotation and displacement along actin
for individual bead duplexes (Fig. 3a—c), we determined the rela-
tion between rotation and displacement for all duplexes that
made >~1 revolution (solid lines in Fig. 3d). All of these curves
(Fig. 3d) are within a narrow zone, showing that the rotation and
displacement are well correlated, except for the presumably
impeded cases (Fig. 3c, dotted lines in Fig. 3d). Myosin V travels
a distance of 2.2 + 0.3 um per one left-handed revolution
(mean £ s.d. for linear fits to 22 solid curves in Fig. 3d), which is
constant over ATP concentrations from 1 uM to 1 mM, where
the linear velocity of the motor changes from 5 to 320 nm s,
The left-handed rotation of single myosin V molecules indi-
cates a step size slightly smaller than the actin helical repeat of
36 nm (Fig. 4). Steps shorter than 18 nm, including the case of
sliding along one helical strand*?, would result in right-handed
rotation. Because the difference between the helical repeat of
actin and the step size of myosin V motor (blue/cyan versus red
in Fig. 4) must add up to one full turn of actin helix (72 nm) over
the travel distance of 2.2 um, the average step size is given by
36 nm x (2,200 nm —72 nm) /(2,200 nm) = 34.8 nm. This num-
ber derived from the actin repeat is rather precise (0.1 nm) and
is insensitive to the uncertainty in the 2,200 nm value. On aver-
age, myosin V rotates 6° (360° x 34.8 nm/ 2,200 nm) per step left
around the actin filament.

Step size is constant

The step size of 34.8 nm above is the one at no load.
Hydrodynamic friction against the bead duplex is given by 2 x
6rrav, where n (0.001 N m-2s) is the viscosity of water; a
(0.5 pm), the bead radius; and v (<320 nm s1), the bead veloci-
ty. Thus, the frictional load is at most 0.006 pN, far less than the
maximal pulling force, 3 pN, produced by a single myosin V
moleculeb. The frictional torque against rotation is given by?s;
(2 x 81tn@3 + 61IN@s + 61INAr?) w, where r is the distance between
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Fig. 3 Correlations between displace-
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ment and rotation. a,b, Typical time
courses. Error bars are likely uncertain-
ties in human judgment (see Methods).
c, A case of linear motion. d, Relation-
ship between sliding distance and
rotation. ATP concentrations are distin-
guished by color and indicated in pM.
Dashed lines represent linear motion or
irregular rotation.
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to the 40 pN nm of torque pro-
duced by the rotary molecular
motor F,ATPase!’. In one step,
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only half the thermal energy. The
frictional torque is completely neg-
ligible at low ATP concentrations.

The step size of myosin V is
[B5 nm under a variety of condi-
tions. Duplexes prepared at 10* myosin V molecules per bead
also made one left-handed rotation per 2.5 + 0.5 um at 40 uM
ATP (n = 8). This is a loaded condition, because a stepping
myosin V molecule has to work against others that are simulta-
neously bound to actin. Consistent with this, a step size of 35 nm
has recently been reported® under a load of 1 pN. Load indepen-
dence of the step size may imply that myosin V does not readily
fluctuate toward right or left when it stands on one foot (‘head’).
To determine if myosin V tends to interact with intervening actin
subunits during the long strides, we examined bead motions at
increasing ionic strengths, which would result in diminished
actin—-myosin interaction8. The average distances traveled at 50,
100, 200 and 300 mM KCl were 2.1, 2.1, 1.5 and 1.1 ym (n =8,
23,7 and 7), respectively, indicating reduction in processivity as
expected. Rotations, however, were all left-handed and one revo-
lution per 2.3 + 0.5 um at all ionic strengths. Myosin V seems to
stride over intervening actin subunits.

Time (s

Myosin V

>
36 nm

Fig. 4 Interpretation of the left-handed rotation. Stepping on every 11t
actin subunit (red) would result in left-handed spiral movement,
whereas linear movement is expected on the 13t subunits (blue/cyan).
The estimated step size of 34.8 nm is between the 11t and 13t subunits.
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Discussion

Spiral motion of a single motor molecule around a helical track
should reveal how the motor successively interacts with the
repeating units composing the track. To our knowledge, myosin
V is the first example of a processive motor spiraling with a pitch
incommensurate to the helical pitch of the track; kinesin'® and
RNA polymerase!! precisely follow their respective helical track.
The deduced step size of 34.8 nm for myosin V is much larger
than the intersubunit distance of 5.5 nm in one strand of the
actin filament, indicating that myosin V walks with long strides;
sliding along one strand of actin helix!2 is unlikely.

There are 13 actin subunits per 36 nm, counting both strands.
Our results indicate that, during unconstrained walking, myosin
V aims at the 11t (red, Fig. 4) or 13t (blue) actin subunit on the
opposing strand (binding to the 12t subunit on the opposite
side of the filament would be sterically hindered). This almost
straight walking is not a trivial task, because, unlike a human, the
two feet (*heads’) of myosin V are identical and related by basic
two-fold symmetry. Landing on the 13t subunit would require
180° twist of the neck from its symmetry-related orientation.
Although the twist would imply extensive flexibility in the neck
(and/or head), a proper posture of the bound head and neck is to
aim at a correct target among identical actin subunits in the dou-
ble helix. Recent reports?2 suggest that (25 nm of the step size
of [B5 nm is accounted for by the swing of the bound neck and
the rest by diffusion of the unbound head. The swing, then, must
be a delicate combination of bending and twisting that ensures
diffusional landing on, mostly, the 11t or 13t subunit, irrespec-
tive of load.

The natural way of walking is one in which the two heads
move forward alternately??. Alternate binding of two identical
heads should result in 180° rotation of the entire molecule
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around its symmetry axis every time the motor steps??, but
kinesin failed to show this?. We examined whether our bead
duplex would rotate around the point of attachment to actin at
low concentrations of ATP (500 nM-1 uM), but, similar to
kinesin, we have seen no convincing evidence of 180° rotation.
This is apparently inconsistent with simple walking, although
oblique attachment of myosin V to the bead surface may have
impeded the rotation of the bead duplex. Simple walking has
also been challenged by recent findings: myosin VI®%* and
mutated myosin V12, both short necked, made large steps appar-
ently incompatible with the head and neck sizes. Con-
formational changes, or melting, in the head/neck region would
be required to allow a long stride, as in kinesin?, Whether, or in
which direction, these short-necked myosins rotate remains to
be seen.

Methods

Sample preparation. Myosin V was purified from chick brain.
Rabbit skeletal actin was biotinylated and stained with phalloidin-
tetramethylrhodamine essentially as described?” but without
crosslinking; the molar ratio of actin to biotin-PE-maleimide was
1:2. Polystyrene beads (1 um, F-8814, Molecular Probes) were incu-
bated for 30 min in buffer A (10 mM imidazole, pH 7.6, 100 mM KCl,
4 mM MgCl,, 1 mM EGTA and 5 mM dithiothreitol (DTT)) containing
10 mg ml-! BSA and centrifuged for 15 min at 18,000x g. Of the
beads, [(110% formed duplexes. The beads were coated with myosin
V as described’. To assess the coating efficiency (Fig. 1b), a single
bead was selected and held in an optical trap® near an actin fila-
ment suspended in buffer A containing 1 mM ATP (see below).
Then, the filament was moved across the bead in various directions
by moving the microscope stage until the bead attached to the fila-
ment. If attachment did not occur within [0l min, the bead was
repositioned and the manipulation was repeated several times.
After attachment, the trap was turned off to allow movement of
the bead along actin. The fraction of beads that were bound but
did not move >[0.5 um was <[0.1 (0.03 at the myosin/bead ratio, c,
of 0.5 and 0.09 at ¢ = 1). The motility assay below was done on
duplex beads prepared at ¢ = 1, unless stated otherwise.

Motility assay. Carboxylated polystyrene beads (4.5 um;
Polyscience) were amino-derivatized and biotinylated®. The beads
were incubated with 10 mg ml-! streptavidin, washed and infused in
a flow chamber. After 10 min, 5 mg ml-t BSA was infused and incu-
bated for 1 min. Biotinylated and labeled actin filaments were
infused and allowed to bind to the 4.5 pm beads to form actin
bridges. Then, 0.25-1 pM of beads decorated with myosin V in
buffer A containing ATP, 6 mg mi-* glucose, 0.2 mg ml-* glucose oxi-
dase, 0.02 mg ml! catalase and 0.2% [B-mercaptoethanol were
infused into the flow cell. To minimize Brownian motion, only
tightly suspended actin filaments were used. If such a filament was
not found, we moved the 4.5 pm beads with the optical tweezers to
form a tight actin bridge. Torsional Brownian motion of actin is
<+50° for a 10 um filament?3. Finally, we positioned a bead duplex
onto an actin filament using the optical tweezers, moved the fila-
ment until it bound the duplex and turned off the optical trap to let
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the duplex move along the actin filament. If unsuccessful, this
maneuver was repeated 10-30x. The microscope system has been
described?®; bright-field images showing bead movement and fluo-
rescence images showing actin filaments were simultaneously
recorded with video cameras. Positions and orientations of bead
duplexes were analyzed by eye to the precision of +0.5 pm and
+0.25 revolutions. For the orientation, video images were compared
with pairs of overlapping circles representing views of two spheres
at known angles. Because of drift in the microscope focus, there
were rare occasions where distinction between the two beads
became difficult; large deviations from linear relationship in Fig. 3d,
seen in some curves, may be due to human error. Observations were
made at 23 °C.
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