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Myosin Vc (myoVc) is unique among vertebrate class V myo-
sin isoforms in that it requires teams of motors to move contin-
uously on single actin filaments. Single molecules of myoVc can-
not take multiple hand-over-hand steps from one actin-binding
site to the next without dissociating, in stark contrast to the well
studied myosin Va (myoVa) isoform. At low salt, single myoVc
motors can, however, move processively on actin bundles, and at
physiologic ionic strength, even teams of myoVc motors require
actin bundles to sustain continuous motion. Here, we linked
defined numbers of myoVc or myoVa molecules to DNA nano-
structures as synthetic cargos. Using total internal reflectance
fluorescence microscopy, we compared the stepping behavior of
myoVc versus myoVa ensembles and myoVc stepping patterns
on single actin filaments versus actin bundles. Run lengths of
both myoVc and myoVa teams increased with motor number,
but only multiple myoVc motors showed a run-length enhance-
ment on actin bundles compared with actin filaments. By resolv-
ing the stepping behavior of individual myoVc motors with a
quantum dot bound to the motor domain, we found that cou-
pling of two myoVc motors significantly decreased the futile
back and side steps that were frequently observed for single
myoVc motors. Changes in the inter-motor distance between
two coupled myoVc motors affected stepping dynamics, sug-
gesting that mechanical tension coordinates the stepping
behavior of two myoVc motors for efficient directional motion.
Our study provides a molecular basis to explain how teams of
myoVc motors are suited to transport cargos such as zymogen
granules on actin bundles.

In vertebrates, three class V myosin isoforms transport intra-
cellular cargoes such as melanosomes, secretory vesicles, endo-

plasmic reticulum, and mRNA on actin tracks. Myosin Va
(myoVa)4 is the most well characterized isoform and the pro-
totype of a processive myosin, i.e. a single motor that can take
many steps on an actin filament without dissociating (1). More
limited assays with myosin Vb suggested that it is also pro-
cessive (2). In contrast, myosin Vc, which is predominantly
expressed in glandular tissues such as pancreas, colon, and
stomach, was the only vertebrate class V isoform to be kineti-
cally characterized as non-processive, implying that it would be
unable to move cargo continuously as a single motor (2– 4).
This observation was surprising because myoVc is known to be
involved in transport of secretory vesicles to the apical mem-
brane (4). It was recently shown that in the exocrine pancreas,
parallel bundles of actin filaments nucleated by formins at the
plasma membrane are the tracks on which zymogen granules
are trafficked (5). Consistent with this biological observation,
we recently showed that actin bundles are the required track for
small ensembles of myoVc, attached to a quantum dot, to con-
tinuously move at physiologic ionic strength (150 mM KCl) (6).
The number of motors attached to the Qdot was not defined,
nor was the stepping pattern of motors in the ensemble fol-
lowed. The preference for bundles is related to the observation
that a single myoVc takes �40% back steps and lateral steps
under unloaded conditions, and it has a very broad turning
angle distribution compared with the highly processive myoVa
motor, suggesting that only the additional binding sites pro-
vided by an actin bundle allow continuous motion. Chimeric
constructs further identified the lever arm/rod domains of
myoVc as the structural elements responsible for this unusual
stepping behavior. When the myoVc motor domain was
fused to the lever arm/rod of myoVa, it exhibited no back
steps and moved processively on single actin filaments, sim-
ilar to myoVa (6).

The requirement for teams of myoVc to move continuously
on actin bundles near physiologic ionic strength prompted us
to more closely investigate the behavior of two coupled myoVc
motors. Sakamoto and co-workers (7) showed for the first time
that when two myoVc motors were coupled via a DNA scaffold,
the complex moved continuously at low ionic strength even on
single actin filaments. In that study, the movement of the
labeled scaffold was tracked, so that the stepping patterns of
individual myoVc heads in the ensemble could not be moni-
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tored. The requirement for actin bundles for myoVc ensembles
was not observed because experiments were performed solely
at low salt conditions. Nonetheless, this study established that
two motors increased the probability of at least one myoVc
head remaining bound to the filament at any given time.
Numerous studies have shown that intracellular cargos are
transported by the coordination of multiple motors. Melano-
somes, for example, are associated with as many as 60 myoVa
motors in vivo, although it is likely that only a subset of this
number is actively engaged with the track at any given time (8).
The mechanism by which the mechanical properties of individ-
ual motors contribute to or share their collective transport
duties depends on the particular motor or motors involved (8).
A number of studies have predicted the collective behavior of
motor ensembles transporting a common cargo, but the num-
ber of motors and their stepping pattern were generally
unknown (9 –11). In neither of the previous studies with myoVc
ensembles (6, 7) was the stepping dynamics of individual heads
in the ensemble followed.

Here, we designed DNA origamis or DNA scaffolds to act as
a synthetic cargo for linking a defined number of Qdot-labeled
myoVc motors with defined inter-motor spacing (12, 13). This
approach allowed us to follow the stepping dynamics of two
myoVc motors on actin filaments and actin bundles and to
compare this behavior with myoVa. We confirmed that a single
molecule of myoVc walks on an actin bundle with frequent back
and side steps, and we further showed that coupling two myoVc
motors significantly decreases the frequency of such futile steps
and causes both the leading and trailing motors to coordinate.
Run-length enhancement by multiple myoVc motors is signif-
icantly higher on actin bundles than on actin filaments, in con-
trast to multiple processive myoVa motors, which show a
greater run-length enhancement with motor number on single
actin filaments. This study provides a molecular basis to explain
how multiple myoVc motors are optimized to move large exo-
crine secretory granules on actin bundles in the final stages of
secretion (5).

Results

Comparison of movement by small ensembles of myoVc
versus myoVa on actin filaments

Here we used DNA nanostructures as synthetic cargos for
linking defined numbers of myosin molecules. An advantage of
the DNA origami nanotube is that its rigidity keeps the average
attachment spacing between the motors constant during move-
ment (12). The motion of a single motor, or small ensembles of
myoVc or myoVa, was observed by coupling motors to a DNA
origami containing one, two, or four SNAP ligands (Fig. 1A). To
establish that the motion of the motor is not affected by attach-
ment to the DNA origami, a single processive myoVa motor
was attached to a DNA nanotube that contained one binding
site. A quantum dot (Qdot) was used to label one of the two
motor domains (see “Experimental procedures”). The motion
of motor-origami complexes on single actin filaments, immo-
bilized onto the glass surface, was observed using a total inter-
nal reflectance fluorescence (TIRF) microscope with high tem-
poral (33–100 ms) and spatial resolution (6 nm). A single

myoVa bound to the origami moved processively for 0.8 � 0.12
�m (n � 67) at an average velocity of 378 � 94 nm/s (n � 67),
similar to our previous observations using myoVa not attached
to DNA (14). A single molecule of myoVc did not move pro-
cessively on single actin filaments, whether or not it was cou-
pled to the origami.

Run length of motors was determined from an exponential
decay distribution function and reported as means and stan-
dard error of the fit (mean � S.E.). To determine statistical
significance between two sets of run lengths or step lifetimes,
the Kolmogorov-Smirnov test was used. For comparison of
multiple run lengths, a Kruskal-Wallis test with Dunn’s multi-
ple comparisons test was performed. Velocity was measured
from the fit to a Gaussian distribution function and are
reported as mean and standard deviation (mean � S.D.). To
determine statistical significance between two velocity or step
size distributions, the unpaired t test was used. For the statisti-

Figure 1. Experimental design to visualize motility of small ensembles of
myosin. A, 1, 2, or 4 myosin motors containing a SNAP tag at the C terminus of
the myosin heavy chain (blue diamond) are bound to a DNA origami contain-
ing varying numbers of SNAP ligands. Single and 4-motor complexes were
visualized using Qdots or Cy3 (red circle) attached to the DNA origami. In the
2-motor complex, one motor domain of each of the two molecules was
labeled with a different colored Qdot (red or green). B, panel i, representative
kymographs of a single motor moving on an TRITC-labeled actin bundle (not
shown); panel ii, 2-motor complex (red and green) moving on an unlabeled
actin filament. The images for red and green Qdots were not corrected for
color registration errors in this figure for visual purposes. Panel iii, 4-motor
complex moving along a TRITC (not shown)-labeled actin bundle at 1 mM

MgATP. Scale bar, 1 �m. Elapsed times are indicated. C, data showing that two
different colored motors (red and green Qdots and yellow arrows) can be effi-
ciently coupled to the 2-motor DNA origami. The images for red and green
Qdots were separated from each other because these images were obtained
through different light paths. The images (red and green Qdots) were not
corrected for such mapping errors for visual purposes. Scale bar, 1 �m.
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cal analysis of multiple sets of velocity data, ANOVA with Bon-
ferroni multiple comparisons test was performed.

For the 2-myoVc complex bound to the DNA origami, one
motor was labeled on its motor domain with a red Qdot (emits
at 655 nm), and the other motor was labeled with a green Qdot
on its motor domain (emits at 565 nm) (Fig. 1A). Motion on
TRITC-labeled or unlabeled actin filaments was observed. This
labeling strategy allowed us to directly track the stepping
dynamics of each of the two motors in the ensemble during
motion. In contrast to a single myoVc motor, two myoVc
motors bound to a DNA nanotube moved continuously on sin-
gle actin filaments at 1 mM MgATP and 25 mM KCl (Fig. 1B).
We observed that 40% (n � 165) of complexes were labeled
with dual color Qdots (Fig. 1C). Given that statistically a maxi-
mum of 50% of the DNA origamis could be dual color (equimo-
lar red and green motors), the binding affinity of myoVc motors
to the origami and labeling with Qdots must both be very effi-
cient (80%) (Fig. 1C; see “Experimental procedures”). For the
4-ligand DNA origami, a 5-fold molar excess of motor over
SNAP-ligand was used to favor full occupancy. Binomial statis-
tics showed that on average there will be 3.6 motors per origami
(see “Experimental procedures”). The 4-motor complex was
tracked by labeling a subset of the motors with a red Qdot
(emits 655 nm) or Cy3 attached to the DNA origami.

On single actin filaments, the run length of myoVc increased
2.9-fold from 2 to 4 motors but the velocity remained
unchanged (Fig. 2, A and B, and Table 1). Similarly, the run
length of myoVa increased significantly with motor number
(Fig. 3A). The velocity of both the 2- and 4-motor myoVa com-
plex was, however, reduced significantly compared with a single

motor (Fig. 3B and Table 1). Multiple myoVc motors thus work
efficiently in ensembles by showing longer run lengths without
a loss of speed on actin filaments at low ionic strength (Fig. 2, A
and B). At any given motor number, run lengths on single actin
filaments were significantly longer for myoVa than myoVc
(Table 1). Although the run lengths of the 2- and 4-motor com-
plex of myoVc were 0.52 � 0.06 �m (n � 56) and 1.5 � 0.24 �m
(n � 58), these values were 1.4 � 0.21 (n � 54) and 3.1 � 0.4
(n � 56) for myoVa (p � 0.001 for 2-motor complexes and p �
0.01 for 4-motor complexes).

Comparison of movement of small ensembles of myoVc versus
myoVa on actin bundles

Consistent with bundles being a processivity factor for
myoVc (2), single myoVc motors can take multiple steps on
actin bundles at 25 mM KCl (Fig. 1, A and B). The average run
length of a single myoVc molecule on actin bundles was 0.40 �
0.07 �m (n � 85), and the velocity was 116 � 38 nm/s (n � 85)
(Fig. 2, C and D, and Table 1). The run lengths of 2-myoVc and
4-myoVc motors complexes were 2.2- and 5.3-fold longer than
that of a single motor (Fig. 2C and Table 1). In contrast, the run
length of myoVa was unchanged for the 2- and 4-motor com-
plex compared with a single motor (Fig. 3C and Table 1). How-
ever, the run length of 4-motor complex was increased 1.8-fold
(p � 0.02) compared with a 2-motor complex (Fig. 3C).

For myoVc, the velocity of the 2-and 4-myoVc complex was
significantly reduced by 25% and 20% compared with a single
motor (Fig. 2D and Table 1). Similarly, velocities of myoVa
ensembles were significantly slower than single motors (Fig. 3D

Figure 3. Effect of myoVa motor number on run length and velocity on
actin filaments and bundles. See Table 1 for run length and velocity values.
p values are indicated on the graphs. A, on single actin filaments, the run
length of myoVa increased significantly as a function of motor number. The
run length of the 2- and 4-myoVa complex on actin filaments was 1.8- and
3.9-fold longer, respectively, than that of a single myoVa. B, velocity of 2- or
4-myoVa motor complexes was reduced significantly compared with a single
motor on single actin filaments. Velocity for the 2- versus 4-myoVa complex
was not significantly different. C, on actin bundles, the run length of the
2-myoVa complex of myoVa was unchanged but increased significantly for
the 4-myoVa complex compared with a single motor. D, velocity of 2- or
4-myoVa motor complexes was reduced significantly compared with a single
motor on actin bundles. Conditions: 25 mM imidazole, pH 7.4, 4 mM MgCl2, 1
mM EGTA, 25 mM KCl, 10 mM DTT.

Figure 2. Effect of myoVc motor number on run length and velocity on
actin filaments and bundles. See Table 1 for run length and velocity values.
p values are indicated on the graphs. A, on single actin filaments, the run
length of the 4-myoVc complex increased significantly compared with the
2-myoVc complex. B, velocity of the 2-myoVc and 4-myoVc complex was the
same on single actin filaments. C, on actin bundles, myoVc run-length
increased significantly with motor number. D, velocity of 2- or 4-myoVc motor
complexes was reduced significantly compared with a single motor on bun-
dles, but the velocity of the 2 versus 4-myoVc complex was the same. The
velocity of the 2-myoVc and 4-myoVc complex was reduced by 25% and 20%
compared with a single motor. Run-length values are mean � S.E., and veloc-
ity values are mean � S.D. Conditions: 25 mM imidazole, pH 7.4, 4 mM MgCl2,
1 mM EGTA, 25 mM KCl, 10 mM DTT.
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and Table 1), similar to the reduction observed in previous
studies in which two myoVa motors were linked via a DNA
scaffold or a Qdot (14, 15). On actin bundles, multiple myoVc
motors work efficiently in ensembles by showing longer run
lengths, although at the expense of a lower speed.

Comparison of motion of myoVc and myoVa on actin bundles
versus actin filaments

Comparing motor performance on single actin filaments ver-
sus bundles, myoVc and myoVa also differed. Although a single
myoVc motor is non-processive on a single actin filament, it
can take multiple steps on actin bundles at low ionic strength
(Fig. 2C and Table 1). For both 2- and 4-myoVc complexes, the
run length on bundles was significantly longer than on single
actin filaments (Fig. 2, A and C, and Table 1). These run-length
data are consistent with the idea that myoVc ensembles are
specialized for cargo transport on actin cables (6).

The run length of a single myoVa motor on an actin bundle is
significantly higher than on an actin filament, but the velocity is
slower (Fig. 3, A and C, and Table 1). In contrast, the run lengths
of 2- and 4-myoVa complexes on actin bundles were not statis-
tically different from that on single actin filaments (Fig. 3, A and
C, and Table 1). Irrespective of motor number for both myoVc
and myoVa, the velocity on actin bundles is significantly slower
than on an actin filament (Table 1).

MyoVc movement at physiologic ionic strength

Consistently, the multimotor myoVc complexes coupled to
the DNA origami could not move continuously on single actin
filaments at 150 mM KCl but showed continuous motion on
actin bundles, with a run length of 0.39 � 0.06 �m (n � 64) for
the 2-myoVc complex and 1.3 � 0.3 �m (n � 58) for the 4-
myoVc complex (Fig. 4A). This result implies that both multiple
myoVc motors and actin bundles are required for transporting
secretory vesicles in the cell (4, 5).

The run length of the 2- and 4-motor complexes was signif-
icantly lower (p � 0.001; p � 0.001) at 150 mM KCl compared
with what was observed at 25 mM KCl (Fig. 2C versus 4A). At
150 mM KCl, the velocity of the 2-motor complex (120 � 47
nm/s, n � 64) was 28% higher (p � �0.001) than at 25 mM KCl
(87 � 31, n � 62), but the velocity of the 4-motor complex was
not significantly different at the two salt concentrations (109 �
46 nm/s, n � 58 at 150 mM KCl; 93 � 29 nm/s, n � 50 at 25 mM

KCl; p � 0.06) (Fig. 2D versus 4B).

Cargo rigidity affects run length of myoVc

We compared myoVc motion when coupled to a DNA scaf-
fold versus a DNA origami (Fig. 5A). The DNA scaffold con-
sisted of one double-stranded DNA and is less stiff than the
DNA origami that was constructed from six double DNA
strands. We attached two myoVc, each with a different color
Qdot on a motor domain, to either a DNA scaffold or a DNA
origami, and we measured the distance between the two labeled
heads (Fig. 5A). The distance between two motors on the DNA
origami (57 � 42 nm) was the same as the spacing between the
binding sites (58 nm). However, the distance between two
motors on the scaffold was 48 � 31 nm, smaller than the spac-
ing between binding sites (63 nm). These results are consistent
with the scaffold being more flexible than the origami.

Table 1
Comparison of run length and velocity on actin bundles versus actin filaments
Run length values were obtained by fitting the exponential decay function, and the standard error (S.E.) values are errors of the fit. Velocity values were reported as mean �
S.D.) obtained from the gaussian distribution. The indicated p values are a comparison between actin bundles and actin filaments at a fixed motor number for a given myosin
isoform. At any given motor number, run lengths on single actin filaments were significantly longer for myoVa than myoVc (p � 0.001 for 2-motor complexes, p � 0.01 for
4-motor complexes). For statistical significance between two sets of velocity data, an unpaired t test with 95% confidence interval was performed. For run length, the
Kolmogorov-Smirnov test with 95% confidence interval was used.

Motor Track
Run length (�m) Velocity (nm/s)

Single motor Two motors Four motors Single motor Two motors Four motors

myoVc Actin filament No movement 0.52 � 0.06 (n � 56) 1.5 � 0.24 (n � 58) No movement 117 � 40 (n � 56) 125 � 46 (n � 58)
Actin bundle 0.4 � 0.07 (n � 85) 0.86 � 0.17 (n � 62) 2.1 � 0.36 (n � 50) 116 � 38 (n � 85) 87 � 31 (n � 62) 93 � 29 (n � 50)

p � 0.05 p � 0.04 p � 0.001 p � 0.001

myoVa Actin filament 0.8 � 0.12 (n � 67) 1.4 � 0.21 (n � 54) 3.1 � 0.4 (n � 56) 378 � 94 (n � 67) 290 � 116 (n � 54) 272 � 95 (n � 56)
Actin bundle 1.4 � 0.33 (n � 63) 1.2 � 0.28 (n � 59) 2.2 � 0.26 (n � 52) 308 � 72 (n � 63) 239 � 96 (n � 59) 231 � 86 (n � 52)

p � 0.001 p � 0.64 p � 0.08 p � 0.001 p � 0.001 p � 0.02

Figure 4. Run length and velocity of myoVc at physiologic salt concen-
tration. A, at 150 mM KCl, the run length of a 4-myoVc complex (1.3 � 0.3 �m,
n � 58) on actin bundles was 3.3-fold longer than that of a 2-myoVc complex
(0.39 � 0.06 �m, n � 64). p values are indicated on the graph. B, velocity of the
2-myoVc complex on actin bundles was not significantly different from that
of a 4-myoVc complex (120 � 47 nm/s, n � 64 versus 109 � 46 nm/s, n � 58).
p values are indicated on the graph. Conditions: 25 mM imidazole, pH 7.4, 4
mM MgCl2, 1 mM EGTA, 150 mM KCl, 10 mM DTT.
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For comparing how synthetic cargo flexibility affected veloc-
ity and run length on single actin filaments, myoVc was only
labeled with a red Qdot (emits 655 nm) (see “Experimental pro-
cedures”). Because a single myoVc cannot move on actin fila-
ments, moving complexes by definition had two myoVc motors
bound. The run length of two motors attached to a flexible
DNA scaffold is significantly higher (0.8 � 0.18 �m, n � 72)
than when they are attached to the rigid DNA origami (0.52 �
0.06, n � 56, p � 0.02) (Fig. 5C), suggesting that cargo rigidity
may also play an important role in coordinating myoVc motors.
The velocity was unchanged when 2-myoVc motors were
attached to the scaffold versus origami (Fig. 5D).

Two myoVc motors promote directional movement on actin
bundles

The movement of a single myoVc versus a 2-myoVc complex
was compared on actin bundles. The single myoVc had one
motor domain labeled with a Qdot. For the 2-myoVc complex
separated by 58 nm on a DNA origami, one motor domain of
each myoVc was labeled with a different colored Qdot to allow
unambiguous monitoring of the stepping dynamics of each
motor (Fig. 1A). To examine the stepping dynamics at high
temporal and spatial resolution, the MgATP concentration was
reduced to 2 �M to slow the stepping speed. A single myoVc was
unable to move straight, switching between filaments in the
bundle with almost every step (Fig. 6A). In addition to lateral
steps, myoVc took a large number of back steps (24%) on the
actin bundle (Fig. 6, B and C). Steps of myoVc motors were
identified by a step-finding program (14), and step sizes were
determined from the fit of a Gaussian distribution function.

The mean forward step size of myoVc on the actin bundle was
63 � 26 nm (n � 67) (Fig. 6C), the same as the step size of
myoVa (63 � 26 nm, n � 142) (14). The backward step size of
myoVc on actin bundles (51 � 22 nm, n � 21) was significantly
shorter (p � 0.001) than that of the forward step size (Fig. 6C).

Remarkably, the 2-myoVc complex moved much more
directionally than a single motor (Fig. 6D). The directional
movement of a single and 2-myoVc complex was quantified by
measuring the turning angle between successive steps as done
previously (6, 16) (Fig. 6D, inset). The stepping pattern of a
single myoVc motor showed that there is no bias in turning one
direction over the other, as determined from the x-y position
(Fig. 6, A and D, inset). For single motors, 54% of the unbound
heads landed on the left side of the bound head, and the other
46% landed on the right side. Similarly, for the 2-myoVc com-
plex, 53% of the unbound heads landed on the left side of the
bound head, and 47% landed on the right side. The average
turning angle of a single (�2.4 � 76°, mean � S.D., n � 100)
versus a 2-myoVc complex (0.31 � 29°, mean � S.D., n � 64)
was determined from the fit to a Gaussian distribution function.
The smaller standard deviation (S.D.) of the 2-myoVc complex
indicates that it moved more directionally than a single motor.

The step-sizes of both leading (68 � 25 nm, n � 60) and
trailing (60 � 28 nm, n � 55) motors of the 2-myoVc complex
were not significantly different from that of a single motor (p �
0.49 and p � 0.75), but the frequency of the back steps was
greatly reduced when 2-myoVc were physically linked (Fig. 6, B
and E). Although the back step frequency of a single motor was
24%, it was only �8% for both leading and trailing motors
within the 2-myoVc complex (Fig. 6, C and F). The directional
transport with reduced frequency of back steps or side steps
suggests that myoVc motors cooperate to transport cargo along
actin bundles.

Forward and backward steps of two coupled myoVc motors on
single actin filaments

To further understand how multiple myoVc motors coordi-
nate during cargo transport, the stepping dynamics of each
Qdot-labeled motor within a 2-myoVc complex, coupled to a
DNA origami with 58-nm inter-motor distance, was monitored
on single actin filaments at low ionic strength (Fig. 7A). The
mean step sizes of the leading (66 � 27 nm, n � 95; Fig. 7B,
green) and trailing motors (61 � 24 nm, n � 101; Fig. 7B, red)
within the complex were not significantly different from a sin-
gle motor stepping on an actin bundle (63 � 26 nm, n � 67)
(p � 0.24; p � 0.34) (Fig. 6C). The mean backward step-size of
both the leading (60 � 19 nm, n � 11) and the trailing (56 � 20
nm, n � 10) motors were slightly shorter (p � 0.026; p � 0.007)
than that of the forward steps (Fig. 7B). In addition to forward
steps, both the leading and trailing motors take a similar num-
ber of back steps (10 and 9%), similar to the back step frequency
of the 2-myoVc complex moving on actin bundles (�8%) (Fig.
6F). These values are lower than the 24% backsteps seen with a
single myoVc motor (Fig. 6C) and show that coupling two
motors reduces backsteps. In contrast, when two processive
myoVa motors were linked via a Qdot, the leading motor took a
higher number of back steps (11%) than the trailing motor (3%)
(14).

Figure 5. Effect of cargo rigidity. A, illustration of a flexible DNA scaffold and
a rigid DNA origami with 63- or 58-nm spacing (repeated from Fig. 1A, panel
ii), respectively. Motors with a C-terminal SNAP tag were conjugated to a DNA
scaffold or DNA origami containing SNAP ligand. B, distance between two
labeled heads of myoVc linked to the DNA scaffold (black) or DNA origami
(red). C, run length of the 2-motor complex (0.52 � 0.06, n � 56) attached to
the DNA origami is significantly lower (p � 0.02) than when the complex is
attached to the DNA scaffold (0.8 � 0.18 �m, n � 72). D, velocity of the
2-motor complex (117 � 40, n � 56) attached to the DNA origami (red) is not
significantly different from the complex attached to the DNA scaffold (119 �
55 nm/s, n � 72, p � 0.58)). Conditions: 25 mM imidazole, pH 7.4, 4 mM MgCl2,
1 mM EGTA, 25 mM KCl, 10 mM DTT.
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The step lifetimes of the leading and trailing motors were plot-
ted in histograms and fitted with P(t) � tk2e�kt (see “Experimental
procedures”). Because both the leading and trailing motors are
physically linked, the average step lifetime of both motors should
be the same. As expected, the forward step lifetimes of the leading
(3.3 � 0.4s, n � 132) and the trailing (3.1 � 0.5s, n � 133) motors
are not significantly different (p � 0.87) (Fig. 7C). Similarly, the
backward step lifetimes of both the leading and the trailing motors
are the same (leading motor, 1.1 � 0.2 s, n � 15; trailing motor,
1.2 � 0.3 s, n � 14) (p � 0.45) (Fig. 7D).

Inter-motor distance

While moving on an actin track or actin bundles, the distance
between the two coupled myoVc motors fluctuates (Fig. 6E,
7A), despite being attached to the DNA origami with a 58-nm
inter-motor spacing (17). The distance between two labeled
heads of the leading and trailing motors (Figs. 6E and 7A, blue

arrows) was measured from the displacement versus time
traces. As expected, the average distance between motors was
57 � 42 nm (n � 277; mean � S.D.) on actin filaments (Fig. 8B,
red). When moving on actin bundles, the inter-motor distance
between two labeled heads of myoVc was 53 � 33 nm, mean �
S.D. (n � 313) (Fig. 8B, blue). Because of the flexibility between
the lever arm and rod domain, and the linkage between the
origami and motor, the inter-motor distances fluctuated
from �36 to �160 nm (Fig. 8B). A negative inter-motor dis-
tance was occasionally seen when the trailing motor passed the
leading motor at the beginning of the run (Fig. 7A, pink arrow)
or when the trailing motor detached and reattached to the fila-
ment in front of the leading motor.

Stepping rate and delay time between steps

To examine whether myoVc motors coordinate their steps
when mechanically coupled through a DNA origami, or

Figure 6. Motion of one versus two myoVc motors on actin bundles at 2 �M MgATP. A–C, stepping dynamics of a single myoVc motor. A, x,y trajectory (gray
circles) of a single myoVc where the average position of each step is indicated by red squares. B, representative displacement versus time trajectory showed that
a single myoVc motor moves on actin bundles in a stepwise manner but with a significant number of back steps (arrows). C, mean forward 63 � 26 nm (mean �
S.D., n � 67) and backward step sizes (51 � 22 nm, mean � S.D., n � 21) were determined from the fit of single Gaussian function. D–F, stepping dynamics of
a 2-myoVc motor complex, in which one myoVc is labeled with a red Qdot and the other with a green Qdot. D, x,y trajectory of the leading (green) and trailing
(red) motor within the 2-motor complex. Inset, histogram comparing the turning angles of a single motor (blue) with the 2-motor complex (black). The average
turning angles of a single and 2-motor complex were �2.4 � 76° (mean � S.D.) and 0.31 � 29° (mean � S.D.), respectively. E, representative trajectory showed
that the leading (green) and trailing (red) motors within the complex moved on actin bundles in a stepwise manner. While stepping on the actin bundle, the
inter-motor distance (blue arrow) fluctuates. The leading motor took an occasional back step (black arrow). F, forward and backward step-size distributions of
the leading motor (green triangles) and the trailing motor (red circles). Conditions: 25 mM imidazole, pH 7.4, 4 mM MgCl2, 1 mM EGTA, 25 mM KCl, 10 mM DTT.
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whether they move independently during transport (14, 18, 19),
the stepping rate was measured as a function of inter-motor
distance (Fig. 8C). The average stepping rate of the leading and
trailing motor must be similar because both motors are physi-
cally linked. The stepping rate of both the leading and trailing
motors are similar at an inter-motor distance of 58 � 20 nm on
an actin filament (Fig. 8C). As the distance between motors
increased further (�78 nm), the stepping rate of the leading
motor decreased sharply, in contrast to the stepping rate of the
trailing motor, which increased. The opposite effect was
observed at short inter-motor distance (�38 nm) where the
leading motor’s stepping rate is higher than that of the trailing
motor. This may be due to compression in the linkage between
motors and/or a competition by the two motors for binding
sites on the actin filament.

On actin bundles, the stepping rates of the leading and trail-
ing motors are the same at inter-motor distances from 20 to 80
nm. At inter-motor distance of �80 nm, the stepping rate of the
trailing motor increased, and the leading head increased as a
function of inter-motor distance (Fig. 8E). In contrast to the
behavior seen on an actin filament, the stepping rate of the
leading motor is the same as the trailing motor at short inter-
motor distances on actin bundles. This difference might occur
when motors within the complex walk on parallel actin fila-
ments in the actin bundle. Therefore, the chance of competing
for a binding site will be much less than what we observed on an
actin filament. The stepping rate results suggest that as the
inter-motor distance grows, leading motors tend to be pulled
backward leading to their slowing, whereas trailing motors tend

to be pulled forward leading to an increased stepping rate.
Because the stepping rate changes as a function of inter-motor
distance, the leading and trailing motors mechanically impact
each other and are not independent.

To further understand how the steps of the leading and trail-
ing motors are coordinated, we measured the time delay (tT) for
the trailing motor to take its step just after a step of the leading
motor on actin filaments and actin bundles (Fig. 8, D and F)
(14). Interestingly, tT is reduced as inter-motor distance is
increased, suggesting that the trailing motor begins to coordi-
nate its steps with that of the leading motor. The time delay for
the leading motor to take a step just after the trailing motor (tL)
increased with inter-motor distance, suggesting that the lead-
ing motor also coordinates with the trailing motor (Fig. 8, D and
F). The variation of these two time delays (tT and tL) indicates
that the degree of coordination changes with the distance
between motors, both on single filaments and on bundles.

Figure 7. Characterization of a 2-myoVc complex stepping on single
actin filaments. A, representative displacement versus time trajectory
showed the stepwise movement of the leading (green) and trailing motor
(red) of two myoVc complexes on an actin filament at 2 �M MgATP. While
stepping, the distance between the two labeled heads fluctuates (blue dou-
ble-headed arrow). B, step size distribution of the leading (green triangles) and
the trailing motor (red squares) within a complex. The mean step sizes of the
leading and the trailing motors were 66 � 27 nm (n � 95, green) and 61 � 28
nm (n � 101, red), respectively. Both leading and trailing motors take �9%
back steps. The forward (C) and backward (D) step lifetime distributions of the
leading and trailing motors were the same. Conditions: 25 mM imidazole, pH
7.4, 4 mM MgCl2, 1 mM EGTA, 25 mM KCl, 10 mM DTT. Figure 8. Characterization of inter-motor distances during myoVc step-

ping. A, illustration of a 2-motor complex showing the fluctuation of inter-
motor distances on a single actin filament. B, distance between the labeled
heads can fluctuate from �40 to 160 nm, with a mean distance of 57 � 42 nm
(mean � S.D., n � 222) on actin filament (red) and 53 � 33 nm (mean � S.D.,
n � 313) on actin bundle (blue). For comparison, this graph (red) was repeated
from Fig. 5B. C, stepping rate of leading (green triangles) and trailing (red
circles) myoVc motors as a function of inter-motor distance on actin filaments.
D, delay time between steps of the leading and the trailing motors on an actin
filament. The average time delay (tT) (dark green squares) between a forward
step of the leading motor and the next forward step of the trailing motor was
plotted as a function of the inter-motor distance (blue arrow). These time
delays were measured immediately after the step of the leading motor (dark
green squares). Similarly, time delay (tL) indicates the average time (dark red
circles) between a step of the trailing motor and the next step of the leading
motor. E and F, similar stepping rate and delay time as in C and D, but on actin
bundles. Conditions: 25 mM imidazole, pH 7.4, 4 mM MgCl2, 1 mM EGTA, 25 mM

KCl, 10 mM DTT.
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These delay time and stepping rate relationships as a function
of inter-motor distance suggest that the leading and trailing
motors mechanically interact under tension. Overall, these
results are similar to our recent observations with myoVa,
except that tL was unaffected by inter-motor distance when
myoVa walked on actin filaments (14).

Discussion

Here we compared the motion of two and four myoVc
motors, coupled via a DNA origami as surrogate cargo, with
that of a single myoVc motor. Our results suggest that myoVc
has unique attributes that specialize it for working in ensembles
to move cargo on actin bundles. We confirmed that a single
myoVc is a non-processive motor on an actin filament but that
it can take multiple steps on actin bundles at low ionic strength
(6). Actin bundles act as a “processivity factor” because the
unbound head of myoVc switched filaments with almost every
step, and thus the additional binding sites for the head in the
bundle significantly reduce the termination probability of the
motor. In contrast to the behavior of a single motor, coupling
two myoVc motors via a common cargo produced continuous,
unidirectional movement. Our labeling strategy furthermore
allowed us to follow the stepping dynamics of one motor
domain of each of the two coupled myoVc molecules, with high
spatial and temporal resolution. Remarkably, the 2-myoVc
complex essentially abolished the back steps and lateral steps
taken by a single myoVc on an actin bundle. A potential mech-
anism is that because motors are mechanically coupled under
tension, one motor can prevent the other from taking back
steps or lateral steps. A similar mechanism was suggested for
mammalian dynein. Whereas a single dynein motor in the
absence of its native activators (dynactin and cargo adaptors
such as BicD) exhibits diffusional movement (20), coupling two
dynein motors decreased the frequency of backward motion
and favored directed transport along the microtubule (17). In
cells, it is typical for multiple motors to work together to trans-
port intracellular cargo, but in the case of myoVc multiple
motor transport appears to be a necessity (18, 21–23).

Bundle preference

The preference of myoVc for actin bundles is evidenced by
the observations that a single myoVc motor requires bundles to
move processively at low ionic strength and even small ensem-
bles of myoVc require bundles to move continuously near phys-
iologic ionic strength. Our previous work showed that elements
in the lever arm/rod of myoVc were responsible for the large
number of back steps that myoVc takes (6). The junction
between the lever arm and rod of myoVc may be extremely
flexible and cause an unfavorable geometry between the
unbound head and the next binding site on a single actin fila-
ment, but allow forward motion on actin bundles which pro-
vides additional lateral binding sites for myoVc motors. The
step size of myoVc is also shorter (66 � 27 nm) than the helical
pitch of the actin filament, in contrast to processive myoVa
whose step size of 72 � 12 nm on actin filaments more closely
matches the helical pitch of the actin filament. Therefore, the
lateral steps of myoVc may also result from the structural mis-
match between the step size of myoVc and available actin-bind-

ing sites. If the unbound head cannot bind to the next binding
site on the same filament, it could bind to the adjacent filament
within a bundle and thus prevent detachment.

A single myoVc transitions from being non-processive on
single filaments to processive on bundles, but the 2- and
4-myoVc complexes also show longer run lengths on bundles
compared with filaments. This property may be an adaptation
to help restrict the activity of myoVc to specialized actin cables,
such as those assembled during the final stages of secretion in
the exocrine pancreas (5). In contrast, 2- or 4-motor complexes
of the processive myoVa isoform show shorter run lengths on
bundles than on single actin filaments. It is possible that myoVa
experiences an off-axis resistive load on an actin bundle, which
results in a higher termination rate from the track. The myoVa
was shown to be sensitive when an off-axis resistive load was
applied by an optical trap in a particular direction (24), but this
property was not tested for myoVc.

Run lengths of small ensembles

Run lengths of 2- and 4-motors complexes of myoVc are
lower than for myoVa (Table 1). We previously showed that
each processive myoVa motor within a 2-motor complex coor-
dinates to move continuously on a single actin filament.
Remarkably, a 2-motor complex of myoVa is driven by single
motor for �50% of the time (14, 15). When one of two myoVa
motors detaches from the actin filament, the other attached
motor is still capable of taking multiple steps on an actin fila-
ment. The detached motor can rebind and continue processive
movement (14).

Single molecules of myoVc, in contrast, cannot move pro-
cessively on single actin filaments, and thus when one motor
within the 2-myoVc complex detaches, the second motor
simultaneously detaches. Therefore, it is expected that the run
length of 2- or 4-motor complexes of myoVc will be shorter
than that of myoVa, as observed.

MyoVc molecules coordinate to transport cargo

Modeling and experimental studies suggested that if motors
are independent of each other, the velocity will remain the
same, and the run length will increase greatly compared with a
single motor (18, 25, 26). Our results showed that the velocity of
the 2-myoVc complex was reduced by 25%, and the run length
increased �2-fold, compared with a single myoVc, suggesting
that the 2 motors are mechanically coupled under tension. Sim-
ilar results were obtained when two processive myoVa motors
were physically linked using a Qdot or a DNA scaffold (14, 15).
Our result is consistent with the observation that motors can
negatively interfere with each other during motion (19).

The mechanical interaction between two coupled motors
also depends on the stiffness of the cargo and properties of the
motor (15, 27, 28). Here we showed that two myoVc motors
have longer run lengths when coupled via a flexible DNA linker
compared with a rigid linker. Future studies with motors bound
to liposomes, which more closely mimic cellular cargo, will pro-
vide further insight into the effect of cargo stiffness on motion,
although the strict control of motor number is lost with this
approach (27).

MyoVc motors coordinate to transport cargo
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Because two motors are physically linked, it is expected that
when the leading motor experiences a resistive load by the trail-
ing motor, the trailing motor would also experience an assistive
load by the leading motor. This result is supported by our
observation that the stepping rate of the leading myoVc motor
decreased rapidly at a higher inter-motor distance, whereas the
stepping rate of the trailing motor increased. Similar results
were obtained when the 2-myoVc complex moved on actin
bundles. Thus, both the leading and trailing myoVc motors
coordinate with each other and remain mechanically coupled
under tension during cargo transport. This behavior is similar
to what we observed for myoVa (14). Both processive and non-
processive motors thus apply some common mechanisms
related to inter-motor coordination.

The leading and trailing heads of pairs of myoVa versus
myoVc show some differences. Normally, myoVa takes back
steps only when it experiences a resistive load (29). When
2-myoVa motors were linked via a Qdot, the leading myoVa
took a higher number of back steps than the trailing motor (11%
versus 3%), indicating that the leading motor is sensitive to the
resistive load applied by the trailing motor (14). Optical trap-
ping studies also showed that myoVa is more sensitive to resis-
tive load than assistive load (30). In contrast, both the leading
and trailing motors of myoVc took an equal number (�9%) of
back steps, suggesting that due to the stiff linkage, both motors
are exposed to the resistive load applied by its partner motor.
Also, the step lifetimes of the leading and trailing motors of
myoVc were not significantly different, although the backward
stepping lifetime is three times shorter than that of the leading
motor. Interestingly, the delay time analysis with myoVc on
actin filaments showed that both leading and trailing motors
are affected by the inter-motor distance, suggesting that myoVc
is equally sensitive to resistive and assistive loads (Fig. 8, D
and F). In contrast, the delay time analysis of myoVa showed
(14) that only the trailing motor coordinates with the leading
motor as the inter-motor distance is increased, indicating
that there is a differential effect on myoVa heads by the resis-
tive load. We propose that when an ensemble of myoVc
motors transports cargo, the motors coordinate with each
other and build up strain through their linkage that impacts
the stepping dynamics and results in a reduced velocity but
longer run length.

Biological implications

MyoVc is associated with secretory granules and is likely
involved in their trafficking (4). Transiently formed actin bun-
dles, nucleated by formins at the plasma membrane, are the
tracks on which zymogen granules are trafficked prior to secre-
tion in the exocrine pancreas (5). This cellular observation is
consistent with the findings here and in Ref. 6, which showed a
clear preference of myoVc for actin bundles, such that even
teams of myoVc require bundles for continuous motion at
physiologic ionic strength. The coordination we show here
between myoVc motors in small ensembles is likely to be a
mechanism that ensures efficient secretory granule transport in
the cell.

Experimental procedures

Protein expression, purification, and actin bundle preparation

Dimeric, constitutively active subfragments of human
myoVc (amino acids 1–1105) and mouse myoVa (amino acids
1–1098) were cloned with a SNAP tag at the C terminus fol-
lowed by a FLAG tag for affinity purification. Each heavy chain
contained a biotin tag at the N terminus for attachment of
streptavidin Qdots. The biotin tag consisted of 88 residues from
the Escherichia coli biotin carboxyl carrier protein (31). The
heavy chain was co-expressed with a calcium-insensitive cal-
modulin (Cam�all) (32) to favor complete occupancy of the
light chain-binding sites, using the baculovirus/Sf9 cell system
as described previously (6, 33, 34). Actin bundles were prepared
using actin cross-linked protein fascin as described (16, 33, 35).

Design of DNA origami nanotube

The DNA origami nanotubes were designed as described
previously (12, 17). In brief, one or two benzylguanine (SNAP-
tag substrate) molecules per myoVa- or myoVc-binding site
were attached to the staple strands corresponding to binding
sites, i.e. columns 1, 13, 25, and 37 on the DNA origami. For
imaging purpose, four Cy3 molecules were attached to the
DNA, which were located at one end (columns 1–3) of the DNA
origami. The folding was conducted by mixing the “base staple
mix” containing Cy3-labeled staple strands, the benzylguanine
staples, and viral single-stranded DNA (M13mp18 DNA) in
TAE Mg2	 buffer (40 mM Tris acetate, pH 8.0, 1 mM EDTA and
4 mM Mg(OAc)2). Then, the mixture was heated at 80 °C for 5
min, followed by two-step cooling from 80 to 60 °C. The DNA
origami contains 1, 2, or 4 binding sites that are separated by 58
nm. DNA scaffolds were prepared as described previously (7).

Conjugation of motor proteins with a DNA origami nanotube
or DNA scaffold

Before conjugation with motor proteins, DNA origami nano-
tubes were purified with a centrifugal filter device. Briefly, 100
�l of DNA origami nanotubes were transferred to an Amicon
Ultra-0.5 filter device (Millipore, 100-kDa MWCO) and
washed four times with TAE Mg2	 buffer according to the
manufacturer’s instructions. The concentration of DNA was
measured spectrophotometrically at 260 nm. DNA was precip-
itated by adding 8% (w/v) PEG8000 (MP Biomedicals) in buffer
A (25 mM imidazole, pH 7.4, 4 mM MgCl2, 1 mM EGTA, 25 mM

KCl, 10 mM DTT) and spun at 15,000 
 g for 15 min at 22 °C.
The precipitated DNA was resuspended in buffer A, mixed with
myoVc (or myoVa) at a molar ratio of 5:1 (protein to binding
sites), and incubated for 1 h at 27 °C. The unbound motor pro-
teins were removed by passing through �450 �l of Sephacryl
S-500 HR (GE Healthcare) packed in a spin column at 1000 
 g
for 12 s. Conjugation of SNAP-tagged myoVc or myoVa to a
double-stranded DNA scaffold was carried out as described
(36). The DNA origami-motor complex was diluted to 1 �M

myoVc or myoVa motor for experiments.
All DNA origami nanotubes were labeled with Cy3 dyes that

were attached to one end of the nanotube. DNA origami con-
taining a single motor was detected from Cy3 or Qdot fluores-
cence using TIRF microscopy. The streptavidin Qdot (emits at
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655 nm) was mixed with myoVa or myoVc at a molar ratio of 4:1
in buffer B (buffer A plus 1 mg/ml BSA) and incubated for 15
min at room temperature. At this molar ratio, �90% of the
Qdots were bound with a single myoVc or myoVa motors cal-
culated using binomial statistics (16). For preparing the 2-mo-
tor complex (Fig. 1A), we mixed 2 �l of 1 �M streptavidin-
conjugated red (emits at 655 nm) and 2 �l of 1 �M green Qdots
(emits at 655 nm) into 1 �l of 1 �M myoVa or myoVc (origami-
motor complex) in buffer B (buffer A plus 1 mg/ml BSA) and
incubated for 15 min at room temperature. Streptavidin-con-
jugated Qdots were attached specifically to the biotinylated
head domain of the motor. A 4-fold molar excess of Qdot over
motor was used so that all motors would be labeled with Qdots.
If both binding sites on the DNA origami are occupied by
motors labeled with Qdots, there will be four equal probabili-
ties: red:red, green:green, red:green, and green:red. Therefore,
it is expected that a maximum of 50% of the DNA origamis will
be dual color (red and green). We counted the number of Qdot-
labeled motors bound to actin filaments and showed that �40%
(n � 165) of complexes were labeled with dual color Qdots (Fig.
1C). This analysis suggests that the binding affinity of myoVc
motors to the origami and labeling with Qdots were both very
efficient (80%). Because we have mixed motor to Qdots at a
molar ratio of 1:4, it is expected that �10% of motors would be
unlabeled. Therefore, 90% of the binding sites on the origami
will be occupied by the motor. The experiments of the 2-motor
complex were conducted either at 1 mM MgATP for run length
and velocity measurements or at 2 �M MgATP for resolving the
individual motor steps.

The efficiency of two motors binding to the origami is very
high (90%), and the same trend should persist in the 4-motor
case. Based on the statistics for two binding sites on an origami,
we calculated using binomial statistics that 65% of the origami
will be fully occupied by four motors, and the remaining 35%
origami contained either 3, 2, or 1 motor. On average, 3.6
motors were attached to the origami containing four binding
sites. DNA origami containing four myoVc motors on actin
filament was detected from Qdots. The streptavidin Qdot to
myoVc was mixed at a molar ratio of 1:1 so that at least one of
four motors were conjugated with Qdot. The myoVc on actin
bundle and myoVa on actin filament or bundle were either
detected from Cy3 attached to the origami or Qdot (anti-mouse
IgG-conjugated Qdots) attached to the origami using Cy3. To
visualize Cy3-labeled origami with a Qdot, anti-mouse IgG-
conjugated Qdots (Invitrogen; emission 655 nm) were mixed
with anti-Cy3 (Sigma) at a molar ratio of 1:3 and incubated for
2 h on ice. A 4-fold molar excess of Qdots was then mixed with
the Cy3-labeled origami.

Microscopy and data analysis

In vitro motility experiments were performed at room tem-
perature (23 � 1 °C) using a TIRF microscope as described pre-
viously (37). Experiments were performed in buffer A (25 mM

imidazole, pH 7.4, 4 mM MgCl2, 1 mM EGTA, 25 mM KCl, 10
mM DTT) except where noted. Qdots and actin filaments were
excited with a 488-nm argon laser. Typically, 1000 images were
captured at 10 –30 frames/s (1 pixel � 117 nm) using an inten-
sified CCD camera (Stanford Photonics, CA). Qdots were

tracked using the SpotTracker 2D or MtrackJ plugins of ImageJ
1.41v to generate motion paths in two dimensions or to mea-
sure the total run length (National Institutes of Health,
Bethesda, MD) as described (37). Digital images (red and green
Qdots) were corrected for color registration error as described
(37). Quantum dot-labeled motors were tracked with high spa-
tial and temporal resolution as described previously (33).

Velocity and run length of Qdot-labeled motors were calcu-
lated as described previously (37). For step size measurements,
experiments were performed at a low ATP concentration (2 �M

MgATP). Qdot-labeled motors were tracked using the Spot-
Tracker 2D, which provides x,y data of the motion. We then
plotted displacement versus time trajectories. Using a step-
finding program (38), the step sizes and step lifetimes were
determined. On actin bundles, step sizes were measured from
the average x,y values, which were identified using a step-find-
ing program from the time versus displacement trajectory. Step
sizes were plotted in a histogram and fitted to a Gaussian dis-
tribution function and reported as mean � S.D. The step life-
time of both leading and trailing motors was plotted in a histo-
gram and fitted using the equation P(t) � tk2e�kt, where 1/k is
the step lifetime (39) and reported as mean � S.E. of the fit. For
statistical significance, a Kruskal-Wallis test with Dunn’s mul-
tiple comparisons test was performed for run length using
GraphPad Prism. The Kolmogorov-Smirnov test with 95% con-
fidence interval was used for the comparison of two sets of run
length and step lifetime. For the statistical analysis of multiple
sets of velocity data, ANOVA with Bonferroni multiple com-
parisons test was performed in GraphPad Prism. For statistical
significance between two sets of velocity, unpaired t test with
95% confidence interval was performed. A p value � 0.05
between two sets of data was considered to be statistically sig-
nificant. Stepping rate and delay time of motors were measured
as a function inter-motor distance as described (14).
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