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ABSTRACT: Myosin X forms an antiparallel dimer and moves processively on
actin bundles. How the antiparallel dimer affects the stepping mechanism of
myosin X remains elusive. Here, we generated several chimeras using domains of
myosin V and X and performed single-molecule motility assays. We found that the
chimera containing the motor domain from myosin V and the lever arm and
antiparallel coiled-coil domain from myosin X has multiple forward step sizes and
moves processively, similar to full-length myosin X. The chimera containing the
motor domain and lever arm from myosin X and the parallel coiled-coil from
myosin V takes steps of ∼40 nm at lower ATP concentrations but was
nonprocessive at higher ATP concentrations. Furthermore, mutant myosin X with
four mutations in the antiparallel coiled-coil domain failed to dimerize and was
nonprocessive. These results imply that the antiparallel coiled-coil domain is
necessary for multiple forward step sizes of myosin X.

Motor proteins including myosin, kinesin, and dynein are
powered by ATP hydrolysis and exert mechanical force

to perform many biological functions including intracellular
transport of organelles, cytokinesis, muscle contraction, cell
movement, and mechanotransduction.1,2 Myosin moves on
actin filaments, whereas kinesin and dynein move on
microtubules.1 The myosin superfamily consists of at least 79
classes of motor proteins.3 Generally, myosin is composed of
the motor domain, lever arm, coiled-coil domain, and targeting
(or cargo-binding) domain.2,4 Most unconventional myosins
including myosin V and VI form parallel dimers and move
processively on actin filaments.5−10 The parallel dimerization
of these unconventional myosins allows two motor domains of
the dimerized motor to be juxtaposed parallelly on a single
actin filament, which enables these myosins to move on the
actin filament processively.11 Recently, the native coiled-coil
domain of myosin X was found to form an antiparallel dimer
using hydrophobic and charge−charge interaction.11,12 How-
ever, how the antiparallel coiled-coil domain affects the
stepping mechanisms of myosin X is still poorly understood.
Myosin X, as an unconventional myosin, moves processively

on fascin-bundled actin (actin bundles)12−15 and transports
specific cargoes including β-integrin and Mena/VASP to
filopodial tips effectively.16,17 Thus, myosin X is necessary for
the formation and elongation of filopodia which are finger-like
plasma membrane protrusions containing actin bundles in
cells.17−19 Myosin X plays important roles in cancer meta-
stasis20,21 and neuritogenesis.22 Furthermore, myosin X is also
involved in cytoskeleton reorganization23 and cell migration.24

In addition to the antiparallel coiled-coil domain, myosin X
contains an N-terminal motor domain, three calmodulin
(CaM)-binding sites (IQ motifs), a stable single alpha helical
(SAH) domain, and a C-terminal cargo-binding domain
(Figure 1A).12,15,25 Three IQ motifs and the SAH domain
constitute a flexible lever arm of myosin X,1,26,27 which
amplifies changes in the motor domain of myosin X to
generate a power stroke. Like other unconventional myosins
including myosin V7,28 and myosin VI,5,29 myosin X was
reported to walk via a hand-over-hand model.12,14,15,30,31

Interestingly, recent single-molecule motility assays revealed
that myosin X has unique stepping behaviors including
multiple forward step sizes and frequent backward step-
ping.12,15,25,32 What domain causes the unique multiple step
sizes of myosin X is an important question but remains elusive.
To address this question, we first performed in vitro single-

molecule motility assays of full-length myosin X, which
contains the mApple (a red fluorescence protein)-fused
motor domain, 3 IQ motifs, the SAH domain, and the
cargo-binding domain (Figure 1A). We immobilized actin
filaments and bundles to coverslips using NEM myosin and
added full-length myosin X containing mApple-fused motor

Received: February 23, 2023
Accepted: May 4, 2023
Published: May 18, 2023

Letterpubs.acs.org/JPCL

© 2023 The Authors. Published by
American Chemical Society

4914
https://doi.org/10.1021/acs.jpclett.3c00512
J. Phys. Chem. Lett. 2023, 14, 4914−4922

D
ow

nl
oa

de
d 

vi
a 

A
L

B
E

R
T

 E
IN

ST
E

IN
 C

O
L

G
 M

E
D

IC
IN

E
 I

N
C

 o
n 

Ju
ne

 1
5,

 2
02

6 
at

 1
9:

09
:0

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Quang+Quan+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yangbo+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Man+Sze+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xianan+Qin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Harry+Chun+Man+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoyan+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoyan+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="H.+Lee+Sweeney"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyokeun+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.3c00512&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00512?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00512?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00512?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00512?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00512?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpclcd/14/21?ref=pdf
https://pubs.acs.org/toc/jpclcd/14/21?ref=pdf
https://pubs.acs.org/toc/jpclcd/14/21?ref=pdf
https://pubs.acs.org/toc/jpclcd/14/21?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c00512?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


domain without ATP to allow myosin X to dimerize on actin
filaments and bundles, using the previously published
dimerization method for full-length myosin VI.6 We observed
the motility of myosin X after the addition of ATP. Using a
method called fluorescence imaging with one-nanometer
accuracy (FIONA),7,33−35 we located the centroid of
mApple-fused motor domains of full-length myosin X and
tracked their motion. Full-length myosin X was highly
processive on actin filaments and actin bundles at 2 μM
ATP (Figure 1B). Using the widely used MATLAB program
(see the Supporting Information for methods), we detected the
steps of myosin X on actin filaments and actin bundles. Full-

length myosin X had a broad distribution of step sizes on actin
filaments and bundles, similar to the previous results of myosin
X.12,15,25 The broad step size of full-length myosin X on actin
filaments was better fitted with the sum of 6 Gaussian
components centered at −36.4 ± 10.7 (± standard deviation
(SD)), 26.6 ± 5.9, 38.1 ± 6.3, 46.7 ± 4.9, 61.4 ± 4.4, and 68.8
± 15.0 nm (Figure 1C1; Table 1), indicating that myosin X
has multiple forward step sizes on actin filaments. The broad
step size of myosin X on actin bundles was better fitted with
the sum of 6 Gaussian components centered at −46.5 ± 14.0,
26.5 ± 4.2, 49.5 ± 10.0, 62.4 ± 6.9, 78.2 ± 8.4, and 102.7 ±

Figure 1. Motility of full-length myosin X. (A) Schematic of full-length myosin X structure. Full-length myosin X contains mApple-fused motor, 3
IQs for calmodulin-binding, single alpha helical (SAH), proline, glutamate, serine and threonine enriched domain (PEST), pleckstrin homology
(PH), myosin tail homology 4 (MyTH4), Band 4.1 protein, Ezrin, Radixin, Moesin (FERM) domains. (B) Representative traces of full-length
myosin X moving on actin filaments (B1) and actin bundles (B2) at 2 μM ATP. (C) Step size histograms of full-length myosin X moving on actin
filaments (C1) and actin bundles (C2) at 2 μM ATP. The step size histogram of full-length myosin X moving on actin filaments was fitted with the
sum of 6 Gaussian components centered at −36.4 ± 10.7 (± SD), 26.6 ± 5.9, 38.1 ± 6.3, 46.7 ± 4.9, 61.4 ± 4.4, and 68.8 ± 15.0 nm (n = 239
steps). The histogram of full-length myosin X moving on actin bundles was fitted with the sum of 6 Gaussian components entered at −46.5 ± 14.0,
26.5 ± 4.2, 49.5 ± 10.0, 62.4 ± 6.9, 78.2 ± 8.4, and 102.7 ± 6.4 (n = 196 steps). These fittings indicate that full-length myosin X has multiple
forward step sizes. (D) Cumulative run-length of full-length myosin X on actin filaments (D1) and actin bundle (D2) at 2 mM ATP. Average run-
length of myosin X on actin filaments was 0.37 ± 0.17 μm (N = 20 myosin X molecules). Average run-length of myosin X on actin bundles was
0.59 ± 0.26 μm (N = 20).
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6.4 nm (Figure 1C2; Table 1), indicating that full-length
myosin X has multiple forward step sizes on actin bundles.
Among multiple step sizes, some step sizes were larger than

the previously reported step sizes.12 The combined analyses of
step sizes and fluorescence intensities showed that myosin X
took the larger step size after the photobleaching of one
mApple in one motor domain, similar to the previous report of
myosin X containing Alexa Fluor 488 molecules in each
monomer.31 Furthermore, some larger step sizes may be
related to not detecting fast steps during our exposure time of
the EMCCD camera. Recent real-time two-color tracking of
two motor domains labeled with two spectrally distinct
fluorescent molecules showed frequent fast steps of myosin
X, which were not resolved with an exposure time of 0.1 s.15

Moreover, full-length myosin X showed high processivity on
actin filaments and actin bundles at physiological ATP
concentration (2 mM ATP) (Figure 1D; Table 1). Run-length
of full-length myosin X on actin bundles was larger than those
of full-length myosin X on actin filaments (Table 1, p = 0.0021,

Student’s t test). The larger run length of myosin X suggests
the selectivity of myosin X for actin bundles.
To study the effect of the antiparallel coiled-coil domain on

the stepping mechanism of myosin X, we generated chimeras
which either replaced the motor domain of myosin X with that
of myosin V or replaced the antiparallel coiled-coil of myosin X
with the parallel coiled-coil of myosin V. First, we constructed
the mApple-fused chimera which replaced the motor domain
and the first IQ motif of myosin X with those of myosin V
(Figure 2A). This chimera retains the flexible lever arm and
antiparallel coiled-coil domain of myosin X. In vitro single-
molecule motility assay of the chimera with antiparallel coiled-
coil domain and analyses using FIONA showed processive
motion on actin filaments (Figure 2B1) and actin bundles
(Figure 2B2) at 2 μM ATP. The chimera with the antiparallel
coiled-coil domain had a broad distribution of step sizes on
actin filaments and bundles (Figure 2C). The broad step size
of the chimera with the antiparallel coiled-coil domain on actin
filaments was better fitted with the sum of 7 Gaussian

Table 1. Step Size, Run-Length, and Frequency of Backward Steps of Full-Length Myosin X, Myosin V, and Chimeras on Actin
Filaments and Actin Bundles

Step size (nm)
(2 μM ATP)

Run-length (μm)
(2 mM ATP)

Construct Mean SD n Mean SD N
% backward

steps

Full-length myosin X on actin filaments −36.4 10.7 239 0.37 0.17 20 11%
26.6 5.9
38.1 6.3
46.7 4.9
61.4 4.4
68.8 15.0

Full-length myosin X on actin bundles −46.5 14.0 196 0.59 0.26 20 7%
26.5 4.2
49.5 10.0
62.4 6.9
78.2 8.4
102.7 6.4

Myosin V on actin filaments −35.3 13.7 176 0.83 0.40 20 5%
36.3 11.1
69.3 6.8

Myosin V on actin bundles −26.2 12.1 169 0.64 0.26 20 3%
36.9 10.3
66.9 5.4

Chimera with the motor domain from myosin V and the lever arm and antiparallel coiled-coil
domain from myosin X on actin filaments

−40.1 11.9 130 1.10 0.35 31 5%
26.1 0.5
42.9 9.8
59.4 2.1
71.7 4.8
90.7 5.4
115.8 4.3

Chimera with the motor domain from myosin V and the lever arm and antiparallel coiled-coil
domain from myosin X on actin bundles

−46.9 9.2 138 1.12 0.43 28 9%
33.7 1.2
45.0 10.5
56.8 1.7
73.6 9.3
94.3 2.2
115.9 11.4

Chimera with the motor and lever arm domain from myosin X and the parallel coiled-coil domain
from myosin V on actin filaments

−30.9 15.5 208 No processive
motility

9%
40.3 17.5

Chimera with the motor and lever arm domain from myosin X and the parallel coiled-coil domain
from myosin V on actin bundles

−28.0 18.8 202 No processive
motility

4%
40.6 11.6
72.7 5.9
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components centered at −40.1 ± 11.9, 26.1 ± 0.5, 42.9 ± 9.8,
59.4 ± 2.1, 71.7 ± 4.8, 90.7 ± 5.4, and 115.8 ± 4.3 nm on actin
filaments (Figure 2C1; Table 1), which implies that the
chimera with the antiparallel coiled-coil domain has multiple
forward step sizes on actin filaments, similar to full-length
myosin X. The step size histogram of the chimera with the
antiparallel coiled-coil domain on actin bundles was better
fitted with the sum of 7 Gaussian components centered at
−46.9 ± 9.2, 33.7 ± 1.2, 45.0 ± 10.5, 56.8 ± 1.7, 73.6 ± 9.3,
94.3 ± 2.2, and 115.9 ± 11.4 nm on actin bundles (Figure
2C2; Table 1), implying that the chimera with the antiparallel

coiled-coil domain has multiple forward step sizes on actin
bundles similar to full-length myosin X. The similar multiple
forward step sizes between the chimera with the antiparallel
coiled-coil domain and full-length myosin X suggest that the
antiparallel coiled-coil domain plays an important role in the
step size of myosin. Furthermore, the chimera with the
antiparallel coiled-coil domain showed high processivity on
actin filaments with average run-length of 1.10 ± 0.35 (N =
31) (Figure 2D1; Table 1) and on actin bundles with average
run-length of 1.12 ± 0.43 (N = 28) (Figure 2D2; Table 1) at a
physiological ATP concentration. The similar run-length of the

Figure 2. Motility of chimera with the motor domain from myosin V and the lever arm and antiparallel coiled-coil domain from myosin X. (A)
Schematic of the chimera which contains the motor and the first IQ domain from myosin V (blue) and the second and third IQs and antiparallel
coiled-coil domain from myosin X (green). (B) Representative traces of the chimera with the antiparallel coiled-coil domain moving on actin
filaments (B1) and actin bundles (B2) at 2 μM ATP. (C) Step size histograms of the chimera with the antiparallel coiled-coil domain moving on
actin filaments (C1) and actin bundles (C2) at 2 μM ATP. The step size histogram of the chimera on actin filaments was fitted with the sum of 7
Gaussian components centered at −40.1 ± 11.9, 26.1 ± 0.5, 42.9 ± 9.8, 59.4 ± 2.1, 71.7 ± 4.8, 90.7 ± 5.4, and 115.8 ± 4.3 nm (n = 130 steps).
The step size histogram of the chimera on actin bundles was fitted with the sum of 7 Gaussian components centered at −46.9 ± 9.2, 33.7 ± 1.2,
45.0 ± 10.5, 56.8 ± 1.7, 73.6 ± 9.3, 94.3 ± 2.2, and 115.9 ± 11.4 nm (n = 138 steps). These fittings indicate that the chimera with the antiparallel
coiled-coil domain has multiple step sizes. (D) Run-length of chimera with the antiparallel coiled-coil domain moving on actin filaments (D1) and
actin bundles (D2) at 2 mM ATP. The average run-length on actin filaments was 1.10 ± 0.35 μm (N = 31). The average run-length on actin bundle
was 1.12 ± 0.43 μm (N = 28).
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chimera with the antiparallel coiled-coil domain in contrast to
full-length myosin X can be explained by the previously
published structures of the motor domain of myosin X12 and
myosin V36 revealing that myosin X has a lever arm swing that
will favor stepping off on the actin filament (thereby
encountering another filament in a bundle), while the myosin
V motor tends to have a lever arm swing that favors stepping
on the same actin filament.
To further examine the effects of the coiled-coil domain on

the step sizes, we constructed another chimera which contains
the motor domain and the flexible lever arm from myosin X
and the parallel coiled-coil domain from myosin V, followed by
a leucine zipper (Figure 3A). The chimera with the parallel
coiled-coil domain showed processive motion on actin

filaments (Figure 3B1) and actin bundles at 2 μM ATP
(Figure 3B2). The step size histogram of the chimera with the
parallel coiled-coil domain on actin filaments was fitted with
the sum of 2 Gaussian components, which showed −30.9 ±
15.5 nm in the backward step and 40.3 ± 17.5 nm in the
forward step (Figure 3C1). The single forward step size of the
chimera with the parallel coiled-coil domain on actin filaments
is in contrast to multiple forward step sizes of full-length
myosin X and the previous chimera with the antiparallel coiled-
coil domain on actin filaments. The step size histogram of the
chimera with the parallel coiled-coil domain on actin bundles
was fitted with the sum of 3 Gaussian components, showing
−28.0 ± 18.8 nm in the backward step and 40.6 ± 11.6 nm
and 72.7 ± 5.9 nm in the forward step (Figure 3C2). The

Figure 3. Motility of chimera with the motor and lever arm domain from myosin X and the parallel coiled-coil domain from myosin V on actin
filaments and actin bundles. (A) Schematic of chimera which contains the motor and lever arm domain from myosin X (green) and the parallel
coiled-coil domain from myosin V (blue). (B) Representative traces of the chimera with the parallel coiled-coil domain moving on actin filaments
(B1) and actin bundles (B2) at 2 μM ATP. (C) Step size histogram of the chimera with the parallel coiled-coil domain moving on actin filaments
(C1) and actin bundles (C2) at 2 μM ATP. The step size histogram with the parallel coiled-coil domain on actin filaments was fitted the sum of 2
Gaussian components centered at −30.9 ± 15.5 and 40.3 ± 17.5 nm (n = 208). The step size histogram on actin bundles was fitted with the sum of
3 Gaussian components centered at −28.0 ± 18.8, 40.6 ± 11.6, and 72.7 ± 5.9 nm (n = 202). (D) Run-length of the chimera with the parallel
coiled-coil domain at different ATP concentrations. Chimera with the parallel coiled-coil domain was nonprocessive at high ATP concentrations.
(E) Velocity of the chimera at different ATP concentrations.
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second step size in the forward step was roughly double the
first forward step size, implying that the second large step size
is related to the motion of one motor domain of the chimera
after mApple in the other motor domain photobleached,
similar to the observation of our full-length myosin X and
other myosin.31 Interestingly, the forward step sizes of the
chimera with the parallel coiled-coil domain on actin filaments
(40.3 nm) and actin bundles (40.6 nm) were larger than the
distance between the helical repeats of actin filaments (36 nm).
To test whether the observed single forward step size of the
chimera with the parallel coiled-coil domain is closely related
to the parallel coiled-coil domain of myosin V, we performed in
vitro single-molecule motility assays of mApple-fused myosin
V, which contains the rigid lever arm and parallel coiled-coil
domain (Supporting Figure 1). Myosin V was processive on
actin filaments (Supporting Figure 1A1) and actin bundles
(Supporting Figure 1A2). The step size histogram of myosin V
on actin filaments was fitted with the sum of 3 Gaussian
components, which show −35.3 ± 13.7 nm in the backward
step and 36.3 ± 11.1 and 69.3 ± 6.8 nm in the forward steps
(Supporting Figure 1B1). The step size histogram of myosin V
on actin bundles was also fitted with the sum of 3 Gaussian
components, showing −26.2 ± 12.1 nm in the backward step

and 36.9 ± 10.3 nm and 66.9 ± 5.4 nm in the forward step
(Supporting Figure 1B2). The second forward step sizes of
myosin V (69.3 and 66.9 nm) were almost double the first
forward step size (∼36 nm), suggesting that the second
forward step sizes might be caused by the motion of one motor
domain of myosin V after mApple in the other motor domain
photobleached, similar to full-length myosin X and other
chimeras. The single step size of myosin V and the chimera
with the parallel coiled-coil domain suggests that the parallel
coiled-coil domain may cause the single step size on actin
filaments and bundles. Although the chimera with the parallel
coiled-coil domain showed processive motion at 2 μM ATP,
this camera was nonprocessive at a physiological ATP
concentration. To find the concentration of ATP at which
the chimera with the parallel coiled-coil domain does not take
processive motion, we performed in vitro single-molecule
motility assay at varying ATP concentrations. We found that
the chimera with the parallel coiled-coil domain was processive
on actin filaments only up to 30 μM ATP and on actin bundles
only up to 20 μM ATP (Figure 3D; Table 2). The velocity of
this chimera increased up to 30 μM ATP on actin filaments
and up to 20 μM ATP on actin bundles (Figure 3E; Table 2).

Table 2. Run-Length and Velocity of Chimera with the Motor and Lever Arm Domain from Myosin X and the Parallel Coiled-
Coil Domain from Myosin V on Actin Filaments and Actin Bundles at Different ATP Concentration

Run-length (μm) Velocity (nm/s)

Actin track ATP concentration Mean SD SE N Mean SD SE N

Actin filaments 2 μM 0.43 0.13 0.03 23 57.2 24.9 5.2 23
20 μM 0.67 0.37 0.08 20 288.7 138.1 30.9 20
30 μM 0.71 0.31 0.07 21 307.4 133.3 29.1 21
2 mM No processive motility No processive motility

Actin bundles 2 μM 0.51 0.24 0.05 24 63.9 23.8 4.9 24
20 μM 0.67 0.42 0.09 22 174.2 68.0 14.5 22
30 μM No processive motility No processive motility
2 mM No processive motility No processive motility

Figure 4.Mutations in the antiparallel coiled-coil domain disrupt the dimerization of myosin X. (A) Schematic of mutant myosin X which contains
four mutations in the antiparallel coiled-coil domain. (B) Representative fluorescent intensity trace of mutant myosin X showing one-step
photobleaching. (C) Prevalence of one-step and two-step photobleaching of mutant myosin X (N = 40 molecules).
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To confirm the importance of the antiparallel coiled-coil in
the stepping of myosin X, we constructed mutant myosin X,
which disrupts interactions between the antiparallel coiled-coil
domain of each monomeric myosin X. Recent structural
analyses showed that the conserved residues, including I890,
L893, I897, L900, and K904, induce strong hydrophobic and
charge−charge interaction between the antiparallel coiled-coil
domain in each monomeric myosin X.11 We replaced these
residues with alanine or glutamine (I890A, L893Q, I897A, and
K904A) to disrupt the hydrophobic interaction in the
antiparallel coiled-coil domain of myosin X (Figure 4A). In
vitro single-molecule motility assay showed that mutant myosin
X was not processive on actin filaments and actin bundles. To
find whether the nonprocessive motion is caused by the failure
of dimerization, we analyzed the photobleaching steps of
mutant myosin X using strong laser power.37 Around 80% of
mutant myosin X showed one-step photobleaching (Figure
4B,C), which implies that the disruption of the antiparallel
coiled-coil domain of myosin X prevents the formation of
dimers and destroys processive motion on actin filaments and
actin bundles.
The traditional stepping mechanism of unconventional

myosins on actin filaments was based on the studies of Myosin
V, which contains the rigid 6IQ and stable parallel coiled-coil
domain.38 The parallel dimerization of myosin V enables two
heads of the dimerized myosin V to be juxtaposed to a single
actin filament with at least one head attached to the actin
filament to prevent myosin V from detaching actin filaments
and terminating the processive run. Thus, the parallel
dimerization of myosin V is crucial for its processive motion
on actin filaments. This traditional stepping model applies to
other unconventional myosins containing parallel coiled-coil
domains. In this study, we showed that the unique antiparallel
coiled-coil domain of myosin X allows the multiple forward
step sizes and the processive motion on actin filaments and
bundles.
Multiple forward step sizes by the antiparallel coiled-coil

domain of myosin X allow myosin X to move on several actin
filaments in an actin bundle, which can reduce the possibility
of being obstructed by proteins or organelles in the crowded
cellular environment during transport. Moreover, multiple
forward step sizes of myosin X can shorten the searching time
of the motor domain using many nearby available binding sites
on actin bundles. Owing to these advantages, myosin X
transports unique membrane-localized cargoes including β-
integrin on actin bundles effectively to filopodia tips,39 which is
required for the formation and elongation of filopodia19 and is
crucial for fast growth of neurites in neurons and filopodia in
cancer cells. Thus, the antiparallel coiled-coil domain optimizes
functions of myosin X in cells.
Interestingly, the chimera with the motor domain and

flexible lever arm from myosin X and the parallel coiled-coil
domain and leucine zipper from myosin V was not processive
at a physiological ATP concentration. A major difference
between the parallel and antiparallel coiled-coil domain is that
the former positions two heads above the actin filament
whereas the latter places two heads in close proximity to the
actin surface. When the antiparallel coiled-coil domain is
coupled with the flexible lever arm of myosin X, it allows the
head to explore a large volume near the filament surface, which
is particularly advantageous for movement on an actin bundle.
However, when this explored volume is moved away from the
actin filament surface by a parallel coiled-coil domain, the time

needed to find the preferred binding site is simply too long to
support processive movement. This nonprocessive motion of
this chimera with the parallel coiled-coil domain at higher ATP
concentrations may be exacerbated by off-axis stepping of
myosin X causing the forward step size of this chimera to be
larger than the distance of helical repeat of actin filaments (36
nm). That is, the discrepancy between the single forward step
size of this chimera and the helical repeat of actin filaments
may provide less time to reposition the motor domain to the
preferred binding sites on actin filaments before the other
motor domain binds ATP and detaches from actin filaments at
higher ATP concentrations. The previous forced antiparallel
dimer of myosin X was not processive on actin filaments at
high ATP concentration, although this antiparallel dimer of
myosin X showed processive motion with two step sizes of 20
and 40 nm at a lower ATP level.32 Furthermore, myosin V
mutant with only 2IQ motifs, whose step size was smaller than
the helical repeat, was weakly processive at 10 μM ATP but
not processive at 2 mM ATP.40 Ultimately, if the coiled-coil
domain positions the unbound head so that an actin-binding
site takes longer to find than the dissociation of the bound
head by ATP, processive motion is destroyed. We suggest that
the antiparallel coiled-coil domain allows the multiple step
sizes of myosin X by positioning both heads close to the
surface of an actin filament (or filaments in a bundle), which
allows the flexible lever arm to explore a number of binding
sites. In contrast, substituting a parallel coiled-coil domain
constrains the number of potential actin-binding sites available
by moving the unbound head away from the filament surface.
Understanding about the relationship between the structures

and stepping mechanisms of molecular motors has contributed
to engineering nanoscale molecular devices.32,41−44 For
example, an engineered bidirectional myosin from the domains
of myosin V and VI was shown to change the moving direction
depending on the Ca2+ level.45 Thus, our finding that the
antiparallel coiled-coil domain of myosin X allows the multiple
step sizes will contribute to designing new nanoscale devices
for carrying cargoes inside the densely crowded cells.
As a summary, the antiparallel coiled-coil domain of myosin

X allows multiple forward step sizes on actin filaments and
bundles. Substitution of a parallel coiled-coil domain greatly
constrains the possible step sizes and destroys processive
motion at higher ATP concentrations. The disruption of this
antiparallel coiled-coil domain prevents the formation of
myosin X dimer and destroys processive motion. Our findings
about the effects of the antiparallel coiled-coil domain on the
stepping behaviors of myosin X provide new insights into the
relationship between the structures and the stepping
mechanisms of molecular motors, which will contribute to
designing new nanoscale machines for transporting cargoes.
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