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Myosin X is a member of the diverse myosin superfamily that is ubiquitously expressed in various mammalian
tissues. Although its association with actin in cells has
been shown, little is known about its biochemical and
mechanoenzymatic function at the molecular level. We
expressed bovine myosin X containing the entire head,
neck, and coiled-coil domain and purified bovine myosin X in Sf9 cells. The Mg2ⴙ-ATPase activity of myosin X
was significantly activated by actin with low KATP. The
actin-activated ATPase activity was reduced at Ca2ⴙ
concentrations above pCa 5 in which 1 mol of calmodulin light chain dissociates from the heavy chain. Myosin
X translocates F-actin filaments with the velocity of 0.3
m/s with the direction toward the barbed end. The
actin translocating activity was inhibited at concentrations of Ca2ⴙ at pCa 6 in which no calmodulin dissociation takes place, suggesting that the calmodulin dissociation is not required for the inhibition of the motility.
Unlike class V myosin, which shows a high affinity for
F-actin in the presence of ATP, the Kactin of the myosin X
ATPase was much higher than that of myosin V. Consistently nearly all actin dissociated from myosin X in the
presence of ATP. ADP did not significantly inhibit the
actin-activated ATPase activity of myosin X, suggesting
that the ADP release step is not rate-limiting. These
results suggest that myosin X is a nonprocessive motor.
Consistently myosin X failed to support the actin translocation at low density in an in vitro motility assay
where myosin V, a processive motor, supports the actin
filament movement.

Myosins are actin-based motor proteins that play a role in
diverse cellular movement. Myosin is composed of a motor
domain containing an ATP and actin binding region, a neck
domain that interacts with specific light chains or calmodulin,
and a tail domain that serves to anchor myosin to a specific
cellular target. In the last decade, a number of different types
of myosins have been discovered by molecular cloning, and
based upon their primary structure of the motor domain they
are classified in at least 18 classes (1– 6).
Myosin X is a newly found myosin from bovine, human (7),
and mouse (8), and it is expressed ubiquitously in various
mammalian tissues. Based upon the deduced amino acid sequence, it is predicted that myosin X consists of a motor domain, three IQ motifs that function as light chain binding sites,
a coiled-coil domain, and a tail domain. Because of the presence
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of a coiled-coil domain, it has been thought that myosin X is a
two-headed myosin. There are three pleckstrin homology domains, one myosin tail homology domain, and one FERM (4.1/
Ezrin/Radixin/Moesin) domain in each heavy chain. Although
the actual function of these domains is not known, they could
play a role in interactions with membrane phospholipids or
other proteins that create an anchoring structure.
By immunocytochemistry, it was found (7) that myosin X is
present at the edge of lamellipodia, membrane ruffles, and the
tip of filopodial actin bundles in cultured cells, suggesting that
myosin X plays a role in regions where actin is in dynamic
reorganization. The localization of myosin X with the actin
structure in cells along with the structural features present in
myosin X that are conserved among various myosins suggests
that myosin X has an actin-based motor activity. However,
nothing is known about the motor function of myosin X at a
molecular level.
There are two aspects underlying the diverse biological function of the myosin superfamily members. One is their unique
tail structure, and it is anticipated that each unique tail determines the cellular target molecules thus distributing each myosin for its proper motile processes. The other is the characteristic of myosins in terms of their motor function and regulation.
It becomes evident that the motor function among various
members of the unconventional myosin subfamily varies
uniquely from one to another; this variation is thought to be
critical for specific physiological roles in diverse cellular motile
processes. Myosin V is a processive motor that can move in
large steps approximating the 36-nm pseudo-repeat of the actin
filament (9, 10). These characteristics are quite important to
understand the cellular function of myosin V because the processive nature with long step size is suitable for motors involved in cargo movement in cells. Another amazing finding is
that myosin VI moves the actin filament with the barbed end
leading, indicating that myosin VI moves toward the pointed
end, whereas all other characterized myosin motors move toward the barbed end (11). Because actin structure in cells has
polarity, the directionality of the movement is quite important
for the physiological relevance of the motor protein.
Although it was originally proposed that a unique large
insertion of 53 residues between the converter domain and IQ
domain of myosin VI plays a key role in the reverse-directed
movement of myosin VI, recent results have suggested that this
is not the case and that the motor domain itself determines the
directionality of myosin VI (12). This raises the possibility that
other unconventional myosins may show reverse directionality.
The role of the IQ motif in unconventional myosins is best
studied in myosin I (13–17) and V (18). These myosins contain
calmodulin as their light chain that associates with the heavy
chain at the IQ region. The ATPase activities of these myosins
are regulated by Ca2⫹-induced calmodulin dissociation from
the myosin heavy chain. On the other hand, motility activities
are completely abolished at pCa 6 in which calmodulin does not
dissociate from myosin heavy chain, suggesting that Ca2⫹-
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induced conformational change of calmodulin, but not physical
dissociation of calmodulin from the heavy chain, is critical for
the regulation of motility activity of these myosins. Although
nothing is known about the regulation of myosin X, a similar
mechanism might be operating because it contains three IQ
motifs at its neck domain.
The aim of this study was to clarify the motor function and
regulation of mammalian myosin X at the molecular level. To
achieve this, we expressed myosin X by using a baculovirus
expression system because the myosin X expression level in
tissues is limited. Our results indicated that myosin X is a plus
end-directed nonprocessive motor whose motility activity is
inhibited at high Ca2⫹.
EXPERIMENTAL PROCEDURES

Materials—Restriction enzymes and modifying enzymes were purchased from New England Biolabs (Beverly, MA). Actin was prepared
from rabbit skeletal muscle acetone powder according to Spudich and
Watt (19). Recombinant calmodulin from Xenopus oocytes (20) was
expressed in Escherichia coli as described previously (21). Smooth muscle myosin and myosin light chain kinase were prepared as described
previously (22, 23). Myosin V heavy meromyosin was prepared as described previously (18). Smooth muscle myosin was phosphorylated
with 15 g/ml myosin light chain kinase in the presence of 10 g/ml
calmodulin, 2 mM ATP, 2 mM MgCl2, 50 mM KCl, and 30 mM Tris-HCl
(pH 7.5) at 25 °C for 15 min in the presence of 1 M microcystin.
Molecular Cloning of the Bovine Myosin X Construct—Three cDNA
clones of bovine myosin X, i.e. clones 17 (nucleotides 1–1564), 27 (nucleotides 976 –2653), and 5-2-1 (nucleotides 2030 –7769), were kindly
provided by Dr. D. P. Corey (Harvard University). An NheI site and an
EcoRI site were created at the 5⬘-side of the initiation site and nucleotide 1240 of clone 27, respectively. An EcoRI site and an XbaI site were
created at nucleotides 1240 and 2517 of clone 17, respectively. Two XbaI
sites were also created at nucleotides 2517 and 3138 of clone 5-2-1,
respectively. The clone 27 was then digested with NheI/EcoRI, and the
fragment was subcloned into pFastBac baculovirus transfer vector containing a hexahistidine tag sequence at the 3⬘-end of the polylinker
region. Clone 17 was digested with EcoRI/XbaI, and the 1.3-kilobase
fragment was introduced into pFastBac/clone 27. Finally an XbaI fragment (0.6 kilobase) excised from clone 5-2-1 was inserted into the above
vector. This construct (M10CC) contains the entire motor domain, neck
domain, and coiled-coil domain with a hexahistidine tag at the Cterminal end.
Preparation of Recombinant Myosin X—To express recombinant myosin X, 200 ml of Sf9 cells (about 1 ⫻ 109) were co-infected with two
separate viruses expressing the myosin X heavy chain and calmodulin,
respectively. The cells were cultured at 28 °C in 175-cm2 flasks and
harvested after 3 days. Cells were lysed with sonication in 20 ml of
Lysis Buffer (0.1 M NaCl, 30 mM Tris-HCl (pH 7.5), 2 mM MgCl2, 0.2 mM
EGTA, 10 mM ␤-mercaptoethanol, 1 mM phenylmethanesulfonyl fluoride, 0.01 mg/ml leupeptin, 0.1 mg/ml trypsin inhibitor, and 1 mM ATP).
After centrifugation at 140,000 ⫻ g for 20 min, the supernatant was
mixed with 0.3 ml of nickel-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen, Hilden, Germany) in a 50-ml conical tube on a rotating wheel for 20
min at 4 °C. The resin suspension was then loaded on a column (1 ⫻ 10
cm) and was washed with a 10-fold volume of buffer B (0.3 M KCl, 10 mM
imidazole (pH 7.5), 0.1 mM EGTA, and 10 mM ␤-mercaptoethanol, and
0.01 mg/ml leupeptin). Myosin X was eluted with buffer B plus 0.2 M
imidazole.
After SDS-PAGE1 analysis, fractions containing myosin X were
pooled and dialyzed against 30 mM KCl, 20 mM MOPS (pH 7.0), 0.1 mM
EGTA, and 1 mM dithiothreitol. The purified myosin X was stored on ice
and used within 2 days.
Gel Electrophoresis and ATPase Assay—SDS-polyacrylamide gel
electrophoresis was carried out on a 7.5–20% polyacrylamide gradient
slab gel using the discontinuous buffer system of Laemmli (24). The
molecular mass markers used were smooth muscle myosin heavy chain
(204 kDa), ␤-galactosidase (116 kDa), phosphorylase b (97.4 kDa), bovine serum albumin (66 kDa), ovalbumin (45 kDa), carbonic anhydrase
(29 kDa), myosin regulatory light chain (20 kDa), and ␣-lactalbumin
(14.2 kDa). The amount of the myosin X heavy chain and calmodulin
1
The abbreviations used are: PAGE, polyacrylamide gel electrophoresis; CLP, calmodulin-like protein; MOPS, 4-morpholinepropanesulfonic acid.

FIG. 1. Schematic drawing of the myosin X construct M10CC.
The motor domain of myosin X is indicated by the filled black ovals.
Calmodulin light chains are indicated by dotted shapes. The coiled-coil
domain is indicated by a chain.
was determined by densitometry as described previously (14). The
steady state ATPase activity was determined by measuring liberated
32
Pi at 25 °C as described previously (22). The ATPase activity was also
measured in the presence of an ATP regeneration system, 20 units/ml
pyruvate kinase, and 3 mM phosphoenolpyruvate. The liberated pyruvate was determined as described previously (25).
In Vitro Motility Assay—The in vitro motility assay was performed as
described previously (26). Myosin X was attached to the coverslip. Actin
filament velocity was calculated from the movement distance and the
elapsed time in successive snapshots. Student’s t test was used for
statistical comparison of mean values. A value of p ⬍ 0.01 was considered to be significant.
Preparation of the Dual Labeled F-actin—F-actin (1.3 mg/ml) was
first labeled with a 5 molar excess of tetramethylrhodamine-5-(or -6-)maleimide (Molecular Probes, Eugene, OR) in the presence of 8 M
phalloidin, 25 mM KCl, 5 mM MgCl2, 1 mM EGTA, and 25 mM imidazole
(pH 7.5) (buffer A) in the dark for 40 min at 4 °C. After the reaction was
stopped by adding 10 mM dithiothreitol, the fluorescently labeled Factin was obtained by centrifugation (250,000 ⫻ g for 10 min). The
pellet was homogenized with buffer A with 5 mM dithiothreitol and then
precipitated again (250,000 ⫻ g for 10 min) to wash away the residual
dye. The homogenate was diluted with the same buffer (F-actin concentration should be ⬃0.03 mg/ml) and subjected to sonication to make the
minus end cap. The fragmentation of the fluorescently labeled F-actin
was confirmed under a fluorescence microscope. 0.1–1 M G-actin was
added to the fragmented fluorescently labeled F-actin (2–15 g/ml) in
25 mM KCl, 5 mM MgCl2, 1 mM EGTA, 25 mM imidazole (pH 7.5), and 10
units/ml fluorescein phalloidin (Molecular Probes). The elongation of
the actin filament was carried out overnight in the dark at 4 °C.
Actin Co-sedimentation Assay—The binding of calmodulin to M10CC
heavy chain was determined by actin co-sedimentation assay. M10CC
was incubated in buffer containing 20 mM MOPS (pH 7.0), 10 mM KCl,
2 mM MgCl2, 1 mM CaCl2, 0.025 mg/ml F-actin, and various concentrations of EGTA at 25 °C for 15 min. The sample was ultracentrifuged at
100,000 ⫻ g for 30 min, and the pellets were analyzed by SDS-polyacrylamide gel electrophoresis. The amount of the co-sedimented
M10CC heavy chain and calmodulin were determined by densitometry
as described previously (14).
RESULTS

Expression and Purification of Mammalian Myosin X—The
bovine myosin X construct was produced and expressed in Sf9
insect cells. The construct (M10CC) contains the entire coiledcoil domain in addition to the complete head domain with a
C-terminal hexahistidine tag to aid in purification (Fig. 1). The
cells were co-infected with an appropriate ratio of myosin Xexpressing virus and calmodulin-expressing virus. The functional myosin X was only obtained with co-infection of calmodulin virus in contrast to myosin V in which functional protein
can be obtained without calmodulin co-infection (27). The myosin X-enriched fraction was applied to a nickel-agarose affinity column using the hexahistidine tag to completely purify the
expressed myosin X (M10CC) (Fig. 2).
Fig. 2 shows SDS-PAGE of the purified myosin X. The puri-
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FIG. 2. Expression and purification of M10CC. The sample of
each purification step was examined by SDS-PAGE and stained with
Coomassie Brilliant Blue. Lane 1, total cell lysate homogenized with
buffer containing 30 mM Tris-HCl (pH 7.5), 0.1 M NaCl, 10 mM ␤-mercaptoethanol, 0.2 mM EGTA, 2 mM MgCl2, 1 mM ATP, 1 mM phenylmethanesulfonyl fluoride, 0.1 mg/ml trypsin inhibitor, and 0.01 mg/ml
leupeptin; lane 2, 100,000 ⫻ g supernatant; lane 3, 100,000 ⫻ g pellets;
lane 4, unbound fraction after loading the supernatant onto a nickelnitrilotriacetic acid-agarose column; lane 5, eluate with 200 mM imidazole (pH 7.5), 0.3 M KCl, 0.2 mM EGTA, and 10 mM ␤-mercaptoethanol.
HC, heavy chain; CaM, calmodulin.

fied M10CC construct was composed of a high molecular mass
band and a low molecular mass band and was free from 200kDa Sf9 conventional myosin and actin. The high molecular
mass band (110 kDa) was consistent with the calculated molecular mass of M10CC and was recognized by anti-His antibodies (Santa Cruz Biochemicals, Santa Cruz, CA) indicating
that the high molecular mass band is the expressed myosin X
heavy chains (not shown). The small subunits showed a mobility shift with a change in [Ca2⫹] that is characteristic of calmodulin, suggesting that the small subunits are indeed calmodulin (not shown). The identification of the small subunit
was also confirmed using anti-calmodulin antibodies (not
shown). The stoichiometry of calmodulin versus M10CC heavy
chain was determined by densitometry to be 2.8 ⫾ 0.3, consistent with the three IQ motifs in M10CC construct.
Actin-activated ATPase Activity of Myosin X—The Mg2⫹ATPase activity of myosin X was markedly activated by actin.
Fig. 3 shows the actin concentration dependence of the actinactivated ATPase activity of myosin X. The actin concentration
required for the saturation of the activation was much higher
than that of myosin V (18, 27, 28) but rather similar to that of
conventional myosin. The curve fit with an equation of v ⫽
Vm[actin]/(Kactin ⫹ [actin]) gave a Kactin of 28 M. The result
suggests that the predominant steady state intermediate of the
myosin X ATPase reaction is a weak actin binding state.
Fig. 4 shows the actin-activated ATPase activity as a function of ATP concentration. The ATP dependence shows a single
saturation curve, and a KATP of 3.4 M was obtained from the
best curve fit analysis, suggesting a high affinity of myosin X
for ATP. It has been shown that the actin-activated ATPase
activity of myosin V is markedly attenuated with reaction time,
and this is due to the inhibition by ADP liberated during the
ATPase reaction. This suggests a high affinity of myosin V for
ADP. Fig. 5 shows the time course of the actin-activated
ATPase reaction of myosin X. In contrast to myosin V, the
ATPase activity in the absence of the ATP regeneration system
was not significantly changed with time, although the activity
was slightly decreased at a prolonged time. The activity in the
absence of the ATP regeneration system at the early time was
nearly identical to that in the presence of the ATP regeneration
system. The result indicates that actomyosin X ATPase activity
is not significantly inhibited by ADP. To further confirm this
notion, the ATPase activity was measured as a function of ADP
(Fig. 6). ADP did not strongly inhibit the ATPase activity, and

FIG. 3. Actin concentration dependence of the Mg2ⴙ-ATPase
activity of M10CC. The actin-activated ATPase activity of M10CC was
measured as a function of actin concentration in either 1 mM EGTA ( ),
100 M Ca2⫹ (f), or 100 M Ca2⫹ ⫹ 0.2 mg/ml calmodulin (Œ). Actinactivated ATPase activity of M10CC (42 nM) was assayed in buffer
containing 20 mM MOPS (pH 7.0), 10 mM KCl, 2 mM MgCl2, 2 mM ATP,
and 1 mM EGTA or pCa 4 at 25 °C. Solid lines are the calculated lines
based upon the equation v ⫽ Vm[actin]/(Kactin ⫹ [actin]). According to
the analysis, Vm and Kactin were 4.7 s⫺1 and 28 M in the presence of
EGTA, 0.77 s⫺1 and 32 M in pCa 4, and 4.3 s⫺1 and 35 M in pCa 4 ⫹
0.2 mg/ml calmodulin, respectively.

FIG. 4. ATP dependence of the actin-activated Mg2ⴙ-ATPase
activity of M10CC. The ATPase activity was measured as described in
the legend for Fig. 3 (1 mM EGTA), except 50 M actin and various ATP
concentrations were used. A solid line is the calculated line based upon
the equation v ⫽ (Vm[ATP]/KATP ⫹ [ATP]). According to the analysis,
Vm and KATP were 3.1 s⫺1 and 3.4 M, respectively.

the curve fit analysis with the equation of v ⫽ Vm[ATP]/(KATP
(1 ⫹ [ADP]/KADP) ⫹ [ATP]) yielded a KADP of 6.4 M.
The actin-activated ATPase activity was measured as a function of free Ca2⫹ because other calmodulin-bound unconventional myosins such as myosin I and myosin V show Ca2⫹
dependence on their actin-activated ATPase activity (15–18,
29, 30). The activity markedly decreased with an increase in
Ca2⫹ from pCa 6 to pCa 5 (Fig. 7). The decrease in the activity
above pCa 5 was rescued by the addition of exogenous calmodulin, suggesting that the decrease in the activity at this range
of Ca2⫹ is because of the dissociation of calmodulin from the
myosin X heavy chain. The low ATPase activity in high Ca2⫹ is
because of the decrease in Vmax but not the increase in Kactin
(Fig. 4), suggesting that Ca2⫹ does not influence the interaction
between myosin X and actin. It has been shown for myosin I
and myosin V that 1–2 mol of calmodulin/mol of myosin head
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FIG. 5. Time course of the actin-activated ATPase activity of
M10CC with and without the ATP-regenerating system. ATPase
activity was measured in the presence (f) and absence ( ) of 20
units/ml pyruvate kinase and 3 mM phosphoenol pyruvate using 50 M
actin.

FIG. 6. Inhibition of the actin-activated ATPase activity of
M10CC by ADP. The ATPase activity was measured as described in
the legend for Fig. 5. A solid line is the calculated line based upon the
equation v ⫽ Vm[ATP]/(KATP (1 ⫹ [ADP]/KADP) ⫹ [ATP]). According to
the analysis, a KADP of 6.4 M was obtained.

dissociates from the heavy chain at high Ca2⫹, and this is
attributed to the change in the ATPase activity. Therefore, we
examined whether the bound calmodulin of myosin X dissociates from the heavy chain at high Ca2⫹. M10CC was mixed
with F-actin in various free Ca2⫹ concentrations and then
ultracentrifuged to determine the amount of bound calmodulin
to myosin X. The myosin X-bound calmodulin co-precipitated
with actin was analyzed by SDS-PAGE, and the amount of
calmodulin was quantitated by densitometry with normalization with myosin X heavy chain. As a control, free calmodulin
was centrifuged with F-actin, but no calmodulin co-precipitation was detected. M10CC was not precipitated at all in the
absence of F-actin (not shown). As shown in Fig. 8, the amount
of calmodulin bound to M10CC decreased at Ca2⫹ concentrations above pCa 5. The densitometric analysis revealed that 1
mol of the bound calmodulin dissociates from the myosin X
heavy chain.
In Vitro Motility Activity of Myosin X—Fig. 9 shows the
motility activity of M10CC at various calcium ion concentrations. The velocity was 0.3 m/s under 1 mM EGTA conditions,
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FIG. 7. Effects of Ca2ⴙ on the actin-activated ATPase activity
of M10CC. Actin-activated ATPase activity of M10CC (52 nM) was
assayed in buffer containing 50 M actin, 20 mM MOPS (pH 7.0), 10 mM
KCl, 2 mM MgCl2, 2 mM ATP, and 1 mM CaCl2 with various concentrations of EGTA at 25 °C. Exogenous calmodulin (200 g/ml) was added
where indicated. , with calmodulin; f, without calmodulin.

FIG. 8. Effects of Ca2ⴙ on the dissociation of calmodulin from
M10CC. M10CC (5 g/ml) was dialyzed against buffers of pCa 7, 6, 5,
and 4 and then actin (0.025 mg/ml) was added. After centrifugation
(100,000 ⫻ g, 30 min), pellets were subjected to SDS-polyacrylamide gel
electrophoresis, and the concentrations of M10CC and calmodulin were
determined by densitometry. The experiment was done three times, and
the bars represent standard deviation. The inset shows SDS-PAGE of
the pellets of M10CC co-precipitated with actin. CaM, calmodulin; HC,
heavy chain.

but the motility activity was completely inhibited at Ca2⫹ concentrations higher than pCa 6. The inhibition of the motility
was not rescued by the addition of exogenous calmodulin (up to
60 M) (Fig. 9B), suggesting that the inhibition of the motility
is not due to the dissociation of calmodulin from myosin X but
rather due to the conformational change of the bound calmodulin upon Ca2⫹ binding. Consistently no detectable calmodulin
dissociation was observed at pCa 6 (Fig. 8). The motility inhibited at pCa 6 was recovered by reducing the Ca2⫹ concentration
to pCa 7 without the addition of exogenous calmodulin.
Fig. 10 shows the actin sliding velocity of the in vitro motility
assay as a function of ATP concentration. M10CC moved the
actin filaments at low ATP concentration and reached the
maximum velocity at 100 M ATP. The low ATP requirement of
the motility activity is also found for myosin II and myosin V
and is consistent with the low KATP value for the actin-activated ATPase activity of myosin X.
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FIG. 9. Ca2ⴙ and calmodulin dependence of the actin filament
sliding velocity of M10CC. A, effect of Ca2⫹ on the actin filament
sliding velocity. Actin filament motility was observed in 20 mM MOPS
(pH 7.0), 10 mM KCl, 5 mM MgCl2, 1 mM dithiothreitol, 4.5 mg/ml
glucose, 216 g/ml glucose oxidase, 36 g/ml catalase, 0.5% methylcellulose, and 5 mM ATP at 25 °C. pCa 6-pCa 7, M10CC was first applied
into the flow cell at pCa 6 and then the flow cell was reperfused with
pCa 7 buffer. The bars represent the standard deviation with 10 –20
actin filaments observed for motility assay. B, exogenous calmodulin
(CaM) fails to rescue the inhibition of the motility at high Ca2⫹.

FIG. 10. The actin filament sliding velocity of M10CC as a
function of ATP concentration. Actin filament motility was observed as described in the legend for Fig. 9, except various ATP concentrations and an ATP regeneration system (20 units/ml pyruvate
kinase and 3 mM phosphoenol pyruvate) were used in the EGTA condition. The bars represents the standard deviation with 10 –20 actin
filaments observed for motility assay.

Direction of the Movement—Quite recently it was shown that
the mammalian class VI myosin is a minus end-directed motor
in contrast to other known myosins (11). Myosin VI has a
unique insertion between the motor domain and the neck domain, and this was hypothesized to be responsible for the
reverse directionality of motility (11). However, recent finding

FIG. 11. Direction of the movement of M10CC. A, movement of
the dual labeled F-actin on an M10CC-coated coverslip. Times are
indicated on the right of panel. Data were obtained with a conventional
in vitro motility assay with dual fluorescent-labeled F-actin. The bright
tip on the actin filament represents the minus end of the filament. The
white arrows in A indicate the leading part of the dual labeled actin
filaments at the front. The pointed end of the actin filaments led the
movement, indicating that M10CC moves toward the barbed end of
F-actin. B, histogram of the velocities of actin filaments having polarity
markers. Movement toward the barbed end of F-actin is defined as a
positive value.

questioned this view (12), opening up the possible presence of
other minus end-directed myosin motors within the myosin
superfamily. We used dual fluorescent-labeled F-actin filaments in the in vitro motility assay to determine the direction
of movement of myosin X. F-actin was labeled throughout with
fluorescein and labeled with a tetramethylrhodamine cap at
the pointed end of the filament.
The dual fluorescent-labeled F-actin filaments were visualized under the fluorescence microscope moving on coverslips
coated with myosin X. As shown in Fig. 11A, myosin X moved
the dual fluorescence-labeled F-actin with the pointed end at
the front of the movement. This means that myosin X moves
toward the barbed end as is known for the conventional myosins. Fig. 11B shows a histogram of the velocities of polaritymarked actin filaments on myosin X-coated coverslips. Although some variation of the sliding velocity was observed, all
actin filaments moved in the same direction. The result shows
that myosin X is a plus-directed motor.
Binding of Myosin X to Actin—It is known that myosin
dissociates upon ATP binding to produce a weak actin binding
form. The binding of myosin X to actin in the presence of ATP
was measured by actin co-sedimentation assay. Myosin X was
readily dissociated from actin in the presence of ATP, and a
predominant amount of myosin X was recovered in the supernatant (Fig. 12). This property is similar to conventional myosin but different from myosin V. The result is consistent with
the high Kactin of the actomyosin X ATPase reaction and suggests that the predominant intermediate of the myosin X
ATPase reaction is a weak actin binding form.
Actin Filament Velocity as a Function of Myosin Density—It
is known that actin filaments detach from the coverslip surface
below a certain critical surface density of the nonprocessive
motors, whereas a processive motor binds and holds an actin
filament even at a low surface density. This is closely related to
the difference in the duty ratio of the two types of motors. Fig.
13 shows the actin filament velocity as a function of various
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FIG. 12. Dissociation of acto-M10CC by ATP. The co-sedimentation assay was performed as follows. M10CC was incubated in buffer
containing 20 mM MOPS (pH 7.0), 10 mM KCl, 5 mM MgCl2, 2 mM ATP,
and various concentrations of F-actin in the presence of an ATP regeneration system (20 units/ml pyruvate kinase and 3 mM phosphoenol
pyruvate) at 25 °C for 10 min. The samples were ultracentrifuged at
100,000 ⫻ g for 30 min, and the supernatants were analyzed by SDSpolyacrylamide gel electrophoresis. The amount of the M10CC heavy
chain in the supernatant was determined by densitometry as described
previously (13). , 1 mM EGTA; Œ, pCa 4.

FIG. 13. Actin filament velocity as a function of myosin surface
density. The surface density was calculated by the myosin concentration times the flow cell volume divided by the area of both flow cell faces
assuming all the myosins added were attached on the glass surface.
This would provide a high end of the molecules per unit area. , myosin
V heavy meromyosin; f, smooth muscle phosphorylated myosin II; Œ,
M10CC.

myosin surface densities. The actin filament velocity over myosin V did not change over a wide range of surface densities and
supported the motility at very low surface density. On the other
hand, smooth muscle myosin II dropped in velocity as the
density decreased. Myosin X motility also dropped with decreasing surface density, but the critical density was significantly lower than that for smooth muscle myosin II. Because
the surface density dependence of the motility velocity is
closely related to the duty ratio of the motors (31), the result
suggests that the duty ratio of myosin X is higher than that of
myosin II, although its duty ratio would not be as sufficiently
high as a processive motor.
DISCUSSION

Myosin X is a newly found member of the myosin superfamily that is composed of at least 18 classes (1– 6). Quite recently
it was reported that myosin X in cultured cells is present at the
edge of lamellipodia, membrane ruffles, and tips of filopodial
actin bundles, suggesting that myosin X plays a role where
actin structure dynamically changes (7). This finding as well as
the primary structure of myosin X has led to the suggestion
that it may be a motor protein, yet there is no information
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about the motor function of myosin X and its regulation at a
molecular level. The present study revealed for the first time
the mechanoenzymatic characteristic of myosin X and its regulation at a molecular level.
One of the critical issues to understand the physiological
function of various types of myosins is the motor characteristic
of each type of myosin. For instance, a processive motor that
proceeds many steps without dissociating from actin is suitable
for supporting cargo movements, whereas a nonprocessive motor is preferable for fast movement or high force production
because many motor molecules can interact with a single actin
filament without interfering with each other. The present results indicate that myosin X has a weak affinity for actin in the
presence of ATP because 1) a majority of myosin X dissociated
from actin in the presence of ATP and 2) Kactin for the actinactivated ATPase activity is high. The results also suggest that
the predominant steady state intermediate of actomyosin X
ATPase is a weak actin binding state. This is different from
myosin V, a processive myosin, which shows a strong actin
binding in the presence of ATP. This is because M䡠ADP (where
M refers to a myosin head), a strong actin binding intermediate, is the predominant reaction intermediate of the ATPase
reaction (28) and rather similar to myosin II, a nonprocessive
myosin. Consistently the actomyosin X ATPase activity was
hardly inhibited by ADP suggesting that the ADP release step
is not rate-limiting for the ATPase reaction. This is in contrast
to the myosin V ATPase reaction where ADP markedly inhibits
the steady state actin-activated ATPase activity (28). These
results indicate that myosin X is a nonprocessive myosin. To
further address this issue, we examined the actin translocating
velocity as a function of myosin X surface density in the in vitro
gliding actin filament assay. It was revealed that myosin X can
support the actin filament movement at a significantly lower
surface density than myosin II but at a surface density much
higher than that of myosin V. The result suggests that although myosin X is a nonprocessive myosin, its duty ratio
would be significantly larger than that of myosin II.
Another important issue of the motor characteristic of myosin is the directionality. The recent finding of myosin VI to step
in a backward direction fundamentally changed the view of
polarity of actin filament-based movements in cells. According
to Wells et al. (11), a large insertion between the motor domain
and IQ domain present in myosin VI is a determinant of the
reverse directionality of myosin VI. However, this view was
questioned recently (12) raising the possibility of other unconventional myosins having reverse directionality. Therefore, we
examined the directionality of myosin X using dual fluorescentlabeled F-actin filaments. The present result clearly demonstrated that myosin X is a plus-directed myosin unlike myosin
VI. No actin filaments moved to the opposite direction indicating that the directionality is uniquely determined with myosin
motor without any fluctuation of the biased movement.
Ca2⫹ dependence of the actin-activated ATPase activity
showed a sharp decrease in the activity above pCa 6. This
decrease in the activity is due to the dissociation of 1 mol of
calmodulin light chain because 1) the decrease in the activity is
rescued by the addition of exogenous calmodulin and 2) 1 mol of
calmodulin light chain dissociated from myosin X heavy chain
at pCa 5 and higher. Similar findings have been made with
myosin V (18). On the other hand, the actin translocating
activity of myosin X is inhibited at pCa 6 in which no significant dissociation of calmodulin occurs. The inhibition of the
motility of calmodulin-containing mammalian unconventional
myosins was first demonstrated with myosin I (13–17) and
then subsequently with myosin V (18, 30). It was thought
originally that the inhibition of the motility is due to the dis-

34354

Motor Function of Myosin X

sociation of calmodulin from the heavy chain at high Ca2⫹ (15).
But recent studies have revealed that the inhibition does not
require the dissociation of calmodulin but that Ca2⫹ binding at
the high affinity sites of calmodulin triggers the inhibition
presumably because of a large conformational change of calmodulin (13, 14, 18). Addition of exogenous calmodulin did not
rescue the inhibition of the motility activity of myosin X unless
Ca2⫹ concentration was decreased. These results are consistent
with the recent results with myosin V and myosin I␤ and
indicate that the dissociation of calmodulin is not directly related to the inhibition of motility, but the conformational
change of the heavy chain-bound calmodulin upon binding of
Ca2⫹ is responsible for the inhibition of the movement. The
inhibition occurs between pCa 7 and pCa 6 at which cytoplasmic Ca2⫹ concentration is regulated in most cell types, and
therefore the observed inhibition is physiologically relevant.
There is an apparent decoupling between the ATP hydrolysis
cycle and mechanical events at higher Ca2⫹. This is different
from the regulation of conventional myosins in which the regulatory domain regulates both ATPase and mechanical activities (32–34). The mechanism that underlies the apparent uncoupling between the ATP hydrolysis and the motility is
unknown. One possibility is that a change in the rigidity at the
lever-arm domain of myosin upon Ca2⫹ binding to calmodulin
could uncouple the mechanical activity and ATP hydrolysis of
myosin. Further studies are required to clarify the mechanism
underlying the uncoupling of ATP hydrolysis and motility.
While this manuscript was in preparation, Chen et al. (35)
reported in abstract form that mammalian myosin X has an
actin-activated ATPase activity with a Vm of 10 s⫺1 at 37 °C
and an actin translocating velocity of 0.18 m/s at 30 °C. The
values for the ATPase activity are comparable with the present
study (Vm of 4.7 s⫺1 at 25 °C), but the actin sliding velocity is
lower than that of the present study (0.3 m/s at 25 °C). Quite
recently it was reported that calmodulin-like protein (CLP) can
serve as a light chain of myosin X in epithelial cells (36).
However, CLP is only expressed in epithelial cells, whereas
myosin X is expressed in a variety of tissues (7) that do not
express CLP. Therefore, it is likely that calmodulin rather than
CLP is the light chain of myosin X in most tissues. It should be
noted that it was reported that myosin X shows higher affinity
for calmodulin than for CLP and that the actin-activated
ATPase activity of myosin X is not markedly affected by the
difference in the light chains, i.e. calmodulin or CLP (35).
Further study is required for the function of CLP in myosin X
motor properties.
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