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Vertebrate myosin Va is a typical processive motor with high
duty ratio. Recent studies have revealed that the actin-activated
ATPase activity of the full-lengthmyosin Va (M5aFull) is inhib-
ited at a low [Ca2�], which is due to the formation of a folded
conformation of M5aFull. To clarify the underlying inhibitory
mechanism, we analyzed the actin-activated ATP hydrolysis
mechanism of the M5aFull at the inhibited and the activated
states, respectively. Marked differences were found in the
hydrolysis, Pi release, and ADP release steps between the acti-
vated and the inhibited states. The kinetic constants of these
steps of the activated state were similar to those of the unregu-
lated S1 construct, in which the rate-limiting step was the ADP
release step. On the other hand, the Pi release rate from acto-
M5aFull was decreased in EGTA by >1,000-fold, which makes
this step the rate-limiting step for the actin-activated ATP
hydrolysis cycle of M5aFull. The ADP off rate from acto-
M5aFull was decreased by �10-fold, and the equilibrium
between the prehydrolysis state and the post hydrolysis state
was shifted toward the former state in the inhibited state of
M5aFull. Because of these changes, M5aFull spends a majority
of the ATP hydrolysis cycling time in the weak actin binding
state. The present results indicate that M5aFull molecules at a
low [Ca2�] is inhibited as a cargo transporter not only due to the
decrease in the cross-bridge cycling rate but also due to the
decrease in the duty ratio thus being dissociated from actin.

During a past decade, a number of myosin-like proteins have
been found, and they are often called unconventional myosin
because they fail to form thick filaments, one of the character-
istics of “myosin” (for reviews, see Refs. 1 and 2). Among them,
class V myosin is best studied, because its function seems to be
quite different from conventional myosin. The most intriguing
finding is that myosin Va can travel for a long distance without
dissociating from actin filaments (for a review, see Ref. 3) unlike
conventional myosin. This feature has been termed “proces-
sive,” and it is thought that myosin Va functions as a cargo
transporter rather than a force producer in cells (4–8). Evi-
dence has accumulated that myosin V is involved in vesicular

transport in a variety of cell types (for a review, see Ref. 9).
Myosin Va transports melanosomes in melanocytes in verte-
brates (10–13). It is also shown that endosomal vesicles are
transported by myosin Vb and Vc in cultured cells (14, 15).
However, these vesicles are not always moved around and the
transport process must be regulated by all means. One way to
explain such a regulation ofmyosin V-based vesicle transport is
the binding of myosin V to cargos. It was reported that the
phosphorylation of myosin V down-regulates the vesicle trans-
port in mitotic cells due to the dissociation from the vesicles
(12). The other is the direct regulation of the motor activity of
myosin V. Recent biochemical studies have indicated that the
regulation of themotor activity involves the interdomain inter-
action of myosin V (16, 17). Myosin Va is a two-headed myosin
with two identically conserved head motor domains and the
light chain binding domain consisting of six IQ sequences,
IQXXXRGXXXR, as light chain binding sites. The dimer forma-
tion is achieved with a coiled-coil structure downstream of the
IQdomain. This is followed by a series of flexible linkers and the
predicted coiled-coil sequences. The C-terminal �400 amino
acids of myosin Va form a globular tail domainmediatingmyo-
sin Va recruitment to specific organelles, such as melanosome
(10, 18–20).
The actin-activated ATPase activity of full-lengthmyosin Va

(M5aFull)2 is significantly inhibited at low Ca2�, whereas those
of heavy meromyosin (HMM) or subfragment 1 (S1)-like con-
structs are not inhibited and constitutively active (16, 17), sug-
gesting that the C-terminal globular tail plays an important role
in the Ca2�-dependent regulation. By sedimentation analysis
and electron microscopic observation, it was shown that myo-
sin Va forms a folded conformation at low Ca2� in which the
tail domain is folded back toward the head, whereas it forms an
extended conformation in high Ca2� (16, 17, 21). Of interest is
that the conformational transition is closely correlated with
activation of the actin-activated ATPase activity of myosin Va
(16, 17, 21). Because the lack of the tail domain abolishes the
regulation, amodel has been proposed, inwhich the tail domain
interacts with and inhibits the myosin Va motor activity, and
high Ca2� abolishes the interaction between the head and tail
domains, thus activating the actin-activated ATPase activity,
presumably due to the conformational change of calmodulin
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As described above, one of the most important motor prop-
erties of myosin V is its processivity, and this is closely corre-
lated with the high duty ratio of myosin V. Because the high
duty ratio myosin spends the majority of the cross-bridge cycle
in the strong actin-binding form, it can move processively on
actin filaments with possible cooperativity between the two
heads. A critical question is whether the inhibition of the
ATPase cycle at low Ca2� is simply due to the decrease in the
overall cycling rate or involves the change in the hydrolysis
cycle mechanism that possibly affects the processive nature of
myosin V. In this study, we analyzed the effect of Ca2� on the
kinetic mechanism of actin-activated ATPase reaction of the
full-lengthmyosin Va to address this question. Our results sug-
gest that the decrease in the Ca2� not only reduces the overall
cycling rate but also changes the duty ratio of myosin Va.

EXPERIMENTAL PROCEDURES

Materials—Escherichia coli strains XL1-Blue and DH10BAC
were purchased from Stratagene (San Diego, CA), and Invitro-
gen, respectively. Restriction enzymes and modifying enzymes
were purchased from New England Biolabs (Beverly, MA).
Anti-FLAG M2-agarose, purine nucleotide phosphorylase,
7-methylguanosine, phosphoenolpyruvate, pyruvate kinase,
and ADP were from Sigma. Ultrapure grade of ATP was pur-
chased from AMRESCO Inc. (Solon, OH). 3�-Mant-2�-deoxy-
ATP (mdATP) and 3�-Mant-2�-deoxy-ADP (mdADP) were
kindly provided from Dr. Howard D. White (Eastern Virginia
Medical School, Norfolk, VA). Actin was prepared from rabbit
skeletal muscle according to Spudich and Watt (22) and used
after treatment of phalloidin (Invitrogen). Pyrene-actin was pre-
pared as reported (23, 24). Phosphate-binding protein (PBP)
labeled with 7-diethylamino-3-((((2-maleimidyl)ethyl)amino)car-
bonyl)-coumarin (MDCC)was prepared as previously described
(25, 26). Smooth muscle myosin was prepared from turkey giz-
zard as described (27).
Full-length murine melanocyte-type myosin Va was

expressed in Sf9 cells by co-infection of myosin Va heavy chain
with CaM viruses and prepared using anti-FLAG antibody
affinity column chromatography as described (28). The
M5aFull fractions eluted from the affinity columnwere pooled,
concentrated, and dialyzed against buffer A (30mMKCl, 20mM

MOPS-KOH (pH 7.5), 5 mM 2-mercaptoethanol) containing 2
mM MgCl2 and 0.1 mM EGTA. Typically, 1 mg of protein was
obtained from about 5 � 109 cells. The purified M5aFull was
stored on ice and used within 3 days. For some experiments,
nucleotide-freeM5aFull was alternatively prepared by incubat-
ing with 0.2 units/ml apyrase at 25 °C for 30 min. The concen-
tration of active sites of M5aFull was determined by using [2,8-
3H]ADP/VO4. The unbound [2,8-3H]ADP/VO4 was removed
using a 0.45-�m nitrocellulose filter, and the bound [2,8-
3H]ADP/VO4 was detected by liquid scintillation counting.
Steady-state ATPase Assay—The assay of steady-state

ATPase activity was carried out at 25 °C in the presence of an
ATP regeneration system. The assay was done in buffer A con-
taining 3 mM MgCl2, 2 mM ATP, 5 �M CaM, 20 units/ml pyru-
vate kinase, 2.5 mM phosphoenolpyruvate, 1 mM EGTA or 0.2
mMCaCl2, 10–100�g/mlM5aFull, and various concentrations

of F-actin from 0 to �20 �M. The liberated pyruvate was deter-
mined as described previously (29).
Kinetic Measurements—The quenched flow measurements

were performed at 25 °C using a Kin-Tek RQF-3 apparatus
(Kin-Tek Corp., Clarence, PA) in buffer A plus 2 mM MgCl2, 5
�M CaM, 1 mM EGTA or 0.2 mM CaCl2, and [�-32P]ATP.
M5aFull (1.85 �M head) and 0.4 �M [�-32P]ATP were mixed,
held in a delay line at the various times, and quenched by a
second mix with 0.2 M perchloric acid and 50 mM NaH2PO4.
The solution was then mixed with 1 ml of charcoal slurry, vor-
texed, and centrifuged to remove the unhydrolyzed ATP (27).
The datawere fit to a double exponential equation and analyzed
as described (25).
Stopped flow measurements were done at 25 °C with a Kin-

Tek SF-2001 in buffer A containing 2 mM MgCl2, 5 �M CaM, 1
mM EGTA or 0.2 mM CaCl2. The Mant nucleotides (�ex � 356
nm) were excited by utilizing the fluorescence resonance
energy transfer of tryptophan fluorescence (�ex � 280 nm), and
the fluorescence intensity was monitored using a 420-nm long
pass filter. The wavelengths of the excitation and the emission
in other experiments were as follows: �ex � 365 nmwith 370 �
30-nm band pass filter and �em � 400 nm for pyrene-actin; �ex �
295 nm and �em � 340 nm for tryptophan fluorescence; and
�ex � 433 nmwith 436� 10-nm band pass filter and �em � 455
nm for MDCC-PBP, respectively. To measure the phosphate
release step, 3�MMDCC-PBP, 0.3mM7-methylguanosine, and
0.01 units/ml purine nucleotide phosphorylase were preincu-
bated in all solution before the measurements, and 20 units/ml
hexokinase and 2 mM glucose were added in a syringe contain-
ing actin to remove the contaminated ATP. The ratio of mixing
two solutions was 1:1 in all experiments.
Gel Electrophoresis—SDS-PAGE was carried out on a 4.5–

20% polyacrylamide gradient gel according to the method of
Laemmli (30).Molecularmassmarkers usedwere smoothmus-
cle 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 reg-
ulatory light chain (20 kDa), and �-lactalbumin (14.2 kDa).
Other Measurements—The concentrations of the following

reagents andproteinswere determined by absorbance using the
extinction coefficients reported: ATP and ADP, �259 � 15,400;
Mant nucleotides, �255 � 23,300 (31); actin, �290 � 26,600 (32);
pyrene-actin, �290 � 29,400 (24). Computer simulationwas car-
ried out using STELLA software version 8.1.5 (Isee Systems).

RESULTS

Steady-state Actin-activated ATPase Activity of Full-length
Myosin Va—Expression and purification of M5aFull (Fig. 1A)
was done as described previously using anti-FLAG-agarose
affinity chromatography (28). The purified M5aFull sample
contained 190-kDa heavy chain and CaM light chain, and no
significant contaminants were observed (Fig. 1B). All the
experiments in the present study were done using this prep-
aration. The basal ATPase activity (0.02 s�1) was increased
in the presence of actin; however, the actin-activated
ATPase activity was significantly influenced by Ca2�, con-
sistent with the previous reports (16, 17) (Fig. 2). The steady-
state ATPase activity was measured as a function of actin con-
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centration, and the results were explained with Michaelis-
Menten kinetics for both in the presence of 1mMEGTAand 0.2
mM Ca2�. The obtained Vmax in the presence of Ca2� was
8-fold larger than that in the presence of EGTA, and theKATPase
value was 5-fold lower in the presence of Ca2� than in its
absence. On the other hand, we found that the basal ATPase
activity was also influenced by Ca2� (Fig. 2B). It has been sug-
gested that the low ATPase activity in the presence of EGTA is
due to the formation of the inhibited conformation of myosin
Va (16, 17, 21). However, the steady-stateATPase activity in the
presence of EGTA may not accurately represent the activity of
the inhibited form, because a relatively small fraction of the
unregulated myosin Va in the preparation would significantly
increase the overall activity of the sample. To accurately deter-
mine the ATPase activity in the inhibited and the activated
forms, respectively, we performed single turnover experiments.
M5aFull was mixed with mdATP and held for 5 s to produce
myosin Va (M)�mdADP�Pi intermediate, and then 60 �M actin
and the excess amount of nonfluorescent ATP were added and
followed the decrease in the fluorescence intensity of the Mant
group. After release of the products, the myosin active site
binds ATP, but this does not reflect any fluorescence change
because of the presence of excess nonfluorescent ATP. The
decrease in the fluorescence intensity in Ca2� up to 1 s was fit
with a double exponential kinetics, and the observed rate con-

stants (kobs) were 22 � 4 and 3.5 � 1.9 s�1 for the fast and slow
rates, respectively (Fig. 3B). On the other hand, the rate con-
stant of themajor fraction (�65% in amplitude) observed in the
presence of EGTAwas 0.06 � 0.01 s�1 with the minor phase of
faster rate (0.31 � 0.05 s�1, �20% in amplitude) (Fig. 3A). We
could also observe the rapid phase (28 � 4 s�1), similar to the
rate obtained in Ca2�. The fraction of the initial rapid phase in
EGTA was approximately �15%, and this is thought to be due
to the presence of the unregulated molecules. We expect that
the rate constants obtained in this actin concentration are
nearly saturated and thus similar to the Vmax values; neverthe-
less, the activity in EGTA was �30-fold lower than that
obtained from the steady-state rate (Fig. 2). The result suggests
that there is �15% of unregulated myosin Va present in the
preparation. Fig. 3C shows the ATP single turnover rates of

FIGURE 1. Expression of the full-length mouse myosin Va. A, schematic
representation of M5aFull. M5aFull consists of the motor domain, the six IQ
motifs, the coiled-coil domains, and the cargo-binding tail domain. CaM can
bind to the IQ motifs as the light chains. The coiled-coil domains shown are
predicted by using paircoil (available on the World Wide Web at pair-
coil.lcs.mit.edu/cgi-bin/paircoil (53)). B, SDS-PAGE of the purified M5aFull.
The M5aFull heavy chain and CaM viruses were co-expressed in Sf9 cells, and
the proteins were extracted and purified as described under “Experimental
Procedures.” The purified proteins were then analyzed by SDS-PAGE. M5aFull
HC and CaM represent the heavy chain of M5aFull and CaM, respectively.
Molecular masses are shown to the left.

FIGURE 2. Ca2�-dependent regulation of the steady-state actin-activated
ATPase activity of M5aFull. A, actin dependence of the steady-state ATPase
activity in the presence of 1 mM EGTA (open circles) or 0.2 mM CaCl2 (closed
triangles). The ATPase activity was measured as described under “Experimen-
tal Procedures.” Solid lines show the best fits to the Michaelis-Menten equa-
tion (V � V0 � Vmax[actin]/KATPase � [actin]), where V0 represents the ATPase
activity in the absence of actin. The V0 � Vmax and KATPase values are 1.69 �
0.09 s�1 and 2.6 � 0.5 �M in EGTA and 14.4 � 0.3 s�1 and 0.49 � 0.06 �M in
Ca2�, respectively. Error bars, S.E. from three independent preparations. B, the
basal ATPase activity of M5aFull. The ATPase activities of M5aFull in EGTA
(open circles) or Ca2� (closed triangles) were measured in the absence of actin
and plotted against time. The basal ATPase activities are 0.021 � 0.001 s�1 in
EGTA and 0.055 � 0.003 s�1 in Ca2� conditions. Error bars, S.E. (n � 4).
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M5aFull without actin in the presence of EGTA and Ca2�. In
this experiment, M5aFull was first mixed with unlabeled ATP
and held for 5 s, and then an excess amount of Mant-ATP was
added. Although the increase in the fluorescence intensity in
EGTA followed a double exponential kinetics, the change in the
intensity in Ca2� followed a single exponential kinetics. The
kobs valueswere 0.02–0.03 s�1 (�30% in amplitude) and 0.003–
0.004 s�1 (�70% in amplitude) for fast and slow rates in the
presence of EGTA, respectively, and 0.03–004 s�1 in the pres-
ence of Ca2�. This result also indicates that Ca2� regulation is
effective even in the absence of actin, andATPase activity in the
EGTA condition is inhibited.
ATP Binding to Full-length Myosin Va—The rate of ATP

binding toM5aFull was determined bymeasuring the change in
the fluorescence intensity of mdATP upon binding (not
shown). The experiments were done in the absence and pres-
ence of actin. The time courses of fluorescence enhancement
were fit by single exponential kinetics for both in EGTA and
Ca2�. The kobs values showed a linear dependence on the
mdATP concentration to yield the apparent second order rate
constants (K1k�2 (app)) of 1.91� 0.04 �M�1 s�1 and 1.80� 0.03
�M�1 s�1 in the EGTA and Ca2�, respectively. In the presence
of actin, the apparent second order rate constants (K�1k��2(app))
were 1.38 � 0.02 and 3.1 � 0.3 �M�1 s�1 in EGTA and Ca2�,
respectively. The obtained values were similar to that previ-
ously reported for the S1 construct (33–35). It should be noted
that the treatment of the samples with apyrase that eliminates
any contaminated ADP did not alter the rate of ATP binding.
This indicates that there was no contamination of ADP in the
samples.
ATP-induced Production of the Weak Actin Binding State of

Actomyosin Va—The kinetics of ATP-induced transition of
M5aFull from the rigor state to theweak actin binding state was
monitored by measuring the changes in fluorescence intensity
of pyrene-labeled actin (Fig. 4). The increase in the pyrene flu-
orescence upon the formation of “weak” actin-binding form of
M5aFull was analyzed by a single exponential kinetics, and the
kobs showed hyperbolic saturation curves on the ATP concen-
tration (Fig. 4). The initial slope (Fig. 4, inset) of the curve rep-
resents a second order rate constant of ATP binding to acto-
M5aFull (K�1k��2). The K�1k��2 values obtained from the change
in pyrene fluorescencewere 1.6� 0.4 and 3.4� 0.4�M�1 s�1 in
EGTA and Ca2�, respectively. These values are similar to those
obtained frommdATP binding, suggesting that theMant-moi-
ety does not significantly influence the ATP binding rate to
M5aFull. Themaximal rates for the transition to the weak actin
binding state were estimated from the hyperbolic curves to be
664 � 66 s�1 and 694 � 60 s�1, respectively, in EGTA and
Ca2�.
ATP-induced Enhancement of Intrinsic Tryptophan

Fluorescence—It is known that the intrinsic tryptophan fluores-
cence intensity increases upon the addition of ATP, and this
reflects the change in the conformation of myosin motor

FIGURE 3. Single turnover experiments of the actin-activated ATPase
activity of M5aFull. A and B, single turnover rates in the presence of actin.
The experiments were done in the presence of 1 mM EGTA (A) or 0.2 mM CaCl2
(B). At 5 s after mixing M5aFull (0.3 �M head) with 3 �M mdATP, the solution
was mixed with 60 �M F-actin plus 3 mM MgATP (before mix). The panels
shown are the average of three fluorescence results. The observed rate con-
stants (kobs) were obtained by fitting the time course to a double (I(t) �
Ifaste

�kobs1t � Islowe�kobs2t � C) or triple (I(t) � Ifaste
�kobs1t � Imiddlee�kobs2t �

Islowe�kobs3t � C) exponential equations. The inset in A shows a rapid decrease
in fluorescence intensity within 1 s. The fast, middle, and slow kobs values in
the presence of EGTA are 28 � 4 s�1 (�15% of total amplitude), 0.31 � 0.05
s�1 (�20%), and 0.06 � 0.01 s�1 (�65%), respectively. The fast and slow kobs
values in the presence of Ca2� are 22 � 4 s�1 (�75% of total amplitude)
and 3.5 � 1.9 s�1 (�25%), respectively. The error bars indicate the S.E. (n �
3). C, single turnover rates in the absence of actin. The experiments were
performed in the presence of 1 mM EGTA or 0.2 mM CaCl2. At 5 s after

mixing 0.15 �M M5aFull (0.3 �M head) with 3 �M ATP, the solution was mixed
with 0.1 mM Mant-ATP (before mix). The fast rate, 0.02 s�1 (�30% of total
amplitude), and slow rate, 0.003 s�1 (�70%), were observed in EGTA, and a
single rate constant (0.04 s�1) was seen in Ca2�.
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domain (i.e. the formation of the M�ADP�Pi ternary complex)
(36, 37). M5aFull increased the tryptophan fluorescence inten-
sity after the addition of ATP with single exponential kinetics
(Fig. 5, inset). The ATP dependence of the kobs showed a hyper-
bolic saturation curve to yield the maximum rate constants of
331 � 35 and 240 � 33 s�1 in EGTA and Ca2�, respectively
(Fig. 5). The obtained values are also consistent with those pre-
viously reported for the S1 constructs of myosin Va (33, 35).
The maximum value was significantly lower than k��2, suggest-
ing that the value represents k�3 � k�3. It should be noted that
the amplitude of the increase in the fluorescence intensity was
significantly lower in the presence of EGTA. This result sug-
gests that Ca2� influences the fraction of the intermediate
showing enhanced tryptophan fluorescence intensity.
Effect of Ca2� on Pi Burst of Full-length Myosin Va—It is

known that the initial rapid Pi release is observed for myosin
ATPase reaction when the reaction is quenched by acid, called
initial Pi burst. This is due to the formation ofM�ADP�Pi ternary
complex after ATP hydrolysis. Using a quenched flow appara-
tus, we measured the rapid initial ATP hydrolysis kinetics. We
performed single turnover experiments in which the active site
concentration was in excess of the given ATP concentration. In
this condition, all of the added ATP bound to the active site
even if the measured protein concentration was a little overes-
timated; therefore, we can accurately determine the amplitude
of the Pi burst. Furthermore, the active site concentration of the
samples was accurately determined by ADP/vanadate trap
experiments (see “Experimental Procedures”). Although the
maximum rate constant of the hydrolysis step cannot be
obtained with this condition, the equilibrium constant of the

hydrolysis step (K3) is more accurately estimated than the mul-
titurnover condition. 0.4 �M [�-32P]ATP was mixed with
M5aFull (1.85 �M head), and the time course of Pi release was
monitored (Fig. 6). Pi was rapidly released from acto-M5aFull,
followed by slow steady-state Pi release. The rates of initial
rapid ATP hydrolysis were 0.4 and 0.5 s�1, respectively, in the
presence of EGTA and Ca2�, which are consistent with the
ATP binding rates of the given conditions. The slow phase in
Ca2� was consistent with the steady-state rate and the single
turnover experiment of the basal ATPase reaction (Figs. 2B
and 3C). The slow phase in EGTA (0.003 s�1) was also consist-
ent with the predominant phase of the single turnover rate in
the absence of actin (0.003–0.004 s�1) (Fig. 3C). We think that
the relatively high basal ATPase activity in EGTA is due to the
presence of unregulated population in the sample. If the activity
of unregulated fraction is the same as that of Ca2� condition,
the fraction of unregulated M5aFull would be 15–20%. This is
consistent with that estimated from the difference in the actin-
activated ATPase activities estimated from the single turnover
experiment and the steady-state rate. Themost intriguing find-
ing is that the Pi burst size was significantly different between
the Ca2� and EGTA conditions. From the ratio of the fraction
of the fast phase to the slow phase, the Pi burst sizes of 0.20 �
0.02 mol/mol and 0.78 � 0.04 mol/mol were obtained, respec-
tively, in the presence of EGTAandCa2�. Although the Pi burst
size in Ca2� was consistent with unregulatedmyosin Va S1 (33,
38), the Pi burst size in EGTA was much smaller than that in
Ca2�. The low Pi burst size in EGTA indicates that a signifi-
cant population of the full-length myosin Va is present at a
prehydrolysis step (M�ATP). The result indicates that the
equilibrium of M�ATP-M�ADP�Pi step is significantly shifted
to the prehydrolyzed form in the EGTA condition.

FIGURE 4. ATP-induced production of the weak actin binding state. The rates
of transition of acto-M5aFull to the weak actin binding state were determined in
the presence of 1 mM EGTA (open circles) or 0.2 mM CaCl2 (closed triangles) by
measuring pyrene-actin fluorescence intensity. Acto-M5aFull (0.5 �M myosin
head � 0.6 �M pyrene-actin) was mixed with MgATP to give the indicated con-
centrations of ATP. The time course of change in the fluorescence signal was then
monitored. The kobs values were obtained by fitting the fluorescence data to a
single exponential equation, (I(t) � I0e�kobst � C). Solid lines through the data are
fit to a hyperbolic equation, kobs � kmax/(1 � Kapp/[MgATP]). The fit values for the
EGTA condition (open circles) were as follows: kmax � 664 � 66 s�1 and Kapp �
424 � 97 �M. The fit values for the Ca2� condition (closed triangles) were as fol-
lows: kmax � 694 � 60 s�1 and Kapp � 161 � 37 �M. The inset represents the initial
slope in low concentrations of MgATP. The observed second order rate constants
are 1.6 � 0.4 �M

�1 s�1 in EGTA and 3.4 � 0.4 �M
�1 s�1 in Ca2� conditions. The

error bars show the S.E. (n � 3–10).

FIGURE 5. ATP-induced enhancement of intrinsic tryptophan fluorescence
intensity of M5aFull. M5aFull (1 �M head) in the presence of 1 mM EGTA (open
circles) or 0.2 mM CaCl2 (closed triangles) was mixed with MgATP to obtain the
indicated concentrations of ATP, and the time course of the tryptophan fluores-
cence change was monitored. The fluorescence data were fitted to the single
exponential equation shown in Fig. 4. The kobs values from the data are plotted
against ATP concentration. The solid lines show the best fits to the hyperbolic
equation described in Fig. 4. The kmax and Kapp are 331 � 35 s�1 and 185 � 48 �M

in EGTA and 240 � 33 s�1 and 216 � 70 �M in Ca2� conditions, respectively. The
inset shows the representative traces at 2.5 �M MgATP (in final) in EGTA (lower
trace) and Ca2� (upper trace) conditions. Error bars, S.E. (n � 3–7).
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Rate of Pi Release from Full-lengthMyosin Va—The rate of Pi
release from acto-M5aFull was determined by measuring the
increase in fluorescence intensity of MDCC-PBP as described
previously (25, 26, 39). M5aFull and ATPwere first mixed, held
for 5 s to allow ATP binding and hydrolysis, and then mixed
with actin. As shown in Fig. 7A, the rate constant of the pre-
dominant phase in EGTA in the presence of actinwas notmuch
larger than that in the absence of actin. The observed rate con-
stant increased hyperbolically with actin concentration for
both high and low Ca2� conditions.
In the presence of EGTA, the rate of the predominant phase

(�70%) was slow with the maximum rate of 0.037 � 0.002 s�1

(Fig. 7B). We observed a minor fast phase (�20% in amplitude)
that also increased with actin concentration to reach the max-
imum rate of 97 � 9 s�1, which is likely to be due to the pres-

FIGURE 7. Rate of Pi release from M5aFull. A, time courses of the fluores-
cence change of MDCC-PBP in the EGTA condition. The data shown are the
experiments in the presence of 20 �M (in final, left) and absence (right) of
F-actin. At 5 s after mixing M5aFull (1 �M head) with 0.7 �M ATP, the
solution was sequentially mixed with F-actin, and the change in the fluo-
rescence intensity was monitored. B and C, predominant rates of Pi release
from M5aFull in the presence of 1 mM EGTA (B) or 0.2 mM CaCl2 (C). Time
courses of the change in the fluorescence intensity of MDCC-PBP were
monitored in the presence of the indicated concentrations of F-actin (in
final). The obtained fluorescence data were fitted to the double or triple
exponential equations shown in Fig. 3. The predominant rate constants
were the slowest one (�70% in total amplitude) in EGTA and the fastest
one (�70%) in Ca2�. The kobs values are plotted as a function of F-actin
concentration. The solid lines are the best fits to a hyperbolic equation,
kobs � kmax/(1 � Kapp/[actin]). The fit values of kmax and Kapp were 0.037 �
0.002 s�1 and 2 � 1 �M in EGTA and 113 � 7 s�1 and 17 � 2 �M in Ca2�

conditions, respectively. The observed second order rate constants are
0.0048 � 0.0008 �M

�1 s�1 in EGTA and 4.4 � 0.1 �M
�1 s�1 in Ca2� condi-

tions. Error bars, S.E. (n � 3–10).

FIGURE 6. Effect of Ca2� on Pi burst of M5aFull. M5aFull (1.85 �M head) in
the presence of 1 mM EGTA (A) or 0.2 mM CaCl2 (B) was mixed with 0.40 �M

Mg[�-32P]ATP and quenched with acid at various time points. The released Pi
was then measured as described under “Experimental Procedures.” The frac-
tions of hydrolyzed ATP are plotted against time. The solid lines are fit to a
double exponential equation, (I(t) � Ifast e�kobs1t � Islow e�kobs2t). The fit values
of fractional amplitudes of the initial Pi burst phase (Ifast/(Ifast � Islow)) in EGTA
and Ca2� conditions are 0.2 and 0.78, respectively. The fit values of the kobs1
and kobs2 are 0.4 s�1 and 0.003 s�1 in EGTA and 0.5 s�1 and 0.04 s�1 in Ca2�

conditions, respectively. The insets show the early phase of the time course.
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ence of unregulatedmolecules.On the other hand, the predom-
inant phase (�70%) of the Pi release rates in the presence of
Ca2� was 113 � 7 s�1 (Fig. 7C). This value was quite similar to
the Pi release rate (k��4) determined with the S1 construct of
myosin Va (40). The slow rate (�30%) showed little actin
dependence, with rates of �1 s�1, �100-fold slower than the
maximum rate of the fast phase. This slow rate is probably due
to the ATP rebinding as shown by Homma and Ikebe (39),
because the addition of hexokinase/glucose (ATP removal)
greatly diminished the amplitude. A similar rate of a minor
phase (�10%) was also observed in the EGTA condition.
According to the tangent of the actin dependence of kobs, the
second order rate constants (k��4/K9 obs) of 0.0048� 0.0008 and
4.4� 0.1�M�1 s�1 were obtained in the presence of EGTA and
Ca2�, respectively. These results suggest that the rate of Pi
release limits the entire ATP hydrolysis cycle in the inhibited
state of M5aFull, because the major fraction of the observed
rate (0.04 s�1) was similar to the major fraction of the single
turnover rate (0.06 s�1). On the other hand, this step is not
the rate-limiting in the active state of M5aFull, because the
rate, 113 s�1, was 5 times higher than the single turnover rate
(22 s�1).
The Interaction of ADP with Actomyosin Va—The rate of

ADP binding to acto-M5aFull was determined by measuring
the fluorescence change of Mant-ADP upon binding. The
increase in the fluorescence intensity followed double expo-
nential kinetics for both in EGTA and Ca2�, and the apparent
rate constants increased with the mdADP concentration. The
fast (70–80% of the amplitude) and slow second order rate
constants obtained were 7.5 � 0.2 and 0.48 � 0.07 �M�1 s�1 in
the presence of EGTA and 8.5 � 0.6 and 0.8 � 0.2 �M�1 s�1 in
the presence of Ca2�, respectively (Fig. 8A). The ADP binding
rate was not much influenced by Ca2�. On the other hand, the
result suggested that the ADP dissociation rate from actomyo-
sin Va is significantly affected by Ca2�. The dissociation rate
constant can be obtained from the y intercept of the mdADP
dependence of kobs. As shown in Fig. 8A, the y intercept values
for the fast and slow rates in the EGTAwere 4� 1 s�1 and 1.7�
0.2 s�1, respectively, whereas those in Ca2� were 18 � 2 and
4 � 1 s�1, respectively. Tomore accurately determine the ADP
release rate, M5aFull was mixed with mdADP, and then we
monitored the decrease in the fluorescence intensity of Mant
group after the addition of excess ATP (Fig. 8, B and C). The
decrease in fluorescence intensity in Ca2� was biphasic and
followed double exponential kinetics (Fig. 8C). The kobs values
were 23.3 � 0.8 and 3.5 � 0.2 s�1 for the fast and slow phases
with the amplitude of�75 and�25%, respectively. Theweight-
averaged rate of mdADP release in the presence of Ca2� (18
s�1) was similar to that of the steady-state ATPase cycle rate,
suggesting that the ADP release from actomyosin Va limits the
entire ATP hydrolysis cycle rate in Ca2�. The double exponen-
tial kinetics for the ADP off stepwas previously reported for the
unregulated HMM construct, which was proposed to be due to
the interaction between the two heads (41).
On the other hand, the rate of mdADP release in EGTA was

much slower than those obtained in Ca2� (Fig. 8B). The pre-
dominant phase (�55%) with a rate constant of 3.0 � 0.3 s�1

was followed by theminor phase (�25%)with a rate constant of

FIGURE 8. The interaction of Mant-ADP with acto-M5aFull. A, Mant-ADP bind-
ing to acto-M5aFull in the presence of 1 mM EGTA (open symbols) and 0.2 mM

CaCl2 (closed symbols). Acto-M5aFull (0.2�M M5aFull head plus 0.24�M actin) was
mixed with mdADP to give the indicated concentrations of mdADP, and the
increase in fluorescence intensity was monitored. The results were fitted to the
double exponential equation shown in Fig. 3. The kobs values are plotted as a
function of mdADP concentration. The observed second order rate constants
(K��5) for the fast (circles) and slow (triangles) rates: 7.5 � 0.2 and 0.48 � 0.07 �M

�1

s�1 in EGTA and 8.5�0.6 and 0.8�0.2�M
�1 s�1 in Ca2� conditions, respectively.

Error bars, S.E. (n � 3 or 4). B and C, dissociation of Mant-ADP from acto-M5aFull in
the presence of 1 mM EGTA (B) and 0.2 mM CaCl2 (C). Acto-M5aFull (0.2 �M myosin
head) pre-equilibrated with 5 �M mdADP was mixed with 1.5 mM MgATP (before
mix), and the increase in the fluorescence intensity was monitored. The obtained
fluorescence data were fitted to the double or triple exponential equations
described in the legend to Fig. 3. The kobs values (K��5) are 11 � 1 s�1 (�20% in
total amplitude), 3.0 � 0.3 s�1 (�55%), and 0.66 � 0.06 s�1 (�25%) for the fast,
middle, and slow rates in EGTA and 23.3 � 0.8 s�1 (�75% in total amplitude) and
3.5 � 0.2 s�1 (�25%) for the fast and slow rates in Ca2�, respectively. Error bars,
S.E. (n � 4–10).
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0.66� 0.06 s�1 (Fig. 8B). These values are consistent with those
estimated in Fig. 8A. It should be noted that there was a minor
initial rapid phase (�20%) having a similar rate constant to that
in Ca2�, and it is likely that this is due to the presence of unreg-
ulated molecules in the preparation.
The marked decrease in the ADP release rate from actomy-

osin Va in EGTA was also shown by measuring the ATP-in-
duced change in the fluorescence of pyrene-actomyosin Va.
The rate of the change in the fluorescence of pyrene-actomyo-
sinVa increasedwithATP, but unlike the result shown in Fig. 4,
the rate was saturated at a lower ATP concentration in the
presence of ADP. This is because the actomyosin Va dissocia-
tion is limited by the ADP release step.
The saturated kobs values of the ATP dependence of Fig. 9

were 3.7� 0.3 and 0.8� 0.1 s�1with�45 and�35%of the total
amplitude. The fast rate of 20–30 s�1 was also observedwith an
amplitude of less than 20%, which is likely to be due to the
unregulated molecules. In the presence of Ca2�, the kobs values
for the predominant fast phase (�50%) was 26 � 2 s�1. The
results further support the possibility that the ADP release rate
is significantly reduced at low concentration of Ca2�. Although
the ADP release rate in the absence of Ca2� is much lower than
that in the presence of Ca2�, the rate is significantly higher than
the overall cycling rate observed in Fig. 3A.

DISCUSSION

Kinetic Mechanism of the Full-length Myosin Va—In the
present study, we clarified the mechanism of the inhibition of
the ATPase activity of mammalian myosin Va at low Ca2� by
kinetic analysis of the actin-activated ATP hydrolysis cycle.
Threemajor effects of lowering Ca2� on the elementary kinetic
steps were found. First, the rate of ADP release from actomyo-
sin Va (AM)�ADP complex is significantly decreased by 10-fold
at lowCa2� (i.e. in EGTA). The rate constant of theADP release
step from AM�ADP in high Ca2� was comparable with the
entire ATP hydrolysis cycling rate in this condition, indicating
that this step is the rate-determining step of actomyosin Va
ATPase cycle in high Ca2�. Although the rate of ADP release
was significantly decreased at low Ca2�, the ADP off rate is still
faster than the overall cycle rate of actomyosin Va at low Ca2�.
The result suggested that the ADP off step is not the rate-de-
termining step for actomyosin Va ATPase reaction at low Ca2�

in contrast to that at highCa2�. Since theATP binding step and
the subsequent ATP hydrolysis step in the presence of physio-
logical ATP concentration are much faster than the ATPase
cycle rate at low Ca2�, we thought that the actin rebinding and
the following Pi release from AM�ADP�Pi limit the entire cycle
rate at low Ca2�. As a result, we found that the rate of Pi release
fromAM�ADP�Pi complex is decreasedmore than 1,000-fold by
lowering Ca2� concentration. At high Ca2�, the Pi release rate
constant from the AM�ADP�Pi complex was at least 5-fold
larger than the entire ATP hydrolysis cycle rate, thus not rate-
determining. The marked decrease in the Pi off rate from the
AM�ADP�Pi complex at low Ca2� makes the rate of this step
comparable with the entire ATP hydrolysis cycling rate. The
result suggests that the Pi release step becomes the rate-deter-
mining step in the inhibited state of the full-length myosin Va.

Another major effect of Ca2� on the ATP hydrolysis cycle of
actomyosin Va is the Pi burst size. Whereas the Pi burst size of
the full-length myosin Va at high Ca2� was nearly identical to
that previously reported for the unregulated S1 construct (33),
the Pi burst size at low Ca2� was 0.2 mol/mol, which is much
lower than that at high Ca2�. The Pi burst represents the rapid
hydrolysis of ATP by myosin to form M�ADP�Pi ternary com-
plex that is labile by acid quench to release the bound Pi, there-
fore, the result indicates that a significant fraction ofmyosin Va
is accumulated as the prehydrolysis form during the ATP

FIGURE 9. ATP induced dissociation of pyrene-actin from acto-
M5aFull�ADP complex. The rates of ADP dissociation in the presence of 1 mM

EGTA (A) or 0.2 mM CaCl2 (B) were determined by measuring the time course
of the change in pyrene-actin fluorescence intensity. Acto-M5aFull (0.5 �M

myosin head plus 0.6 �M pyrene-actin) pre-equilibrated with 50 �M MgADP
was mixed with MgATP to obtain the indicated concentration of MgATP in the
flow cell. The time course of fluorescence enhancement followed triple expo-
nential kinetics. The obtained kobs values are plotted as a function of ATP
concentration. Solid lines through the data are the best fits to the hyperbolic
equation described in Fig. 4. The fit values in EGTA were as follows: for the fast
phase (�20% in total amplitude; not shown), kmax � 27 � 3 s�1 and Kapp �
229 � 87 �M; for the medium phase (�45%; open circles), kmax � 3.7 � 0.3 s�1

and Kapp � 23 � 10 �M; for the slow phase (�35%; open triangles), kmax �
0.8 � 0.1 s�1 and Kapp � 60 � 25 �M. The fit values in Ca2� were as follows: for
the fast phase (�50% in total amplitude, closed circles), kmax � 26 � 2 s�1 and
Kapp � 40 � 19 �M; for the medium phase (�20%, closed triangles), kmax �
4.0 � 0.8 s�1 and Kapp � 168 � 108 �M; for the slow phase (�30%, not shown),
kmax � 0.56 � 0.09 s�1 and Kapp � 111 � 76 �M. Error bars, S.E. (n � 3– 6).
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hydrolysis cycle at low Ca2�. Because the rate of ATP-induced
dissociation of actomyosin Va is fast, it is anticipated that the
ATP hydrolysis takes place whilemyosin Va is dissociated from
actin. Therefore, the present result suggests that the low steady-
state ATPase rate of actomyosin Va at low Ca2� is due to the
combination of the decreased rate of the Pi off and ADP off and
the low fraction of M�ADP�Pi ternary complex during the
hydrolysis cycle. Among them, themarked decrease in the Pi off
rate at low Ca2� is the major component that explains the low
ATP hydrolysis cycle in the inhibited state of myosin Va.
We think that the actual Pi burst size in the inhibited state of

myosin Va would be much lower than the value determined
(�0.2), because we estimate the fraction of the active form in
the sample to be 0.1–0.2. If so, the effect of Ca2� on the burst
size would bemore prominent. A low Pi burst size (�0.4) is also
reported in unregulated S1 construct having CaM as a light
chain, although the size of a construct having LC-1sawas nearly
1.0 (38). Taken together with our findings, the decreased Pi
burst size is not due to the conformation specific to the inhib-
ited formwith tail butmay be due to the conformational change
of CaM by Ca2�.
Since a significant fraction of the steady-state intermediate of

the full-length myosin Va at low Ca2� is accumulated in
M�ATP, aweak actin binding intermediate, it is anticipated that
the duty ratio of actomyosin Va ATP hydrolysis cycle at low
Ca2� is significantly lower than that at high Ca2�. Using the
experimentally determined kinetic constants of elementary
steps in the present study, the overall ATP hydrolysis cycle
pathway of actomyosin Va was analyzed for both high and low
Ca2� by using computer simulation. All rate constants and
equilibrium constants obtained in the present study are sum-
marized in Table 1. Except for the three steps described above,
we found that the kinetic parameters of the actomyosin Va
ATPase reaction are not significantly affected by Ca2�. The
ATPbinding step is fast in the physiological ATP concentration
(above 1 mM) and calculated to be �600 s�1 (Fig. 4), thus not a
rate-determining step. The following dissociation ofmyosin Va
from actin and the ATP hydrolysis steps are also much faster
than the overall cycle rate. Although the maximum rate con-
stant for the Pi off step at high Ca2� was not accurately deter-
mined, we could estimate that the rate of this step is �100 s�1

based upon the result shown in Fig. 7C. Based upon the single
turnover experiment, we found that Ca2� activates the ATP
hydrolysis cycle rate �100-fold. Although the rate of ADP off
step from AM�ADP is decreased by lowering Ca2�, the
extremely low ATP hydrolysis cycle rate in low Ca2� can be
explained by the inhibited Pi off rate in this condition.
Based on the kinetic parameters determined in the present

study, we calculated the steady-state distribution of intermedi-
ates during the actomyosin Va ATP hydrolysis cycle under the
physiological ATP concentration (�4 mM) (Fig. 10A). Both
M�ATP (�23%) and AM�ADP�Pi (�62%) are the predominant
steady-state intermediates for the actomyosin Va ATP hydrol-
ysis cycle at low Ca2�, whereas only AM�ADP is the predomi-
nant intermediate at high Ca2� that explains �68% of the
steady-state intermediates. Basically, the kinetic mechanism of
the full-lengthmyosinVa at highCa2� is almost the same as the
one previously reported for unregulated S1 construct (33). On

the other hand, the full-length myosin Va in the inhibited form
is present in the weak actin binding states in the presence of
ATP. Fig. 10B shows the computer-simulated steady-state
ATPase activity of the inhibited form. The Vmax and KATPase
values calculated by the simulation were 0.033 s�1 and 17.7�M,
respectively. This indicates that the maximum ATPase cycle
rate of the inhibited state is �500-fold lower than the activated
state. The result suggests that myosin Va does not consume
ATP in the cells before the activation in which myosin Va
begins functioning as a cargo transporter.
While the present study was being conducted, Olivares et al.

(42) reported the kinetic analysis of the full-length chickmyosin
Va. They reported that the ADP off rates from equilibrated
AM�Mant-ADP were biphasic for both in the presence (8.8 and
0.5–1 s�1) and absence of Ca2� (1.7 and �0.5 s�1). Although
the ADP off rate in the presence of Ca2� is slower than that
obtained in the present study for mouse myosin Va, the rate
constants in EGTA obtained for chick myosin Va were similar
to those obtained here (Fig. 8). However, they proposed that the
rate-determining step in EGTA was the ADP off step for chick
myosin Va (42). The difference in the two studies is due to the
determination of the Pi off rate in EGTA. Although the Pi off
rate was not directly determined in chick myosin Va, it was
estimated from the result of single turnover experiment. They
observed that the initial fast phase (40–80 s�1 at 19 �M actin)
was followed by the slow phase of the rate constant of 11 s�1

and assigned the fast phase and the slow phase as the Pi off and
ADPoff rate, respectively. On the other hand, we found that the
initial rapid phase (fraction of 0.1–0.2) was followed by a large
fraction of the slow phase (0.06 s�1; see also Fig. 3A). Since the
fraction of the initial rapid phase varies with different prepara-
tions, we think that this is due to the presence of unregulated
M5aFull in the preparation. Actually, the rate constant of the
rapid phase was similar to the rate constant of the major frac-
tion in Ca2�. The slow single turnover rate in EGTA (0.2 s�1)
was also reported by Lu et al. (43) while the present study was
underway. Furthermore, we directlymeasured the Pi off rate by
using the fluorescent phosphate-binding protein as a probe.
The rate of Pi off was markedly decreased in EGTA (Fig. 7, A
and B), and the obtained rate constant explained well the slow
single turnover rate ofM5aFull in EGTA. At present, we do not
know the reason for the apparent contradiction, but it is possi-
ble that the difference is due to the species difference between
chick and mouse.
We observed that the ADP off step is biphasic for the full-

length myosin Va in both Ca2� and EGTA conditions. Rosen-
feld and Sweeney (41) reported previously that the ADP off rate
from the unregulated double-headed actomyosinVaHMMwas
biphasic and concluded that the biphasic ADP off rate is due to
the two-head interaction of HMM. The biphasic kinetic con-
stants in the present study are probably due to the two-headed
structure of full-lengthmyosin Va, although we cannot exclude
the possibility that the dual rates are the intrinsic property of
the head, since it was reported that the single-headed unregu-
lated S1 construct also represents the biphasic ADP off rate
(44). It is also reported that the ADP release rate from one head
ismuch faster than the rate from the other head in the inhibited
form of the full-lengthmyosin Va (42). This asymmetrical ADP
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release of myosin Va is due to the reduced binding affinity for
actin of one head. The biphasic kinetic constants in the present
study may also be due, at least in part, to the asymmetrical
binding of the two heads to actin.
Regulation of Myosin Va on the Processivity—It has been

known that myosin Va moves processively on actin filaments,
and this is closely correlated with the high duty ratio of acto-
myosin VaATPase cycle and the cooperativity between the two
heads (45). The present study revealed that the duty ratio of the
actomyosin Va ATP hydrolysis cycle is markedly decreased at
low Ca2�. This is due to the marked decrease in the Pi release
rate and the significant shift in the equilibrium of the ATP

hydrolysis step toward the prehydrolysis form in the inhibited
state of myosin Va.
Since the ATP binding and the following actin dissociation

step are fast and the equilibrium ofM�ATP-AM�ATP is favored
to the dissociation, it is anticipated that the full-length myosin
Va at low Ca2� quickly dissociates from actin upon the binding
of ATP after the power stroke. It can be predicted that the
decrease in the duty ratio ofmyosinVa at lowCa2�hampers the
processivemovement. Supporting this notion, quite recently, it
was reported that the continuous movement of single myosin
Va HMMmolecules was hampered by the addition of the glob-
ular tail domain (45).While this study was being conducted, Lu

TABLE 1
Kinetic parameters of M5aFull construct
Buffer conditionswere as follows: 30mMKCl, 20mMMOPS-KOH (pH7.5), 2mMMgCl2, 5mM2-mercaptoethanol, 1mMEGTAor 0.2mMCaCl2, at 25 °C. The approximate
percentage of signal amplitude is shown in parentheses, and the predominant rate is denoted in boldface type. Error represents the S.E. (n � 3–10).

EGTA Ca2� Method
Steady state
Vo (head�1 s�1) 0.021 � 0.001 0.055 � 0.003
Vmax (head�1 s�1) 1.69 � 0.09 14.4 � 0.3
KATPase (�M) 2.6 � 0.5 0.49 � 0.06

Single turnover
Without actin (s�1) 0.02 (30%) 0.04 ATP

0.003 (70%)
With actin (s�1) 28 � 4 (15%) 22 � 4 (75%) mdATP

0.31 � 0.05 (20%) 3.5 � 1.9 (25%)
0.06 � 0.01 (65%)

ATP binding
K1k�2 (app) (�M�1 s�1)a 1.91 � 0.04 1.80 � 0.03 mdATP
K1k�2 (�M�1 s�1) 1.6 � 0.1 1.29 � 0.06 Tryptophan
k-2 (s�1) 0.5 � 0.2 0.2 � 0.2 y intercept of mdATP binding
K�1k��2 (app) (�M�1 s�1)a 1.38 � 0.02 3.1 � 0.3 mdATP
K�1k��2 (�M�1 s�1) 1.6 � 0.4 3.4 � 0.4 Pyrene
k��2 (s�1) 664 � 66 694 � 60 Pyrene

Hydrolysis
k�3 � k�3 (s�1) 331 � 35 240 � 33 Tryptophan
k�3 (s�1) 65 � 9 188 � 27 Calculated as (k�3 � k�3)Bb

k�3 (s�1) 266 � 29 52 � 11 Calculated as k�3 � k�3 � k�3
K3 0.24 � 0.04 3.6 � 1.0 Calculated as k�3/k�3

Phosphate release
k�4 (obs) (s�1) 0.016 � 0.002 0.039 � 0.002 MDCC-PBP
k�4 (obs) (s�1) �0.003 �0.04 Quenched flow
k�4 (s�1) 0.08 � 0.01 0.050 � 0.004 Calculated as k�4 (obs)/B

�0.015
k��4 (s�1) 97 � 9 (20%) 113 � 7 (70%) MDCC-PBP

0.70 � 0.07 (10%) 1.1 � 0.1 (30%)
0.037 � 0.002 (70%)

ADP binding
k�5 (s�1) 13 � 2 (15%) 23 � 1 (60%) mdADP

1.5 � 0.2 (45%) 2.9 � 0.2 (40%)
0.82 � 0.03 (40%)

k�5 (�M�1 s�1) 7.7 � 0.3 (50%) 8.5 � 0.6 (60%) Mant-ADPc
0.29 � 0.02 (50%) 0.48 � 0.06 (40%)

k��5 (s�1) 4 � 1 18 � 2 y intercept of mdADP binding
1.7 � 0.2 4 � 1

k��5 (s�1) 11 � 1 (20%) 23.3 � 0.8 (75%) mdADP
3.0 � 0.3 (55%) 3.5 � 0.2 (25%)
0.66 � 0.06 (25%)

k��5 (s�1) 27 � 3 (20%) 26 � 2 (50%) Pyrene
3.7 � 0.3 (45%) 4.0 � 0.8 (20%)
0.8 � 0.1 (35%) 0.56 � 0.09 (30%)

k��5 (�M�1 s�1) 7.5 � 0.2 (75%) 8.5 � 0.6 (75%) mdADPc
0.48 � 0.07 (25%) 0.8 � 0.2 (25%)

K�5 (�M) 0.39 � 0.04 2.7 � 0.2 Calculated as k��5/k��5
d

1.4 � 0.2 4.6 � 1.2
Actin binding
k��4/K9 (obs) (�M�1 s�1) 0.0048 � 0.0008 4.4 � 0.1 MDCC-PBP
k��4/K9 (�M�1 s�1) 0.025 � 0.005 5.7 � 0.3 Calculated as k��4/K9 (obs)/B

aShowed averaged rates.
bB (Pi-burst size) was calculated as Ifast/(Ifast � Islow) in Fig. 6, which is assumed to be K3/(1 � K3).
cAnalyzed by double exponential kinetics.
dCalculated from mdADP experiments.
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et al. (43) reported that the full-length myosin Va can move
processively in EGTAusing singlemolecule imaging technique.
However, the number of molecules moving processively on
actin was significantly less than that in Ca2�, and it is thought
that the observed processive movement is due to the presence
of the active form in the EGTA condition. Consistent with this
notion, we found that �10–20% of the molecules in the
M5aFull preparation were unregulated (i.e. the active confor-
mation). The number of molecules moved processively in
EGTA was one-eighth of that in Ca2� (43); therefore, it is
thought that the inhibited form ofmyosin Va does notmove on

actin filaments and quickly dissoci-
ates from actin as soon as it binds to
actin.
Although the molecular mecha-

nism by which the kinetic proper-
ties are changed by Ca2� is unclear,
it has been proposed that the inhibi-
tion of the actin-activated ATPase
activity of myosin Va at low Ca2� is
correlated with the large conforma-
tional change of myosin Va (16, 17,
21). It was shown that myosin Va
forms a folded triangular conforma-
tion. By biochemical analysis of a
series of truncated constructs, it was
proposed that in the folded confor-
mation, the head/neck domain is
bent back toward the globular tail
domain at the hinge between the
neck and the first coiled-coil
domain so that the globular tail
interactswith the head ofmyosinVa
and the C-terminal end of the
coiled-coil rod (46). We showed
recently that the globular tail
domain functions as an in-
tramolecular inhibitor of myosin
Va, and the addition of the globular
tail domain to the unregulatedmyo-
sin VaHMM in EGTAproduces the
inhibited form of myosin Va (46).
Therefore, it is expected that the
processive movement of the full-
lengthmyosin Va is disrupted in the
inhibited conformation.
The structural analysis revealed

that the tail domain interacts with
the head domain at the N-terminal
lobe of the motor domain (Pro117–
Pro137) (45) or near the nucleotide
binding pocket (47). The present
results are consistentwith the struc-
tural findings, in which the Pi and
ADP release is inhibited in the
folded conformation in the absence
of Ca2�. It is plausible that the bind-
ing of the globular tail influences the

conformation of the motor domain, thus inhibiting the Pi off
and ADP off from the active site and the stabilization of the
prehydrolysis conformation. Of interest is that the folded con-
formation in which the tail of myosin is bent back toward the
head has also been found in conventional smooth muscle and
nonmuscle myosin in the RLC dephosphorylated inhibited
form (48, 49). For the conventionalmyosin, the Pi release step is
significantly inhibited in the dephosphorylated myosin to form
a stable M�ADP�Pi complex, and this is abolished by RLC phos-
phorylation at the neck. It is plausible that a common mecha-
nism is operating for the inhibition of the product release from

FIGURE 10. Model of the Ca2� regulation mechanism of myosin Va. A, steady-state distribution of the
inhibited or activated actomyosin Va intermediates. The kinetic parameters and initial values for the inhibited
state were as follows: [AM]0 � 1 �M, [actin]0 � 50 �M, K��2 � 700 s�1, K8 � 100 �M (rapid equilibrium), k�3 � 65
s�1, k�3 � 266 s�1 (K3 � 0.24), K9 � 4.2 �M (rapid equilibrium), K��4 � 0.04 s�1, and K��5 � 3 s�1. The values for
the active state are as follows: [AM]0 � 1 �M, [actin]0 � 50 �M, K��2 � 700 s�1, K8 � 100 �M (rapid equilibrium),
k�3 � 188 s�1, k�3 � 52 s�1 (K3 � 3.6), K9 � 20 �M (rapid equilibrium), K��4 � 113 s�1, and K��5 � 20 s�1. The
contribution of other equilibria to the overall scheme was ignored for simplicity of simulation. A and M, actin
and myosin Va, respectively. B, simulated steady-state ATPase rate for the inhibited form of myosin Va. Simu-
lation was done by varying the concentration of actin with the parameters described in the legend to A.
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the active site among the different myosin family members.
Further studies are required to clarify the effect of the tail
domain binding on the conformation of the motor domain of
myosin Va.
Regulation of Myosin Va in Cells—It is not understood how

the motor function of myosin Va is regulated in cells to date.
However, there are at least two mechanisms for the activation
of myosin Va motor function proposed. One is that Ca2� bind-
ing to the CaM light chain activates the actin-activated ATPase
activity (50), and the other is that the binding of the cargo mol-
ecules at the tail domain activates the ATPase activity (51). For
both, a key feature is the formation of the inhibited conforma-
tion of myosin Va, which can be activated by the activation
factors. The present results suggest thatmyosinVa in the inhib-
ited state cannot function as a cargo transporter, because the
cross-bridge cycle rate is dramatically inhibited. Furthermore,
it is anticipated thatmyosinVa in the inhibited formdissociates
from actin during the cross-bridge cycles, and it is unlikely to
continuously move on actin filaments. Based upon the present
results, we propose amodel in which themajority of myosin Va
molecules are dissociated from actin in the cells, and stimula-
tion, such as the cargo molecule binding or the increase in
Ca2�, triggers myosin Va to move on actin filaments. Support-
ing this view, myosin Va does not show discrete colocalization
with actin structure in the cells (52). Since theATPase activity is
low in the inhibited state, myosin Va consumes ATP only when
it is activated and functions to transport cargos and thus mini-
mize the energy consumption in the cells.
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