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Ca2+-induced activation of ATPase activity of myosin Va
is accompanied with a large conformational changeq
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Abstract

We succeeded in expressing the recombinant full-length myosin Va (M5Full) and studied its regulation mechanism. The actin-

activated ATPase activity of M5Full was significantly activated by Ca2þ, whereas the truncated myosin Va without C-terminal

globular domain is not regulated by Ca2þ and constitutively active. Sedimentation analysis showed that the sedimentation coefficient

of M5Full undergoes a Ca2þ-induced conformational transition from 14S to 11S. Electron microscopy revealed that at low ionic

strength, M5Full showed an extended conformation in high Ca2þ while it formed a folded shape in the presence of EGTA, in which

the tail domain was folded back towards the head–neck region. Furthermore, we found that the motor domain of myosin Va folds

back to the neck domain in Ca2þ while the head–neck domain is more extended in EGTA. It is thought that the association of the

motor domain to the neck inhibits the binding of the tail to the neck thus destabilizing a folded conformation in Ca2þ. This

conformational transition is closely correlated to the actin-activated ATPase activity. These results suggest that the tail and neck

domain play a role in the Ca2þ dependent regulation of myosin Va.

� 2004 Elsevier Inc. All rights reserved.
Myosins are motor proteins that interact with actin

filaments and convert energy from ATP hydrolysis into
mechanical force. In addition to well-characterized

conventional, filament forming myosin-II of muscle and

non-muscle cells, a number of unconventional myosins

have been discovered and it is known that myosin con-

stitutes superfamily. The myosin superfamily is cur-

rently organized into 18 classes based upon phylogenetic

sequence comparisons of the motor domain [1–4].

Among them, myosin Va is the best characterized un-
conventional myosin. However, it is still not clear the

mechanism by which myosin Va works as a motor

protein, especially how it is regulated.

Myosin Va was initially characterized as an unusual

calmodulin binding protein from the brain with a

number of myosin-like biochemical properties [5–7].

Myosin Va is especially abundant in neurons and con-
qWhile we were preparing this paper, it appeared online that Wang

et al. [32] found the formation of a folded structure of myosin Va at

low ionic strength in EGTA but an extended structure in Ca2+.
* Corresponding author. Fax: 1-508-856-4600.

E-mail address: mitsuo.ikebe@umassmed.edu (M. Ikebe).

0006-291X/$ - see front matter � 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2004.01.084
stitutes 0.2% of the total protein in the brain [8]. So far,

myosin Va has been purified from chicken and mouse
brain. The actin-activated ATPase activities of tissue-

isolated myosin Va, both chicken brain myosin Va and

mouse brain myosin Va, are well regulated by Ca2þ [8,9].

On the other hand, Ca2þ does not enhance the ATPase

activity of expressed recombinant truncated myosin Va,

such as myosin Va HMM and S1 [9–11].

Ca2þ has strikingly different effects on ATPase

activity and in vitro motility activity of myosin Va. Al-
though Ca2þ enhances the ATPase activity of tissue-

isolated myosin Va, it suppresses in vitro motility of

myosin Va [8]. It is puzzling that myosin Va has very low

actin-activated ATPase activity in EGTA condition, yet

it has good motility in similar conditions. Similar phe-

nomena were found for expressed truncated myosin Va.

Although the ATPase of recombinant truncated myosin

Va is not regulated by Ca2þ, its motility was inhibited by
Ca2þ [10,11]. The reason why tissue-isolated myosin Va

and expressed myosin Va fragments show different

properties is unknown. Obvious possibility is that the

tail domain influences the Ca2þ dependent regulation.

Alternatively, the difference may be attributed to the

mail to: mitsuo.ikebe@umassmed.edu


X. Li et al. / Biochemical and Biophysical Research Communications 315 (2004) 538–545 539
differences in the post-translational modifications of
recombinant and tissue-isolated myosin Va or the sub-

unit compositions and it is reported that tissue-isolated

myosin Va contains dynein light chain [12].

In this paper, we succeeded in functionally expressing

recombinant full-length myosin Va and studied Ca2þ

dependent regulation of myosin Va by examining the

expressed full-length myosin Va and various truncated

variants. The results indicated that full-length myosin
Va undergoes a Ca2þ-induced conformational change,

which is closely correlated to the actin-activated ATPase

activity. Myosin Va showed an extended conformation

in Ca2þ while a folded conformation is favored in the

absence of Ca2þ in physiological ionic conditions.
Materials and methods

Materials. Restriction enzymes and modifying enzymes were pur-

chased from New England Biolab (Beverly, MA). Actin was prepared

from rabbit skeletal muscle acetone powder according to Spudich and

Watt [13]. Recombinant calmodulin of Xenopus oocyte [14] was ex-

pressed in Escherichia coli as described [15]. Ni2þ–NTA–agarose was

purchased from Qiagen (Hilden, Germany). Anti-FLAGM2 antibody,

anti-FLAG M2 affinity gel, FLAG peptide (Asp Tyr Lys Asp Asp Asp

Asp Lys), phosphoenolpyruvate (PEP), 2,4-dinitrophenyl-hydrazine,

and pyruvate kinase were from Sigma (St. Louis, MO).

Construction of myosin Va expression vector. A baculovirus transfer

vector for mouse myosin Va (M5Full) in pFastBac (Invitrogen, CA)

was produced as follows. A unique Spe1 site was created at nucleotide

3316 of DHM5 [10]. A cDNA fragment 3316–5602 flanked by SpeI

and KpnI sites was introduced to DHM5 to produce a full-length

myosin Va construct. The nucleotides at the created SpeI site were

changed to resume the authentic sequence. An N-terminal tag

(MSYYH HHHHH DYKDD DDKNI PTTEN LYFQG AMGIR

NSKAY) containing a sequence of hexa-histidine-tag and FLAG-tag

was added to the N-terminus of M5Full. For M5HMM, a stop codon

was introduced at the nucleotide 3316. Vector containing nucleotide 1–

2468 of myosin Va (M5IQ2) was prepared as described previously [10].

Expression and purification of myosin Va. To express recombinant

M5Full, sf9 cells (about 1� 109) were co-infected with two separate

viruses expressing the myosin Va heavy chain and calmodulin, re-

spectively. The infected cells were seeded in 15 large flasks (175 cm2)

and cultured at 28 �C for 3 days. Cells were harvested and washed with

4mM EGTA in TBS (50mM Tris–HCl, pH 7.5, 0.15M NaCl). Cell

pellets were then lysed with sonication in 20ml of lysis buffer [50mM

Tris–HCl, pH 7.5, 0.3M NaCl, 1mM EGTA, 0.02% NaN3, 5mM

ATP, 5mM of 2-mercaptoethanol, 10 lg/ml leupeptin, 0.2mg/ml

trypsin inhibitor (egg), and 0.5% Triton X-100]. After centrifugation at

120,000g for 30min, the supernatant was incubated with 1.0ml anti-

FLAG M2 affinity resin in a 50-ml conical tube on a rotating wheel in

a cold room for 2 h. The resin suspension was then loaded on a column

(1� 10 cm) and washed with 30ml solution-A (50mM Tris–HCl, pH

7.5, 0.3M NaCl, 0.2mM EGTA, 2 lg/ml leupeptin, and 5mM of 2-

mercaptoethanol). Myosin Va, bound to anti-FLAG agarose, was

eluted with 0.1mM FLAG peptide in solution-A and concentrated by

Vivaspin (Vivascience, Germany). The collected myosin Va was dia-

lyzed overnight against 1 L buffer D [20mM Mops (pH 7.0), 0.2M

NaCl, 0.1mM EGTA, and 1mM DTT].

A similar procedure was used for purification of M5HMM that has

an N-terminal FLAG-tag. M5IQ2 was purified by Ni2þ–NTA–agarose

affinity chromatography as described before [10], since this construct

has C-terminal hexa-histidine-tag. Protein concentration was deter-
mined by Coomassie Brilliant Blue R250 staining of SDS–PAGE

(7.5–20%) using smooth muscle myosin heavy chain as standard.

The molecular weights of heavy chain were 220, 134, 96, and 220 kDa

for M5Full, M5HMM, M5IQ2, and smooth muscle myosin, respec-

tively, calculated from their amino acid composition. All concentra-

tions of myosin Va in this paper are referred to the concentration

of head.

ATPase assay. Since myosin Va ATPase activity, significantly in-

hibited by product, ADP, we used an ATP regeneration system to

measure its activity. The MgATPase activity was measured at 25 �C in

a solution containing 10–100 nM myosin Va, 20mM Mops (pH 7.0),

1mM MgCl2, 0.25mg/ml BSA, 1mM DTT, 2.5mM PEP, 20U/ml

pyruvate kinase, 12 lM calmodulin, 100mMKCl, 0.5mM ATP, 1mM

EGTA–CaCl2 buffer system, and various concentrations of actin. The

reaction was stopped at various times between 4 and 60min by adding

100ll reaction solution to a 1.5-ml tube containing 350ll of 0.36mM

of 2,4-dinitrophenyl hydrazine (Sigma, MO) and 0.4M HCl. After

incubation at 37 �C for 10min, 250ll of 2.5M NaOH and 0.1M

EDTA was added to each tube and absorption at 460 nm was re-

corded. The standard curve was measured using 0–0.5mM freshly

prepared pyruvate solution.

Analytical ultracentrifugation. The myosin Va sample (about 1ml)

was dialyzed against 1 L buffer of 20mM Mops (pH 7.0), 0.2M NaCl,

0.1mM EGTA, and 1mM DTT. Just before running, MgCl2 and

EGTA concentration was adjusted to 1mM for EGTA condition. For

Ca2þ condition, MgCl2 and CaCl2 were adjusted to 1mM, and EGTA

was adjusted to 2.05, 1.41, 1.03, and 0.87mM for pCa7, pCa6, pCa5,

and pCa4 condition, respectively. For high salt condition, NaCl con-

centration was increased to 0.6M by adding 5M NaCl. The buffers for

the reference were treated identically as samples. Sedimentation ve-

locity was run at 42,000 rpm at 20 �C for 2 h in a Beckman Optima XL-

I analytical ultracentrifuge. Sedimentation boundaries were analyzed

using a time-derived sedimentation velocity program, i.e., DcDt [16] or

DcDt plus [17]. The density and viscosity calculated with Sednterp for

a solution containing 0.2M NaCl and 1mM MgCl2 were 1.00658 g/ml

and 1.0213 cp, respectively. Those values for a solution of 0.6M NaCl

and 1mM MgCl2 were 1.0228 g/ml and 1.0590 cp, respectively. The

values of the partial specific volumes of M5Full (0.7323), M5HMM

(0.7296), and M5IQ2 (0.7328) were calculated from the amino acid

composition of heavy chain and calmodulin.

Electron microscopy. M5Full samples diluted to about 4 nM were

absorbed onto a freshly cleaved mica surface for 30 s. Unbound

proteins were rinsed away, and then the specimen was stabilized by

brief exposure to uranyl acetate as described [18]. The specimen was

visualized by the rotary shadowing technique according to Mabuchi

[19] with a Philips 300 electron microscope at 60 kV.
Results

Expression of recombinant full-length myosin Va and its

fragments

We succeeded in functionally expressing a full-length

mouse myosin Va (M5Full). Myosin Va heavy chain

was co-expressed with calmodulin light chain and puri-
fied as described in Materials and methods (Fig. 1). To

eliminate any possible contamination of endogenous

myosin of Sf9 cells, FLAG-tag was introduced to heavy

chain. The expressed M5Full was composed of heavy

chain with an apparent molecular weight of 190 kDa

and calmodulin light chain and free from endogenous

200 kDa myosin II of Sf9 cells. There was no ATPase

activity detected when non-infected Sf9 cell extract was



Fig. 1. Schematics of myosin Va constructs. (A) Schematic primary

structure of myosin Va constructs expressed in this study. CC repre-

sents the coiled-coil sequence. IQ represents the calmodulin light chain

binding domain. His-tag and FLAG-tag were added at N-terminus of

M5Full and M5HMM, while His-tag was added at C-terminus of

M5IQ2. (B) Schematic structure of myosin Va constructs based on its

amino acid sequence and a schematic published previously [8]. The

chain represents coiled-coil structure. (C) SDS–PAGE (7.5–20%) of

purified M5Full (lane 2), M5HMM (lane 3), and M5IQ2 (lane 4).

Lanes 1 and 5 are molecular weight markers with the molecular masses

indicated on the right of lane 5 (in kDa).
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subjected to anti-FLAG chromatography. Myosin Va

HMM (M5HMM) containing the entire head, IQ do-

main, and coiled-coil domain and M5IQ2 containing

entire head and 2 IQ domains were also isolated

(Fig. 1C). These constructs were used for the experi-

ments described in this study.

ATPase activity of recombinant myosin Va and its

fragments

Fig. 2A shows the actin-activated ATPase activity of

M5Full in the presence and absence of free Ca2þ. The

actin-activated ATPase activity of M5Full showed
strong Ca2þ dependence and the activity was increased

approximately 9-fold in the presence of 100 lM free

Ca2þ (Fig. 2A and Table 1). The result of M5Full is

similar to that of tissue-isolated myosin Va [9,20]. On

the other hand, Ca2þ increased the activity of M5HMM

with much reduced extent than that of M5Full in the

presence of 12 lM calmodulin (Fig. 2B). In the absence

of exogenous calmodulin, actin-activated ATPase ac-
tivity of M5HMM was decreased at high Ca2þ as was
reported previously [10], and it is thought that the de-

crease in the ATPase activity is due to the dissociation of

calmodulin light chain. The ATPase activity of M5IQ2

showed reverse Ca2þ dependence and the activity was

slightly higher in EGTA than in Ca2þ (Fig. 2C). Both

truncated constructs have high ATPase activity in

EGTA condition, which is similar to that of M5Full in

Ca2þ condition. The results suggest that the Ca2þ depen-
dent regulation observed for M5Full is due to the inhi-

bition in EGTA rather than the activation in Ca2þ.

Fig. 2D shows free Ca2þ concentration dependence of the

actin-activated ATPase activity of M5Full. The activity

was increased at higher than pCa5, suggesting that Ca2þ

binding to calmodulin light chain is responsible for the

activation.The result ofM5Full is similar to that of tissue-

isolated myosin Va and suggests that the tail domain of
myosin Va is responsible for Ca2þ dependent regulation.

Fig. 3 shows KCl dependence of the actin-activated

ATPase activity of M5Full. Interestingly, Ca2þ depen-

dence was abolished at high ionic strength. The activity

in Ca2þ condition was significantly increased at low io-

nic strength while the activity in EGTA was not strongly

increased at low ionic strength. On the other hand, the

activity of M5HMM was increased at low ionic strength
for both Ca2þ and EGTA conditions. At low ionic

strength, the activity ratio between M5Full and

M5HMM markedly increased by Ca2þ, while at high

ionic strength the activity ratio did not dramatically

change by Ca2þ (Table 2). These results suggest that the

activity of M5Full is inhibited at low Ca2þ and the in-

hibition is only achieved at low ionic strength.

Ca2þ dependent conformational change of myosin Va

To understand the mechanism, by which Ca2þ chan-

ges the ATPase activity of M5Full, we studied the

conformational changes of myosin Va constructs. First,
we analyzed the sedimentation coefficient (S20;w) of my-

osin Va in EGTA and Ca2þ conditions by velocity sed-

imentation analysis. Purified myosin Va constructs in

EGTA or pCa5 condition were subjected to analytical

centrifugation. The apparent S20;w of M5Full decreased

significantly from 13.9S in EGTA to 11.3S in pCa5

condition (Fig. 4 and Table 3). Remarkably, the stim-

ulation of actin-activated ATPase activity of M5Full by
Ca2þ is accompanied with the decrease of S20;w (Fig. 2D

and Table 3). The coiled-coil structure of myosin Va is

stable and it is unlikely that the two-headed structure of

myosin Va is broken at high Ca2þ. Supporting this no-

tion, M5HMM, containing partial coiled-coil domain,

failed to show a decrease of S20;w. Therefore, the results

suggest that the observed change in the S20;w of M5Full

is due to the large change in the conformation. It is
predicted that M5Full forms a more compact confor-

mation in the presence of low Ca2þ than in high Ca2þ.



Fig. 2. MgATPase activity of myosin Va constructs. (A–C) The actin dependence of ATPase activity of M5Full (A), M5HMM (B), and M5IQ2 (C) in

EGTA (open circle) and pCa4 condition (closed circle). The solid lines in (A–C) are fit to the Michaelis–Menten equation. The fitting data are

summarized in Table 1. Assay conditions were described in Materials and methods. (D) Effects of Ca2þ on the ATPase activity (closed circle) and

sedimentation coefficient (open triangular) of M5Full. The ATPase activity was measured at 25 �C in a solution of 20mMMops (pH 7.0), 0.1M KCl,

1mM MgCl2, 1mM DTT, 0.25mg/ml BSA, 12 lM calmodulin, 20 lM actin, 0.5mM ATP, 2.5mM PEP, and 20U/ml pyruvate kinase. EGTA

(1mM) was added for EGTA condition, whereas 1mM CaCl2 and various concentrations of EGTA were added for pCa7–pCa4 conditions as

described in Materials and methods. Sedimentation coefficient was measured as described in Materials and methods.

Table 1

Vmax and Kactin of actin-activated ATPase activity of myosin Va

EGTA condition Ca2þ condition

V0 (s�1 head�1) Vmax (s�1 head�1) Kactin (lM) V0 (s�1 head�1) Vmax (s�1 head�1) Kactin (lM)

M5Full 0.05 2.15 4.38 0.06 18.52 6.02

M5HMM 0.09 12.48 2.75 0.09 17.30 4.84

M5IQ2 0.07 15.07 9.21 0.07 14.45 19.87

Assay conditions were as described in the legend to Fig. 1. Basal activity (V0) was deducted. Curves are the least squares fits of the data points

based upon the equation: V ¼ ðVmax � ½actin�Þ=ðKactin þ ½actin�Þ.
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On the other hand, the S20;w of M5Full at high ionic

strength slightly increased from 9.4 in EGTA to 9.7 in

pCa5 (Table 2). Same results were obtained with several
independent preparations. Both values were similar to

that in Ca2þ at low ionic strength, suggesting that the

formation of a compact structure is abolished at high

ionic strength. In contrast to M5Full, the S20;w for
M5HMM rather increased from 8.7S in EGTA to 9.5S

in Ca2þ condition (Fig. 4 and Table 3). Ca2þ induced the

slight decrease of S20;w with M5IQ2 (Fig. 4 and Table 3).
While the change was small, the same results were ob-

tained repeatedly, therefore, the change in S20;w of

M5IQ2 may reflect the Ca2þ-induced release of the

bound calmodulin [10].



Fig. 3. Effects of KCl on the ATPase activity of M5Full (A) and M5HMM (B). The assay was carried in a solution containing 20mMMops (pH 7.0),

1mM MgCl2, 1mM DTT, 0.25mg/ml BSA, 12 lM calmodulin, 20lM actin, 0.5mM ATP, 2.5mM PEP, 20U/ml pyruvate kinase, 20 lM actin, and

various concentrations of KCl at 25 �C. One millimolar EGTA (open circle) and pCa5 (closed circle).

Table 2

Comparison of M5Full ATPase and M5HMMATPase at low salt and

high salt conditions

KCl

(mM)

M5Full

(s�1 head�1)

M5HMM

(s�1 head�1)

Ratio

EGTA 100 2.02 9.55 0.21

600 0.88 1.25 0.70

pCa5 100 11.07 11.61 0.95

600 0.64 0.77 0.83

Assay conditions were as described in the legend to Fig. 3. Ratio is

calculated by dividing M5Full ATPase activity with M5HMMATPase

activity in same conditions.

542 X. Li et al. / Biochemical and Biophysical Research Communications 315 (2004) 538–545
To visualize the nature of the conformational change

ofM5Full, we examined the structure ofM5Full by rotary

shadowing of electron microscopy. Fig. 5 shows the rep-

resentative images of M5Full in various conditions. At

high ionic strength at low Ca2þ, M5Full showed an ex-

tended conformation that was similar to those images

previously reported [8]. On the other hand, we found a

folded shape of M5Full at low ionic strength in the pres-
ence of EGTA, in which the tail domain was folded back

towards the head–neck region. In the Ca2þ condition, we

predominantly found an extended conformation even at

low ionic strength. These results are consistent with cen-

trifugation analysis and show that 14SM5Full represents

a folded conformation, while 11S M5Full represents an

extended conformation. Furthermore, we found that the

head of myosin Va appears large and globular with no
obvious neck domain in high Ca2þ regardless of ionic

strength. On the other hand, in low Ca2þ myosin Va

showed smaller globular head connected with long neck

domain (Fig. 5).
Discussion

We found that myosin Va (M5Full) exhibits a Ca2þ

dependent large change in the S20;w at physiological ionic

strength. It is known that S20;w is related to the molecular
weight. Theoretically, for random coils like large DNA
molecules, S20;w is proportional to M1=2, whereas, for

spherical molecules, S20;w is proportional to M2=3. It was

reported that Ca2þ induces the dissociation of calmodulin

from myosin Va [10,20]. The number of dissociated cal-

modulin ranges from1 to 1.3 [20] to 2 [10] from each heavy

chain. If we assume that 4 of 12 bound calmodulin dis-

sociated frommyosinVa inCa2þ condition, themolecular

weight ofmyosinVawill decrease from644 kDa inEGTA
condition to 576 kDa in Ca2þ condition. The anticipated

decrease in S20;w value is from 13.9S inEGTAcondition to

13.1 (linear shape) or 12.9 (spherical shape). Both calcu-

lated numbers are much larger than the observed S20;w in

Ca2þ condition, so the decrease of S20;w is not due to the

dissociation of calmodulin, but to conformational

change. Based upon rotary shadowing of electron mi-

croscopy, it was found that M5Full forms a folded con-
formation at low Ca2þ and low ionic strength. In this

conformation, myosin Va tail bent back to the head–neck

region of the molecule. On the other hand, M5Full forms

amore extended conformation at highCa2þ. At high ionic

strength, an extended conformation dominates over a

folded conformation regardless of theCa2þ concentration

that is reflected by the decrease in S20;w. Ca
2þ concentra-

tion required for the shift in conformation is pCa6–pCa5
based upon the change in the S20;w. This suggests that the

conformational change is initiated by the binding of Ca2þ

to calmodulin light chain that is associated at the neck of

myosin Va. It should be mentioned that myosin Va

showed several apparently different shapes in low Ca2þ at

low ionic strength, although the molecules showed com-

pact structures. This suggests that the attachment of the

tail domain to the neck domain is not tight and there is
enough flexibility to allow myosin Va molecules to take

various conformations.

We also found that Ca2þ changes the head–neck con-

formation regardless of the ionic strength. At high Ca2þ,

the characteristic long neck domain of myosin Va is not

evident and two large globular heads are observed.



Table 3

Sedimentation coefficient (S20;w)of myosin Va constructs

EGTA pCa7 pCa6 pCa5 pCa4

M5Fulla 13.9 14.1 14.2 11.3 10.6

M5Fullb 9.4 n n 9.7 n
M5HMMa 8.7 n n 9.5 n
M5IQ2a 5.8 n n 5.4 n
aAnalytical centrifugation was run in a solution of 20mM Mops

(pH 7.0), 0.2M NaCl, 1mM MgCl2, 1mM DTT, and various con-

centration of EGTA and CaCl2 as described in Materials and methods.
b Same condition as a except 0.6M NaCl was used.

Fig. 4. Apparent sedimentation coefficient distributions for myosin Va

constructs. Sedimentation velocity was determined in solutions con-

taining 20mM Mops (pH 7.0), 0.2M NaCl, 1mM DTT, and 1mM

EGTA (solid line). EGTA was replaced by EGTA–CaCl2 buffer for

pCa5 condition (broken line). The velocity runs were carried out at

42,000 rpm at 20 �C for M5Full (A), M5HMM (B), and M5IQ2 (C).

The x-axis, S*20;w, is the apparent sedimentation coefficient.
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We think that the globular motor domain of myosin Va is

folded back to the neck domain at high Ca2þ to create an

apparently large globular head (Fig. 5). At low ionic

strength, the attachment of the motor domain to the neck

domain in Ca2þ may prevent the interaction of the tail
domain at the neck domain thus inhibiting the formation

of a folded conformation. The Ca2þ-induced increase in

S20;w with M5Full in high salt (9.4S–9.7S) and M5HMM
(8.7S–9.5S) supports the model (Fig. 5B) in which the

head folds back to neck in high Ca2þ.

Interestingly, the change in the conformation of

M5Full was closely correlated with the change in the ac-

tin-activatedATPase activity. At low ionic strength, Ca2þ

markedly increases the actin-activated ATPase activity

and this is accompanied by the change in the conforma-

tion from a folded to an extended. On the other hand,
there was no change in the ATPase activity by Ca2þ at

high ionic strength, where the compact folded structure of

myosin Va is not found. A similar relationship between

the conformational change and ATPase activity of myo-

sin has been known for vertebrate smooth muscle and

non-muscle myosin II [21–25]. Vertebrate myosin II

forms a folded conformation at low ionic strength in

which the tail bent back towards the head–neck junction
while it forms an extended conformation. A folded my-

osin II has a low ATPase activity while an extended my-

osin II shows significantly higher ATPase activity [21,24].

The change in the conformation of myosin II is regulated

by regulatory light chain phosphorylation [23,24,26] and

it is thought that the phosphorylation of the light chain

induces the conformational change at the neck region

where the light chain associates and this stabilizes the
association of the tail domain to form a folded confor-

mation.FormyosinVa, it is anticipated thatCa2þ binding

to calmodulin light chain induces the conformational

change of calmodulin at the neck domain, which desta-

bilizes the association of the tail domain to the head–neck

region of myosin Va.

Recently, a similar tail inhibition model was proposed

for the regulation of kinesin, i.e., kinesin is in a folded
conformation such that the kinesin globular tail domain

interacts with and inhibits the kinesin motor activity [27].

Full-length kinesin undergoes a 9S–6S conformational

transition, i.e., compact to extended conformation,

whereas, C-terminal domain truncated kinesin constitu-

tively in extended form [28]. Correspondingly, the AT-

Pase activity of full-length kinesin is activated by cargo

binding, whereas C-terminal domain truncated kinesin is
constitutively active. Furthermore, it was found that the

expressed C-terminal globular domain inhibits the AT-

Pase activity of C-terminal domain truncated kinesin [29].

The present study suggests that there is a similarity in the

regulatory mechanism between kinesin and myosin Va.



Fig. 5. Electron micrographs of M5Full and model for the regulation of M5Full. (A) Electron microscopic images of M5Full in various conditions.

M5Full samples diluted to about 4 nM by dilution buffer were absorbed onto a freshly cleaved mica surface for 30 s. Unbound proteins were rinsed

away, and then the specimen was stabilized by brief exposure to uranyl acetate as described under Materials and methods. Dilution buffers were as

follows. EGTA-low salt, 1mM MgCl2, 30% glycerol, 1mM EGTA, and 50mM ammonia acetate (pH 7.0); Ca2þ-low salt, 1mM MgCl2, 30%

glycerol, 0.1mM CaCl2, and 50mM ammonia acetate (pH 7.0); EGTA-high salt, 1mM MgCl2, 30% glycerol, 1mM EGTA, and 600mM ammonia

acetate (pH 7.0); Ca2þ-high salt, 1mMMgCl2, 30% glycerol, 0.1mM CaCl2, and 600mM ammonia acetate (pH 7.0). (B) Schematic model of M5Full

conformations. The motor domain is folded back to associate the neck domain in high Ca2þ. At low salt condition, the tail globular domain interacts

with the head–neck region to produce a compact structure in low Ca2þ. This is inhibited in high Ca2þ because the binding of the motor domain to the

neck domain interferes with the association between the tail and the head–neck of myosin Va.
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It is puzzling that the actin gliding activity ofM5Full is

active in EGTA where the ATPase activity is markedly

inhibited. It is known that myosin Va is a processive

motor with the step size of 36 nm/ATP hydrolysis [30].

Therefore, it can be calculated that ATPase cycle rate of

2 s�1 in EGTA condition yields the actin gliding velocity

of 0.07 lm/s,which ismuch slower than theobserved actin
gliding velocity in EGTA (0.3–0.5 lm/s) on glass surface

[8,31]. One possibility to account for this discrepancy is

that the attachment of myosin Va at the tail domain to

glass surface diminishes the interaction between the tail

and the head–neck domain releasing the inhibition. It is

plausible, therefore, that the binding of tail domain to

partner molecules may release the inhibition of the AT-

Pase thus regulating myosin Va motor function. It re-
quires further study to see whether cargo binding at the

tail domain can activate myosin Va motor function.
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