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Previous studies indicated that single-headed smooth muscle myosin and SI (a single
head fragment) are not regulated through phosphorylation of the regulatory light chain
(RLC). To investigate the importance of the double-headedness of myosin and of the S2
region for the phosphorylation-dependent regulation, we made three types of recombi-
nant mutant smooth muscle HMMs with one intact head and an N-terminally truncated
head. The truncated head of AMD lacked the motor domain, that of A(MD+ELC) lacked
the motor and essential light chain binding domains, and single-headed HMM had one
intact head alone. The basal ATPase activities of the three mutants decreased as the KC1
concentration became less than 0.1 M. Such a decrease was not observed for SI, which
had no S2 region, suggesting that S2 is necessary for this myosin behavior. This activity
decrease also disappeared when RLCs of AMD and A(MD+ELC), but that of single-
headed HMM, were phosphorylated. When their RLCs were unphosphorylated, the
three mutants exhibited similar actin-activated ATPase levels. However, when they were
phosphorylated, the actin-activated ATPase activities of AMD and A(MD+ELC) in-
creased to the SI level, while that of single-headed HMM remained unchanged. Even in
the phosphorylated state, the actin-activated ATPase activities of the three mutants and
SI were much lower than that of wild-type HMM. We propose that S2 has an inhibitory
function that is canceled by an interaction between two phosphorylated RLCs. We also
propose that a cooperative interaction between two motor domains is required for a
higher level of actin activation.

Key words: interaction between two regulatory light chains, head-S2 interaction, N-ter-
minally truncated HMM, phosphorylation-dependent regulation, smooth muscle myosin.

Phosphorylation of the regulatory light chain (RLC) of myo- in which the tail is extended, and a folded 10 S form, in
sin is a key reaction for the regulation of smooth muscle which the tail is folded into thirds (5, 6). Phosphorylation
contraction. Under unphosphorylated conditions, myosin stabilizes the extended 6 S conformation under physiologi-
exhibits low actin-activated ATPase activity (1-3) and fails cal conditions, allowing myosin to form thick filaments (7,
to move actin filaments (4). Phosphorylation enhances the 8).
ATPase activity by 50-100-fold (1-3), and enables myosin The smooth muscle myosin molecule has a double-
to move actin filaments (4). Phosphorylation of smooth headed structure with two globular heads connecting to an
muscle myosin is known to affect the equilibrium between alpha-helical coiled coil tail. Each head is composed of a
two different conformational states; an extended 6 S form, motor domain containing an ATPase site and an actin bind-

ing site, an essential light chain (ELC) binding domain, and
1 This work was supported by Research Grants for Cardiovascular a RLC binding domain. The tail of this molecule is further
Diseases from the Ministry of Health and Welfare of Japan, Grants- divided into two domains, the subfragment 2 (S2) domain,
in-Aid for Scientific Research from the Ministry of Education, So- w W c h rises one.third of the tail from the N-terminus,
ence and Culture of Japan, and Special Coordination Funds for Pro- j i-_i_i. • J • i_- i. • *.\. _L C
moting Science and Technology from the Science and Technology and h g h t meromyosin domain, which comprises the rest of
Agency of Japan (to H.O. and K.F.). S.K. is the recipient of a Domes- the tail and is responsible for the filament assembly. Previ-
tic Research Fellowship from the Japan Science and Technology ous studies on myosin constructs lacking one or more func-
Corporatdon. tionally important domains have provided insights into the
2 To whom correspondence should be addressed: Tel: +81-6-6833- w a y by which phosphorylation could regulate the function
x u l 2 ' F a x : - + 8 1 ^ 7 2 - 8 0 9 2 . - f ^ : honishi@ri.ncvc.go.jp o f m y o s i n F o r example, HMM, which is a soluble double-
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heavy meromyosin; RLC, regulatory light chain; SI, myosin sub^ h^ded fragment of myosin IS fully regulated by phospho-
fragment 1; S2, myosin subfragment 2. rylation (9-11), while the phosphorylataon cannot regulate

Si , a fragment corresponding to a single head of myosin
© 2001 by the Japanese Biochemical Society. (12). Single-headed myosin lacking one of the two heads,
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prepared by proteolytic digestion of smooth muscle myosin,
is also poorly regulated by phosphorylation (13, 14). These
findings appear to indicate that some interaction between
the two heads is necessary for myosin regulation. Analysis
of HMMs with differently truncated S2 regions clarified the
roles of S2 in phosphorylation-dependent regulation of
actin activation. Sata et al. have claimed that the upper 1/
2—2/3 of the S2 region is required for formation of the dou-
ble-headed structure of the myosin molecule and for the
two heads to interact (15). Trybus et al. have proposed that
the S2 region is actively involved in the regulation of
smooth muscle myosin (26). Despite their double-headed-
ness, HMMs lacking some part of the S2 region lost the
ability of phosphorylation-dependent regulation of the ac-
tin-activated ATPase and actin sliding activities. However,
it remains unknown whether the head-S2 interaction is
critical for the regulation or the S2 region influences the
regulation via some modulation of the head-head interac-
tion.

Here, we address this problem by analyzing a series of
recombinant HMMs, of which one heavy chain (HC) is
truncated (Fig. 1). Previous proteolytic methods could only
yield single-headed myosin with one ELC and one RLC,
like our single-headed HMM construct. We took advantage
of the baculovirus expression system to create two other
constructs, AMD and A(MD+ELC). We here report the re-
sults of enzymatic analyses of the three truncated HMMs
as well as of recombinant SI and wild-type HMM. Compar-
ison of their properties lead us to two conclusions. One is
that the head-S2 interaction inhibits the myosin function
and that this effect is canceled by the interaction between
two phosphorylated RLCs. The other is that some intramo-
lecular interaction between two motor domains is neces-
sary for a high level of actin activation.

MATERIALS AND METHODS

Protein Preparation—F-Actin was prepared from rabbit
skeletal muscle as described (17). Myosin light chain kinase
was prepared from chicken gizzard according to Adelstein
and Klee (18), and calmodulin from bovine testis according
to Yazawa et al. (19).

Construction of Recombinant Baculoviruses—Three
types of N-terminally truncated HMM HC constructs
[AMD, Asp 789-Val 1316; A(MD+ELC), Lys 810-Val 1316;
and single-headed HMM, Leu 835-Val 1316] were pre-
pared, as follows. GMH-5 (20), a cDNA encoding the C-ter-
minal half (Phe 730-Thr 1318) of the chicken gizzard
HMM HC, was in vitro mutagenized by the method of
Kunkel (21). Three different oligonucleotides (the under-
lined bases indicate the mutations imposed), 5'-TGTGAT-

GGCAAAGGCCTCCATGGCCAGGTAGCCTCGGCA-3',
and 5'-GCCAGTTCCTCAGCTCCATGGAAGCAGCACAAT-
TTCT-3', were used to create a Ncol site around the Arg
788, Arg 808, and Leu 833 codons, respectively. The
mutagenized cDNAs were digested with Ncol and Bs^PI,
and the fragments of 0.20 kb (for AMD), 0.13 kb (for
A(MD+ELC), and 0.06 kb (for single-headed HMM) were
inserted into the NcoVBstPl site of pFastBacHT-C-HMM-
myc (22) to obtain transfer vectors for the expression of N-
terminal truncated HMM HCs with a N-terminal His-tag.
These transfer vectors are named pFastBacHT-AMD-myc,

pFastBacHT-A(MD+ELC)-myc, and pFastBacHT-sh-HMM-
myc, respectively.

The transfer vector encoding a full-length HMM HC
without a His-tag was produced by removing a His-tag se-
quence from pFastBacHTa (Life Technologies). Briefly, a
Ncol site was generated upstream of the His-tag sequence
by site-directed mutagenesis (Quick Change Site-Directed
Mutagenesis Kit; Stratagene) using two primers; 5'-CGGT-
CCGAAACCATGGCGTACTACCATCAC-3', and 5'-GTGA-
TGGTAGTACGCCATGGTTTCGGACCG-3'. The muta-
genized pFastBacHTa was digested with Ncol to remove a
small fragment containing a His-tag sequence, and then
the remaining fragment was recircularized (named pFast-
BacNN). The construction of pFastBacNN-WT-myc, which
contains cDNA sequences of the HMM HC (Met 1-Val
1316) plus a C-terminal myc-tag, was performed essentially
according to (22) except for the use of pFastBac NN, instead
of pFastBacHTa.

An SI HC construct was prepared as follows. To intro-
duce a Smal site at the C-terminus of the SI HC, GMH-5
was mutagenized by the method of Kunkel (21) with an oli-
gonucleotide, 5'-CreTAGCCCGGGTTTCACTTTGGTGAA-
CAG-3'. A myc-tag coding sequence was synthesized from a
pair of oligonucleotides and linked to the C-terminus of the
SI HC by SmaVBamHl site ligation. A cDNA consisting of
the HC (Phe 730-Lys 847) and the myc tag was recovered
by digestion with Xbal (originating from the cloning vector
sequence) and EcoRI, and inserted into the EcoRI/Xbal site
of pFastBacHTa to obtain pFastBacHT-C-Sl-myc. The
transfer vector encoding the full-length SI HC (named
pFastBacHT-Sl-myc) was obtained by inserting a cDNA
fragment encoding the N-terminal half (Met 1-Glu 729)
into the Ncol/EcoBI site of pFastBac-C-Sl-myc.

All the recombinant viruses except AcNPV/ELC/RLC (for
ELC and RLC) were produced from the above transfer
plasmid according to the manufacturer's instructions (Life
Technologies). AcNPV/ELC/RLC was prepared as described
previously (23).

Preparation of Recombinant HMMs and SI—Prepara-
tion of His- and myc-tagged wild-type HMMs was carried
out as described by Kojima et al. (22). His- and myc-tagged
SI was prepared by essentially the same method as that
used for the tagged wild-type HMM.

Three N-terminally truncated HMMs were prepared as
follows. Sf9 cells were coinfected with three viruses; one for
both light chains, another for the non His-tagged full-
length HMM HC, and the third for a His-tagged N-termi-
nally truncated HMM HC (Asp 789-Val 1316, Lys 810-Val
1316, or Leu 835-Val 1316). The virus-to-cell ratio was 6 for
each of the three types of viruses. Three types of proteins (a
homodimer of non His-tagged full-length HMM HCs, a
homodimer of His-tagged truncated HMM HCs, and a het-
erodimer of non His-tagged wild-type and His-tagged trun-
cated HMM HCs) were produced in Sf9 cells. The non His-
tagged full-length homodimer and His-tagged heterodimer
bound to F-actin, and were pelleted by ultracentrifugation
(10,000 Xg, 20 min). By homogenizing the pellet in 1 mM
ATP, both HMMs were dissociated from F-actin. After F-
actin had been pelleted by centrifugation at 100,000 Xg for
20 min, the supernatnant was incubated at 4'C for 1.5 h
with Ni2+-NTA resin (QIAGEN) and then placed in a col-
umn. The non His-tagged full-length homodimer was
washed out from this column with C-buffer [20 mM Tris-
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HC1 (pH 7.5), 100 mM KC1, 5 mM 2-mercaptoethanol, and
1 jig/ml leupeptdn], and then the C-buffer containing 20
mM imidazole. The His-tagged heterodimer attached to the
Ni2+-NTA resin was eluted with the C-buffer containing
100 mM imidazole. Approximately 0.25 mg of the purified
proteins was obtained from 1.3 g of Sf9 cells. The molecular
masses of the wild-type HMM, AMD, A(MD+ELC), single-
headed HMM, SI, and actin used were 378, 292, 272, 250,
133, and 42 kDa, respectively.

Gel Electrophoresis—SDS-PAGE was carried out accord-
ing to the method of Laemmli (24) usually with a 10% poly-
acrylamide gel. Native-PAGE was carried out as described
(14,25). The band intensity was determined by densitome-
try (Personal Densitometer SI, Molecular Dynamics,
Sunnyvale, CA, USA).

Electron Microscopy—Electron microscopy was per-
formed with a Hitachi H-800 electron microscope operated
at 75 kV. HMM samples were diluted to 10 jtg/ml with 70%
giycerol and 0.4 M ammonium acetate. These samples were
sprayed on to mica and then rotary-shadowed with plati-
num (26,27).

ATPase Assay—EHYk (K+)-ATPase activity measure-
ments were carried out in 0.03 mg/tnl HMM or SI, 0.6 M
KC1, 10 mM EDTA, 0.2 mM MgCL,, 20 mM Tris-HCl (pH
8.0), 0.2 mg/ml BSA, and 1 mM ATP. The basal Mg*+-
ATPase activity was measured as a function of the KC1 con-
centration (from 0.01 to 0.4 M) in an assay medium con-
taining 0.2 mg/ml HMM or SI, 2 mM MgCL,, 20 mM Tris-
HCl (pH 7.5), 0.2 mg/ml BSA, 1 mM DTT, 1 mM ATP, and
0.5 mM EGTA or 0.1 mM CaCL,, 4 fig/ml myosin light
chain kinase and 1 ug/ml calmodulin. Actin-activated
ATPase activity was measured as a function of the F-actin
concentration (from 0 to 200 \iM) in an assay medium con-
taining 0.05 to 0.15 mg/ml HMM, 20 mM Tris-HCl (pH
7.5), 10 mM KC1, 2 mM MgCL,, 1 mM DTT, 1 mM ATP, and
0.5 mM EGTA or 0.1 mM CaCL,, 4 ng/ml myosin light
chain kinase and 1 ng/ml calmodulin. Each reaction was
started by adding ATP and stopped by adding perchloric
acid to a final concentration of 0.18 M. All assays were pre-
formed at 25"C. The amounts of released inorganic phos-
phate were determined by the malachite-green method

(28).

RESULTS

Characterization of N'-Terminally Truncated HMMs—In
order to prepare three truncated smooth muscle HMMs,
AMD, A(MD+ELC), and single-headed HMM (Fig. 1), three
sets of recombinant baculoviruses encoding both light
chains, a non—His-tagged full-length HMM HC, and one of
the three truncated HMM HC with a His-tag fused at their
N-termini were co-infected into Sf9 insect cells. Each poly-
peptide chain was coexpressed in Sf9 insect cells. Through
this coexpression procedure, three types of HMMs, viz., a
homodimer of full-length HCs, a heterodimer of full-length
and truncated HCs, and a homodimer of truncated HCs,
could be formed in the cells. The first and second species
formed complexes with actin, and were separated from the
third type, which lacked the actin binding site, as pellets by
ultracentrifugation. The presence of His-tags at the N-ter-
minis of the truncated HMM HCs allowed us to purify the
heterodimers by Ni2+-NTA resin affinity column chroma-
tography. The isolated truncated HMMs, wild-type HMM,
and SI were analyzed by denatured and native gel electro-
phoreses (Fig. 2). The SDS-PAGE patterns showed that
wild-type HMM and SI each contained a single species of
HC, 140 kDa wild-type HC and 94 kDa SI HC, respectively,
and two kinds of light chains in the molar ratio of
HC:ELC:RLC = 1:1:1, as determined by densitometry (Fig.
2A). Each of the truncated HMMs, viz., AMD, A(MD
+ELC), or single-headed HMM, contained the wild-type
HC and 53 kDa AMD HC, 51 kDa A(MD +ELC) HC, or 48
kDa single-headed HMM HC, respectively, and also con-
tained both light chains in the molar ratio of wild type
HC:ELC:RLC = 1:2:2, 1:1:2, or 1:1:1, respectively. The
native-PAGE patterns (Fig. 2B) showed that each of the
three different heterodimers moved as a single band. These
truncated HMMs were further examined by electron
microscopy (Fig. 3). Each truncated HMM showed one glob-
ular head and a tail, of which the sizes were similar to
those of wild-type HMM. In addition to the regular struc-
ture, AMD and A(MD+ELC) showed small nub-like trun-

S2

w i l d - t y p e HMM A(MD+ELC) s i n g l e - h e a d e d
HMM

truncated

SI

Fig. 1. Schematic drawings of the recombinant wild-type and
three truncated HMMs, and SI, which were used in this
study. Wild-type HMM has two heads, each of which is composed of
a motor domain (MD), an ELC binding region (ELC-BR), and a RLC
binding region (RLC-BR), and a subfragment 2 region (S2). AMD
contains only one MD but two ELC and RLC binding regions. A
(MD+ELC) is a truncated HMM with one MD, and one ELC and
two RLC binding regions. Single-headed HMM consists of one each
of MD, and ELC and RLC binding regions. While these HMMs have
an S2 region, SI with one each of MD, and ELC and RLC binding re-
gions has no S2 region.

Fig. 2. Gel electrophoreses of the recombinant HMMs and SI.
The purified recombinant HMMs and SI were analyzed by SDS-
PAGE (A) and native-PAGE (B) . Wild-type HMM (lane 1), AMD
(lane 2), A(MD+ELC) (lane 3), single-headed HMM (lane 4), and SI
(lane 5).
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cated heads, the nub of the former appearing larger than
that of the latter. The EDTA (K+)-ATPase activities (per
head) of the three truncated HMMs and SI were essen-
tially the same as that of wild-type HMM (Table I). This
suggests that all the recombinant proteins obtained here
are homogeneous and correctly folded.

KCl-Concentration Dependency of Basal ATPase Activ-
ity—Previous electron microscopy and ultracentrifugation
studies revealed that the ATPase activity decrease of HMM
is correlated with the conformational transition from the
extended 7.5 S to the flexed 9 S conformation (29, 30).
When the KC1 concentration was lowered from 0.4 to 0.01
M, the basal ATPase activity of unphosphorylated wild-type
HMM decreased, and the activity was increased by phos-
phorylation of RLCs (Fig. 4, panel A). In contrast, the
ATPase activity of SI increased as the KC1 concentration
was reduced, and the profile of ATPase activity was inde-
pendent of the phosphorylation state (Fig. 4, panel B). This
suggests that Si can not assume the conformation with low
activity corresponding to the 9 S form of HMM.

To assess the ability of the conformational change of the
truncated HMMs, their basal ATPase activities were mea-
sured at a series of KC1 concentrations between 0.4 and
0.01 M (Fig. 4, panels C, D, and E). In the unphosphory-
lated state, the three truncated HMMs showed similar KC1
concentration-dependent decreases in the activity, although
a much lower KC1 concentration was required. Since these
truncated HMMs, but not SI, have the S2 region, it
appears that S2 acts as an inhibitory domain and is neces-
sary for the formation of the low-activity-conformational
state. On phosphorylation of RLCs, this activity decrease
almost completely lost for AMD and A(MD+ELC) under
low-salt conditions (Fig. 4, panels C and D), whereas for

single-headed HMM with a single phosphorylated light
chain, the activity decrease was retained under low-salt
conditions (Fig. 4, panel E). One of the differences between
the former two truncated double-headed HMMs and the
latter single-headed one is the number of RLC& AMD and
A(MD+ELC) have two RLCs but single-headed HMM has
only one. These results suggest that the presence of two
RLCs in a myosin molecule is important for the regulation
leading to abolition of the inhibitory effect under low-salt
conditions. It is thus possible that some interaction be-
tween the two phosphorylated RLCs occurs.

Actin-Activated ATPase Activities of HMM, Si, and Trun-
cated HMMs—To assess the phosphorylatdon-dependent
regulation of the truncated HMMs, we measured the actin-
actdvated ATPase activities of the truncated HMMs as well
as recombinant wild-type HMM and SI. We found that the
actin-actdvated ATPase activity of wild-type HMM was
greatly enhanced by phosphorylation while that of SI was
not enhanced at all, suggesting that a single myosin head
is not sufficient for the regulation by phosphorylation (Fig.
5, panels A and B). These results are consistent with the
previous results for HMM and SI, which have been pre-
pared by proteolytic digestion of smooth muscle myosin (9-
12). We also found that the actin-activated ATPase activi-
ties of AMD and A(MD+ELC) were enhanced by phospho-
rylation more than 3-fold (Fig. 5, panels C and D), whereas
that of single-headed HMM was not (Fig. 5, panels E). This
indicates that regulation of actin-activated ATPase also
needs two RLCs. To study this more quantitatively, we cal-
culated the maximum activity (V^) and the apparent dis-
sociation constant for actin (kd) by fitting our data sets to
the equation V = V^Jd + Xytactin]). V ^ of Si was signif-
icantly lower (about 1/6 times) than that of wild-type HMM
in the phosphorylated form, whereas SI had a Kd value of
only about 2.5 times that of HMM (Table II). In the un-
phosphorylated state, the three truncated HMMs had simi-

TABLE I. EDTA (K+)-ATPase activity. EDTA (K">ATPase activ-
ity was measured at 25'C in an assay medium containing 0.03 ing/
ml HMM or SI, 0.6 M KCI, 10 raM EDTA, 0.2 mM MgCl,, 20 raM
Tris-HCI (pH 8.0), 0.2 mg/ml BSA, 1 mM DTT, and 1 mM ATP.
Each value is the average of two measurements.

Sample
Wild type HMM
AMD
A(MD+ELC)
Single-headed HMM
SI

Actdvit (s ' head ')
1.76
1.68
1.10
1.37
1.34

Fig. 3. Electron microscopy of
the recombinant fragments of
HMMs and SI. Metal-shadowed
images of wild-type HMM (a),
AMD (b), A(MD+ELC) (c), single-
headed HMM (d), and SI (e). Sam-
ples are sprayed on to mica, and
then rotary-shadowed with plati-
num. A two-fold magnified image
is shown at the lower left of each
panel. Scale bar, 100 nm.

J. Biochem.

 at Peking U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Smooth Muscle HMM with a Single Motor Domain 369

rrj

i
CO

4-1
O

rd

0
CO

OH

H

0.03

0.025

0.02

0.015

0.01

0005

0

0.03

/ "

. 1 1

(A)

—Q———o

- •

0.1 04

0.005

0.3 0.4

0.2 0.3 0.4

Fig. 4. Salt concentration-dependence of
the basal ATPase activities of the recombi-
nant HMMs and SI. Mg^-ATPase activities
of wild-type HMM (A), SI (B), AMD (C), A(MD
+ELC) (D), and single-headed HMM (E) as a
function of the KCl concentration. Activities
were measured at 25'C with various KCl con-
centrations, from 0.01 to 0.4 M, in 2 mM MgCL,,
20 mM Tris-HCl (pH 7.5), 0.2 mg/ml BSA, 1
mM DTT, and 1 mM ATP, with 0.5 mM EGTA
(• for the unphosphorylated state), or 0.1 mM

4 fig/ml myosin light chain kinase and 1
calmodulin (o for the phosphorylated

state). Each assay was started by adding ATP.
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Fig. 5. Actin-activated ATPase activities of
recombinant HMMs and SI. Actin-activated
ATPase activities of wild-type HMM (A), SI (B),
AMD (C), A(MD+ELC) (D), and single-headed
HMM (E) as a function of the actin concentra-
tion. Actin-activated ATPase activities were mea-
sured at 25*C in a medium containing various
concentrations (from 0 to 200 pM) of actin, 10
mM KCl, 2 mM MgCl̂ , 20 mM Tris-HCl (pH 7.5),
1 mM DTT, and 1 mM ATP, with 0.5 mM EGTA
(• for the unphosphorylated state), or 0.1 mM
CaCl,, 4 H-g/ml myosin light chain kinase, and 1
fig/ml calmodulin (o for the phosphorylated
state). The ATPase activities of HMM alone and
actin alone were both subtracted from each mea-
sured value to estimate actin-activated ATPase
activity.
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TABLE n. V r a and Kj values for actin-activated ATPase ac-
tivities and basal Mg*+-ATPase activities. Vmtx and Kd were
estimated from the date shown in Fig. 4 by fitting to the equation V
= V^d+Kyiactin]) . Basal Mg*+-ATPase activities were measured
under the same conditions as those for actin-activated ATPase ac-
tivities, without actin. Each value is the average of two to five
measurements. UP and P are the unphosphorylated and phospho-
rylated states, respectively.

sample

Wild type HMM

AMD

A(MD+ELC)

Single-headed HMM

S i

UP
P
UP
P
UP
P
UP
P
UP
P

(S-1 head"1)

(0.05)"
1.37
0.07
0.24
0.09
0.28
0.12
0.11
0.26
0.24

(mM)
—

0.06
0.07
0.07
0.06
0.09
0.08
0.08
0.18
0.13

Basal Mg**-ATPase
activity (S"1 head"1)

0.006
0.011
0.016
0.029
0.015
0.026
0.016
0.019
0.024
0.028

This value is for an actin-activated ATPase activity with 200 \iM actdn

lar VmB* values, which were only 40% of that of SI (Table
II). As described previously, the three truncated HMMs but
not SI have the S2 region. Thus, these results suggest that
the S2 region also plays an inhibitory role in the actomyo-
sin ATPase system. The V ^ values of AMD and A(MD
+ELC) in the phosphorylated state were close to that of Si
and much smaller (about 1/6 times) than that of phospho-
rylated wild-type HMM (Table II). These results indicate
that phosphorylation of the two RLCs cancels the inhibi-
tory effect of the S2 region, although the smaller V ^ val-
ues of SI and the truncated HMMs can be accounted for by
another mechanism (see "DISCUSSION").

DISCUSSION

Smooth muscle HMM has two conformational forms with
sedimention coefficients (s^, w) of 7.5 and 9 S. When RLC is
not phosphorylated, smw of the molecule increases from 7.5
to 9 S upon a decrease in the KC1 concentration from 0.3 to
0.05 M (29, 30). This increase in sKv is accompanied by a
parallel decrease in the basal Mg2+-ATPase activity (29,
30). Electron microscopy has revealed that the 7.5 S mole-
cule has its heads extended away from the tail, whereas
HMM in the 9S form has its heads oriented back toward
the tail as a flexed form (29). Interestingly the phosphoryla-
tion of RLC shifts the salt concentration range for the
Mg2+-ATPase activity decrease and the conformational
change toward lower concentrations. However, SI, which
lacks a two-headed structure and an S2 region, shows no
salt concentration-dependent decrease in the activity and
no conformational change, as reported previously (12, 30).
These observations suggest that the orientation of the
heads plays an important role in determining the level of
myosin ATPase activity. In the present study, we found that
three truncated HMMs with one motor domain show simi-
lar activity decreases, although the required concentration
of KC1 shifts from 0.3 M to less than 0.1 M (Fig. 4). From
this result, we assume that these truncated HMMs can
exist in both inactive (flexed) and active (extended) forms,
like wild-type HMM, depending on the concentration of
KC1, and that the decrease in the ATPase activity is also
due to the increase in the fraction of the flexed form. There-
fore, a head and an S2 region are necessary to form the

inactive flexed form, suggesting an inhibitory interaction
between the head and S2 region.

The actin-activated ATPase activities of SI and the three
truncated HMMs were roughly proportional to the basal
ATPase activities determined with 0.01 M KC1, presumably
because no head-head interaction was possible in these
molecules. For example, both the basal and actin-activated
ATPase activities of single-headed HMM were similar to
those of the unphosphorylated (inactive) forms of AMD and
A(MD+ELC), but these activities were about 2.5-fold
smaller than those of Si (Table II, and Figs. 4 and 5). As
discussed above, the decrease in the basal ATPase activity
is correlated with the increase in the fraction of the flexed
form. These findings suggest that the actin-activated
ATPase activity is also abolished by the head-S2 interac-
tion, which possibly occurs only in the flexed form. Previ-
ously, Trybus et al. (16, 31) proposed a model in which the
S2 region is necessary to maintain the completely inactive
state. Our results support their hypothesis. We can add two
new ideas to the model. One is that the interaction between
S2 and each myosin head can establish an inactive state,
although it remains undetermined which parts (motor
domain, ELC, or RLC) of the myosin head are involved in
the site of interaction with S2. The other is that the two-
headed structure is unnecessary for this process.

We have found that the phosphorylation of two RLCs
regulates both the basal and actin-activated ATPase activi-
ties even if HMM lacks one motor domain and one ELC
binding region (Fig. 5 and Table II). This indicates that an
interaction between two phosphorylated RLCs, but not be-
tween S2 and one phosphorylated light chain, is important
for the regulation. After the present paper had been sent
for publication, Li et al. (32) published a paper reporting
that a recombinant HMM with two RLCs but with one
motor domain [almost the same as A(MD+ELC) in this
study] exhibited partial regulation, which is consistent with
our present result. However, our finding that single-headed
HMM, which has one head and the S2 region, exhibites sig-
nificantly lower basal and actin-activated ATPase activities,
compared with those of SI, provided a new insight into the
regulatory mechanism; i.e, the S2 region functions as an
inhibitory domain and its inhibitory effect is canceled by
the interaction between the two phosphorylated RLCs. We
think that the transition from the flexed to the extended
form is closely related to this inhibition-releasing mecha-
nism. Maybe what happens is that the RLC phosphoryla-
tion cancels the inhibition by weakening the special inter-
action between the head and the S2 region.

Olney et al. (33) and we (14) have previously shown that
the extended to folded conformational transition and the
salt concentration-dependent Ca2+-ATPase activity of sin-
gle-headed myosin are phosphorylation-dependent, al-
though the level of regulation is low compared to that of
wild-type myosin. Our present observation that single-
headed HMM did not show such a phosphorylation-depen-
dent nature is inconsistent with previous ones by Olney et
al. and us. When myosin folds its tail, the neck region asso-
ciates with a specific site of the LMM portion, as shown by
electron microscopy (5). This interaction should not be
occur in the case of single-headed HMM, because this mole-
cule has no LMM portion. The interaction between the
neck and LMM portion may be regulated by the RLC phos-
phorylation in a different way from that between the head
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and S2 regions. A possible explanation for the phosphoryla-
tion-dependent regulation of single-headed myosin is that
the regulation of the interaction between the neck and
LMM portion may not require the interaction between two
phosphorylated RLCs. Further studies are needed to deter-
mine whether this explanation is reasonable or not,,

In the phosphorylated state, the actin-activated ATPase
activity of double-headed (wild-type) HMM was signifi-
cantly higher than those of SI and the truncated HMMs
with one motor domain (Fig. 5). On V ^ and KA values esti-
mation, we found that the higher actdn activation was pri-
marily due to a higher V ^ value (Table II). Similar results
were reported previously, V ^ for HMM is 4—6 times higher
than that for SI (9,12). The previous report of Trybus et al.
(31) showed the significantly lower actin-activated ATPase
activity of a monomeric construct (termed monomeric 15-
heptad SI) in comparison with those of dimeric constructs
stabilized with leucine zippers. Our explanation for this
finding is that some cooperative work between two motor
domains is necessary for full enhancement of the actdn acti-
vation. We previously revealed that when HMM forms a
complex with actin, the two HMM heads can be cross-link-
ed with a zero-length cross-linker, suggesting that the two
heads are almost in contact in the rigor complex (34). A
similar head-head contact might occur when the HMM
molecules interact with F-actin in the presence of ATP. In
such a case, this contact may be involved in the cooperatdv-
ity between the two heads proposed in the present study.

Previously, we (14) and Cremo et al. (13) demonstrated
that single-headed myosin exhibits high actin-activated
ATPase activity, which is one-half that of the phosphory-
lated form of intact myosin. However, the present study has
demonstrated that single-headed HMM, which has no
LMM region, is in an inactive state regardless of its phos-
phorylatdon state (Fig. 5). The discrepancy between single-
headed forms of myosin and HMM in the actin-activated
ATPase activity may be explained by assuming that two
motor domains from different single-headed myosin mole-
cules can also act cooperatively and thus enhance the actin
activation, when these molecules form filaments. We have
already suggested that the interaction between two RLCs
via a S2 region is essential for the phosphorylation-medi-
ated regulation. However, single-headed myosin has only
one RLC. Thus, close contact between two RLCs, like in
wild type myosin, can not be expected, and as a result the
actin-activated ATPase activity is independent of phospho-
rylatdon.

In summary, we have found that two RLCs are necessary
for regulating the ATPase activity of the smooth muscle
actin-HMM system. The role of phosphorylation is to cancel
the inhibitory effect of the S2 region. However, the ATPase
activity of truncated HMMs with only one motor domain
but with two RLCs is only partially activated by actin.
Therefore, two myosin motor domains are essential for
complete actdn activation.

We wish to thank Mrs. Haruyo Sakamoto for her technical assis-
tance.
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