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Myosin forms stable ternary complexes with ADP and phosphate analogues of fluoro-
metals that mimic different ATPase reaction intermediates corresponding to each
step of the cross-bridge cycle. In the present study, we monitored the formation of ter-
nary complexes of myosin·ADP·fluorometal using the fluorescence probe prodan. It
has been reported that the fluorescence changes of the probe reflect the formation of
intermediates in the ATPase reaction [Hiratsuka (1998) Biochemistry 37, 7167–7176].
Prodan bound to skeletal muscle heavy-mero-myosin (HMM)·ADP·fluorometal, with
each complex showing different fluorescence spectra. Prodan bound to the HMM·
ADP·BeFn complex showed a slightly smaller red-shift than other complexes in the
presence of ATP, suggesting a difference in the localized conformation or a difference
in the population of BeFn species of global shape. We also examined directly the glo-
bal structure of the HMM·ADP·fluorometal complexes using quick-freeze deep-etch
replica electron microscopy. The HMM heads in the absence of nucleotides were
mostly straight and elongated. In contrast, the HMM heads of ternary complexes
showed sharply kinked or rounded configurations as seen in the presence of ATP.
This is the first report of the direct observation of myosin-ADP-fluorometal ternary
complexes, and the results suggest that these complexes indeed mimic the shape of
the myosin head during ATP hydrolysis.

Key words: conformational change, electron microscopy, energy transduction, fluo-
rescence probe, myosin.

Abbreviations: AlF4
–, aluminum fluoride; BeFn, beryllium fluoride; DTT, dithiothreitol; GaFn, gallium fluoride;

HMM, heavy-mero-myosin; MgFn, magnesium fluoride; S-1, myosin subfragment-1; S-1Dc, myosin head from
Dictyostelium discoideum myosin II; SDS-PAGE, sodium dodecyl sulphate polyacrylamide gel electrophoresis;Vi,
vanadate.

Muscle contraction is based on the interaction between
myosin and actin coupled with ATP hydrolysis. Myosin
hydrolyzes ATP via several steps in its kinetic pathway.
Numerous biochemical studies have demonstrated that
ATP hydrolysis and the formation of intermediates is
accompanied by localized changes in the conformation of
the myosin head, e.g. in the regions of Trp 510 (1–3), Cys
707-Cys 697 (4–6) and Lys 83 (7–9). Furthermore, global
morphological changes in the myosin head during ATP
hydrolysis have also been demonstrated using small
angle synchrotron x-ray scattering (10, 11). The sequence
of transient intermediates on the kinetic pathway may
represent changes in the conformation of localized
regions and the global shape. However, it is often difficult
to study the sequence of such changes due to the brief
lifetime of the transient intermediates. Consequently, the
precise nature of the conformational changes in the
myosin head that are directly related to energy transduc-

tion remain unclear. To study conformational changes in
transient intermediates in the ATPase cycle and their
roles in energy transduction in detail, the use of stable
analogues mimicking the structures of the intermediates
would be very useful.

In the presence of Mg2+-ADP, myosin forms stable ter-
nary complexes with phosphate analogues, beryllium
fluoride (BeFn) (12–14), vanadate (Vi) (15), aluminum
fluoride (AlF4

–) (12, 13) and scandium fluoride (ScFn)
(16). Solution studies using fluorescence, CD, NMR, and
EPR techniques have demonstrated differences in the
structure of various stable myosin-ADP-phosphate ana-
logue complexes. Furthermore, crystallographic studies
of complexes of recombinant truncated Dictyostelium-S1
(S1Dc)·ADP·AlF4

–, S1Dc·ADP·BeFn (17, 18) and S1Dc·
ADP·Vi (19) have also shown significant structural differ-
ences between the complexes and indicated that these
ternary complexes may mimic different transient states
along the ATPase kinetic pathway; myosin·ADP·AlF4

–

and myosin·ADP·Vi complexes resemble the M**·ADP·Pi
intermediate state while myosin·ADP·BeFn mimics the
M*·ADP·Pi state.

Crystallographic studies have shown the exact three-
dimensional coordination of amino acids of the myosin
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motor domain, and provide useful information regarding
the possible mechanisms of energy transduction. How-
ever, discrepancies among numerous biochemical data,
especially with respect to conformational changes at the
flexible regions of myosin, suggest that the crystal struc-
tures may not reflect the actual conformation of myosin
in solution. For instance, the Vi or AlF4

– complexes are
thought to correspond to the M**·ADP·Pi state; yet their
crystal structures suggest that the cysteine region forms
a helix, and, therefore, that the distance between reactive
cysteine residues, Cys 707 and Cys 697, is identical to
that of non-nucleotide myosin (18, 19). Cross-linking
experiments have revealed that the distance between
Cys 707 and Cys 697 is reduced from 12–14 Å to 3–5 Å
during ATP hydrolysis (5, 6). With respect to the BeFn
complex, an analysis of tryptophan fluorescence enhance-
ment as well as its interaction with actin indicates that it
is different from the non-nucleotide state (12–14).

The most likely constitutively flexible regions of the
methylated skeletal muscle myosin head are loops 204–
216 and 627–646, located at the junctions of the 25 and
50 kDa fragments and the 50 and 20 kDa fragments,
respectively, but the loops cannot be seen in crystal struc-
tures (20). X-ray solution scattering of ternary complexes
has suggested that all such complexes, including the
BeFn complex, have a compact or round myosin head as
seen in the presence of ATP (10, 21). Furthermore, recent
crystallographic studies of smooth muscle myosin-ADP-
fluorometal complexes demonstrated that both BeFn and
AlF4

– complexes have morphologically similar regulatory
domains that resemble the M**·ADP·Pi state (22). How-
ever, the results of studies comparing the structures of
skeletal muscle myosin are confusing, particularly with
respect to the sequential conformational changes along
the ATPase cycle. Only for scallop myosin, the crystal
structures corresponding to different three states of a
single isoform have been reported by Houdusse et al. (23,
24) These structures show that the first conformation of
scallop S-1 in the absence of nucleotide is similar to that
of chicken skeletal myosin, and the second conformation
in the presence of ADP·Vi is similar to that of chicken
smooth muscle myosin. And, interestingly, the third con-
formation of scallop S-1 in the presence of ADP shows an
unusual conformation of the myosin head: the converter
and the lever arm are in quite different positions from
those in either the pre-power stroke or near-rigor state
structure. Moreover, in contrast to these structures, it
has been shown that the SH1 helix is unwound. The
unusual structure has been suggested to represent one of
the prehydrolysis (“ATP”) states of weak actin-binding
but not a strong actin-binding “ADP” state. Thus the
crystal structure remains in conflict with the structures
in solution.

6-Propionyl-2- (dimethylamino) naphthalene (prodan),
a fluorescent probe, is widely used as a sensitive reporter
for hydrophobic protein sites. The probe has been applied
successfully to the study of apomyoglobin (25), tubulin
(26), and spectrin (27). Hiratsuka (28) applied the probe
for myosin and succeeded in isolating S-1 in the S-1**·
ADP·Pi state from other forms in free and S1*·ADP states
and continuously visualizing the ATPase reaction (28).
The same probe was used in the present study to monitor
the conformational changes in the myosin head associ-

ated with the formation of myosin·ADP·fluorometal ter-
nary complexes and to characterize the precise differ-
ences between the BeFn complex and other complexes.

We also employed quick freeze deep-etch replica elec-
tron microscopy to examine directly morphological
changes in the myosin head during the formation of ter-
nary complexes with ADP and fluorometal phosphate
analogues. This technique, coupled with pre-adsorption
of the sample onto the surface of mica-flakes, has been
used by Heuser (29) for visualizing macromolecules.
Katayama (30) used the same technique and demon-
strated that the actin structure comprises a ring-shaped
particle with one or two clefts across the rim giving rise
to a horseshoe-like appearance. Moreover, Katayama (30)
also noted that the actin-unbound HMM-head is gener-
ally straight and elongated in the absence of nucleotides,
whereas upon the addition of ATP or ADP/Vi to the solu-
tion, it kinks sharply so that the two head moieties con-
nected to each other appear sigmoidal in shape (30).
Thus, quick freeze deep-etch replica electron microscopy
is very useful for direct examination of the structure of
the myosin head in solution, where it assumes different
transient states in the ATPase cycle. To our knowledge,
this is the first study involving the direct visualization of
myosin·ADP·fluorometal ternary complexes using the
technique of quick freeze deep-etch replica electron
microscopy.

 MATERIALS AND METHODS

Protein Preparations—Myosin was prepared from
chicken breast muscle according to the method of Perry
(31). The isolated myosin was then digested with α-chy-
motrypsin to obtain subfragment-1 (S-1) as described by
Weeds and Taylor (32). HMM was prepared according to
the method of Weeds and Pope (33).

Chemicals—ATP, ADP, dithiothreitol, Tris, NaF,
BeSO4, and sodium orthovanadate were purchased from
Wako Pure Chemicals (Wako, Osaka, Japan). AlCl3,
ScCl3, GaCl3 were purchased from Aldrich. Prodan was
purchased from Molecular Probes Inc. (Eugene, OR).

Quick-Freezing for Electron Microscopy—HMM·ADP·
AlF4

–, HMM-ADP-BeFn and HMM-ADP-Vi ternary com-
plexes were prepared according to the method of Maruta
et al. (12). Briefly, 10 µg/ml HMM was incubated with 1
mM ADP and 1 mM AlF4-, BeFn or Vi in a solution con-
taining 120 mM NaCl, 50 mM ammonium acetate, and 5
mM MgCl2 for 2 h at 25°C. The HMM-ADP-GaFn com-
plex was prepared as described previously by our labora-
tory (21). Briefly, 10 µg/ml HMM was incubated with 1
mM ADP and 0.1 mM GaFn in a solution containing 120
mM NaCl, 50 mM ammonium acetate, and 5 mM MgCl2
for 2 hrs at 25°C. The HMM-ADP-fluorometal complexes
were diluted to 10–15 µg/ml about two minutes before
the quick freezing procedure. The diluted samples of
HMM-ADP-fluorometals ternary complex samples were
adsorbed onto mica flakes before freezing, and then sub-
jected to the same procedure. Mica flakes are very effec-
tive as a spacer material to maintain low viscosity sam-
ples in a solid form. The suspension of mica adsorbed
samples was frozen quickly by contact with a pure copper
block (Polaron E-7200) cooled to liquid helium tempera-
ture (34). Quick-frozen HMM were set in a Baltzer’s type
J. Biochem.
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300 machine and fractured, etched for 4 min at –104°C
and rotary shadowed with platinum at an angle of 6°.
Carbon coated specimens were floated on water and
residual mica flakes were dissolved overnight on the sur-
face of full strength hydrofluoric acid. Replicas were
picked up and stereo pictures were taken.

Fluorescence Measurement—Fluorescence measure-
ments were obtained at 25°C with an RF-500 Spec-
trofluorometer (Shimadzu, Japan).

RESULTS

Fluorescence Studies of HMM-ADP-Fluorometal Com-
plexes Using the Fluorescent Probe Prodan—Hiratsuka
(28) demonstrated that the fluorescent probe prodan
binds to S-1 stoichiometrically without affecting the
enzymatic properties (ATPase and actin binding) of S-1.
The emission peak at 460 nm of prodan bound to rabbit
skeletal S-1 shifts to 450 nm and 445 nm upon the addi-
tion of ADP and ATP, respectively, indicating that the
spectral changes reflect the different transient states,
M*·ADP and M**·ADP·Pi, in ATPase cycle. Similar spec-
tral changes were noted between chicken skeletal S-1
and rabbit skeletal S-1 (Fig. 1). Interestingly, no changes
in the fluorescent spectra were noted when smooth mus-
cle S-1 was used (data not shown). This may be due to the
structural differences between skeletal and smooth
myosin as shown in recent crystal structures. Therefore,
prodan seems to be specific for skeletal muscle myosin
and is useful for monitoring the formation of transient
states in the ATPase cycle.

In the next series of studies, we determined the fluo-
rescence spectra of prodan bound to S1·ADP·fluorometal
complexes. These spectra were then compared with those

in the presence of ADP and ATP. Upon the addition of
excess ATP (1 mM) or ADP (1 mM), the emission maxi-
mum at 460 nm blue-shifted further to 448 nm or 453
nm, respectively. As shown in Fig. 1, the fluorescence
spectra of prodan·S-1 complexes in the presence of ADP·
fluorometals also further blue-shifted due to the forma-
tion of prodan·S-1·ADP·fluorometal complexes. However,
slight differences in the spectra were noted among the
complexes, which might reflect conformational differ-
ences in prodan binding to a localized region of the
myosin head. The peak emission of the prodan·S-1·ADP·
BeFn complex red-shifted to 451 nm, more than other
complexes. Other complexes, with the exception of the
BeFn complex, showed emission maximam at 448 nm,
similar to that in the presence of ATP. These results sug-
gest that prodan bound to ternary complexes allows the
detection of differences in the detailed conformations,
which may be explained by different transient states in
the ATPase cycle around at the M**·ADP·Pi state.

Examination of HMM-ADP-Fluorometal Ternary Com-
plexes by Quick-Freeze Deep-Etch Electron Microscopy—
Using quick freeze deep etch electron microscopy,
Katayama (30) demonstrated free HMM kinks in the
presence of ATP so that the two head moieties connected
to each other appear sigmoidal in shape, whereas in the
absence of ATP, the HMM head is generally straight and
elongated as illustrated in Figure 3A. We used the same
technique to examine directly the shape of HMM heads
during the formation of ternary complexes with ADP and
fluorometals. As a control, we also observed HMM in the
presence of ATP, ADP and in the absence of nucleotides
under the same conditions. Figure 2a and c show HMM
particles in the absence of ATP and presence of ADP,
respectively. The HMM heads appear elongated and
mostly straight or only slightly curved with a conven-
tional pear-shaped morphology. In the presence of ATP,
the majority of HMM changed to a sharply kinked config-
uration, forming a sigmoid (Fig. 2b) as reported previ-
ously (30).

HMM·ADP·fluorometal ternary complexes were pre-
pared and diluted a few minutes before quick freezing for
deep etch electron microscopy. The formation of ternary
complexes after dilution was confirmed functionally by
measuring the loss of ATPase activity (data not shown).
The results showed that the formation of ternary com-
plexes is associated with more than 90% inhibition. The
configuration of the HMM·ADP·AlF4

– ternary complex,
an analogue of the M**·ADP·Pi state, is almost identical
to that in the presence of ATP (Fig. 2d). Almost all heads
formed ternary complexes with ADP and AlF4

– under our
experimental conditions and all showed kinked configu-
rations. These results are consistent with small angle X-
ray scattering measurements of the myosin S1·ADP·
AlF4

– ternary complex; the profiles of scattering angle-
intensity relationship indicate that the S-1 heads form a
ternary complex bend (11).

Interestingly, the HMM·ADP·BeFn ternary complex,
which is considered to be an analogue of the M*·ATP
state, also showed a sharp kinked configuration. These
results are inconsistent with the crystallographic obser-
vation of the truncated Dictyostelium-S1·ADP·BeFn com-
plex, which resembles the straight shape noted in the
absence of nucleotide (18). We also examined the HMM·

Fig. 1. Changes in the fluorescence emission spectrum of the
prodan·S-1 complex induced by ATP, ADP and ADP·fluoro-
metals. Fluorescence spectra of the complex of 20 µM S-1 with 4
µM prodan were recorded in the presence of 1 mM ATP, 1 mM ADP
and ADP·Pi analogues, 1 mM ADP + 1 mM AlF4

–, BeFn, Vi, 0.1 mM
GaFn or 5 mM MgFn. The buffer condition: 120 mM NaCl, 30 mM
Tris-HCl pH7.5, 2 mM MgCl2.
Vol. 136, No. 1, 2004
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ADP·Vi complex and demonstrated that the complex has
a kinked configuration, as reported previously by
Katayama (30). We have classified the shapes observed
by electron microscopy into three types: [1] straight, [2]
rounded or slightly kinked, and [3] kinked and sigmoidal
as shown in Fig 3A. [1] Straight heads are approximately
20 nm long and 10 nm wide. [2] Rounded or slightly

kinked heads are shorter and wider than straight heads,
and are slightly kinked without a sigmoidal configura-
tion of the two heads. [3] Kinked and sigmoidal heads are
strongly kinked at a bending angle of 50–90 degrees with
a sigmoidal configuration of the two heads. The shapes
have been statistically analyzed as shown in Fig. 3B. For
the HMM·ADP·Pi analogue complexes, the proportion of

Fig. 2. (a–c)
J. Biochem.
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the straight shape dramatically decreases and mostly
kinked and rounded shapes are observed. In the presence
of ATP, the strongly kinked and sigmoidal shape is more
prominent than ternary complexes.We also examined the
recently characterized ternary complexes of HMM·ADP·
GaFn and HMM·ADP·MgFn, both of which are consid-
ered to be M**·ADP·Pi analogues. As expected from the
biochemical experiments, both complexes showed kinked

configurations similar to other ternary complexes, con-
firming that they mimic the M**·ADP·Pi state.

DISCUSSION

Determination of the serial changes in conformation of
the myosin motor domain that accompany the formation
of transient intermediates during the progression of the

Fig. 2. Gallery of typical HMM conformers in the presence of
ADP and Pi analogues. (a) HMM molecules in the absence of

nucleotide, (b) in the presence of ATP, (c) in the presence of ADP (d)
HMM·ADP·AlF4

–, (e) HMM·ADP·BeFn, (f) HMM·ADP·Vi
Vol. 136, No. 1, 2004
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ATPase cycle is important for understanding the struc-
tural basis of force generation. The use of stable myosin·
ADP·Pi analogue ternary complexes that mimic various
transient intermediates in the ATPase cycle would be
very useful in studies designed to investigate the mecha-
nism of energy transduction.It has been previously dem-
onstrated that in the presence of Mg2+-ADP, myosin
forms stable ternary complexes with Pi analogue of fluor-
ometals, AlF4

–, BeFn, ScFn, GaFn and MgFn, and that
the ternary complexes mimic different transient states
along the steady state in the ATPase cycle (12, 16, 21, 37).
Subsequently, recent crystallographic studies showed
that smooth muscle S-1 forms ternary complexes with
ADP and fluorometals, which mimic transient states
along the ATPase cycle, with sharp kinks at the junction
of the motor and regulatory domains (22). However, sig-
nificant differences among the ternary complexes, except
the BeFn complex, have not yet been detected.

The important thing for the application of these com-
plexes to the kinetic studies is that the ternary complexes
each mimic different distinguishable steps distributed
widely along the myosin ATPase kinetic pathway. In the

present study, we show that these complexes each show
apparently different states when examined using the flu-
orescent probe prodan.Previously, Hiratsuka has demon-
strated that the fluorescence of prodan reflects the con-
formational change in the motor domain in ATPase cycle
(28).As shown in Fig. 1, ternary complexes show appar-
ently different fluorescence spectra, indicating that these
complexes have different conformations. A number of
previous studies have suggested that S1·ADP·BeFn mim-
ics the M*·ATP state, while other complexes (AlF4

–, Vi,
ScFn, GaFn, and MgFn) mimic the M**·ADP·Pi state.

However, these ternary complexes may not resemble
exactly the M*·ATP or M**·ADP·Pi state, but mimic
slightly different structures that are observed in tran-
sient states from the M to the M**·ADP·Pi state. We have
previously suggested a possible alignment of the ternary
complexes mimicking the transient intermediates in
ATPase cycle as follows (21):

The differences in the spectra of prodan bound to the ter-
nary complexes strongly support the idea that the com-
plexes mimic transient intermediates from the M* to M**

state.
Prodan specifically and sensitively reflects the confor-

mational change in skeletal muscle myosin in the ATPase
cycle resulting from monitoring the circumstances of the
probe. Although we have applied prodan to smooth mus-
cle myosin, the conformational change in the smooth
muscle myosin head in the ATPase cycle was not detected
from the fluorescence of prodan, because prodan does not
bind to smooth muscle myosin sufficiently for its fluores-
cence to be measured. This suggests that the energy
transducing site of smooth muscle myosin is different
from that of skeletal muscle. This may also support the
idea that the life time and stability of transient interme-
diates in the ATPase cycle of smooth muscle myosin differ
somewhat from those of skeletal muscle myosin. In sup-
port of this idea, we have previously demonstrated that
skeletal muscle myosin hydrolyzing 8-Br-ATP, which has
a Syn conformation with respect to the N-glycoside bond,
resembles the M*·ATP state and does not support actin
filament sliding. Contrary, smooth muscle myosin forms
M**·ADP·Pi state with 8-Br-ATP, enhances 20% intrinsic
tryptophan fluorescence and supports actin sliding.

Although it is generally believed that the S-1·ADP·
BeFn ternary complex resembles the M*·ATP state based
on a number of biochemical and crystallographic studies
of the truncated Dictyostelium-S1 motor domain·ADP·
BeFn complex (8, 39), our previous studies indicated that
the complex mimics the M**·ADP·Pi state rather than the
M*·ATP state (12, 21, 38).

The discrepancy may be explained by our previous
observation that BeFn exists in several forms in solution.
Our 19F-NMR studies demonstrated that, in solution,
BeFn incorporated into ternary complexes exists as at
least in four species (38). Moreover, the 19F-NMR spec-
trum of a 19F-labeled ADP analogue, trapped into SKE-S1
with BeFn, showed two distinct adenine moiety coordi-
nates (39). It is proposed that BeFn species are distinct
from each other with regard to their characteristics, and

Fig. 3. A: Schematic representation of the shapes of HMM·
ADP·Pi analogue ternary complexes based on the electron
micrographs. The shape of the myosin head was classified into
three types, straight, rounded or slightly kinked, and kinked and
sigmoidal. B: Ratios of the different shapes of the myosin
head among HMM·ADP·Pi ternary complexes. The shapes of
the heads were statistically analyzed. (1) Straight heads are
approximately 20 nm long and 10 nm wide. (2) Rounded or slightly
kinked heads are shorter and wider than the straight heads, and
slightly kinked without a sigmoidal configuration of the two heads.
(3) Kinked and sigmoidal heads are strongly kinked at a bending
angle of 50–90 degrees with a sigmoidal configuration of the two
heads. The numbers in the parenthesis indicate the number of sam-
ples analyzed.

M*·ATP → M**·ADP·Pi → M*·ADP

*BeFn **BeFn MgFn
(ScFn)
AlF4

–

J. Biochem.
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that ternary complexes composed of these species may
mimic different states in the ATPase cycle. Thus, one spe-
cies may mimic the M**·ADP·Pi state, while another may
mimic the M*·ATP state. The Dictyostelium-S1·ADP·
BeFn crystal reported by Rayment et al. (20) might con-
tain a species that mimics the M*·ATP state under the
preparation conditions. The fluorescence spectra of pro-
dan·S1·ADP·BeFn complexes show emission peaks that
are slightly red shifted as compared with other ternary
complexes (Fig. 1), suggesting the possible presence of
multiple BeFn species.

However, the data obtained by the methods described
above reveal the average S-1 particles form ternary com-
plexes, which may assume different shapes due to the dif-
ferent fluorometals, such as BeFn. We have employed a
quick freeze deep etch replica electron microscopic
method to observe directly individual particles of S-1·
ADP·fluorometal ternary complexes. As shown in Fig. 2
and 3, all of the ternary complexes showed a predomi-
nantly kinked configuration. Statistical analysis of the
shape of the ternary complexes indicated that the BeFn
complex is more rounded and slightly kinked than the
other complexes (Fig. 3). This clearly suggests the exist-
ence of several species of BeFn.

The findings from quick-freeze deep etch electron
microscopy are consistent with our previous results
obtained by X-ray small angle scattering measurement
(21). The latter technique is useful for directly detecting
large-scale changes in the molecular structures of vari-
ous complexes in solution under physiological conditions.
We have shown that ternary complexes, which exhibit a
kinked configuration on quick-freeze deep etch electron
microscopy, have smaller radius gyration values, suggest-
ing that they become compact or round in shape, similar
to what takes place in the presence of ATP.

In conclusion, we have demonstrated that the fluores-
cent probe, prodan is useful for monitoring the formation
of myosin·ADP·fluorometal ternary complexes. The small
conformational differences among the complexes are sen-
sitively shown by the fluorescence spectra of prodan
bound to the ternary complexes, reflecting conforma-
tional changes in the myosin head. Quick freeze deep
etch replica electron microscopic observation of the com-
plexes showed a kinked configuration of the ternary com-
plexes. Statistic analysis of the observed configuration
demonstrated the existence of various species of the S1·
ADP·BeFn complex. These results suggest that the ter-
nary complexes mimic the different structures of tran-
sient intermediates in the ATPase cycle distributing from
M*·ATP to M**·ADP·Pi.

This work was supported by Grants in Aid for Scientific
Research C (11680667), for Scientific Research B and, for Sci-
entific Research on Priority Areas from the Ministry of Educa-
tion, Science, Sports and Culture of Japan.
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