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To detect structural changes around the reactive Cys’ (SH1) in the myosin heavy chain
during the ATPase reaction, the reactivity of SH1 in rabbit skeletal myosin subfragment-1
(S-1) was measured using a fluorescent reagent, 5-(iodoacetamidoethyl)aminonaphthalene-
1-sulfonic acid, in the presence of various ATP analogs: adenosine 5 -(3-thiotriphosphate)
(ATP¢S), ADP-vanadate (ADP-V,), ADP-BeF,, and ADP-AIF,. The SH1 reactivities in the
S-1 complexes with ATP S and ADP-BeF,, analogs of the E-ATP state, were very high, as
well as that in the E-ADP state. In contrast, the SH1 reactivities in the S-1 complexes with
ADP-V, and ADP-AIF,, analogs of the E-ADP-P state, were extremely low. The structural
changes around SH1 can be correlated to changes in the structure of the y-phosphate of ATP
during the ATPase reaction or to the structure of the corresponding part of ATP analogs at
the active site of ATPase. This is consistent with the crystal structure of S-1 in which the
heavy chain structure around SH1 of S-1-ADP-BeF, is significantly different from those of
S-1-ADP-V, and S-1-ADP-AIF, (Fisher et al. (1995) Biochemistry 34, 8060-8972; Smith
and Rayment (1996) Biochemistry 35, 5404-5417].
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The energy transduction of myosin is based on intramole-
cular structural changes of the myosin head coupled to the
ATPase reaction. The crystal structure of the truncated
Dictyostelium discoideum myosin subfragment-1 (S-1)
studied by Rayment et al. showed that the active site
pocket did not change significantly on the binding of various
ATP analogs (1-3). They observed, however, that major
changes in the three-dimensional structure of the S-1
- protein complexed with ADP-AIF, and ADP-vanadate
(ADP-V,) were associated with the C-terminal domain of
the S-1 heavy chain. The C-terminal domain forms the
interface with the essential light chains, and contains the
reactive sulfhydryl groups corresponding to Cys’’ (SH1)
and Cys®*®’ (SH2) (2, 3). This conformational change in the
C-terminal domain remote from the active site in the
myosin head is thought to be responsible for the power
stroke. Consistent changes in the overall shape of the
myosin head caused by ATP and analogs have been ob-
served on electron microscopy (4) and X-ray solution
scattering (5). Two different shapes (stretched and com-
pact forms) are revealed depending on the type of nucleo-
tides present. Recent three-dimensional reconstitution
studies on actin filaments decorated with either smooth
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muscle myosin S-1 (6) or brush border myosinI (7) showed
major orientational differences in the light chain binding
domain of the myosin head upon the addition of ADP. It is
likely that the structural changes of the myosin heavy chain
around SH1 and SH2 are directly related to such changes in
the global shape of the myosin head, since SH1 and SH2 are
located nearly in the center of the myosin head (1).

There have been several studies on the structural
changes around SH1 of myosin heads induced by ATP or its
analogs. Most of these studies involved monitoring of the
environments of reporter groups such as fluorophores (8-
11) and electron paramagnetic spins (12-14), which were
specifically attached to SH1. Chemical cross-linking exper-
iments involving bifunctional reagents also showed that the
distance between SH1 and SH2 changed on the addition of
ATP, ADP, or actin (15-18).

We attempted to detect differences in the structure
around the SH1 region of S-1 associated with various
intermediate states during the ATPase cycle. To measure
the reactivity of SH1, we selected a method involving a
fluorescent reagent, - AEDANS, which is known to react
specifically with SH1 (19, 20). This method is superior to
other methods involving chemical probes since only the
structure of unmodified S-1 is reflected. ADP-V,, ADP-
BeF,;, and ADP-AIF, have been shown to form stable
complexes which can be regarded as analogs of the steady-
state intermediate, E-ADP-P (21-25). Recent crystallogra-
phic analyses, however, showed that S-1 complexed with
ADP-BeF, mimics the ATP bound state, and S-1 complex-
ed with ADP-AIF, and ADP-V, were assigned as transition
state analogs for hydrolysis (2, 3). On the other hand,
kinetic studies on the hydrolysis of ATPyS revealed
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E-ATPyS to be the major steady state intermediate (26).
We used, therefore, ATPyS and ADP-BeF,, ADP-V, and
ADP-AIF, as well as ATP and ADP to obtain various
intermediate states of S-1 ATPase.

The steady state intermediate, E-ADP-P, and its analogs
showed the lowest SH1 reactivity of the S-1 heavy chain. In
contrast, analogs of E-ATP, a preceding intermediate,
showed the highest SH1 reactivity, which was also shown
by E-ADP, the subsequent intermediate. These dramatic
changes in SH1 reactivity accompanying the ATPase
process coincide with the change in the overall S-1 shape,
the rounded form of E-ADP-P and the extended form of the
latter two states (5).

MATERIALS AND METHODS

Materials—56- (lodeacetamidoethyl)aminonaphthalene-1-
sulfonic acid (I-AEDANS), and the sodium salts of ATP and
ADP were purchased from Sigma Chemical. ATPyS was
purchased from Boehringer Mannheim.

Proteins—Myosin was prepared from rabbit skeletal
muscle (27). S-1 was prepared from the myosin by diges-
tion with a-chymotrypsin (28). F-Actin was also prepared
from rabbit skeletal muscle (29).

Determination of the Rate Constant for the Reaction of
SH1 with I-AEDANS—The rate constant was determined
by measuring the time-course of the increase in Mg**-
ATPase or Ca**-ATPase activity of S-1 accompanying the
modification of SH1 (30). The modification reactions were
started by adding 0.1 to 0.5 mM I-AEDANS to S-1 (0.2 to
1.0 mg/ml) in the presence of 30 mM KCl, 30 mM Tris-
HCI (pH 7.5), and 5 mM MgCl, at 25°C. At several time
points during the period from 1 to 4 min, an aliquot of the
reaction mixture was transferred to Mg?*- or Ca?*-ATPase
assay buffer containing 10 mM dithiothreitol (DTT).
ATPase activity in each sample was immediately deter-
mined. First-order rate constants for the modification
reaction were determined from semilogarithmic plots of
the ATPase activity against the reaction time for the
modification. Good linear plots were obtained, which in-
dicated a single exponential reaction. The rate constants
obtained for the reaction with [-AEDANS were not
influenced by the kind of divalent cation used in the ATPase
measurements.

Measurement of ATPase Activity—ATPase activity was
determined by measuring the time-course of P, liberation.
The assay conditions for Mg?*-ATPase (Fig. 1) were 0.2
mg/ml S-1, 1 mM ATP, 0.5 M KCl, 30 mM Tris-HCl (pH
7.5), 5 mM MgCl,, and 10 mM DTT at 25°C. When S-1 was
reacted with [-AEDANS in the presence of actin, the assay
conditions for the ATPase were 0.02 mg/ml S-1, 1 mM
ATP, 0.5 M KClI, 30 mM Tris-HCI (pH 7.5), 10 mM CaCl,,
10 mM DTT, 0.1 mg/ml BSA, and 0.3 mM MgCl, (trans-
ferred from the modification medium). The P, concentra-
tion was determined by the method of Ohnishi and Gall
(31).

Confirmation of the Modified Residue (Cys™’) by I-
AEDANS—It has been reported that the presence of ADP
increases the reactivity of Cys®**’ (SH2), and that the
modification of SH2 results in the complete loss of myosin
ATPase activity (32). In our experiments, ATPase activity
increased in a single exponential manner after the addition
of I-AEDANS and reached a plateau at 10 min with 0.5 mM
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I-AEDANS in the presence of 1 mM ADP. The plateau
value was maintained for at least 30 min. Therefore,
modification of SH2 was unlikely under our conditions. This
was also directly confirmed by the SDS-PAGE pattern of
the fluorescent peptide bands of AEDANS-S-1 digested by
the method of Sutoh (33).

Preparation of S-1 Complexed with ATP Analogs—The
S-1-ADP-V, complex and S-1-ADP-metallofluoride com-
plexes were prepared according to the methods of Goodno
(21), and Maruta et al. (25), respectively. Since the
resulting complexes are inactive because of occupation of
the active site by these analogs, the amount of a bound ATP
analog was determined by measuring the residual Mg**-
ATPase activity of S-1. The S-1-ADP-V,, S-1-ADP-BeF,,
and S-1-ADP-AIF, complexes obtained contained 0.90,
0.95, and 0.91 mol of ATP analog/mol of S-1, respectively.

Preparation of S-1-ADP-V, Complexes Containing Sub-
stoichiometric Amounts of ADP-V,—S8-1-ADP-V, complex-
es containing sub-stoichiometric amounts of ADP-V, were
prepared by appropriately interrupting the reaction to
form S-1-ADP-V, as follows. S-1 (20 4 M) was incubated in
90 mM NaCl, 30 mM Tris-HCI (pH 8.5), 5 mM MgCl,, 0.2
mM ADP, and 0.25 mM vanadate at 25°C. At several time
points during the period from 2 to 22 min, ATP (1 mM in
the resulting solution) was added to an aliquot of the
reaction mixture to release vanadate or ADP unreacted
with the ATPase site of S-1. To remove ATP, free ADP and
vanadate ions, each sample (100 zl) was immediately
applied to a mini-column (300-x1 bed) of Dowex 1-X8 resin
(mesh 100-200) equilibrated with 0.09 M NaCl, 30 mM
Tris-HCl (pH 8.5), and 5 mM MgCl,. After 2 to 3 min,
samples were recovered by spinning the resin at 3,000 rpm
for 10 8. The ratio of ADP-V, bound to S-1 was determined
by measuring the residual S-1 ATPase activity.

Comparison of SH1 Reactivities Among S-1s Complexed
with Various ATP Analogs—Reactions with [-AEDANS
were started by adding I-AEDANS (0.2 mM in the final
reaction mixture) to 0.4 mg/ml S-1-ATP analog complex-
es, in 250 u1 of 30 mM KCl, 50 mM Tris-HCI (pH 7.5), and
5mM MgCl; at 25°C in the dark. In the case of the
complexes with ATP, ADP, and ATPyS, the nucleotides
were added before the addition of I-AEDANS. After 2to 10
min, the reactions were stopped by the addition of 2-mer-
captoethanol (2ME) to a final concentration of 2%. Then
samples were subjected to SDS-PAGE and the extent of the
reaction were determined by measuring the fluorescence
intensity of the S-1 heavy chain band using an ATTO AE-
6920W densitometer.

Others—The concentrations of S-1 and actin were deter-
mined from the absorbance at 280 nm using the absorption
coefficients, 0.75 and 1.1 (mg/ml)~t-cm™", respectively.
The concentrations of the S-1-ATP analog complexes were
determined by the Bradford method (34) using a standard
Bio-Rad protein assay.

RESULTS

Effects of Adenine Nucleotides on the Reactivity of SH1
in §-1—The reactivity of SH1 in S-1 for I-AEDANS was
determined in the absence and presence of ATP or ADP. As
shown in Fig. 1, the rate constant for the reaction of SH1
increased linearly with the concentration of I-AEDANS.
The reactivity in the presence of ADP was highest, that is,
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13 times that in the presence of ATP and 7 times that in the
absence of a nucleotide. These results suggest that the
structure of S-1 around SH1 changes considerably during
the ATPase cycle depending on the conformation of the
intermediate species.

Effects of ATP Analogs on the Reactivity of SHI in
S-1—We measured the reactivity of SH1 in analogs of
intermediate species of ATPase (Fig. 2). Since S-1 com-
plexed with stable ATP analogs does not exhibit ATPase
activity, SH1 reactivity was determined from the increase
in fluorescence intensity which accompanies the incorpora-
tion of the AEDANS group into the S-1 heavy chain
(“MATERIALS AND METHODS”). Figure 2, A and B, shows
the results of SDS-PAGE indicating the time-courses of the
increase in fluorescence intensity. In Fig. 2C and D, the
fluorescence intensities are plotted against the reaction
time with I-AEDANS. In the presence of ATP, the fluores-
cence intensity increased gradually with the reaction time,
while that in the presence of ADP increased quickly. These
SH1 reactivities are consistent with those in Fig. 1 deter-
mined from the increase in ATPase activity.

Figure 2 also shows that the reactivity of SH1 in S-1
varies markedly depending on the ATP analog used.
Surprisingly, the SH1 reactivity of S-1-ATPyS was as high
as that of S-1-ADP (Fig. 2C). The SH1 reactivity of S-1-
ADP-BeF, was also considerably higher than those of S-1-
ADP-V, and S-1-ADP-AIF, (Fig. 2D), although the increase
in fluorescence intensity leveled off at about 60% of the
value observed in the presence of ADP. The half-time of the
reaction estimated from the increase in fluorescence inten-
sity was almost the same for S-1-ADP and S-1-ADP-BeF,.

In contrast, very small increases in fluorescence intensity
were observed for S-1-ADP-V, and S-1-ADP-AIF, (Fig. 2).
We then prepared S-1 complexed with sub-stoichiometric
amounts of ADP-V,, and the increase in fluorescence
intensity after the addition of I-AEDANS was measured in
the presence of 2 mM ADP (Fig. 3). In the presence of ADP,
the S-1 species free of ADP-V, should increase the fluores-
cence intensity strongly and quickly due to binding of the
AEDANS group to SH1 (Fig. 2, C and D), and the reaction
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Fig. 1. Reactivity of SH1 in S-1 and effects of ATP and ADP.
The rate constants (k,.s) were determined by measuring the increase
in Mg?*-ATPase activity. The modification with I-AEDANS was
performed at 25°C in 30 mM KCl, 30 mM Tris-HCI (pH 7.5), 5 mM
MgCls, 1.0 mg/ml S-1, and 0.1 to 0.5 mM I-AEDANS (x); in the
presence of 1 mM ATP (7); or in the presence of 1 mM ADP (@).
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with [-AEDANS should be completed in less than 10 min
under these conditions. As shown by the plot in Fig. 3, the
fluorescence intensity after 10 min of reaction with I-
AEDANS decreased linearly with increases in the amount
of ADP-V, complexes with S-1 in the sample (Fig. 3). These
results indicate that the low SH1 reactivity observed with
the S-1-ADP-V, complex (Fig. 2, A and C) is really due to
the formation of a complex with ADP-V, at the active site
of S-1. Furthermore, it was found that the reactivity of the
real S1-ADP-V, species estimated by extrapolation to
100% (Fig. 3) was very low, and the reaction was almost
non-detectable.

Reactivity of SH1 in S-1 in the Strong Binding State with
F-Actin—The reactivity of SH1 in S-1 decreased remark-
ably on the addition of F-actin in both the presence of ADP
and the absence of a nucleotide, that is, in the rigor state
(Fig. 4). The reactivity in the presence of ADP decreased to
one-sixth with an increase in the concentration of F-actin
and the decrease levelled off at concentrations of F-actin
higher than 5 4 M. The low SH1 reactivity in the absence of
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Fig. 2. SH1 reactivities of 8-1 complexed with various ATP
analogs. The modification reactions were carried out at 25°C in 30
mM KCl, 50 mM Tris-HCI (pH 7.5), 5 mM MgCl;, 0.4 mg/ml S1-
ATP analogs, 0.2 mM I-AEDANS for 2 to 10 min. The S-1-ATP-
analog complexes were prepared as described under “MATERIALS
AND METHODS.” Panels A and B show the results of SDS-PAGE
indicating the time courses of the increase in fluorescence intensity of
the S-1 heavy chain due to the binding of the AEDANS group to SH1.
The reaction was stopped by the addition of 2-ME (2%) every 2 min
(from left). The fluorescence intensity was quantified by densito-
metry and plotted against the reaction time (panels C and D). In panel
C: =, ADP; o, ATP; @, ATPyS; ®, ADP-V,; and in panel D: @, ADP-
BeF,; m, ADPAIF,.
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Fig. 3. SHI1 reactivities of various S-1-ADP-V, preparations.
S-1 complexes containing various sub-stoichiometric amounts of
ADP-V, were prepared as described under “MATERIALS AND
METHODS.” The fluorescence intensity of the S-1 heavy chain at 10
min after the addition of 0.5 mM I-AEDANS was determined in the
presence of 1 mM ADP at 25°C in 30 mM KCl, 50 mM Tris-HCI (pH
7.5), 5 mM MgCl,, and 0.4 mg/ml S-1 complex. Under these condi-
tions, it was expected that SH1 of S-1 free of vanadate will be almost
completely labeled with the AEDANS group. The inset shows the
SDS-PAGE pattern indicating the flourescence intensity of the S-1
heavy chain after the reaction with -AEDANS. The numbers indicate
the percentages of the S-1 complexed with ADP-V,.

both a nucleotide and F-actin (Fig. 1) further decreased to
one-fourteenth on the addition of F-actin (Fig. 4).

DISCUSSION

Reactivity of SHI1 in S-1 Complexed with ATP Ana-
logs—As shown in Fig. 1, the largest difference in the
reactivity of SH1 in S-1 was observed between the condi-
tions in the presence of ATP and ADP. It has been shown
that the steady state intermediate of myosin Mg?*-ATPase
i8 E-ADP-P, in which cleavage products ADP and y-phos-
phate are both still bound to S-1 (35, 36). Since the most
notable difference between S-1 in the presence of ATP and
in the presence of ADP is the existence of phosphate
corresponding to the y-position in ATP in the active site,
the phosphate at the y-position has a great effect on the
SH1 reactivity. It is, therefore, expected that other states
of y-phosphate observed in different intermediate states
may differently affect the local structure of the S-1 heavy
chain around SH1.

We compared the SH1 reactivities among S-1 samples
complexed with various ATP analogs. Since the cleavage of
y-phosphate is the rate limiting step in the hydrolysis of
ATPyS by S-1, the major steady-state intermediate is
E-ATPyS in contrast to in the ATPase reaction (26). On the
other hand, ADP-V,, ADP-BeF,, and ADP-AIF, have been
shown to form analogs of the steady-state intermediate
complex, E-ADP-P, in myosin ATPase (21-25). Recent
analyses of the crystal structure, however, showed confor-
mational differences between these analogs, and S-1 com-
plexed with ADP-V, or ADP-AIF, was assigned as an analog
in the transition state before the hydrolysis of ATP, while
S-1 complexed with ADP-BeF, was assigned as an analog of
E-ATP (2, 3). Based on these findings, our results in Figs.
1 to 3 indicate that structural changes around SH1 in S-1
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Fig. 4. Effect of F-actin on the reactivity of SH1. The modifica-

tion was carried out with 0.5 mM I-AEDANS, 30 mM KCl, 30 mM
Tris-HCI (pH 7.6), 3 mM MgCl,, 0 to 10 4M F-actin, and 0.1 mg/ml
S-1 at 25°C in the absence (x) or presence (®) of 1 mM ADP. The rate
constants were obtained by the same method as described in Fig. 1.

0

may be coupled with the ATPase steps from E-ATP to
E-ADP-P, and from E-ADP-P to E-ADP. The high reac-
tivity observed in the presence of ATPyS (Fig. 2C) indicat-
ed that the reactivity of SH1 in the S-1-ATP complex was
as high as that in the S-1-ADP complex. The reactivity in
S-1-ADP-BeF, was also as high as that in the S-1-ADP
complex, although the maximum increase in fluorescence
intensity of the ADP-BeF, complex was about one-half that
in the case of the ADP-complex (Fig. 2D). This lower
fluorescence intensity may be correlated with the reported
heterogeneity of the S-1-ADP-BeF, complex (23).

In contrast, the SH1 reactivities of S-1-ADP-V, and
S-1-ADP-AJF, were considerably lower (Figs. 2 and 3) than
that of S-1 in the presence of ATP, for which the major
intermediate species is E-ADP-P (Fig. 2, C and D). This
may be due to the presence of 5 to 10% of E-ATP in the
steady state of S-1 ATPase (36, 37). The presence, in such
small amounts, of E-ATP with the high reactivity of SH1
should increase the apparent SH1 reactivity in the steady
state of ATPase, even though the major species, E-ADP-P,
exhibits low SH1 reactivity, as do S-1-ADP-V, and S-1-
ADP-AIF,. Therefore, it is likely that the extensive
decrease in SH1 reactivity is coupled to the conversion of
E-ATP into E-ADP-P or into the transition state for
E-ADP-P (2, 3). The structure around SH1 of E-ADP-P is
clearly distinguishable from that of the preceding or
succeeding intermediate state (E-ATP or E-ADP) in the
ATPase cycle. The structures around SH1 of the S-1 heavy
chain in E-ATP and E-ADP may be similar with each other
judging from the SH1 reactivities.

Comparison of the SH1 Reactivities of the Various S-1
Complexes to Their Crystal Structures—Smith and Ray-
ment (3) showed that the three-dimensional structure of
the active site pocket of S-1 does not change significantly
between the complex with ADP-BeF,, and that with either
ADP-AIF, or ADP-V,, while large structural differences
were associated with the C-terminal domain of the S-1
heavy chain that contains the reactive SH groups. The
C-terminal domain is far from the ATPase active site, that
is, several nm in space from the active site. These struc-
tural differences in the protein moiety originated from the
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structural differences in the y-phosphate moiety in the
active site pocket, that is, whether it is analogous to a
trigonal bipyramidal complex resembling the transition
state for hydrolysis, or analogous to a tetrahedral complex
corresponding to the state before hydrolysis (2, 3). It was
interesting to see if these small structural changes in the
substrate moiety really had such an effect on the protein
structure around SH1, even in solution. The reactivities of
SH1 in S-1 complexed with the corresponding analogs
showed clear differences (Figs. 2 and 3). These results
suggest that the structural changes of the S-1 heavy chain
around SH1 occur even in solution depending on the
structure of the substrate moiety.

SH1 Reactivities and the Shape of the Myosin Head—It
has been observed that the overall shape of the myosin head
changes to a more compact form on the addition of ATP (4,
5, 38). The results of small-angle X-ray scattering mea-
surement showed that the overall shape of S-1 complexed
with ATPyS or ADP was the stretched form, while that
with ATP or ADP-V, was the compact form (5). These
results are consistent with our results as to SH1 reactivity.
The S-1 complex having highly reactive SH1 (E-ATP or
E-ADP) prefers the stretched form, while the species
having unreactive SH1 (E-ADP-P) corresponds to the one
with the compact form. These correlations imply that the
protein structure around SH1 may be closely related to the
overall shape of the myosin head. It has been suggested that
the power stroke would be coupled to these structural
changes in the myosin head (1, 5, 39). Recently, it was
reported that a point mutation at Gly**®, which is located
between SH1 and SH2, caused considerable loss of the
motile activity (40), and that the fulcrum point of the
swinging motion of the myosin head is located around the
SH1-SH2 region based on the results for mutant myosins
from Dictyostelium with various S-1 neck lengths (41). A
network of structural elements similar to that observed
around SH1 in the myosin head has also been found in
kinesin, another motor protein (42).

SH1 Reactivity in the Absence of a Nucleotide and the
Effect of F-Actin—As shown in Fig. 4, F-actin considerably
decreased the SH1 reactivity in both the presence and
absence of ADP. The results may be explained if there are

Species Reactivity Shape  State

E! f E
Low AE

it

S
It

E3 Low { E-ADP-P

Fig. 5. Schematic model of the three S-1 species with SH1
reactivity. This scheme shows the correlation between the reactivity
of SH1 in S-1, the shape of the myosin head expected from the results
of electron microscopy (4) and X-ray solution scattering (5), and the
ATPase intermediate states. E and A denote S-1 and F-actin, re-
spectively.
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two different conformations around SH1, and binding of
F-actin may shift the equilibrium to stabilize one conforma-
tion with much lower reactivity of SH1. Such an equilib-
rium has been indicated by F-NMR measurements on S-1
with a fluorine-labeled SH1 in the absence of a nucleotide,
and one of these states could be dominant in the presence of
ADP (43). The low reactivity in the absence of a nucleotide
(Fig. 1) may, therefore, reflect the major fraction of the
unreactive state, the rest exhibiting high reactivity, which
can be dominant in E-ADP.

The SH1 reactivity of the major species of S-1 in the
absence of a nucleotide (discussed above) was similar to
that of E-ADP-P, and was considerably lower than that
observed in the presence of ADP. Therefore, the apparent
structure around SH1 of free S-1 is expected to be similar
to that observed in the presence of ATP. There is, however,
experimental evidence indicating environmental differ-
ences around SH1 between S-1s in the presence and
absence of ATP (8, 10). Furthermore, chemical cross-
linking studies showed that the binding of ATP altered the
distance between SH1 and SH2 (15, 16), and that SH1
moved toward the 50-kDa domain on the addition of ATP
(17). The overall shape of S-1 is a stretched form in the
absence of a nucleotide and is different from the compact
round form in the presence of ATP (5). Therefore, the
structures around SH1 are probably quite different be-
tween S-1s in the presence and absence of ATP, while the
difference could not be detected in the present experi-
ments, which revealed similar low reactivity.

Schematic Model of SH1 Reactivity—The overall results
suggest that there are three different SH1 reactivities in
S-1. Figure 5 shows the three different species concerned
with these SH1 reactivities, that is, E! with low reactivity
observed in the absence of a nucleotide or the presence of
F-actin, E? with the highest reactivity observed in E-ATP
and E-ADP, and E? with low reactivity observed in E-ADP-
P. We suggest that these three species are in equilibrium,
which may be affected by the progress of the ATPase
reaction or the binding of F.-actin. For example, (i) the
addition of ATP to S-1 stabilizes E® due to the formation of
E-ADP-P through E-ATP, that is, E?. (ii) The dominant E?
state of E-ADP-P may shift to the E? state of E-ADP with
the release of P;, which may simultaneously induce a large
conformational change of the myosin head (Fig. 5). Then
(iii) ADP-release and F-actin binding may shift the equilib-
rium toward E', as noted in the previous section. The
conformational changes responsible for the power stroke
may be assigned to a step within the cycle between these
three species. The phosphate release step associated with
the conversion of E? into E? may be important for the power
stroke, in which the shape of the myosin head changes
largely from the compact form to the stretched form. The
conformational change around SH1 detected in the present
work would be essential for the change in the overall shape
of S-1 and the power stroke in muscle contraction.
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