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Myosin forms stable ternary complexes with Mg^-ADP and phosphate analogues of
aluminum fluoride (A1F4~), beryllium fluoride (BeFn), and scandium fluoride (ScFn). These
complexes are distinct from each other and may mimic different transient states in the
ATPase cycle [Maruta et al. (1993) J. Biol. Chem. 268, 7093-7100]. Regions of skeletal
muscle myosin containing the highly reactive residues Cys 707 (SHI), Cys 697 (SHU), and
lysine 83 (RLR) dramatically alter their local conformation when myosin hydrolyzes ATP,
and these changes may reflect formation of a series of transient intermediates during ATP
hydrolysis. We used the fluorescent probes 4-fluoro-7-sulfamoylbezofurazan, 2-(4'-male-
imidylanilino)naphthalene-6-sulfonic acid, and trinitrobenzene-sulfonate, which bind to
SHI, SH2, and RLR, respectively, to examine differences in local conformations within
myosin'ADP-phosphate analogue (BeFn, Vf, A1F4~, and ScFn) complexes. It was observed
that the ternary complexes had SHI conformations similar to those seen on S-l in the
presence of ATP. In contrast, local conformations in the SH2 and RLR regions of S-1'ADP-
BeFn were different from those in corresponding regions of S-1«ADP-A1F4~ or ScFn. These
results suggest that SHI and SH2 move distinctly during ATP hydrolysis and that the local
conformations of the SH2 and RLR regions more sensitively reflect different transient
states.

Key words: ATP analogues, chemical modification, energy transduction, fluorescent
probes, myosin.

The energy for muscle contraction is generated from the
hydrolysis of Mg2*-ATP by myosin, a process activated by
the binding of actin. During the ATPase cycle, myosin
forms a series of transient intermediates including M-
ATP, M* -ATP, M'*-ADP-P,,andM'-ADP (1,2). Numer-
ous biochemical studies have demonstrated that ATP
hydrolysis and formation of the intermediates are accom-
panied by localized changes in the conformation of the
myosin head, e.g., in the regions of Trp 510 (3-5), Cys707-
Cys 697 (6-8), and Lys 83 (9-11). Global changes in the
shape of the myosin head during ATP hydrolysis have also
been demonstrated using small angle synchrotron X-ray
scattering (12, 13). Nevertheless, it has proven difficult to
study the sequence of conformational changes in myosin
because the transient intermediates have only a brief
lifetime. Consequently, the precise nature of the confor-
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mational changes in the myosin head that are directly
related to energy transduction remains unclear.

To study the conformations of the transient intermedi-
ates in the ATPase cycle and their roles in energy transduc-
tion in detail, stable analogues mimicking the structures of
the intermediates would be very useful. Fortunately, in the
presence of Mg2+-ADP, myosin forms stable ternary com-
plexes with the phosphate analogues beryllium fluoride
(BeFn; 14-16), vanadate (V,; 17), aluminum fluoride
(A1F4~; 14, 15), and scandium fluoride (ScFn; 18), and
these complexes appear to mimic transient states of ATP
hydrolysis. In addition, we previously demonstrated that
the various complexes differ from each other in the way
they interact with actin and in their ability to enhance
intrinsic tryptophan fluorescence, thus indicating that they
do not mimic the same transient state (14, 19). Indeed, the
conformation of the BeFn complex differs significantly in
the region of the C-terminal tail from those of the A1F4 ~ and
Vi complexes (21, 22, 23); their respective structures
suggest that the A1F4~ and V, complexes may mimic the
transition state of M**-ADP-P|, while the BeFn complex
mimics the M-ATP state.

At variance with this proposal are small angle X-ray
solution scattering studies which indicate that, in either the
presence or absence of ATP, all skeletal myosin S-l
complexes have rounded shapes (12, 13). But discrepancies
with numerous biochemical data, especially with respect to
conformational changes at flexible regions of myosin,
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suggest that the crystal structures may not reflect the
actual conformation of myosin in solution. For instance, the
V| and A1F4" complexes are thought to correspond to the
M*'»ADP-Pi state; yet their crystal structures suggest
that the cystein region forms a helix, and therefore, the
distance between the reactive cystein residues, Cys 707 and
Cys 697, is identical to that of non-nucleotide myosin (21,
22, 23). Nevertheless, cross-linking experiments revealed
that the distance between Cys 707 and Cys 697 is reduced
from 12-14 to 3-5 A during ATP hydrolysis (7, 8). With
respect to the BeFn complex, analysis of tryptophan
fluorescence enhancement as well as its interactions with
actin indicate that it is certainly different from the non-
nucleotide state (14-16). Furthermore, the most likely
constitutively flexible regions of 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 can not be seen in crystal structures (20). Although
crystallographic studies have provided details clarifying
the exact structure of myosin, biochemical and fluorescence
studies involving chemical modification of myosin remain
very useful methods for investigating the role of confor-
mational changes at flexible regions in the process of energy
transduction.

It is well established that the reactivity of the sulfhydryl
groups on Cys 707 (SHI) and Cys 697 (SH2) are very
sensitive to nucleotide binding. Moreover, these residues
can be crosslinked by a variety of bifunctional reagents
having different spans (6-8), and in the swinging-neck
model of muscle contraction, this flexible region has been
identified as a fulcrum point (24). Based on analysis of the
behavior of fluorescent probes, Hiratsuka speculated that
the SH1-SH2 region acts as an energy transduction loop
through which intersite communication between the ATP
and actin binding sites is transmitted and suggested that
the sequence of transient intermediates may be reflected in
the changing conformation of the SH1-SH2 region (25).

Labeling SHI and SH2 with the fluorescence dyes 4-
fluoro-7-sulfamoylbenzofurazan (ABDF; 25) and male-
imide, 2-(4'-maleimidyanUino)naphthalene-6-sulfonic acid
(MIANS; 26), respectively, has proven useful for monitor-
ing the conformational changes associated with ATP hy-
drolysis. The myosin head also contains a highly reactive
lysine residue (RLR; Lys 83), which is rapidly and stoichio-
metrically modified by trinitrobenzene-sulfonate (TNBS;
27). Trinitrophenylation of RLR changes the enzymatic
properties of myosin; in the presence of PP, and nucleotide,
trinitrophenylation of RLR is markedly reduced (9-11,
28), suggesting that the conformation of the RLR region is
altered during hydrolysis of ATP. Thus, selective chemical
modification of specific amino acid residues in myosin is
likely to be useful for detecting localized conformational
changes. In the present study, additional information about
the transient states of myosin during the ATPase cycle
were obtained by characterizing the conformational
changes in the SHI, SH2, and RLR regions of A1F4", BeFn,
and ScFn ternary complexes.

MATERIALS AND METHODS

Proteins and Chemicals—Myosin was prepared from
chicken breast muscle by the method of Perry (29); the

isolated myosin was then digested by a-chymotrypsin to
obtain subfragment-1 (S-l) as described by Weeds and
Taylor (30). MIANS and ABDF were purchased from
Molecular Probes (Eugene, OR, USA).

ABDF Labeling of S-l —Fluorescent labeling of S-1 with
ABDF was carried out by reacting 10 //M S-l and 30 //M
ABDF in the presence of 20 mM cacodylate (pH 7.3) and 30
mM KC1 for 1 h at 4*C in the dark. The reaction was stopped
by addition of dithiothreitol (DTT) to a final concentration
of 20 mM. The labeled S-l was then passed through
Sephadex G-50 column equilibrated with 30 mM Tris-HCl
(pH8.0) and 120 mM NaCl. The stoichiometry of the
incorporated ABD group/S-1 was determined from the
absorption spectrum using an extinction coefficient of 6,000
M"'-cm"' at 378 nm. Quantitative analysis of ABD-S-1
was performed using Coomassie plus protein assay reagent
(PIERCE).

MIANS Labeling of S-l—Initially, S-l was blocked by
reacting 40//M S-l with 160 /iM 2,4-dinitro-l-fluoroben-
zene (FDNB) in the presence of 0.5 M KC1, 50 mM Tris-
HCl (pH 7.8), 2 mM MgCl2, and 1 mM ADP for 20 min on
ice. The blocked S-l was then passed through Sephadex
G-50 column equilibrated with 30 mM Tris-HCl (pH 7.5)
and 120 mM NaCl. Blocked S-l (20 //M) was then reacted
with 26 //M MIANS in the presence of 30 mM KC1, 25 mM
Tris-HCl (pH 7.8), 2.5 mM MgCl2, and 1 mM ADP for 30
min at 4'C in the dark; the reaction was stopped by the
addition of 10 mM DTT. The DNP group was then removed
from S-l by a further overnight incubation with 10 mM
DTT at 4'C in the dark. The MIANS-S-1 was then passed
through a Sephadex G-50 column equilibrated with 30 mM
Tris-HCl (pH 8.0) and 120 mM NaCl. The stoichiometry of
the incorporated MIANS groups/S-1 was determined from
the differences in the absorption spectra of MIANS-S-1 and
unlabeled S-l using an extinction coefficient of 1.7 XlO4

M-'-cm"1 at 318 nm. The concentration of MIANS-S-1 was
determined using Coomassie plus protein assay reagent
(PIERCE).

Fluorescence Measurements—Fluorescence measure-
ments were made at 25'C with an RF-5000 Spectrofluoro-
meter (Shimadzu).

Trinitrophenylation of S-1-ADP-P, Analogue Complex-
es—S-l (12//M) was reacted with 0.25 mM trinitroben-
zene-sulfonate at 25'C in 100 mM imidazole-HCl (pH 7.0),
0.5 M KC1,5 mM MgCl2 (or 5 mM CaCl2) in the presence of
2mM ATP, 2mM ADP, or 2 mM ADP+lmM BeFn
(A1F4~ or ScFn). The time course of trinitrophenylation
was monitored at 345 nm using a spectrophotometer
equipped with a temperature-controlled cell (Shimadzu UV
2200).

RESULTS

ABDF Labeling of SHI and Measurement of Fluores-
cence Emitted by Labeled S-1-ADP-Fluorometal Complex-
es—In order to monitor conformational changes in the SHI
region, SHI was selectively labeled with ABDF. Specific
labeling of SHI was confirmed by determining changes in
the Ca2+ and K+-EDTA- ATPase activities that are charac-
teristic of SHI modification by ABDF. Figure 1 illustrates
the increase in Ca2+-ATPase activity and decrease in
EDTA(K+) -ATPase activity. Changes in the ATPase activ-
ities reached respective plateaus when incorporation be-
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came stoichiometric. These effects of ABDF labeling on
ATPase activity were similar to those previously reported
by Hiratsuka (25). Furthermore, following limited trypsin
digestion, SDS-PAGE of S-l labeled with ABDF (0.8-0.9
mol/mol S-l) revealed that only the SHI region on the
20-kDa fragment was labeled; no labeling occurred on the
25- or 50-kDa fragments (not shown). ABDF-labeled S-l
(ABD-S-1) was then isolated from excess reagent and used
in later experiments.

Time-dependent changes in the intensity of ABD-S-1
fluorescence were monitored after adding ATP, ADP, or
ATP analogues. When ATP was added to a solution of
ABD-S-1, fluorescence rapidly increased by 110% and
remained at that level until all of the ATP was hydrolyzed
to ADP; fluorescence then declined to levels typically
elicited by ADP (Fig. 2). Due to formation of the stable
ternary complex, S-l-ADP-BeFn, addition of ADP + BeFn
rapidly increased ABD-S-1 fluorescence to the same levels
as were seen with ATP, at which point, fluorescence inten-
sity stabilized for up to 100 min. Another ternary complex,
S-1'ADP-A1F<", was formed when ABD-S-1 was exposed
to ADP + A1F4". The effect of its formation on ABD-S-1
fluorescence was quantitatively similar to the effect of S-1 •
ADP'BeFn formation, but the rate of rise in fluorescence
intensity was much slower than was seen with either S-l•
ADP-BeFn or ATP. Similarly, the addition of ADP + ScFn
to ABD-S-1 resulted in a relatively slow increase in
fluorescence intensity, although the rate was about 3 times
faster than with ADP+A1F4". On the other hand, the ATP
analogues, 8-N3-ATP and 8-Br-ATP, increased ABD-S-1
fluorescence to levels identical to those seen in the presence
of ADP (53%; not shown). Interestingly, 8-N3-ATP and
8-Br-ATP preferentially form the "syn" conformation with
respect to iV-glycoside bonds and do not induce contraction.

The rates of increase in ABD-S-1 fluorescence resulting
from formation of fluorometal ternary complexes were
consistent with our earlier analysis of the effect of ternary
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Fig. 1. EDTA(K+)-ATPase and Ca'+-ATPase activities of S-l
labeled with ABDF at SHI. Labeled S-l was prepared as described
in -MATERIALS AND METHODS." EDTA(K+)-ATPase (C) and
CaI+-ATPase (•) activities were measured at 25"C in 1 mM ATP, 0.5
M KCl, and 50 mM Tris-HCl (pH 8.0) in the presence of 5 mM EDTA
and CaCli, respectively. The reaction was stopped by addition of 10%
trichloroacetic acid and the released P, was determined by the method
of Youngburg and Youngburg {36). The number of labeled thiol
groups/S-1 was determined by the method of Ellman {35).

complex formation on enhanced intrinsic tryptophan fluo-
rescence (14). Moreover, enhancement of intrinsic trypto-
phan fluorescence induced by 8-Br-ATP was identical to
that in the presence of ADP (Table I). Thus, the conforma-
tional changes induced by these ATP analogues at the SHI
region appear to correspond to additional changes in the
region of the tryptophan residues.

MLANS Labeling of SH2 and Measurement of Fluores-
cence Intensities of S-l'ADP'Fluorometal Complexes—
Conformational changes at SH2 induced by the formation
of ternary complexes were monitored by labeling SH2 with
the environmentally sensitive fluorescent dye MIANS,
according to the methods of Hiratsuka (26). In order to
selectively label SH2, SHI was initially blocked by FDNP.
The DNP-S-1 was then labeled with MIANS at SH2 in the
presence of Mg2+-ADP. The DNP group on SHI was then
removed by thiolysis using DTT. Specific SH2 labeling was
confirmed by measuring ATPase activity, and stoichio-
metric labeling was estimated from the MIANS extinction
coefficient. The relationship between the percentage of
remaining ATPase activities of MIANS-S-1 and the num-
ber of MIANS groups/S-1 is shown in Fig. 3. The changes
in Mg2+-, Ca2+-, and K+-ATPase activities exhibited the
characteristic patterns associated with labeling of SH2
previously reported by Hiratsuka (26)—increased Mg2"1"-
ATPase activity, decreased K+-ATPase activity, and little

100

100

Time(mln)

Fig. 2. Time-dependent changes in ABD-S-1 fluorescence fol-
lowing addition of ADP and P, analogues. To ABD-S-1 (5//M) in
solution with 120 mM NaCl, 30 mM Tris-HCl (pH7.5), and 2mM
MgCl, was added 25 ^M ATP, 1 mM ADP, or 1 mM ADP+1 mM
BeFn, A1F4~, or ScFn. Fluorescent emission was monitored at 500 nm
(excitation at 390 nm).

TABLE I. Tryptophan fluorescence enhancement of S-l in-
duced by formation of ternary complexes. Fluorescence was
measured in 50 mM KCl, 30 mM Tris-HCl pH 7.5, 2 mM MgCl,.
Excitation at 300 nm; emission at 340 nm.

Complexes Fluorescence change AFmmi/F (%)
S-1-ADP-A1F4"
S-1-ADP-BeFn
S-1-ADP-ScFn
S-l- 8-Br-ATP
S-l-ATP
S-l-ADP

17
12
17
5

16
5
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or no change in Ca2+-ATPase activity. When incorporation
of MIANS into S-l exceededstoichiometric labeling, Mg*+-
and Ca2+-ATPase activities declined, suggesting the label-
ing was becoming increasingly nonspecific. To minimize
fluorescence from nonspecific labeling, our experiments
were conducted using S-l labeled with 0.8-0.9 mol of
MIANS/mol S-l (Fig. 3). When ATP was added to a
solution of MIANS-S-1, the fluorescence intensity de-
creased to about 65% of that seen in the absence of ATP.
After the ATP was hydrolyzed to ADP, fluorescence inten-
sity increased to 75%, which was identical to fluorescence
elicited by addition of ADP.

Figure 4A shows the fluorescence changes induced by
adding of ADP-f phosphate analogues. As expected, addi-
tion of ADP decreased fluorescence to 75% of non-nucleo-
tide levels. Thereafter, phosphate analogues were added to
characterize the fluorescence changes resulting from form-
ation of ternary complexes. In the presence of ADP+BeFn,
fluorescence decreased to 65%, which is identical to the
intensity seen in the presence of ATP. In contrast, fluores-
cence intensities were unaffected by the addition ScFn or
A1F4" to solutions containing MIANS-S-1 and ADP, even
after 140 min of incubation.

Because the fluorescence change of in the presence of
ADP+A1F4" or ScFn proved to be identical to those elicited
by ADP alone, it was important to verify that A1F.T and
ScFn were able to bind to MIANS-S-1. To accomplish this,
formation of ScFn and A1F4" ternary complexes was
examined by measuring the time-dependent inhibition of
ATPase activity induced by preincubation of MIANS-S-1
and unmodified S-l with Mg^-ADP+AlFr or ScFn. As
shown in Fig. 5, incubation with A1F.T completely blocked
MIANS-S-1 ATPase activity within 60 min; inhibition of
unmodified S-l developed at approximately the same rate.
The effects of ScFn on the ATPase activities of MIANS-S-1

[MIANS]/[S-1] (mole/mole)

Fig. 3. Effect of the MIANS labeling on relative ATPase activ-
ities. ATPase activity was measured at 25"C in the presence of 1 //M
MIANS-S-1, 0.5 M KC1, 30 mM Tris-HCl (pH 7.5), and 2 mM ATP.
For the measurement of Mg*+-ATPase activity (•), Ca2+-ATPase
activity (O), and EDTA(K+)-ATPase activity (A), MgCU, CaCl,, or
EDTA was added to the respective mixtures to a final concentration of
5mM.

and unmodified S-l were similar, although the inhibition
developed more slowly than with A1F4~. These results
clearly indicate that the MIANS-S-1 forms ternary com-
plexes with ADP and A1F4" or ScFn as readily as does
native S-l.

The effects of V, were also examined and compared with
the results of other complexes. The absorption maximum
for Vi is about the same as the excitation wavelength of
MIANS. Consequently, Vi elicited an apparent concentra-
tion-dependent decline in MIANS-S-1 fluorescence inten-
sity (Fig. 4B). Subsequent addition of ADP elicited further
declines in fluorescence. In the presence of Vi, addition of
excess ATP did not change fluorescence intensity, presum-
ably because the active sites were already occupied by
ADP-V,.

Trinitrophenylation of RLR in S-1'ADP-Fluorometal
Complexes—We examined RLE reactivity in S-l• ADP-
fluorometal complexes and compared the reactivity in the
presence of ADP and ATP alone. In the presence of ADP,
the rate of trinitrophenylation was reduced to ~50% of that
seen in the absence of nucleotide (Fig. 6), which is similar
to previous reports (9, 10), and trinitrophenylation was

10 15 20

Time (sec)

0 5 10 15 20 25

Time (sec)

Fig. 4. Time courses of the decline in MIANS-S-1 fluorescence
induced by ADP and P, analogues. (A) 0.5 mM ATP, 1 mM ADP or
1 mM ADP+1 mM BeFn, AlFr, or ScFn were added to solutions
containing 1 ^M MIANS-S-1, 120 mM NaCl, 30 mM Tria-HCl (pH
7.5), and 2 mM MgCl,. (B) To the MIANS-S-1 solution, 1 mM V, was
added first, then 1 mM ADP was added. Changes in MIANS-S1
fluorescence were measured at 420 nm (excitation at 330 nm).
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Time (mln)

Fig. 5. Time-dependent inhibition of MIANS-S-1 ATPase
activity by AlFr and ScFn: MIANS-S-1 or S-l were incubated at
25*C in the presence of 120 mM NaCl, 30 mM Tris-HCl (pH 7.5), 1
mM MgCl,, 1 mM ADP, and 1 mM A1F4" or 0.2 mM ScFn. EDTA-
(K+)-ATPase activity was then measured at selected times in the
presence of 0.1 //M MIANS-S-1 or S-l, 0.5 M KC1, 30 mM Tris-HCl
(pH 7.5), 6 mM EDTA, and 2 mM ATP at 25*C. MLANS-S-l:ScFn
(•), S-l:ScFn (O), MIANS-S-1:A1F4- (A), S-1:A1F4" (A) .

completely blocked by addition of ATP. ADP + BeFn also
completely inhibited trinitrophenylation of RLR in the
same manner as ATP, suggesting that, in the S-1'ADP-
BeFn complex, the local conformation at or near Lys 83
resembles the conformation in the presence of ATP. In
contrast, ADP+A1F4~ or ScFn reduced trinitrophenylation
to the same level as seen in the presence of ADP alone.
Thus, in the presence of A1F4~ or ScFn ternary complexes,
the local conformation in the region of RLR does not
correspond to formation of M*'-ADP-P|.

DISCUSSION

ABDF is a reagent that reacts vigorously and selectively
with SHI. It was originally shown by Hiratsuka (25) that
the fluorescence emission spectrum of ABD-S-1 was very
sensitive to ATP-induced conformational changes at SHI.
For this reason, specific labeling at SHI was carried out
according to the methods described by Hiratsuka (25) and
monitored by measuring ATPase activity (Fig. 1). Eleva-
tion of Ca2+-ATPase activity and reduction of EDTA(K+)-
ATPase activity, corresponding to incorporation of the
ABD group, revealed specific labeling at SHI but not SH2.

Upon addition of Mg2+-ATP, myosin quickly forms the
myosin* * • ADP-P| intermediate; this reaction is character-
ized by an increase in the intrinsic tryptophan fluorescence
intensity (32). Increases in ABD-S-1 fluorescence were also
associated with enhanced intrinsic tryptophan fluorescence
as shown in Fig. 2 and Table I. Thus, the conformational
changes at SHI induced by ternary complex formation
appear to correspond to the conformational changes at the
tryptophan which occur when ATP binds. Trp 510 has been
identified as the residue contributing most to the enhanced
fluorescence (37, 38). This means that the 110% increase in
ABD-labeled SHI fluorescence may reflect formation of the
M* * • ADP'Pi state. Consistent with this notion, addition of
8-Br-ATP or 8-N3-ATP, which do not induce superprecipi-
tation, sliding of actin filaments, or tryptophan fluorescence

400

Time (sec)

Fig. 6. Time course of trinitrophenylation of S-l with ATP
analogues. S-l (12 //M) was reacted with trinitrobenzene-sulfonate
(0.25 mM) at 25'C in 100 mM imidazole-HCl (pH 7.0), 0.5 M KC1, 5
mM MgCl2 (or 5 mM CaCl.) in the presence of 2 mM ATP, 2 mM ADP
or 2 mM ADP+1 mM BeFn, AlFr or ScFn.

enhancement (32), only increased ABD-S-1 fluorescence
slightly. Addition of ADP + BeFn rapidly increased ABD- S-
1 fluorescence until it was virtually identical to the inten-
sities seen in the presence of ATP. Although increases in
fluorescence elicited by addition of ADP + ScFn or A1F4"
developed more slowly, ultimately, the fluorescence attain-
ed the same intensity as seen in the presence of ATP.
Moreover, the time required to reach maximum fluores-
cence was consistent with the time needed to form the
ternary complexes (14, 16, 18). For example, the time of
approximately 60 min to reach maximum fluorescence in
the presence of ADP + ScFn (Fig. 2) is consistent with the
time required to form the S-l • ADP»ScFn ternary complex
estimated from ATPase inhibition (18). These results
suggest that for all of the complexes, the local conforma-
tions at SHI are similar to that of the M**-ADP-Pi state.

The aforementioned observations differ from those of
Phan et al. (19), who also chemically modified SHI using
fluorescent probes and who reported that the structure of
the BeFn complex resembles that of the M'-ATP state.
Despite this finding, in the present study the BeFn complex
exhibited enhanced tryptophan fluorescence which was
almost identical to that seen in the presence of ATP i. e.,
M**«ADP'P, (14, 15). Furthermore, recent small angle
X-ray scattering studies clearly demonstrated that the
shape of the S-1 • ADP • BeFn complex is rounded or bend in
the same manner as S -1 is bent in the presence of ATP (13).
Thus, current evidence suggests it is more likely that the
S -1 • ADP • BeFn complex resembles the M * * • ADP • P, state
than the M*-ATP state. Finally, very recent crystallogra-
phic studies of the BeFn complex of truncated Dictyos-
telium S-l (Holmes, K., unpublished observation) and
smooth muscle myosin (Dominguez, R., Freyzon, Y.,
Trybus, K., and Cohen, C , unpublished observation) also
showed rounded or compact global structure, in contrast
with the structure reported by Rayment et al. (20).

While the discrepancies in the results are unclear, it may
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be possible for the S-l-ADP-BeFn complex to mimic both
the M"-ADP-P, and M*-ATP states. Using "F-NMR, it
was demonstrated that, in solution, the BeFn incorporated
into ternary complexes exist as at least four species {33).
Moreover, the "F-NMR spectrum of a 19F-labeled ADP
analogue, trapped into skeletal muscle myosin S-l with
BeFn, indicates that two distinct conformations exist at the
ATPase site (34). It is proposed that the various species of
BeFn are distinct from each other in their character, and
the ternary complexes composed of these species may
mimic different states in the ATPase cycle. The population
of the species (ratio of Be:F) may be affected by factors
such as reagent concentration and pH, and it may be
possible that the distinct species of S-1-ADP-BeFn com-
plex are crystallized.

In contrast to SHI, the local conformation at SH2
reflected the differences between the ternary complexes of
A1F4~, ScFn, and BeFn. As shown in Fig. 4A, fluorescence
emitted by the MIANS-S-1-ADP-A1F4- or ScFn complex-
es was similar to that emitted in presence of ADP (Fig. 6).
In contrast, the fluorescence intensity of the MIANS-S-1-
ADP-BeFn complex was identical to that seen in the
presence of ATP. From the data shown in Fig. 4B, we
concluded that the conformation of the MIANS-S-1-ADP-
V, complex at SH2 is also similar to that which exists in the
presence of ATP. Thus, the local conformation at SH2 of
the S-1-ADP-A1F4~ or ScFn complex is distinct from that
of the S-1-ADP-BeFn or V, complex.

Conformational changes at SH2 may not be accompanied
by formation of the M'*-ADP-P| state as is the case with
conformational changes at SHI. Experimental data show
that 8-N,-ATP, 8-Br-ATP, and Ca2+-ATP, which are all
hydrolyzed by myosin without formation of the M** • ADP-
Pi state, increase tryptophan fluorescence very slightly.
However, 8-N3-ATP, 8-Br-ATP, and Ca2+-ATP completely
attenuated MIANS-S-1 fluorescence and are all able to
dissociate acto-myosin (32). Therefore, local conforma-
tional changes at SH2 may be communicated by changes at
the actin binding site. We suggest that the conformation at
SH2 may correspond to a transient state occurring earlier
than the M**«ADP-P1 state, perhaps at or near the M*-
ATP state.

Altered RLR reactivity resulting from formation of
ternary complexes and reflecting the local conformation in
the RLR region was associated with corresponding changes
in MIANS-S-1 fluorescence. As shown in Fig. 6, in the
presence of ADP + A1F4" or ScFn, the RLR reactivity was
reduced to about 50% and was the same as that seen with
ADP. Complete inhibition of reactivity in the presence of
ADP+BeFn indicates that the conformation at the RLR
region of the S -1 • ADP • BeFn complex is different from that
of the S-1-ADP-A1F4- or ScFn complex.

In the present study, we demonstrated that the local
conformation in the SH2 region of the S-l-ADP• BeFn
complex is different from local SH2 conformations in the
S-1-ADP-AlFr and ScFn complexes. The two highly
reactive sulfhydryl groups, SHI and SH2, Le., Cys 707 and
Cys 697, respectively, appear to move distinctly during the
ATPase cycle. It was also shown that the SHI region is
responsive to formation of the M* * • ADP-Pi state, and the
SH2 region reflects conformational changes corresponding
to dissociation of actomyosin. Conformational changes in
the RLR region are also associated with changes in the SH2

regions. Finally, these results support the idea that the
respective ternary complexes correspond to analogues of
different transient states in the ATPase cycle.
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