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In the presence of excess amounts of fluorine, a physiological divalent cation, magne-
sium (Mg**), forms a novel phosphate analogue, magnesium fluoride (MgFn). Park et al
[Biochim. Biophys. Acta 1430, 127-140 (1999)] previously demonstrated that MgADP-
MgFn forms a complex with myosin subfragment-1 (8-1), and the S-1.ADP-MgFn ternary
complex mimics a transient state in the activity cycle of ATPase. In the present study,
localized conformations in the regions of highly reactive cysteine and lysine residues,
Cys 707 (SH1), Cys 697 (SH2), and Lys 83 (RLR), which change their conformations
markedly during ATP hydrolysis, were studied using fluorescent probes and chemical
modification. The global shape of the complex was also studied using small angle X-ray
solution scattering and compared it with other previously reported myosin-ADP-fluoro-
metal ternary complexes. The results suggest that the overall conformation and local-
ized functional regions of the complex are quite similar to those in the presence of ATPF,

indicating that the complex mimics the M -ADP-P, steady state.

Key words: energy transduction, fluorescent probe, myosin ATPase, transition state

complex, X-ray scattering.

Recent crystallographic studies of the heads of skeletal
muscle myosin (I) and the motor domain of Dictyostelium
myosin (2) have shown the exact structure of the ATP and
actin binding sites. A possible molecular model of cross-
bridge cycling for muscle contraction was proposed based
on the structure of S-1, determined by Rayment et al. (3).
However, the mechanistic details at the molecular level, i.e.,
how the chemical energy of ATP is converted to energy for
the contractile machinery, remain obscure. Several bio-
chemical and physical studies have indicated that the myo-
gin head changes its global conformation and its localized
flexible region in a series of steps constituting the ATPase
cycle. The conformational changes in the localized regions
are reflected by changes in the intrinsic tryptophan fluores-
cence (4), reactivity to chemical modification of several spe-
cific amino acid residues SH1, SH2 (5-7), and a reactive
lysine residue (8, 9). The overall morphological changes of
the myosin head during ATP hydrolysis were first identi-
fied by small-angle X-ray scattering (10). During the con-

! This work was supported by Grants-in-Aid for Scientific Research
C (11680667) from the Ministry of Education, Science, Sports and
Culture of Japan.

? To whom correspondence should be addressed. Fax: +81-426-91-
9312, Phone: +81-426-91-9443, E-mail: shinsaku@t.soka.acjp
Abbreviations: ABDF, 4-fluoro-7-sulfamoylbenzofurazan; AlF,-, alu-
minum fluoride; BeFn, beryllium fluoride; DTT, dithiothreitol;
GaFn, gallium fluoride; MIANS, 2-(4’-maleimidylanilino)naphtha-
lene-6-sulfonic acid; PP,, pyrophosphate; Prodan, 6-propionyl-2-
(dimethylamino)naphthalene; RLR, highly reactive lysine residue;
S-1, myosin subfragment-1; S-1D¢, myosin head from Dictyostelium
discoideum myosin II; ScFn, scandium fluoride; TNBS, trinitroben-
zene sulfonate; V,, vanadate.

© 2000 by The Japanese Biochemical Society.

Vol. 128, No. 4, 2000 687

tractile cycle, myosin forms a series of intermediates that
are directly related to such conformational changes of the
myosin head. The study of sequential conformational
changes is very important for understanding the mecha-
nisms of energy transduction. However, the intermediates
have only limited lifetimes, and it is difficult to isolate each
ATPase reaction intermediate for biochemical and biophysi-
cal analysis. Therefore, stable analogues corresponding to
these species are useful for analyzing their structures.

Recent studies have demonstrated that the phosphate
analogues of fluorometals, aluminum fluoride (AlF,"), beryl-
lium fluoride (BeFn), scandium fluoride (ScFn), and gal-
lium fluoride (GaFn), form stable ternary complexes, eg.,
myosin-ADP-AIF,~ (11-13) myosin-ADP-BeFn (11-14), myo-
sin-'ADP-ScFn (15), and myosin-ADP-GaFn (16). Differ-
ences in the interaction with actin and localized conforma-
tion of these complexes suggest that each complex mimics
distinct reaction intermediates in the myosin ATPase cycle
(12). Moreover, recent crystallographic studies (2, 17) have
identified differences between ternary complexes (AlF,-,
BeFn, V) in the conformation of the COOH-terminal seg-
ment of the truncated myosin head from Dictyostelium dis-
coideum myosin II (S-1Dc). X-ray solution scattering mea-
surement is a useful method for the directly detection of
large-scale changes in molecular structure in solution dur-
ing dynamic functioning under physiological conditions.
Wakabayashi and colleagues (10, 18) succeeded in observ-
ing the compact or rounded configuration of S-1 in the pres-
ence of ATP and S1™-ADP-P, analogue (AIF,-, BeFn, and V))
complexes and demonstrated that the morphology is differ-
ent from that of S-1 in the absence of nucleotide.

Recently, Park ef al. (19) demonstrated that a new phos-
phate analogue, magnesium fluoride (MgFn), also forms a
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stable ternary complex with myosin and ADP. Further-
more, the CD spectra, intrinsic tryptophan enhancement,
and acrylamide quenching of Trp510 of the myosin-ADP-
MgFn complex suggest that the complex resembles ATPase
transients that occur during ATP hydrolysis before phos-
phate release. In the present study, we examined the local-
ized and global structures of the S-1-ADP-MgFn complex to
characterize the structure of the new complex, and com-
pared it with those of other complexes previously reported.
The conformations at the localized flexible regions (SH1,
SH2, and RLR) of the S-1-ADP-MgFn complex were ana-
lyzed using chemical-modification fluorescence labeling.
These regions may play an important role in energy trans-
duction, especially the SH1-SH2 region that is considered
as an energy transduction loop through which intersite
communication between the ATP and actin binding sites is
transmitted. In fact, the region markedly changes its con-
formation along the ATPase kinetic pathway. We also em-
ployed small-angle synchrotron X-ray scattering to study
the global conformation of the new complex.

The experimental data in the present study demonstrate
that the S-1-ADP-MgFn complex mimics the M™ADP-P,
steady-state in the ATPase cycle. We also discuss the possi-
ble order of alignment of the ternary complexes at different
transient states, which mimic each other along the ATPase

cycle.

MATERIALS AND METHODS

Proteins and Chemicals—Myosin was prepared from
chicken breast muscles by the method of Perry (20). The
isolated myosin was then digested with a~chymotrypsin to
obtain subfragment-1 (S-1), as described by Weeds and Tay-
lor (21). MIANS, ABDF and prodan were purchased from
Molecular Probes (Eugene, OR).

ABDF Labeling of S-1—Fluorescent labeling of S-1 with
ABDF was carried out by reacting 10 pM S-1 and 30 mM
ABDF in the presence of 20 mM cacodylate (pH 7.3) and 30
mM KClI for 1 h at 4°C in total darkness. The reaction was
stopped by adding dithiothreitol (DTT) to a final concentra-
tion of 20 mM. The labeled S-1 was then passed through a
Sephadex G-50 column equilibrated with 30 mM Tris-HCI
(pH 8.0) and 120 mM NaCl. The stoichiometry of the incor-
porated ABD group/S-1 was determined from the absorp-
tion spectrum using an extinction coefficient of 6,000 M~
cm? at 378 nm. Quantitative analysis of ABD-S-1 was
made by staining with Coomassie Brilliant Blue plus pro-
tein assay (PIERCE).

MIANS Labeling of S-1—Initially, S-1 was blocked by
reacting 40 pM S-1 with 160 uM 2,4-dinitro-1-fluoroben-
zene (FDNB) in the presence of 0.5 M KCl, 50 mM Tris-
HCI (pH 7.8), 2 mM MgCl, and 1 mM ADP for 20 min on
ice. The blocked S-1 was then passed through a Sephadex
G-50 column equilibrated with 30 mM Tris-HCI (pH 7.5)
and 120 mM NaCl. In the next step, the blocked S-1 (20
pM) was reacted with 26 pM MIANS in the presence of 30
mM KCl, 25 mM Tris-HCI (pH 7.8), 2.5 mM MgCl,, and 1
mM ADP for 30 min at 4°C in total darkness; the reaction
was terminated by the addition of 10 mM DTT. The DNP
group was then removed from S-1 by further overnight
incubation with 10 mM DTT at 4°C in total darkness.
MIANS-S-1 was subsequently passed through a Sephadex
G-50 column equilibrated with 30 mM Tris-HCI (pH 8.0)
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and 120 mM NaCl. The stoichiometry of the incorporated
MIANS groups/S-1 was determined from differences in the
absorption spectra of MIANS-S-1 and unlabeled S-1 using
an extinction coefficient of 1.7 X 10* M cm™ at 318 nm.
The concentration of MIANS-S-1 was determined using Co-
omassie plus protein assay reagent (PIERCE).

Fluorescence Measurements—Fluorescence  measure-
ments for MIANS labeled S-1 and ABDF labeled S-1 were
performed at 25°C with an RF-5000 Spectrofluorometer
(Shimadzu). Uncorrected fluorescence emission spectra of
prodan-S-1-ADP-P, analogue complexes were recorded at
25°C with a Hitachi fluorescence spectrophotometer (model
F-2500).

Trinitrophenylation of S-1-ADP-P; Analogue Complexes—
S-1 (12 pM) was reacted with 0.25 mM trinitrobenzene-sul-
fonate at 25°C in 100 mM imidazole-HCl (pH 7.0), 0.5 M
KCL 5 mM MgCl, (or 5 mM CaCl) in the presence of 2 mM
ATP, 2 mM ADP, or 2 mM ADP + 1 mM BeFn (AlF, or
ScFn). The time course of trinitrophenylation was moni-
tored at 345 nm using a spectrophotometer equipped with
a temperature-controlled cell (Shimadzu UV 2200).

X-Ray Solution Scattering—X-ray solution scattering
experiments were performed at 19°C with a small-angle
diffractometer, using synchrotron radiation at the Photon
Factory (Tsukuba) according to the method of Wakabayashi
et al. (10). The scattering curves from S-1 samples were
recorded with a one-dimensional position sensitive detector
up to the scattering length S = 0.02 A1 [S = 2sin 8/\ where
20 is the scattering angle and X is the wavelength of the X-
rays (154 A)] at a camera length of 2.33 m. The protein
concentration used varied from 3 to 12 mg/ml. Each sample
was centrifuged just before the X-ray experiments to re-
move any aggregates. As controls, S-1 samples without nu-
cleotide and in the presence of MgATP were measured. The
apparent radius of gyration (R,) was calculated from the
slope of the linear region in the Guinier plot {logll (S)] vs.
S? (superscript)} of the scattering intensity data. The true
R, value was estimated by extrapolating the calculated val-
ues to zero protein concentration.

RESULTS

Conformation of S-1-ADP-MgFn Complex at Localized
Flexible Regions—The region of the reactive cysteine resi-
dues, SH1 (Cys-707) and SH2 (Cys-697), is highly flexible
and changes its conformation upon the binding of ATP and
actin (22-24). The sequence of transient intermediate along
the ATPase kinetic pathway may be reflected in the confor-
mational changes in this region. Hiratsuka (25, 26) showed
that conformational changes at the reactive thiols associ-
ated with ATP hydrolysis could be monitored by fluorescent
probes, ABDF and MIANS, labeled at SH1 and SH2, re-
spectively. We labeled the reactive thiols of S-1 with a fluo-
rescent probe using the method of Hiratsuka (25, 26) and
monitored changes in the fluorescence intensity of the
probe bound to the residue, associated with the formation
of the S-1-:ADP-MgFn ternary complex.

Figure 2 shows the time course of the fluorescence
changes in S-1 labeled by ABDF at SH1 (ABD-S-1) upon
the addition of ligands. Upon the addition of ATP, the fluo-
rescence intensity of ABD-S-1 at 500 nm increased by 110%
due to the formation of a steady-state. After hydrolysis of
all the added ATP, the fluorescence intensity decreased to a
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level identical to that seen in the presence of ADP. In the
presence of ADP and MgFn, the fluorescence intensity in-
creased, indicating the formation of a ternary complex. The
maximum intensity attained was that seen in the presence
of ATP. The time course of the fluorescence increase due to
the formation of ABD-S-1-ADP-MgFn was biphasic, indicat-
ing the formation of a complex passing through two steps.
This is consistent with the data of Park et al. (19) suggest-
ing that the formation of the inhibitory complex comprises
at least two steps. The emission maximum also blue shifted
from 497 to 494 nm due to the formation of ABD-S-
1.-ADP-MgFn (Fig. 2 inset), coinciding with that in the pres-

RLR (Lys 83)

ATP Binding

SH1 (Cys 707)

SH2 (Cys 697)

F1g. 1. Backbone representation of the motor domain of skel-
etal muscle myosin 8-1. The reactive cysteine residues of SH1
(707), SH2 (697), and the reactive lysine residue RLR (Lys 83) are
indicated by their respective space-filling representation. The figure
was prepared with the molecular graphic program RasMac 2.7 using
the coordinate data (pdb. 2MYS) published by Rayment et al. (3) in
the protein database.

Actin Binding Site
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ence of ATP as reported by Hiratsuka (25). Other ABD-S-
1-ADP-fluorometal complexes showed the same spectral
changes as ABD-S-1-ADP-MgFn. These results suggest that
SH1 moves to the more hydrophobic protein interior associ-
ated with the formation of the S-1-:ADP-MgFn complex as
occurs during steady-state ATP hydrolysis.

The conformational change at SH2 caused by the forma-
tion of the S-1.:ADP-MgFn complex was also monitored by
the fluorescence of MIANS-S-1. As shown in Fig. 3, when
ATP was added to MIANS-S-1, the fluorescence intensity
decreased by 32% due to the formation of a steady-state,
consistent with the previous results reported by Hiratsuka
(25). After hydrolysis of all the added ATP to ADP, the fluo-
rescence intensity at 420 nm increased to a level identical
to that seen in the presence of ADP. Upon the addition of
MgFn, the fluorescence intensity decreased to the same
level as that seen in the presence of ATP due to the forma-
tion of the S-1-ADP-MgFn ternary complex. Formation of
the MIANS-S-1-ADP-MgFn complex also produced a red
shift from 423 to 429 nm in the emission maximum (Fig. 3
inset), coinciding with that seen in the presence of ATP.
Hiratsuka clearly demonstrated that the fluorescent probe
MIANS sensitively changes its fluorescence intensity and
emission maximum depending on hydrophobic strength,
showing increasing fluorescence intensity and a blue-shift
in more hydrophobic environments (26). These results sug-
gest that the formation of the S-1-ADP-MgFn complex re-
sults in the movement of SH2 towards a less hydrophobic
environment, similar to that seen in the presence of ATP.

The myosin head also contains one highly reactive lysine
residue (RLR; Lys 83), which is rapidly and stoichiometri-
cally modified by TNBS (27). Trinitrophenylation of RLR
markedly changes the enzymatic properties of myosin. It
has been reported that the reactivity of the RLR is reduced
in the presence of PP, and nucleotide (8, 9, 28, 29). The pre-
vious results suggest that the RLR region changes its con-
formation during ATP hydrolysis. We examined the reac-

Fluorescence

Fig. 2. To ABD-8-1 (5 pM) in solution
with 120 mM NaCl, 30 mM Tris-HCI
(pH 7.5), and 2 mM MgCL, we added
25 pM ATP, 1 mM ADP, 1 mM ADP + 1

mM BeFn, AIF,, or ScFn, or 1 mM
ADP + 50 mM NaF at 25°C. The excita-

No Nucteotide
1 — o
420 440 480 430 500 520 540 580 580 600
) . . . am .
0 20 40 60 80 100

Time (min)

Vol. 128, No. 4, 2000

tion and emission wavelengths were 390
and 500 nm, respectively. (Inset): Fluores-
cence spectrum of ABD-S-1-ADP-MgFn
ternary complex.
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Fig. 3. Time course of the de-
crease in MIANS-8-1 fluores-
cence intensity induced by the
formation of the 8-1-ADP-MgFn
complex. 6 yM ATP was first

ScFn, AIF;” added to MIANS-S-1 in 30 mM

8
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Tris-HC), pH 7.5, 120 mM NaCl, 1
pM MIANS-S1, and 5 mM MgCl,.
After the complete hydrolysis of
ATP, 50 mM NaF was added to the

- mixture to initiate the formation of
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the S-1.-ADP-MgFn complex. For
other ternary complexes, 1 mM
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Relative Fluorescence Intensity
[=:3
o
1

360 330 400 420 440 460 480 500 820

1-ADP-MgFn ternary complex.

0 - nm
1 Ll 1 1 I
0 30 60 90 120
Time (min)
03 80
ATP
E
g 02 No nuclectide . Y
- E
a ADP BeFn R
8 GaFn i
Fn "
b AlF, ATPW 8 ,
g 01 g 40 ADP-4gFn
L2 o
< £
0 . . .
0 100 200 300 400 20
Time (sec)
Fig. 4. Time course of trinitrophenylation of the skeletal S-
1.-ADP-MgFn complex. 12 uM S-1 was reacted with trinitroben-
zene-sulfonate (0.26 mM) at 25°C in 100 mM imidazole-HCl,pH 7.0, @ [Zo0 s,
0.5 M KCl, 5 mM MgCL, in the presence of 2 mM ATP, 2 mM ADP, °‘w 4;0 alao 5;0 000

50 mM NaF, 1 mM ADP + 1 mM AIF,, BeFn, ScFn, or 0.1 mM
GaFn.

tivity of RLR in the S-1-ADP-MgFn complex and compared
it with that seen in the presence of ADP and ATP. As
shown in Fig. 4, the rate of trinitrophenylation in the initial
phase in the presence of ADP was approximately half of
that in the absence of nucleotide, consistent with the re-
sults of previous studies (8, 9, 28, 29). The addition of ATP
completely inhibited trinitrophenylation. ADP and MgFn
also completely abolished trinitrophenylation of RLR. This
suggests that the conformation at the RLR of the S-1-
ADP-MgFn complex resembles that in steady-state ATP
hydrolysis. These results suggest that the conformations of
the localized regions at SH1, SH2, and RLR on the S-
1-ADP-MgFn complex are similar to those of the M™-ADP-

nm

Fig. 5. Changes in the fluorescence emission spectrum of the
prodan:S8-1 complex induced by ADP-MgFn. The fluorescence
spectra of the complex of S-1 ( 20 pM) with prodan ( 4 uM) were re-
corded in the presence of 1 mM ADP, 5 mM MgCl,, and 50 mM NaF.

P state.

Fluorescence Spectra of Prodan-S-1-ADP-MgFn Com-
plex—Hiratsuka (36) demonstrated that the noncovalent
probe 6-propinyl-2(dimethylamino)naphthalene (prodan)
binds stoichiometrically to S-1 without affecting the
ATPase and actin-binding properties S-1. Furthermore, it
has been shown that nucleotide-induced changes in prodan
fluorescence correspond to the nucleotide-induced confor-
mational states of S-1, suggesting that the fluorescence
properties of prodan make it possible to isolate the S-1 in

J. Biochem.

2102 ‘T 100100 uo A1sieaiun Bunped e /Bio'seunolpioxo-qlj/:dny woy pepeojumoq


http://jb.oxfordjournals.org/

Solution Structure of Myosin-ADP-MgFn Complex

the M™-ADP-P, state from the others in the free and S-
1"-ADP state. We applied prodan to the study of the confor-
mation of the S-1-ADP-MgFn ternary complex. The fluores-
cence spectra of the prodan-S-1 complex in the presence of

ADP and MgFn were measured according to Hiratsuka
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(36). As shown in Fig. 5, upon the addition of ATP, the fluo-
rescence spectra of prodan-S-1 showed an emission maxi-
mum at 445 nm that was accompanied by a marked in-
crease in the fluorescence intensity at 445 nm. In the pres-
ence of ADP, the emission maximum was at 450 nm, which
was clearly differentiated from that in the presence of ATP
as reported previously by Hiratsuka (36). Upon the addi-
tion of ADP and MgFn, the emission maximum underwent
a blue-shift to 445 as seen in the presence of ATP. These
results suggest that the formation of the S-1.ADP-MgFn
complex is monitored by the fluorescence of prodan. How-
ever, the fluorescence intensity of the prodan-S-1-ADP-
MgFn complex was approximately twofold lower than that
of prodan-S-1 in the presence of ATP. Hiratsuka also re-
ported similar observations for prodan-S-1-ADP-V, and
prodan-S-1-AMP-PNP (36). This suggests that the prodan
bound to S-1 reflects the differences in conformation of the
ATP binding pocket between the S-1-ADP-MgFn complex
and S-1*-ADP-P,.

Small Angle X-Ray Solution Scattering of the S-
1-ADP-MgFn Complex—To study the global conformation
of the S-1-ADP-MgFn complex, we used a small-angle syn-
chrotron X-ray scattering technique with synchrotron radi-
ation as an intense X-ray source. By measuring the radius
of gyration (R,) from the X-ray scattering curve, Wakaba-
yashi and colleagues (10) clearly showed that the myosin
head (S-1) changes its shape to a more compact or rounded
form in the presence of ATP. They also showed that a simi-
lar compaction of the molecule occurs upon the binding of
ADP and V.. The structures of the ternary complexes of S-
1-ADP-AIF,- and S-1-ADP-BeFn have also been investi-
gated by X-ray scattering. These complexes also have a
more compact shape, comparable to that of S-1 in MgATP
solution (18). We also analyzed the solution structure of the
S-1-ADP-MgFn complex by small-angle X-ray scattering
and compared it with those of M™ADP-P, and other com-
plexes. Figure 6a shows Guinier plots of the scattering data
from this complex and those of S-1 in the absence of nucde-
otide and presence of ATP. The data produced straight lines
in the range of S2 = 0. 22 x 10~ A-, indicating the lack of
moleculor aggregates in the solution. The radius of gyration
(R,) was calculated from the slope of the straight lines in
the Guinier plots in the range of 0.078 X 10~ < S2 =< (0.223
X 10* A2 and was plotted against the protein concentra-
tion ¢ (Fig. 6b). When extrapolated to ¢ = 0, the true R,
value of the S-1:ADP-MgFn complex was about 45.2 A,

Fig. 6. (a) Examples of Guinier plots of the small-angle X-ray
scattering intensity data from S-1-:ADP-MgFn ternary com-
plexes. Plots of S-1 in the absence of nudeotide and in the presence
of ATP are also shown as reference. Data were taken at a concentra-
tion of 3.5 mg/ml of S-1-ADP-GaFn and 3.0 mg/ml of S-1 without nu-
cleotide and S1 in the presence of ATP. Vertical lines show the
scattering range in which the radius of gyration was calculated from
the slope of the straight lines. The three sets of data are shifted ver-
tically for illustrative purposes. (b) The protein concentration
dependence of the radii of gyration (R,) in samples shown in
(a). 4, S-1:ADP-MgFn. 0, S-1; e, S-1 in the presence of ATP. (c)
Comparison of the true R, values (R, ¢ = 0) of various 8-1
samples. The true R,s of the above three samples were obtained by
extrapolating the data to zero protein concentration (in Fig. 4a).
Data for S-1-ADP-BeFn, S-1-ADP-AIF,-, S-1-ADP-V, and S-1.ADP
are those of Sugimoto et al. (1995), and marked by single asterisks.
Data of S-1-ADP-GaFn, are those of Maruta et al. (1999), and
marked by double asterisks.
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which is clearly less than that in the absence of nucleotide
(48 A) and comparable to that in the presence of MgATP
(45 A) . When compared with the true R, values of various
complexes in Fig. 6¢, the value of S-1-ADP-MgFn was
smaller than that of S-1-ADP (47 A), but similar to those of
S-1-ADP-BeFn, S-1-ADP-V, (44.5-46 A), and slightly larger
than that of M™ ADP-P, (a predominant intermediate state
during ATP hydrolysis). Thus, the data clearly demonstrate
that the S-1:ADP-MgFn complex is compact or round in
shape, similar to M™-ADP-P, and other complexes with
ADP-P, analogues.

DISCUSSION

Several myosin-ADP-fluorometal (AlF,-, BeFn, ScFn, or
GaFn) ternary complexes, which mimic transient states in
the ATPase cycle, have previously been characterized (12,
15, 16, 30). Our previous biochemical experimental data
indicated that these complexes are distinct from each other,
suggesting that they mimic different transient states along
the ATPase cycle. We have proposed a possible order in the
alignment of the complexes along the ATPase cycle as
BeFn, V,, ScFn, AlF,~ along the ATPase cycle in the region
from the M"ATP to the M™-ADP-P, state (31). However,
BeFn may mimic the multiple state between the M"ATP
and M™-ADP-P, state due to some species of BeFn that
were observed by ®F-NMR spectrometry (32). Indeed, the
biochemical experimental data of the S1-ADP-BeFn com-
plex showed the average range of the M-ATP and
M™-ADP-P, states (12). Studying the conformation of the
complexes and comparing them with each other may make
it possible to determine the sequential conformational
changes on the myosin head directly related to energy
transduction. The determination of the new ternary com-
plexes mimicking the transient state in the ATPase cycle is
important to confirm our approach.

Interestingly, Mg?*, a well known physiological divalent
cation, also can form a P, analogue (MgFn) the same as
with Al** and Be?* in solution. Antonny et al. (33) demon-
strated that MgFn binds to the active site of G-protein with
GDP and activates the regulatory protein similar to AlF,-
and BeFn. Recent crystallographic studies of the myosin
motor domain showed structural similarities in the active
site to G-protein (1, 2, 17, 34, 35). Such common structural
features at the P-loop, switch I, and switch II may be essen-
tial for the formation of stable ternary complexes. Recently,
Park et al. (19) showed that myosin also forms a ternary
complex with MgFn in the presence of MgADP. They sug-
gested that the S1-:ADP-MgFn complex mimics ATPase
transients occurring in ATP hydrolysis before phosphate
release based on near-ultraviolet circular dichroism, total
tryptophan fluorescence, and tryptophan residue 510
quenching measurements. It is interesting to know which
transient state steps in the ATPase cycle are mimicked by
the S1-ADP-MgFn complex. In the present study, we stud-
ied the localized conformation of the ternary complex
S1-ADP-MgFn at the region of highly reactive amino acid
residues SH1, SH2, and RLR. Such conformational changes
directly reflect the formation of a series of transient inter-
mediates during ATP hydrolysis. In particular, the region of
the flexible SH1-SH2 residues is thought to act as an
energy transduction loop through which intersite communi-
cation between the ATP and actin binding sites is transmit-
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ted (26). As shown in Figs. 2 and 3, the fluorescence
intensities of both probes at SH1 and SH2 of the S-1-
ADP-MgFn complex were identical to those seen in the
presence of ATP, It has been previously shown that labeling
by ABDF or MIANS does not affect the formation of ter-
nary complexes of labeled S-1.ADP-AIF,- or ScFn (30).
Moreover, the fluorescence intensity of the MIANS- or
ABD-S-1-ADP-MgFn ternary complexes are clearly differ-
ent from that in the presence of only ADP. Therefore, it
seems that ABD-S-1 and MIANS-S-1 form ternary com-
plexes with ADP and MgFn. We have previously demon-
strated that SH1 and SH2 move distinctly during ATP
hydrolysis and that the local conformations of the SH2
regions more sensitively reflect different transient states
(30). Actually, the fluorescence of the ABD group bound to
SH1 in the ternary complexes of AlF,-, BeFn, ScFn, GaFn
showed similar intensity. In contrast to SH1, the local con-
formation at SH2 of the BeFn and GaFn complexes was
different from the AlF,- and ScFn complexes. Conforma-
tional changes at SH2 may not be accompanied by the for-
mation of the M™ADP-P, state as is the case with con-
formational changes at SH1. ATP derivatives of 8-N;-ATP
and 8-Br-ATP, which are hydrolyzed by myosin without for-
mation of the M™-ADP-P, state, slightly increase the intrin-
sic tryptophan fluorescence, attenuate MIANS fluorescence
at SH2, and dissociate acto-S-1 (37). Therefore, local confor-
mational changes at SH2 may be communicated by
changes at the actin binding site. Conformational changes
in the RLR region are also associated with changes in the
SH2 regions. Based on the data shown in Figs. 3 and 4, the
conformations at SH2 and RLR of the S-1-ADP-MgFn com-
plex are identical to that of the BeFn complex and differ
from those of the AlF,”~ and ScFn complexes, as previously
reported (30). However, the interaction of the MgFn com-
plex with actin was different from that of the BeFn com-
plex. ADP and BeFn were released by actin more readily
than the MgFn complex. Park et al. have also shown that
the actin-induced dissociation rate of ADP-MgFn and S-1 is
about tenfold slower than that of ADP-BeFn and S-1 (19).
Therefore, the MgFn complex could be clearly differenti-
ated from other complexes. These results support the
notion that the respective ternary complexes correspond to
analogues of different transient states in the ATPase cycle.
Park et al. (19) also showed that S1-ADP-MgFn differs
from other complexes in quantitative comparison of kinetic
and spectroscopic data, and suggested that the structure of
S1-ADP-MgFn follows that of S1':ADP-V, in the ATPase
cycle (19). Recently, X-ray solution scattering (10) demon-
strated that the myosin head changes its global conforma-
tion during ATP hydrolysis. Analysis of the X-ray scattering
data indicated that a conformational change of the myosin
head in the presence of ATP is caused by a hinge-like bend-
ing motion between the catalytic and regulatory domains
(18). previously, we used X-ray solution scattering to ana-
lyze the structures of S-1:ADP-AIF,, S-1-ADP-BeFn, S-
1-ADP-V,, and S-1-ADP-GaFn, which are thought to be ana-
logues of the M™-ADP-P, (16, 18). The results indicated that
these ternary complexes have a compact or round shape,
strongly suggesting that the ternary complexes mimic an
intermediate state at or near M™-ADP-P, in the ATPase
cycle. Therefore, we also examined the structure of the S-
1-ADP-MgFn complex by X-ray scattering. As expected, the
radius of gyration value (R,) of the S-1-ADP-MgFn complex
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(Fig. 6, b and ¢) was almost identical to that of S1 in the
presence of ATP. This finding clearly indicates that the glo-
bal structure of S-1:-ADP-MgFn closely resembles that of
the M™-ADP-P, state. This is consistent with the results of
direct observation of the complex using quick freeze deep
etch electron microscopy showing a strongly kinked config-
uration similar to other ternary complexes (Maruta unpub-
lished data).

Park et al. (19) suggested that the S-1:ADP-MgFn com-
plex resembles ATPase transients occurring during ATP
hydrolysis before phosphate release, based on CD spectro-
scopic analysis, fluorescence enhancement of nudeotide
sensitive tryptophan, and acrylamide quenching of Trp 510.
However, our experimental data so far suggest that the
MgFn complex may mimic an earlier step than that mim-
icked by the AIF,~ and ScFn complexes. The localized con-
formation at SH1, SH2, and RLR of S-1:ADP-MgFn re-
sembles the S-1-ADP-BeFn rather than the AlF,- and ScFn
complexes. Trp fluorescence enhancement is smaller than
that of the AIF,” and ScFn complexes. Therefore, we pro-
pose that the possible alignment of the S-1-ADP-MgFn ter-
nary complex in the ATPase cycle is between the BeFn and
AlF,” complexes as follows:

(ScFn)
‘BeFn “BeFn MgFn AlF,”
M"ATP —» M™-ADP-P, —» M"-ADP

("BeFn and “BeFn indicate different species of MgFn de-
pending on the number of F bound to Be)

The S-1-ADP-BeFn complex mimics the states between
M"ATP and M™ADP-P, and has a compact or round shape.
Other S-1-ADP-fluorometal complexes, including the MgFn
complex, that distribute and mimic at or near the M™-
ADP-P, state are compact or round in global shape but dif-
fer slightly from each other with respect to their localized
functional regions.
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