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1. Reaction Mechanism

The first subject of this article is the reaction mechanism of the myosin-
ATP system, especially phosphorylation of myosin by ATP. Phosphorylation
of myosin by ATP has repeatedly been suggested, since it was first proposed
by KALckARrR. But previous studies do not seem to have given conclusive
results, and further studies are needed to show that myosin is actually phos-
phorylated by ATP. Our own work on the phosphorylation of myosin was
started by KitacawA and the author, and has been developed by Kugo,
Kanazawa, IMaMURrRA, Toriwa, NAKAMURA, KiNnosHITA and others. Re-
cently, we have obtained sufficient evidence to show that myosin is indeed
phosphorylated by ATP and that this phosphorylation is a key reaction in
muscle contraction.

We measured the time-course of P, liberation from the myosin-ATP
system, when the reaction was stopped by adding trichloroacetic acid. In
our earlier experiments the concentration of myosin was usually 5 mg per m#
and the amount of P, liberated was measured by the Martin-Doty method."
Using 7-P¥ labelled ATP, we found that the liberated phosphate was derived
from the terminal phosphate group of ATP in the initial rapid phase of the
reaction just as in the steady state. The amount of the initial burst, that is,

*) This article is not a review in the usual sense. Its purpose is to review only our own
studies of this interesting but complicated reaction, and to present a unified theory for
the molecular mechanism of the reactions, in which myosin, F-actin and ATP participate.
Therefore, only our own references are included. Original work in the author’s labora-
tory has been supported by grants from the Ministry of Education of Japan, Toyo
Rayon Science Foundation, the National Institutes of Health, U.S. A., and the Muscular
Dystrophy Associations of America.
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the amount of P, liberated in excess in the initial phase, was actually one
mole per 4x10°g of myosin. This was true over wide ranges of KCl con-
centration, pH, and temperature, if the Mg" concentration was higher than
1 mM. Later, we measured the amount of the initial burst at much lower
concentrations of myosin (~0.1 mg/m{) than we had used in earlier experi-
ments by using 7-P*-ATP.» We again obtained the same value as in the
earlier experiments.

There is much chemical evidence indicating that one mole of active site
is present per 4-5x 10°g of myosin. Recently, from sedimentation equilibrium
and osmotic pressure measurements we found that the molecular weight of
myosin is about 4.8 x10°% Cardiac myosin also showed one mole of rapid
initial P; liberation per mole.” The amount of the initial burst of P; libera-
tion from H-meromyosin which was isolated from myosin digests with trypsin,
was almost equal to one mole per mole of prectein.® The amount of extra
P, liberation increased linearly with the ATP concentration until the amount
of ATP reached one mole per 4x10°g of myocsin.? At higher ATP concen-
trations than this, the amount did not increase further. This seems to show
that one mole of P; is liberated per mole of active site of myosin in the
initial reaction. The initial rapid liberation of P, was inhibited by blocking
the sulfhydryl groups of myosin with PCMB.>? The initial rapid liberation
was also prevented by removal of free Mg" from the reaction mixture by
adding EDTA or by exhaustive dialysis.>”

There are several possible mechanisms for the stoichiometric liberation of
P, in the initial phase. The most likely seems to be that the extra P; libera-
tion is caused by cleavage by trichloroacetic acid of an intermediate which is
phosphorylated at a carboxyl group of myosin.¥ This view is based on the
requirements for Mg" and sulfhydryl groups and the apparent high instability
of the supposed intermediate in the presence of trichloroacetic acid.

We tested this possibility by following the liberation of hydrogen ion in
the ATPase reaction at about pH 8.5 Hydrolysis of ATP at pH 8 must be
accompanied by liberation of one mole of hydrogen ion per mole of ATP
hydrolyzed, whereas phosphorylation of a carboxyl group does not cause any
hydrogen ion liberation. The change in hydrogen ion concentration was
followed by the stopped flow method by measuring the change in absorption
of cresol red at 590 mp.” Fig. 1 shows the time-course of the change in
hydrogen ion concentration after the addition of ATP to myosin. We found
that about one mole of hydrogen ion per 4x10°g of myosin was rapidly
absorbed immediately after the addition of ATP. The absorbed hydrogen ion
was then released again in a time roughly corresponding to the time required
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Fig. 1. Time-courses of rapid absorption-liberation of hydrogen ion
from myosin-ATP system.

2 mg myosin/m¢, 1 mM ATP, 1M KCl, 1 mM MgCl,, pH 82, 24°C. 0, e,
% ¢ three independent records of the change in H*. The inserted figure shows
the time-course of liberation of P; of the same myosin preparation under the
same conditions,

for the initial burst of P, liberation. After the initial rapid absorption and
liberation of hydrogen ion, a slow liberation of hydrogen ion continued to
take place at a rate corresponding to that of steady state hydrolysis of ATP.
Therefore, the overall reaction in the initial phase was not accompanied by
hydrogen ion liberation.*® Thus, this result supports the idea that the phos-
phorylation of a carboxyl group of myosin with ATP is the initial reaction.
Furthermore, our studies on the effects of several modifications of myosin on
the myosin-ATP system clearly showed that the same mechanism was responsi-
ble for both the rapid absorption and liberation of hydrogen ion and the initial
rapid liberation of P,.?

We have also measured the liberation of ADP from the myosin-ATP
system, by measuring the oxidation of NADH in the presence of phosphoenol
pyruvate, pyruvate kinase and lactate dehydrogenase® It seems likely that
only free ADP is available to the kinase system and nor ADP bound to
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myosin. If so, the dependence of the rate of oxidation of NADH on the
ATP concentration in the steady state in this system could easily be explained
by supposing that myosin contains one mole of ATP-binding site per 4x10°g
and that in the steady state myosin contains no bound ADP, but it could not
be explained by supposing that myosin contains bound ADP. However, the
rate of oxidation of NADH showed no initial burst.®? Therefore, in the initial
phase ADP as well as P may bind to myosin.®

Accordingly, the above results can be explained by the following equation :

k 3
E+S+H' — ES+H' —E+ADP+P, +2H*

ko,
k, ks

k, P
ESH* — E~ +H*.
"ADP

In this scheme the %’s represent the rate constants for the indicated steps.
Here k; is larger than %, and %, is much larger than %, and k. ES and
E,SH"* represent two intermediates of the reaction. According to the above
considerations, the formation of EP is assumed to be due to the phosphoryla-
tion of a carboxyl group in moysin. In this scheme, two different routes are
assumed for hydrolysis of ATP. This is because, as will be mentioned later,
certain modifications of myosin, such as p-nitrothiophenylation, completely
prevent the initial rapid liberation of P;, without affecting the steady state
ATPase activity. As will be mentioned later, this idea that myosin ATPase
is a double headed enzyme has been verified by determining the life-time of
EP.

The existence of the first intermediate of the reaction, E;S, was originally
deduced from the fact that myosin-ATPase at the steady state follows Michaelis
kinetics. Recently, MoriTA has shown that the absorption band of H-mero-
myosin at about 280 mp changes on the addition of ATP or ADP. She
showed that this change is induced by the binding of one mole of ADP with
one mole of H-meromyosin. We have measured the binding constants of
ATP and ADP to H-meromycsin from the dependencies of the difference
spectrum on the ATP and the ADP concentrations.”” The binding constant

*} When the concentration of Mgt was much lower than 1 mM, the amount of the initial
burst of P; liberation was more than 1mole per 4x105g of myosin2) In this case, the
initial burst of P; liberation of 1mole per 4X105g of myosin did not accompany the
liberation of free ADP but the remaining burst did.}) This suggests a fundamental
difference in the molecular mechanisms of these two types of initial burst.
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of ATP was almost equal to the Michaelis constant, and the binding constant
of ADP was equal to the competitive inhibition constant of ADP of the
ATPase reaction in the steady state. Thus, the difference spectrum is con-
cluded to be due to the formation of E,S. The difference spectrum was very
similar to the red shift of the absorption band cbserved on a perturbation of
the tyrosine residue, as suggested by MoriTA. Actually, our studies on the
interaction between synthetic ATP analogues and actomyocsin have suggested
the donation of the r-electron system of the adenine base to the benzene
rings of the side chains of myosin.'®

To clarify the molecular structure of the intermediate, E,S, we studied
the effects of specific chemical modifications of myosin, as well as the kinetics
of ATPase. We found that two moles of trinitrobenzenesulfonate bind to two
moles of the ¢-amino groups of the lysine residues in one mole of myosin.”®
In the steady state the Ca' activated ATPase was inhibited, and the decom-
position of EP in the presence of Mg" was accelerated by this modification,
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Fig. 2. A schematic model for binding of ATPwith trinitrophenyl myosin.
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as will be mentioned later. Recently, we found that the active fragment, Fr-2,
of myosin contains only one mole of lysine residue per mole which is specific
for binding trinitrobenzenesulfonate and that the chemical structure around
this lysine residue is Asp(NH,)-Pro-Pro-Lys.*~*® We have also deduced the
properties of the binding site of ATP with myosin by investigating the inter-
action of ATP analogues with actomyosin systems. Fig. 2 shows the structure
of the ATP-trinitrophenyl myosin complex, deduced in these two ways.””

The existence of the second intermediate, E,SH*, was deduced from the
initial rapid absorption and liberation of hydrogen ion in the myosin-ATP
system, as mentioned above. In our previous analysis, we assumed that the
rate of formation of E,SH* was much faster than that of conversion of E,SH"
to EP and that the latter process was independent of ATP. However, during
our studies on the exchange reaction, which will be described later, we ob-
served that the rate of EP-formation is completely dependent on the ATP
concentration. Furthermore, MoORALES and his co-workers have recently
reported that the change in the amount of hydrogen ion in the initial phase
was less than one mole per mole of myosin, when a high concentration of
ATP was added to myosin at a low KCIl concentration.®” These two results
prompted us to reinvestigate the rate of formation of the trichloroacetic acid
labile myosin-phosphate complex and also the change in hydrogen ion con-
centration in the initial phase.

Fig. 3 shows the time-courses of P, liberation after mixing myosin with
various concentrations of ATP. The time-course of P; liberation in the initial
phase after adding trichloroacetic acid followed first order kinetics, the half-
time of initial rapid P; liberation was constant, and the amount was propor-
tional to the amount of ATP, when the molar concentration of ATP was
lower than that of myosin. But, when the molar concentration of ATP
exceeded that of myosin, the rate increased with increase in the ATP con-
centration.” The initial rapid hydrogen ion liberation from the myosin-ATP
system, measured by the stopped flow method, also followed first order kine-
tics. At low concentrations of ATP of up to 1 mole per mole of myosin, the
amount of initial rapid liberation of hydrogen ion also increased linearly with
the ATP concentration to about one mole per mole of myosin. As with the
initial rapid P; liberation, the rate of initial hydrogen ion liberation was con-
stant when the molar concentration of ATP was lower than that of myosin.
But, it increased with increase in ATP concentration at higher concentrations
(Fig. 4). Thus, the conversion of E,SH* to EP seems to be accelerated by

*) Later, they have confirmed our result that the initial burst of H'-liberation is about
1 mole per mole of myosin.



A Unified Theory for the Interaction Between Myosin and Adenosine Triphosphate

CONCENTRATION OF ATP(pm)

5 386
(]
4ar
[
3 =
= —
= &% 29
o
& 2(TE 5
(@]
'——
<
1 . .
| , A O 145
& O
[
b
Oy
il 1 .
0 | 2 3

REACTION TIME (min.)

Fig. 3. Time-courses of P liberation in the initial phase after
mixing myosin with various concentrations of ATP.

2 mg myosin/mé, 28 M KCI, 10 mM MgCl, 20 mM Tris-maleate, pH 7.5, 0°C.
The solid lines for low ATP concentrations (1.45-9.7 #M) are calculated assuming
that the initial reaction follows monomolecular kinetics and the amounts of the
initial burst of Pi liberation are equal to the horizontal bars given at the right

ordinate.

ATP itself. Fig. 5 shows the temperature dependence of the initial reaction,
when the molar ratio of ATP to myosin was one. The rate of initial hydro-
gen ion liberation was equal to that of initial P, liberation, as our mechanism
demanded. Furthermore, the activation energy for the formation of EP was
rather high, namely about 24 kcal per mole, and the activation entropy was
estimated to be +21.6 entropy units. The latter value suggests a conforma-
tional change in the formation of EP. The dependence of the rate of EP-
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Fig. 4. Dependence of half-time, 712, of initial rapid liberation
of hydrogen ion on ATP concentration.

2.05 mg myosin/mé, 2M KCl, 2mM MgCls, 52 @M cresol red, pH 8.3, 21°C.
Open circles are mean values of several measurements (the number in parenthe-
sis are the times of measurements) and flags indicate mean square errors.

formation on pH suggested the participation of one ionic group of pK 6.4 in
EP-formation.

We studied the properties of EP by five different methods. One set of
experiments was on the effect of p-nitrothiophenylation of myosin. If the
initial phase of the reaction is the formation of a phosphoryl myosin, it might
be possible to trap this labile phosphoryl intermediate with a nucleophilic
reagent, and we used p-nitrothiophenol for this purpose. We found that
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Fig. 5. Temperature-dependence of half-time, r1/z, of P; and hydrogen ion
liberation in the initial phase. 1.93-2mg myosin/m¢, 5 M ATP,
2M KCl, 2mM MgCly, pH 83. 0, 4, r1/2 of initial P; liberation
in the presence of 20 mM Tris-HCl; ®, 4, 712 of initial H” libera-
tion in the presence of 52 uM cresol red. Circles and triangles are
values measured with different preparations of myosin.

p-nitrothiophenol can combine with myosin only in the presence of Mg" and
ATP; that is, only under conditions where an initial rapid liberation of P; is
seen®®  p.Nitrothiophenyl myosin with about one mole of p-nitrothiophenyl
group per mole of myosin did not show an initial burst of P; liberation.':*”
On the other hand, the specific p-nitrothiophenylation did not affect properties
of myosin-ATPase at the steady state, such as the maximum rate, and the
pH-dependence® But the Michaelis constant was decreased by p-nitrothio-
phenylation. To clarify the binding site of p-nitrothiophenol in myosin, p-
nitrothiophenyl peptides were obtained by hydrolysis with Nagarse and Pronase.
We digested the peptides with amino peptidase and prolidase, and isolated the
p-nitrothiophenyl amino acids. One mole of glutamic acid was found per
mole of p-nitrothiophenol, and the amounts of other amino acids were much
less than that of p-nitrothiophenol.?”
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These results, however, do not necessarily provide unequivocal evidence
for the existence of a co-valently linked phosphoryl group in EP. For ex-
ample, they can be explained, if we assume that EP is a myosin-metaphosphate
complex, as suggested by BovEer, and that it is formed via a phosphoryl
myosin which is attacked by p-nitrothiophenol. Therefore, in a second set
of experiments we investigated the phosphate-exchange reaction between ATP
and EP.® Fig. 6 illustrates the procedures we adopted. In the first or control
experiment, 7-P®labelled ATP with a total count, @, was added to myosin at
a molar ratio of one to one, and the progress of P¥ liberation was followed
by stopping the reaction with trichloroacetic acid. In the second experiment,
an extremely small amount of 7-P*-labelled ATP, with a total count 7, almost
equal to that of the control experiment, was added to myosin, at time £, after
the addition of non-labelled ATP to myosin at a molar ratio of one to one,
and the time-course of P¥ liberation was determined. The quantity, 4, was
defined as the difference between the count of P¥# at time ¢ of the second

.
x_ S
a
q \
Q
-
B
o,
xX
g o]y
0  nMe

Fig. 6. Method of analysis of the results on the phosphate exchange
reaction between ATP and EP.

For explanation see text.
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experiment and the calculated value, 7-8/8, where  was the count of ATP*®
remaining at time Z, in the control experiment and § was the count of P¥
liberated during the period, £—%, in the control experiment. There are several
lines of evidence indicating that the ES complexes are in equilibrium with
myosin and ATP under our experimental conditions. Then, the difference, 4,
can be attributed to the exchange of phosphate between EP and P¥-labelled
ATP. We found that the initial reaction of the myosin-ATP system was
unaffected by preincubation for up to 3 hours. We also found that the time-
course of P liberation in the second experiment was insensitive to a variation
in the amount of radioactive ATP, of constant radioactivity, when the molar

=02

AP; (c.p.m.x 10™)

REACTION TIME (min)

Fig. 7. Typical example of the examination of the phosphate-
exchange reaction between EP and 7r-P32-ATP.

2mg myosin/mé, 2798 M KCl, 10 mM MgCl,, 20 mM Tris-HCI, pH 7.5, 0°C.
®, A, 0.22 oM of radioactive ATP was added 1 minute after the addition of 5 M
of non-radioactive ATP to myosin; O, 4, control experiment; O, ®, 0.1 mM
CaCly; &, a,01mM EGTA. - , curve calculated as for Fig. 6; —=, difference
between the experimental values and the calculated ones. The radioactivity of
AT*P used in each experiment is indicated at the upper left of the figure.
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concentration of ATP was less than 5 per cent of that of myosin. Fig. 7
illustrates one example of determination of the difference, 4. The contents
of phosphate-exchangeable intermediate, E~P, in the total EP were calculated
from the values of 4. In the presence of high concentrations of KCl and
MgCl,, 15-20 per cent of the total EP was found to be able to exchange
phosphate with ATP. The content of phosphate-exchangeable intermediate
decreased with decreasing KCIl concentration, but it was not affected by raising
the temperature from 0° to 15°C, or by addition of a small amount of CaCl,
or EGTA. Thus, we may conclude that the myosin-phosphate complex, EP,
consists of two intermediates, a P-exchangeable myosin-phosphate complex and
a P-nonexchangeable complex. Various lines of evidence we obtained, es-
pecially on the p-nitrothiophenylation of myosin mentioned previously, suggest
that the former complex is formed by phosphorylation of the carboxyl group of
one glutamic acid residue in the myosin molecule by ATP. The formation
of the latter complex is not accompanied by over-all hydrogen ion liberation.
Furthermore, the hydrolysis of simple acyl phosphates is generally assumed
to proceed through the monomeric metaphosphate ion. Therefore, it seems
possible that the P-nonexchangeable intermediate is a myosin-metaphosphate
complex, as suggested by BoYER.

The life-time of EP was determined in a third set of experiments. From
the mechanism which is shown in p. 326, it is expected that, in a system
consisting of myosin and ATP in a molar ratio of one to one, the amount of
P, liberated should reach that of added ATP within a few seconds after the
initiation of the reaction, because the phosphorylation step occurs very rapidly
and is stoichiometric. Also the liberation of hydrogen ion should proceed at
a much slower rate than the appearance of P,, since the rate constant of
hydrogen ion liberation, ks, should be smaller than the maximum velocity of
steady state ATPase, that is, k,+4%;. Actually, the value of k; at 27°C, cal-
culated from the time-course of hydrogen ion liberation, when ATP was added
to myosin at a molar ratio of one to one, was one tenth of that of decom-
position of E,;S by simple hydrolysis.”® However, the possibility could not ke
excluded that the observed change in hydrogen ion concentration accompanied
reactions other than EP-decomposition. Therefore, the life-time of EP was
measured by another method with a myosin preparation which showed no
phosphate-exchange reaction under the conditions used. We measured the
time-course of P} liberation, first, using a system in which one mole of radio-
active ATP was added per mole of myosin, and second, using systems in
which the addition of one mole of non-radioactive ATP per mole of myosin
was followed, at varying intervals, by that of one mole of radioactive ATP.?
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Fig. 8. Formation and decomposition of EP as a function of time.

2mg myosin/mé, 1.08 M KCl, 5 mM MgCly, 20 mM Tris-HCI, pH 7.5, 0°C.
O, Liberation of trichloroacetic acid-labile Pi® after adding 5 #M 7-P32-ATP to
myosin; ®, amount of EP, calculated as decribed in the text.

In this case, the initial rate of P¥ liberation was proportional to the amount
of total EP, when corrections were made for the effect of ADP and for
the rate of ATP-decomposition by simple hydrolysis. As shown in Fig. 8,
the rate of EP-decomposition at 0°C was found by this method to be about
one fifth that of simple hydrolysis of E;S. These two results show that
myosin is actually a double-headed enzyme.

The fourth experiment was to isolate EP. ATP was mixed with a myosin
suspension in the presence of Mg" and a low concentration of KCI at a molar
ratio of one to one. After incubating the mixture for 20 seconds, the ATP
and ADP in the mixture were removed by adding a large amount of charcoal,
and the protein precipitate was separated on a Millipore filter.!® The precipi-
tate on the filter was washed several times with buffer solution, and then
trichloroacetic acid was poured onto it to decompose the phosphorylated inter-
mediate. Then, the amount of P, appearing in the filtrate was determined.
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The content of trichloroacetic acid labile P, and its decrease with time after
stopping the reaction were consistent with the assumption that the trichloro-
acetic acid labile P, was derived from EP.

Our fifth group of experiments were on the relation between the forma-
tion of EP and the myosin-catalyzed O™ exchange reaction discovered by
Koshland and his co-workers.® Both the formation of EP and the O ex-
change reaction are inhibited by EDTA and PCMB. The intermediates of
both these reactions are unstabilized by the binding of F-actin, but are un-
affected by dinitrophenol. Furthermore, we have recently found that the
dependencies of the stabilities of the EP of myosin and H-meromyosin on
various divalent cations are quite similar to those of the exchange reaction
obtained by KosHrLAND.® Therefore, it may be concluded that the O exchange
reaction occurs at EP.

2. Interpretation

In the first part of this article, the reaction mechanism of the myosin-
ATP system was analyzed. On the basis of this mechanism, we can now
explain the complicated features of the myosin-ATPase reaction and its physi-
ological function. The first problem to be treated is the mechanism of modi-
fication of myosin-ATPase.

Our studies on the pre-steady state of the myosin-ATP system indicated
the existence of two types of myosin-ATP complex: E,S and E,S. Only
the former seems to be a reaction intermediate of simple hydrolysis of ATP.
Therefore, even at the steady state there are probably two myosin-ATP com-
plexes, active and inactive in simple hydrolysis, since at the steady state EP
contains no bound ADP:¥®

(i) (i)
E+S—ES-—E+ADP+P,.
P P P

] i
E.S
P

A simple mechanism for modification of myosin-ATPase is the activation
of step (ii) in the above scheme by a chemical modifier. The activation by
monoiodoacetamide is of this type.® The rate of the ATPase reaction at the

I _

*) The binding of ATP with E seems to be somewhat different from that of ATP with EP,
since the former is accompanied by adsorption of H", while the latter is not accompanied
by any change in H* concentration.
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steady state was markedly enhanced by the binding of 1 mole of monoiodo-
acetamide to 4 x 10°g of myosin, but the pattern of pH-activity curve was not
significantly altered by the binding. These results indicate the activation of
step (ii) by this reagent. However, the molecular mechanism for the activation
of step (ii) remains to be clarified. One possible explanation for this is the
following : for simple hydrolysis of ATP an interaction may be required
between the triphosphate chain of ATP and an active group of myosin, such
as the imidazole group of the histidine residue**® If such an interaction is
perturbed by a cysteine residue near the histidine, and if this perturbation is
removed by blocking the cysteine residue with a chemical modifier, then the
modifier should activate step (ii).

Modifiers of the second type shift the equilibrium of step (iii) from the
EZS side to the ]IE)DIS side. As is well known, myosin-ATPase in the steady
state shows maximal activity at pH 6.0, and minimal activity at pH 7.5. Its
activity is greatly enhanced by SH-reagents and EDTA, and the pH-activity
curve of ATPase modified by these reagents lacks a depression in the pH-
activity curve at neutrality (Fig. 9). We have explained these phenomena by
assuming the existence of active and inactive myosin-ATP complexes in the
steady state.®~® The active complex can easily be formed at about pH 7.5,
and its formation is inhibited by SH-reagents and EDTA. As already stated,
SH-reagents and EDTA actually inhibited the formation of E,SH".

The third type of chemical medifier is the inhibitor of formation of EP.

Fig. 9. The theoretical curves of pH-dependence of myosin-ATPase.

A, in the presence of an activator; B, under control condition; C, ratio of A to B.
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p-Nitrothiophenol is a modifier of this type. The fourth type is the accelera-
tor of decomposition of EP. Trinitrobenzenesulfonate and F-actin belong to
this type. These two types of modification will be described later in connec-
tion with the mechanism of the actomyosin-type of ATPase.

The second problem to be treated is the change in size and shape of
actomyosin in a solution of high KCI concentration induced by the addition
of ATP. The molecular mechanism of this change has been studied by
many investigators. MORALES and we have presented several lines of evidence
to show that the decrease in the intensity of light-scattering of natural acto-
myosin (myosin B) solution in 0.6 M KCl induced by ATP is mainly due to
elongation of actomyosin particles.?~*” On the other hand, GERGELY and his
co-workers have shown that at high ionic strength synthetic actomyosin
dissociates into myosin and F-actin on the addition of ATP. As will be
mentioned later, we can obtain a clue to the molecular mechanism of the
reaction of the myosin-F-actin-ATP system by investigating the kinetic pro-
perties of the change in size and shape of actomyosin by ATP.

The kinetic study on the change of actomyosin solution induced by ATP
was reported by us in 1952,3*% and later by MomMmaERTs. However, previous
studies were made before the reaction mechanism of the myosin-ATP system
had been established and good methods of rapid mixing of actomysin with
ATP had been developed. Quite recently, we reinvestigated the molecular
mechanism of dissociation of synthetic actomyosin by ATP, using a new type
of mixing chamber made to measure the change in the light-scattering inten-
sity.*

Fig. 10 shows the dependency of the amount and the rate of decrease of
light-scattering on the concentration of ATP. Over wide variations in experi-
mental conditions, the rate of dissociation of actomyosin induced by ATP was
essentially the same as that of the initial burst of P, and H* liberation on
the addition of ATP, when corrections were made for the change in the con-
centration of free ATP by its binding with myosin. At high ionic strength,
the decrease in the intensity of light-scattering increased with increase in the
amount of added ATP up to one mole per 4x10°g of myosin (¢f. 35). At
higher ATP concentrations than this, the decrease in the intensity of light-
scattering remained constant. When the concentration of myosin was varied
with a fixed concentration of F-actin, the rate of decrease in the intensity of
light-scattering seemed to be unaffected by changing the ratio of myosin to
F-actin, but the amount of ATP required for the maximal decrease in the
intensity of light-scattering increased in proportion to the amount of myosin.
Therefore, we concluded that the phosphorylation of myosin by ATP is the
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Fig. 10. Dependence of amount, 4, and half-time, 712, of decrease
in light-scattering of actomyosin on ATP concentration.
04 mg myosin/m¢, 0.2mg F-actin/mé, 2M KCIl, 2mM MgCly, 25 mM Tris-
HCI, pH 82, 22°C. ©, Amount of decrease in light-scattering; ®, half-time of
decrease in light-scattering.

rate-determining step in the dissociation of actomyosin induced by ATP, and
that the rate of phosphorylation of myosin is scarcely affected by the presence
of F-actin. The results that the rate of light-scattering drop in the presence
of high concentration of EDTA, 7. e. in the presence of extremely low con-
centration of true substrate (Mg-ATP), was very slow and that its dependency
on the concentration of ATP was of the second order supported this conclu-
sion.’™®

We found that both the amount of ATP required for the maximal
decrease in the intensity of light-scattering of actomyosin and the amount of
the initial burst of P; liberation in the actomyosin-ATP system increase with

decrease in KCIl concentration. Thus, at high ionic strength all the complexes
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of F-actin and phosphoryl myosin dissociate rapidly into the components. But,
at low ionic strength the complexes are partially dephosphorylated back to the
original actomyosin.

When one mole of ATP was added to 4 x10°g of myosin, the intensity
of light-scattering decreased rapidly, and then it restored gradually. The rate
of restoration was much lower than the rate of binding of myosin to F-actin.*”
It was almost five fold that of the decomposition of EP into E+P;+H", and
about half that of the decomposition of E,;S by simple hydrolysis. The rate
of restoration was almost independent of Mg* while simple hydrolysis of E,S
was severely inhibited by Mg*3® Therefore, the liberation of ADP from
phosphorylated myosin seems to be the rate-determining step of the recovery
phase.

Accordingly, the reaction of ATP(S) with synthetic actomyosin (F-A-M)
can be explained by the following equation

. — ~P rA+ME
F-A-M+S=F-A-MS==F-A-M7 p—F-A+M. ;1

T ‘ *l — F-A+M-P+ADP.

Thus, the catalytic activity and the physical state of actomyosin are inter-
dependent on each other. When the binding of F-actin with phosphoryl myo-
sin is preserved, ATP is splitt by the catalytic process via phosphoryl myosin
i.e. by the actomyosin-type of ATPase, as will be described later. On the
other hand, actomyosin disscciates on the addition of ATP, when the binding
of F-actin with phosphoryl myosin is weak, or when dephosphorylation of

F—A—M.’i iDP’ i.e. the actomyosin-type of ATPase is inhibited, since the

rate constant of dissociation of F—A—-M.’i gDP is much higher than that of
. P
binding of F-A and M; ADP"

The third and the most important problem is the role of phosphorylation
of myosin in muscle contraction. We have already emphasized the importance
of phosphorylation of myosin by ATP in muscle contraction.®* No muscle
models undergo contraction on addition of ATP under conditions where there
is no initial burst of P, liberation and they do not contract on addition of
ATP analogues which do not cause an initial burst of P; liberation from the
myosin-ATP analogue system. We investigated the relation of the structure
of ATP analogues to the contraction of myofibrils, and found that the reac-
tions of ATP with myosin at the 6~N position of the base, at the = electron
system of the base, at the 3'-0 position of ribose and at the triphosphate
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chain are necessary for contraction of myofibrils.’24~%®

To confirm the importance of phosphorylation of myosin in muscle con-
traction, we recently made three more experiments. The first experiment was
on the effect of F-actin on phosphoryl myosin. From WEBER’s work it is
now generally accepted that the actomyosin-type ATPase is directly coupled
with muscle contraction. We also demonstrated recently that the amount of
shortening of isolated myofibrillar fragments is proportional to the amount of
ATP splitting by the actomyocsin-type ATPase.*~*® We have already given
kinetic evidence that in the actomyosin-type ATPase reaction ATP is mainly
hydrolyzed through the route involving phosphoryl mycsin.®* Actually, we
recently showed that the rate of the decomposition of phesphoryl myosin is
greatly increased when F-actin binds to myosin.'® The time-courses of hydro-
gen ion and P; liberation after adding ATP to actomyosin in the presence of
Mg" and a low concentration of KCl were measured, and it was found that
unlike in the myosin-ATP system, almost all the hydrogen ion liberation
occurred within 10 seconds. This means that F-actin greatly accelerates step
5 and that the rate constant of the decomposition of EP of actomyosin, that
is ks, becomes more than 100 times higher than that of myocsin.

Our second set of experiments was on the effect of p-nitrothiophenylation
of myosin on a model contractile system.?” As mentioned previously, p-nitro-
thiophenyl myocsin contains about one mole of p-nitrothiophenyl group per
mole of myosin and shows no phosphorylation, though in the steady state its
ATPase is equal to that of control myosin. Furthermore, we found by ultra-
centrifugal analysis that p-nitrothiophenyl myosin binds with F-actin, just as
the control myosin does. However, even at low ionic strength and in the
presence of Mg", actomyosin which was reconstituted from p-nitrothiophenyl
myosin and F-actin showed only myosin-type ATPase activity and its activity
was only 4 per cent of that of the control actomyosin. But in the presence
of EDTA, which prevents the phosphorylation, both p-nitrothiophenyl acto-
myosin and the control actomyosin showed myosin-type ATPase activity and
their activities were the same. The superprecipitation of actomyosin was
followed by the turbidity method, and it was found that the superprecipitation
was completely prevented by p-nitrothiophenylation.

In a third set of experiments, we compared the effects of pH and tempera-
ture on EP formation with those on the actomyosin-type and the myosin-type
of ATPase® As mentioned previously, the pH-dependence of EP formation
suggested participation of a functional group with a pK of 6.4, and the activa-
tion entropy of the step was estimated to be +21.6e.u. On the other hand,
the pH-activity curve of myosin-ATPase at the steady state is well known to
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have a maximum value at pH 6.0 and a minimum value at pH 7.5, and we
recently estimated the activation entropy to be —24.6e.u.® But, the rate of
the actomyosin-type ATPase reaction increased with increasing pH and the
half maximum value was obtained at pH 6.1, and the activation entropy was
found to be +45.5e.u. These results suggest that the step of formation of
EP is rate-determining in the actomyosin-type of ATPase.

Recently, A. G. SzenT-GYORGY! has emphasized the role of the ADP of
F-actin in superprecipitation of actomyosin. However, our experiments have
shown that the ADP which is bound to F-actin does not participate directly
in superprecipitation of actomyosin or in the actomyosin-type of ATPase
reaction. ADP free F-actin prepared by prolonged dialysis could activate the
deoxy-ATPase activity of myosin just as control F-actin did.*® As shown in
Fig. 11, actomyosin reconstituted from myosin and ADP free F-actin super-
precipitated on the addition of deoxy-ATP just as normal actomyosin did.

Momimoerts’ F-A(0.13 mole ADP/5.7x10%)

06- F-A-ADP(mg/mi) 06- (mg/ml)
02
05- © os-
> 008
g' 0.4- 004 0.4-
8
- 03- 002 03-
S
g
02- 02-
< 00l
o1- /m
0% | 2 3 075 | 2 3
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Fig. 11. Time-course of deoxy-ATP induced superprecipitation of
actomyosin reconstituted from myosin and MOMMAERTS’
F-actin free from ADP.

0.8 mg myosin/mé¢, 0.1 mM deoxy-ATP, 0.1 M KCI, 1 mM MgCl,, 0.11 mM
CaCly, 0.1 mM EGTA, 5mM Tris-maleate, pH 7.0, 25°C. Concentrations of F-
actin are indicated in the figure.
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But the incorporation of deoxy nucleotide into actin did not occur. BARANY
also found that actomyosin made with myosin and ADP free F-actin super-
precipitated on addition of CTP. He found a typical actomyosin-type of
CTPase, though neither CTP nor CDP combined with actin. Under condi-
tions in which the superprecipitation of actomyosin took place, no formation
of C*.ITP or C*-ATP was detected in the F-actin-C*-IDP-myosin-ATP system
or the F-actin-C*-ADP-myosin-ATP system.*” These two experiments clearly
show that the ADP of F-actin does not participate in the biochemical function
of actin.

Furthermore, our recent experiments have indicated that the remarkable
activation of myosin-ATPase by trinitrophenylation in the presence of Mg" is
due to acceleration of decomposition of EP by trinitrophenylation.®® As was
mentioned before, trinitrophenylation of myosin occurred at one specific lysine
residue in the myosin molecule. We have found that the steady state rate of
the reaction of ATPase of myosin without trinitrophenylation is not dependent
on the size of the initial burst. However, the rate of Mg"-ATPase of tri-
nitrophenyl myosin decreased with decrease in the size of the initial burst on
p-nitrothiophenylation or prolonged incubation of myosin, and it reached the
control level of untreated myosin, when the size of the initial burst became
zero. Thus, the effect of F-actin on ATPase can be substituted by a chemical
modification of myosin. We have already shown that the trinitrophenylation
of myosin does not affect the binding of myosin to F-actin® Furthermore,
PERRY has shown that the active site of ATPase of myosin is different from
the site for the binding with F-actin. Therefore, F-actin is an allosteric
effector of the myosin-ATP system.

We must now discuss the molecular mechanism of superprecipitation of
actomyosin induced by ATP. It has generally been accepted to be a phe-
nomenon corresponding to the contraction in a disorganized system. However,
we have shown that, when Kasar’s F-actin free from ADP was used, the
deoxy-ATP induced superprecipitation of actomyosin was scarcely affected by
removal of ADP from F-actin.® But the stimulation of the deoxy-ATPase
activity of myosin by F-actin decreased with decrease in the ADP content of
F-actin by Kasar’'s method. Actually, using Kasar’s F-actin completely free
from ADP, we found that only 0.1 mole of deoxy-ATP per mole of myosin
was hydrolyzed by the actomyosin-type of deoxy-ATPase before completion of
superprecipitation of actomyosin. Actin which was polymerized at extremely
low protein concentrations behaved like Kasars F-actin free from ADP,
although it contained bound ADP.” Thus, the superprecipitation of acto-
myosin can occur without the participation of the actomyosin-type of enzymic
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activity. But the formation of EP is an obligatory step for superprecipitation,
as mentioned before. We also found that cardiac myosin B often shows
a clearing response to ATP, while it shows the actomyosin type of ATPase.”

Our following experiments also indicated the difference between the super-
precipitation of actomyosin and the contraction of skeletal muscle.” The rate
of superprecipitation decreased as the concentration of myosin B decreased,
and reached zero at below the critical protein concentration. The superpre-
cipitation of myosin B was strikingly accelerated by the addition of a minute
amount of superprecipitated myosin B. As shown in Fig. 12, the accelerating
effect of a minute amount of superprecipitated myosin B was increased still
more by sonication and even the addition of 0.3 pg/mé of superprecipitated
myosin B increased the rate of superprecipitation of 0.3 mg myosin B/mé by
20-30 fold. The acceleration disappeared completely when the superprecipitated
myosin B used as an accelerator was dissolved in 0.6 M KCl. The minute
amount of superprecipitated and sonicated myosin B used as an accelerator
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Fig. 12. Acceleration of superprecipitation of myosin B induced by
a small amount of myosin B previously superprecipitated
and sonicated. p
0.3 mg myosin B/m#¢, 0.5 mM ATP, 0.066 M KCl, 2 mM MgCl,, 30 M EGTA,
20 mM Tris-maleate, pH 7.0, 25°C. Myosin B which has been superprecipitated
and sonicated for 15 minutes was added as an accelerator at the concentration
indicated in the figure.



A Unified Theory for the Interaction Between Myosin and Adenosine Triphosphate

did not affect the ATPase activity. In the presence of a minute amount of
superprecipitated mycsin B added as an accelerator, the superprecipitation
followed first order kinetics, and the rate became independent of the myosin
B concentration. From these results, we can conclude that the molecular
mechanism of superprecipitation of myosin B is different from that of contrac-
tion of skeletal muscle, and that the superprecipitation in a nucleated-growth
process.

The final problem to be interpreted on the basis of our reaction mecha-
nism is the molecular mechanism of muscle relaxation. In connection with
this, at first some properties of a new F-actin will be menticned. We recently
isolated the new F-actin from the “minor component” of metin of SZENT-
GYO6rGY! and KAMINER and Azuma and WATANABE, by repeated ultracen-
trifugal separation without G-F transformation.® The unique properties of
this F-actin are destroyed by dialysis against ATP solution which is usually
used for G-F transformation. This F-actin appeared as a typical double-
stranded helical polymer, it changed the aggregation-state of myosin at low
ionic strength, and its effect was very greatly mcdified by the further addition
of ATP. The round aggregate of mycsin obtained by the addition of F-actin
changed instantanecusly to a beautiful net-work of filaments on the addition
of ATP. We found that the amcunt of F-actin necessary to preduce this
change was 1-2 per cent of the mycsin present. The change produced by
the addition of ATP was reversible and it required Mg" and a trace of Ca*
{about 1 #M), though superprecipitation of normal actomyosin is irreversible.
Furthermore, the maximum activation of myosin-ATPase by this F-actin was
observed at a molar ratio of myosin to actin monomer of 1:1, while the
activaticn by normal F-actin is observed at a ratio of 1: 265D

A. WEBER and Epasni have shown that under physiological conditions
the superprecipitation of actomyosin induced by ATP and the activation of
myosin-ATPase by F-actin require a small amount of Ca*. Later, EBasHI
and others showed the necessity of new protein factors for these two phe-
nomena. However, the reconstitution of the system from new protein factors
and actomyosin, from which the factors were removed in advance, has usually
been incomplete. The ATPase activity of the complex of our new F-actin
and myosin was completely dependent on Ca*, and Ca* was necessary for
acceleration of the decompositicn of EP. When the F-actin was treated with
a minute amount of trypsin for a short time, the activating effect of the actin
on myocsin-ATPase disappeared almost completely both in the presence and
the absence of Ca" (Fig. 13). After the trypsin-treatment the F-actin was
incubated with the minor component of metin, and the actin was isolated
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Fig. 13. Activation by Catt of ATPase of the myosin-new F-actin
system.

0.2 mg myosin/m#é, 0.04 mg new F-actin/mé, 0.5 mM ATP, 005 M KCl, 2mM
MgClz, 20 mM Tris-maleate, pH 7.0, 25°C. ©, O, A, new F-actin; ®, A, new
F-actin treated with trypsin; ®, A, new F-actin treated with trypsin was incu-

bated with metin; x, no F-actin was added. 0, , ®, 0.1 mM CaCly; 2, A, a,
0.1mM EGTA; O, x, no divalent cation was added.

again by ultracentrifugation, since metin contains “EGTA-sensitizing” protein
factors. Then, the original activating properties of actin on ATPase were
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completely recovered.® These results suggest the usefullness of this new
type of F-actin in investigation for characterization of “EGTA-sensitizing”
protein factors.

We must briefly disscuss the reaction mechanism of relaxing factors on
the basis of our reaction scheme. Qur reaction mechanism suggests that
muscle contraction can be prevented either by inhibition of formation of phos-
phoryl myosin or by inhibition of acceleration of decomposition of phosphoryl
myosin induced by F-actin. It was mentioned previously that the formation
of phosphoryl myosin was scarcely affected by the binding of myosin to F-
actin. Furthermore, we have found that the phosphorylation of myosin by
ATP was unaffected even by the presence of both F-actin and the EGTA-
sensitizing factors. We found that in the presence of the EGTA-sensitizing
factors the substrate inhibition of actomyosin-type of ATPase becomes to be
markedly dependent on free Ca%, and that in the absence of Ca* the activity
is severely inhibited by the presence of high concentration of the substrate
itself. Thus, in the presence of the EGTA-sensitizing factors and high con-
centration of ATP, the actomyosin type of ATPase, i.e. the decomposition of
phosphory! myosin, is severely inhibited by the removal or free Ca". This
induces the dissociation of myosin from F-actin, i.e. relaxation of muscle
models, as easily understood from our reaction mechanism given in p. 340.
Therefore, it seems reasonable to conclude that under physiological conditions,
muscle contraction is regulated by regulation of the rate of decomposition of
phosphoryl myosin, 7.e. by modifying the interaction between myosin and
F-actin.

3. Molecular Mecyanism of Muscle Contraction

In the preceding part, the phosphorylation of myosin by ATP was shown
to be the primary biochemical reaction of muscle contraction. As pointed out
by MORALES, it seems impossible to explain such a rapid and large displacement
of the relative positions of myosin and actin filaments in contracted myofibrils
as observed of HansoN and HUXLEY, only by formation of covalent linkages
in contractile proteins. Furthermore, as discussed in our previous review,
the F-actin filament seems to remain unchanged during contraction. Recent
X-ray analysis of structure of muscle fiber during the active state made by
HuxiEY and ELL10TT supported this view. Therefore, to develop a molecular
mechanism of muscle contraction, the following problem must be elucidated :
how the secondary and tertiary structures of myosin are changed by its reac-
tion with ATP and F-actin.

We first studied the conformational changes induced by ATP or F-actin
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in the myosin molecule by measuring the optical rotatory dispersion. We
found that the rotatory power of myocsin changes several per cent on the
addition of F-actin or ATP.** However, the magnitude of change was
rather low and varied with the preparation of myosin.® Recently, MORALES
and his associates have obtained evidence for a conformational change in
myosin induced by substrates and medifiers, using the method of spin-labelling
of myosin.

Before discussing the conformational change in myosin molecules bound
to F-actin filaments, our recent work on the binding of H-meromyosin to F-
actin at low icnic strength must be mentioned” We measured the intensity
of light-scattering and the ATPase activity of the F-actin-H-meromyosin-ATP
system. We found that at low ionic strength acto-H-meromyosin disscciates
only partially on the addition of ATP, especially when PCMB-8-mercapto-
ethanol treated H-meromyosin is used. Six years ago, we reported that on
treatment of myosin with PCMB and p-mercaptcethanol the intrinsic Ca* is
removed from myosin and the reaction of the myosin-F-actin-ATP system be-
comes remarkably insensitive to free Ca* and ionic strength.®” We measured
the weight-average molecular weight of acto-H-meromyosin and concluded that
at low ionic strength the binding of H-meromyosin to F-actin is co-operative,

Fig. 14. Electron-microscopic photograph of acto-H-meromyosin.

0.05mg H-meromyosin/mé, 0.15mg F-actin/md, 5mM KCl, 1mM MgCl,,
10 mM Tris-HCI, pH 7.5.
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that is, there are only two kinds of F-actin filament. In one, the binding
sites are completely occupied by H-meromyosin, and in the other, the binding
sites are completely empty, when less than the saturation amount of H-mero-
myosin is added. This was supported by electron microscopic studies on
acto-H-meromyosin, as shown in Fig. 14" This co-operative nature of
binding seems to be important in elucidating the molecular mechanism of the
actin-myosin-ATP system. '

Basing on these results, we have made some electron-microscopic obser-
vations on the F-actin-H-meromyosin-ATP system.®® In the absence of ATP,
acto-H-meromyosin showed an arrow-head structure. On the addition of ATP,
the complex of F-actin with PCMB-S-mercaptoethanol treated H-meromyosin
partially dissociated. However, in the presence of ATP the projections of
H-meromyosins bound to F-actin were apparently perpendicular to the axis
of the F-actin filament, and the shape of H-meromyosin was rather spherical.
We could not exclude the possibility that these remarkable changes in H-
meromyosin linked with F-actin on the addition of ATP are artifacts due to
the negative staining technique, accompanied with partical dissociation of acto-
H-meromyosin. But, the state of H-meromyosin, which is linked to F-actin
in the absence of ATP and shows the arrow-head type structure, will be
named the g state, and that of H-meromyosin which is phosphorylated and
linked perpendicularly to F-actin with the spherical shape will be named the
«a state.

As described previously, ATP phosphorylates the carboxyl group of
a specific Glu of myosin, and F-actin greatly accelerates the hydrolysis of
phosphoryl myosin. Furthermore, the accelerating effect of F-actin has been
shown to be due to the effect of F-actin on the secondary structure of myosin.
Then, the actomyosin-type of ATPase reaction, that is, the decomposition of
EP, which is activated by the allosteric effect of F-actin, may be coupled
with the movement of protein filaments. This was tested in an experiment
on the dependency of myofibrillar ATPase activity on the sarcomere length.®®
Under our experimental conditions, the diffusion of ATP into the fiber was
shown not to be the rate-determining step of ATPase reaction. As shown in
Fig. 15, the ATPase activity of glycerinated fiber bundles decreased with in-
crease in sarcomere length of more than 2.5 #. This decrease is attributable
to a decrease in the length of overlap of F-actin and myosin filaments. When
the sarcomere length was less than 2 g, the ATPase activity decreased as the
sarcomere length decreased. HUXLEY reported that the muscle fiber does not
develop tension when the sarcomere length reaches 1.3 . Even in this state
the binding of myosin to F-actin may not be disrupted. Therefore, it was
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Fig. 15. Dependence of myofibrillar ATPase activity of glycerol-
treated fiber bundles on sarcomere length.

0.6-2.35 mM ATP, 1.0 mM phosphoenol pyruvate, 8.4-73 pg pyruvate kinase/
m4, 50 mM KCl, 2.0-3.35mM MgCl,, 20 mM Tris-maleate, pH 7.0, 25°C. The
broken line is the theoretical one deduced from electron microscopic observa-
tions by HUXLEY et al.

concluded that both ATPase activity and development of tension are coupled
with sliding of actin filaments past myosin filaments.

Thus, the facts and suggestions on which our molecular mechanism of
muscle contraction rests, are as follows: (i) Muscle contraction is coupled
with the phosphorylation of myosin by ATP and its dephosphorylation induced
by an allosteric effect of F-actin. (ii) H-Meromyosin in the § state forms
a complex with F-actin of an arrow-head structure, and the molecular shape
of H-meromyosin is slender. H-Meromyosin, which is phosphorylated and
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linked to F-actin, is in the «a state. In this state, the projection of H-mero-
myosin from the F-actin are perpendicular to the axis of F-actin, and the
shape of H-meromyosin is spherical. (iii) The movement of the head part of
the myosin molecule during muscle contraction has been suggested by ELLioTT
and HUXLEY from their X-ray analysis of living muscle in the active state.
The movememt of the head of the myosin molecule during contraction was
also suggested by us from the dependency of myofibrillar ATPase activity on
sarcomere length, as was mentioned previously. (iv) The linkage between
F-actin and myosin is easily broken by the phosphorylation of myosin by
ATP. However, the strength of the linkage depends greatly on the confor-
mation of myosin. The dependency on Ca™ of the binding of myosin with
the complex of F-actin and EGTA-sensitizing factors in the presence of high
concentration of ATP has been demonstrated by many workers, especially by
EBasHi and A. WEBER. (v) To operate the cyclic process of contraction and
relaxation, the linkage between myosin and F-actin must be broken after the
energy-coupled transconformation of the head part of the myosin molecule,
and must be reformed, when the conformation of the head part of the myosin
molecule returns to the original state.

A molecular mechanism of muscle contraction by the operation of a cycle,
in which the transconformation of the myosin molecule takes place on its
interaction with ATP and F-actin, was first proposed by us*®*® and then by
Davies. Our previous molecular model of muscle contraction deduced from

F-A - ADP-- P~ o Ca™ release
_—
T A R
z M-A binding ()
= L-MM
W dephosphorylation
| transconformation transconformation

phosphorylation
PRLAL G daal bl
M-A dissociation

Fig. 16. A molecular mechanism of muscle contraction.
F-A (or A) and M are F-actin and myosin. H-MM and L-MM are H-mero-
myosin and L-meromyosin, respectively. The thick filament is formed by the

binding of L-MM to each other, and the thin filament is formed of F-A and
“EGTA-sensitizing factors”.
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the above general idea is modified on the basis of new information described
in this article and is illustrated in Fig. 16. The system works as follows:
(i) In the resting state, myosin is phosphorylated and its conformation is in
the a state. (ii) When Ca" is set {free in the contractile system by excitation,
a linkage between myosin and actin is formed. (iii) The phosphoryl myosin
is rapidly dephosphorylated by the allosteric effect of F-actin, and this energy-
releasing process accompanies the transconformation of myosin from the «
state to the B state. Actin filaments are interdigitated into myosin filaments
by this transconformation of myosin molecules, because of the polarity of the
orientation of molecules in myosin as well as in actin filaments. (iv) Myosin
is rephosphorylated by ATP. Even in the presence of Ca'™ the linkage of
phosphoryl myosin in the §8 state with F-actin is very weak, and the linkage
is broken. (v) The transconformation of phosphoryl myosin from the § state
to the a state occurs automatically, and the whole system returns to the
original state. The cycle is repeated.

It should be added that, according to our recent kinetic work, the Na*-K*
dependent ATPase of the membrane is also a double-headed enzyme.® It
hydrolyzes ATP by simple hydrolysis in the presence of Na® and K* at
relatively low temperatures or in the presence of Na* alone over the entire
temperature range. However, it hydrolyzes ATP through the phosphorylated
enzyme in the presence of Na® and K* at high temperatures. Furthermore,
we have recently demonstrated that rather a large number of carboxyl groups
of Glu and Asp of this enzyme preparation are actived by Mg-ATP, and the
activation is dependent on K* and Na".® OQur kinetic work has also shown
that the reaction scheme of Ca-dependent ATPase (E) of sarcoplasmic reti-
culum is: E+S=ES, ES+Ca=ESCa=E~P+Ca+ ADP—E +P;+Ca+ ADP,
where S is Mg-ATP complex.” We have recently isolated E~P as a reaction
intermediate and have shown that E~P is an acyl-phosphate compound. In
the presence of Ca", this enzyme showed a large amount of initial burst of
ATP-splitting, while the formation of E~P showed a lag phase.”” The
molecular mechanism of active transport of cation by these ATPases is not
yet clear. But these results strongly suggest the importance of phosphoryla-
tion and activation of a large number of carboxyl groups of the protein by
ATP in the active transport. About 30 years ago, HoPKiNs emphasized the
importance of molecular dynamics in considering the function of protein. In
our previous review,* % we have proposed to call a protein a “transconformer”,
when its physiological function is due to a conformational change, and sug-
gested that all of the energy transformation in biological systems can be
attributed to the function of protein as a “transconformer”, accompanied by
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energy-liberation resulting from ATP-hydrolysis. The general principles and
mechanisms of energy transformations in physiological functions, which are
coupled with ATP-splitting, will be discussed in detail in a separate review
in the near future.
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