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1. INTRODUCTION

The existence of animal life is characterized by the speed
and efficiency of purposeful movement, and the structures which
can tfansduce chemical energy.to mechanical work are specialized
and highly organized into muschle fiber. The energy transduced
into mechanical work in muscle is large. A unique charactor of
muscle contraction 1s its control, since the fastest muscle can
attain maximum tension within a few millisecond. The structual"
basis of these characteristics of muscle contraction is that
muscle consists of myofibrils, composed of two kind of filaments
made of different proteins, myosin and actin, and that contraction
is caused by the interaction between these two filaments

ATP and Ca°?t

ions are low molecular weight substances, which
react with‘these two protein filaments durlng muscle contraction.
Biochemical studies on metabolishm in muscle suggested that the
chemical reactlion most likely to provide the ehergy for con-
traction is hydrolysis of ATP. Engelhardt(l), Szent-GySrgyi(z),
Weber(3), and others showed that myosin has ATPase activity(l),

which is activated markedly by actin in the presence of Mg2+

ions(2), and that glycerol—treatéd'muscle fibers(3), myofibrils(u)

and actomyosin threads(5’6) contract on adding ATP, with con-
comitant hydrolysis of ATP, Therefore, it has generally been
accepted that ATP is the energy source of muscle contraction.

Using muscle in which creatine kinase, glycolysis and respi-



ration were all inhibited, Cain and Davies(7) showed more

recently that the amount of ATP decreases during contraction
and that the decrease in ATP corresponds to the energy con-
sumptibn of muscle,

Heilbrunn'829) and Kamada and Kinoshita'l®) found that

2+

muscle contraction is induced when Ca jions are injected into

the muscle fiber. Later, it was shown that glycerol-treated

2+

muscle fibers contract on adding Mg -ATP in the presence of

a small amount .of Ca2+ ions and relax on removal of Ca2+ ions

(11’12). Hasselbach and Makinose(13)

and'Ebashi and Lipmann(lu) discovered that Ca2+ ions are actively

with a chelate compound

transported in the sarcoplasmic reticulum, coupled with the
ATPase reaction, 'Ebashi(15) discovered that relaxation with
removal of Ca2+ ions requires the presence of tropomyosin and
troponin located on the thin filaments and that troponin is
the Ca2+ ~receptor protein in muscle, These studies showed
clearly that muscle contraction is regulated by a trace amount
of Ca2+ ions(ls’ls).

Sarcomere is the structual unit of muscle fibers (Fig. 1).
AF. Huxley and Niedergerke(17) and H.E, Huxley(ls)and Hanson
found that the length of the A-band remains constant when muscle
fibers are extended or cbntracted, and that the length of the

H-zone changes by the same amount as the alteration in the

length of the sarcomere., Based on these results, it was predicted
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Fig. 1. Schematic representa“ion of sarcomere,(A), filaments

in sarcomere,(B), and its chenge after contraction of muscle



that there must be two kinds of filaments in myofibrils, both
having a fixed length., Contraction must therefore occur by
means of a change in their positions due to sliding of the
filaments. This 'sliding'theory' is supported by various
lines of evidence. It was found by electron microscopy(lg’zo)
that the thick and the thin filaments are regularly arranged in
myofibrils, and the mutual positions of these two filaments
change when muscle fibers extend or contract, just as the slid-
ing theory predicts., Furthermore, it was discovered that the
thick filaments are mainly composed of myosin and the thin

filaments mainly of actin(2l_2u), and that the development of

(25,26) and the ATPase activity: of

(28,29)

tension of living muscle

(27)

living muscle and glycerol-treated muscle fibers are

both proportional to the area of the over-lapping region of

(30) showed that

these two filaments. Moreover, Fukagawa ef YA
single sarcomeres, which are composed only of the thick and

the thin filaments, contract on adding ATP, The fine structure
of the sites where tension is developed and ATP is hydrolyzed
was investigated by analysis of X-ray diffraction patterns(3l),
(32)

electron microscopy , and biochemical studies on the structur-

al proteins(33),

<, ¢, myosin, actin and others. From these
investigations, it was proposed that the head portions of myosin
molecules form projections from the thick filamenté, that cross-

bridges are formed by the binding of the projections with the



thin filaménts, and that sliding of the thin filaments past the
thick filaments occurs as.a result of the movement of cross-
bridges, which is coupled with ATP-splitting.

According to the sliding theory, there are at least three
fundamental steps in muscle contraction: (i) the attachment
of the projections from the thick filaments to the thin filaments,
(ii) movement of the cross-bridges thus formed, which induces
sliding of the thin filaments past the thick filaments, and (1ii)
the detachment .of the projections from the thin filaments.
Acéordingly, studies on the molecular mechanisms of these three
fundamental steps have been made from three different directions.
One is by study of the fine structure of the contractile appa-
ratus, especially‘the movement of projections from the thick
filaments, using X-ray diffraction, electron microscopy and
fluorescence polarization, The second is by physiological studies
in the dynamic characteristics of muscle to elucidate the kinetic
movement of projections at the molecular level. The third is
by biochemical studies on the reactions between myosin, actin
and ATP,.

The first and second types of experiments were mainly used
in early studies on the molecular mechanism of muscle contraction,
while the third,‘which deals with the ATPase reaction, was only
recently received attention., The studies on the mechanism of

the ATPase reaction have led to discovery of many intermediates



Fig. 2. Schematic representation of myosin molecule



of the myosin-ATPase reaction, such as the reactive myosin-
phosphate-ADPtcomplex, and have recently attracted many'research
workers as one of the most effective ways to clarify the molecular
mechanism of muscle contractipn,

Physicochemical studies oﬁ myosin in solution and electron
microscopic»studies on myosin molecules showed that myosin has
é molecular weight of 4.6 - 4,8 x 105, with a total length of
about 16003(34). Lowey & qﬂ (33’34)'iﬁ electron microscopic
studies on myosin and its subfragments using a rotatory shadow-
ing technique éhowed that the myocsin molecule has two separate
heads, each with a diameter of 90 Z. Biochemical studies on
subfragments the active site of ATPase are located in the head
portions which compose the projections from the thick filaments,
while the tail portions aggregate at low ionic strength and
constitute the back-bone of the thick filaments, It is now
well established that the splitting of ATP and development of
tension both result from the interaction between the thin
filaments, which are mainly composed 6f F-actin, and the pro-
Jections from the thick filaments, which are mainly composed
of myosin,

A scheme of the myosin moleéule and the structures of its
various subunits are shéwn in Fig., 2. One mole of heavy mero-
myosin, HMM, with a molecular weight of 3.4 x 105 and 1 mole
of light meromyosin, LMM, with a molecular weight of 1.2 x 105

are produced by tryptic digestion of 1 mole of myosin(35).



HMM is derived from the head portions and has ATPase activity
and ability to bind with actin, while LMM is derived from the
tails of myosin molecules and aggregates at low ionic strength.
Further tryptic digestion of 1 mole of HMM yields 2 moles of

_1(36)

subfragment S-1, with a molecular weight of about 11.0

s
X 104 and 1 mole of subfragment—2(37), S—2,_with a molecular
weight of about 6 x lOu. S-1 is derived from the head parts of
myosih molecules, and has both the active site of ATPase and

the binding site for actin, S-2 is considered to function as

the hinge which connects the two heads and the tail in the myosin
molecule, Furthermore, flucrescent polarization decay studies

(38)

on nyosin and its .subfragments have revealed high cending
flexibility in the connections between the heads and S-2, andi
S~-2 and the tail of the myosin molecule,

Thus, the myosin molecule has two heads, and the heads split
ATP and combine with F-actin, The problem of whether the two
heads are identical or not is one of the most improtant ohes
for elucidation of the molecular mechanism of muscle contraction,
The studies on the substructure of myosin, chemical modifications
of the active sites and bindings of ATP and its analogues to
myosin have provided many evidence that the structures and
functions of the two heads of the myosin molecule are different

from each other§39’ao). However, although there has been much

work on this problem, it is very difficult to obtain conclusive



any eVidence(39_43), since it is uncertain whether myosin pre-

parations are homogeneous or not,
Studies on the function of myosin show that myosin molecule
has two active sites which are different from each other,

(44)

Tonomura and Morita measured the binding of myosin with
inorganic phrophosphate (PPi), which is a competitive inhibitor
of myosin-ATPase, usihg an equilibrium dialysis method, and
showed that 2 moles of PPi bidn to 1 mole of myosin, This result

(45)

was supported by other workers , and a similar result was

also reported for the bidning of ADP to myosin(u6). Further-

more, Tonomura and Morita(uu)

suggested that 2 moles of PPi
bind to 1 mole of myosin with different dissociation constants,
and that only 1 mole of PPi binds to 1 mole of myosin constitu-
ent in actomyosin, and that this binding of PPi causes the

(47,48)

dissociation of actomyosin., DMorita et of. have recently

shown that in the presence of Mg2+ ions at low ionic strength,

and especially in the presence of Mn2+ ions, the binding constants
of 2 moles of ADP with 1 mole of HMM are very different, and the
one which binds hore strongly induces the change in the Uv-
absorption of HMM, The heterogeneity of function of the two
active sites is also suggested by chemical modifications of the
active sites in the myosin molecule(39).

As mentioned above, a basic molecular mechanism of muscle

contraction has been provided by the sliding theory, and it is
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now well established that the development of tension and
hydrolysis of ATP both result from the interaction between the
projections from the thick filaments and the thin filaments.
AF. Huxley(ug) assumed that there 1s spontaneous association
and ATP-dependent dissociation between a contractile site,
capable of oscillating for a certain.distance along the back-
bone of the thick filament, and the binding site on the actin
filament. He showed that, given a simple form of probabilities
of bonding and cleavage as functions of the pcsition of the
contractiie site on the myosin filament, the sliding of the

two filaments can adequately explain many of the mechanical and
thermodynamic properties of contraction discovered by Hill(so).
This work became a starting point for many attempts to explain
the mechanical and thermodynamic properties of contraction on
the basis of a set of three fundamental reactions; 4. ¢., the
attachment of myosin heads to F-actin, the sliding of the two
dilaments by the movement of myosin heads, and the detachment
of myosin heads from F-actin, Recently, A.F. Huxley and

Simmons(sl’SZ)

measured the time-course of the tension change
after a sudden change in the length of the fiber, and proposed
a new molecular kinetic model for muscle contraction, According
to this hypothesis, there are more than two states in the

myosin head which binds with the actin filament and that the

sliding of filament is induced by the transition of the state
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of the myosin head bound to the actin filament, However,
there is no clear explanation why the myosin molecule has a
two headed struéture.

Two analysis done by A.F, Huxley'haye become the basis of
many models of contraction proposed later, In these models 1t
is presummed that two heads of the myosin molecule are identical
and act independently. However, this situation seems to be
improbable from our studies on structure and function of myosin

(39,”3)_

molecule Thus the elucidation of function of two heads

of myosin molecule is the central problem for the clarification
of molecular mechanism of muscle contration, The studies on the
_reaction mechanism of myosin-ATPase were started and developed
by Tonomura and his colaborator. It was shown by theée studies
that stoichiometric amount of the reactive myosin-phosphate-~ADP
complex, M?DP, is formed by the reaction of myosin with ATP

and its decomposition is ceelerated by F-actin. In the present
study, the intermediate of the ATPase reaction catalyzed in

each head of the myosin molecule is determined using three

methods, kinetical analysis, measurement of amount of ATP and

ADP bound to myosin during the ATPase reaction, and separation

ADP
P

is formed in one head and the myosin-ATP complex, M , is formed
: ATP
in the another head of the myosin molecule, and that actomyosin-
ATPase reaction is catalyzed through M?DD and formation of V
ATP
2+

of two heads (S-1). The result obtained show clearly that I

is necessary for the Ca control of muscle,
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In the following section, the step of MSDP formation was

analyzed by measuring the time courses of Pi liberations after
stopping the reaction with TCA and the change in absorption
spectrum of myosin during the initial phase of the reaction,

and the following mechanism were obtained for formation of M%DP:

—_ — — ADP
M + ATPv"MlATP‘V M2ATPV—-MP

Py Gy

ADP

The decomposition of MP ADP

was measured after forming MP
by adding slightly less than the stoichiometric amount. of ATP
to amyosin using a rapid-flow dialysis method, and it was shown
that the rate of Pi-liberation from MéDP was almost equal to
that of ADP liberation and that the rates of Pi- and ADP-liber-
ation were unaffected by ATP., The rate of ATPase reaction at
the steady state was measured over a wide range of ATP concen~
tration., The fate of ATPase reaction at the steady state

was expressed by the sum of two kind of ATPase reaction; one
with low Ku and Vamax values and the other with K, and Vamax
values of.lluM and 0,33 min“l. It is concluded that ATPase
reaction with low Ky value is that of ATP hydrolysis through
Mp""  (route 1), and ATPase with K. value of 1 uM is that of
simple‘hydrolysis of ATP through the myosin-ATP complex, M ,

ADP | ATP
since MP is formed extremely rapidly.
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M + ATP= M,ATP — M,AT ﬁ-MgDP‘ﬁ °M + ADP + PA—<M + ADP + P1 1)

1 2
M+ ATP= M —> M + ADP + P 2)
ATP :

In section 3, the amount of ATP and ADP bound to myosin
during the ATPase reaction were measured. An ATP regenerating
system was coupled with ATPase reaction to convert free ADP

produced to ATP very rapidly:

M + ATP —2 [reaction intermediate]—™M + ADP +P;

T;* pyruvate kinase
el T~
pyruvate PEP

The amount of bound ADP was measured as the amount of ADP
determined by separating nucleotide after stopping the reaction
with TCA. - The amount of total bound nucleotide to myosin was
determinedvusing a rapid-flow dialysis method. Then the amount
of bouﬁd ATP was determined by substracting the amount of bound
ADP from that of total bound nucleotide. The maximum amount

of ADP and ATP bound to myosin was 0.6 and about 1 mole, re-
spectively, per mole of myosin. The dissociation constant of
binding of ATP was l/uM which was equal to the Kn>va1ue of myosin-
LTPase reaction at the Qteady state at high ATP concentrations
(route 2). The binding of ADP to myosin was stronger than that

of ATP. The amount of ADP bound to myosin increased rapidly
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to 1 mcle per mole of myosin in the initial phase of the myosin-
ATPase reaction, and it decreased to the steady-state level

at rate constant similar to that of decomposition of MéDP.

These results agreed well to the mechanism of myosin-ATPase

reaction shown by kinetic analysis, and showed the existence

of stoichiometric amount of M .

ATP
In section 4, we examined the separation of S-1 into two
fractions: one forms and the other does not form MéDP. 0.5

mole of ATP was added to 1 mole of S-1 in acto-S-1 with an ATP
regenerating system, and S-1 was separated by centrifugation
into two fractions, 4. e,, S-1 bound with F-actin (precipitate)
and S-1 dissociated from F-actin (supernatant). S-1 was devided
almost equally between the supernatant and precipitate but the
size of initial burst of Pi-liberation (Mj'' formation) of S-1
in the supernatant was about 0.7 mole/mole of S-1 while that of
S-1 in the precipitate was about 0.3 mole/mole of S-1. On
repeating the separation procedures the size of.the initial
burst of S-1 in the supernatant increased, while that of S-1

in the precipitate decreased as anticipated., On the other hand,
when actomyosin was dissociated by addition of various amount

of ATP, both the size of the initial burst of myosin in the super-
natant and that in the precipitate were always equal to the
original value, 4, ¢., 0.5 mole/mole of myosin. Therefore it is
concluded that two heads of the myosin molecule are dissimilar,

ADP ’
and that MP is formed on the one head and M 1is formed on

ATP
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the another heads of myosin,

In section 5, The relationship between the ATPase activity
and the amount of ATP and ADP bound to HMM in HMM-F-actin-relax-
ing protein system was measured both in the presence and absence

of trace amount of Ca2+

ions. When the amount of ATP added was
less than 1 mole/mole of HMM, almost all the‘nucleotide added

was observed as ADP bound to HMM and the ATPase activity of
HMM-FA-RP system increased linearly with increase in the amount
of ATP added and were independent of the presence of 0.05 ml Ca2+.
This result indicate clearly that the reaction intermediate of
myosin ATPase, N?DP is the intermediate for the actomyosin ATPase
reaction, and thét the binding of ATP to myoSin is not required
for expression of full ATPase activity of actomyosin. In the
presence of Ca ions, the rate of ATPase acti?ity and the amount
of ADP maintained constant with further increase in the amount

of ATP added. However, in the presence of EGTA, the ATPase
activity decreased with increase in the amount of ATP added and
reached the level of HMI ATPase reaction at 3 moles of added ATP/
mole of HMM. The amount of ADP bound to HMM decreased with
increase in the amount of ATP added and reached to the level

(0.5 mole/mole of HMM) of HMM-ATP system, The binding of ATP

to HMM was only observed when the amount of ATP added was more
than 1 mole/mole of HMM. The amount of bound ATP increased with

increase in the amount of ATP added and was about 1.2 moles/mole

of HMM at 3 mole of added ATP/mole of HMM, This value was equal
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to that observed with HMM-ATP system. The amount of bound
ATP.was proportional to the extent of inhibition of acto-HINHN
ATP by removal of Ca2+ ions, The binding of ATP to HMM was
markedly inhibited by the addition of -0.1 mM Ca 012. It is
concluded that formation of the myosin-ATP complex, M , is
reguired for regulation of actomyosin ATPase in the éggsence

of RP by trace amount of Ca2+ ions,

The mechanism of the actomyosin-ATPase reactions was studied
in the last section. The time course of binding of HMH?DP complex
formed by adding ATP to HMM with F-actin was measured from the
increase in light-scattering intensity, since the rate of

ADP

formation of HMMP from HIMM and ATP is much higher than that

of decomposition of HMM?DP

even in the acto-HMM-ATPase reaction.
The extent of dissociation of acto-HMM in the presence of ATP

(X) was also measured, and they were compared with the kinetic
parameters of ATP hydrolysis by acto-HMM in the steady state;

The rate of the acto-HMM-ATPase activity at the'steady state (V)

1s expressed by an equation:

Vo = -

° ky + (1 =)k, ok
Here k,, k, and Ky are the rate of HMM-ATPase in the absence of
F-actin, the value of maximum activity of acto-HMM-ATPase when

the concentration of F-actin was varied, and the rate constant
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of binding of HMM?DP

with F-actin, respectively. This results
provides the mechanism that ATP is hydrolyzed in the actomyosin-
ATPase reaction via two routes (except myosin-ATPase reacticn

through M ):
ATP

AM + ATP ——> (AMQDP

_T L

It is considered that the hydrolysis of ATP through these two

ADP

)——— A + Mp

k3

routes are necessary for contraction (39, 40, 43).
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2. HKinetic Studies of the lyosin-ATPase Feaction

1. The amount and rate of formation of the reactive myosin-

phosphate-ADP complex, MgDP, in 0,5 M'KC1l at pH 7.8 and 0°C

was estimated by measuring the rate of the initial burst of
Pi-liberation after stopping the reaction by trichlorcacetic

acid. At ATP concentrations belwo O.}ﬂﬁ, the values of ipy

ADP
P

min-4.8x105g nyosin, respectively, while at ATP concentrations

and Vmax for formation at M were 0.3ul? and 0.70 mole Pi/
above O.3ﬂH, the values of ¥y and Vwmex were ruch larger,

2. The rate of rapid change'in}the UV spectra after acding

ATP to ll-nmeronycsin was measured over a range of high conicentra-
tions of ATP in 0,2 M KC1l at pH 7.8 and 3.7°C. The values of
Km and Vmax were 0.2 mli and 30 sec—l, respectively.

3., The rate of decomposition of the reactive myosin-phosphate-
ADP complex, M?DP, was measured using a rapid flow-dialysis
method, and the following results were obtained: (1) The

rate constants of liberation of radioactive Fi and ADP from
13PF were similar to that of ATPase [EC 3.6.1,3] in the steady
state at high ATP concentrations, but were much higher than
that of ATPase at low ATP concentrations., (i1i) They were
unaffected by adding a large amount of non-radiocactive ATP.
(i1i) The rate of liberation of ADP from the simple myosin-ADP

complex, which was formed by mixing free enzyme and ADP, was

too fast to be the rate-determining step in the ATPase reaction.
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L, At ATP concentrations above O.QMM, the values of KM and me»
of myosin-ATPase in the steady state were %MM and 0.44 mole
Pi/min-u.8x105g myosin, respectively, while at ATP concentra-
tions below 0.3uli, the rate of the ATPase reaction was almost
independent of the ATP concentration and had a Vmm value of
about 1/4 of that obtained at high ATP concentrations.

5. The results of Lymn and Taylor on the dependence of the
burst size on the ATP cbncentration was reexamined in 0.5 M

KC1l and 10mM lMgCl, at pH 8.0 and 20°C., DBoth the rate in the

2
steady state and the size of the initial burst of Pi-liberation
were found to be independent of the ATP concentration at
concentrations of 5 to 200uM.

6. A typlcal initial burst occurred both at 0 and 20°C, after

adéing a large amount of ATP to myosin under conditions, in

vhich all the active sites were occupied by ADP,
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INTRODUCTION

The initial rapid liberation of inorganic phosphate,
which is conventionally called as the initial bgrst of myosin-
ATPaée [EC 3.6.1.3], was first observed by Tonomura et al.
(53,54) and later confirmed by Sartorelli et al. (55) and
Lymn and Taylor (56). Tonomura et al. (54, 57, 58) attributed

this initial burst to formation of the reactive myosin-phos-

phate-ADP complex, M%DP. The following results were reported
on the formation of M%DP : (1) a stoichiometric armount of

B is rapidly absorbed by myosin, and then it is liberated
just before fqrmation of M%DP (59, €0), (ii) NTP binds to
nyosin in the presence of MgATP and the NTP-myosin thus formed
shows no initial burst of Pi-liberation (61-63) and (iii)
cduring the initial phase of the reaction a P-exchange reaction
occurs between the intermediate and the tefminal phosphate of

ATP (64). From these results, they proposed the following

reaction mechanism (60),

I+ S+ He= I SH = ,5 + H =
(1) (2)

ADP __§
~P

-+ ADP

I
(u) ..P

(3)

In this scheme, the reactive myosin-phosphate~ADP complex,

Dp ~-ADP -*ADP

i , consists of two kinds of intermediates, Hlp and HI p

av e
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The former can exchange P with ATP and is called phosphoryl
myosin, while the latter cannot exchange P with ATP. After
addition of a stoichiometric amount of ATP to myosin, the
rate constants of liberation of ADP (53) and of restoration
of the change in the UV-spectrum (60) were almost equal to
that of ATPase in the steady state, while the rate of slow
liberation of H' (60, 62) and the recovery process of the
initial burst of Pi-liberation (64) were much slower than

the rate of the ATPase reaction in the steady state. Therefore,

*ADP

it was concluded that decomposition of M:-P

occurs in two
steps:
., ADP  kc

M _ X5 .. o+ app K&
‘P =\ P
(5) (6)

+ ADP + P1 + HT,

where k5 is almost equal to the rate constant (Vm) of the ATPase
reaction in the steady state and k6 is only a fraction of this
value. Furthermore, the initial burst of Pi~liberation was
completely suppressed by p-nitrothiophenylation of myosin,

while the ATPase reaction in the steady State was unaffected by
this modification (63). These results strongly suggest that

M%DP is not an intermediate in the main path of ATP-decomposition
in the steady state,

ADP

To elucidate the mechanism of formation of NP , the rates
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of initial burst of Pi-liberation and change in the UV-spectrum

Hy

of myosin were measured over a wide range of ATP concentrations.

It was found that the value of Xm of MACF formation at ATP
concentrations below 0.3/N was very low, but apéarant values of
¥m and Vm increasecd at ATP concentrations above 0.3#N. Satura-
fion of the rates of H+-liberation and the initial burst of
Pi-liberation with increase in the ATP concentration were
reported by Finlayson and Taylow (S65) and Lymn and Taylor (56),
but thelr results did not follow the [ichaelis-Menten equation.
Un the other hand, lorita (66) reported that the rate of change
in the UV spectra of H-meromyosin was proportional to the ATP
concentration up to a concentration of SQAH. In the present
invesfigation, we found that the dependence on ATP concentra-
‘tion of the rate of change in the UV spectra of H-meromyosin
over a range of high concentrations of ATP followed the
liichaelis-Menten equation, and that the valueé of Kf and Vf
were O.2ml and 30sec'l, respectively, in 0.2 M KC1l at pH 7.8
and 3.7°C,

Recently, Taylor et al; (067) measured the rate of decomposi-
tion of M%DP and that of decomposition of the simple myosin-~
ADP complex, M-ADP, using a gel-filtration method. They reported
(1) that the rate constant of Pi-~liberation from MQDP was in |
the same order of magnitude as that of ADP-liberation and was
simllar to that of ATPase in the steady state, (ii) that the

-ADP

liberation of ADP from Hp was accelerated by ATP, and (iii)
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that ADP was liberated from M-ADP with a rate constant conparable
to that of ADP-liberation from N?DP. However, the difficulty of
analysis by transporting the interacting system was indicated

by Nicole et al. (68). Therefore, we -measured the rates cof
decomposition of MéDP and M-ADP, using a rapid flow-dialysis
method (69) developed for measuring enzymatic reactions.

We confirmed the result of Taylor et al. that the rate of

Pi-liberation from MéDP was similar to that of ADP-liberation.
However, we could not observe any acceleration of deconposition

of M%DP on adding high concentrations of ATP, Furthermore, the

rate of ALDP-liberation from i-ADP was shown to be too fast {o
be determined by the flow-dialysis method. The conclusion,
that the rate constant of ADP-liberation from the sinmple
myosin-ADP complex was much higher than that of the rafte-
determining step of ATPase, was also drawn by analyzing the
initial phase of myosin ATPase in the pfesence of ADP both at
0 and 20°C. |

Recently, Taylor and his collaborators found that the
rate of M%DP formation is proportional to the ATP concentra-
tion from 5 to 100mM (56) and that the rates of liberation of

ADP

Pi and ADP from MP are almost equal to the rate of the ATPase

reaction in the steady state, as described above and proposed the

following scheme;

M+ S = MS ———>m§mf-—> M + ADP + Pi + H'Y.
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Furthermore, they concluded that the myosin molecule has two
hydrolytic sites which interact with each other (56, 67), since
their results indicated that the burst size of Pi-liberation
increases and approaches tow moles per mole of myosin at an

ATP concentration of about 30uM (56).

However; in contrast to the result obtained by them (56),
the amount of the initial burst of Pi-liberation and the rate of
the ATPase reaction in the steady state were constant and were
independent of the ATP concentration, at ATP concentrations above
5 M. Furthermore it was concluded that the rate of the ATPase
reaction in the steady state could be expressed as the sum of
the rates of two kinds of ATPase reactions: the one with lower

values of K, and Vm«was a hydrolytic reaction via M?DP and the

other with higher values of K, and Vwuwas a simpel hydrolysis

M
of ATP,

EXPERIMENTAL

lyosin was prepared from rabbit skeletal muscle by the
method of Perry (70). It was further purified by phosphocellulose
column chromatography using the method of Harris and Suelter (71).
Fresh preparations of myosin were used throughout. H-lMeromyosin
was prepared as describéd by Seikya et al. (72). F-Actin was
prepared from an acetone powder oa rabbit skeletal muscle by

the method of Mommaerts (73) with slight modifications (74).
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The crystalline sodium salt of ATP was purchased from
Sigma Chemical Company. 32P—Labelled ATP was synthesized enzy--
matically by the method of Glynn and Chappel (75). 3H--Labeled
ATP and ADP were purchased from the Radiochemical Centre, England,
and purified by the method of Cohn and Carter (70).

ATPase was measured aé described previously (64), from
the time course of 32P—liberation from 32P—ATP. To calculate
the rate constant of ATPase, the values of u.8x105g and 3.Hx105g
were adopted as the weights per mole of the ATPase active site
of myosin and H-meromyosin, respectively, since we previously
showed that the myosin molecule contains one active site for ATPase
(60). The reactions were usually made in 0.5 M KC1l, 2.5mil
MgCl2, and 50mM Tris-HC1l at pH 7.8 and 0° The simple mixing
apparatus devised by Kanazawa et al. (77) was used to follow
the rapid initial reaction, When the reaction time was very
long, a correction was made for non-enzymatic hydrolysis of ATP.
Change in the UV spectra of H-meromyosin was measured from the
absorbance at 293nm in a stopped-flow spectrophotometer with
a mixiﬁg time of 6-9 msec or 0.9 msec, as described previously
(6&,66) The concentration of protein was estimated by the
biuret reaction calibrated by nitrogeh determination,

The rapid flow-dialysis method was developed from that of
Colowick and Wamock (69). To follow reactions with considerably

high rate constants, a lillipore filter of 0.22/xpore size was

used, One sheet of the membrane was used throughout one series
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of the experiments, after degassing it in buffer solution.

The flow-rate of buffer through the lower chamber was fixed at
56 ml/min. The fluctuation of pressure caused by the pump was
decreased by the buffer-action of the enclosed alr, and the
pressures on both sides of the membrane were maintained at the
same level by applying a negative_pressure to the efflux tube
from the chamber, The temperature was controlled_by clrculating
water. Samples of 5 ml were taken every ten seconds, and their
radiocactivities of 32P and 3H were measured by the methods de-
scribed by HNakamura and Tonomura (64) and Taylor et al. (67),
respectively.

The rates of diffusion of 32P-—phosphate and 3H--ADP through
the Millipore filter under the conditions used were 1/200 and
1/600 of the total amount per min, respectively, at 0°C and
pH 7.8 in 0.5 M KC1l, when the volume of the reaction mixture in the
upper chamber was 2 ml. The rate of diffusion of myosin through
the membrane was measured both from the decrease in concentration
of myosin in the upper chamber after circulation of the buffer
for more than 10 hr and from appearance of myosin in thevlower
chamber at a flow-rate of 2 ml/min. The diffusion rate of myosin
through the membrane in 0.5 M KC1 at 0°C wasvless than 1% of
that of 32P-phosphate. Figure 3 shows typical time-courses of
appearance of 32P—phosphate in the lower chamber, The steady
state level was reached within 1 min, and the half value of the

steady state level in 3415 sec. The steady state level was
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Fig. ‘3. Time-course of appearance of 32P-—phosphate in the
lower chamber of the cell after adding a fixed amount of 32P-—
phosphate to the upper chamber. 0,5 M KC1l, 2.5 mM MgCl2, 50
mM Tris-HC1, pH 7.8, 0°C. X, 10 uM 3°P-phosphate was added to
the upper chamber at time 0. Q, 2.5 /uM 32P-—phospha’ce was
added to the upper chamber successively at time 0 and the times

indicated by 9.



28

proportional to the concentration of Pi in the upper chanter,
The time-course of appearance of 32P-—p’nosphate was unaffected by
adding 5 mg/ml of myosin, lmM non-radioactive Pi, 1 mlf non-
radioactive ATP, or 1 mM ADP (the results not shown). Horeover,
neither the KC1l concentration nor pH affected the steady state
level or the time-course of appearance of 32P—phosphate.

Figure 4 shows the time-course of appearance of Pi, when
32P—phosphate was added exponentially tc the upper chambér with
fixed rate constants. This figure shows clearly that reactions
with half-saturation times of less than about 10 sec could not
be followed with this method. To measure the rates of liberation
of ADP and Pi from the nyocsin-phosphate-ADP corplex, the time-
courses of appearance of 32P—phosphéte and 3H—ADP after adding
r-32P—ATP or 3H-ATP to the myosin solution in the upper chamber
were compared with the calibration curves, assuming that the

. , . ADP .
literation of Pi and ADP from MPD occurs &as a one step reaction,

The reactiQn was usually started by adding 0.2 ﬁl of r~32P~ATP
solution or 3H—ATP solution to 2 ml of nmyosin solution in the
upper chamber, The rate of liberation of ADP was measured after
adding 0.1 ml of non-radiocactive ADP or ATP solution to the final
concentration of 0.2mM, under conditions where the binding of

ADP with myosin was Strong.
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Fig. 4 Time-~course of appearance of 32_P-—phosphate in the lower

chamber after adding 32P—phosphaﬁ:e exponentially to the upper

chamber. 0.5 M KC1, 2.5 mM MgCl
32p

55 50 mM Tris-HCl, pH 7.8, 0°C,.
-phosphate (final concentration, S/LM) was added exponentially
to the upper chamber with half times of 0(Q), 20(4), u4o(®), 60
(X), and 100 sec (&), respectively. The concentrations of free

Pi, which correspond to the rates of appearance of Pi1 in the

lower chamber, are plotted on the ordinate.
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RESULTS

Dependence on the ATP Concentration of the Rate of
Formation of the Reactive Myosin-Phosphate-ADP Complex - The
rate of MgDP formation, Vf, has previously been measured by us
(58) and later by Lymn and Taylor (56). Previouslytwe measured
it in the presence of 2 mg/ml of myosin at ATP concentrations
above l.US/LM, while Lymn and Taylor measured it in the presence
of 2 mg/ml myoéin at ATP concentrations above 5 mll, Therefore,
we measured the U} in a range of ATP concentrations from 0.06
to 5/4M in the presence of 0,03 mg/ml myosin in 0.5 M KC1, 2.5

mM MgCl, and 25 mM Tris-maleate buffer at pH 7.8 and 0°C.

2
Figure 5 shows a double reciprocal plot of Qg_against the ATP
concentration, [S]. In this experiment four myosin preparations
were used, and the values of Vi relative to that at 0.26/uM

ATP were plotted. The values of V} of these preparations at

0.26 ult ATP were 0.28, 0,35, 0.34 and 0.31 mole/min.4.8x10°g
myosin, and the average value of 0,32 min_l was used in the
figure, The figure shows that a plot of V¥"1 versus [S]-l gave
two straight lines bending at about 0.3 M ATP, At ATP concentra-
tions below 0.3/uM, the maximum value of Vi, Vimox, was 0.70 mole/
min.u.8x105g myosin and the value of K, was 0.3 4lM. At ATP
concentrations above 0.3/&% the values of KM and Vimex Wwere too

large to measure accurately with our simple mixing apparatus, and

increased in proportion to ATP concentration. The apparent
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Fig. 5 Lineweaver-Burk plot of the rate of the initial burst
of Pi-liberation, vy, in 0.5 M KC1. 0.03 mg/ml myosin, 0,5 M
KC1, 2.5 mM MgCl, and 25 mM Tris-maleate buffer at pH 7.8 and

0°c. O,®, X,A, different preparations of myosin, see text,
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Fig. 6 Lineweaver-Burk plot of the rate of the initial burst

of Pi-liberation, v;-_, in 1.5 M KC1, 0.03 mg/ml myosin, 1.5 M

KC1l, 2.5 mM MgCl, and 25 mM Tris-maleate buffer at pH 7.8 and

2
o°c. O, ®, different preparations of myosin.
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Fig. 7 Time-course of the initial burst of Pi-liberation,

2.52 mg/ml myosin, S/AM ATP, 0.5 M KC1l, 2.5 mM MgC12 and 25

mM Tris-maleate buffer at pH 7.8 and 0°C. The plot of log(S, -x)
against T shows a first order reaction and the plot of log(e-x)/
(S¢-x) against ¢ shows a second order reaction. S,, x and

€ are the initial concentration of ATP, the concentration of

TAC-Pi liberated at time t and the molar concentration of active

site,
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second order rate constant was about 1.2){106I'--I"l min~t.

As shown in Fig; 6, a plot of V}—l versus [S]"l in 1.5 K
KC1l gave two straight lines bending at l/&M of ATP, In the low
ATP concentration range, the values of KM and Vime Were lfﬁiand
0.43 mole/min.&.8x105g myosin, while at high concentrations of
ATP ﬂq.increased in proportion to the ATP concentration.

The vaYue of Vi after mixing 2.52 mg/ml (5.25 uM) myosin
with 5 ul ATP was estimated as 5.9 moles/min~u.8x105g myosin,
which was almost equal to the value of 6.0 moles/min~4.8x105g
myosin obtained in the presence of 0.03 mg/ml (0.0625/WM) myosin
(Fig. 5). To examine the order of the reaction of initial
Pi-liberation, we plotted log(S,~-x) and log(e-x)(Se~-x) against
time, where S,, x and £ are the initial concentration of ATP,
the concentration of TCA-Pi liberated at time t and the molar
concentration of active site, respectively. However, we could
not decide the order of the reaction from this type of experi-
ment, as shown in Fig. 7. |

Dependence of the Rate of Change in the UV Spectra of
H-Meromyosin on the ATP Concentration at High ATP Concentrations -
we measured the rate of change in the UV spectra of H~-meromyosin
(3 mg/ml) over the range of ATP concentrations from 2O/AM to
5 mM in 0,2 M KC1, 2.5 mM MgClz, and 50 mM Tris-HCl at pH 7.8
and 3.7°C. Plots of stopped-flow measurements after mixing ATP

with H-meromyosin showed an exponential increase in absorbance,

without any lag phase. Thus, the semilogarithmic plot of
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(AAmax —-AA) versus time gave a straight line, where AAmax and
A A were the maximum value of increase in the absorbance at 293
nm and the value of increase at each time, respectively.
Therefore, the rate of change in the UV spectra,'u{, was estimated
from the time for half maximum change, 71/2. Figure 8 shows
a double reciprocal plot of V; against the ATP concentration,
From this figure 0.2 mM and 3Ose<:—l were obtained as the walues
of Ky and‘mnd’respectively.

Pi-Liberation from the Myosin-Phosphate-ADP Complex -
The rate of Pi-liberation from M%DP was measured, using a rapid
flow-dialysis method. The rate constant of Pi-liberation from
MﬁDP was estimated by comparing the time-couse of appearance of
Pi in the lower chamber after adding ATP to myosin at a molar

P
rac

}._

o of 1 : 1 with that observed when Pi was added in a pre-
determinéd manner in the upper clhamber, as_described in the
"EXPERINENTAL" (Fig. U4). The reaction was started by adding

0.2 ml of 55 M 32p_ATP to 2 ml of 2.75 mg/ml myosin solution
in the upper chamber. The final concentrations of ATP and
myosin were 5/wM and 2.5 mg/ml, respectively. Figure 8 shows
the time-courses of appearance of Pi in the lower chamber in 2.5
mi MgC12 and 50 ml Tris-HC1l, pH 7.8 at 0°C at various concentra-
tions of KC1l from 0.1 to 1.5 M, Figure 9 shows the dependences
on KC1l concentration of the rate constant of Pi-liberation

rrom 1507, kP, and that of ATPase in the steady state, KoP,

at nigh ATP concentrations, i.e., in 25 /&iATP and 0.1 mg/ml
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Fig. 8 Lineweaver-Burk plot of the rate of change in the
absorbance at 293 nm of H-meromyosin after adding ATP. 3 mg/ml
of HMM, 0.2 M KC1, 50 mM Tris-HC1l, pH 7.8, 3.7°C. The concen-

tration of MgCl2 is 2.5 mM higher than that of ATP.
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Fig. 9. Dependences on KCl concentration of the rate constant

of liberation of phosphate from the my osin-phosphate-ADP complex

( A) Time-courses of appearance of 32P--phosphat:e in the lower
chamber after mixing 5 uM -3°P-ATP with 2.5 mg/ml of myosin at
different KC1l concentrations., 2.5 mM MgCl2, 50 mM Tris-HC1,
pH 7.8, 0°C. The concentrations of KC1 were 0.1 (@), 0.2(4),
0.5(X), 1(4), and 1.5 M(O), respectively. The broken linew
(A-E) show the calibration curves (Fig. 4 ), when Pi was added
to the upper chamber exponentially with half times of O(A),

20(B), 40(C), 60(D), and 100 sec (E), respectively.
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of liberation of P-phosphate from the myosin 32P--phosphate--

ADP complex, 2, (®), and that of ATPase in the steady state

at high concentrations of ATP, %, (O). 2.5 mM MgCl,, 50 mM

2’
Tris-HCl, pH 7.8, 0°C. The rate constants of Pi-liberation

ADP
P

Flags indicate mean square errors.

from M were estimated from the results shown in (p )
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myosin. The values of'de at various KC1l concentrations were

slightly higher than those of koP.

p

Figure 10 shows the dependences on temperature of kd and

kop in 0.5 M KC1, 2.5 mM lNMgCl and 50 mlM Tris-HC1l at pH 7.8.

2!
The diffusion of Pi through the membrane at 23°C was about 10%

higher than that at 0°C, and the rate constant of Pi-liberation
was estimated, making a correction for the effect of tempera-
ture on the diffusion rate. As shown in Fig,10 the rate
constants of Pi-liberation at various temperatures were similar

to those of ATPase in the steady state, but the two did ndt

coincide. Figure 11 shows the dependences on pH of kdp and

kop in O.BvM KC1 and 2.5 mM MgCl, at 0°C. The diffusion of

2
Pi through the membrane was unaffected by changing the pH,.

The dependences on pH of these two rate constants were similar

in some respects. The values of the rate constant of Pi-

liberation from MSDP obtained from three different series of

experiments in 0.5 M KC1l at pH 7.8 and 0°C were 0.76, 0.80,

and 0.95 min"l, respectively., Thus, the rate constant of Pi-

ADP

liberation from MP was-slightly higher than that of ATPase in the

steady state. We previously reported (60, 63) that the rate
constant of ADP-liberation is similar to that of ATPase in the

steady state. Therefore, it is concluded that the liberations

ADP

of Pi and ADP from Mp occur concomitantly.

The effects of non-radioactive ATP and ADP on the rate of

25
3 Pi-liberation were measured (Fig. 12), The reaction was started
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Fig. 10 Dependence oﬁ temperature of the rate constant of
liberation of 32P-phosphate from the myosin 32P—phosphate—ADP
complex, -&J’(O), and that of ATPase in the steady state at high
concentrations of ATP, £F (O). 0.5 M KC1l, 2.5 mM MgCl,, 50

mM Tris-HCl, pH 7.8. Flags indicate mean square errors,
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Fig. 11' Dependences on pH of the rate constant of liberation
of 32P—phosphate from the myosin—32P—phosphate-ADP complex, {dp
(@), and that of ATPase in the steady state at high concentra-
tions of ATP, &op (0). 0.5M KC1, 2.5 mM MgC12, 0°c, 50 mM‘
Tris-HC1 (pH 9.0, 8.5, and 8.0), Tris-maleate (pH 7.5 and 7.0)
or maleateybuffer solution (pH 6.5 and 6.0) was used, Flags

indicate mean square errors,
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2

by addlng 5 mM 3 P-ATP to 2.5 mg/ml of myosin in 0.5 M KC1,

2.5 mM MgCl,, and 50 mM Tris-HC1, pH 7.8 at 0°C, and 18 sec

2
after the start of the reaction, 0.2 mM non-radioactive ATP

or ADP was added. But the rate of Pi-liberation was unaffected
by adding non-radioactive ATP or ADP,

ADP-Liberation from the Myosin-Phosphate-ADP Complex and
the Myosin-ADP Complex -~ The reaction was started by adding
5 il SH-ATP to 2.5 mg/ml of myosin in 0.5 I KC1, 2.5 mii MgCl,,
and 50 ml Tris;HCl, pH 7.8 at 0°C, The binding of ADP with
niyosin was highly dependent on temperature. The constants for
competitive inhibition of ADP of the myosin ATPase reaction in the
steady state were 1.7, 4.7, and 25/AM, respectively, at 0, 10,
and 20°C. Thus, under the conditions used in this experiment,
the binding of ADP to myosin was so strong that almost all the

3

H-ADP produced by the ATPase reaction remained to be bound to
myosin., Therefore, the rate of 3H—ADP—liberation from MéDP

was measured, after adding 0.2 mM non-radioactive ADP or ATP.
As shown in Fig, 13, when 0.2 mll ADP was added 17 sec after the
start of the reaction, 3H-ADP was liberated very slowly from

I?DP, and the rate constant was almost the same as that of ATPase

I
in the steady state at high ATP concentrations, as already
reported by us (60, 63). The rate of 3H-ADP- liberation after
adding non-~radioactive ADP increased with increase in the time
after starting the reaction. Thus, when non-radioactive ADP

was added 10 min after the start of the reaction, 3H-—ADP was

- liberated too rapidly to be followed by the present method,
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Fig. 12 Effects of ATP and ADP to the rate of liberation of
32P-phospha’ce from the myosin—32P-phosphat'e-ADP complex. The
reaction was started by adding 5 uM r—32P-ATP to 2.5 mg/ml of
myosin in the upper chamber in 0.5 M KC1, 2.5 mM Tris-HC1, pH 7.8
at 0°C (OQ,A,A, ). 0.2 mM Non-radioactive ATP (A) or ADP (A) was
added at the time indicated by { . X, Time-course after addition‘

of 5 /uM 32P-—phospha‘ce to the upper chamber.
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Fig. 13 Time-courses of liberation of 3H-—ADP from the myosin-
phosphate—3H-ADP complex., The reaction was started by adding
S/uM 3H—ATP to 2.5 mg/ml of myosin in the upper chamber in 0.5

M KC1, 2.5 mM MgCl,, and 50 mM Tris-HC1l, pH 7.8 at 0°C (O,e,

2
J,A,A). 0,2 mM Non-radioactive ATP (@ ,4A) or ADP (O, [J, A)

was added to the reactioh mixture at the times indicated by
V(®,0), ¢(0), anda §(Aa,A). X, Myosin (2.5 mg/ml) was
incubated with 5/(,{1"1 3H-ATP for 10 min and then 0.2 mM ADP was
added. After 10 min the mixture was poured into the upper chamber,

and the time-course of appearance of 3H—ADP in the lower chamber

was measured,
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The rate of 3H—ADP-liberation was unaffected by adding non-
radioactive ATP instead of ADP,

The rate constant of ADP-liberation from the simple myosin-
ADP complex was also measured, when about two moles of ADP were
added per mole of myosin., In the presence of lO/AM 3H--ADP and

2.5 mg/ml of myosin in 0.5 M KC1l, 2.5 mM MgCl and 50 mM Tris-

2
HC1l, at pH 7.8 and 0°C, the concentrations of free and bound

ADP were estimated from the rates of flow-dialysis to be 2.1 and
7.9/uM, respectively. The time-courses of liberation of 3H--ADP
after adding 0.2 mM non-radioactive ADP and ATP were measured,
but the liberation occurred too fast to be followed by the
present method, as shown in Fig. 14.

Dependence on the ATP Concentration of the Rate of lMyosin-
ATPase in the Steady State - The dependence on the ATP concen-
tration of myosin-ATPase has been measured by many workers,

It has been measured at ATP concentration above 0.5 uM, except
in the work reported by Lymn and Taylor (56, 67). Therefore,

we measured the rate of ATPase in the steady state over a wide
range of ATPvconcéntrations from 0.1 to 5 mM in the presence

of 0.003 mg/ml myosin, 0.5 M KC1, 2.5 mM Mg012 and 50 mM Tris-
maleate buffer at pH 7.8 and 0°C. Figure 15 shows results on
four myosin preparations. The rates of each preparation are
plotted relative to that at 2 mM ATP, The rates of the prepara-

tions at 2 mM ATP were 0.36, 0.36, 0.35 and 0.33 mole/min.
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Fig. 14 Time-courses of liberation of 3H-—ADP from the myosin-

3H—-ADP complex., 0.5 M KC1l, 2.5mM MgCl,, 50 mM Tris-~HC1l, pH 7.8,

2
0°C. A mixture of 2.5 mg/ml of myosin with 10 xuM 3H--‘ADP (@, 0)
or S/aM 3.H-ADP (A) was added to the upper chamber, and 0,2 mM
non-radioactive ATP (@) or ADP ( O,A) was added at time O,

X, After incubation of myosin (2.5 mg/ml) with 10 M 3H-ADP
and 0,2 mM non-radiocactive ADP for 10 min, the mixture was

poured into the upper chamber, and the time-course of appearance

of 3H-ADP in the lower chamber was measured.
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H.8x105g myosin, and the average value of 0.35‘mole/min-4.8x105g
myosin was used as the rate at 2u M ATP., At ATP concentrations
above 1 mlM, the values of K, and Vmwwere 1 uM and 0.44 mole/min-
M.8x105g myosin, respectively. At ATP concentrations below 6,3
Ml the rate deviated from the stralght line obtained at higher
ATP concentrations and became almost independent of the ATP
concentration., The values of ¥ over all the ATP concentrations
used were given by:
) 5 ) B . 0.33
(moles/min.4,8x10°g myosin) = 0,11 + ———— .,
1+1 M/[S]
A plot of + 1 versus [S]™% in 1.5 M KC1 gave a straight line

(Fig. 16). The values of K, and Vmawere 0.038/uM and 0,11

M
mole/min-“.leOSg myosin,'respectively.

Dependence of the Burst Size and the Rate of the ATPase
Reaction on the ATP Concentration - To examine whether.Lymn
and Taylor's conclusion (56) on the number of active sites of
myosin is correct, the size of the initial burst of Pi-libera-
tion and the rate of the ATPase reaction in the steady state
were measured in a range of ATP concentrations from 5 to 200
M1 under the conditions used by Lymn and Taylor, i.e. in 1 mg/ml

myosin, 0.5 M KC1l, 10 mM MgCl, and 0.1M Tris-HC1l buffer at pH 8.0

2
and 20°C, As shown in Fig. 17, the size of the initial burst
and the rate of the ATPase reaction in the steady state were

independent of the ATP concentration. They were 1.1 mole/u.8x105g
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Fig. 15. Lineweaver-Burk plot of the rate of the ATPase reaction
in the steady state,4*, in 0,5 M KC1. 0.003 mg/ml myosin, 0.5

M KC1, 2.5 mM MgCl, and 50 mM Tris-maleate buffer at pH 7.8

2
and 0°C, O, ®, X, A, different preparations of myosin; the

solid line indicates by:

W™ (mole/min.4.8 x lOSg myosin) = 0.11 + ~0:33 .
1+1 M/[S]
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Fig. 16. Lineweaver-Burk plot of the réte of the ATPase reaction
in the steady state, V-, in 1,5 M KC1, 0.003 mg/ml myosin, 1.5
M KCl1, 2.5 mM Mg012 and 50 mM Tris-maleate buffer at pH‘ 7.8 and
0°cC.
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Fig. 17. Dependences on the ATP concentration of the amount
of the initial burst of Pi—libefation‘ and the rate of the ATPase
reaction in the steady state. 1 mg/ml myosin, 0.5 M KC1i, 10

mM MgCl, and 0.1 M Tris-HC1l buffer at pH 8.0 and 20°C. O,
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rate of the ATPase reaction in the steady state: @, amount of

the initial burst.
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myosin and 1.1 mole/min-u.8x105g myosin, respectively.

Initial Burst of Pi-Liberation in the Presence of ADP -
The time-course of Pi-liberation was measured after adding
0.1 mM,K—32P—ATP to 2 mg/ml of myosin in the presence of 0.1
mi{ ADP in 0.5 M KC1l, 2.5 mM MNgCl,, and 50 mM Tris-HC1l, at
pE 7.8 at 20°C., Under these conditions almost all the active
sites of myosin were occupied by ALP, since the competitive
inhibition constant of ADP at 20°C was 25/uM, as stated above,
Lven under these conditions, a typical initial burst of Pi-
liveration was observed, as shown in Fig. 18. The burst size
in the presence of ADP decreased with decrease in the tempera-
ture, as expected from the finding that the competitive inhibi-
tion constant of ADP decreased markedly on lowering the tempera-
ture. Thus, an initial burst of Pi-liberation was observed
at 10°C, but the éize was slightly less than the stolchiometric
value (Fig. 18). At 0°C the size of the burst decreased to
14% of the stoichiometric value. Therefore, we measured the
time-course of Pi-leberation at 0°C after adding 20 ul of ¥~
32P7ATP to a mixture of 1.9 mg/ml of myosin and 15 uM ADP in
0.5 M KC1l, 2.5 mM MgCl,, and 50 mM Tris-HCl, at pH 7.8. Under
these conditions almost 31l the active sites_of myosin were
occupied by ADP, since the inhibition constant of ADP at 0°C
was 1.7 M, but as shown in Fig. 19, a typical initial burst

of Pi-liberation was observed.
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Fig. 18. Time-courses of Pi-liberation from the myosin-ATP

system in the presence of ADP at 20 and 10°C, 0,1 mM §-32P-
ATP was added to 2 mg/ml of myosin in the presence (@ ,A) and
absence (Q,A) of 0.1 mM ADP. 0.5 M KC1l, 2.5 mM Mg’Cl2, 50 mM

Tris-lC1, pH 7.8, 20°C (@, Q) or 10°C (A, A).
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Fig. 19. Time-courses of Pi-libelation from the myosin-ATP system
in the presence of ADP at 0°C. 20 M -32P-ATP was added to

1.9 mg/ml of myosin in the presence (X ) or absence (4) of 15 M
ADP. 0.5M KC1, 2.5mM MgCl,, 50mM Tris-HC1, 0°Cc. O, Time-course
of Pi-liberation, after adding 4uM r-32P_ATP to 1.9mg/ml myosin.

@® , Time-course of Piliberation when 20/4M r—32P-—ATP was added

to myosin 5min after starting the reaction by adding h/uM 1—32P-A'I'P.
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DISCUSSION

The follouirg mechanism was proposedfor formation of the

ADP v v
reactive myosin—phosphate—ADP complex, MP > by our laboratory:

. N
M4+ S+ H = r«115}1+¢— M.S + H =
(1) (2) (3)

r AP e rte= o PP e wt

(4) P ?

n the basis of the fihdings that the amount of the initial
burst of TCA-labile Pi-liberation is one role per mole of
myosin (54), that one mole of H+ per mole of myosin is rapidly
absorbed by myosip and 1is liberated again slightly prior to
the initial burst of Pi-liberation (59, 60), and that the rate
of change in the UV-spectrum is equal to that of rapid libera-
tion of H' (60). They concludedthat step 2 is accelerated by
ATP itself, since the values of 11/2, the time for half the
final change of rapid H+-1iberation, the change in the UV-
spectrum and the'initial burst of Pi-liberation were almost
independenﬁ of the ATP concentration when ﬁhe latter was lower
than the stoichiometric value, but decreased inversély’with |
the ATP concentration when the latter was higher than the
stoichiometric one (58): On the other hand, Lymn and Taylor
(56) recently proposed a simpler scheme for the formation of
RéDP , from the finding that the rate of the initial burst of

Pi-liberation is almost propoftional fto the ATP concentration
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at concentrations from 5 to IOO/LMI

i+ S=HNS — I\rz‘f“‘,DP

The main differences between these two reaction mechanisms

are the presence of phosphoryl myosin, Mi;%DP, as an inter-

mediate and the dependence of the rate of MQDP

formation on
the ATP concentration. We deduced that phosphdryl myosin was
formed from the findings that NTP combines with a carboxyl
group of a'glufamic acid residue of myosin only in the presence
of Hg2+ and ATP (63, 78) and that this binding completely
suppresses the initial burst of Pi-liberation but does not
affect the ATPase reaction in the steady state (63), and that
the P-exchange reaction occurs between the reactive myosin- |
phosphate—-ADP complex and the terminal phosphate of ATP during
the initial phase of the reaction (64). However, this problem
is not related to the present work, and will not be discussed
here (see Ref. 39),. |

As shown in Figs, 5 and 6, the Michaelis constant of
M%DP formation was 0‘3,FM at ATP concentrations below 0.3/uM.
Furthermore, at high ATP concentrations, the rate of M%DP
formation increased with the ATP concentration. These results

are consistent with our previous results (58) on thé'rapid

. . +
liberation of H , the charige in the UV-spectrum and the initial

burst of Pi-liberation.
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To investigate the mechanism of increase in the rate of
MéDP fofmation at high ATP concentrations, we measured the
rate of the initial burst of Pi-liberation after adding S/LM
ATP to 5.25/4M of myosin. The rate was almost equal to that
obtained by adding S/uM ATP to_0.0625 M myosin. Therefore,
if we assume that ATP at high concentrations induces a conforma-
tional change in the myosin molecule, this change must not be
accompanied by a decrease in the MgATP concentration as substrate
of the ATPase reaction. If we adopt this assumption, the reaction

mechanism of M?DP formation is given by:

(low ATP concentration)

M+ S=MS
S M’.CADP‘ . g et ADP
z 7 F
M + S=IK S

(high ATP concentration)

High concentrations of MgATP induce a change in myosin to a.

new conformational state, M'. This conformational change is
accdmpanied by acceleratioh of M{:SDP formation from the ES
complex, Since our experiments on the rapid absorption and
liberation of H+ were performed in the presence of several M

of ATP, the rapid change in nt might be attributed to the

conformational change in myosin induced by ATP,.
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ADP . -
Tonomura & «f. showed that Mo consists of two kinds of

intermediates, M;:QDP and N'"%Dp (63, 64). Several lines of

. . arl o tADP
evidence for the existence of phosphoryl intermediate, IN: é

. . . ..« 'ADP
are given in our review articles (39,79). However, h\_P

>

is formed transiently during the initial phase, and the amount

.+-ADP
of Mg

conditions of our experiments (60),

is negligible for kinetical analyses under the

Furthermore, we found that the dependence on ATP concen-
tration of the rate of change in the UV spectra over a high
concentration range of ATP follows the !ichaelis-}Menten
equation with valﬁes of Ky and Vyugof 0.2 mlf and 30sec-l, re-
spectively, and we could not observe any lag time in the change
of the spectra. This indicates the existence of a rapid
equilibrium betvicen E+5 and the ElS complex,

it was concluded previocusly by'TonomuraeId?that the main
route of the ATPase reaction in the steady state is decomposi-
tion of ATP by simple phydrolysis, since (i) the rate of slow
H+~liberation (60, 62) and the recovery of the initial burst
of Pi-liberation (64) after addition of a stoichiometric amount
of ATP to myosin 1s several times lower than tihe rate of the
ATPase reaction in the steady state, and (ii) p-nitrothiophenyla-
tion of myosin suppresses the initial burst of Pi-liberation but
does not affect the ATPase activity in the steady state (63).

Furthermore, we concluded that the M:'QDP complex is decomposed

ADP

via two steps, since the rate of liberation of ADP fron N:fP
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of the same order of magnitude of that of the ATPase reaction
+

the steady state and i1s much higher than those of slow H -~

seration and the recovery of the initial burst (63). Thus,

o+ S»eslil 5P — ., + ADP -

M+ ADP + P1i + H

.., + S m::jg —> F-.p + ADP + Pi

Taylor and his collaborators (67) recently obtained results

sgesting that the rates of liberation of P1 and ADP from the

JF complex are in the same order of magnitude as that of

Pase reacticn in the steady state. They proposed the following

eme:

M+ S =18 —=I:1§DP——= M + ADP + Pi.

2ir finding that the rate of liberation of Pi from MéDP was
nost equal to that of ADP does not agree with the above reactlion
chanism. The cause of this difference is not yet clear,

> it is possible that F., , iIn the reaction mechanism of Tonomura is

P

;ually a new conformational state of myosin,°M which does

>

> contain P and this conformational state of myosin returns
the original state very slowly:
ADP

M*  —3° + ADP + Pi—M + ADP + Pi + H'.
P
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Results of Taylor et al. (G67), that the rate constant of
Pi-liberation from I3 1is similar to that of ADP from Mp

was confirmed, This shows that the intermediate for decon-

position of MéDP

does not contain bound phosphate(°M , not MP).
According to our mechanism, hydrolysis of ATP catalyzed
by myosin occurs via two.different routes, If they have
different Ku and Vemvalues, they can be distinguished by
measuring the dependence of the rate of the ATPase reaction in
the steady state, v, on the ATP concentration,'[s]. As shown
in Fig. 15, the rate of the ATPase reaction in the steady
state in 0.5 1 KC1 was given by

(mole/min-u.8x105g myosin) = 0,11 + _0.33 |

1+1pbi/[S]

” : : P . . . A
Since the formation of MéD is much faster than its decomposition,

the Ky of ATP hydrolysis via M?DP and °M° must be lower than
the Kum of MSDP formation, O.3/AM. The value of Vamxof this route
must be a small fractlion of the whole for ATP hydorlysis,

since thils 1s not the main route of hydrolysis. Furthermore,

the rate constant of MéDP—e °MM + ADP + Pi is much higher than
that of °M — M, as mentioned above. Therefore, the most
| ADP

stable intermediate in the ATP-hydrolysis via M is °M .

P
It must be added that the dissociation constant of the binding
of ATP with myosin measured by the luciferin-luciferase method -

(€1) and UV spectroscopy (82) is in the range of a few mli,
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This indicates that the lMichaelis complex of ATP-hydrolysis
in the range of high ATP concentrations (21/AM) contains

ATP or ADP, while that in the range of low ATP concentrations
QKl/uM) contains no muclectide. Theréfore, it seems probable
that the route of ATP hydrolysis with a Vmsmof O.llmin"l and
X, &luH is the one via PP 1 ang m° and that the route with a
Vg 0F 0,33 min~1 and Ky of 1l is that involving simple
hydrolysis of ATP vis IMS. Table I summarizes our results on
the ratio of the rates of the two routes of ATP hydrolysis
under various ccnditions,

Taylor and his co-workers (56, 65, 67) have tried to
explain the complicated properties of myosin-ATPase by
assuming the presence of two ATPase sites on the myosin molecule,
which interact with each other. However, as described in the
previous paper (80), the amount and the rate of the initial
burst of Pi-liberaticn per two moles of subfragment—l vere

exactly the same as those per mole of myosin., Furthermore,

1l From the rate constant of decomposition of MgDP give above
and that of MSDP formation given in Fig. , we calculated the

KM values of ATP hydrolysis via MéDP at ATP concentrations

above and below 0.3/uM as 0.09 and 0.0S/#M, respectively.



Table 1. Comparison of the rate of simple hydrolysis, V , with that of decomposition

or arp MPT, v,

¥C1 (M) MgCl2 (mM) pH Temp.(°C) . Method v Vv Reference
0.5 10 8.2 25 H' 1liveration (60)
1 > 7.5 27 " 1liberation 1:9 (62)
2.8 10 8.2 o5 H' 1iberation | (60)
1.08 5 7.5 0 recovery of burst 1:4 (64)
0.5 2.5 7.8 0 kinetics of steady state 1:3 this paper
1.5 2.5 7.8 0 kinetics of steady state (?) this paper

19
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as shown in Fig.17, the burst size of Pi-liberation was
constant, being ebout 1 mole/mole of myosin, and was independent
of the ATFP concentration even under the conditions used by
Taylor et al. (67)

In this paper, we showed that the kinetic properties of

ADP
P
The UV spectra (83, 84) and the EPR spectra of spin-labeled

are very different from those cof the simple [i--ADP complex.

myosin (85) in the presence of ATP were previously shown to
be different from those of the H-ADP complex. Cn the other
hand, Tayler et al. (67) using a gelfiltration method reported

that the rate constant of ADP-liberation fror the l-ADP con-

plex was comparable with that of M?Dp, and assumed that the

simple [i-ADP complex has the same kinetic properties as thcse

ADP
P v

of Taylor et al, (67) from measurement of the change in the

of I4 IMalic and Fartonosi (86) supported the conclusion

UV spectra of li-meromyosin after adding ADP., iHowever, the
latter authors measured the rate in the absence of ATP, The
rate constant of ADP-liberation from li-ADP was also measured
by Trentham et al. (89), using SH-analogues of nucleotides.

In this paper, we showed both by a rapid flow-dialysis method
and by studies on burst kinetics that ADP-liberation from the
simple !M-ADP complex cannot be the rate-determining step of
ATPase either at 0°C or 20°C. Thus, the results in Figs. 15
and 14 indicate that the kinetic properties of the intermediate

formed after adding ATP to myosin in a molar ratio of 1 : 1
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are very different from those of !M-ADP, but that they become
similar to the latter after prolonged incubation. The results
shown in Figs. 15 and 16 indicate that the simple M-ADP complex
cannot be the most stable intermediate for ATP-hydrolysis,

We also observed a rapld change in the UV spectra, when 50/4M
ATP was added to a mixture of 3.4 mg/ml of H-meromyosin and
20/4M ADP in 0.2 U KCl,.2.5 mM MgCl,, and 50 mM Tris-HC1l, at

pd 7.8 at 0°C. This also indicates the rapid equilibration

of the bindings between myosin and nucleotides. It was also
shown that Pi- and ADP-liberation from MSDP are unaffected by

the existence of a high concentration of ATP, contrary to the

result reported by Taylor et al. (67).
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3. Binding of Adenosine Di- and Triphosphates to lyosin during

the Hydrolysis of Adenosine Triphosphate

The amounts of ATP and ADP bound to myosin during the
ATPase reaction [EC 3.6.1.3] Were determined in the presence
of 2 mll MgCl2 and 50 mlM Tris-HC1l at pH 7.8, using pyruvate
kinase [EC 2.7.1.40] and phosphoenolpyruvate to regenerate
ATP and 3H-—labelled ATP as the substrate., The aﬁounts of
ADP and total nucleotides bound to myosin were measured,
respectively, by fhin layer chromatography after stopping the
reaction with TCA and by a rappid-flow dialysis method. The
following results were obtalned; they were all consistent with
our original reaction mechanism for myosin-ATPase but in
conflict with the oversimplified variant proposed by Taylor
et al.

1. Binding of ATP to myosin was only observed when the amount
of ATP added was more than about 0.6 mole/mole of myosin. In
the presence of both 0.1 and 0.5 I KC1, the maximum amount of
ATP bound was about 1 mole/mole of myosin, and the dissociation
constant of binding (l/&M in 0.5 I KClvaﬁ 0°C) was equal to

the Ky value of myosin-ATPase in the steady state at high
concentrations of ATP.

2. When a sufficient amount of ATP was added to myosin, 1

mole of ADP bound rapidly to 1 mole of myosin during the initial

phase of the reaction. Then, the amount of bound ADP decreased
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to the steady state level within a few minutes.

3., The amount of bound ADP in the steady state increased
almost linearly with increase in the amount of ATP added, and
reached a constant value when the molar concentration of ATP
added was higher than that of myosin. The meximum amount of
bound ADP was 1 mole/mole of myosin at KC1l concentrations above
1 li, and decreased with decrease in the KC1l concentration,
For example, in 0.125 M KCl at 20°C it was 0.4 mole/mole of
myosin. The amount of bound ADP decreased slightly when the
temperature waé raised from 0 to 30°C.

4, The rate of the ATPase reaction in the steady state was

not proportional to the amount of ADP bound to myosin,
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INTRCDUCTICH

Many workers have attempted to measure the amounts of ATP
and ADP bound to myosin during the ATPase [EC 3.6.1,3] reaction,
since information on this is very valuable in relation to the
reaction mechanism of myosin-A7Pase and the state of myosin
in muscle fibers during contraction and relaxation (39).

Bowen and Evans (88), and Schliselfeld and Barany (89) measured
the binding of nucleotides to myosin, using a Millipore-filtra-
tion method and a gel-filtration method, respectively. The
binding of nucleotides to myofibrillar proteins was measured

by BArany and Barany (90) on living muscle fibers. It was also
measured by Narston (21) on glycerol—treatedvmuscle fibers and
by Maruyama and Veber (92), on isolated myofibrils., However,
these methods had various difficulties and disadvantages, as
mentioned in "DISCUSSION," and the results were inconsistent.

We measured the amounts of ATP and ADP bound to myosin
during the ATPase reaction by the follwoing methods, which
avoid the difficulties and disadvantages inherent in previous
methods: An ATP-regenerating system (pyruvate kinase [EC 2.7.
1.40] and PEP) was coupled with the myosin-ATPase reaction,
and 3H—ATP was used as the substrate. The amount of bound
ADP was determined by separating nucleotides using polyethylene-
imidecellulose thin layer chromatcgraphy, after stopping the

reaction with TCA. The amount of bound ATP vas determined by
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substracting the amount of bound ADP from that of total bound
nucleotideé, which was measured by a rapid-flow dialysis method.
The results thained were consistent with our previously
proposed reaction mechanism for myosin-ATPase (39, 43, 59, 93).
According to this mechanism, myosin has two different active
sites, one for formation of the reactive myosin-phosphate-ADD
complex, M?DP, and the other for the myosin-ATP complex,

M

ATP

EXPERINMENTAL

Iiyosin was prepared from rabbit skeletal white muscle by
the method of Perry (70). The molecular weight of myosin was
taken as H.8x105 (39). Pyruvate kinase was prepared from rabbit
skeletal muscle by the method of Tiez and Cchoa (94). Its
activities in 0.5 1 KC1l-2 nM Ng012 at 0°C and in 0.05 I KCl 2
mh 1igCl, at 20°C and pii 7.8 were 8.5 and 88 moles/min.mg protein,
respectively, The Ky value of pyruvate kinase for ADP under
the conditions used was about 0,18 mM. No formation of AINMP
from ADP by adenylate kinase [EC 2.7.4.3] contaminating the
myosin or pyruvate kinase preparations was detectable by thin
layer chromatography under the experimental conditions used,
Protein concentration was determined by the biuret reaction,
calibrated by nitrogen determination.

2
X~3 P-Labelled ATP was synthesized enzymatically by the
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method of Glynn and Chappel (75). 3H—Labelled ATP and ADP

were purchased from the Radiochemical Centre, Ltd., Amersham,
England, and purified by the methed of Cohn and Carter (76 ).
ATP, ADP, and PEP were purchased from Sigma Chemical Co.

The amount of ADP bound té myosin during the ATPase
reaction was determined by measuring tﬁe amount of ADP remain-
ing in the myosin—ATP system coupled with sufficient amounts
of pyruvate kinase and PEP, The reaction was started by mixing
0.1 ml of myosin solution with 0.1 ml of a solution containing
pyruvate kinage, PEP and 3H—-ATP. After stopping the reaction
by addition of 0.2 ml of 10% TCA solution containing 10 mM
ATP, ADP, and AP as carriers, denatured proteins were discarded
by centrifuging the reaction mixture at 2,000xg and 0°C for 10
min. The tdtal amount of nucleotides was determined by measur-
ing the radioactivity of a certain volume of the supernatant
(usually 7-10 fd) in a Beckman liquid scintillation counter,
model LS-150. The scintillation mixture consisted of 10 ml
of dioxane-based scintillation mixture (1 g naphthalene,A7O
mg 2,5-diphenyloxazole, and 3 mg 1,4-bis[2(4-methyl-5-phenyl~
oxazol) ]J-benzene in 10 ml dioxane), 2.5 ml of 50% ethanol-49%
vater-1% NHMOH and 0.35 ml of 0.2 N HIC1-0.1 mM ATP.  An aliquot
of thé supernatant (about 3O/Al) was placed on a polyethylene-
imide (Hakarai, Kyoto)-cellulose thin layer prepared by the
method of Randerath and Randerath (95). The layer was treated

with methanol for 5 min and dried, and then the chromatogram
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was developed with 3.9 @' Ila-formate buffer at pl 3.4, The
Rf values of nucleotides were: ATP, 0.14; ADR, 0.52; ANP,
0.80. The region of the cellulose layer containing the spot
of separated nucleotide was put into'a centrifuge tube and
washed twilce with 5 ml of methanol by shaking for 2 nrin and
centrifugation for 10 min at 2,000xg. After drying the cellulose
at 60°cC, 3H~labelled nuclectide was extracted by incubation
with 1 ml of 0.2 I HC1 and 0.1 mli ATP at 20°C for 3 hr., Uhe
cellulose powder was removed by centrifuging the mixture at
2,000xg for 10 min, and 0.35 ml of the supernatant was adced
to the scintillation mixture, consisting of 10 ml of dicxane-
based scintillation mixture and 2.5 ml of 50% ethanol-45%
water-1% NHuOH. “he radiocactivity was measured as deséribed
above. The extent of separation of nucleotides by these
procedures was higher than 98%, and losses of nucleotides were
less than 5%.

Figure 20 shows the dependenée on the concentration of
pyruvate kinase of the amocunt of 3H-ADP remaining in the reac-
tion mixture, when the reaction was started by adding 3.6 mg/ml
of myosin to 18.75 il 3H-ATP (2.5 moles/mole of myosin) in

1mM PEP containing 0.5 X KCl,.2 mi FMgCl and 50 mM Tris-HC1,

2,
PH 7.8, at 10 and 20°C, and stopped after 5 min with TCA,.

As expected, the sum of the amounts of ADP and ATP was equal

to the amount of total nucleotides measured before their separa-

tion, and the amount of ADP decreased with increase in the
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Fig. 20. Dependence of the amounts of ATP and ADP on pyruvate
kq.nase concentration during the ATPase reaction. 3.6 mg/ml
myosin, 18.75 uM 3H-ATP, 1 mM PEP, 0.5 M KC1, 2 mM MgCl,, 50
mM Tris-HC1, pH 7/8. Temperature: O, @ ,X ,El, 10°C; A, A, +,
M, 20°C. Reaction time, 5 min. The amounts of ATP, ADP, and
total nucleotides were measured as described in "EXPERIMENTAL."

O, A, ATP; @, A, ADP; X, +, total nucleotides; [J, 8 ,ATP + ADP.
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concentration of pyruvate kinase. In the presence of 4 mg/ml
of pyruvate kinase the amount of ALP approached a constant
value of about 0.7 mole/mole of myosin, Therefore, in the
following experiments the concentration of pyruvate kinase
was fixed at U4 mg/ml.

The binding of total nucleotides to myosin was measured
using a rapid-flow dialysis method (69) with several modifica-
tions, as described previbusly (Sec. 2 & Ref, 96). A Iillipore
filter of 0.22 ML pore size was used. The flow rate of the

buffer, which contained KC1l, IMgCl and Tris-HC1l, through

2,
the lower chamber was fixed at 3.6 ml/min. Twc ml of reaction
mixture containing 3.6 mg/ml of myosin, 4 mg/ml of pyruvate

kinase, 3 or 10 mi PEP, 0.5 or 0.1 M KC1l, 2 mll 1ligCl and 50

23
mil Tris-ilCl at pH 7.8 and 0°C was placed in the upper chanuer,
After adding a definite amount of 3H—ATP to the upper chamber,
samples of 10 ml were taken 5 times at 3 min intervals, and
thelr radiocactivities were measured. The bindings of ALP

and ATP to pyruvate kinase were too small to be detected by
the flow dialysis method.-

In the experiments presented in Fig., 26, thé rate of
myosin-ATPase in the steady state, q@,.was measured in 0.5 M
KC1 containing 2 mM MgC12 and 50 mli Tris-HC1l at pH 7.8 and
0°C. The concentration of myosin was reduced to an extremely

low level (0.0024 mg/ml, i.e., 0-005/MPU to avoid any significant

change in the concentration of ATP during its reaction with
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myosin., The ATPase reaction was started by mixing 1 ml of
32P—ATP solution with 1 ml of myosin solution, and stopped by
adding 2 ml of 10% TCA containing 1 mM ATP and 0.1 mM P1 as
carriers., The reaction times were 5, 10, 15, and 20 min.

The amount of 32Pi 1iberated was measured as described pre-
viously (64). |

| In the experiments shown in Fig., 27, the rate of the
ATPase reaction was determined from the rate of liberation of
pyruvate, measured by the method of Reynard et al. (97) under
the same conditions as for measurements of the binding of ADP

to myosin.
RESULTS

Binding of ADP to lMyosin during the ATPase Reaction -
The Ky value of myosin-ATPase in the steady state at high
TP concentrations was 1/u&in 0.5 M KC1 containing 2 ml MgCl2
and 50 mlM Tris-iCl at pll 7.8 and 0°C (cf, Fig., 26). 1In the
follwoing experiments, the concentration of myosin was fixed
at 3.6 mg/ml (7.5/&@, which was much higher than the KM value.
The ATPase reaction was coupled with saturating amounts of
PEP (1wmM) and pyruvate kinase (4 mg/ml) (cf., Fig. 20). To
measure ADP binding in fhe steady state, the reaction was
stopped after 5 min (cf, Fig. 25).

Figure 21 shows the dependence of the amount of ADP bound
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Fig. 21, Dependence of the amounts of ATP and ADP on the amount
of ATP added during the ATPase reaction at 0°C, 3.6 mg/ml myosin,
1 mM PEP, 4 mg/ml pyruvate kinase, 0.5 M KC1l, 2 mM MgCl1,, 50

mM Tris-HC1, pH 7.8, 0°C. Reaction time, 5 min. (O, ATP;

6., ADP; X, total nucleotides; [, ATP + ADP,
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to myosin on the amount of ATP added at 0°C. Even in the
presence of saturating amounts of pyruvate kinase énd PEP
almost all the ATP aaded was converted into ADP when the amount
of ATP édded was less than 0.5-1.0 mole/mole of myosin, At
ATP concentrations above 1 mole/mole of myosin, the amount of
ADP bound to myosin remained constant at 0.70-0.75 mole/mole
of myosin. On the other hand, the ambunt of ATP remaining

in the system increased gradually at first, and then linearly
with increase in the amount of ATP at ATP concentrations of
more than about 1 mole/mole of myosin. The sum of the amounts
of ADP and ATP was equal to the amount of total nucleotides
added,

The amounts of ADP and ATP remaining in the reaction
rixture were alsé measured at 20°C (Fig. 22). The maximum
amount of ADP bound to myosin at 20°C (0.65-0.,80 mole/mole

I myosin) was almost equal to that cbserved at 0°€,

The dependence of the amount of bound ADP on the KC1
concentration was measured, after mixing 3.6 mg/ml of myosin
with lS.?S/&M ATP (2.5 moles/mole éf nyosin) (ef, Figs. 21 &
22). As shown in Fig, 23, at KCl concentrations above 1 K,
the amount of ADP bound to myosin during ATP hydrolysis was
about 1 mole/mole of myosin, but it decreased with decrease
in the KC1 concentration. The amounts of ADP bouﬁd in 0.125
I KC1 were 0.62 and 0.42 mole/mole of myosin, respectively,

at 0 and 20°C.
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Fig. 22. Dependence of the amounts of ATP and ADP on the
amount of ATP added during the ATPase reaction at 20°C.
Experimental conditions were as described for Fig. 21, except
that the temperature was 20°C. (Q, ATP; @, ADP; X, total

nucleotides; [J, ATP + ADP.
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Fig. 23. Dependence of the amount of ADP bound to myosin on
KC1l concentration during the ATPase reaction. Experimental
conditions were as described for Figs. 21 and 22, except that
the concentration of 3H—A'I‘P added was 18.75 MM and the concen-
tration of KCl was varled from 0.125 to 1.5 M., Temperature:
A, &, 0°C; O, @, 20°C. O, N,ATP; @, A, ADP.
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Figure 24 shows the dependence of the amount of ADP bound
to myosin in 0.5 M KC1l on temperature. When éhe temperature
was raised from 0 to 30°C, the amount of bound ADP decreased
from 0,85 to 0.65 mole/mole of myosin:

Kineties of Change in the Amount of Bound ADP - Figure 25
shows the time course of changes in the amount of ADP bound to
myosin during the initial phase of the reaction in 0.5 M KC1

containing 2 mM MgCl, and 50 mM Tris-HC1l at pH 7.8 and 0°C,

2
In the absence of pyruvate kinase, 1 mole of ADP per mole of
myosin was formed rapidly, and then the amount of ADP increased
continuously at a rate of 0.4 min~t (ef. Fig. 26). In the pres-
ence of U4 mg/ml of pyruvate kinase the initial rapid formation
of 1 mole of ADP per mole of myosin was alsd'observed, but the
amount of ADP decreased gradually to a steady state level, and
5 min after the start of the reaction the amount of ADP reached
0.65 mole/mole of myosin. The time for half-maximum decrease
was about 1 min. In other words, the apparent rate constant
for the decrease was about 0.7 min~L, | |
Relation of the Amount of Bound ADP to the ATPase Activity
in the Steady State - Figufe 26 shows the Lineweaver-Burk plot
of the rate of the myosin-ATPasé reaction in the steady state,
The rate,?,, was measured with 0,0024 mg/ml (0.00S/LM) myosin

in 0.5 M KC1 containing 2 mM MgCl, and 50 mM Tris-HCl at pH 7.8

2
and 0°C, As described in our previous paper (93), and Section
2, the value of V, was given by the -sum of the rates of two kinds

of ATPase reaction, which had different KM and V pax values,
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Fig. 24. Dependence of the amount of ADP bound to myosin during

the ATPase reaction on temperature. Experimental conditions

were as described for Fig, 21, except that the temperature was

varied from 0 to 30°C éﬁd the concentration of 3H—ATP added
was 18.75/uM.
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Fig. 25. Time course of changes 1n the amount of ADP bound to
myosin after adding ATP to myosin., Experimental conditions
were as described for Fig. 20, except that the concentration
of pyruvate kinase was 0(A,A) or 4 mg/ml (Q,@®) and the
temperature was 0°C. (), A, ATP; @, A, ADP, |
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Fig, 26. Double-reciprocal plot of the rate of ATPasé reaction
in the steady state, ,, against the concentration of ATP,

The reaction mixture contained 0.0024 mg/ml (O.OOB/LM) of
myosin, varlous concentrations of 32P—ATP, 0.5 M KC1, 2 mM

MgC1l and 50 mM Tris-HC1l at. pH 7.8. The temperature was 0°C.

2’
The line can be expressed as ﬂ&(min—l) = 0.07 + {0.33/(1 +

1. M/CATPT])] .



81
In the experiments shown in Fig, 26 V,was given by

= 0,07 + 0.33

1+1 M/[ATP]

Vb(min-l)

The dependence of the amount of ADP bound to myosin on
the amound of ATP added (cf. Fig., 21) is compared with that
of thé rate of ATP phdrolysis in the steady state in Fig.27

The ATPase actlvity was measured under the same conditions as

used in the experiments shown in Fig.v21. The amount of bound
ADP during the.ATPase reaction remained at a constant level
of 0,72-0,85 mole/mole of myosin when the amount of ATP added
was higher than 1 mole/mole of myosin, as mentioned above,
while the reaction rate of ATPase, V,, increased from 0,26

to 0,43 min~t

when the amount of ATP added increased from 1
to 2 moles/mole of myosin. Thus, the V, value was not propor-
tiohal to the amount of bound ADP,

Binding of ATP to Myosin during the ATPase Reaction -
The amount of total nucleotides bound to myosin during the
ATPase reaction was measured using a rapid-flow dlalysis method.
Figure 28 shows the results measured with 3.6.mg/m1 of myosin
~and 4 mg/ml of pyruvate kinase in 0.1 or 0.5 M KC1 containing
2 mM MgCl, and 50 mM Tris-HC1 at‘pH 7.8 and 0°C. To maintain
the concentratiqn of ATP throughout the measurements, 10 mM

and 3 mM PEP were used, respectively, in 0.1 and 0.5 M KC1,

The amounts of total nucleotides bound to myosin approached
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Fig. 27. Dependences of the amount of ADP bound to myosin and
the rate of myosin-ATPase in the steady state on the amount of
ATP added. The amounts of ADP bound to myosin (®) were those
shown in Fig. 21, The rate of the ATPase reaction, -, , (O)
was measured as the rate of liberation of pyruvate under the

conditions described in Fig. 21.



~

FREE ATP(+,x)TOTAL BOUND NUCL.{ O,®){moles/mole Myo)
N

o

2 4 6
ATP ADDED (moles/mole Myo)

Fig., 28, Dependence of the amount of total nucleotides bound
to myosin on the amount of ATP added. The total amount of
bound nucleotides was measureci by a rapid-flow dialysis method
as described in "EXPERIMENTAL." The conditions used were as
described for Fig., 21, except that the concentrations of KC1l
and PEP were 0.5Mand 3 mM ( X,® ) or 0.1 M and 10 mM (+,0),

respectlively. X, +, free ATP; @, O, total bound nucleotides,
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constant levels of 1.45-1.60 and 1.9-2.0 moles/mole of myosin,
respecﬁively, in 0.1 and 0.5 M KC1l, when the amount of ATP
added became higher than 2-3 moles/mole of myosin., Since the
amounts of ADP bound to myosin in 0.1 and 0.5 M KC1 were 0.55
aﬁd 0.8 mole/mole of myosin; respectively (Fig. 23), the amounts
6f ATP bound to myosin in both 0.1 and 0.5 M KCl were about 1
mole/mole of myosin.

Figure 29 shows an analysis of the results obtained at
0.5 M KC1, For this figure, the amounts of free ATP and total
bound nucleotides were measured by a rapid-flow dialysis method,
while the amount of bound ADP was obtained from the results
shown in Fig, 21 On the other hand, the amount of ATP bound
to myosin was calculated from the amount of free ATP assuming
that the maximum amount and the dissoclation constant of binding
of ATP to myosin were 1 mole/mole of myosin and 1 uM, respective-
ly. The amount of total bound nucleotides obtained as the sum
of the amount o6f bound ADP measured and that of bound ATP, as
calculated above, was in good agreement with the amount of total
bound nucleotides measured directly. It should also be noted
that at low concentrations of added ATP almost all the nucleotide
bound to myosin was ADP, and ATF bound to myosin appeared only
when the amount of ATP added was higher than 0.6 mole/mole of

myosin.
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Fig. 29. Dependences of the amounts of ATP and ADP bound to
myosin during the ATPase reaction on the amount of ATP added.
The amounts of free ATP (X) and total bound nucleotides (®)
were measured under the conditions describéd for Fig. 21,
except that the concentration of PEP was 3 mM. . The amount of
ATP bound to myosin (---) was caléulated assuming that 1 mole
of ATP binds to 1 mole of myosin with a dissociation constant
of 1 mM, using the measured concentration of free ATP (—).
The amount of ADP bound to myosin (°*°°*) was.obtained from the
results shown in Fig., 21. As shown in the figure, the amount
of total nucleotides bound to myosin (@) measured by the
rapid-flow dialysis method was almost equal to the sum (-.-.-)

of the amounts of bound ADP measured and bound ATP calculated

as mentioned above,
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DISCUSSION

The amount of nucleotide bound to myosin during the ATPase
reaction was preViously measured by separating or transporting
myosin from the reaction mixture. Bowen and Evans (88) measured
it in a low concentration of KC1l using Millipore filtration
to separate bound and unbound nucleotides in the presence of a
creatine kinase [EC 2.7.3.2] creatine phosphate system to
regenerate ATP, Schliselfeld and Barany (89) measured it by
gel-filtration, These two groups reported the binding of
about 2 moles of nucleotides per mole of myosin with high
affinity, but they could not determine whether ATP or ADP was
bound to myosin,

Bérény and Bérény (90) measured the amount of ADP in living
muscle fibers in the relaxed state. They fround that the molar
concentration of ADP in living muscle fibers was almost equal
to that of actin, and concluded that myosin contains bound
ATP but not ADP, However, thelr measurement might have been
affected by the acid-stable adenylate kinase reaction, and
it is difficult to estimate accurately the concentration of
ADP bound to F-actin in muscle. Maruyama and Weber (92) and
Marston (91) measured the amounts of nucleotides bound to
myosin in myofibrils and glycerol-treated muséle fibers in the
presence of creatine kinase and creatine phosphate, and conclud-

ed that 2 moles of ADP were bound to 1 mole of myosin in the



relaxed state. However, it is very difficult to confirm that
ATP is regenerated, even 1in prec¢ipitates of myofibrils or

in glycerol~treated muscle fibers, sufficiently rapidly that
the results are not affected by the rate of its regeneration,
and it is almost impossible to ascertain that F-actin does
not affect the interaction between myosin and ATP in these
systems, _

To avoid these difficulties and disadvantages inherent in
the previous studies, we used the myosin-ATP system coupled
with the pyruvate kinase-PEP system, instead of highly organized
muscle models, such as myofibrils and glycerol-treated muscle
fibers, and measured the amounts of both ADP and ATP bound
to myosin, withoup separating nucleotides from myosin., Thus,
the ATPase reaction was performed in the presence of excess
amounts of pyruvate kinase and PEP, and the amount of ADP bound
to myosin was determined by separating ATP and ADP using thin
layer chromatography after stopping the reaction by the addition
of TCA. The total amount of nucleotides bound to myosin was
measured using a rapid-flow dialysis method, which did not
disturb the steady state of the reaction, and the amount of
ATP bound to myosin was obtained as the difference between the
total amount of nucleotides and fhét of ADP bound to myosin.

As mentioned in "EXPERIMﬁNTAL," of this section the adenylate
kinase activities in the myosin and phruvate kinase preparations

and the binding of nucleotides to pyruvate kinase were negligible
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under the experimental conditions used. It should also be
emphasezed-that the ADP contained in the reaction intermediate
of the myosin-ATPase reaction is not phosphorylated by pyruvate
kinase, becasue the rate of myosin-ATPase measured as liberation
of pyruvate on coupling the reaction with the pyruvate kinase
system is equal to that measured as liberation of Pi and ADP from
ATP in the absence of pyruvate kinase,

The results obtained may be summarized as follows.,
(1) About 1 mole of ATP binds to 1 moel of myosin during the
ATPase reaction, and the dissociation constant of binding 1is
equal to the K wvalue for myosin-ATPase in the steady state
over the range of high concentrations of ATP (Figs. 26 & 29).
(1i1) The amount of bound ADP is 1 mole/mole of myosin in the
initial phase of the reaction, and then decreased on a steady
state level with a rate constant of 0.7 min™>+ (Fig. 25).
(i11) Until the amount of ATP added reaches 0.6 mole/mole
of myosin, almost all the nucleotide bound to myosin is ADP,
and ATP bound to myosin appears only when the amount of ATP
added is more than about 0.6 mole/mole of myosin (Figs. 21,22 &
29). (iv) At high concentrations of KC1l, the amount of.ADP
bound to myosin in the steady state if 1 mole/mole of myosin,
and it decreases to a value lower than the stoichiometric
amount with decrease in the KC1 concentration (Fig. 23).
(v) The rate of myosin—ATPaée in the steady state is not

proportional to the amount of bound ADP (Fig. 27) .
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Previously, we presented several lines of evidence for

two non-identical active sites in myosin, one for formation of

the reactive myosin-phosphate-ADP complex, MQDP, and the other

for formation of the myosin-ATP complex, M (cf. Sec, 2).
- ATP
We proposed the following scheme for the myosin-ATPase reaction:

M + ADP > M ATP= M ATP=> MADY —>
°M + ADP + P1—>M + ADP + Pi (1)
o ADP 20 o
M(M or MDT) + ATPS °M— °M + ADP + Pi (2)
| ATP

By measuring the rate constants of the elementary steps,
we showed that in 0.5 M KC1l the route of ATP hydrolysis with
a low Vmax value and an extremely low Ky value is route (1),
l.e. via MgDP |

value and a Ky value of 1 uM is route (2), i.e., simple
- 4 /M s

and °M, and that the route with a high Vamwm

hydrolysis of ATP aMa M (ef, Fig. 26). All the results ob-
ATP :
talned here are consistent with this reaction mechanism, since

as shown previously the rate of formation of M%DP is much
higher than that of its decomposition, and both the size of
the initial burst of P1 liberation and the minimum amount of

ATP necessary to saturate the initial burst are 1 mole/mole

of myosin (58). If we assume an equilibrium between M,ATP,
'M2ATP, and MgDP in the above sequence (98), this indicates

that the equilibrium shifts strongly to the M"' side, and

that the amounts of both M.ATP and M

1 2ATP in the steady state
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can be neglected. The result (ii) that the apparent rate

constant of decrease in the amount of bound ADP during the

1l

initial phase is 0.7 min ~ is also consistent with our previous

result (Sec. 2) that the rate constant of step M%DP

Pi is 0.7 min"l. We previously concluded that in the presence

—> °M + ADP +

of high concentrations of KC1l (1.5-2.8 M), route (1) is the

ADP
P

rate-determining, while in low concentrations of KCl, route

main path of ATP hydrolysis and step Ma~ — °M + ADP + Pi is
(2) is the main path of ATP hydrolysis and step °M—> M is rate-
determining in route (1). The result (iv) 1s consistent with
these conclusions.

However, the amount of bound ADP in 0.5 M KC1l at 0°C,

ADP
P S d

°M + ADP + Pi to that of step °M-—> M is 0.2-0.3 mole/mole of

calculated as the ratio of the rate constant of step M

myosin, which is rather lower than the value measured (0.76
mole/mole of myosin), Even i1f we assume that both the concentra-
tion of pyruvate kinase and the reaction time ére not sufficient
and that a sufficient increase in each of these factors gives

90% of the observed value, the true value of bound ADP would
become 0.62 mole/mole of myosin. Therefore, the differenge
between the observed vaiue and that calculated from the kinetic

constants.might be attributable to the binding of ADP to sites
ADP

p ° _

Several years after the proposal of our original reaction

of myosin other than that of M

mechanism, Taylor et al. (56, 57) proppsed the following
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simplified variant of our mechanism, Myosin has two identical

active sites, and ATP is decomposed “W™Ma one route, in which

MéDP is the main intermediate:

ADP

M + ATP= MATP — MP

—> M + ADP + Pi,

Various defects of this mechanism have been discussed in our
previous papers (93, 96), reviews (40, 43) and Sec, 2. In
addition, the results (i) - (v) obtained here ére all inconsistent
with the mechanism of Taylor et al., since according to their
mechanism the maximum amounts of ATP and ADP bound to myosin
during the ATPase reaction in the steady state should be about

0 and 2 moles/mole of myosin, respectively, and the rate should

be propprtional té the amount of bound ADP,

The present results agree substantially with those of
Birany and Barany (90) on living muscle fibers, but are in
conflict with those of Marston (91) for glycerol-treated muscle
fibers and of Maruyama and Weber (92) for isolated myofibrils,
This suggests that in the experiments of Marston, Maruyama, and
Weber the rate of regeneration of ATP in fibers was in suffictent
or that the muscle was not in a truly relaxed state, although

in the experiments of Marston (91) development of tension was

very low,
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4, Separation of Subfragment-1 of H-Meromyosin into Two

Equimolar Fractions with and without Formation of the

Reactive Enzyme-Phosphate-ADP Complex

H-Meromyosin (HMM) was digested with insoluble papailn
[EC 3.4.4,10], Neither the size of the initial burst of Pi-

2+--ATPase

liberation (0.5 mole/mole of myosin head) nor the Mg
[EC 3.6.1,3] activity of HMM in the steady state was affected
by this treatment., Acto-S-~1 was obtainéd by mixing F-actin
with HMM digested with insoluble papin (HMM-S-1).

The size of the initial burst of Pi-liberation of acto-
S-1 was 0,35 mole/mole of S-1 at an ATP concentration of 0.5
mole/mole of S-1, and was 0.5 mole/mole of S-1 at ATP concentra-
tions above 1 mole/mole of S-1,

F-Actin (2 mg/ml) was mixed with 3.4 mg/ml (20m M) of

HMM~S-1 in 50 mM KC1l, 2 mM MgCl and 10 mM Tris-HC1l at pH 7.8

2
and 0°. After adding 10 uM ATP (0.5 mole/mole S-1) with 4 mg/ml
pyruvate kinase and 12 mM PEP, the reaction mixture was centrifuged
at 1.6x10° g and 0° for 40 - 60 min. The amounts of S-1 bound

to F-actin In the precipitate and of S-1 dissociated from F-

actin in the supernatant were measured by SDS-gel electrophoresis,
The sizes of the initial bursts of Pi-liberation of S-1 in the
supernatant and the preéipitate were about 0.7 and 0.3 mole/

mole S-1, respectively. When the separation procedures were

repeated, the size of the initial burst of S-1 in the super-



93
natant increased to 0.8 mole/mole of S-1, while that of S-1

in the precipitate decreased to 0.25 mole/mole of S-1,

Myosin was'separated into two fractlons, one bound to
F-actin (precipitate) and the other dissociated from F-actin
(supernatant), by centrifuging actomyosin in the presence of
various concentrations of ATP with an ATP-regenerating system
at high ionic strength. At all the ATP concentrations used,
the myosin in the precipitate and the supernatant gave the
same sizes of initial burst (0.5 mole/mole of myosin head)

as that of mydsin before the separation.
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INTRODUCTION

Our studies on the substructure of myosin, chemical
modificatioﬁs of the active sites of myosin ATPase [EC 3.6.1.
3], and the binding of ATP and its analogues to myosin have
provided strong evidence that the structures and functions
of the two heads of the myosin molecule are different. These
studies have been described in our review articles (40, 43),
but a brief explanation of these studies seems in order,

Ohe et al. (99) and Tokuyama et al.(100) showed that maximal
changes in the ATPase activity of myosin occur by specific
binding of 1 mole bf monolodoacetamide and trinitrobenzene
sulfonate per mole of myosin. More recently, Shibata-Sekiya
and Tonomura (101) reported that the substrate inhibition of
actomyosin ATPase in the presence of the relaxing protein and

2* ions is blocked by the binding of 1 mole

the absence of Ca
of p-chloromercuribenzoate per mole of myosin. Tonomura and
Morita (44) previously reported that 2 moies of PPi bind to
1 mole of myosin with different binding constants, and that
only one of these induces the dissociation of actomyosin,
More recently, Morita (102) showed that 2 moles of ADP bind
to 1 mole of HMM with different ﬁinding constants, and that
only the one of these two moles of ADP which binds the more

strongly induces a change in the UV spectrum of H-meromyosin,

Furthermore, our transient kinetic studies (93, 103) showed
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that myosin has two non-lidentical actives sites, one for

P
formation of the reactive myosin-phosphate-ADP complex, M?D R

and the other for formation of the myosin-ATP complex, M ,
ATP

On the basis of these studles, we (Ref, 40, 43 and Sec.
2, 3) proposed the following scheme for the myosin ATPase

reaction:

M + ATP & MlATP—éMzATP::MgDP'—é°M + ADP + Pi—2 M + ADP + Pi
(1) (2) (3) (%) (5)

M(°M, MéDP,‘ ** * )+ ATP== M — M + ADP + Pi
(6)ATP(7)

where °M is myosin with a changed conformation, which shows

no initial burst of Pi-liberation, i.e,formation of MQDP, on

adding ATP, We concluded that there is one active site for

ADP

formation of Mp in the myosin molecule, since both the size

of the initial burst of Pi-liberation and the amount of the

initial rapid liberation of H+ were 1 mole per mole of myosin
(54, 59, 93). Recently, we (103) measured the amounts of ATP
and ADP bound to myosin during the transient and steady state

phases, and obtained further support for the mechanism.

ADP
P

ATPase reaction and F-actin greatly accelerates the regeneration

of myosin (M) from M?DP (Ref. 39, 40, 43 and Sec. 5). Recently,

We showed that M is the intermediate of the actomyosin

we (Ref. 104 and Sec. 5) measured the ATPase activity and the

amounts of ATP and ADP bound to HMM in the FA-HMM-relaxing
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fetal fast muscle (107), cardiac muscle (108), and smooth
muscle3 are all 1 mole per mole of myosin, and the rates of
the initial bursts of myosins from the different types of
muscle are of the same order of magnitude.
Qur studies on myosin ATPase did not indicate whether

the active sites of the two routes of the myosin ATPase reaction
are both located on the same head or whether they are located
on different heads of the myosin molecule. On the other hand,
our studies onithe dissociation of actomyosin and acto-S-1
induced by ATP suggested that MQDP is formed on one head and

M on the other, We showed that actomyosin dissociates into
ﬁgzsin and F-actin on adding 1 mole of ATP (109) or PPi (A44)
per mole of myosin, that the rate of dissociation of actomyosin
at low concentrations of ATP is slightly lower than that of

formation of MéDP, and that the extent of dissociation of

actomyosin is the same as that of formation of M%DP

(109, 110).
Lymn and Taylor (111) later reported that at very high concentra-
tions of ATP, the rate of dissociation of actomyosin by ATP is
much higher than that of formation of M?DP. These results

suggest that the dissociation of actomyosin is induced either

3. Takeuchi, K. & Tonomura, Y., in preparation.
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protein system both in the presence and absence of Ca2+ ions,
and showed that formation of M 1is not required for the
ATPase activity'of actomyosinégit thaﬁ it is required for the
inhibition of actomyosin ATPase by removal of trace amounts

ot ions in the presence of the relaxing-protein2.

of Ca
Thus, the separation of the two heads of the myosin
molecule into two equimolar fractions with and without forma-
tion of M?DP was urgently required to establish our proposal,
Sarkar (105) recently reported that the three light chains of
myosin are present in the molar ratio of 1.3, 2 and 0.7, and
Star and Offer (106) showed that the N-terminal amino acid
sequence in myosin is not homogeneous. They suggested that
myosin is composed of at least two isozymes with slightly
different chemlcal structures, However, it seems rather
improbable that the two routes of myosin ATPase shown above
are catalyzed by different species of isozymes of myosin ATPase,

since the sizes of the initial burst of Pi-liberation of myosins

prepared from skeletal adult fast muscle (93, 103), skeletal

2. At present, many workers are of the opinion that the two
heads of the myosin molecule have the same structure and
function, The experimental bases for this opinion were

critically discussed in our article (40).
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by formation of M%DP on one head(B) or by formation of M

on the other head (A) of the myosin molecule (Fig. 30).ATP
T@keuchi and Tonomura (112) previously reported that the

size of the initial burst of S-1 is 0.5 mole/mole S-1, and

that complete dissociation of acto-S-1 is induced by adding

1 mole of ATP per mole of S-1. Therefore, they (112) suggest-

ed that acto-S-1 1s dissociated when one S-1 forms MgDP and

the other forms M (Fig, 30), while actomyosin is dissociated

ATP ADP
by formation either of MP on one head or of M on the other

head because of mutual inferactions between thiTiwo heads of
the myosin molecule, as mentioned above (112).

The reaction mechanism for dissociation of acto-S-~1
given in Fig. 30 indicates a means for separating S-1 into

two fractions which do and do not form MgDP, since the

ADP

Michaelis constant for formation of MP is usually smaller

than that for formation of M (40, 43)., Thus, in this study
0.5 mole of ATP was added téTi mole of S-1 in acto~S-1 with an
ATP-regenerating system, and S-1 was separated by centrifuga-
tion into two fractions, i.e., S~1 bound with F-actin (precipi-
tate) and S-1 dissociated from F-actin (supernatant). S-1

was divided almost equally between the supernatant and the
precipitéte, but the size of the initial burst of Pil-libera-
tion of S-1 in the supernatant was about 0.7 mole/mole S-1,

while that of S-1 in the precipitate was about 0.3 mole/mole

S-1., This result was in good accordance with the result that
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m AM +ATP = AMIATP 3 AMpATP 73y AMB=" et A+ !

andjor

|Head Al: AM + ATP(G)A M (11) MP

Fig. 30. Mechanism of dissociation of actomyosin by ATP .,
Because of mutual interactions between the two heads of the

myosin molecule, actomyosin dissociates either by formation of

MgDP on one head (B) or by formation of M on the other head
ATP

(A)., On the other hand, the S- 1 are independent of each other,

and one type of S-1 (S-1B) dissociates from FA on. formation of

ADP

MP ; while the other type of S-1 (S-1A) dissocliates on formation

o} f I\"I .
ATP
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the size of the initial burst of acto-S-1 at 0.5 mole ATP/mole
of S-1 was 0.35 mole/mole S-1. On repeating the separation
procedures, the size of the burst of S-1 in the supernatant
increased, while the that of S-1 in the precipitate decreased,
as anticipated.

On the other hand, when actomyosin was dissociated by
additions of various concentrations of ATP, both the size of
the initlal burst of myosin in the supernatant and that in the
precipitate were always equal to the orginal value, i,e., 0.5

mole/mole myosin.
. EXPERIMENTAL

Myosin was prépafed from rabbit skeletal white muscle by
the method of Perry (70), HMM was prepared by tryptic digestion
of myosin using the method of Szent-Gyorgyi (113). The molecular
weights of myosin and HMM were taken as 14.8x105 and 3.4x105,
respectively (39), Purified G-actin was prepared from an
acetone powder of rabbit skeletal muscle as described by
Spudich and Watt (114)., After removal of free ATP from the
G-actin solution by treatment with Dowex 1-4, G-actin was
polymerized to F-actin by addition of 50 mM or 0.5 M KC1i, 2
mM MgCl,, and 10 or 50 mM Tris-HC1 at pH 7.8.

Pyruvate kinase (PK) [EC 2.7.1.40] was prepared from

rabbit skeletal muscle by the method of Tiez and Ochoa (93).
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Crystalline papain [EC 3.4.4.10] was pufchased from Worthington

Biochemicals Co., Freehold, N.J., U.S.A., and was made insolube
as described by Lowey et al. (33), except that reduction of

the thiol residues of papin with cysteine was omitted. The
concentration of protein was determined by the biuret reaction,
calibrated by nitrogen determination.

{ -3°P-Labelled ATP was synthesized enzymatically by the
method oval&nn and Chappel (75). ATP and PEP were purchased
from Sigma Chemical Co., St. Louls, Mo., U.S.A,

The esterase activity of papain was measured from the decrease
of absorbancé of cresol red at 560 nm using d-N-benzyl-L-arginine
ethyl ester as substrate. Myosin and HMM were digested with
insoluble papain, which was activated by addition of 2 nM EDTA
and 2 mM DTT, The digestion was stopped by removal of the
insoluble papain by centrifugation at lOuxg and 0° for 10 min_
or by filtration through gause, The ATPase activity was measured
as described previously (93), using r—32P—1abelled ATP as substrate.

SDS~gel electrophoresis of the reaction mixfure containing
HMMQS—I, FA and PK was performed as follows. The reaction mixture
(SO/MI) was added to a mixture of 200 ml of 8 M urea and 1 %

SDS with SO/Ml of pg-mercaptoethanol. The combined mixture was
heated at 80° for 20 -min, and then 50 Ml of 50 % glycerol and
0.025 % bromphenol blue were added. Twentylﬂl of the mixture were
applied to a 10 % polyacrylamide gel in the presence of 0.1 %

SDS, and electrophoresis was performed by the method of Weber
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and Osborn (115), with slight modifications (116). After

electrophoresis, the gel was stained at U45° for 1 hr with 0.2 %
Coomassie brilliant blue. The electrophoretogram was scanned

with a densitometer, Fuji-OX model F.D.A., IV, SDS-gel electro-
phoretograms of myosin, FA and PK were obtained in the same way

as that Qf HMM-S-~1,
RESULTS

Preparation of HMM-S-1 — Myosin (24 mg/ml) was digested
with 8 mg/ml of insoluble papain in 0.5 M KC1l, 2 mM EDTA, 2 mM
DTT, and 50 mM Tris-HCl at pH 7.8 and 0°, At intervals the
digestion of myosin was stopped by removing the insoluble papain
by centrifugation at lOuxg for 10 min. The supernatant was
dilutéd 10-fold with cold water, and proteins that were insoluble
at low ionic strength were removed by centrifugation at louxg
and 0° for 10 min. The concentration of protein in ‘the super-

natant and its ATPase activity in 0.5 M KC1l, 2 mM MgCl,»> and

2
50 mM Tris-HC1 were measured at pH 7.8 and 0°. As shown in

Fig. 31, the concentration of protein in the supernatant increased
to a saturation value of about 1.7 mg/ml at 15 min after starting

the digestion., The time course of increase in the ATPase activity
of the supernatant was the same as that of increase in protein

concentration, and reached a maximal value of about 0.19 mole/

mole of total head/min after about 15 min of digestion. When
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0" . 70 20
DIGESTION TIME (min)

Fig, 31. Time course of digestion of myosin with insoluble

‘papain. Myosin (24 mg/ml) was digested with 8 mg/ml insoluble

papain in 0.5 M KC1l, 2 mM EDTA, 2 mM DTT, and 50 mM Tris~HC1l at
pH 7.8 and 0°. The digestion was stopped by removal of insoluble
papain by centrifugation at 10u Xx g and 0° for 10 min. The
supernatant was diluted 10-fold w££h cold water, and proteins
insoluble at low ilonic strength were removed by centrifugation
at-qu X g and 0° for 10 min. The concentration of protein in
the supernatant was measured by the biuret reaction. The ATPase
activity was measured in SO,MM.[f—32P]ATP, 0.5 M KC1, 2 mM MgCl,,
and 50 mM Tris-HC1 at pH 7.8 and 0°, @O, protein concentration;
X s Mg2+—ATPase activity in the supernatant. The activity is
given as mole of ATP hydrolyzed/mole of head of HMM before

digestion with insoluble papain/min,

Crotal head/min) (O)
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the concentration of insoluble papain was increased 2-fold,
or the temperature at the digestion was increased to 10°, both
the protein concentrétion and the ATPase activity in the
supernatant reached a maximal level within 5 min. The esterase
activity of insoluble papain in 50 mM KCl was about 1.4 times
as high as the activity in 0.5 M KC1 (1.6 unit/mg).

Therefore in following work, the digestion was started by
adding 17 mg/ml (1/1000) of insoluble papain to 17 mg/ml HMM in
50 mM KC1, 2 mM EDTA, 2 mM DTT, and 50 mM Tris-HC1l at pH 7.8
and 0°, and was stopped after 10 min by removing the insoluble
papain by filtration through gauze. In this paper, the papain
digest of HMM is called HMM-S-1, and the molar concentration
of S-1 was calculated assuming that 2 moles of S-1 are produced
by digestion of 1 mole of HMM (MW = 3.Mx105). Therefore, 3.4
mg; HMM-S-1 contained 20 mmoles of S-1,

Figure 32 shows the effect of digestion of HMM with insoluble
papain on the ATPase activity in the steady state. The ATPase
activity was measured in 3.4 mg/ml HMM or its digest, 50 mM

[¥-3°PJATP, 0.5 M KC1, 2 mM MgCl,, and 50 mM Tris-HC1 at pH 7.8

0
and 0°., The ATPase activity decreased 5 % on‘digestion with
incoluble papain for 10 min and decreased 20 % on digestion for

25 min, Figure 33 shows the time course of Pi-liberation after
adding ATP tq HMM before'and.after digestion of HMM with insoluble
papain for 10 min. Neither the size of the initial burst of
Pi-liberation (0.5 mole/mole head) nor the rate of the ATPase

reaction in the steady state was affected by the digestion.
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Mg2*-ATPase ACTIVITY {mole/mole head/min)

Fig. 32. Decrease in the Mg

digestion with

. |
10 20
DIGESTION TIMF (min)

2% _ATPase activity of HMM during

insoluble papain., HMM (17 mg/ml) was digested

with 17/Ag/m1 of insoluble papain in 50 mM KC1l, 2 mM EDTA, 2

mM DTT, and 50
was stopped by
through gauze.
the conditions

of head/min,.

mM Tris-HC1l at pH 7.8 and 0°., The digestion
removing the insoluble papain by filtration
The Mg2+-ATPase activity was measured under

described for Fig. 31, and is given as mole/mole
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Fig. 33. Burst size of Pi-liberation of HMM before and after
digestion of HMM with insoluble papain., The ATPase reaction

was measured under the same conditions as for Fig. 32, O, HMM -
béfore digestion;ba, HMM-S~1 obtained by digestion of HMM with

insoluble papain for 10 min undér the same conditions as for

Pig. 32.
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Measurement of the Amount of HMM-S-1 by SDS-gel Electro-

phoresis — As mentioned later, HMM-S-1 was separated into two
fractions by centrifuging a mixture containing 3.4 mg/ml HMM-

S-1, 2 mg/ml FA, various concentrations of ATP and an ATP-
regenerating system (4 mg/ml PK and 12 mM PEP). Myosin was
separated under the same conditions, except that 4.8 mg/ml of
myosin were used in place of HMM-S~1, ' Thus, the samples of
HMM~-S-1 and myosin separated confained high concentrations of

FA and PX, and the concentrationg of S-1 and myosin.were calculat-
ed from the areas of the peaks of the protein components 1n the
SDS~gel electrophoretogram,

Figure 34 shows densitometer tracings of SDS-gelrelectro-
phoretograms of the supernatant and the precipitate obtained by
centrifuging acto-S-1 in the presence of 0.5 mole ATP per mole
of S-1, Peaks shaded with oblique 1lines Were used for measure-
ment of the amount of S-1, Our PX preparation was impure, and
peaks, I, II, IV, and V were attributed to proteins in the PK
preparation. Peak III was due to actin, The papain digest
of HMM was separated into one fraction which combingd with F-
actin, i.e., S-1, and an other, which did not combine with FA,
i.e, S-2. The SDS-gel electrophéretogram of S-2 showed a main
peak at'peak I and several pinor bands, which overlapped the~
peaks of S-1. However, the sum of the areas of the minor bands
of S-2 was less than 5 % of that of HMM-S-l1l. Furthermore, no
significant difference was observed between the electrophoreto-

grams of S-1 in the supernatant and the precipitate,
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Fig. 34, Densitometer tracings of SDS-gel electrophoretograms

of the supernatant and the precipitate obtained by centrifugation
of acto-S-~1 in the presence of 0.5 mole of ATP per mole of S-1,
HMM~S-1 was obtained by digestion of 17 mg/ml HMM with l7jug/m1
of insoluble papain for 10 min under'the same conditions as for
Fig, 32. ATP (10/MM) and an ATP-regenerating system (4 mg/ml

PK + 12 mM PEP) were'added to the reaction mixture (total volume
5 ml) containing 3.4 mg/ml (20 M) HMM-S-1 and 2 mg/ml FA in

50 mM KC1l, 2 mM MgCl,, and 10 mM Tris-HCl at pH 7.8 and 0°.

2
The mixture was ultracentrifuged at 1,6 x 105 x g and 0° for

60 min. The volumes of the supernatant and the precipitate

were adjusted to 5 ml with buffer solution. A sample (2.86 apl)

of the supernatant or precipitate was applied to SDS-polyacrylamide
disk gel, and electrophoresis was performed as mentioned in the
"EXPERIMENTAL", Upper figure, precipitate; lower figure,
supernatant. Peak I is due to S-2 and a protein component in

the PK pfeparatidn. Peaks IT, IV, and V are due to proteins

in the PK preparation, and peak III is due to action. The areas

of peaks of S~1 indicated by oblique lines were measured (

Fig. 35) to calculate the amount of S-1.
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Figure 35 shows the dependence of the total area of the
peaks assigned to S-1 in Fig. on the concentration of HMM-~
S-1 applied to the gel. A linear relationship was obtained
between the concentration of HMM~S-1 and the total area, but
its slope varied slightly in different experiments. Therefore,
to measure the amount of S-1 in the reaction mixture, SDS-gel
electrophoresis of the mixture was performed simultaneously
with electrophoreses of known amounts of HMM-S-1,

Figure 36 shows the SDS-gel electroﬁhoretogram of 5 ﬂl of
mixture containing 4.8 mg/ml myosin, 2 mg/ml FA, and 4 mg/ml
PK. Peak I was due to heavy chains of myosin, peaks II, III,

V, and VI were due to proteins in the PK preparation, and peak

IV was due to actin, as mentioned above., The concentration of
myoéin was measured from the areas of the peaks due to the light
chains of myosin (shaded with obligue lines). The relationship
between the total area of light chalns and the concentration of
myosin is shown in Fig, 35. As expected, the area of light chains
was proportional to the amount of myosin applied.

Dependence of the Amount of the Initial Burst of Pi-Libera-
tion of Acto-S~1 on ATP Concentration — One of the most important
factors in)determining the extent of separation of S-1 into two
fractions by the method used in thispaper is the dependence of
the size of the initial burst of Pi-~liberation of acto-S-1 on
the amount of ATP added. The depéndence of the size of the

initial burst of S-1 on the concentration of ATP added was
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AREA {cm?2)

1
0 , 7 2
CONCENTRATION OF PROTEIN (mg/ml)

Fig. 35. Relationship between the concentration of myosin or
papain digest of HMM, {,e,HMM—S—l, and the area of the electro-
phoretogram, HMM-S-1 was obtained by digestion of 17 mg/ml

HMM with 17/4g/m1 of insoluble papain for 10 min under the

same conditions as for Fig, 32. Q, ©, O,®; Various concen-
trations of HMM-S-1 (2.86‘#1) were applied to SDS-polyacrylamide
disk gel. The total area of the peaks of S-1 (Fig.3") was
plotted against the concéntration of HMM-S-1 applied to the gel.
Different symbols show the results of different experiments
using different preparations of HMM-S-1, X, Various concen-
trations of myosin (S/al) were applied to the gel. The total
area due to light chains of myosin, indicated by oblique 1lines

in Fig, 36, was plotted against the concentration of myosin

applied to the gel,
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Fig. 36. Densitometer tracing of SDS-gel electrophoretogram

of a mixture of myosin with F-éctin and pyruvate kinase
preparation. Myosin (final concentration, 4.8 mg/ml) was mixed
with 2 mg/ml FA and 4 mg/ml PK in 0.5 M KC1l, 3 mM PEP, 2 mM MgClz,
and 10 mM Tris-HC1l at pH 7.8, and S/Al of the mixture were applied
to an SDS-polyacrylamide disk gel. Peak I is due to myosin

heavy chains, peaks II, III, V, and VI are due to proteinvin

the PK preparation, and peak IV is due to actin. The concen-
tration of myosin was calculated from the total area of peaks of

myosin light chains indicated by oblique 1lines.
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previously measﬁred by Hayashi and Tonomura (117). However,
they used S-1 obtained by trypﬁic digestion of HMM, and measured
the dependence in the absence of FA and at high ionic strength.

We measured the time course of 32Pi-1iberation after adding
various amounts of [{—32P]ATP to acto-S-1 under the conditions
used for separation of S-1. The size of the initial burst of
Pi-liberation was obtained by extrepolating the time course
of Pi-liberation to time 0., As shown in Filg. 37, the sizes of
the initial bursts of Pi-liberation were 0,205, 0.35, and 0.5
mole/mole of S-1, respectively, when 0.25, 0,5, and 1 mole ATP
were added per mole of S~1. The burst size remained at 0.5 mole/
mole of S~1 with further increase in the ATP concentration
above 1 mole/mole of S-1.

Dissociation of Acto-S-1 Induced by ATP and Separation
of S-1 into two Fractions — ATP at various concentrations
was added with 4 mg/ml PK and 12 mM PEP to a mixture of 3.4
mg/ml (20 MM) HMM-S-1 (papain digest of HMM) and 2 mg/ml FA in
50 mM KC1, 2 mM MgCl,, and 10 mM Tris-HC1 at pH 7.8 and 0°.
The reaction mixture (5 ml) was centrifuged at 1.6x105xg and
0° for 40 - 60 min. The supernatant and the precipitate were
each diluted to 5 ml with the buffer solution, and the concentra-
tion of S-1 was measured as mentioned above (cf. Fig. 34),
The ATPase activity wés measured 24 hr after the separation,
During the 24 hr, all the PEP and ATP were converted into

pyruvate and ADP, PK and pyruvate did not interfer with the
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Fig. 37. Dependence on ATP concentration of the size of the
initial burst of Pi-liberation of acto-S-1. The time course

of 32Pi-liberation was measured by adding various concentrations
of [§-32PJATP to 3.4 mg/ml (20 mM) HMM-S-1 (papain digest of
HMM), 2 mg/ml FA, and 4 mg/ml PK is 50 mM KC1l, 2 mM MgClz, and
10 mM Tris~-HC1l at pH 7(8 and 0°, The size of the initial burst
of Pi-liberation was obtained by extrapolating.the time course
of 32Pi—1iberation in the steady state to time O, Thé broken
line indicates the dependence when therinitial burst of Pi-
liberation occurs by a stoichiometric reaction of 1 mole of ATP

with 2 moles of S-1 in acto-S-~1.
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measurement of ATPase, since the equilibrium of the reaction,
PEP + ADP 2 pyruvate + ATP, is greatly to right side. The
size of the initial burst of Pi-liberation was measured in
20 wM f-32P-ATP, 0.5 M KC1, 2 mM MgCl,, and 50 mM Tris-HC1 at
pH 7.8 and 0°,

The results are summarized in Table 2. The amounts of
S-1 in the supernatant at 0, 10, and 50 M ATP were 12, 53, and
89 %, and their recoveries were 102, 101, and 95 %, respectively,
of the total S-1 before centrifugation, The recoverlies of the
initial burst of Pi-liberation were 94, 98, and 92 %. The
sizes of the initial burst of the precipitate at zero ATP
concentration and of the supernatant at BO/uM ATP were both
0.47 mole/mole S-1, and this value is equal to that before the -
centrifugal separation, as expected., On the other hand, -
when the ATP concentration was 1o‘ﬂmu ¢.¢. 0.5 mole/mole S-1,
the amounts of S-=1 in ﬁhe supernatant and the precipitate were
53 and 48 % of the total S-1 before the separation, while the
size of the initial burst of the supernatant and that of the
precipitate were 0.68 and 0.27 mole/méole of S-1, respectively.

Figure 38 shows the time courses of Pi-liberation of the
supernatant and the precipitate'obtained by centrifugal separa-
tion at 0.5 mole ATP/mo%e of S-l; together with that for HMM-
S-1 before the separation. The size of the initial burst before the
separation was 0,48 mole/mole of S-1 for all the HMM-S-1 prepa-

rations used, After centrifugal separation, the size of the
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Table 2. Separation of S-1 into two fractions by dissociation
of acto-S-1 with ATP. HMM-S-1 was obtalned by digestion of 17
mg/ml of HMM with 17 mg/ml ofAinsoluble papain in 2 mM EDTA,

2 mM DTT, 50 mM KC1l, and 50 mM Tris-HCl at pH 7.8 and 0° for
10 min, After adding various concentrations of ATP to 5 ml

of mixture containing 3.4 mg/ml (ZO/AM) HMM-S-1 (papin digest
of HMM), 2 mg/ml FA, 4 mg/ml PK, and 12 mM PEP in 50 mM KC1,

2 mM MgCl and 10 mM Tris-HC1 at pH 7.8 and 0°, the reaction

2’
mixture was centrifuged at 1.6 x 10° x g and 0° for 60 min.

The amounts of S-l in the supernatant and the preclipitate were
measured by SDS-gel electrophoresis, as described in the "RESULTS",
24 hr later, the size of the initial burst of Pi-liberation was

measured in 20 mM [¥-32P] ATP, 0.5 M KC1, 2 mM MgCl,, and 50

23
mM Tris-HC1l at pH 7.8 and 0°. The total amount of S-1 and its .
burst size before the centrifugal separation were 100 nmoles
and 0.5 mole/mole S-1, respectively. Therefore, the recoveries
of S-1 by the separation at 0, 10 and 50 M ATP were 102, 101,

and 95 %, while the recoveries of the burst size were 94, 98

and 92 %, respectively.
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ATP added Fraction S-1 Burst size
(1) ' (nmole) (nmole) (mole/mole S-1)
0 Sup 12 5
Ppt 90 | 42 0.47
Total 102 47 0.46
10 Sup 53 36 E&ﬁiﬁ
Ppt 48 13 0.27 '
Total 101 49 0.49
50 . Sup 89 bi.5 0.47
Ppt 6 4,5

Total 35 L6 0.48
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initial burst of the supernatant was 0,72 £ 0,037, while |
that of the precipitate was 0.275 + 0.042 mole/mole S-1 (Fig.
39). These results are in good accordance with results showing
that the size of the initial burst at 0.5 mole ATP/mole of S-1
was 0.35 mole/mole of S-1 (Fig, 37), and that at this ATP
concentration 50 % of the S-1 was dissociated from F-actin
(Table 2). On the other hand, the rate of the ATPase reactlon
in the steady state of the reaction mixture before the separa-
tion and in the supernatant and the precipitate after the
separation were 0.172 ¢ 0.112, 0.194 + 0,026, and 0.206 t 0.04

’1, respectively (Fig. 39).

min
Table 3 summarizes the results obtained when .the separa-

tion procedures were repeated. The second separation procedures

were performed using the same amount of ATP as that of the size

of the initial burst of the supernatant or the precipitate

obtained by the first centrifugation. The size of the initial

burst of the supernatant increased from 0,71 to 0.8 mole/mole

of S-—1 and that of the precipitate decreased from 0.32 to 0.25

mole/mole of S-1 on repeating the separation procedures, In

the second separation the recdveries:of S-1 in the supernatant

and precipitate were 93 and 83 %, respectively of the S-1

obtained by thevfirst separation. The recoveries of the size

of the initial bﬁrst were equal to those of protein. The burst

sizes in the supernatant and the precipitate obtained by repeat-

ing the separation were nearly equal to those calculated assuming
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Fig. 38. Time courses of Pi-liberation in the ATPase reaction
of two fractions of HMM-S-1 obtained by ultracentrifugation of
acto-S-1 in the presence of 0.5 mole ATP per mole of S-1, HMM-
S-1 was obtained by digestion of 17 mg/ml HMM-S-1 with 17/Ag/m1
of insoluble papain papain for 10 min under the same conditions
as for Fig. 32. ATP (10 uM) was added with 4 mg/ml PK and 12
mli PEP to mixture containing 3.4 mg/ml (20 M) HMM-S-1 and 2

mg/ml FA in 50 mM KC1l, 2 mlM MgC1l and 10 mM Tris-HC1l at pH 7.8

5
and 0°, The final mixture was céntrifuged at 1.6 x 105 X g and

0° for 4O - 60 min. 24 hr later, the ATPase activity was measured
in 20/uM [r—32P]ATP, 0.5 M KC1, 2 mM MgCl,, and 50 mM Tris-HC1
‘at pH 7.8 and 0°, O, @, ®, @, before separation; A, A, A, A,
supernatant; [, ji, A, B, precipitate, The amount of Pi-libera-
tion is expressed as mole/mole S-1., The results of four series

of experiments (Q,A,0; 0, A,f; @, A, M; @, A, A) are shown,
Open and solid arrows indicate the values of the size of the
initial burst before and after separation of S-1, expected from

the dependence of the burst size on ATP concentration given in

Fig. 37.

Fig. 39. Relationship between the ATPase activity in the steady
state and the size of the initial burst of Pi-liberatlion. . The
results given in Fig. 37 are replotted. (), before separation;
A, supernatant; [J, precipitate. +—— indicates the standard

means of errors.
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Table 3. Separation of S-1 into two fractions by repeating the
partial dissociation of acto-S-1 with 0.5 mole ATP per mole of
S-l.v (A): 5 ml of mixture containing 3.4 mg/ml HMM-S-1 and 2
mg/ml FA were sepérated into two fractions by ultracentrifuga-
tion in the presence of 10 uM ATP, as described for Table 2.
The total amount of S-1 and its burst size before separation
were 105 nmoles and 0.5 mole/mole S-1, respectively. Therefore,
the recoveries of S-1 and of burst isze were 84 and 87 %,
respectively. (B): To the supernatant obtained in (A), final
concentrations of 2 mg/ml FA, 4 mg/ml PK, and 12 mM PEP were
added and the totélvvolume of the mixture was adjusted to 6.25
ml with buffer solution. The mixture contained 43 mole S-1,
and its total burst size was 30.5 nmoles, After adding‘u.gﬂ

M ATP (1 mole/mole of burst size), the reaction mixture was
separated by ultracentrifugation, as described for Table 2,

The recoveries of S-1 and of burst size were both 93 %. (C):
To the precipitate obtained in (A), final concentrations of

2 mg/ml FA, 4 mg/ml PK, and 12 mM PEP were added, and the
volume of the mixture was adjusted to 6.25 ml with buffer solution.
The mixture contained 45mmoles S-1, and its total burst size
was 14.5 nmoles, After adding 2.3/MM ATP (1 mole/mole of burst
size), the mixture was separated by ultracentrifugation, as
described for Table. 2. The recovery of S-1 and that of the

burst size were 82 and 83 %, respectively.

b
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(4)
ATP added Fraction S-1 Burst size
(M) (nmole) - (nmole) (mole/mole S-1)
10 Sup 43 30.5 0,71
Ppt .45 14.5 0.32
Total 88 45 0.51
(B)
ATP added Fraection S-1 Burst size
Qdﬂ) (nmole) (nmole) (mole/mole S-1)
.9 Sup 30 24 0.80
WA
Ppt 10 4,5 0.45
Total 40 28.5 0.71
(c)
ATP added Fraction - S-1 © Burst size
guM) (nmole) (nmole) (mole/mole S-1)
2.3 Sup 19 7.5 - 0.39
Ppt 18 4,5 0.25
L n " g

Total 37 12 _ 0.30
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that the fraction of S-1 in the supernatant which forms M%DP
increases from 50 to 70 % in one separation, 4 .#. 0.82 and
0.18 mole/mole of S-1, respectively, for the supernatant and
the precipitate of the second separation,

Dissociation of Actomyosin with ATP — Various concentra-
tions of ATP and an ATP-regenerating system (4 mg/ml PK and
12 mM PEP) were added to a mixture of 4.8 mg/ml of myosin and

2 mg/ml FA in 0,5 M KC1l, 2 mM MgCl and 50 mM Tris-HC1l at

2
pH 7.8 and 0°, Then the mixture was centrifuged at 1.6x10uxg
and 0° for 60 min, and the supernatant and the precipitate were
diluted with the buffer to 5 ml. The amounts of myosin in

the supernatant and the precipitate were measured by SDS-gel
electrophoresis (cf,Fig. 35). Twenty four hr after the
separation, the ATPase activity was measured in 20 M [y->2P]

ATP, 0.5 M KC1, 2 mM MgCl and 50 mM Tris-HC1l at pH 7.8 and

5
0°, The results are summarized in Table 4, Even when no ATP
was added, 25 % of the myosin was present in the supernatant,
This was attributed to a low degree of polymerization of actin
at high ionic strength, since the SDS-gel electrophoretogram

of the supernatant revealed the presence of actin at a rather
high concentration, When the amount of ATP added was increased
to 0.5, 1 and 2 moles/mole myosin, the concentration of myosin
in the supernatant increased to 70, 85 and 92 % of the total

amount of myosin before the centrifugal separation. The

recoveries of the size of initial burst and of myosin were higher
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Table 4. Dissociation of actomyosin by ATP and the burst size
of myosin dissocilated from F—actin and bound to F-actin, The
reaction mixture contained 4.8 mg/ml myosin (20/4M mysoin head),
2 mg/ml FA, 4 mg/ml PK, and 3 mM PEP in 0.5 M KC1l, 2 mM MgCl2,v
and 50 mM Tris-HC1 at pH 7.8 and 0° in a volume of 5 ml, After
adding various concéntrations of ATP, the mixture was centrifuged-
at 1.6 x 10° x g and 0° for 60 min, The amounts of myosin in the
supernatant and the precipitate were measured as described in the
"RESULTS"., The size of the initial burst of Pi-liberation was
measured, as described for Table 2. The total amount of myosin

head and its burst size before centrifugation were 100 nmoles

and 0,46 mole/mole head, respectively.
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Burst size

ATP added Fraction Myosin head
(1) (nmole) (nmole) (mole/mole head)

0 Sup 25 10 0.42
WVAAAAA

Ppt 70 30 0.43
Ve AN

Total 95 40 0.42

5 Sup 70 32.5 0.46
] NAAAAN

Ppt 30 15 0.50

Total 100 7.5 0.48

10 Sup 85 | 40 0.47

Ppt 3 (0) -

Total 88 - bo 0.45

20 Sup 92 42.5 0,46
AR

Ppt 2 (0) -

Total

9l 2.5 0,45
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than 86 %, In sharp contrast with the case of acto-S-1, the

sizes of the initial burst of both the supernatant and the
precipitate separated at all ATP concentrations used were always
in the range of 0,40 - 0,50 mole/mole of myosin head.

In Fig. 40 the time coufses of Pi-liberation of the super-
natant and the precipitate are compared with that of the mixture
before centrifugal separation. The supernatant and the pre-
cipitate were obtained by centrifugation of actomyosin in the
presence of 0.5 mole ATP/mole of myosin head. The proportions
of myosin in the supernatant and the precipitate were 70 and
30 %, respectively (Table 4), and their sizes of théir initial
bursts were 0.46 and 0.50 mole/mole of myosin head, which were
almost equal to the original value before centrifugal separa-
tion, (. e¢. 0.46 mole/mole of myosin head., The rates of the
ATPase reaction in the steady state of the supernatant and the
precipitate were 0,18 and 0.20 min_l, respectively, which were

also almost equal to the original value, «, ¢. 0.18 min_l.

DISCUSSION

S-1 was separated into two fractions by centrifugation of
acto-S-1 in the presenéé of various concentrations 6f ATP wilth
an ATP-regenerating system, One fraction was precipitated with
F-actin and the other was dissociated from F-actin, When

0.5 mole ATP was added per mole of S-1 in acto-S-1, the S-1
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050

025

Pi - LIBERATION (mole/mole head)

1
0 20 Z0
REACTION TIME (sec) . |

Fig. 40. Time courses of Pi-liberation in the ATPase reaction
of the two fractions of myosin obtained by ultracentrifugation
of actomyosin in the presence of 0,25 mole of ATP per mole of
myosin head. ATP (5MM) was added with 4 mg/ml PK and 3 mM

PEP to reaction mixture containing 4.8 mg/ml myosin and 2

mg/ml FA in 0.5 M KC1l, 2 mM MgClz, and 50 mM Tris-HC1l at pH 7.8
and 0°. The mixture was centrifuged at 1.6 x 105 x g and 0°
for 60 min. The ATPase activity was measured under the same
conditions asvfor Fig., 37. The amount of Pi-liberation 1s
expressed as mole/mole of myosin head. (, before separation;

A, supernatant;[], precipitate.
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became equally divided between the supernatant and the precipi-
tate ( ¢f. Table 2), and the sizes of the initial burst of Pi-
liberation (formation of M%DP) of the supernatant and the-
precipitate were about 0.7 and 0.3 mole/mole S-1, respectively
(Table 2 & Fig. 37). An repeating the separation procedures,
the size of the initial burst of the supernatant increased to
0.8 mole/mole S-1 and that of the precipitate deéreased to
0.25 mole/mole S-1 (Table .3). On the other hand, when acto-
myosin was centrifuged in the presence of ATP, the sizes of
the initial burst of the supernatant and the precipitate were
always about 0,5 mole/mole of head ( cf,Table by,

Several problems had to be solved before the concluding

that S-1 consisted of two equimolar fractions, one of which

ADP
P

The first problem was about estimation of the amount of S-1 in

formed M on adding ATP and the other of which_did not,
the reaction mixture. Since the mixture contained high concentra-
tions of FA and PK, the amount of S-1 was measuréd from the
areas of the peaks of S-1 on an SDSQgel electrophoretograﬁ.
The amount of S-1 estiméted from the areas of several specified
‘peaks was equal to that estimated from the total area of the
peaks shown in Fig, 34 , Furthermore, the recoveries of S-1
throughout the separatiqn procedﬁres were equal to the recoveries
of the size of the initial burst, and were higher than 90 %.

The second problem was about preparation of S-1, HMM-S-1

was obtained by digestion of HMM with insoluble papain for 10 min,
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The size of the initial burst of Pi-liberation and the rate of

the ATPase reaction in the steady state were only slightly
affected by digestion with insoluble papain under the conditions
used ( ¢f. Figs. 32 & 33). The time used for digestion of HMM

in this study was sufficient to digest myosin to HMM and/or

S-1, as described in the "RESULTS.” It was concluded that

almost all the HMM was digested to S-1, since digestion of

myosin with papain to S-1 and long rods occurs more rapidly than
digestion to HMM and L-meromyosin (33). Furthermore, the increase
in light-scattéring intensity of the HMM-S~1 obtained on its |
binding with FA was much less than that of HMM and was similar

to that of purified S-1. In this study the papain digest of

HMM, HMM-S-~1, was used withdut further purification, to exclude
problems of the recovery and denaturation of S-1 during purifica-
tion procedures. Therefore, the problems remained of contamina-
tion of S-1 with S-2, FA and PX. It was found that contamiﬁa—
tion with these proteins did not affect measurement of the

amount of S-1 by gel electrophoresis, as mentioned above and also
in the "RESULTS." Contamination of HMM-S-1 with S-2 or undigest-~
ed HMM did not invalidate the conclusion, although it reduced

the extent of separation of S-1, since S-2 was present in the
supernatant and HMM was not separated into fractions by the
method used in this work ( cf. Fig. 40). If 20 % of the HMM
remained undigested and half of it was‘precibitated by centrifu-

gation, the amount of formation of MéDP in the supernatant should



129

decrease from 0.7 to 0.66 mole/mole of myosin head.
The third problem was on ultracentrifugal separation.

In this work S-1 was separated by centrifugation in the presence
of 0.5 mole ATP per mole of S-1 in acto-S-1 into two equimolar
fractions with burst sizes of 0.7 and 0.3 mole/mole S-1, The
main reason for this incomplete separation was that the size
of the initial burst of acto-S-1 on adding 0;5 mole of ATP/mole
of S-1 was 0.35 and not 0.5 mole/mole of S-1 ( c¢f. Fig..37),
as mentioned in the "RESULTS." Furthermore, the burst sizes
of the supernatant and the precipitate obtained by repeating
the separation procedures were in good agreement with those
calculated assuming that the fraction of S-1 in the supernatant

which forms M?DP

increases from 50 to 70 % in one separation,
as mentioned in the "RESULTS" (cfl Table 3). However, it is
possible that there was insufficient regeneration of ATP in
the precipitate because of the concentration of S-1, and that
this reduced the extent of the separation. Thus, we can conclude
that S-1 contains two equimolar fraction, only one of which
forms My"' on adding ATP. |

As mentioned in the "INTRODUCTION", several authors (105,
106) reported that myosin has at least two isozymes. However,
the size of the initial burst was 1 mole/mole of myosin and
the rate of the initial burst was of the same order of magnitude

for myosins of all types of muscles examined. This suggests

that isozymes of myosin have similar properties, at least with
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regard to formation of MP . The possibility that the myosin
’ | . DP
preparation was a mixture of myosin which did not form M%

and that which formed one mole of M%DP per mole of head was

exculded by the results shown in Table b4 and Fig. 40. At high
ionic strength and in the presence of a high concentration of

Mg2+

ions, the extent of dissociation of actomyosin induced by
ATP increased linearly with increase in the ATP concentration.
The extent ofvdissociation was equal td that of formation of
M?DP, and actomyoéin dissociated completely at an ATP concentra-
tion of 1 mole/mole of myosin (109). As seen in Table 4, the
sizes of the initial bursts of Pi-liberation of myosin bound
to F-actin and of that dissdciated from F-actin were both 1
mole/mole of myosin (0.5 mole/mole head) at all ATP concentra-
tions used for dissocation of actomyosin. Thus, we can exélude
the possibility that myosin consists of two isozymes with and
without the abilities to form one mole of MQDP per mole of
head.,

Furthermore, the results that the ATPase activities in
the steady state of the two fractions of S-1 obtained by
centrifugal separation were almost equal and wefe independent
of the size of the initial burst of Pi-liberation (Fig. 39)
could be explained by our mechanism that the active sites for

two routes of myosin+ATPase shown in "INTRODUCTION" are located

on different heads of myosin and the rate constant of both
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routes is of the same order of magnitudeu. They are incon-

sistent with the mechanism of Taylor ef a, (56, 67) that

ADP
P

reaction in the steady state, and also with the mechanism that

M is the obligatory intermediate for the myosin-ATPase

the active sites are both located in the same head of the myosin
molecule, since according to these mechanisms the rate of ATPase
in the steady state must be proportional to the size of the

initial burst. Therefore, it is concluded that the two heads

ADP

of the myosin molecule are dissimilar, and that MP is formed

on the one head (B) and M is formed on the other head (A) of
ATP
myosin, It should be noted that this conclusion is in good

accrodance with our previous studies (40 - 43) on the structures
and functions of myosin and S-1, as described in the "INTRO-

DUCTION",

We showed previously that M?DP is the reaction intermediate

of actomyosin ATPase, and that formation and decomposition of

MéDP is coupled with development of tension (40, 43, 105),

while the formation of M participates in the regulation of
ATP

4, If the ratio of the rate of ATPase wa M%DP to that ata

A¥P i1s 1 : 2, the ratio of the rates of ATPase in the steady
state per mole of S-1 in the supernatant, the precipitate, and

HMM~S-1 before separation is 0.87 : 1.13 : 1.
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' +
muscle contraction by trace amounts of Ca2 ions (105). Thus,
the results presented here correlate our reaction mechanism

of myosin ATPase with the two headed structure of the myosin

molecule,
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5. The Amounts of Adenosine Di- and Triphosphates Bound to
H-Meromyosin and the Adenosinetriphosphatase Acfivity of
the H-Meromyosin-F-Actin-Relaxing Protein System in the
Presence and Absence of Calecium Ions: The Physiological
Functions of the Two Routes of Myosin Adenosinetriphosphatase

in Muscle Contraction

The rates of the ATPase [EC 3.6.1.3] reaction of the H-
meromyosin-F-actin~-relaxing protein system were measured in

2 mM MgCl 50 mM KC1 and 10 mM Tris-HC1l at pH 7.8 and 20°

2+

o
in the presence and absence of 0.05 - 0,1 mM Ca ions. The
concentrations of H-meromyosin (HMM) and the F-actin-relaxing
protein (F-A-RP) complex were 3.4 and 3 mg/ml, respectively,

and the ATPase reaction was coupled with 4 mg/ml of pyruvate
kinase [EC 2.7.1.40] and 1 or 20 mM phosphoenol pyruvate to
regenerate ATP, The amount of ADP bound to HMM during the
ATPase feaction was determined by measuriné the amount of ADP
remaining in the reaction mixture. The amount of ATP bound to
HMM was determined by subtracting the amount of bound ADP from
the total amount of nucleotides bound to HMM, which was measured
by a rapid flow-dialysis method. The following results were
obtained,

1. The ATPase activity of the HMM-F-A-RP system increased
linearly with increase in the amount of ATP added, and was

2+

independent of the presence of 0.05 mM Ca“ ', when the amount
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of ATP added was less than 1 mole/mole of HMM, In the presence
of 0,05 mMFCa2+, the ATPase activity reached a maximal level
when 1,2 - 1,5 mole of ATP was added per mole of HMM, and
maintained this level even at 3 moles of added ATP/mole of HMM.
In the presence of 3 mM EGTA, the ATPase activity decreased
with increase in the amount of ATP added, with from 1,5 mole
to 3 moles of ATP/mole of HMM, and reached the level of the
HMM ATPase reaction at 3 moles of added ATP/mole of HMM,
Similar results were observed, when the concentration of HMM
was maintained at 3.4 mg/ml and the concentration of the F-A-
RP complex was decreased from 3 to 1 or 0.5 mg/ml,

2, When the amount of ATP added was less than 1.2 mole/mole
of'HMM, almost all the added nucleotide was bound to HMM és

ADP., In the presence of 0,1 mM Ca2+

, the amount of ADP bound
to HMM remained constant in the ATP concentration range of 1.5
to 3 moles/mole of HMM, while in the presence of 3 mM EGTA

the amount of ADP bound to HMM decreased with increase in the
ATP concentration above 1.5 mole/mole of HMM. At 3 moles of
added ATP/mole of HMM, 0.5 moles of ADP were bound per mole

of HMM, this being equal to that observed with the HMM-ATP
system,

3. The binding of ATP to HMM was only observed when the amount
of ATP added was more than 1 mole/mole of HMM, In the presence
of EGTA, the amount of bound ATP increased with increase in

the amount of ATP added, and was about 1.2 mole/mole of HMM at

3 moles of added ATP/mole of HMM. This value was equal to that
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observed with the HMM-ATP system,  The amount of bound ATP was
proportionél to the extent of inhibition of acto-HMM ATPase by
removal of Ca2+ ions, The binding of ATP to HMM was markedly
o
It is concluded from these results that the reactive myosin-

phosphate~ADP complex, MéDP, is the reaction intermediate of

inhibited by the addition of 0.1 mM CaCl

actomyosin ATPase and the ATPase does not regquire binding of
ATP to the complex, and that formation of the myosin-ATP complex,
M , is required ‘for regulation of actomyosin ATPase in the

ATP o4
presence of RP by trace amounts of Ca ions.



INTRODUCTION

Previously we ( Cf. Sec, 2 - 4 and Ref. 39, 43, 105) showed

that myosin has two non-identical active sites, one for forma-

tion of the reactive myosin-phosphate-ADP complex, MgDP, and

the other for formation of the myosin-ATP complex, M . We
' ATP
proposed the following scheme for the myosin ATPase[EC 3.6.1.

3] reaction:

ATP —= M aTP = MADP— o

M+ ATP= Ml 5 p

M + ADP + P1i— M + ADP + Pi (1)

ADP

MM, Mpo o,

***) + ATP= M — M + ADP + Pi (2).
ATP

We (39, 43, 93, 118) showed that Mi>® is the intermediate

of the actomyosin ATPase reaction and F-actin greatly accelerates
the regeneration of myosin (M) from M?DP. However, previous
experiments (93, 118) did not exclude the possibility that the

intermediate of actomyosin ATPase, M?DP

, might contain bound
ATP or that its decomposition might be accelerated by ATP..
Therefore, we measured the relationship between the ATPase
activity and the amounts of ADP and ATP bound to HMM during

the ATPase reaction, when the HMM-F-A-RP-ATP system was coupled
with the pyruvate kinase system. The results obtained showed
clearly that the ATPase activity of écto-HMM is proportional

to the amount of MéDP and does not require binding ofVATP to

HMM,
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The second aim of this work was to clarify the physiological

function of the reaction of myosin ATPase wa M , A.é.réute
(2), in muscle contraction, For this propose,Agg measured the
relationship between the amount of ATP bound to HMM and the
extent of inhibition of the ATPase activity of the HMM-F-A-RP
system by removal of trace amounts of Ca2+ ions. The results
indicated that formation of the myosin-~ATP complex, M , is

ATP
required for control of actomyosin ATPase in the presence of
RP (the troponin-tropomyosin complex) by trace amounts of Ca2+

ifons (15, 119, 120),
EXPERIMENTAL

H-Meromyosin (HMM, MW = 3.Ux105) was prepared from rabbit
skeletal white muscle by the method of A.G. Szent-Gyorgyil (108),
Purified G-actin was prepared as described by Spudich and Watt
(114), and the G-actin-relaxing protein (RP) complex was
prepared as actin extracted at room temperature from acetone
powder of rabbit skeletal white muscle as described by Mommaerts
(73). Free ATP was removed from the G-actin solution by treat-
ment with Dowex 1-4, G-Actin (3.75 or 3.6 mg/ml) was added to
reaction mixture containiﬁg 4,25 or 4,08 mg/ml HMM and 5 or
4,8 mg/ml pyruvate kinase at 0°, and polymerized to F-actin by
incubating the mixture at 20° for 5 min. Pyruvate kinase was

prepared from rabbit skeletal muscle as described by Tiez and
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Ochoa (94), The activities of pyruvate kinase preparations

were 90 - 160 moles/min/mg protein in 2 mM MgCl 50 mM KC1,

2’
10 mM Tris-HC1l, 1 mM ADP, and 1 mM phosphoenol pyruvate (PEP)
at pH 7.8 and 20°, The activity was not inhibited by 0.05 -

0.1 mM CaCl The Km value for ADP was about 0.2 mM, No

5
adenylate kinase activity [EC 2.7.4.3] was detected in the HMM
and pyruvate kinase preparations (103). Protein concentration
was determined by the biuret reaction, calibrated by nitrogen
determination. 3H--Labelied ATP was purchased from the Radio-
chemical Centré, Ltd., Amersham, England, and purified by the
method of Cohn and Carter (76). ATP and PEP were purchased
from Sigma Chemical Co,

The reaction mixture contained 3.4 mg/ml HMM, 3 mg/ml

F-A-RP, 2 mM MgCl 50 mM KC1 and 10 mM Tris-HC1l at pH 7.8 and

23
20°, unless otherwise stated, The ATPase reaction was coupled
with 4 mg/ml pyruvate kinase and 1 mM PEP to regenerate ATP,
The reaction was started by adding‘O.B ml of ATP solution to
2 ml of the protein solution, and the rate of the ATPase reaction
was determined from the rate of liberation of pyruvate, as
described previously (97).

The amount of ADP bound to the protein during tbe ATPase
reaction was determined as the aﬁount of ADP remaining in the
reaction mixture, when the ATPase reaction was coupled with

4 mg/ml of pyruvate kinase and 1 mM PEP (103). The reaction

was started by_adding SO/ul of solution containing 3H—1abelled
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ATP and PEP to 250/Ml of the protein solution, and was stopped
by adding 1oo/u1 of 20 TCA containing 20 mM ATP, ADP and AMP
as carriers. 3H—ADP was separated by polyethylenelimido cellulose
thin layer chromatography (95), and measured as described
previously (103).

The amount of total nucléotides.bound to the protein was
measured using a rapld flow-dialysis method, as described
previously (96). -The flow-rate of the buffer through the
lower chamber was 12 ml/min, and samples of 10 ml were taken
at 1 min intervals for 5 min, In flow-dialysis experiments,

20 mM PEP, instead of 1 mM PEP, was used to maintain the concen-—

tratlon of free ATP.
RESULTS

The ATPase Activity of the HMM-F-A-RP System in the

2+

Presence and Absence of Ca — The ATPase activity of the

HMM~F-~A~RP system was measured in 2 mM MgCl 50 mM KC1l and

o
10 mM Tris-HC1l at pH 7.8 and 20°, The concentration of HMM
was 3.4 mg/ml, «.e, 10 uM, and F-actin extracted at room
temperature (3 mg/ml) was used'as the F-A-RP complex. At low
concentrations of HMM, the ATPase activity in the presence of
0.05 mM Ca2+ showed a méximal Value at about 2/uM ATP, and the
activity in 3 mM EGTA was inhibited almost completely by 3 - 5

M1 ATP, These results were essentially the same as those of
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Sekiya and Tonomura (121). Thus, the concentration of HMM
used (IO/AM) was higher than the concentrations of ATP required

2+ ions

to saturate the ATPase activity in the presence of Ca
and to inhibit the activity in the absence of Ca2+ ions,

Figuré 41 shows the dependences of the ATPase activity of
the HMM-F-A-RP system on the amouht of ATP added, In the

presence of 0,05 mM Ca2+

, the ATPase activity increased linearly
with increase in the amount. of ATP added, and reached a maximal.
level at 1.2 - 1.5 mole of added ATP/mole of HMM. The activity
remained constant in the ATP concentration range of 1.5 to 3
moels/mole of HMM, These results were unaffected by decreaSing
the concentration of pYruvate.kinase from 4 to 2 or 1 mg/ml.
In the presence of 3 mM EGTA, the ATPase activities at ATP
concentrations below 1 - 1,2 mole/mole of HMM were equal to
those in the presence of 0.05 mM Ca2+ ions, However, at ATP
concentrations above 1.5 mole/mole of HMM, the activity decreased
with increase in the amount of ATP added, and was feduced to
nearly the level of HMM ATPase when 3 moles of ATP were added
per mole of HMM, |

Figure 42 showsAthevdependences of the ATPase activity on
the amount of ATP added at various concentrations of ﬁhe ¥-A-RP
complexﬁ The activity increased with increase in the concen-
tration of the F-A-RP complex in the presence of elther 0.05
mM Ca2+ or 3 mM.EGTA. It should be noted that both the amount

of added ATP required for the maximal activity of ATPase in



v.{mole/sec/mole of HMM)

Xy X4 X

0 1 2
AMOUNT OF ATP ADDED (moles/mole of HMM) 1

e
o

ot

Fig. 41. Dependences of the ATPase activity of the HMM-F-actin-
RP system on the amount of ATP added in the presence and absence

+
of Ca2 ions. 3.4 mg/ml HMM, 3 mg/ml F-A-RP, 4 mg/ml pyruvate

Kinase, 1 mM PEP, 2 mM MpCl 50 mM KC1l, 10 mM Tris-HC1l, pH 7.8,

2’

20°¢, , 0.05 mM CaCl,; A, A, 3 ml EGTA. X, T, ATPase
b

o5
activity of HMM alone., Different symbols are for different

preparations of HMNM.

1481
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Fig. 42. Dependences of the ATPase activity of the HMM-F-actin-
RP system on the amount bf ATP added at various concentrations
of the‘ F-A-RP complex. Experimental conditions were as for
Fig. 41, .except that the concentrations of F-A-RP were 0 (X),

0.5 (0,4a), 1 (B,A) and 3 mg/ml (Q,8) . O,3,®, 0.05

mli CaClg; A, A, &, 3 mM EGTA.
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ot and the amount required for inhibition of ATPase

0.05 mM Ca
to the level of HMM ATPase in 3 mM EGTA were unaffected by
reducing the concentration of the F-A-RP complex from 3 to 1 or
0.5 mg/ml.,

Relation between the Amount of ADP Bound to HMM and the
ATPase Activity of the Actomyosin Type -—— Figure 43 shows the
dependences of the amount of bound ADP during the ATPase
reaction on the amount of ATP added in the presence and absence

2+

of a minute amount of Ca ions., In the presence of elther

0.1 mM CaCl, or 3 mM EGTA, almost all the ATP added was converted

2
to ADP bound to the protein, when the amount of ATP added was
iess than 1 mole/mole of HMM. The amount of bound ADP reached
a maximal value of about 1.2 mole/mole of HMM, when about 1,2
moel of ATP was added per mole of HMM, In the presence of |

0.1 m¥ ca°t

, the amount of bound ADP remained constant with
further increase 1in the amounf of ATP added to 3 moles of ATP/
mole of HMM, In the presence of 3 mM EGTA, the amount of
bound ADP decreased from 1,2 to 0.5 mole/mole of HMM with
increase in the amount of ATP added from 1.2 to 3 moles of
ATP/mole of HMM, The amounf of bound ADP observed at 3 moles
of added ATP/mole of HMM was equal to that when the same amount
of ATP was added to HMM in the absence of the F-A-RP complex,
as described later, |

The amount of ATP remaining in the reaction mixture was

less than 0.1 mole/mo’e of HMM at 1 mole of ATP added/mole of
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Fig. 43. Dependences of the amounts of ADP and ATP on the
amount of ATP added during the. ATPase reaction of the HMM~F-actin-
RP system in the presence and absence of Ca2+ ions. Experimental
conditions were as for Fig. 41. O, @, X,d, 0.1 mM CaCl,;
A, A, +, 8, 3 mM EGTA, O, &, amount of ATP; U, B, amount

of ADP; X, +, amount of total nucleotides; ,m, ATP + ADP,



145

HMM, and it increased with increase in the amount of ATP
added above 1.2 mole/mole of HMM, The amount of ATP remaining
in the reaction mixture was more in the presence of EGTA than
in the presence Ca2+ ions. The sum of the amounts of ADP and
ATP was equal to the amount of total nucleotide added.

The amounts of bound ADP in the presence of 3 mM EGTA
were also measured at various concentrations pf the F-A-RP
complex (Table 5), In the absence of the F-A-RP complex, the
amount of bound ADP was 0,45 - 0.53 mole/mole of HMM, when the
amounts of ATP added were 1 and 3 moles/mole of HMM, This
value was equal to that observed when 3 moles of ATP/mole of
HMM were added to the HMM-F-A-RP system in the presence of
3 mM EGTA., Furthermore, the amounts of bound ADP at 1 and 3
moles of added ATP/mole of HMM were unaffected by decreasing
the concentration of the F-A-RP complex from 3 to 1 mg/ml, -
Therefore, it was concluded that ADP binds to HMM in the HIMM-
F-A-RP system.

Figure 44 shows the dependence of the amount of bound
ADP on the amount of ATP added when 3 mg/ml of purified
F-actin were used, in place of the F-A-RP complex., Even in
the presence of 3 mM EGRA, the amount of ADP bound to HMM did
not decrease with increase in the amount of ATP added to 3 moles
of ATP/mole of HMM, when RP was omitted from the reaction mixture,

Relation between the Amount of ATP Bound to HMM and the

Extent of Inhibition of Acto—HMM ATPase Induced by Removal of
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(moles/mole of HMM)

OTAL NUCL (+) ATP+ADP(m)

’
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0 O

Fig. 44, Dependences of the amounts éf ADP and ATP on the amount
Qf‘ ATP added during the HMM-ATPase r'evaction activated by purified
F-actin in the presence of 3 mM EGTA. Experimental conditions
were as for Fig, U1, except that 3 mg/ml of purified F-actin
were used. A, amount of ATP; A, amount of ADP; ¥+, amount of

total nucleotides; B, ATP + ADP,




Table 6, Amounts of ADP and ATP bound to HMM in the presence of various concentrations

of the F-A-RP complex,.

3.4 mg/ml HMM, 4 mg/ml pyruvate kinase, 1 mM PEP, 3 mM EGTA, 2 mM MgC}
10 mM Tris-HC1l, pH 7.8, 20°,

5> 50 mM KC1,

Amounts of nucleotlides are expressed as moles/mole

F-A-RP (mg/ml) ATP added ADP remaining ATP remaining ADP + ATP Total nucleotide
3 1 0.78 0.03 1.01 1.08
0.30 0,07 0.97 1,10
1 1 0.94 0.04 0.98 1,05
0 1 0.45 0.58 1,03 1.03
0.49 0.50 0.99 1.09
3 3 0.58 2.40 2.98 3.06
.69 2. 42 3,11 3.03
1 3 0.40 2.71 3.11 3,00
0 3 0.45 2.43 2.88 2.95 g
0.53 2.56 3.09 3.07 e
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Ca2+ Ions — The dependences of the amounts of ATP and ADP

bound to the HMM-F-A-RP system on the amount of ATP added were
measured in the presence of 0.1 mM Ca2+ or 3 mM EGTA (Table 6),
The amount of bound ATP was obtained by_subtracting the amount
of bouﬁd ADP from the total amount of nucleotides boudn to the
protein. |

When 1 mole of ATP was added per mole fo HMM, the amounts

of bound ATP in the presence of 0.1 mM Ca2+

and of 3 mM EGTA
were 0 - 0.055 and 0,002 mole/mole of HMM, respectively. In
the presence of 3 mM EGTA, the amounts of bound ATP were 0.42 -
0.56 and 1.23 - 1.24 mole/mole of HMM, respectively, when the
amounts of added ATP were 2 and 3 moles/mole of HMM. The
amount of boudn ATP at 3 moles of added ATP/mole of HMM (1.23

- 1.24 mole/mole of HMM) was equal to that observed in the
absence of the F-A-RP complex (1.22 mole/mole of HMM),

It is noteworthy that the amount of bound ATP was propor-
tional to the extent of inhibition of the acto-HMM ATPase
activity by removal of tracé amounts of Ca2+ ions. The extent
of inhibition was defined as ( Voa ~ VEGTA)/ Voas Where ve,
and VEGTA represent the F-actin dependent ATPase activity in
the presence of Ca2+ and that in the presence of EGTA, respective-
ly. The extents of inhibition were 0 - 0.07, 0.5 - 0.65 and
almost 1, respectively, at 1, 2 and 3 moles of added ATP/mole
of HMM ( ¢f. Figs. 41 & 42),

The amounts of bound ATP were also measured in the presence



Table 5, Amounts of ATP bound to HMM of the HMM-F-A-RP system in the presence and

absence of a minute amount of Ca2+ ions,

| 3.4 mg/ml HMM, 3 mg/ml F-A-RP, 4 mg/ml pyruvate kinase, 20 mM PEP, 2 mM MgCl,,
50 mM KCl, 10 mM Tris-HC1l, pH 7.8, 20°, Amounts of nucleotides are expressed as

moles/mole of HMM,

SHE
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Protein Modifier ATP Added RBound Nucleotides Free AT
Total ADP? ATP

HMM-F-A-RP 3 mM EGTA 1 0.92 0,865 + 0,102 (2) 0.055 0.08

0.77 0 0.23

2 1.62  1.06 + 0 (2) 0.56 0.38

1.48 0.42 0.52

1.53 0.47 0.47

3 1.77 0.54 + 0,057 (2) 1.23 1.23

1.78 1.24 1.22

HMM-F-A-RP 0.1 mM CaCl, 1 0.83 0.823 + 0,131 (L) 0.002 0,17

2 1.37. 1.218 + 0.127 (4) 0.152 0.63

3 1,74 1.283 + 0.72 (4) 0.457 1.26

HMM 3 mM EGTA 3 1.72 0.50 1,22 1,28

@ Numbers in parentheses indicate numbers of experiments, performed in the

presence of 1 mM PEP (¢f. Figs, 43 & Lb).

b

ATP added - total bound nucleotide.

0G1
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of 0.1 i Ca2+. They were 0,002, 0,15 and 0.46 mole/mole of
HMM, respectively, at 1, 2 and 3 moles of added ATP/mole of
HMM. The values at 2 and 3 moles of added ATP/mole of HMM were

much léss than those observed in the presence of 3 mM EGTA,
DISCUSSION

Previously we (43) concluded that the reactive myosin-

phosphate-ADP complex, M%DP, is the reaction intermediate in

the actomyosin ATPase reaction, and that F-actin accelerates

the decomposition of M%DP without affecting its formation.

Various lines of evidence for this conclusion were presented in

the monograph of Tonomura (39) and our reviews (40, 43).

Especially, we (93) showed that the rate of formation of M%DP

is almost equal to the rate of actomyosin ATPase at low ATPF

concentrations. We (Ref. 118 and Sec. 6) also showed that

acceleration of decomposition of M?DP by F-actin occurs Wa,

two routes, «, €, the direct decomposition of F-A—M%DP, F—AM%DR

—>F-A-IL + ADP + Pi, and the dissociation of actomyosin into

F-actin and M%DP and their recombination, F—A-M?Dp~e.F-A +

M%DP~ﬁ>F—A—M + ADP + Pi., However, from these studies we could

ADP
p

might be required for expression of the full activity of acto-

not exclude the possibility that the binding of ATP to M

myosin ATPase (Sec. 5).

Therefore, we studied the relation between the amount of
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bound ADP and the ATPase activity, using a high concentration
(1O/AM) of HMM,., In the presence of 0,05 - 0,1 mM CaClz, the
ATPase activity was proportional to the amounﬁ of bound ADP,
as shown in Figs. 41 and 43. 1In particulér, when 1 mole of
ATP was added per mole of HMM, the ATPase activity was nearly
equal to the maximal value, and the amount of bound ADP was
about 1 mole/mole of HMM, while the amount of ATP bound to the
protein was less than 0.06 mole/mole of HMM (Table 6). Since
the amount of bound ADP was independent of the concentration
of the F-A-RP complex (Table 5), we concluded that ADP binds

to HMM in the protein complex. Furthermore, we (103) showed

previously that in the presence of excess amounts of pyruvate

kinase and PEP, ADP binds to HMM in the state of MgDP. Thus,
the results obtained here indicate clearly that the reaction

intermidiate of myosin ATPase, N%DP, is the intermediate for

the actomyosin ATPase reaction, and that the binding of ATP to
myosin 1s not required for expression of the full ATPase activity
of actomyosin.

In the presence of 3 mM EGTA, the ATPase activity decreased
with increase in the concentration of ATP added above 1.5 mole
of ATP/mole of HMM, and decreased to the level of HMM alone at
3 moles of added ATP/mole of HMM (Fig. 41). The amount of bound
ADP also decreased to the level observed with the HMM-ATP system
(Fig. 43 and Table 5). When F-actin freed from RP was used, the

amount of bound ADP did not decrease with increase in the amount



153

of ATP added even in the presence of 3 mM EGTA (Fig. Li4),
These results indicate that acto-HMM only dissociates when a
high concentration of ATP was added in the presence of RP and
the absence of Ca°' ions (15) .

Both the maximal amount of bound ADP and the amount of
added ATP necessary for the meximal level of ATPase activity
were higher than 1 mole/mole of HMM, ,e, 1.2 -~ 1.5 mole/mole
of HMM, However, the dependence of the ATPase activity on the
amount of ATP added was not affected by changing the concen-
tration of the F-A-RP complex (Fig. 42), and no incorporation
of labelled nucleotides into F-actin was observed using a
rapid-~flow dialysis method. Furthermore, the amount of bound
ADP during the HMM ATPase reaction (103) or the ATPase reaction
of the HMM-F~A-RP system in the dissociated state (Fig.43 and
Table 5) was more than the value calculated from the rate
constants of steps, M%Dg—a °M + ADP + Pi and °M -—=>1l, as discussed
previously (103). These results may be attributed to the binding
of ADP to a site(s) of myosin other than that for MéDP formation.

The most important result obtained in this study was that
the amount of binding of ATP to HMM was in good proportion to
the extent of inhibition of the ATPase activity of the HMM-F-

2+

A-RP system by removal of trace amounts of Ca ions (Figs. 41

& L2, Table 6). The binding of ATP to HMM was concluded to

occur in the reaction of myosin ATPase aMa route (2), j,ev as.

11, since both the amount of ATP bound to HMM and the ATPase
\TP ‘
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activity of the HMM-F-A-RP system at high ATP concentratioﬂs
were equal to those observed with the HMM-ATP system, and
since the binding of ATP to HMM in the latter system occurs at
the active site for route (2), as reported previously (103).
Furthermore, it should be noted that the binding of ATP to HMM
was markedly inhibited by addition of a trace amount of Ca2+
ions (Table 6). |

According ot the mechanism mentioned above, ATP hydrolysis
M should be inhibited by tight binding of myosin to F-actin.

ATP _
Actually, Barron Py a ¢€, (122) previously showed that the ATPase

activity of myosin was markedly inhibited by F-actin when Mg2+
ions were removed by 1, 2-diaminocyclohexanetetraacetate. This
is because the dissociation of actomyosin by ATP was inhibited
by removal of Mg2+ ions (123) and ATP hydrolysis by myosin in

2* ions occurred mainly wMa route (2) (53).

the absence of lig
The maximal amount of ATP bound to HMM was slightly higher
than 1 mole/mole of HMM ( Table 6). The following two explana-
tions of this may be considered. One is that ATP binds not only
to the active site for routé,(2) but also to the site for route
(1) when HMM is in the state of °M., The other is that ATP binds
to a site(s) other than the active sites of the ATPase reaction,
since Bowen and Evans (124) reported that myosin has two kinds
of ATP binding site, one with high affinity and the other with

low affinity., The latter mechanism seems rather improbabale,

since we (103) previously showed that the amount of total nucleo-
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tides bound to myosin was independent of the amount of ATP added

in the range from 3 to 6 moles of ATP/mole of myosin.
Je (118) showed previously that during the acto-HMM ATPase

reaction, ATP 1s hydrolyzed wa two routes, «,¢ by direct

decohposition of acto-HMM%DP and by dissociation of acto-HMM

ADP

into F-actin and'HMMP and theilr recombination. We (37, 43,

60) presented several lines of evidence to indicate that the

ADP

direct decomposition of acto—HMMP is the path for activation

of the myosin molecule, in other words the movement of myosin
heads, We (39; 43, 60, 109, 110) also concluded that the
dissociation of actomyosin induced by formation of M?DP ( ﬁﬁ
Fig. 42) is the reaction step for detachment of myosin heads

from the actin filament in the contraction cycle, which is

2+

independent of the presence of RP and Ca ions. On the other

hand, the inhibition of ATPase by formation of M only occurred
ATP
in the presence of RP, and formation fo M was markedly inhibit-
ATP
ed by adding trace amounts of Ca2+ ions, Thus, it is concluded

that muscle relaxes when the dissociation of actomyosin is

induced by formation of M on removal of Ca2+ ions bound to
ATP
troponin (15)., Shibata - Sekiya and Tonomura (125) previously

reported that the Ca2+

- sensitivity of ATPase of the HMM-F-A-
RP complex is completely inhibited by modification of one
specific sulfhydryl group in the HMM molecule. This result

and the result reported here clearly indicate that the site for
the Ca2+ -control is located on one of the two heads of the

myosin molecule.
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6, Direct Evidence for the Two Route Mechanism of the Acto;H—

meromyosin-ATPase Reaction

The time-course of binding of the reactive HMM-phosphate-
ADP complex with F-actin was measured from the increase in light-
scattering intensity. The reaction medium contained 2 mM MgCl2,
50 mM KC1 and 10 mM Tris-HC1l, pH 7.8 at ca 20°C, The time-
course followed first order kinetics, and 1ts apparent rate
constant, k3-, increased with iricrease in the concentration of

F-actin, «<.e., it creased from 0.16 to 0.41 sec™!

with increase

in F-actin concentration from 0.1 to 0.75 mg/ml, The reaction was
not affected by treatment of HMM with CMB and g-mercaptoethanol.

The rate of acto-HMM-ATPase in the steady state, Vg increased

with increase in ATP concentration, and reached a maximum at 5

M1 ATP.  Further increase in the ATP concentration was inhibitory,
and in ATP concentrations above 50/#M the rate was constant and
independent of the ATP concentration, On the other hand, when
HMM treated with CMB and then with B4 -mercaptoethanol was used,

the value of Vo increased steadily with increase in the concen-
tration of ATP, without showing any substrate inhibition, and
reached a definite maximqm value., The dependence ofAvo (total
activity minus HMM-ATPase activity) at high concentrations of

ATP on the concentration of F-actin was measured. It was found

that the dependence obeys the Michaelis-lMenten equation, and

that the maximum value ofﬂAvO, k2, is 4,25 sec-l, whereas the
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rate of HMM-ATPase (kl) in the absence of F-actin in the steady

state is 0,095 sec—l.

At high concentrations of ATP, the relation between kl,

k2, k3 and v, can be expressed by an equation:

v, = ko + (1 -K) ky +k

1 3

Here o{ is the extent of dissociation of acto-HMM in the preSence
of ATP, which was measured by the Millipore filtration method
and by the light-scattering method under limited conditions.
Treatment of HMM with CVMB and g-mercaptoethanol affected the
value of o only, «. £., it decreased the extent of dissociation

of acto-HMM, without altering the three rate constants, k k

12 72
d k,.

and X3

These results provide direct evidence for the two route

mechanism of the actomyosin-ATPase reaction, and are inconsistent

with the one route mechanism,
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INTRODUCTION

Previously we (40, 43, 93, 60, 110) showed that the reactive
hyosin—phosphate-ADP complex, MQDP, is the reaction intermediate
in the actomyosin-ATPase reaction, and that F-actin accelerates
its decomposition without affecting the rate of its formation.

In 1968, Tonomura et al, (39, 109) proposed the following reaction

mechanism for actomyosin-ATPase:

ADP + Pi
+
AM + ATP=> AM ATP= AM_ATP = AM: APP— p 4 o ADP

b4

1 2 ~P

[ J

where A and M are actin and myosin, respectively, and ;" ADP

~p
and M:féDP are phosphoryl myosin and the myosin-phosphate-~ADP
complex, respectively. MQ:QDP and M::éDP are collectively called

the reactive myosin-phosphate-ADP complex, This mechanism will

be called the two route mechanism in thispaper, It is based

on the mechanism of myosin-ATPase deduced from analyses of the
pre-steady state of myosin-ATPase over wide ranges of experimental
conditions (40, 43). The experimental bases for the above
mechanism were also provided by the relationship between the

rate of formation of MQDP and dissociation of actomyosin (109,
110), and by the effects of chemical modifications of myosin
(especially p-nitrothio-phenylation) on the myosin- and acto-

myosin-ATPase reaction (60, 110). Detalls of these experimental
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results were described by Tonomura (39).

However, three years later in 1971, Lymn and Taylor (111)
proposed the following simplified mechanism based.on their

studies on myosin-ATPase (67):

ADP + Pi
+
AM + ATP==2A + MATP — A + M- ADP_s py."ADP

-P . P
B!

This mechanism, which will be called the one route mechanism

in this paper, was deduced from the following two results.
They (111) measured the rate of dissociation Qf acto-HMM after
addition of ATP over a wide range of ATP concentrations, using
the light-scattering method (126, 127)., They reported that

the rate of dissociation of acto-HMM was similar to that of for-

mation of HMM QDP in a low concentration range of ATP, but that

-ADP
.P
approached a plateau, while the rate of the dissociation increased

in high ATP concentrations, the rate of formation' of HMM;:

almost linearly with increase in the ATP concentration. There-

. fore, they concluded that the dissociation of actb—HMM occurs

by formation of an HMM-ATP complex. Furthermore; they (111)
measured the rate of binding of F-actin with the HMM-ADP complex,
on the assumption that the HMM-ADP complex has the same kinetic
properties as HMMiigDP.
same order of magnitude as that of the acto-HMM—ATPase reaction

They found that the rate was of the

in the steady state.
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The two mechanisms for the reaction of ATP with actomyocsin
can be distringuished in the following three differences. (1)
The dissociation of actomyosin is caused by formation of M{:éDP
in the two route mechanism, whereas it-is caused by formation
of the M-ATP complex in the one route mechanism, (ii) Since
M ?DP is formed very rapidly in the presence of high concen-
trations of ATP, in the one route mechanism the rate-determining
step of actomyosin-ATPase is expected to be the binding reaction
of F-actin with M7 'R’ . On the other hand, in the two route
mechanism the rate of ATP—hydrolysis'by actomyosin in the steady
state is supposed to be much higher than that of the binding
step, at least in the presence of high concentrations of F-actin,
(11i) From the one route mechanism it can be expected that the
rate of ATP-hydrolysis by purified acto-HMM increases with increase
in the ATP concentration and approaches a plateau. In the two
route mechanism, the rate of actomyosin-ATPase is expected to
increase with increase in the ATP concentration’and reach a
maximum, and then decrease with further increase in the ATP
concentration to a definite but small value, since the conversion
of M::gDP to széDP is accelerated by high concentrations of
ATP. Especially, in the presence of low concentrations of F-
actin and high concentrations of ATP, the rate of actomyosin-
ATPase is almost the same as the sum of the rate of binding of
F-actin with M::éDP and that of myosin-ATPase.

As pointed out in our recent review (40, 43), the conclusion
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of Lymn and Taylor (111l) that the dissociation of acto-HMM
occﬁrs by formation of the HMM-ATP complex is inconsistent with
the finding of us and Tayior & of ., that after adding ATP to
myosin or HMM no initial lag phase is observed elther in the
change in the UV spectrum (95) or in the initial rapid HY
liber'ation,le (60, 65). Fufthermore, it is now well established
(40, 43) that the HMM-ADP complex is not the most stable inter-
mediate in the HMM-ATPase reaction.

In the present study, we measured both the rate of binding

ADP
P

HMM in the presence of ATP, and compared them with the kinetle

of HMM with F-actin and the extent of dissociation of acto-

parameters of ATP-hydrolysis by acto-HMM in the steady state,
The results obtalned provided conclusive evidence for the two
route mechanism, but were inconsistent with the one route
mechanism,

EXPERIMENTAL

Myosin was prepared from rabbit skeletal muscle by the

4, ‘According to their reaction mechanism of myosin-ATPase,

the lag time is 20 - 30 msec.



162
method of Perry (70). HNM was prepared by tryptic digestion of

myosin, using the method of Szent-Gyodrgyi £ of, (128)., HMM was
treated with CMB and then with g-mercaptoethanol to remove CMB
(129), G-Actin was extracted from an acetone powder of rabbit
skeletal muscle at 0°C for 20 min, and purified by a plymeriza-
tion procedure (114) in 0.6 M KC1l at 0°C. After removal of free
ATP from the G-actin solution by treatment with Dowex 1-4, G-v'
actin was polymerized to F-actin by addition of 50 mM KC1l, 2

mM MgC1l and 10 mM Tris-HC1l, pH 7.8. Pyruvate kinase [EC 2.7.

2
1.40] was. prepared from rabbit skeletal muscle by the method of
Tiez and Ochoa (94), Protein concentration was determinated by
the buret reaction, which was calibrated by nitrogen determina-
tion. The molecular weights of HMM and actin monomer were taken
as 3.4 x 10° and 4,5 x 10“, respectively (39). r—32P—Labelled
ATP was synthesized enzymatically by the method of Glynn and
Chappél (75). ATP and PEP were purchased from Sigma Chemical
Co.

The standard reaction mixture contained 50 mM KCl, 2 mM

MgC1 and 10 mM Tris-HCl, pH 7.8 at 20°C. The HMM-ATPase

2
reaction was stopped by adding 5 percent TCA containing 0,1 mM
coid Pi as carrier, and the amount of 32P liberated from 32P-
labelled ATP was determined as described previously (64). In
measurement of acto-HMM-ATPase the pyruvate kinase system was

used as an ATP-regenerating system, and the amount of pyruvate

produced was measured by the method of Reynard of mﬂ, (97).
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The time-course of binding of F-actin with HMM?DP was
pursued in a stopped~flow apparatus (98) combined with a Hitachi
MPF-2A spectrofluorometer, The observation chamber was of a
cylindrical shape with a diameter of 0.2 cm. Before measure-
ments, HMM solution was clarified by centrifugation, and other
solutions were filtered through a Millipore filter (pore size,
O.U@M). Degassed F-actin solution was placed in one syringe
of the flow system, A mixture'of 2 ml of HMM solution and the
same volume of ATP solution was placed in the other syringe of
the flow apparatus. The reaction was started by mixing equal
volumes of the two solutions, and the light-scattering intensity
of the reaction mixture was recorded. The time interval’between
mixing ATP with HMM and starting the reaction was varied.

The time-course of change in the UV spectrum of HMM induced
by ATP was followed by measuring the change in optical density at
293 nm, using a stopped-flow method, as described by Morita (66),

The extent of dissociation, X, of acto-HMM in the presence.
of ATP was measured by the following two methods, (i) A
Millipore filter (pore size, 0.3 - 0.45Mm) was treated with HMM
solution to avoid non-specific adsorption of proteins to the
membrane, Acto-HMM solution in the presence of ATP and the ATP-
regenerating systemwas placed on the filter, and then rapidly
filtered with suction. In the absence of ATP acto-HMM did not
pass through the membrane, while in the absence of F-actin HMM

passed through completely. F-Actin also passed through the

membrane to some extent, The amount of HMM in the filtrate was
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estimated by densitometric scanning of an SDS—gel electrophore—‘
togram (116) of the filtrate, (ii) The extent of decrease in
light-scattering intensity in the steady state after mixing
acto-HMM with ATP was measured at 90° to the incident 1light.

The extent of decrease in light-scattering intensity in the
presence of low concentrations of actin (0.125 mg/ml) and HMM
(0.25 mg/ml) and high concentrations of ATP (0.2 - 0.33 mM) was
usually taken as the value for 100 % dissociation of acto-HMM,
since by Millipore filtratién method-acto-HMM seemed to be

completely dissociated under these conditions,
RESULTS

Initial Burst of Pi-Liberation from the HMM- and Acto-HMM-

ATP System — It 18 generally agreed that the initial burst of

TCA-labile Pi-liberation is due to the formation of MQDP (39).

Nakamura dnd Tonomura (6U) suggested that MQDP is composed of

two intermediates, M;jéDP and Mﬁ:éDP. However, Mq:éDP

formed transiently in the intial phase of the reaction, and its

amount 1s negligible compared with that of MzigDP under the

is

usual experimental conditions,.

Imamura o+, reported (130) that the size of the initial
burst of Pi-liberation by HMM is one mole per mole of HMM, when
a sufficient amount of ATP is added. However, the dependence
of the initial burst on the ATP concentration has not yet been

reported. Therefore, we have measured the dependence this time.
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Figure 45 shows results obtained under the standard conditions,

4. ¢., in 50 mM KC1, 2 mM MgCl, and 10 mM Tris-HC1l, pH 7.8 and

2
at 23°C in the presence of 0,136 mg/ml HMM, The size of the
initial burst of Pl-liberation increaséd wilth increase in the

ATP concentration, and reached 1 mole per mole of HMM when the
molar concentration of ATP was twice that of HMM. The burst

size remained constant with further increase in the ATP concen-
tration., It decreased slightly when 0.2 mg/ml F-actin was added

or when HMM was treated with CMB and then with p-mercaptoethanol.
When 1 mole and 2 moles of ATP per mole of HMM were added to

HMM (0.136 mg/ml) in the presenbe of 0.2 mg/ml F-actin, the

sizes of the initial burst of Pi-liberation were 0,65 and 0.97

mole per mole of HMM, respectively. Takeuchi and Tonomura (112)
previously reported that 2 moles of ATP per mole of HMM were
necessary to cause complete dissociation of acto-HMM, Therefore,
the above result that 2 moles of ATP per mole of HMM were necessary

for the maximum amount of initial burst 1s consistent with our

mechanism (109, 110) that the dissociation of acto-HMM upon

~ADP
..P .

" Binding of the H-Meromyosin-Phosphate-ADP Complex with F-

addition of ATP occurs after formation of HMM:

Actin — Tonomura of, of (109,110 ) reported previously that
actomyosin dissociates into F-actin and myosin upon additon of
1 mole ATP per mole of m&osin in 0.6 M KC1l, and that recombina-

tion of myosin with F-actin occurs after liberation of ADP from

.-ADP '
Mz*P . In this study, we followed the time-course of binding

ADP

of F-actin with HMM p by measuring the increase in light-
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AMOUNT OF INITIAL BURST (mole/mole HMM)
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Fig. 45, Dependence on ATP concentration of the size of the
initial burst of Pi-liberation of HMM. 0,136 mg/ml HMM, 50 mM
KC1l, 2 mM MgCl, and 10 mM Tris-HCl at pH 7.8 and 23°C., A,
untreated HMM; O, untreated HMM + 0.2 mg/ml F-actin; X, CMB-g-

mercaptoethanol-treated HMHM,

e g
R



scattering intensity.

Figure 46A shows the time-course of increase in light-
scattering intensity upon addition of F-actin to HMM under the
experimental conditions. The addition of F-actin was made at
various time intervals after addition of ATP to HMM in a molar
ratio of 1:1. The final concentrations of F-actin, HMM and
ATP were 0.1 mg/ml, 0.3 mg/ml and 0.87uM, respectively. In
the figure-'the ratio of‘At(increment in light-scattering intensity
at tiem t) to Aw (increment in lighq¥scattering intensity after
completion of the binding) is plotted against the time for the
preincubation of HMM with ATP before addition of F-actin. Vhen
F-actin was mixed with HMM in the absence of ATP or at a sufficient-
ly long time after addition of ATP to HMM, the intensity of
light—scattering increased very rapidly, and 71/2, the time for
reaching a half maximum intensity, was estimated to be 0,4 sec’l.
On the other hand, when F-actin was mixed with HMM within 30 sec
after adding ATP to HMM,*At/ Ag increased very rapidly in the
initial phase of the reaction, and then more slowly. Figure
2B shows a plot of log (Aw- At)/ A agalnst the reaction
time. The plot consists of two straight lines. The slope of
the initialkrapid decrease in log (Aw- A )/pp was similar
to the slope observed when F—actin was mixed with HMM in the
absence of ATP, The slope of the subsequent slow decrease was
independent of the length of time between mixing ATP with HMM

and addition of F-actin to the HMM-ATP system. The rate constant
1

determined from the slope in the slow phase was 0,16 sec”



168

Fig. 46, Time~course of increase in light-scattering intensity
after adding F-actin to an equimolar mixture of ATP and HMM,

The reaction was started at time 0 by adding an equimolar amount
of ATP to HMM, and after various intervals F-actin solution was

added. The final reaction mixture contained 0.3 mg/ml, HMM,

0-87,MM ATP, 0.1 mg/ml F-actin, 50 mM KC1l, 2 mM MgCl, and 10
mM Tris-HC1l at pH 7.8 and 19°C.
Atevy— « — -, untreated HMM, -~ - -, — -« — —-, CMB-g-

mercaptoethanol-treated HMM, The arrow indicates the time when
F-actin was added. @ , the size of increase in light-scattering
intensity during the initial rapid phase, — - — -, — -« — =,
F-actin was added after ATP had been completely hydrolyzed by
HIMM.,

B: Semilogarithmic plot of time-course of increase in

light-scattering intensity after adding F-actin to an equimolar

mixture of ATP and HMM,

Fig. 47, Semilogarithmic plot of time-course of increase in

light-scattering intensity after adding a high concentration

of F-actin to an equimolar mixture of ATP and HMM, The experi-
mental conditions were as described in Fig., 46, except that the

F-actin concentrations were 1 mg/ml (X) and 0.5 mg/ml (Q).
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The size of the rapid increment in light-scattering,
obtained by extrapolating the straight line in the slow phase
to the time when F-actin was added to the HMM-ATP system, is
plotted as filled circles in Fig., 46, The percentége of the
rapid phase increased gradually from 35 to 100 with increase
in the interval between the time for mixing ATP with HMM and
that for adding F-actin. The rate constant of thils increase
was 0.048 sec, Tonomura &f «f.  (60) reported previously that
the change in the UV-spéctrum of myosin induced by ATP was

reversed when ADP was released from M?DP. Therefore, the rate

constant of ADP-liberation from HMM@DP was estimated from the
time-course of decay in the change of optical density at 293

nm after addition of ATP to HMM in a molar ratio of 1:1 (10/4M}
using the stopped-flow method. The rate was estimated to be
0.05 - 0,06 sec'l, which was almost equal to that (0,048 sec—l)
of increase in the size of the initial rapid increment. However,
the rate was lower than that (0,095 sec_l) of the HMM-ATPase
reaction in the steady state at high ATP concentrations,

These results can be interpreted as indicating that the

initial, rapid increase in light-scattering intensity is due to

the binding of F-actin with HMM (not with HMM:I3"¥), and that
the slow increase is due to the binding of F—actin with HMM:, ?DP.

Figure 47 shows a plot of log (Ae- A t)/ Ooo versus time, when

the concentration of F-actin was increased to 0.5 and 1.0 mg/ml.

The rate constant for the F-actin-binding with HMM: 'gDP increased
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with increased in the F-actin concentration, «.¢., it was 0,16
and 0,32 sec'l respectively, in the presence of 0.1 and 0.5
mg/ml of F-actin, However, the rate constant did not increase
with further increase in the concentration of F-actin to 1.0
mg/ml,

Sekiya and Tonomura (8“),previously reported that when HMM
which had been treated with CMB énd then withp?-mercaptoethanol
was used, the ATPase activity of HMM in the steady state was
greatly accelerated even by addition of low concentrations of
F-~actin. Therefore, we measured the binding of HMM:C?DP with
F-actin, using HMM pre-treated with CMB and then withﬁ?—mercapto—
ethanol, As shown in Fig. U6A, the time~course of increase in
light-scattering intensity after adding F-actin was not altered
by treatment of HMM with CMB and -mercaptoethanol,

ATP was added to HMM in a molar ratio of 2:1, and the time-
course of increase in light-scattering intensity after mixing
F—actih with the HMM-ATP system was measured., As shown in Fig.
48, when F-actin was added to the HMM-ATP system shortly after
mixing ATP with HMM, no initial rapid phase in the increase in
light-scattering intensity could be detected, but the size of
the rapid phase increased gradually with increase in time interval
between mixing ATP with HMM and adding F-actin to the HMM-ATP
system, This result is in accord with the previbus observation
(112) that 2 moles of ATP per mole of HMM are necessary to cause

complete dissociation of acto-HMM, When the concentrations of

HMM and F-actin were 0.136 mg/ml and 0.15 mg/ml, respectively,
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Pig. U48. Semilogarithmic plot of time-course of increase in
light-scattering intensity after adding F-actin to a mixture of
ATP andHMM in a 2:1 molar ratio. The final reaction mixture
contained 0.15 mg/ml F-actin, 0.136 mg/ml HMM, O.8/&M ATP, 50

mM KC1l, 2 mM MgCl, and 10 mM Tris-HC1l at pH 7.8 and 23°C. The

2
apparent rate constant, k3, was calculated from the part shown

by a broken line,
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the plot of log (Aw- ﬂt)/amversus time in the slow phase gave
a curved line, and the rate constant determined from a straight
line which covered most of the time-course, was about 0,19 sec-l.

Figure 49 shows the time-course when the F—aétin concentra-
tion was increased to 0.3 and 0.75 mg/ml, The increase in light-
scattering intensity in the slow phase followed first order
kinetics at both F-actin concentrations, but the rate constant
of binding of HMMZSQDP with F-actin increased with increase in
the F-actin concentration., Thus, the rate constants were 0.24
and 0,41 sec-l, respectively, for 0.2 and 0.75 mg/ml F-actin,

ATPase Activity of Acto-H-Meromyosin in the Steady State—
The depéndence on ATP concentration of the rate of actb-HMM—ATPase
in the steady state, Voo under the standard conditions is shown
in Fig. 50. As reported previously (97), when acto-HMM was
reconstituted from 0.2 mg/ml F-actin and 0.17 mg/ml HMM pre-
treated with CMB and then with 8 -mercaptoethanol, the value of
Vs increased with increasing ATP concentration, without showing
any substrate inhibition, and was constant at ATP concentrations
above 0.3 mM, On the other hand, the value of Vo of acto-HMM
reconstituted from 0.2 mg/ml F-actin and 0,17 mg/ml untreated
HMM increased with increasing ATP concentration, and reached
a maximum at 3/MM. Further increése in ATP concentration was

inhibitory, but the rate became constant and was independent of

the ATP concentration when the concentration of ATP was above
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Fig. 49, Semilogarithmic plot of time-course of increase in
light-scatfering intensity after adding a high concentration
of F-actin to a mixture of ATP and HMM in a 2:1 molar ratio,
Experimental conditions were as desgribed in Fig. 48, except
that the F-actin concentrations were 0.75 mg/ml (O) and 0.3

mg/ml (@),
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Fig. 50. Dependence on ATP concentration of the rate of acto-
HMM~ATPase activity in the steady state. 0.17 mg/ml HMM, 0.2
mg/ml F-actin, 50 mM KC1, MgCl, = 2 mM + [ATP], 0.15 mg/ml
pyruvate kinase, 0.5 mM‘PEP and 10 mM Tris-HC1l buffer at pH 7.8
and 23°C, @, acto-HMM reconstituted from F-actin and HMM pre-
treated with CMB and 8 -mercaptoothanol; (), acto-HMM reconstituted

from F-actin and untreated HMM.
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SO/LM.S Figure 51 shows the dependence of the acto-HMM-ATPase

activity, v on the F-actin concentration in the presence of

o,
a high concentration of ATP (0.33 mM). In this figure, the

rate constant of binding of F-actin with HMP’E:',“Q‘DP is also

pldtted against the concentration of F-actin. The value of

Vs for acto-HMM reconstituted from F-actin and untreated HMH
increased with increase in F-actin concentration. When the
concentration of F-actin was low, the rate constant of acto-HMM-
ATPase in the steady state was almost equal to kl + k3,

the sum of the rate constant of HINMM-ATPase and that of binding

of F-actin with HMM ﬁDP, but when the concentration of ¥F-actin

was high, the rate constant of acto-lMM-ATPase was much higher
than kl + k3. At 1.2 mp/ml F-actin, the rate constant was 3.8

times higher than kl + k3.
Figure 52 shows a double reciprocal'plot of the F-actin-

activated ATPase activity of HMM,A\Q)(total activity minus

activity of H-MM alone), www the F-actin conéentration. A

linear relationship was obtained, and the maximum value oflﬁvo

and the concentration of F-actin for half-saturation were 4.25

5. The slight decrease in Vo at ATP concentrations above 1 mM

may be due to increase in lonic strongth caused by increasing

the concentration of ATP itself.
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Fig. 51. Dependences on F-actin concentration of the rate of
acto-HMM-ATPase, the rato of binding of F-actin with the myosin-
phosphate~ADP complex, HMMZ:QDP and the extent of dissociation

of acto-HMM in the steady state, X. ATPase actlivity was measured
under the conditions described in Fig.50 . O, ATPase activity
of acto-HMM; A, [], rato of binding of HMM 2P with F-actin,

A and [ were obtaiﬁed from the results shown in Figs. 46 and
L7and Figs.48 and 49, respectively. — - — -, x, eXxtent

of dissociation of acto-H!MM, as described in the text,
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Fig. 52, Double reciprocal plot of the rate of the acto-HMM-~
ATPase reaction in the steady state against the concentration
of F-actin. Experimental conditions were as described_in Fig,
50. v_ = total ATPase activity of acto-HMM minus that of HMM

o
alone,
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sec™! and 2 mg/ml, respectively.

Relationship between ATPase Activity and Extent of
Dissociation of Acto-H-Meromyosin — The extent of dissociation,
A, of acto-HMM which was reconstituted from untreated, or CFB-

A -mercaptoethanol-treated HMM was measured by the Millipore
filtration method in the presence of 0.2 - 0.3 mM ATP. As listed
in Table 7, the extent of dissociation, o , of acto-HMM reconsti-
tuted from 0.25 mg/ml of untreated HMM and 0.125 mg/ml of F-actin
was estimated to be 1.0 in the presence of 0.2 mM ATP, 0.1 mg/ml
pyruvate kinase, and 1.2 mli PEP. However, the value of X decreased
to 0.72, when CMB- g -mercaptoethanol-treated HMM in place of
untreated HMM and 0.2 mg/ml instead of 0.125 mg/ml of F-actin

were used;

The rate of ATP-hydrolysis was compared with the extent of
ATP-induced decrease .in light-scattering intensity of acto-HMM
reconstituted from 0,125 mg/ml of F-actin and 0.25 mg/ml of HMM,
The HMM used was the mixture of untreated and CMB—;?—mercapto-
ethanol-treated HMM in various welght ratios. As shown in Fig.

53, a linear relationship was observed between the rate of ATP-
hydrolysis, v

o? and the decrease 1ln the relative extent of ATP-

induced decrease in light-scattering intensity.
DISCUSSION

Vhen the_ATP concentration was lcwer than 5/AM, the rate of

the acto-HMM-ATPase reaction in the steady state, Voo increased
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Fig. 53. Relation between the rate of ATPase in the steady

state and the extent of decrease in light-scattering intensity

of acto-HMM, 0,2 mg/ml HMM, 0.125 mg/ml F-actin, 0.2 mM ATP,

1.2 mM MgClZ, 50 mM KC1, 20 mM Tris-maleato buffer, 1 mM PEP,

and 0.07 mg/ml pyruvate kinase at pH 7.2 and 24°C. Mixtures

of untreated HMM and CMB- -mercaptoethanol-treated HMM were

used, ¢ and @ indicate results obtained, using different

preparations., of HMM,



Table,7., Extent of dissoclation of acto-H-meromyosin, X, in the presence of ATP,

50 mM KC1, 2 mM MgClz, 0.33 mM ATP, 10 mM Tris-HC1, pH 7.8, 20°C,

F-Actin Treatment of Vo X
(mg/ml) HMM (sec'l) v, Millipore Filtrationa) Light-Scatteringa)
0.125 - 0.295 ¢.995 1.0 1.0
0.125 CMB-DTT 0.575 0.93 0.91
0.20 CMB-DTT 1,33 0.75 0.72
0.40 CMB—DTT » 0.5
a)

measured at pH 7.2.

18T
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with increase in ATP concentration. A further increase in the
1TP concentration caused inhibition, but the rate became constant

and independent of the ATP concentration, when the concentration

~
ADNE

£ ATP was above 50M M (Fig., 50). The inhibition of acto-HMM-

ATPase by high concentrations of ATP can be explained on the

.« ADP
two route mechanism as due to acceleration of step, MabéD —_>

;- o-*ADP
"'P
twvo route mechanism, the rate of ATP-hydrolysis by actolHMM

, by high concentrations of ATP (97). According to the
'n the steady state at high ATP concentrations is given by

v, = kl + (l—O()K2 + Xk

3

where kl, k3 and k2 are the rate constant of HMM-ATPase in

‘he steady state, that of binding of HMM SDP with F-actin, and

‘.2t of ATP-hydrolysis catalyzed by undissociated acto-HMM,
. e., acto-Hm: APF
vzlue (K is the extent of dissociation of acto-HMM in the presence

—> acto-HMM + ADP + Pi, respectively. The

< ATP. The value of kl was 0.095 sec-l. The value of k3 was

v2asured, as shown in Figs. 46 - 49, and the dependence of k3

6

-1 the F-actin concentration is shown in Fig,52. The rate

When ATP was mixed with HMM in a molar ratio of 1:1 opr 2:1,

-P remained partially unhydrolyzed, without conversion to

... ADP
A P

~ 25 not affected by the ATP remaining unhydrolyzed, since (i)#

. However, we assumed that the value of k3 obtained
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constant of the ATPase reaction catalyzed by undissociated acto-

HMM, k can be estimated by extrapolation of the double reciproacal

2
plot of Vo AN F-actin concentration to a sufficiently high
concentration of F-actin, The value thus obtained was 4.25 sec™t
(Fig. 52). The value of & was calculated from the estimated
values of ki, k2, k3 and Ve The dependence of “.calculated
from v, on the F-actin concentration is shown in Fig. 52. In
Table 7, the values of X measured by the Millipore filtration
method are compared with those calculated from vy and the three
rate constants by the equation given above. Thus, the values

of measured by the Millipore filtration method were in good
agreement with those calculated from Ve It is also reasonable
to assume that the extent of decrease in light-scattering intensity

of acto-HMM induced by ATP is proportional to« when the concen-

tration of F-~actin is low and the interaction between proteins

¥ the size of the decrease in light-scattering intensity was

ADP
p

since (ii) the rate constant obtained when ATP was mixed with

proportional to the amount of HMM produced (109, 110), and
HMM in a 1:1 molar ratio was equal to that when ATP was mixed
with HMM in a 2:1 molar ratio. The second statement is true in
spite of the fact that the ratios of the amount of ATP remaining
unhydrolyzed to that of HMH p°° were 0.35 : 0.65 and 1:1,

respectively, in these two cases.
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is negligible. On the other hand, since k32$k2, v, is propor-

tional to (1 -%), when & approaches 1. Accordingly, the

relation between vy and X given above 1is supported by the observed
relation of the ATPase activity to the extent of decrease in light-
scattering intensity (Fig. 53). We found that the extent of
decrease in ligh-scattering intensity decreases with increase 1in
the concentration of F-actin, (.¢., the relative extents were

1.0, 0.91, 0.80, 0.70 and 0.67, respectively, when the concen-
trations of F-actin were 0.1, 0.2, 0.35, 0.5 and 0.65 mg/ml in

the presence of‘0.25 mg/ml HMM, However, the quantitative
evalution of & from the extent of decrease in light-scattering
intensity was impossible in the presence of high concentrations

of F-actin, because interactions between F-actin and/or acto-

HMM became too strong to be avoided. Thus, all the terms in

the above equation derived from the two route mechanism can be
measured separately, and the equation was verified by direct
méasurements of all these terms, although we could measure

only under limlited conditions. On the other hand, these results
were inconsistent with the one route mechanism,

Leadbeater and Perry (131) first reported that the ATPase
activity of HMM is stimulated by a low concentration of F-actin,
in spite of the complete dissociation of acto-HMM. This is
because in the presence of high concentrations of ATP and low
concentrations of F-actin, the ATPase activity of acto-HMM is

equal to kl + k3, 4 € , the rate constant of HMM-ATPase plus
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ADP i th P-actin. On the other hand,

P
in the presence of high concentrations of F-actin, the activity

that of binding of HMM;

varies almost linearly with (1 -& ), <. ¢., the extent of binding
of F-actin with HMM in the presence of ATP, as already assumed
in the analyses done by Hisenberg and Moos (132) and us (133),
since k2 is much higher than k3.

Previously Tonomura dnd Yoshimura reported (82, 129) that the
ATPase activity fo acto-HMH reconstituted from F-actin and HMM
pre-treated with CMB and g-mercaptoethanol increases with in-~
crease in the ATP concentration, without showing any substrate
inhibition, and that both the rate of HMM-ATPase, kl’ and the
rate in the presence of sufficiently high concentrations of F-
actiﬁ, k2, were unaffected by treatment of HMM with CMB and g~
mercaptoethanol, The present study showed that the rate of
binding of F-actin with HMMt:éDP, k3, vas also not affected by
treatment of HMM with CMB (Fig. 46). Therefore, according to
the two route mechanism, the acceleration of the acto-HMM-ATPase
reaction by CMB-treatment must be attributed to decrease in X ,
as confirmed by direct measurements of K (Table 7), and electron-
microscopy of acto-HMM in the presence of ATP (133). Further-
more, the concentration of F-actin for half saturation of acto-
HMM-ATPase reconstituted from CMB- @ -mercaptoethamol-treated
HMM was 0.3 mg/ml, which was much lower than that (2 mg/ml) for
untreated acto-HMM (Fig. 52). However, it is uncertain whether

preparations of acto-HMM are homogeneous and the rate of step,
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.»ADP -ADP

AHMM'\,P -> A + HF«HIT:";P , 1s suppressed by CMB-treatment of HMM

or whether preparations of ClMB-treated acto-HMM are heterogeneous
and conslist of at least two fractions (the ratio of which depends

on the concentration of F-actin) one catalyzing ATP—hydr‘olysis

,.*ADP

~ P and the other e

mainly wma direct decomposition of AHMM

ADP

A + HMM p
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