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GENERAL INTRODUCTION

Muscles have transducers of the chemical energy of ATP
hydrolysis into mechanical work. The mechanism of muscle
contraction has been studied by many workers in various fields.
Most important of the progress in this field has been the
establishment of the so-called "sliding theory" in which muscle
contraction is viewed as occurring as a result of the sliding of
two kinds of filaments in relation to each other. The sliding
theory was proposed from the studies on the structure of muscle
fibers (see review articles (1-5)).

A muscle cell Has several hundreds of contractile filaments
called myofibrils, which are composed of repeating units called
sarcomere (Fig. 1). Each sarcomere is separated by Z-lines. The
middle, optically dense portion of a sarcomere is called the
A-band, while each side of the Z-line is light and is called the
I-band. The center of the A-band, which is rather light, is
called the H-zone. It is now known that there are two kinds of
filaments in a sarcomere: a thick filament located in the A-band
and a thin filament from the Z-line to the end of the H-zone
(I-band and A-band except the H-zone).

In 1954, A. F. Huxley and Niedergerke (6) and H. E. Huxley
and Hanson (7) showed that A-bands maintain a constant width
during shortening of muscle fibers, whereas the I-band and the
H-zone become narrower. They therefore proposed that the
shortening is brought about by the sliding of these filaments
relative to each other. Later, Gordon et al. (8) showed that the

development of tension in a muscle fiber is related to the
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Fig. 1. Structure of sarcomere and contraction of muscle fiber

by sliding of thick and thin filaments.



overlap between thick and thin filaments.

The A-band disappears after cold 0.6 M KCl extraction of
myosin from the myofibrils (9), and the optical density of the
I-band decreases markedly after extraction of actin with KI (10).
Quantitative comparison between the decrease in optical density
and the quantity of the extracted proteins demonstrated that the
main component of thick filaments is myosin while that of thin
filaments is actin.

Before the establishment of the 'sliding theory' of muscle
contraction, Szent-Gyorgyi (11, 12) showed that the ATPase
reaction of myosin is greatly accelerated by actin and that when
ATP is added to thé complex of actin and myosin (actomyosin)
under low ionic strength, actomyosin precipitates very rapidly,
and this phenomenon is called superprecipitation. He also showed
that ATP induces contraction of actomyosin gel, which is called
actomyosin thread. fhese findings agree well with the sliding
theory in which contraction occurs in the overlap between myosin
and actin filaments.

Myosin plays a very important role in muscle contraction.

The myosin molecule aggregates under low ionic strength and forms .

a thick filament. ATP is hydrolyzed by myosin and the energy
liberated by ATP hydrolysis undergoes transduction into
mechanical work through interaction between myosin and actin.
Myosin can be purified by cycles of precipitation by dilution and
dissolution by addition of 0.5 M KCl. The structure of the
myosin molecule has been studied by biochemical analysis and
electron microscopy (Fig. 2). Myosin has a molecular weight of

about 480 000 (13). It is a long (~160 nm) asymmetric molecule



with two globular heads on one side of the molecule (14). The
myosin molecule decomposes into polypeptide chains upon t:eatment
with denaturating reagents. The myosin molecule consists of two
heavy chains (HC) of molecular weight of 200 000 and four light
chains (LC), two of which are identical with a molecular weight
of about 18 000 and two of which have molecular weights of 16 000
or 21 000 (13, 15).

To find which part of the myosin molecule is responsible for
the function of myosin, various subfragments were obtained by
proteolytic digestion of myosin (16). Tryptic digestion of
myosin yields a heavy meromyosin (HMM) with a molecular weight of
340 000 and a light meromyosin (LMM) with a molecular weight of
120 000 (16). HMM is soluble even at low ionic strength and
retains the ATPase activity and the actin binding ability. On
the other hand, LMM has neither ATPase activity nor actin binding
ability, but assemblés into filaments at low ionic strength.

‘When HMM is further digested with trypsin, chymotrypsin or
papain, one mol of HMM yields two mol of subfragment-1 (S-1) and
one mol of subfragment-2 (S-2). S-1, with a molecular weight of
120 000 and a length of 10-20 nm, corresponds to the head portion
of the myosin molecule. Both ATPase activity and actin binding
ability are retained in S-1. S$-2, with a molecular weight of 60
000 and a length of 50 nm, and correspond to the neck region of
the molecule. When myosin is digested with chymotrypsin or
papain, a tail devoid of heads (a rod) and S-1 are obtained. The
rod has a molecular weight of 220 000 and a length of 140 nm, and
it assembles into filaments at low ionic strength. It was also

shown that the bonds between S-1 and S-2 and between
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Fig. 2. Schematic diagram for the structure of the myosin

molecule. See text for details.



S-2 and LMM are flexible, with S-2 playing the role of a
crankshaft (17).

The head portions of myosin have been identified in muscle
fiber as projections from the thick filament by electron
microscopy and X-diffraction analysis (18, 19). The projections
bind with thin filament and form crossbridges, and contraction is
believed to be induced as a result of a change in the structure
of crossbridges.

To understand the molecular mechanism of contraction, it is
important to clarify the mechanism of the reaction of the myosin
head (crossbridges) with actin and ATP. However, this is
difficult as the muscle is an extremely organized organ, and the
diffusion of substrate is rather slow. Furthermore, actomyosin
(the complex of myosin and F-actin) shows superprecipitation upon
addition of ATP, and the rate of the actomyosin ATPase reaction
varies during the time course of superprecipitation; it is not
easy to analyze the binding of myosin heads with F-actin during
superprecipitation. Therefore, analyse of the ATPase reaction
have been carried out mainly with proteolytic fragments of
myosin, HMM or S-1, which are soluble even at low ionic strength.‘

When the myosin ATPase reaction is measured based on the time
course of Pi liberation after the reaction is stopped with
trichloroacetic acid (TCA), 1 mol of Pi/mol of myosin is rapidly
released during the initial phase of the reaction (gg). This
shows that when myosin reacts with ATP, the complex of myosin
with ADP and Pi, called the myosin-phosphate-ADP complex, M%DP,
is rapidly formed and that the rate of release of ADP and Pi from

this intermediate is slow (see Fig. 3).
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Inoue et al. (21-23) showed that the ATPase reaction of thé
two heads of myosin are different from each other4and M%DP is
formed only by one of the two heads (head B). The other héad
(head A) forms the myosin-ATP complex, MATP, as a stable
intermediate. Also, the ATPase reaction of head B is highly
accelerated by F-actin and this head plays an important role in
energy transduction in muscle, while head A is considered to play
a role in the regulation of contraction and the support of a
smooth movement of heads on the thin filament (21).

The mechanism of the actomyosin ATPase reaction was étudied
based on the mechanisms of the myosin ATPase reaction and the
dissociation of actomyosin by ATP and its analogs (13, 21, 24,

—

25). Since the rate-limiting step of the myosin ATPase reaction

is the release of products from M%DP,

myosin ATPase reaction by F-actin relies on the acceleration of

the acceleration of the

this step.

The rate of the actomyosin ATPase reaction depends greatly on
ionic strength and temperature. At relatively high concentra-
tions (0.05 - 0.2 M) of KCl and low temperatures, most of the
myosin heads are dissociated from F-actin during the act-HMM or
acto-S-1 ATPase reaction. Lymn and Taylor (26) found that at a
high concentration of ATP, the rate of dissociation of acto-S-1

ADP

or acto-HMM is much higher than the rate of MP formation.

Therefore, actomyosin dissociates as follows:
AM + ATP === AMATP === A + MATP === A + M)
Under these conditions the rate of the overall reaction is

-10-



ADP ADP

limited by the rate of recombination of HMMP or S-1P with

‘F-actin. However, the rate of the actomyosin-type ATPase

reaction and that of recombination of M%DP

with F-actin do not
show a linear relationship with F-actin concentration; they
approach a maximal level as the F-actin concentration increases.

Chock et al. (27) explained this result by postulating that

M%DP in a refractory state which cannot react with F-actin is
formed by the reaction of actomyosin with ATP, and that
ADP

conversion of MP in the refractory state (R) to that in the

non-refractory state (N) is slow:

FA
ADP ~ ADP \ ADP
Mo (R) ———= M,  (N) AM," ——AM + ADP + P.

Inoue et al. (28) found that at low KCl concentrations and at
room temperature, the myosin head is bound to F-actin even during
the ATPase reaction in the steady state. Under these conditions,

the rate of the ATPase reaction is proportional to the amount of

the complex of F-actin with HMM or S-1, AM%DP. In addition, the
rate of the ATPase reaction is much. faster than the rate of
binding of HMM>® or S-1A°F with F-actin (28, 29). Therefore,

under these conditions, the main route of the actomyosin ATPase
reaction is the hydrolysis of ATP without the accompanying

dissociation of actomyosin as given by the following mechanism:

AM + ATP—{_; AMATP ————= AM%DP-—-—-> AM + ADP + Pi

Under these general conditions, the two routes co-exist (28).

ATP is hydrolyzed via both routes, one without dissociation of

-11-
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Fig. 4. Mechanism of the actomyosin-ATPase reaction.
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actomyosin and the other with dissociation and recombination of
actomyosin. Figure 4 shows the mechanism of the actomyosin
ATPase reaction proposed by Inoue et al. (28). There is rapid
equilibrium between AM:ATP and A + MaATP.

One of the major quetions concerning the crossbridge function
is how transduction of chemical energy into mechanical energy
occurs. A.F. Huxley (1) postulated the sliding of two filaments
by a cycle of three reactions: formation of the crossbridge by
binding of the myosin head with thin filament, movement of the
myosin head relative to the thin filament, and detachment of the
myosin head from the thin filament. A. F. Huxley and Simmons (4,
5, QQ) showed evidence for on elastic component in the cross-
bridges. Therefore, tension might develop by the lengthening of
this elastic component when myosin heads move along the thin
filament. Figure 5 shows a mechanism of muscle contraction
proposed from a structural study of muscle. In the relaxed
state, myosin heads are separated from F-actin. a) Myosin heads
move to an adjacent thin filament; this movement occurs by
diffusion since there are flexible hinge regions in the myosin
molecule. b) In the power stroke, the myosin heads undergo a
change in shape or crossbridge angle causing lengthening of the
elastic component and thus the development of tension. ¢)
Sliding of thick filament past the thin filament is induced by
the elastic component. d) Myosin heads dissociate from the thin
filament.

There are diverse of opinions among researchers as to the
mechanism of the actomyosin ATPase reaction. The cYcle of

crossbridges described above is generated by the hydrolysis of

-13=~
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ATP, but it remains difficult to determine which step of the
ATPase reaction is coupled with this cycle. Tonomura (13)
proposed that the two routes of the actomyosin ATPase reaction
occur alternately and tension is induced by the formation of
AM?DP from AMATP. On the other hand, Lymn and Taylor (25, 26)

proposed that contraction is coupled with the dissociated cycle

of the actomyosin ATPase reaction and tension is developed by the

ADP
P

The present study was focused at determining which route of

decomposition of AM into AM + ADP + Pi.

the actomyosin ATPase 1is coupled with contraction. The mechanism

of the actomyosin ATPase reaction was studied using the 18O

exchange reaction, because it was difficult to examine the
mechanism when the reaction was in progress in muscle fiber.

When ATP is hydrolyzed in 18O water, 18O is ihcorporated into

Pi as follows:

ATP + H2180 —— ADP + 18o—P—o3

However, if there is a backward reaction from the enzyme-product

18

complex into the enzyme-ATP complex, the number of O atoms in

Pi increases:
18
k3 k4 0

|
M + ATP + 1-121803~M-ATP+I'12‘I 8OPM—1 8O—P—ADP—>M + ADP + 180—P-—1 80
1
18
k_4 o

In the present study, ATP enriched with 18

synthesized from 18O water and ATPase reaction was carried out

using 180 ATP as substrate. The Pi produced was trimethyl-

O at J-P position was

silylated and then analyzed using a gas chromato-mass spectro-
meter. The myosin ATPase reaction in the absence of divalent

cations (EDTA(K+)ATPase) was found to include no 18O exchange

-15-



reaction between the intermediate Pi and the medium H2180 (32).

£ 18

The distribution o O in the I -P-position of the starting ATP

was estimated from the distribution of 3'80/pi, 2'%0/pi, 1'80/pi,

0180/Pi produced by the EDTA(K')ATPase reaction.

and
The amount of exchange can be determined from the value of

the exchange ratio, R(= k_3/k4). When ATP is hydrolyzed into

M-P-ADP, the fraction (X) which hydrolyzed into M + ADP + Pi is

given by X = k4/(k_3 + k4), which is equal to 1/(R + 1).

The remaining fraction, R/(R + 1), is converted into M-ATP.

16

However, in the 1/4 fraction, the incorporated O atom is

liberated as»Hziﬁo. The expected distribution of 3'80/Pi for a

given value of R can be found from:

y=00 1Y g R (¥ -1
a=ZaO( )( )
R + 1 4 R + 1
y=1
4
=a0
3R + 4

in which a, indicates how many original oxygens per Pi have been

retained. In considering the individual phosphate species,

n180/Pi, similar logic leads to the following equation:

2
2180/Pi: b = (a. + b, - a)

: o * Po

R + 2
4

17860/Pi: ¢ = (a. + b. + ¢ - a - b)

:c=(a; + by 0

' R + 4
18 .

0 "0/Pi: d = 100 - (a + b + <)

-16-



Therefore, we can determine the ratio of k_3/k4 from the

18 18O and 0180/Pi.

In the case of the myosin Mgz+—ATPase reaction, there is a

*
rapid equilibrium between M ATP and M%DP

distributions of 3180, 2 70, 1
and k has a currently
accepted value of 10 - 30 sec-1, whereas k4 has a value of 0.01 -

0.03 sec™!. Most of the O atom in Pi produced by the myosin

Mg2+—ATPase reaction is derived from water. On the other hand,
in the actomyosin ATPase reaction via the direct decomposition of
AM%DP, k4 is extremely high and the amount of exchange is
expected to be low. Furthermore, if ATP is hydrolyzed via two
different routes the number of 18O in the product Pi may show two
R values.

This paper is composed of five sections. Part 1 describes
the determination of the affinity of S-1 with F-actin in the
absence of nucleotide. This value is essential for estimating
the free energy change in the actomyosin ATPase reaction.

Part 2 discusses the rate constant for elementary steps of
actomyosin ATPase reaction without the accompanying dissociation

18

of actomyosin using transient kinetics and the 0 exchange

reaction. The overall reaction of actomyosin ATPase could be

determined by the transition from AMATP into M%DP Part 3

concerns the free energy change in the elementary steps of the

actomyosin ATPase reaction. Most of the free energy obtained by

ADP
P

O exchange reaction in which

ATP hydrolysis is liberated by the step from AM into AMADP.

Part 4 offers evidence using the 18
the actomyosin ATPase reaction ATP is hydrolyzed via two routes,
one via direct decomposition of AM%DP and the other via

dissociation and recombination of A + M%DP. The ratio of the two

-17-



routes to 18

O exchange was equal to that estimated by the kinetic
method. The last part describes the ATPase reaction of
myofibrils and muscle fibers studied by oxygen exchange. We
found that the fraction of ATP hydrolysis without accompanying
the dissociation of actomyosin was high in low ionic strength
where the tension development is large. Therefore, ATP
hydrolysis via this route may coupled with mﬁscle contraction.
Based on these studies, a mechanism of muscle contraction is
proposed in which power stroke is coupled with the step of

ADP

converting AM into AMADP.

P ' s

~18-
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Abbreviations

HMM heavy meromyosin

s-1 subfragment-1 of myosin

A monomer in F-actin.

M myosin head

AMPPNP adenyl-5'-yl imidodiphosphate

pyr N-(1-prenyl) iodoacetoamide

PEP phosphoenolpyruvate

Ap5A - diadenosine pentaphosphate

DTT dithiothreitol

SDS sodium dodecyl sulfate

Hepes N-2-(hydroxyethyl)-piperazine-N'-2-
ethanesulfate

EDC 1;ethyl—3—[3—(dimethylamino)propyl]—
carbodiimido

TCA trichloroacetic acid

PCA perchloric acid

-22-



PART 1

Kinetic Properties of Binding of S-1 with F-actin in the Absence

of Nucleotide
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SUMMARY

The rate constant for the binding of myosin subfragment-1. (S-1)
with F-actin in the absence of nucleotide, k1, and that for
dissociation of the F-actin-myosin subfragment-1 complex
(acto-5-1), k_1, were measured independently. The rate of S-1
binding with F-actin was measured from the time course of the
change in the light scattering intensity after mixing S-1 with
various concentrations of F-actin, and k1 was found to be 2.55 x
109 M1 571 at 20 €. The dissociation rate of acto-S-1 was
determined using- F-actin labeled with pyrenyl iodoacetoamide
‘(Pyr—FA); Pyr-FA, with its fluorescence decreased by binding
with S-1, was mixed with acto-S-1 complex and the rate of
displacement of F—actin by Pyr-FA was measured from the decrease

in the Pyr-FA fluorescence intensity. The k_, value was

calculated to be 8.5 x 10"3 s_1 (or 0.51 min~

1

1). The value of

dissociation constant of S-1 from acto-S-1 complex, Kd’ was
9

M at 20°C. KX, was

calculated from K., = k_1/k1 to be 3.3 x 10~ a

d
also measured at various temperatures (0 - 30 ), and the
thermodynamic parameters, AG®, 4H°, and AS°, were estimated from
the temperature dependence of Kd to be -11.3 Kcal/mol, +2.5
Kcal/mol, and +47 cal/deg-mol, respectively. Thus, the binding

of the myosin head with F-actin was shown to be endothermic and

entropy-driven.

-24-



INTRODUCTION

Muscle contraction is driven by a cyclic interaction of myosin
heads with F-actin coupled with ATP hydrolysis. In the absence
of ATP, a muscle becomes rigid and inextensible (rigor stéte),
and myosin heads bind very strongly with F-actin. In order to
understand the interaction during muscle contraction, it is
important to know about the binding of myosin head (S-1) with
F-actin in the absence of ATP as well as about the binding of
various S—1—nucleotide complexes with F-actin during ATP
hydrolysis. However, accurately measuring the binding constant
of S-1 with F-actin is difficult because the binding is so strong
»that very low concentrations of S-~1 and F-actin must be used.
Many studies (1-4) have been done on the binding of S-1 with
F-actin in the absence of ATP, and the dissociation constant of
acto-S-1 complex has been reported to be about 10_7 M. However,
most of these studies used fluorescent or radioisotope-labeled
S-1 which have different binding properties from intact S-1.

In this study, the rate constant of the binding of S-1 with
F-actin, k1, and that of the dissociation of S-1 from acto-5-1,

k_1, were measured independently and the dissociation constant

for the binding of S-1 with F-actin, Kd’ was calculated as Kd
k_1/k1. The changes in entropy and enthalpy accompanying the
binding of S-1 with F-actin were estimated from the temperature

dependence of the dissociation constant.

-25-



EXPERIMENTAL PROCEDURE

Materials

Myosin was prepared from rabbit white skeletal
muscle by the method of Perry (5). S-1 was prepared by
chymotryptic digestion of myosin, as described by Weeds and
Taylor (6). G-actin was prepared from an acetone powder of
rabbit white skeletal muscle by the method of Spudich and Watt
(7). The concentration of free ATP in G-actin solution was
reduced to 2 pM by dialysis against 2 mM Tris-HCl at pH 7.8.
Therefore, the molar concentration of nucleotide in the reaction
mixture was less.than 1/60 that of S-1. G-actin was polymerized
by adding KCl to 0.1 M. Protein concentrations were determined
by the biuret reaction calibrated by nitrogen determination. The
molecular weights adopted for S-1 and the actin monomer were 1.2

x 10°

and 4.2 x 104, respectively (8). N-(1-Pyrenyl)iodoacetamide
and N-(iodoacetyl)-N'-(5-sulfo-1-naphtyl)ethylenediamine
(IAEDANS) were purchased from Molecular Probes, Inc., TX. All

other reagents were of analytical grade.

Fluorescent labeling of F-actin

F-Actin (50 uM actin

monomer) was incubated with 1.2-fold molar excess of N-(1-

pyrenyl)iodoacetamide overnight in 0.1 M KCl, 2 mM MgCl 2

27
mM CaClz, 0.2 mM ATP, and 20 mM Tris-HCl at pH 7.8 and 20°C. The
reaction was quenched by adding a 10-fold molar excess (600 nuM)
of B-mercaptoethanol over the dye and the resulting mixture was
dialyzed against the solution of 0.2 mM ATP at pH 8.3 and 0°C to
remove the unreacted dye and to depolymerize F-actin into
G-actin. The resulting solution was centrifuged at 1.0 x 105 g

for 3 h to remove F-actin and denaturated actin, and then G-actin
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in the clear supernatant was polymerized by adding KCl (final 0.1
M). After the non-polymerized G-actin had been removed by
centrifugation at 1.0 x 105 g for 3 h, the F-actinm pellet was
gently homogenized, and used as 'pyrene labeled F-actin
(Pyr-FA)". The degree of labeling was determined using the

4 M_1-cm—1 at 344 nm for

molar extinction coefficient of 2.2 x 10
the pyrenyl group (9). The molar ratio of dyé to actin monomer
was about 0.9.

S-1 was labeled with IAEDANS by essentially the same method
as Takashi et al. (10). S-1 (50 uM) was mixed with 500 M
IAEDANS in 0.15 M KCl1, 1 mM EDTA, and 50 mM Tris-HCl at pH 7.8
and 0 ¥ in darkness. After 2 h the reaction was quenched with
2.5 mM S-mercaptoethanol. S-1 was precipitated by adding 60%
saturated ammonium sulfate, and affer centrifugation at 105 g for
20 min, the pellet was dialyzed against 5 mM Tris-HCl at pH 7.8
and 0 °C. More than 0.95 mol of label was incorporated per mol of
S-1. The fluorescence intensity‘of the AEDANS group was measured

at 360 nm excitation and 475 nm emission using a Hitachi-Perkin

Elmer MPF-4 fluorescence spectrometer.

Optical measurements The rate of binding of S-1 with

Pyr-FA and that of dissociation of S-1 from the Pyr-FA-S-1
complex were measured‘from the change in fluorescence intensity
excited at 366 nm andjemitted at 406 nm. The time course of the
change was measured using a stopped-flow apparatus combined with
a Hitachi-Perkin Elmer MPF-2A fluorescence spectrometer (11) and
was recorded using a San-ei FR-301 visigraph recorder. The rate
of binding of F-actin with S-1 was measured from the light

scattering intensity at 360 nm using a stopped-flow apparatus as
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described above. The rate of dissociation of acto-S-1 was
measured by adding Pyr-FA to the acto-S-1 complex. All
experiments were performed in 0.1 M KCl, 2 mM MgClz, and 20 mM
Tris-HCl at pH 7.8 and 20 .

The value of ﬁhe dissociation constant of S-1 from acto-S-1
complex, Kd’ was calculated from Kd = k_ /k1. The standard free
energy change (4G") for the binding of S-1 with F-actin in 0.1 M
KCl at pH 7.8 and 20 °C was estimated to be AG® = RTLnKj.

Since 4G°® = AH® - TAS®°, the values of AH° and AS° were calculated

from a plot of RTand vs. T, by assuming that both A® and AS®

were constant and independent of temperature.

RESULTS

Binding of Pyr-FA to S-1

The fluorescence intensity of

Pyr-FA excited at 366 nm and emitted at 406 nm was markedly
reduced to about 30% by the binding of S-1 (9). Therefore, thé
binding of S-1 to Pyr-FA was monitored by both the change in »
fluorescence intensity of the éyrenyl group and that in the lightb
scattering intensity (cf. refs. 1, 12, 13 ). Figure 1 shows the
dependence on S-1 concentration of the changes in fluorescence
intensity at 406 nm with 366 nm excitation and that in light
scattering intensity at 360 nm when S-1 at various concentrations

was added to 4 pM Pyr-FA in 0.1 M KC1l, 2 mM MgCl and 20 mM

2'
Tris-HCl at pH 7.8 and 20 °C. The light scattering intensity

increased linearly with an increase in the S-1/Pyr-FA molar ratio
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0

Fig. 1. Changes in the fluorescence intensity and light
scattering intensity as a function of the molar ratio of S-1
added to Pyr-FA. Pyr-FA (4 yM) was mixed with various
concentrations of S-1 and the fluorescence intensity at 406 nm
emission with 366 nm excitation and the light scattering
intensity at 406 nm were measured. 0.1 uM KCl, 2 mM MgClZ, and
20 mM Tris-HC1l at pH 7.8 and 20 °C. O, fluorescence intensity;

., light scattering intensity.
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and was saturated at the molar ratio of about 1. The
fluorescence intensity decreased linearly with an increase in the
S—l/Pyr-EA molar ratio and was also saturated at the molar ratio
of about 1. Since the binding stoichiometry of S-1 to monomeric
actin in F-actin is known to be 1:1 (8), the fluorescence of
Pyr-FA is also an excellent measure of the binding of S-1 with
F-actin.

Binding Rate Constant of S-1 with Pyr-FA

To accurately

obtain the dissociation constant of S-1 from Pyr-FA-S-1 complex,
the rate constant for the binding of S-1 with Pyr-FA and that for
the dissociation of Pyr-FA-S-1 complex were measured
independently. The binding rate constant, k1', of S-1 with
Pyr-FA was determined from the time course of the decrease in the
fluorescence intensity after adding 0.3-0.9 PM of S-1 to Pyr-FA
(O.14pM actin monomer). The time course followed approximately
first order kinetics and the apparent binding rate constant (y')
was obtained as a slope of the initial phase of a semilogarithmic
plot of decrease in the fluorescence intensity. If the binding
of S-1 with F-actin (FA) is represented by FA + S-1 < FA-S-1,

the apparent rate constant (v') is given by v' =k ,' + k1'(S-1),

-1

where (S-1) is the concentration of added S-1, and k1' and k_1'

are the rate constants of the forward and the backward reaction,
respectively. The value of k1' is obtained from the slope of v'
vs. (S-1) plot. As shown in Fig. 2, the apparent binding rate
constant increased linearly with an increase in S-1 concent-
ration, and the binding rate constants, k1', were estimated to be

9 1 -1

0.45, 0.78, 1.46, and 2.30 x 10° M - s ', respectively, at 0, 10,

20, and 30 °C.
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Fig. 2. Dependence on F-actin concentration of the apparent rate
constant for the binding of S-1 with Pyr-FA. The apparent rate
constant (v') for the binding of S-1 with Pyr-FA was determined
from a semilogarithmic plot of the decrease in the fluorescence
intensity excited at 366 nm and emitted at 406 nm after the
mixing with 0.1 PM Pyr-FA and various concentrations of s-1, 0.1

M KCl, 2 mM MgCl and 20 mM Tris-HCl at pH 7.8. Other

2'
conditions were the same as for Fig. 1. Bars indicate the

standard deviations.
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Dissociation Rate Constant of S-1 from Pyr-FA The

fluorescence intensity of the Pyr group after addition of an
excess of unlabeled F-actin (46 JM) to the Pyr-FA-S-1 complex
(O.Z’yM Pyr-FA and 0.4 nM S-1) was measured. The dissociation
rate constant, k_1', of Pyr-FA from S-1 was determined from the
rate of increase in the fluorescence intensity of Pyr-FA due to
its displacement by unlabeled F-actin. As shown in Fig. 3, the
increase in fluorescence intensity followed approximately first
order kinetics, and values of k_1' were estimated from the slope
of semilogarithmic plots of the increase in fluorescence
intensity to be 0.063, 0.093, 0.151, and 0.221 s~|, respectively,
at 0, 10, 20, and 30 °C.

Dissociation Constant for Binding of Pyr-FA with S-1 —— The

dissociation constant of S-1 from the Pyr-FA-S-1 complex, Kd',

was calculated from the binding rate constant, k1', and the

dissociation rate cdnstant, k ', as K, = k_1'/k1' (Table I).

1 d
The value of Kd' was 1.40 x 1078 M at o°c. It decreased to 1.19,
8

1.03 and 0.96 x 10°° M, respectively, on raising temperature from

0 to 10, 20, and 30°C. The ratio of the dissociation constant of
S-1 from acto-S-1 complex, Kd' to that of S-1 from Pyr-FA-S-1
complex, Kd', was obtained by mixing a solution of 2 pM Pyr-FA
and 2 pM unlabeled F-actin with 1.8‘PM S-1 and measuring the

fluorescence and light scattering intensities. Since Kd = (free

FA) x (free 8-1)/(acto-S~1) and Kd' = (free Pyr-FA) x (free

S-1)/(Pyr-FA-S-1), Kd/Kd' = (free FA) x (Pyr-FA-S-1) /

(acto-S-1) x (free Pyr-FA) = ’(O.1—AF/AFmaX) X AF/AFmax /

(0.9-4F/ AFmax) X (1-AF/AFm ) , where AF and AFmax are the

ax
decreases in fluorescence intensity at 1.8 PM S-1 and at an
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Table I. Binding of S-1 with pyréne—labeled F-actin. The rate
constant of binding of S-1 with Pyr-Fa, k1', was obtained from
Fig. 1. The rate constant of dissociation of S-1 from Pyr-FA-S-1
complex, k_1', was obtained from Fig. 2. The dissociation
constant of 8-1 from Pyr-FA-S-1 complex, Kd‘, was calculated as

k_,'/k;'. The conditions were as described for Fig. 1.

Temp. Ky k' Ka'(eye-ra)  Raem)/ T Racen)
(°c) (x107 mts™) (57 (x1078 M) Ky' (pyr-pa)  (X10°M)
0 0.45 - 0.063 1.40 0.38  5.29
10 0.78 0.093 1.19 1 0.36 4.29
20 1.46 0.151 1.03 0.30 3.10
30 2.30 0.221 0.96 0.25 2.40

a&  The ratio of dissociation of S-1 from acto-sS-1 to that of

S-1lfrom Pyr-FA-S-1 complex was estimated as described in RESULTS.
b The dissociation constant S-1 from acto-S-1 was calculated as

1
the product of Kd (Pyr-FA) and K

a(ra)/%a' (pyr-ra)-
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infinite concentration of S-1. As shown in the fifth column of
Table I, Kd/Kd' was estimated to be about 0.3 at 0-30°C. The
dissociation constant of S-1 from acto-S-1 complex, Kd, was
estimated as the product of Kd' and Kd/Kd' and listed in the last

column of Table II. The values of Kd thus obtained decreased

9 -9

from 5.3 x 100" M to 2.4 x 10 M on raising the temperature from

0 to 30 °.

Effect of SH1 Modification on the Dissociation Constant of

Many studies have been done using myosin of which

Acto-5-1

the SH1 thiol residue was modified. We examined the effect of
modification of the SH1 thiol residue with IAEDANS on the
dissociation cbnstant of §-1 from acto-S-1. S-1 (10 pM) and
'0.91, 2.07 or 4.08 uM S-1 labelled with IAEPANS was mixed with 10

uM F-actin in 0.1 M KCl1, 2 mM MgCl and 20 mM Tris-HCl at pH 7.8

5

27
and 20°C, and the mixture was centrifuged at 1.6 x 10° g for 60
min to precipitate F-actin. The amount of free S-1s, (free
AEDANS-S-1) + (free S—1),'and that of free AEDANS-S-1 were
estimated from the concentration of protein and the fluorescence
intensity, respectively, of the supernatant. The amount of free
S-1 was estimated as the difference between them. The amounts of‘
bound AEDANS—S—1 and bound S-1 were calculated by subtracting
(free AEDANS-S-1) and (free S-1), respectively, from (added
AEDANS-5-1) and (added S-1) (data not shown). The ratio of the
dissociation constants, Kd(AEDANS—S—1)/Kd(S-1) calculated as
(free AEDANS-S-1)/(free S-1) / (bound AEDANS-S-1)/(bound S-1)

r

-was found to be 2.1 for all AEDANS-S-1 concentrations.

The Binding Rate of S-1 to Intact F-actin — The

dissociation constant of S-1 from acto-S-1 complex was estimated
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Fig. 3. Time course of increase in the fluorescence intensity of
Pyr-FA after mixing F-actin with Pyr-FA-S-1 complex. Pyr-FA-S-1 |
complex was formed by adding 0.4 M S-1 with 0.2 pM Pyr-FA was
mixed with an excess (46 PM) of F-actin and the fluorescence
intensity excited at 366 nm and emitted at 406 nm after the
mixing of F-actin was followed using a stopped flow apparatus.

Conditions were the same as for Fig. 1.

~35-



5
?
4._
30°C
A
3...
°
> 20°c 4
2t Y
“10°C E
0°c
1.—
A
i
0 . 0.6 » 1.2

- ' [FA] uM

Fig. 4. F-actin concentration dependence of the apparent rate
constant for the binding of S-1 with F-actin. The apparent rate
constant, v, for the binding of S-1 with F-actin was determined
from a semilogarithmic plot of the increase in the light
scattering intensity at 360 nm after mixing 0.1 M S-1 with
various concentrations of F-actin. Other conditions were as
described for Fig. 1. Bars indicate standard deviations of the

means.
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from the binding rate constant of S-1 with F-actin and the
dissociation rate constant of acto-S-1 complex. The rate
constant for the binding of S-1 with intact F-actin, k1, was
measured from the increase in the light scattering intensity
using a stopped flow apparatus. S-1 (0.3 pM) was mixed with

0.3-1.2 yM F-actin in 0.1 M KC1, 2 mM MgCl and 20 mM Tris-HC1l

27
at pH 7.8. The time course of the increase in the light
scattering intensity followed second order kinetics. The
apparent binding rate constant (v) was determined from the
initial velocity of the time course. Figure 4 shows the plot of
the apparent binding rate constant (v) against F-actin
concentration. The’value of v increased linearly with an
increase in F-actin concentration, and the values of k1 were

determined from the slope of the plot to be 1.4, T.94, 2.55, and

6 1 _-1

4.2 x 10° M~ - s~ ', respectively, at 0, 10, 20, and 30°C.

Dissociation Rate Constant of S-1 from F-actin

To

determine the dissociation-rate constant, k;1,

Pyr-FA (3 yM) was mixed with acto-S-1 complex (6 uM F-actin + 3

of acto-S8-1,

pM S-1). The rate of dissociation of acto-S-1 was monitored from
displacement of F-ctin by Pyr-FA. The formation of Pyr—FA—S-1
complex was monitored from the decrease in the fluorescence
intensity of the pyrenyl group. The values of the initial rate,

v, of the decrease in the fluorescence intensity, AF/AFm , were

ax
0.0137, 0.0166, 0.0217, and 0.0317 5—1, respectively, at 0, 10,
20, and 30 °C.

The Pyr-FA-S-1 complex seems to be formed via two steps:

A-S-1 === A + S-1 (1) and S-1 + Pyr-FA == Pyr-FA-S-1 (2). We

denote the rate constants for the forward and backward reactions
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Fig. 5. Time course of decrease in the fluorescence intensity of
pyrene-labeled F-actin excited at 366 nm and emitted at 406 nm
after mixing with acto-S-1 complex. 3 pM Pyr-FA was mixed with a
mixture of 6 PM F-actin and 3 PM S-1, and the decrease in
fluorescence intensity of Pyr-FA (excited at 366 nm and emitted
at 406 nm) due to the binding with S-1 was followed using a
stopped flow apparatus. The rate constant for the dissociation
of acto-5-1 was estimated from the initial rate of the decrease
in the fluorescence intensity as described in RESULTS. The bar
indicates the maximal decrease in the fluorescence intensity of
Pyr-FA due to binding with S-1. Other conditions were as

described for Fig. 1.
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of step (1) to be k_1 and k1, respectively, and those of step (2)
to be k1' and k_1', respectively. Since the concentrations of
free FA, free Pyr-FA, and acto-S-1 complex in the initial phase
were all 3 M, the initial rate of Pyr-FA-S-1 complex fofmation,
v, is approximated by v = k1'(Pyr-FA) k_1/(k1 + k1'). The values
of k1 and k1', given in Figs. 4 and 2, were used to calculate the
k1 value. From the value of v shown in Fig. 5, the values of the
rate constant of dissociation of acto-S-1, k1, were calculated to

be 0.0060 s~ 1y, 0.0069 s~ L

s"1 (or 0.51 min_1), and 0.0125 s~ (or 0.75 min_1), respec-

(or 0.36 min~ (or 0.41 min™ '), 0.0085

tively, at 0, 10, 20, and 30 °C.

Thermodynamic Properties of the Binding of S-1 with F-actin

1 and k_1,

which were obtained from Fig. 4 and 5, are summarized in Table

The temperature dependences of the values of k

IT. The dissociation constants, Kd’ calculated as k_1/k1 were

4.3, 3.6, 3.3, and 3.0 x 1072 M, respectively at 0, 10, 20, and
30 °C. The standard free energy change AG° was calculated froﬁ Kd
as 4G° = RTand, and was ;ﬁ1.3 Kcal/mol (20°C). Figure 6 shows

the dependence on temperature of the free energy change, AGS

Enthalpy change, AH°, and entropy change, AS°, calculated from

this plot were +42.5 Kcal/mol and +47 cal/deg-mol, respectively.

DISCUSSION

Since myosin head (S-1) binds very strongly with F-actin in the

absence of nucleotide, it is not easy to accurately measure the
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Fig. 6. Dependence on temperature of change in the free energy,
AG’, for the binding of S-1 with F-actin. The free energy

change} AG®, was calculated as AG° = RT1nK. using the data

d
presented in Table II.
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Table II., Binding of S-1 with F-actin. The rate constant for
the binding of S-1 with F-actin, k1, was obtained from Fig. 3.
The rate constant for the dissociation of S-1 from acto-S-1 was
estimated from Fig. 4. The dissiociation constant of S-1 from
acto-S-1, Kd’ was calculated as Kd = k_1/k1. The conditions were

as described for Fig. 1.

Temperature k k K

1 -1 a

( °C) (x10% u7t 57T (s™") L ox1077 M)
0 - 1.40 0.0060 4.3

10 1.94 0.0069 3.6

20 2.55 0.0085 . 3.3

30 4.20 0.0125 3.0
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value of the dissociation constant for the binding of S-1 with
F-actin. In this study, we measured the dissociation constant as

the ratio of the dissociation rate comnstant, k of acto-S-1

-1
complex to the binding rate constant, k1, of S-1 with F-actin.

The binding rate constant was found to be very large (2.55 x'106

Mt st oat 20°C) and higher than that measured at higher ionic

strength by Tonomura et al. (14) (10> M™% s71). The rate

constant of dissociation was very small, about 0.5 min"1

(Fig.
5). This value was of the same order of magnitude as that of the
slow decay in tension when the muscle fiber is stretched in the
absence of ATP,‘jt1/2 = 100 - 400 s) (Ref. lgvand Arata and
Podolsky, persbnal”communication).

The dissociation constant of S-1 from acto-S-1, Kq, was

9

calculated from k1 and k__1 to be 3.3 x 10°° M. This value was

higher than the previous report of Takeuchi and Tonomura (1),

6

(107° M). Marston and Weber (2), Margossian and Lowey (3), and

Highsmith (4) also reported a value of 10-6‘— 1077 M. However,
they used S-1 of which the specific thiol residue (SH1) was
modified with radioactive reagent or fluorescent label. Greene
and Eisenberg (16) and Inoue and Tonomura (13) calculated the
dissociaﬁion constant of S-1 from acto-S-1 using the dissociation
constants of steps, S-1-AMPPNP ;;ﬁe acto-5-1-AMPPNP, AMPPNP =—=>
S-1-AMPPNP and AMPPNP = acto-S-1-AMPPNP complex, to be 10—7 M
and 1072 M, respectively. The value of K, obtained in the
present study is of the same order of magnitude as that of Inoue
and Tonomura (13).

When F-actin was labeled with pyrene iodocacetamide, the rate

of binding of S-1 to F-actin increased about 3-fold (Tables I and
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IT). However, the rate of dissociation of acto-S-1 increased
about 10-fold. Therefore, the affinity of S-1 for F-actin
decreased about 3-fold by the modification of F-actin. The value
of the dissociation constant of S-1 from acto-S-1, Kd’ was
calculated from the value of the dissociation constant of S-1
from Pyr-FA-S-1, Kd(Pyr—FA)
dissociation constants, Kd(FA)/Kd'(Pyr—FA) (Table I). This wvalue

= k_,'/ky', and the ratio of the

agreed well with that calculated from X, = k ,/k, (Table II).
: -1

d
Many studies have been conducted using S-1 with a modified

- SH, thiol residue. We examined the effect of modification of the
SH1 thiol residue with IAEDANS on the dissociation constant of
S-1 from acto—S—1 ‘and found thét it caused about a 2-fold
1increase in the dissociation constant in 0.1 M KCl at pH 7.8 and
20°C (see RESULTS).

The standard free energy change AG® was calculated as RTand
(20°C) to be -11.3 Kcal/mol. The thermodynamic parameters, AH®
and 4S°, for the binding of S-1 with F-actin were calculated from
the temperature dependence of the’RTand value (Fig. 5). The
enthalpy change (AH®°) and the entropy change (AS°) were found to
be +2.5 Kcal/mol and +43 cal/deg mol, respectively, in 0.1 M KCl
at‘pH 7.8 and 20 °C. The positive enthalpy change shows that the
binding of S-1 and F-actin is endothermic. The large entropy
change indicates that the binding of S-1 to F-actin is driven
strongly by an entropy increase. Therefore, a structural change
including helix-to-coil transition may occur in the S-1 and/or
F-actin structure. Alternatively, highly ordered protein-bound

water and ions may be displaced into the bulk solvent upon the

binding of S-1 with F-actin.
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PART 2

Elementary Steps of the Actomyosin ATPase Reaction Without
Accompanying the Dissociation of Actomyosin: Studies by Transient

Kinetics and Oxygen Exchange
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SUMMARY

The elementary steps of the actomyosin ATPase-reaction
without accompanying the dissociation of actomyosin were studied
using crosslinked acto-subfragment-1 (acto-S-1) or non-cross-
linked acto-S-1 at low ionic strength and at high concentrations
of F-actin by a transient kinetics and an oxygen exchange. The
data obtained were adjusted to the following scheme {(Inoue,

Takenaka, Arata and Tonomura, Adv. Biophys. 13, 1-194, 1979):

K ks k3 kg
*
AM + ATP ——— AMATP —/— AM ATP-:AM?DP ——— AM + ADP + Pi
k2 k_3

ADP
P

ATP complex, the tightly bound complex and the actomyosin-P-ADP

*
where AMATP, AM ATP, and AM are the loosely bound actomyosin-
complex, respectively,

The values of Km and Vmax of the ovérall ATPase reaction of
crosslinked acto-S-1 ATPase at 20°C in 0.1 M KCl were 12 PM and
13 s_1, respectively. The amount of AM‘;}DP

state of the crosslinked acto-S-1 ATPase reaction was estimated

during the steady

from the Pi-burst size to be 0.1 mole/mole-S-1. The value of k

QDP to be 130 s~ '. During the

hydrolysis of (T—1SO)ATP by acto~-S-1 there is an oxygen exchange

4

was estimated as Vmax/AM

of between water and Pi, and the exchange ratio (R = k_3/k4) was

18

estimated from the distribution of ( ~“0O)Pi species formed by

acto-5-1 ATPase to be 0.52. Then, the value of k_
1

3 was estimated

- *
to be 68 s '. The amount of tightly bound ATP (AM ATP) in

crosslinked acto-S-1 ATPase reaction measured by quenching the

ATPase either with large amount of cold ATP or TCA was 0.4
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ADP

mole/mole S-1, and the amount of (AM*ATP) + (AMP ) is close to -

the amount of active site estimated from the Pi—bqrst size in S-1

*
ATPase reaction. Since the net rate of step 3, k3(AM ATP) -

ADP

k__3(AMP ), is equal to Vmax, the value of k3 was calculated to

be 49.5 5"1. It was suggested from the existence of tightly bound

ATP in acto-S-1 ATPase reaction that the value of k_, is much

-1

smaller than that of k3 (k_2 < 58 ). The second order rate

* .
constant of AM ATP formation at various ATP concentrations

(k2/K1) which is equal to Vmax/Km is 2 x 10% s~ 1w~ (active site

= 0.5 mole/mole S-1). Since the amount of loosely bound{ATP
(AMATP) during the steady-state of the ATPase reaction is low.

the value of k2 is assumed to be extremely high (if k2 = 1000

-1

s K1 = 0.5 mM). The rate constants of the elementary steps of

acto-S-1 ATPase reaction at extremely high F-actin concentration

were almost same as those for crosslinked acto-S-1. On the other

hand, with S-1 X, = 0.5 mM, k, = 1000 s™', k_, = 0.05 s™', k
=100 s, k_, =10s™", and k; = 0.05 s™'. (Inoue,

Takenaka, Arata and Tonomura, Adv. Biophys. 13, 1-194, 1979).

3

Thus, in the acto-=-S-1 ATPase reaction k4 is 2600 times higher

than that in the S-1 ATPase reaction and the rate of acto-S-1

ADP

ATPase reaction is determined by the formation of MP .
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INTRODUCTION

Muscle contraction is driven by the cyclic interaction of
myosin head with actin coupled with ATP hydrolysis. Myosin
itself has a low activity of ATPase reaction. At low ionic
strength, F-actin greatly accelerate the ATP hydrolysis by myosin
and actomyosin ATPase thus appeared is coupled with contraction.

The mechanism of actomyosin ATPase reaction was studied using
soluble subfragments of myosin, heavy-meromyosin (HMM) and
subfragment-1 (S-1) (1-4). The actomyosin-ATPase reaction is
catalyzed via the myosin-phosphate-ADP complex, M%DP, a key
intermediate of the myosin ATPase reaction (5-7). Inoue et al.
(8,9) studied the relationship between the elementary steps of
ATP hydrolysis and the dissociation and recombination of actin
and myosin head, and proposed that ATP is hydrolyzed via two
routes one with and the other without accompénying the

dissociation of actomyosin:

* *
AM + ATP => AMATP —> AM ATP —= AM ATP—> aM?PP __ S am + app + pi
= S Ta b = P v
Jr (inner cycle) (AMADP)
* . PvPP
A+ MATP2A + M ATPRA + MEO (R)2A + M50 (N)

(outer cycle)

Where M:ATP and M;ATP are the tightly bound ATP complex with
different fluorescent spectrum.

The ATPase reaction of the outer cycle is determined by the
transition from M%DP in the refractory state (R) to that in the
non-refractory state (N)(9,10). Since the rate of this process

is slow in acto-S-1 ATPase reaction it was suggested that ATP

hydrolysis in the inner cycle is coupled with contraction. Arata
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(11,1

) and Trayer and .Trayer (13) reported the structural change
in acto-S-1 by formation of acto-S-1-nucleotide complex.

However, the Km and Vmax of overall ATPase reaction and the rate
of each elementary steps in the actomyosin ATPase reaction

of this route was not sufficiently examined. Especially, the Pi
burst size is differently reported by Inoue et al. (9), Rosenfeld
and Taylor (14), Bioska et al. (15) and Stein et al. (16). It
has not been clarified which step is the rate limiting of the
ATPase reaction and how the eqguilibrium between AM*ATP and AMADP

b P
shifts.

‘

Inoue et al. (9) showed that at infinite concentrations of
F-actin ATP is mainly hydrolyzed via inner route of the ATPase
reaction. However, it succeeded only at low ionic strength and at
room temperature. In this paper, Qe study the mechanism of
actomyosin ATPase reaction using crosslinked acto-S-1, since the

ATPase activity of crosslinked acto-S-1 is as high as Vmax of

acto-S-1 ATPase at infinite F-actin concentration (11,17). We

measured the amount of AM%DP and tightly bound ATP complex from
the Pi-burst size and Pi-release after cold ATP chase, as

described by Biosca et al. (15). We also measured the 18O

*
exchange reaction which is induced by the step,.AMbATPzﬁ“AMéDP
(18-20). The rates of each elementary steps are assumed from
these results and the values of Vmax and Km of the overéll

reaction. We found that the rate limiting step of the actomyosin

ATPase reaction without accompanying the dissociation of

*
actomyosin is the transition from AM ATP to AM%DP, and the
decomposition of AM?DP is more than 3000 times accelerated by

FP-actin.
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EXPERIMENTAL PROCEDURES

Materials——Myosin was prepared from rabbit white skeletal
muscle by the method of Perry (21). S-1 was prepared by
chymotryptic digestion of myosin, as described by Weeds and
Taylor (22). G-actin was prepared from an acetone powder of
rabbit white skeletal muscle by the method of Spudich and Watt
(23). G-actin was polymerized into F-actin by adding 50 mM KC1l

KCl. Free ATP in the F-actin solution was removed by

5g for 90 min and the pellet was

ultracentrifugation at 1 x 10
homogenized in the buffer. Pyruvate kinase was prepared from
rabbit skeletal muscle as described by Tiez and Ochoa (24).
Acetate kinase and myokinase were purchased from Boehlinger
Mannheim, GMBH. The proteins were analyzed by SDS gel
electrophoresis (25). Protein concentrations weré determined by
means of the Biuret reaction calibrated by nitrogen determina-
tion. The molecular weight of S-1 and actin monomer were adopted

5 and 4.2 x 104, respectively (1).

to be 1.2 x 10

Reagents—EDC (1—ethyl—3f(3—dimethyl aminopropyl)
carbodiimide) was purchased from Nakarai Chemical Co. Ltd, Kyoto.
ATP and ADP were purchased from Kohjin Co. Ltd, Tokyo. AMP was
~ purchased from Yamasa Co. Ltd. PEP was purchased from Sigma Co.

(18 18O) was purchased from Amersham

O)H20 (98 atom % of
International plc. or CEA oris. (T—32P)ATP was synthesized
enzymatically by the method of Glynn and Chappel (26). All other

reagents were of analytical grade.

Crosslinking of acto-S-1—Acto-S-1 was crosslinked

essentially as described by Mornet et al. (17) and Arata (11).
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S-1 (5 pM) was mixed with F-actin (20 AM) in 50 mM KCl, 2 mM
MgClZ, and 10 mM HEPES at pH 7.0 and 20 °C. The crosslinking
reaction was started by adding 4 mM EDC, which had been dissolved
to 40 mM immediately prior to use. The reaction was allowed to
proceed for 90 min and terminated by adding 20 mM 2-mercapto-
ethanol. About 90 % of added S-1 was crosslinked under this

condition. After adding 0.5 M KCl, 6 mM MgCl and 5 mM ATP at

2’
4 °C, non-crosslinked S-1 was removed by centrifugation at 1.6 x

5

10 g for 60 min. The pellet was washed with cold distilled water

and then gently homogenized in 2 mM MgClz, 10 mM Imidazq}e at pH
7.0 and 0°C. The mixture was centrifuged again at 1.6 x 10° g
for 60 min and the pellet was homogenized as described above.

The amounts of crosslinked S-1 were determined by subtracting the
free S-1 eliminated by the washing‘procedures from the initial
concentration of S-1. Amount of non-crosslinked S-1 in the
preparation was determined by SDS/polyacrylamide gel electro-

phoresis to be less than 5 % of total S-1.

ATPase activity—The rate of acto-S-1 ATPase reaction in the

steady state was measured by coupling ATPase reaction with
pyruvate kinase system. The reaction mixture contained 0.5 mg/ml
pyruvate kinase, 0.1 mM ATP, 2 mM PEP, 0.1 M KCl, 2 mM MgClz, and
10 mM Imidazole at pH 7.0 and 20 °C. The amount of pyruvate
liberated was determined as described by Reynard eé al. (27).

Quenching flow experiment—The initial phase of ATP
32

hydrolysis was measured from Pi liberation from (f—32P)ATP by
employing Durrum rapid-flow apparatus. The reaction was started
by mixing crosslinked acto-S-1 (5 pM S-1) with 100 pM

(r-3%2p)aTP in 0.1 M KC1, 2 mM MgCl,, and 10 mM Imidazole at pH
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7.0 and ZOQC, and the reaction was terminated with 0.1 N HC1
containing 0.1 mM Pi as a carrier. After adding 1 ml of 10 % TCA

the denatured proteins were removed by centrifugation at 1 x 103

g for 10 min. The amount of 32Pi liberated was measured as

described previously (28). In the ATP chase experiments, the
reaction was quenched with 10 mM unlabeled ATP. After incubation
for exactly 5 s at 20°C, the reaction was terminated by mixing

32Pi liberated was determined as described

32

10 % TCA, and the
above. Zero time points were obtained by mixing ’Z- P -ATP with
the unlabeled ATP, adding S-1 or crosslinked acto-S-1, and
quenching in 10 % TCA after an incubation for 5 s.

(f—180)ATP —_ (Y—180)ATP was synthesized based on the methods

of Hackney et al. (29) and Ikeuchi and Miderfort (30) with slight
modifications. 180- Enriched inorganic phosphate was prepared by
hydrolysis of PCl5 with 50 % molar excess (180)H20. The reaction
was run for 24 hrs in andrybox under nitrogen atmosphere. The
temperature was kept at 35-40 °C in heat block. The mixture was
neutralized with imidazole, and after mixing KOH and water, the

18O—phosphate was isolated as KZHP1804 (29). K2HP1804 was

18O—Enriched ATP was

acetylated by the method of Stadman (31).
synthesized enzymatically using acetate kinase (30). (180)—

Acetyl phosphate lithium salt (15 mM) was mixed with 8 mM MgClz,
7 mM AMP and small amount of ADP (0.02 mM) in the solution 5f 20
mM triethylamine-HCl buffer at pH 7.2. The reaction was started
by adding 2 unit/ml acetate kinase and 1.8 unit/ml myokinase at
20°C for 20 min. By this method O atoms in B and 7 positions

18

were replaced with O. The reaction was terminated with 10 %

PCA, then denatured proteins were removed by centrifugation at 1
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X 1O3g for 10 min. The pH of the supernatant was adjusted by 5 N
KOH to 8.0. Affer standing for ‘60 min at 0°C, precipitate of

K-PCA removed by centrifugation at 1 x 104g for 20 min. The

18O—ATP was.fractionated on DE-52 (HCO3—form) eluted with a
linear gradient of triethylammonium bicarbonate (0.1 - 0.5 M)
according fo Wehrli et al. (32). The (180)ATP preparation was
checked on a polyethyleneiminé—cellﬁlose thih—layer chromato-
graphy according to the method of Randerath and Randerath (33).
ATP concentration was determined from the absorption at 259 nm.

18O exchange reaction—— The ATPase reaction was carried out

using (18O)ATP as substrate. About 50 % of ATP added (0.1
pmoles) was hydrolyzed by the ATPase reaction. The product Pi
was separated on Dowex 1 X2 (H") column (1 x 3 cm) eluted with
50 mM HCl. The Pi fraction was lyophilized and converted into
trimethylsilyl phosphate (29). The fraction of each labeled Pi
species were determined by a gas chromatograph that is directly
coupled to the mass spéctrometer (Shimadzu-LKB 9000 or Shimadzu
QP-1000). The fragments 6f product gave higher peaks at m/e =
299, 301, 303 and 305, respectively. The amount of Pi which

18

contained 0, 1, 2 and 3 0 atoms were determined from the

signal intensities at m/e = 314, 316, 318 and 320, respectively.

29 30Si was corrected as described

18

The natural abundance of Si and

Hackney and Boyer (34). The amount of O in the ) -position of
ATP was determined from the distribution of Pi which is produced
by the myosin EDTA ATPase reaction, since Levy et al. (35)
reported that there was no oxygen exchange reaction in the myosin

EDTA ATPase reaction.

The distribution of Pi produced by ATPase reaction was
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calculated from the given value of R (= k_;/k,) and the

distribution of Pi produced by the EDTA ATPase reaction (36).

ADP
P !

is decomposed into E + ADP + Pi.

Oxygen atom is incorporated by the step from EATP to E and

ADP
4 P

The remaining R/(1 + R) was converted into EATP. However, 1/4 of

k4/k_3 + k, or 1/{(1 + R) of E

O atom liberated by this step is that incorporated by the forward

reaction. Then, if we denote the ratio of ATP with 3, 2, 1, and

0 18O atoms in the f-P position as a, : b ¢t c :d (a_+b_ +

o] O o] O o

18

c +d_ = 100), and those of product Pi with 3, 2, 1, and 0 0

o o}
atoms as a : b: c:d(a+b+c+d-=100), the values of a, b,

c, and 4 are given as:

a = aO (4/3R + 4)

b = (a0 + bO - a)(2/R + 2)

c = (ao + bo +Cc,-a- b)(4/R + 4)
d =

100 - (a + b + ¢)
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RESULTS

Km and Vmax of Crosslinked Acto-S-1 ATPase Reaction——The

rate of crosslinked acto-S-1 ATPase reaction in the steady state
was measured using pyruvate kinase system. The rate of

crosslinked acto-S-1 ATPase activity was dependent on the ratio
of F-actin to S-1 in the crosslinked complex (Fig. 1). The rate

1

of crosslinked acto-S-1 ATPase activity is 6.8 s° at actin

monomer/S-1 of 1.75. S-1/FA. The rate of ATPase increased with
increase in the ratio of actin to S-1, and it reached a maximal

level of about 13 s_1

at F-actin/S-1 ratio of more than 5. Then,
in the following experiments the ratio of F-actin/S-1 was chosen
to be more than 5.

Figure 2 shows the double reciprocal plot dependence on ATP
concentration of the rate of crosslinked acto-S-1 ATPase reaction
in the steady state. Concentration of ATP waé varied from 10 to
1000 PM. Km and Vmax of the crosslinked acto-S-1 ATPase reaction

1

was given to be 11'4,PM and 13.3 s ', respectively. The rate

of S-1 ATPase reaction under same condition was found to be 0.06

-1
s ®

The rate of crosslinked acto-S-1 ATPase reaction was measured

in various KCl concentrations. The activity in the absence KC1l

was 10.2 s

1

, which was slightly lower than that in 0.1 M KC1l
(13,2 s~ '). The ATPase activity decreased when KCl concentration
was increased to more than 0.2 M. At 0.5 M KCl the activity

was 7.5 s” 1.

Initial Stage of Crosslinked Acto-S-1 ATPase Reaction——The

time course of Pi liberation in the initial phase of crosslinked
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Fig. 1 Dependence on the ratio of F-actin to S-1 in crosslinked

acto-S-1 of the rate of ATPase activity. Acto-S-1 (S,PM sS-1,
5-50 PM F-actin) was crosslinked in 2 mM EDC, 0.1 M KCl, 2 mM
MgCl,, and 10 mM Imidazole-HCl at pH 7.0 and 20°C for 90 min. The
ATPase activity was measured in crosslinked acto-5-1 (0.05 patit
S-1) 0.5 mg/ml pyruvate kinase, 0.1 mM ATP, 2 mM PEP, 0.1 M KC1,
2 mM MgCl,, and 10 mM imidazole at pH 7.0 and 20°C. The rate of

crosslinked acto-S-1 ATPase reaction was plotted against the

molar ratio of actin and S-1 in the crosslinked complex.
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Fig., 2 The double reciprocal plot of the rate of crosslinked
acto-S-1 ATPase reaction against ATP concentration. Crosslinked
acto-S-1 (0.05 M S-1), 10-1000 fM ATP. The other conditions are

the same as for Fig. 1.
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acto~-S-1 ATPase reaction was measured with that of tightly bound
ATP formation. Figure 3 shows the initial stage of S-1 ATPase

reaction in 0.1 M KCl, 2 mM MgCl,, 0.1 mM EDTA and 10 mM

27
Imidazole-HCl at pH 7.0 and 20 °C. ATP (50 yM) was mixed with 10
pM non-crosslinked S-1 and the amount of Pi was determined after
quenching the reaction with HCl. There was initial rapid
liberation of Pi followed by the steady staté hydrolysis of ATP.
The Pi burst size was 0.52 mole/mole:S-1, and the rate of ATP
hydrolysis in the steady state was 0.03 s—1. The time course of
Pi liberation was also measured aftér gquenching the ATPase
reaction with 5 mM cold ATP. The amount of initial rapid
Pi-liberation was 0.56 mole/mole-S-1.

In figs 3 and 4, the time course of Pi-liberation was
measured after mixing (r--2p)-labelled ATP (100 pM) with
crosslinked acto-s-1 (5 PM S-1) in 0 or 0.1 M KC1l, 2 mM MgClZ,
and 10 mM Imidazole ét pH 7.0 and 20° (Figs. 3 and 4). The Pi
burst size of crosslinked acto-S-1 was small 0.1 and 0.16
mole/mole S-1, respectively, in 0 and 0.1 M KCl. The amount of
iniﬁial rapid Pi liberation after ATP quenching was 0.5 mole/mole-
S-1 either 0 or 0.1 M KCl. The amount of tightly bound ATP was
calculated as Pi liberation after ATP quenching minus Pi burst
after acid quenching to be 0.34 and 0.40 mole/mole:S-1,

respectively, in 0 or 0.1 M KCl.

Oxygen Exchange during Acto-S-1 ATPase——Oxygen exchange

reaction in the crosslinked acto-S-1 ATPase was analyzed using
(r—180)ATP as substrate. Distribution of Oxygen in 7~P position
of ATP was measured from the distribution of Pi produced by S-1

EDTA~-ATPase reaction. As shown in Fig. 6-a, about 72 % of total
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Fig. 3 The initial time course of S-1 ATPase reaction in 0.1 M

KCL. 10 jM S-1, 50 pm (->P)ATP, 0.1 M KCl, 2 mM MgCl,, 10 mu

imidazole at pH 7.0 and 20 °C. () +Pi liberation after quenching

by HC1l; @) ,the tightly bound ATP after quenching by ATP.
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Fig. 4 The time course of Pi liberation in the initial phase of
crosslinked acto-S-1 ATPase reaction in 0.1 M KCl. Crosslinked

acto-5-1 (5 pM S-1), 100 pM (/->2P)ATP, 0.1 M KCl, 2 mM MgCl,, 10

2’
mM imidazole at pH 7.0 and 20°C. (), Pi liberation after

quenching by HC1; @ ,the tightly bound ATP after quenching with
ATP.
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Fig. 5.The time course of Pi liberation in the initial phase of
crosslinked acto-S-1 ATPase reaction in 0 M KCl. ,
Crosslinked acto-S-1(5 pM S-1), 100 uM (r->2P)ATP, 0 M KCl, 2 mM
MgClz, 10 mM imidazole at pH 7.0 and 20 °C. C), Pi liberation

after quenching with HCl; @ ,the tightly bound ATP after

quenching with cold ATP.
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Fig. 6  Distribution patterns of (18O)Pi species produced by S-1
EDTA- and Mg-ATPase and crosslinked acto-S-1 ATPase reactions.
S-1-EDTA ATPase: 1 mM (/- CO)ATP, 10 pM S-1, 0.5 M KCL, 10 mM
_EDTA, 50 mM Tris-HCl at pH 7.8, 20°C for 5 min., S-1 Mg-ATPase:
1 mM (-"80)ATP, 10 pM S-1, 50 mM Kcl, 2 mM MgCl,, 50 mM
imidazole-HCl at pH 7.0, 20°C for 60 min., crosslinked acto-S-1
ATPase in 0 or 0.1 M KCl: 1 mM (/-180)ATP, crosslinked acto-S-1(5
PM S-1), 0 or 0.1 M KC1, 2 mM MgClz, 50 mM imidazole-HCl at pH

7.0, 20°C for 1 min.
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Pi contained 3 18

18

O atoms. The amount of Pi with 0, 1, 2, and 3

O atoms were 16.8, 3.4, 8.2 and 72.0 %, respectively. The same
distribution pattern of Pi was obtained when Pi was produced by
S-1 Ca-ATPase, The exchange ratio in the crosslinked acto-S-1
~ATPase reaction was calculated using the distribution of Pi

produced by the EDTA-ATPase reaction. In the S-1 Mg-ATPase

18 16

reaction, most of O atoms in (r—180)ATP was subtracted with 0
atoms (Fig. 6-b). The value of exchange ratio (R = k_3/k4) was
estimated to be more than 20 (see Table I).

The extent of oxygen exchange in the crosslinked acto-S-1
ATPase reaction was much lower than that of S-1 ATPase reaction.
When the ATPase reaction was carried out in the absence of KC1,

18O atoms decreased from 72 to 59 %. The

18

the number of Pi with 3

number of Pi with 0, 1, 2, and 3 O atoms were 23.0, 3.8 and

15.4, and 59.0 %, respectively. The value of R was assumed to be

18

0.3. Distribution of Pi with 0, 1, 2 and 3 O atom was

calculated from the distribution of original (r—180)ATP and R
value (0.3) to be 17.2, 5.7, 18.6, and 58.5 %, respectively.
When the ATPase reaction was carried out in 0.1 M KCl, the number

18O atoms decreased from 72 to 51 %. The number

18

of Pi with three
of Pi with 0, 1 and 2 O atoms were 12.5, 13.5 and 23.0 %,
respectively. The value of R was assumed to be 0.52 (calculated
distribution Pi with 0, 1, 2 and 3 atoms were 17.9, 8.2, 22.4,
and 51,5 %, respectively).

Inoue et al. (9) showed that at low ionic strength and in the
presence of high concentrations of F-actin, ATP is mainly

hydrolyzed without accompanying the dissociation of actomyosin.

Then, we analyzed the distribution of Pi hydrolyzed by acto-S-1
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TABLE I. Oxygen exchange during crosslinked acto-S-1 ATPase

reaction and non-crosslinked acto-S-1 ATPase at high F-actin

concentrations. Experimental conditions were as described for

Figs. 6 and 7. Values in parenthesis shows the distribution of Pi

calculated from R values and original distribution of Pi as

described in "EXPERIMENTAL").

18

Pi with O atoms

ATPase R 0 1 2 3
EDTA-ATPase 0 16.8 3.4 8.2 72.0
Mg-ATPase 82.0 5.8 4.3 7.9
20 (76.6) (12.1) (6.9) (4.5)
crosslinked acto-S-1 22.5 3.8 15.4 59.0
(-KC1) 0.3 (17.2) (5.7) (18.6) (58.5)
crosslinked acto-S-1 12.5 13.5 23.0 51.0
(0.1 M KC1l) 0.52 (17.9) (8.2) (22.4) (51.5)
non-crosslinked acto-S-1 26.2 7.2 18.5 48.2
(-KC1l, high conc. FA) 0.65 (18.4) (9.6) (23.9) (48.1)
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Fig. 7. Distribution pattern of (180)Pi species produced by

non-crosslinked acto-S-1 ATPase at high concentrations of
F-actin. 5.8 mg/ml F-actin, 5 M o s-1, 1 mM ([-180)ATP, 2 mM

MgCl,, 10 mM Tris-HCl at pH 7.8 and 25 °c.
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(5.8 mg/ml F-actin, 5 pM S-1) in 1 mu (J=-'80)aTP, 2 mM MgCl,, 10

27
mM Tris-HCl at pH 7.8 and 25 €. Amount of Pi with 0, 1, 2 and 3
180 atoms were found to be 26.2, 7.2, 18.5 and 48.2 %,
respectively (Fig. 7). The exchange ratio was estimated to be
0.65 (at R = 0.65 calculated distribution of Pi with 0, 1, 2, and

18

3 'Y0 were 18.4, 9.6, 23.9 and 48.1 %, respectively). This value

of R was slightly higher than that of crosslinked acto-S-1 (0.3)

under the same condition.

. DISCUSSION

We analyzed the elementary steps of actomyosin ATPase
reaction without accompanying dissociation of actomyosin. Inoue
et al.(4) proposed that ATP is hydrolyzed by actomyosin via the

following steps :

1
k, X, X, kg k,
* *
AM + ATP==AMATP —= AM ATP —= aM ATP—>aM>®® _~ am + aDP + Pi
a b P N
Jr | (inner cycle) (x?%DP)
* ' * \
A + M_ATP=A + M_ATP=>A + M%DP(R);eA M M%DP(N)

(outer cycle)

AT high concentration of F-actin and low ionic strength, ATP is
hydrolyzed mainly via upper route (inner cycle) (9). It was
considered that muscle contraction is coupled with this reaction
(4,12). However, it is difficult to study the elementary steps
of the ATPase reaction under physiological ionic strength, since
S-1 is easily dissociated from F-actin in the presehce of ATP.

Then, in this paper we studied using chemically crosslinked
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acto-S-1. It was shown that crosslinked acto-S-1 has the same
ATPase activity as the acto-S-1 ATPase reaction at high F-actin
concentrations (14,17).

The ATPase activity of crosslinked acto-S-1 is dependent on
the F-actin/S-1 ratio. AT low ratio of F-actin to S-1 the rate of
ATPase reaction is low (Fig. 1). The rate of ATPase activity
increased to nearly maximal value of 13 s"1 when the ratio of
actin monomer was more than 5 times that of S-1. Then, in this
paper we used crosslinked acto-S-1 in which molar ratio of
actin/S-1 is more than 5. When the ratio of F-actin was low the
amount of Pi measured after ATP chase was not changed, but the
Pi-burst size was slightly decreased (data not shown). The result
of oxygen exchange was unaffected by F-actin/S-1 ratio.

Km and Vmax of crosslinked acto-S-1 ATPase reaction was
determined to be 12 uM and 13 s_1, respectively. The value of
Vmax was more than 200 tiﬁes higher than that of S-1 alone (0.06

3—1). It was shown that the Km value of myosin ATPase reaction

. ADP
via MP

crosslinked acto-S-1 was 300 times higher than that of myosin

was in the order of 0.04 uM (37). Thus, Km value of

alone. therefore in the actomyosin ATPase reaction only the
decomposition of the reaction intermediate is greatly accelerated
by F-actin.

ATP chase reaction revealed that the amount of tightly bdﬁnd
ATP of crosslinked acto-S-1 was 0.5 mol/mol S-1. This value was
same as that of Pi-burst size of S-1 alone. Therefore, $-1 in
crosslinked acto-S-1 is not denatured by the crosslinking
reaction. On the other hand, the Pi-burst size decfeased from

0.5 to 0.16 or 0.10 mol/mol:S-1, respectively, in 0 or 0.1 M
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KCl. This result agrees well with those of Inoue et al.(9) and
Rosenfeld and Taylor (15) that Pi burst size of S-1 was reduced
by the presence of high concentrations of F-actin: Using
crosslinked acto-S-1 Biosca et al. (14) reported the same result.
It is well understood Pi burst size means the size of AM%DP .
The burst size was obtained to be 0.1 mol/mol-:S-1. k, can be

/ AM%DP 1
higher than the rate of k, of S-1 ATPase (0.05-0.06 s~
18

which is about 2000 times
1).

calculated as Vma to be 130 s~

X

From the result on the O exchange reaction, the value of R
(=k_3/k4) of the cross-linked acto-S-1 ATPase reaction was
calculated to be 0.3 and 0.52 at 0 and 0.1 M KCl, respectively.
Table I). The value of R in non-crosglinked acto-S-1 (0.65) in
the absence of KCl was slightly higher than that of crosslinked

18O/Pi species which are calculated were slightly

acto-S-1. The n
different from those observed. This is not due to the
conﬁamination of S-1, since the amount of free S-1 was less than
5% of total S-1 and the ATPase aétivity of non-crosslinked
acto-S-1 was much less than that of crosslinked acto-S-1. We
considered that the cause of difference.is due to the uniformity
in the state of S-1 crosslinked with F-actin. - For example, the
rate of ATPase reaction depends on the ratio of F-actin to S-1
(Fig. 1). Arata (11) suggested that ATPase reaction rate of
crosslinked acto-S-1 was dependent on tﬁe condition of
crosslinking reaction.

In this paper we denote the tightly bound ATP as one species.
Tightly bound ATP can be detected by the following methods, 1)
ATP chase reaction, 2) dissociation of acto-S-1, 3)'H+liberation

or the change of fluorescence and UV absorption and 4) the
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ADP
P L]

whether these phenomena are caused by the same intermediate.

intermediate which is equilibrium with M It is not evident

However, we can not detect the rate of transition between
probable intermediates. In this paper, we deal all the tightly
bound ATP complexes as species, and it should be noted that the

conclusion was unaffected by this assumption.

18

From the value of R (k_3/k4 = 0.52) estimated by 'O exchange

reaction and that of k4 (130 s'1) k_3 was calculated to be 68

- *
s 1. The value of k3 can be solved from Vmax’ amount of AM ATP,

ADP

amount of AMP and k_3, using the equation that Vmax =

* ADP
(AM ATP)k,y - (AM _3e 3
-1

s at 0.1 M KCl for crosslinked acto-S-~1. Therefore, the equili-

r

)k The value of k, was found to be 49.5

brium constant of step 3 was calculated as 49.5/68 to be about

0.7. This value is about 1/14 that of S-1 ATPase reaction (9).

ADP
P

ATPase reaction with cold ATP was almost the same as Pi burst

*
The amount of AM ATP plus AM measured by quenching the

size, so the amount of loosely bound ATP, AMATP, is considered to

be small. Since kZ(AMATP) is higher than Vmax, the value of k2

is considered to be extremely large. On the other hand, the
value of'k_2 is expected to be smaller than k3, since the amount

%
of AM ATP can be detected by cold ATP chase (Figs. 3 and 4).

ADP
P

F-actin and they suggested that k;z is accelerated by F-actin.
1

Sleep et al.(40) showed the format;on of ATP from AM by adding
Therefore, k_, is considered to be around 5 s~
The rate constant of the formation of tightly bound ATP at
various concentrations of ATP can be expected from Km and Vmax
of overall actomyosin ATPase reaction. If the backward reaction

from tightly bound ATP to loosely bound ATP is slow, the second
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order rate constant for formation of tightly bound ATP, K1k2, can

6
be calculated as Vmax/Km to be 2. x 10

1

(active site 0.5 mol/mol-

S~1). Therefore, if k = 1000 s~ (4), K1 was assumed to be 0.5

2
mM. These values are the same order of magnitude as that of S-1
~ATPase (4). Onishi et al. (41) showed that at high concentration
of KCl, the rate of Pi burst4for 5-1 does not depend on F-actin
concentration and that at low concentration of ATP the rate of
dissociation of acto-S-1 is similar to the rate of Pi burst.
Therefore, the formation for M*ATP does not depend on F-actin
concentration. The result éfesenﬁed‘here agrees with this
result.

We consider that crosslinking of acto-S-1 does not affect the
properties of the acto-S-1 ATPase reaction. VIn the absence of
KCl, at 20 °C and at high concentrétion of F-actin, ATP is
hydrolyzed without accompanying the dissociation of acto-S-1.
Under these conditions Vmax, R and Pi-burst size were estimated

1

to be 15 s~ ' (data not shown), 0.65 (Fig. 7) and 0.1 mol/mol-S-1

(3). Then, the values of k

61.8 S~', 97.5 5™

37 k_3, and k4 were calculated to be
, and 150 s_1, respectively. These values are
similar to those of crosslinked acto-S-1 in 0.1 M KCl. The rate
of crosslinked acto-S-1 ATPase reaction'depend on the
concentration of KCl_(see "RESULTS"). By decreasing KCl
concentration from 011 to 0 M, Vmax, R, and Pi-burst size became
11 s'1, 0.3, 0.16 mol/mol:S~1, respectively. Then the values of
k3, k_3, and k4 were found to be 42, 21, and 70 s—1, respec-
tively. Thus, at very low ionic strength the rate constants of

these steps are suppressed slightly.

Figure 8 summarized the rate constants of actomyosin ATPase
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reaction. For S-1 ATPase reaction it was reported that K1 = 0.5

1 1 -1

5'1, and k, = 0.05 s™'. The large difference between S-1
and acto-S-1 ATPase reaction is that k4 of acto-S-1 ATPase

reaction is 2000 times higher than that of S-1 ATPase énd‘that
S-1 ATPase reaction is limited by the decomposition of AM%DP,
while acto-5-1 ATPase reaction is limited by‘the formation of

ADP

AMP .

-72-



REFERENCES

1. Tonomura, Y. (1972) Muscle Protein, Muscle Contraction and

Cation Transport, Univ. Tokyo Press and Univ. Park Press,

Tokyo and Baltimore

2. Taylor, E.W. (1979) CRC Crit. Rev. Biochem. 10, 102-164

3. BEisenberg, E. & Green, E. (1980) Ann. Rev. Physiol. 42,

293-309

4. Inoue, A., Takenaka, H., Arata, T. & Tonomura, Y. (1979) Adv.
Biophys. 13, 1-194

5. Imamura, K., Kanazawa, T., Tada, M., & Tonomura, Y. (1965) J.
Biochem. 57, 627-636

6. Lymn, R.W. & Taylor, E.W. (1971) Biochemistry 10, 4617-4624

7. Inoue, A., Shibata-Sekiya, K., & Tonomura, Y. (1972) J.
Biochem. 71, 115-124

8. Inoue, A., Shigekawa, M., & Tonomura, Y. (1973) J. Biochem.

74, 923-934

9. Inoue, A. Tkebe, M. & Tonomura, Y.. (1980) J. Biochem. 88,

1663-1677

10. Chock, S.P., Chock, P.B., & Eisenberg, E. (1976) Biochemistry

15, 3244-3253

11. Arata, T. (1984) J. Biochem. 96, 337-347

12. Arata, T. (1986) J. Mol. Biol. 191, 107-116

13. Trayer, H.R. & Trayer, I.P. (1983) Eur. J. Biochem. 135,

47-59
14. Biosca, J.A., Travers, F., Barman, T.E., Bertrand, R.,

Audemand, E., & Kassab, R. (1985) Biochemistry 24, 3813-3820

15. Rosenfeld, S.S.& Taylor, E.W. (1984) J. Biol. Chem. 259,

-73~



16.

17.

18.

19.

20.

21.

22.

23.
24.

25.
26.
27.

28.
29.

30.

11908-11919

Stein, L.A., Chock, P.B., & Eisenberg, E. (1984) Biochemistry

23, 1555-1563
Mornet, D., Bertland, R., Pantel, P., Audemard, E., & Kassab,
R. (1981) Nature 292, 301-306

Yount, R.C., & Koshland Jr., D.E. (1963) J. Biol. Chemn.

238,1708-1713.
Sartoreli, L., From, H.J., Benson, R.W. & Boyer, P.D. (1966)

Biochemistry 5, 2877-2884

Bagshaw, C.R., Trentham, D.R., Wolcott, R.G., & Boyer, P.D.

(1975) Proc. Natl, Acad. Sci. USA 72, 2592-2596.

Perry, S.V. (1955) Methods in Enzymology (Colowick, S.T. &

Kaplan, N.O., eds.) Vol.2, pp.582-588, Academic Press, New
York
Weeds, A.G. & Taylor, R.S. (1975) Nature 257, 229-231

Spudich, J.A. & Watt, S (1971) J. Biol. Chem. 246, 4866-4871

Tietz, A. & Ochoa, S. (1962) in Methods in Enzymology

Colowick,S.P. and Kaplan,N.O.,eds.) Vol.5, pp.365-369,
Academic Press, New York

Martin, J.B. & Doty, D.M. (1949) Anal. Chem. 21, 964-967

Glynn, I.M. & Chappel, J.B. (1964) Biochem. J. 90, 147-149

Reynard, A.M., Hass, L.E., jacobsen, D.D., & Boyer, P.D.

(1961) J. Biol. Chem. 236, 2277-2288

Nakamura, H. & Tonomura, Y. (1968) J. Biochem. 63, 279-294

Hackney, D.D., Stempel, E.E., & Boyer, P.D.(1980) Methods in

Enzymology (Purich, D.L., ed.) part B. pp.60-83 Academic

Presss, New York.

Ikeuchi, Y., & Midelfort, C.F. (1986) Biochemistry 25,

74~



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

411-419

Statman, E.R. (1957) in Methods in Enzymology (Colowick, S.P.

& Kaplan, N.D. eds.) Vol. 3, pp. 228-231
Werhrli, W.E., Verheyder, D.L.M., & Moffatt, J.G. (1965) J.

Am. Chem. Soc. 87, 2265-2277

Randerath, K. $ Randerrath, E. (1967) in Methods in

Enzymology (Grossman, L. & Moldave, K. eds.) Vol. 12, pp.

323-347

Hackney, D.D., & Boyer, P.D. (1978) Proc. Natl. Acad. Sci

U.S.A.

Levy, H.M., Sharon, N., Lindman, E., & Koshland, D.E.Jr.

(1960) J. Biol. Chem. 235, 2628-2632

Midelfort, C.F. (1981) Proc. Natl. Acad. Sci. USA 78,

2067-2071.
Inoue, A., Shibata-Sekiya, K., and Tonomura, Y. (1972)

Hibberd, M.G., Dantzig, J.A., Trentham, D.R., & Goldman, Y.E.
(1985) Science 228, 1317-1319

Dantzig, J.A., & Goldman, Y.E. (1985) J. Gen. Physiol.

86, 305-327

Sleep, J.A. & Hutton, R.L. (1978) Biochemistry 17,

5423-5430

Onishi, H., Nakamura, Y., and Tonomura, Y. (1968) J. Biochem

64, 769-784

~75=



Part 3

Energy Level of the Elementary Steps of Actomyosin ATPase

Reaction
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SUMMARY

The thermodynamic parameters in the elementary stéeps of
non-dissociating pathway of the acto-S-1 ATPase reaction were
calculated based on those of the elementary steps in the myosin

ATPase reaction (Arata et al. (1975) J. Biochem. 77, 895-900),

and the binding of S-1 with F-actin in the absence of nucleotide
(Yasui et al. (1985) J. Biochem. 96, 1673-1680). The binding of
S-1 with F-actin in the presence of AMPPNP and ADP at 0.1 M KC1l

and pH 7.8 was measured as a function of temperature, by using a
centrifugal and a light scattering techniques. The dissociation
constant, Ky (M), AG’ (Kcal/mol), AH®° (Kcal/mol), and AS® (cal/deg-
mol) of the binding of S-1-AMPPNP and S-1-ADP with F-actin were:
Ky = 2.0 x 107>, AG"= -6.3, AH°= +1.4, AS°= +27. and K
10-6, AG = -7.9, AH = +11.1, As°= +65, respectively. Thus, the

= 1.2 %

binding reactions are endothermic and entropy driven. The

equilibrium constant of the step from Actomyosin-ATP complex,
* ' . ADP

AM ATP to actomyosin-P-ADP complex, AMP

the rate constant of forward and backward reaction. The wvalues

, was calculated from

of JG°, AH°, and AS® of this step were calculated to be +0.2
Kcal/mol, +1.8 Kcal/mol, and +5 cal/deg-mol, respectively.

The results were adjusted to the following scheme:

(1) (2) (3) (4)
ADP

AM <—> AMATP (or AMAMPPNP) «——> AMP <—> AMADP <—> AM
The thermodynamic properties of the steps (1), (2), (3), and (4)
were: AG° (Kcal/mol), -7.1, +0.2, -4.7, +3.9; AH (Kcal/mol),
+15.1, +1.8, -26.8, +5.2; As’ (cal/deg-mol), +72, +5, -73, +5,

respectively. The basic free energy change (Kcal/mol in the
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elementary steps of acto-S-1 ATPase were calculated for the
physiological concentrations of ATP, ADP, and Pi to be -4.1,
+0.2, -8.7 and -1.5 Kcal/mol, respectively, for steps (1) to (4).
Thus, most of the energy obtained by ATP hydrolysis was liberated
at the step from AM*ATP to AM%DP, and this step is considered to

be coupled with force development in muscle.
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INTRODUCTION

Muscle contraction occurs as a result of cyclic interaction
of myosin head (S-1) with F-actin. This reaction is driven by
ATP hydrolysis. Numerous studies (1-4) using soluble S-1 and
F-actin have reached the mechanism of actomyosin ATPase reaction
shown schematically in Figure 1. The right-side pathway (steps
1-4) is the ATPase cycle of S-1 dissociated from F-actin. The
left-side pathway (steps 1'-4') is the direct ATP hydrolysis
catalyzed by S-1 bound with F-actin. Step 3 in the right side

ADP

pathway is extremely slow, so MP with F-actin before it

is converted into MADP and return to the original state. The

ADP
P

faster than the rate of dissociation of AM

into AMADP (step 3') is much

ADP ADP
P into A + MP .

ATP is hydrolyzed via two pathways one via left side pathway of

ADP
P

suggested that force generation is coupled with some step(s) of

rate of decomposition of AM
Thus,
Fig.1 and the other via A + M ATP and A + M (2). It was also
.the direct hydrolysis paﬁhway (2, 5, 6).

Since the basic free energy change refers to the free energy
difference between the states of a single acto-S-1 molecule which
undergoes transition stochastically, it provides a fundamental
basis for determining the driving step in the direct hydrolysis
pathway (7, 8). Arata et al. (9) have estimated the standard
free energy changes for elementary steps 1-4 in myosin ATPase
reaction. The standard free energy change for the binding of S-1
with F-actin in the absence of ATP (equilibrium a) was calculated

by Yasui et al. (10). In this study, the standard free energy

changes for the binding of S-1-AMPPNP and S-1-ADP with F-actin
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AM - - A+ M
1 1
b
AM*ATP — - A 4+ M™ATP (M AMPPNP)
A
2’ 2
V c
AM-P-ADP = — A+ M-P-ADP
'y
3’ 3
! d
AMADP - —— A + MADP
4’ 4
a
AM ~ —— A + M

Figure 1. Schematic diagram for the mechanism of actomyosin

ATPase reaction. See text for details.
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(equilibrium b and d) were estimated from the dissociation
constants for these binding reactions. The standard free energy
changes for elementary steps 1'-4' were determined from those for
the steps 1 and 4 and those for the equilibria a, b and 4. The
standard free energy change for step 2' was calculated from the
rate constant of the forward and backward reaction of this step.
The standard free energy change of the step 3' was calculated
from the standard frée energy change of ATP hydrolysis and those
of ﬁhe steps 1',2' and 4'. The basic free energy changes were
finally calculated for physiological concentrations of ATP, ADP,
and Pi. It is concluded that more than 60 % of the energy of ATP

hydrolysis is available in the transition from AM%DP to AMADP.

EXPERIMENTAL PROCEDURE

Materials—Myosin was prepared from rabbit white skeletal
muscle by the method of Perry (11). S-1 was prepared by
chymotryptic digestion of myosin, as described by Weeds and
Taylor (12). G-actin was prepared from an acetone powder of
rabbit white skeletal muscle by the method of Spudich and Watt
(13). The concentration of free ATP in G-actin solution was
reduced to 2 M by dialysis against 2 mM Tris-HCl at pH 7.8;
Therefore, the molar concentration of nucleotide in the reaction
mixture was less than 1/60 that of S-1. G-actin was polymerized
into F-actin by adding KCl with buffer. Pyruvate kinase was
prepared from rabbit skeletal muscle as described by Tiez and

Ochoa (14). Acetate kinase and myokinase were purchased from
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Boehringer Mannheim, GMBH. The proteins were analyzed by SDS gel
electrophoresis (15). Protein concentratibns were determined by
means of the Biuret reaction calibrated by nitrogen determina-

tion. The molecular weight of S-1 and actin monomer were adopted

> and 4.2 x 104, respectively (16).

to be 1.2 x 10
Reagents—EDC (1-ethyl-3-(3-dimethyl aminopropyl)
carbodiimide) was purchased from Nakarai Chemical Co. Ltd, Kyoto.
ATP and ADP were purchased from Kohjin Co. Ltd, Tokyo. AMP was
purchased from Yamasa Co. Ltd. PEP was purchased from Sigma Co.
(180)H20 (98 atom % of 18O) was purchased from Amersham
International plc. or CEA oris. (T—32P)ATP was synthesized
enzymatically by the method of Glynn and Chappel (17). All other

reagents were of analytical grade.

Binding of S-1 to F-actin — The extent of binding of S-1

with F-actin was measured by the following two methods. (1) The
extent of binding'of S-1 with F-actin in the presence of ATP was
measured from the change in the light scattering intensity at 360
nm by a stopped flow apparatus, using a Hitachi-Perkin Elmer
MPF-2A fluorescent spectrophotometer with a Visigraph recorder
(san-ei, FR-301) (3). (2) The extent of binding of S-1 with
F-actin in the presence of AMPPNP or ADP by a ultracentrifugal
separation (14). The reaction mixture (0.2 ml) was qentrifuged
at 1.3 x 105 g for 30 min. The concentration of S—1:in the

supernatant was estimated by means of Bradford assay (19).

Crosslinking of acto-S-1—Acto-5-1 was crosslinked

as described by Mornet et al. (20) and Arata (21) with slight
modifications (Yasui et al. part 2 of this thesis). Amount of

-non-crosslinked S-1 in the preparation was determined by
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SDS/polyacrylamide gel electrophoresis to be less than 5 % of
total s-1.

ATPase activity—The rate of acto-S-1 ATPase reaction in the

steady state was measured by coupling ATPase reaction with
pyruvate kinase system. The reaction mixture contained?O.S mg/ml
pyruvate kinase, 0.1 mM ATP, 2 mM PEP, 0.1 M KCl, 2 mM MgClZ, and
10 mM Imidazole at pH 7.0 and 0-20°C. The amount of pyruvate

liberated was determined as described by Reynard et al. (22).

The initial phase of ATP hydrolysis was measured from 32Pi

32P)ATP by employing Durrum rapid-flow

liberation from (/-
apparatus. The reaction was started by mixing crosslinked
acto-5-1 (5 pM S-1) with 100 uM (5-32P)ATP in 0.1 M KC1, 2 mM

MgCl and 10 mM Imidazole at pH 7.0 and 0-20 °C, and the reaction

2'
was terminated with 0.1 N HCl containing 0.1 mM Pi as a carrier.
After adding 1 ml of 10 % TCA the denatured proteins were removed
by centrifugation at 1 x 103 g for 10 min. The amount of 32Pi

liberated was measured as described previously (23).

Oxygen Exchangg——(r—1805ATP Was synthesized based on the

methods of Hackney et al. (24) and Ikeuchi and Miderfort (25)
with slight modifications (Yasui et al. part 2 of this thesis).

The ATPase reaction was carried out using (180)ATP as substrate,

18o atoms were

18

and the distribution of Pi with 3, 2, 1, and 0O
analyzed as described in part 2. The amount 6f O in the
r-position of ATP was determined from the distribution of Pi
which is produced by the myosin EDTA ATPase reaction (26). The
distribution of Pi produced by ATPase reaction was calculated

from the given value of R (= k_3/k4) and the distribution of Pi

produced by the EDTA-ATPase reaction, as described by Miderfort
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Figure 2. Dependence on temperature of the dissociation
constants for the interaction of F-actin, S-1, and AMPPNP. 1.5
mg/ml S~1, 0-4 mg/ml F-actin, 0-1 mM AMPPNP, 0.1 M KCl, 4 mM
MgClz, and 20 mM Tris-HCl at pH 7.8. The dissociation constant
of F-actin to S-1-AMPPNP complex (Ka,C)) and the dissociation
constant of AMPPNP from acto-S-1 (Ks,[&) were obtained by
measuring the extent,c*, of dissociation of S-1 from F-actin as a
function of free concentration of F-actin and AMPPNP;Ck—1 =1 +
(1 + Ks(AMPPNP)-1)(F—actin)Ka_1. The value of determined by

centrifugal separation method. See text for details.
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(36) and in part-Zfbf this thesis.

Calculation of AG°, AG , AH°, and S ——The value of standard
free -energy change, AG®, was céléﬁlated from the égquilibrium
constant of the steﬁ. The enthalpy change, AR, and entropy
change, AS® were calculated from the dependence of AG® on the
temperature. The basic free energy change, AG' was calculated
| from AG® and actual concentration of ligand (ATP, ADP, or Pi)
according to the foilowing equations (8); M + L~—>ML (or AM +
~>AML), AG =AG° - RTln(L) and ML ~<—>ML' (or AML—AML'), AG’
= AG°, where M, A, and L (L') show S-1, F-actin, and ligand,

respectively.

RESULTS

Binding of S-1 with F-actin in the Presence of AMPPNP —— The

extent of dissociation of S-1 from acto—Sf1,c#, was measured in
1.5 mg/ml S-1, various concentrations of AMPPNP (0.2-2 mM), and
F-actin (1-4 mg/ml), 4 mM MgClz,

incubation for 1 h, the reaction mixtures were centrifuged at 1.3

20 mM Tris-HCl at pH 7.8. After

X 105 g for 30 min. The concentration of free S-1 in the
supernatant (£f) was measured and then the concentration of bound
S-1 (b) was calculéted as c-f where ¢ is total concentration of
S-1 added. The concentration of free F-actin (A) was calculated
as d-b, where d is total concentration of F-actin. d~(= f/c) was
found to be given byc*f1 =1 + (1 + Ks(AMPPNP)_1)(A)Ka—1, where

Ks and Ka were dissociation constants of the following steps;
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Ks Ka
acto_—S—'1' + AMPPNP «——> acto-S-1-AMPPNP <—> actin + S-1-AMPPNP

'(1§);,_A'linear relationship was observed in (df1t— 1) vs. (A)

| plot and:Ka' was determined from the slope of this plot;<$'1 = 1

1; A linear plot of Ka'™
1

+ (A)Ka~ vS. (AMPPNP) ~ provided -Ks and

= Ka‘_1(1 + Ks(AMPPNP)_1). The Ka and Ks value of the
5

Ka; Ka'"~

and 1.1 x 10"3

acto-S-1-AMPPNP system were found to be 2.0 x 10~
M, fespectively. Figure 2 shows the temperature dependence of Ka
and Ks. On raising temperature from 0 to_30°C, the value of Ka

5

decreased 2.4 to 1.9 x 10~ M:whereas the valué‘of Ks increased

from 0.95 to 1.2 x 1073

M. the thermodynamic parameters of the
binding of F-actin with S-1-AMPPNP were obtained from the plot of
AG° (= RTlnKa) against absolute temperature (T) (cf. Fig. 5 in
Part 1). The value of AG’° at 20 °C, AH®, and AS® were also
determined from Ks for the binding of AMPPNP with acto-S-1 .
complex to be -3.9 Kcal/mol, -1.3 Kcal/mol, and -9 cal/deg:mol,

respectively.

Binding of S-1 with F-actin in the Presence of ATP —— The

dissociation constant of acto-S-1 in the presence of ATP, was
measured by a light-scattering method in 0.012 mg/ml S-1, 2, 4,

and 6 mg/ml F-actin, 3 mM ATP, 4 mM MgCl and 20 mM Tris-HCl at

27
pH 7.8. The dissociation constants were obtained from the slope
of (df1 -~ 1) against free F-actin concentration,(A). 2as in the
case of AMPPNP;dC'1 =1 + (A)/Kd (3). Figure 3 shows the
dependence on temperature of the apparent dissociation constant,
Kd, of acto-S-1 in the presence of ATP. On raising temperature

from 10 to 30°C.

Binding of S-1 with F-actin in the presence of ADP — The
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Figure 3. Dependence on temperature of the dissociation
constants for the binding of'S-1 with F-actin in the presence of
ATP. 0.012 mg/ml S-1, 2-6 mg/ml F-actin, 3 mM ATP, 0.1 M KCl, 4
mM MgClZ, and 20 mM Tris-HCl at pH 7.8. The extent of
dissociation of S-1 from F-actin was determined as a function of
free F-actin concentration by measuring the change in light
scattering intensity. The dissociation constant (Kd) was

obtained from the plot of o1

concentration; d:1 =1 + Kd_1(F—actin). Other conditions were as

- 1 against free F-actin

described for Fig. 2.
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Table I. Dissociation constants and thermodynamic parameters

for elementary steps of the formation of acto-S-1-ADP complex.

STEP 1 STEP 2 STEP 3 STEP 4
Kd (M) 3.3 x 1077 3.3 x10°% 1.2 x 10°% 1.2 x 10-3
AG® (Kcal/mol) -11.3 ~7.3 -7.9 -3.9
AH® (Kcal/mol) +2.5 -13.8 +11.1 -5.2

AS° (cal/deg-mol) +47 -23 +65 -5

0.5 yM S-1, 0-4 pM F-actin and 0.2-2 mM ADP. Thermodynamic
properties of the following steps were measured:

(1)
A+ S-1 4+ ADP <——-> A-S-1 + ADP

f (2) (3) f (4)

A + S-1-ADP <~ A-S-1-ADP
where A indicates F-actin. KXds for step 3 and 4 were determined
by measuring the extent of dissociation as a function of ADP and -
F-actin concentration, as described for Fig. 2. Kd for step 1
was obtained in Part 1. K4 for step 2 was calculated from Kds
for step 1, 3, and 4 (see the text for details). AG° (= RTLnKd)
was calculated from the value of Kd and AH® and AS° were
determined from the temperature dependence of AG°, as described

for fig. 5 (Part 1).
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binding of S-1 with F-actin in the presence of ADP was measured
in 0.5 pM S8-1 and 0, 1, 2, or 4 pM F-actin, 0.1 M KCl, 4 mM

MgClz, and 20 mM Tris-HCl at pH 7.8. The mixture.was centrifuged

5

at 1.3 x 10° g for 30 min in the presence of various concentra-

tion of ADP. The values of Ka and Ks were determined as in the

6 M and

case of AMPPNP (see Fig. 2) and were found to be 1.2 x 10~
1.2 x 1073 M at 20°C, respectively. It is likely that nucleotide
(ADP) and F-actin bind with S-1 in accordance with the following

mechanism (14, 16).

A + M-ADP ———~  A-M-ADP
where A and M are F-actin and S-1, respectively. The
dissociation constant (Kd) for steps 3 and 4 correspond to Ka

6 M) and Ks (1.2 x 1073

(1.2 x 10° M). K4 for step 1 corresponds
to the dissociation constant of acto-S-1 in the absence of
nucleotide and was obtained in Part 1 (3.3 x 10_9 M). Kd for
step 2 (Kd(step 1) x Kd(step 4))/Kd(step 3) was calculated to be
3.4 x 10—6 M. These values for Kd were listed in the first row
of Table I. The thermodynamic parameters were calculated from
RT1lnKd vs. T plot and listed in the rest of Table I. The values
of AG", AH®°, and AS° for the binding of F-actin with S-1-ADP
(step 3) were -7.9 Kcal/mol (at 20°C), +11.1 Kcal/mol, and +65

cal/degrmol, respectively.

Initial Stage of Crosslinked Acto-S-1 ATPase Reaction——The

rate constant of the elementary steps of actomyosin ATPase

-89~



TABLE II. Kinetic constants of the steps between actomyosin-ATP
and actomyosin-P-ADP complexes. 0.1 M KCl, 2 mM MgClz, 170 mM

Imidazole-HCl at pH 7.8, 0 or 20°C.

. a) b) c) d)
temp. burst size R v k4 k_3 k3 K3
(ATPase)
(°c) (mol/mol) (s (s™") (s™Y)y (s (s™)
free site
20 0.1 0.52 13 130 68 49.5 0.73
0 0.09 0.65 0.5 5.5 3.6 2.1 0.58

a) k4 = v/(burst size)

b) _

k_3 = k4 X R
<) k3 = (v + k_3(burst size))/((total site) - burst size)
d) _

Ky = ky/k_4
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reaction without accompanying the dissociation of actomyosin was
measured using crosslinked acto-S8-1. The rate of crosslinked
acto-S-1 ATPase reaction was measured in crosslinked acto-S-1
(0.1 nM s-1) 0.5 mg/ml pyruvate kinase, 0.1 mM ATP, 2 mM ATP, 0.1

mM KCl, 2 mM MgCl and 10 mM Imidazole-HCl at pH 7.0, 0 and

27
20°C. The rate of acto-S-1 ATPase reaction was found to be 0.5
and 13 5_1, respectively.

The time course of Pi-liberation was measured after mixing
(y-32P)-labelled ATP (100 pM) with crosslinked acto-s-1 (5 pM

S-1) in 0 or 0.1 M KC1l, 2 mM MgCl and 10 mM Imidazole at pH

2l
7.0, 0 and 20°C. The Pi burst size of crosslinked acto-5-1 was
0.09 and 0.1 mole/mole<S-1, respectively, at 0 and 20°C.

The amount of initial rapid Pi liberation after ATP quenching was

found to be 0.5 mole/mole*S-1 (part 2 of this thesis).

Oxygen Exchange during Acto-S-1 ATPase~—O0xygen exchange

reaction in the érosslinked acto-S-1 ATPase was analyzed using
(f-180)ATP as substrate. Distribution of Oxygen in /~P position
of ATP was measured from the distribution of Pi produced by S-1
EDTA-ATPase reaction. As shown Table II, about 72 % of total Pi
contained 3 180 atoms. The amount of Pi with 0, 1, 2, and 3 18O
atoms were 16.8, 3.4, 8.2 and 72.0 %, respectively. The exchange
ratio in the crosslinked acto-S-1 ATPase reaction was calculated
using the distribution of Pi produced by the EDTA-ATPase
reaction. When Pi was produced by the crosslinked acto-S-1

18O atoms

18O

ATPase reaction at 20°C, the number of Pi with three
decreased from 72 to 51 %. The number of Pi with 0, 1 and 2
atoms were 12.5, 13.5 and 23.0 %, respectively. The value of R

was assumed to be 0.52. The calculated distribution Pi with 0, 1,
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TABLE III. Distribution of 18O—Pi produced by crosslinked

acto~S-1 ATPase reaction at 0 andbzocb.

number of 18O—atoms
Experiments ' R
0 1 2 3

Control? 16.8 3.4 8.2 72.0

acto-S-1 12.5 13.5 23.0 51.0 0.52
(20 °C) (11.7) (8.2) (22.4) (51.5)

acto-S-1 18.3 11.8 21.3 48.6 0.65
(0°c) (18.0) (9.5) (24.0) (48.5)

@pistribution pattern of Pi produced by EDTA-ATPase reaction.
Values in parenthesis show the calculated values from R value and

distribution of Pi produced by EDTA ATPase reaction.
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2 and 3 atoms were 17.9, 8.2, 22.4, and 51,5 %, respectively.

When the -ATPase reaction was cérried out at 0°C, The number of Pi

180 atoms was decreased to 48.6%. The number of Pi with 0,

18

with 3
1, 2, and 3 O atoms were 18.3, 11.8, 21.3, and 48.6%,
respectively. The value or R was estimated to be 0.65. The
calculated distribution of Pi were 18.0, 9.5, 24.0, 48.5%,

respectively.

DISCUSSION

The binding of S-1 with F-actin was measured in the presence
of AMPPNP, ATP, and ADP in 0.1 M KCl at pH 7.8. Although it has
been proposed that two heads of myosin are non-identical (2, 13),
no heterogeneity was fortunately observed in the kinetical
analysis under the condition used. Therefore, two species of $S-1
appear to bind with F-actin similarly and all the results
obtained here can be adequately explained by the simple scheme.

The binding of S-1 with F-actin in the presence of AMPPNP or
ADP was assumed to fit the following scheme (18):

1
A+M4+ N <——>AM=+ N

3
A+ MN ———= AMN

where A, M, and N mean F-actin, S-1, and nucleotide, respective-
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ly. The validity of this scheme was examined by using
independently measured values for ADP as nucleotide (Table I).

The dissociation constant (Kd) for step 1 was determined to be

9 M (Part 1). Values of K4 for step 3 and 4 were found

6

3.3 x 107
to be 1.2 x 107" and 1.2 x 10-3 M, respectively. The value for
step 2, i.e., binding of S-1 with ADP was calculated as (Kd(step

-6

2) = Kd(step 1) Kd(step 4)/Kd(step3)) to be 3.3 x 10°° M which

© M, 1G°= -7.1 Kcal/mol in

was close to be the value (5.32 x 10~
0.5 M KC1 at pH 7.8 and 20°C) reported by Arata et al. with HMM
(26). Therefore, the scheme appears to be valid for ADP.

In the presence of ATP, S-1 exists as S-1-P-ADP complex,
however, in the presence of F-actin acto-S-1 exists as
acto—S—1*ATP complex (part 2 of this thesis), and there is no
rapid equilibrium between acto-S-1-P-ADP and S-1-P-ADP complexes.

4 M at 20°C (Fig. 3)

The apparent dissociation comstant, 5.3 x 10~
would be a complicated function of the decomposition rate
constant of steps 3' and 3 (Fig. 1).

The value of AG® (Kcal/mol), AH° (Kcal/mol), and AS°®
(cal/deg mol) were calculated from the temperature dependence of
Kd for the binding of S-1-AMPPNP (b) and S-1-ADP (d) with
F-actin. The values at 20 °C were as follows: (b) 4G’ = -6.3, AH®
= +1.4, 4s° = +27); (d) 4G° = -7.9, AH’ = +11.1, AS° = +65.
Positive H and large negative AS° indicate that all the binding
reactions are endothermic and are entropy driven. These
characteristics are apparently similar to those for the binding
of acto-S-1 complex in the absence of nucleotide, and may be

explained by similar structural change as discussed previously

(10, part 1).
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—-11. . +47
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-7.1 +72 "
Cie)  —o1 -9.3 (~8.9) AN +16.2 (+1.7) (=9) t92 (+28)
' —6.3) 14 ’ , +27) .
AMPATP 2 A+ MRATP (M AMPPNP) amiate —8 A L MRATP (M AMPPNP) AMPATP ————— A + M"ATP (MAMPPNP)
+0.2 ' 15 +1.8 +2.9 +5 17
-74 +0.3 . +15
AM—P-ADP A+ M-P-ADP AM-P-ADP ——22 A 1 M-P-aDP AM=P-ADP —————— A + M=P-ADP
4.7 —4.2 ~268 -37.5 -73 —i23
-7.9 +11.1 +65
AMADP — A + MADP AMADP ——— e A 4+ MADP AMADP ———ee— A+ MADP
+3.9 *7.3 +5.2 +13.8 +5 +23
-11.3 2.5 +47
AM — A4 M AM — T At wM AM ——— A+ M

Figure 4. Changes in standard free energy (3), enthalpy (B), and
entropy (C) for elementary steps of actomyosin ATPase reaction.
AG® ,AB°, and A4S° are defined for the steps toward the left and
downward, and are expressed as Kcal/mol, Kcal/mol, and
cal/deg+'mol, respectively. Thermodynamic parameters for the
elementary steps in dissociating pathway (the right-hand) were
taken from those of myosin ATPase reported in ref. 9. Based on
the parameters for myosin ATPase reaction, the parameters for the
elementary steps of nondissociating pathway (the left-hand) were
calculated from those for the binding of F-actin to S-1 (Part 1),
S-1-AMPPNP (Fig. 2) and S-1-ADP (Table I) and the equilibrium

*
constant between AM ATP and AMéDP. The numbers in parenthesis are

the values obtained with AMPPNP. See the text for details.,
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*
The equilibrium constant of AM ATP and AM%DP

from the kinetic analysis of actomyosin ATPase (see part 2 for
ADP into AM

P
The amount of AM%DP,

was estimated

detail). The rate constant of the decomposition of AM
+ ADP + Pi, k,, is given as Vmax/(AM%DP).
can be estimated from the size of initial Pi-burst (3). The ratio
of the rate constants, k_3 and k4, can be estimated as R =

k_3/k4. Furthermore, the net rate of step (3), (AM*ATP)k3 -

ADP
(AMP

)k_3 is equal to Vmax the rate of k3 can be calculated.
Then, the equilibrium constant of the step (3), K3 was calculated
as k__3/k3 As summarized in Table II, the equilibrium constant
was found to be 0.73 and 0.58, respectively at 20 and 0°C.
Therefore the value of AG®°, AH®, and 4S° were calculated to be
+0.2 Kcal/mol, +1.8 Kcal/mol and +5 cal/deg-mol. K1, k2 and k_2
were found to be 1 mM, 1000 s—1 and 5 5-1, respectively (Part 2).
Then the AG° of these two steps were calculated to be -4.0 and
-3.1 Kcal/mol, respectively.

The values of AGo,iAH°, and 48° for elemehtary steps in
non-dissociating pathway (1.'-4') of actomyosin ATPase reaction
were calculated from those for the binding of S-1-nucleotide
intermediate and F-actin (a,‘b, and d) (see Fig. 1) and the
equilibrium constant of steps 1', 2' and 3'. Figure 4 summarized
thermodynamic parameters AG" (A), AH°(B), and As’ (C) for
-elemenéary steps of actomyosin ATPase. iAG° for AM—~<=~2 + M was
taken as -11.3 Kcal/mol (Part 1) and AG° for AM-ADP ——> A +
M-ADP were taken as -7.9 Kcal/mol. AG s for elementary steps of
myosin ATPase reaction were taken from those obtained by Arata et

al. (9). The values of AH’ and AS’ for the step from M + AMPPNP

to MAMPPNP (+1.7 Kcal/mol and +28 cal/deg-mol) were different
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from those estimated kinetically (+16.2 Kcal/mol and +92
cal/degemol). The value (-7.1 Kcal/mol) of AG’ for step from AM
to AM*ATP obtained from X1, k2 and k_2 was larger than that (-3.9
Kcal/mol) using AMPPNP (see Fig. 5). The AG’ for formation of
AM*ATP was estimated from the equilibrium constant of AMATP
formation, K1, and the values of k2 and k__2 for the step AMATP to
AM*ATP. By analogy with AGO, the values for AH® and AS° were
calculated and shown in B and C of Fig. 4. Profile for AH° shows
no significant difference between nondissociating and
dissociating pathway; formation of (A)M-P-ADP from (A)M was
associated with large increase in enthalpy (about 20 Kcal/mol)
whereas its decomposition into (A)M-ADP associated with large
decrease in enthalpy (-35 Kcal/mol). Profile for AS° also show
no significant difference between two pathways. However,
formation of (A)M‘Z;DP from (A)M was associated with large increase
in entropy ((-77) -109 cal/deg*mol). Therefore, it is suggested

that conformation change in acto-S-1 complex may occur during ATP

ADP

D complex may be a key intermediate for energy

hydrolysis and AM
transduction.

The basic free energy changes, 4G for actomyosin ATPase
reaction were finally calculated from AG° profile (Fig. 5) by the
method described in "EXPERIMENTAL PROCEDURE". The concentrations
6f ATP, ADP and Pi were 5 mM 0.1 mM and 1 mM, respectively, as a
rough approximation to the physiological concentration in muscle.
In the absence of F-actin (right-side pathway), AG’ for formation
of M?DP was 55% (-7.8 Kcal/mol) and the remaining 45% (-6.3
ADP to M. In the presence of

P
bound F-actin (left-side pathway) AG’ for formation of AM%DP

Kcal/mol) was for decomposition of M

was
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-3.9(-0.7) Kcal/mol, whereas -10.2 Kcal/mol was for decomposition

ADP to AM. About 30 % of the energy of ATP hydrolysis was

P
lost in the step from AM to AM%DP, and thus AMSDP‘state can

of AM

assigned as "high energy" state. It is likely that force
development and of muscle are coupled with the chemical step

with a major drop in basic free energy (7,8). In the transition
from AM%DP, a maximum of 62 % (-8.7 Kcal/mol) of free energy drop

is available for force generation in muscle.
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Part 4

Two Routes of Acto-Subfragment-1 ATPase Reaction Analyzed by

Oxygen Exchange
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SUMMARY

We analyzed an oxygen exchange during the acto-S-1 ATPase

184 labeled species using

reaction from the distribution of
(7;18O)ATP as substrate. The results obtained can be explained
by the two route mechanism in which ATP is hydrolyzed by two
routes.one with the dissociation of acto-S-1 into F-actin anf
S—1—phésphate—ADP complex, S—1§DP, and the other without
accompanying the dissociation of acto-S-1. (Inoue, A.,

Shigekawa, M. & Tonomura, Y. (1973) J. Biochem. 74, 923-934;

Inoue, A., Tkebe, M. & Tonomura, Y. (1980) J. Biochem. 88,

1663~1677). Under the condition where ATP is mainly hydrolyzed by
a route without accompanying the dissociation of acto-S-1 the
extent of oxygen exchange was low. While under the condition

where ATP is hydrolyzed by two routes, the distribution of

18

product Pi with 3, 2, 1, and 0 O atoms showed the mixture of

low and high oxygen exchange. The ratio of ATP hydrolysis via
two pathways calculated from the distribution of Pi species was

equal to that determined from the rate of overall reaction and
ADP
P L2
suggested that the rate of binding and dissociation of acto-

ADP ADP
S—1P p

decomposition of acto-S-1-P-ADP complex.

that of recombination of F-actin with S-1 This results

into F-actin and S-1 was lower than the rate of
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INTRODUCTION

Muscle contraction occurs by a cyclic interaction of myosin
head with F-actin coupled with ATP hydrolysis. Then, it is
important to clarify the mechanism of actomyosin ATP reaction for..
elucidation of the molecular mechanism of muscle contraction.
There is diversity of opiniohs among workers.on the mechanism of
actomyosin ATPase (see ref. 1-4). Lymn;and Taylor (5) proposed
that ATP is hydrolyzed via the dissociation-recombination cycle
of actomyosin: p

AM + ATP <=A + MATP <A + M3O" — > AM + ADP + Pi.
On the other hand, we (6, 7) showed ATP is hydrolyzed via two
routes one with and the other without accompanying the
dissociation of actomyosin:

M + ATP o> AMATP ——~ AMS " — = AM + ADP + Pi

Jh" .////27
A+ MaTP=>2 + M3PF
where AMATP is in rapid equilibrium with A + MATP.
Eisenberg et al. (8) later confirmed the existence of ATP
hydrolysis without accompanying the dissociation of actomyosin.

However, they proposed that AM%DP is also in rapid equilibrium

with A «+ M%D?.

In this éaper, we analyzed the mechanism of acto-S-1 ATPase
reaction by an oxygen exchange reaction. 1In the preceding paper
(9), we showed that the extent of oxygen exchange is low when ATP
is hydrolyzed via route without accompanying the dissociation of
acto-S-1. On the other hand, oxygen exchange during ATP

hydrolysis via dissociation-recombination cycle is considered to
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ADP

be very high, since S-1j is stable, i. e. , the rate of ATP

hydrolysis via dissociation-recombination cycle is determined by

ADP

the transition from MP in refractory state to that in

non-refractory state (10, 11, 7) and M%DP

with MATP (7). However, if MQDP is in rapid equilibrium with

AM%DP, Pi with low oxygen exchange may not be observed. The

is in rapid equilibrium

heterogeneity in oxygen exchange during actomyosin type ATPase
reaction has been reported by Miderfort (12, 13), Shukla et al.
(14, 16), Hackney (17) and Hibbert et al. (18). However, the
relationship of two Pi species with mechanism of ATP hydrolysis
has not been analyzed.

In the present paper, we found that ATP hydrolysis with high
and low extent of oxygen exchange, respectively, are those with

and without accompanying the dissociation of actomyosin.

EXPERIMENTAL PROCEDURES

Materials—Myvosin was prepared from rabbit white skeletal
muscle by the method of Perry (19). S-1 was prepared by
chymotryptic digestion of myosin, as described by Weeds and
Taylor (20). G-actin was prepared from an acetone powder of
rabbit white skeletal muscle by the method of Spudich and Watt
(21). The concentration of free ATP in G-actin solution was
reduced to Z,PM by a dialysis against 2mM Tris-HCl at pH 7.8.

G-actin was polymerized into F-actin by adding KCl to 50 mM, and
| after the mixture was ultracentrifuged at 1 x 105g for 90 min

the pellet was homogenized in the buffer. The molecular weight
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of S-1 and actin monomer were adopted to be 1.2 x 105 and 4.2 x
104, respectively (22). Crosslinked acto-S-1 was obtained as
described previously (9). Pyruvate kinase was prepared from
rabbit skeletal muscle as described by Tietz and Ochoa (23).
Acetate kinase and myokinase were purchased from Boehringer
Mannheim, GmbH. Protein concentrations were determined by means
of the Biuret reaction calibrated by nitrogen determination.

ATP and ADP were purchased from Kohjin Co. Ltd, Tokyo. AMP
was purchased from Yamasa Co. Ltd. PEP was purchased from

18 18

Boehringer Mannheim, GmbH. ( "O)water(98 atom % of 0) was

purchased from Amersham International plc. or CEA oris.
(r_18

method of Tkeuchi and Miderfort (13) with slight modification

O)ATP was synthesized using acetate kinase system by the

(9). All other reagents were of analytical grade.

Methods—The rate of acto-S-1 ATPase reaction in the steady
state was measured by coupling ATPase reaction with pyruvate
kinase system. The reaction was started by mixing 0.1 mM ATP and
2 mM PEP with acto-S-1 coptaining 0.5 mg/ml pyuvate kinase in 0.1

M KCl, 2 mM MgCl,, and 10 mM Imidazole at pH 7.0 and 20 °C. The

2'
ATPase activity was determined by measuring the pyruvate

liberation. The amount of pyruvate liberated was determined as

described by Reynard et al. (24).

ADP
P

the change in the light scattering intensity of acto-S~1 at 400

The rate of binding of S-1 with F-actin was measured from

nm using a stopped apparatus combined with a Hitachi MPF-2A

fluorescence spectrophotometer as described previously (6, 25).
The extent of oxygen exchange was measured using ([Lao)ATP as

substrate (part 2 of this thesis). ATPase reaction was performed
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usually in 10 uM S-1, 0.6-5.8 mg/ml F-actin, 1 mM (Y-'80)ATP, 50
mM KC1, 2 mM MgCl,, 20 mM Tris-HCl at pH 7.8 and 20 °C. ATPase
reaction was stopped with 10 % of PCA after about 50 % of labeled
ATP was hydrolyzed by the ATPase reaction and the product Pi was
separated on Dowex 1X2 (%) column chromatography. The fraction
was lyophilized and converted into trimethylsilyl phosphate. The
fraction of each labeled Pi species were determined by a gas
chromatography that is directly coupled to the mass spectfometer
(Shimadzu-LKB 9000 or Shimadzu QP-1000). The amount of Pi which

18

contained 0, 1, 2 and 3 O atoms were determined from the signal

intensities at m/e = 314, 316, 318 and 320, respectively. The

29 30Si was corrected as described

natural abundance of Si and
Hackney and Boyer (26). The distribution of Pi which is produced
by the myosin EDTA ATPase reaction, since Levy et al.(27)

reported that there was no oxygen exchange reaction in the myosin

EDTA ATPase reaction.

RESULTS

Oxygen Exchange during Acto-S-1 ATPase Reaction—— Oxygen

exchange between water and phosphate during acto-S-1 ATPase
reaction (intermediate exchange) was measured in 10 PM S5-1, 0.6-6

mg/ml F-actin, 1 mM (V- CO)ATP, 50 mM KC1, 2 mM MgCl.,, 20 mM

2'
Tris-HCl at pH 7.8 and 20°C (Table 1). The isotopic distribution

in the original (71180)ATP was measured from the distribution of

(180n)Pi species in the Pi produced by EDTA-ATPase. The

18

distribution ratio of ( OO)Pi:(1801)Pi:(1802)Pi:(1803)Pi in
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TABLE I.

0.6-3.0 mg/ml F-actin, 10’pM S-1, 50 mM KC1, 1 mM

MgCl, and 50 mM Tris-HCl at pH 7.8 and 20°C.

18

O"'ATP r

Oxygen exchange during acto-S-1 ATPase reaction.

2mM

The ratio of ATP

hydrolysis via two routes was estimated using the values of

exchange ratio, R, of the inner and outer cycle as 0.6 and 18,

respectively.

Theoretical distribution of Pi from the ratio of

ATP hydrolysis and the values of R are shown in parentheses.

1

Conc. of 8O / Pi Ratio of
F-actin ATPase?
(mg/ml) 0 1 2 3 F (%)
Control® 16.8 3.4 8.2 71.6
0.6 61.1(60.6) 9.1(11.9) 8.9{(11.5) 20.9(16.0) 25
1.5 57.9(54.9) 8.3(11.5) 10.7(13.1) 23.1(20.5) 35
2.0 50.7(52.1) 13.8(11.3) 13.8(13.9) 21.7(22.7) 40
3.0 36.9(40.8) 15;0(10.6) 19.1(17.0) 29.0(31.6) 60
a

acto-S-1, F, estimated from the distribution of ('80)Pi.

b
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percent was 16.8:3.4:8.2:71.6 (Fig. 1A). At 0.6 mg/ml F-actin
amount of (1800)Pi increased from 16.8 to 61.1 %, while that of

(1803)Pi decreased from 71.6 to 20.9 %. The content of (1801)Pi
increase slightly from 3.4 to 9.1 %. The content of (1802)Pi
was the same as that of control Pi. When the concentration of
F-actin was increased from 0.6 to 3.0 mg/ml, the amount of
(1800)Pi was decreased from 61.1 to 36.9 % while that of (1803)Pi
increased from 20.9 to 29.0 %. The amounts of (1801)Pi and
(1802)Pi increased to 15.0 and 19.1 %, respectively.

The distribution of (180)Pi can be explained if there are two
kinds of ATPases with different exchange ratio. Then, we
measured the oxygen exchange reaction at extreme conditions.
Figure 1b shows the distribution of Pi species produced by the
ATPase reaction of S-1 alone. Figure 1cand 1d are the
distribution of Pi produced by crosslinked acto-S-1 and acto-S-1
in the presence of 5.8 mg/ml F-actin and in the absence of XCl.

18

When Pi was produced by the S-1 ATPase reaction, O in the ~P

16

position was almost completely displaced by 0O and the

18O atoms were

distribution of Pi with 3, 2, 1, and O
82.0, 6.0, 4.0, 8.0, respectiVely). On the other hand, when ATP
is hydrolyzed by crosslinked acto-S-1 (1O‘PM S-1 in acto-s-1),
the percentage of (1803)Pi decreased only slightly ((1800)Pi:
("%0,1P1:("80,)pi:("®0,)Pi = 22.5:3.8:15.0:58.7). It has been
shown by Inoue et al.(7) that in the absence of KCl, in the
presence of high concentration of F-actin and at room temperature
ATP was hydrolyzed mainly via a route without accompanying the

dissociation of acto-S-1. The distribution of Pi produced by the

ATPase reaction in 5.8 mg/ml F-actin, 1O,PM S-1, 2 mM MgClz, 20
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EDTA ATPase- Mg ATPase

100 100

% | %

0 0
0 1 2 3
180Q/Pi 180 /Pi
X-linked Acto—S—-1 ATPase Acto—-S-1 ATPase
5.8 mg/mi FA, -KCl
100 100
C D
% [ % [
- N
o LB o E=5 = 0
0 1 2 3 0 1 2 3
18Q/Pi 18Q /Pi

Figure 1. Distribution pattern of (180)Pi species from
hydrolysis of (r—180)ATP by S-1 ATPase in the presence of EDTA or
Mg2+, and by acto-S-1 ATPase without accompanying dissociation of
acto-5-1. The conditions were a. 10 PM S-1, 1 mM 0’—180)ATP,
0.5 M KCL, 10 mM EDTA, 50 mM Tris-HCl at pH 7.8 and 20°C; b. 10

pM S-1, 1 mM ()-'80)ATP, 50 mM KCl, 2 mM MgCl,, 20 mM Tris-HCl at

2'
pH 7.8 and 20°C; c. crosslinked acto-s-1(10 pM s-1), 1 mM

(r-180)ATP, 50 mM KCl, 2 mM MgCl 20 mM Tris-HCl at pH 7.8 and

2’
20°%; . 4. 1O‘PM S-1, 5.8 mg/ml F-actin 1 mM (J318O)ATP, 50 mM

KCl, 2 mM MgCl,, 20 mM Tris-HCL at pH 7.8 and 25°C.

2’
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mM Tris-HCl at pH 7.8 and 25 °C was (1

(18

8 .., 18 . .18 ..
Oo)Pl.( 01)P1.( OZ)Pl.
QB)Pi = 26.1:7.2:18.5:48.2, which was almost the same as that

produced by crosslinked acto-S-1
ATPase. The extent of oxygen exchange was determined by the

ratio of k_3 and k4 in the scheme:

| 18
ky k, 0

M + ATP + Hz‘I 8OA M—ATP+H21 80 : M—1 8O--]?—ADP—>M + ADP + 180—-P—1 80
k 184

-3

If we denote R = k_,/k,, the distributions of ('%0;)pi, (180,)Pi,

(1801)Pi and (1800)Pi (a, b, ¢, d, respectively) are given by

4
a = a,
3R + 4
2
b = (a0 + b0 - a)
R + 2
4
c = (aO + b0 +Cy - a - b)
R + 4

Q
]

100 - (a + b + ¢)

Where a b c, and d, are the distribution of Pi produced from

o' 70" 70 0
(f1180)ATP with no oxygen exchange. The value of R in the S-1

Mg-ATPase reaction was very high. If R=25 the calculated
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distribution of Pi is 80.5:10.2:5.7:3.6. 1In the crosslinked
acto-S-1 ATPase reaction the value of R was 0.3-0.5. The
calculated distribution of Pi at R=0.4 is 17.5:6.8:20.6:55.1. On
the other hand, the values of R in acto-S-1 ATPase reaction at
high concentrations of F-actin in the absence of KCl was about
0.6 (if R = 0.6, distribution of Pi was 18.1:9.1:23.4:49.4). We
calculated the ratio of two kinds of ATPase reaction from the
distribution of (180)Pi produced by the ATPase reaction. Since
the rate of recombination of M?DP
concentration higher than 1 mg/ml was 0.55 s

of backward reaction of M%DP

with F-actin , k4, at F-actin

' (6) and the rate

to MATP, k_; was 10 7]

(1, 3), the
value of R in the ATPase reaction via the dissociation of
acto-5-1 was taken as 18. Whereas, the value of R in the ATPase
reaction route without accompanying the dissociation of acto-S-1
was taken as 0.6. As shown in Table I, the fraction of ATPase
reaction without accompanying the dissociation of acto-S-1, F,
at 0.6 mg/ml F-actin was 25%. The calculated distribution of Pi

was (18

0Pz (180 1piz("%0,)pi: (T80 )p1 = 60.6:11.9:11.5:16.0,
which was almost the same as that measured 61.1:9.1:8.9:20.9.
The value of F increased to 35, 40 and 60 %, respectively with
increase in P-actin concentration to 1.5, 2.0 and 3.0 mg/ml.

Rate of Two Routes of Acto-S-1 ATPase Reaction —— It was
shown by Inoue et al. (6, 7) that the fate of acto-S-1 ATPase
reaction, v, is given by v = (1~d0kv +c$kr where o, kv and kr are
the extent of dissociation of acto-5-1 during the ATPase, the
rate of ATPase at infinite concentration of F-actin and the rate
aADP

of recombination of S—1P with F-actin, respectively. They (6,

7) assumed that (1—d\)kv andd\kr were the rate of ATPase reactions
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TABLE II. The kinetic constants of acto-S-1 ATPase reaction.

The rate of-acto-S-1 ATPase reaction, v, was measured under the

conditions described for Table I except that 0.5 mg/ml pyruvate

kinase and 2 mM PEP were added.

acto-S-1 in the presence of ATP,

ADP

tion of S—1P

in light-scattering intensity at 400

acto-S-1. Other conditions were the

with F-actin, kr' was

The extent of dissociation of

o\
in light-scattering intensity at 400

was measured from the change
nm. The rate of recombina-
measured from the recovery
nm after adding 10 FM ATP to

same as for Table I.

Conc. of FA v k. ot dk,. v -dk,. (v -dkr)/v
(mg/ml)  (s”1) (s s"h  sThH (%)
0.6 0.47 0.30 0.95 0.29 0.18 38
1.5 0.90 0.55 0.90 0.50 0.40 45
3.0 1.30 0.70 0.70 0.49 0.81 62
4,5 1.80 0.90 0.55

0.50 1.30 72
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without dissociation of acto-S—1,ahd that via dissociation and
recombination of acto~S-1, respectively. Then, we measured
values of kr,ok under the same dondition using same preparations
of S-1 and F-actin. The results were summarized in Table II.

The rate of acto-S-1 ATPase, v, increased with increase in

1

F-actin concentration, and was 1.8 s~ at 4.5 mg/ml F-actin.

ADP
P

at 4.5 mg/ml F-actin. On the other hand, the extent

The rate of recombination of S-1
1

with F-actin, kr, increased
to 0.9 s~
of dissociation,d , decreased to 0.55. The rate of acto-S-1
ATPase via dissociation and recombination of acto-S-1 was
calculated asc:Lkr while that without accompanying the
dissociation of acto-S-1 was obtained as v —c&kr. Therefore, the
fraction of ATPase without accompanying the dissociation of
acto-S-1, F, was calculated as (v - o(kr)/v. As shown in the
right column in Table II, the fraction, F, increased from 38 to
72 % with increase in F-actin concentration from 0.6 to 4.5
mg/ml. Figure 2 compared the fraction of ATPase without
accompanying the dissociatibn‘of acto-S-1 obtained from oxygen
exchange (()) (Table I) and that obtained by the kinetic method
(><) ( Table II). The ratio of ATPase with and without
accompanying the dissociation of acto-S-1 were the same both
obtained by the oxygen exchange and kinetic method and it
increased from 30 to 65 % with increase in F-actin concentration

from 0.6 to 3.0 mg/ml.
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Figure 2. Dependence on F-actin concentration of the fraction of
ATP hydrolysis without accompanying dissociation of acto-S-1.

The fraction of ATP hydrolysis without accompanying dissociation
of acto-S-1 was obtained by the oxygen exchange (C)), by the
kinetic method (><¢). The detail of the results were shown in

Table I and II, respectively.
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AM + ATP === AMATP AMAATP = = A+ MATP

(loose complex) ' i(ﬁght complex a) l
AMZATP A + MJATP
l (tight complex b) J
Am ADP A+ M ABP (g
' A+M ABP (N)
(AMADP) L
P
| |
(inner cycle) (outer }cyc‘le)

Figure 3. The mechanism of acto-s-1 ATPase reaction. See Text

for detail.
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DISCUSSIONS

In this paper the mechanism of actomyosin ATPase reaction was
examined by oxygen exchange analysis. We (6, 7) showed that in
the actomyosin type ATPase reaction, ATP was hydrolyzed via two
routes one with (outer route) and the other (inner route) without
accompanying dissociation of actomyosin (Fig. 3). The mechanism
of ATP hydrolysis was studied in the preceding paper (9), and we
found that the rate of ATPase reaction is determined by
transition from AM*ATP to AMlp;DP
cycle of the ATPase reaction is determined by transition from
ADP

MP in refractory state (R) to that in non-refractory state (N)

(7, 8). We (6, 7) showed that the rate of overall ATPase

. On the other hand, the outer

reaction, v, is given by v = (1—dJkV +c>Lkr where o, and kr are the

extent of dissociation of acto-S-1 and the rate of recombination
ADP ADP

of S—1P with F-actin. This result suggests that AMP and A +
MgDP are not in the rapid equilibrium.

In the preceding paper (part 2 of this thesis) We found that
when ATP was hydrolyzed without accompanying dissociation of
acto-S-1, the extent of oxygen exchange was very low (Fig. 1).
Under the conditions where ATP was hydrolyzed via two routes, the

18O)Pi was explained as there were two kinds of

distribution of (
ATPases with different R values. The ratio of two kinds of
ATPases agreed well with that of ATPases with and without
accompanying dissociation of acto-S-1 measured by the kinetic

method (Fig.2).

We have examined whether the distribution of (180)91 produced

by acto-S-1 ATPase reaction can be explained by single R value.
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Figure 4. Upper: Theoretical distribution pattern of (180)Pi
species at various the value of R. Initial distribution of 18
in y-position of ATP was 1800:1801:1802:1803 = 16.8:3.4:8.2:71.6.
—, "%0y;=~--180,;-—=, "%0,;---—, ®0,. The distribution of
(18

0)Pi at various value of R was calculated using the equétion

shown in RESULTS. Lower: Observed and theoretical distribution of
(18

o

O)Pi species for acto-S-1 ATPase reaction. 'l ' (180)Pi

produced by acto-S-1 ATPase (Table I, 1.5 mg/ml F-actin).

O

and [B] are the distribution of ( 20)Pi if R

= 2.8 or 8,
respectively.
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Figure 3 shows the dependence of ('80)Pi on the value of
R. The initial distribution of ('%0)Pi was used as ('8

(18

(

OO)Pi:
o1)Pi:(1802)915(1803)pia= 16.8:3.4:8.2:71.6. The extent of

18 ' 18

0)Pi increased with"inéreasing R value while that of ( “0,)Pi

decreased‘with'inéreasing~R'value. The extent of (1801)Pi and

(18

R is 2-2.5 the extents of (1800)Pi, (
(18

02)Pi increased to arouhd 25 % when R is between 1 to 5. When

1801)Pi, (1802)91 and

03)Pi were almost the same. The lower figure of Fig. 3

18

compares-the O distribution produced by acto-S-1 ATPase

reaction and those calculated as R = 2.8 or 8. The extents of
(180i)Pi énd (1802)Pi become much less than those calculated by
the single R value.

The existence of two R values has been reported by several
workers. Miderfort (12) and Ikeuchi & Miderfort (13) reported
the existence of ATPases with two R values. Shukla et al.
(14-16), Hackney (17) and Hibbert et al. (18) also reported the
existence of two ATPases with different R values. However, the
cause of these two ATPases has not been analyzed. It is not due
- to the heterogeneity in thg system since twb R values were
‘observed not only in actomyééin‘but also‘in acto-HMM and
acto-S-1. Shukla et al. (15) considered that ATPases with two R
values are catalyzed by different head, however as shown in Fig.
2 the ratio of two ATPases depend on F-actin concentration and
under extreme condition ATP was hydrolyzed only by ATPase with
low R value. These two ATPases are not due to the contamination
of ATPase since the ratio of two ATPases obtained by oxygen

exchange agreed well to the kinetic method.

In Table I and Fig. 2, the ratio of two ATPases is estimated
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by one set of R Value. However, it should be noted that the
ratio of two ATPases does not depend greatly on the change in R
value. The value of R in the outer cycle is considered to be
changed by F-actin concentration and the value of R in the inner
cycle is that estimated in the different conditions (-KCl, 25 °C).
The distribution of (180)Pi produced by crosslinked acto-S-1 and
acto-S-1 at high concentration of F-actin in the absence of KCl
were not explained exactly by a single R value. This is
considered too be due to the contamination of S-1

The existence of two R values indicates that AM]];DP in the
inner cycle is not in rapid equilibrium with A + M%DP. Since the
' (9,

the rate constant of transition from AMADP to A + MSDP might be

rate constant of AM%DP decomposition is more than 100 s~

P
less than 10 s~ . It was shown that M%DP is in rapid
*
equilibrium with M ATP (28, 29). AMf;‘DP is also in rapid
* *
equilibrium with AM, ATP (9). AM, ATP is in rapid equilibrium with

*

b
* . * *
with A + MbATP and the transition from AMbATP to AMaATP may be

A+ M:ATP (1, 3). Therefore, AM, ATP is not in rapid equilibrium
slow.

The analysis of ATPase reaction by oxygen exchange is useful
for study of mechanism of ATPase reaction during muscle
contraction since the diffusion of ligand in muscle fiber is low.
The analysis of ATPase reaction by myofibrils and muscle fibers

will be reported in the forthcoming paper.
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Part 5

Mechanism of ATP Hydrolysis by Glycerol-Treated Muscle Fibers,
Myofibrils and Synthetic Actomyosin Filaments Studiedbby Oxygen

Exchange
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SUMMARY

The mechanism of ATP hydrolysis was studied using oxygen
exchange analysis on glycerinated muscle fibers, myofibrils, and
synthetic actomyosin filaments. We (part 4 of this thesis) showed
that in acto-S-1 ATPase reaction ATP was hydrolyzed via two
routes: one with and the other without accompanying the
dissocistion of actomyosin into F-actin + myosin-phosphate-ADP
complex, M?DP, and that oxygen exchange between J-position of Pi
and water during ATPase reaction is low in the former route and
high in the latter route of ATP hydrolysis. Then, the fraction
of ATP hydrolysis by the above two routes was estimated from the

18y atoms using (f—180)ATP

distribution of Pi with 3, 2, 1, and 0
as substrate. In glycerinated muscle fibers during isometric
contraction ATP was hydrolyzed mainly via a route without
accompanying the dissociation of actomyosin. The extent of ATP
hydrolysis by this: route was 0.82 or 0.7, reépectively, in 0 and
120 mM KCl at 20°%. When ATP was hydrolyzed by myofibrils the
fraction of ATP hyarolysis without accompanying the dissociation
was 0.48 at 0°C and 120 mM KCl. At 20°C the extent of this route
was 0.72-0.88 in 0-120 mM KCl. In synthetic actomyosin filament
the extent of ATP hydrolysis via this route was 0.3-0.16 at 20°C
in 5-120 mM KCl. Thus, the fraction of ATP hydrolysis without
accompanying the dissociation of actomyosin was high in low ionic
strength where the tension Aevelopment is large. Therefore, ATP
hydrolysis‘via this route may coupled with muscle contraction.
However, the fraction of ATP hydrolysis via the dissociation of

ADP

actomyosin into FA + MP was higher than that expected from the
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results on acto-S-1.
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INTRODUCTION

Muscle contraction occurs as a result of sliding of thin
filament past the thick filament. This is driven by a cyclic
interaction of myosin heads with F-actin coupléd with ATP
hydrolysis. Therefore it is important to elucidate the mechanism
of ATPase reaction for understanding the mechanism of muscle
contraction. The mechanism of ATPase reaction has been studied
using acto-HMM and acto-S-1 (1-4). We (5,6) showed that in
acto-S-1-ATP sysﬁem ATP is hydrolyzed via two routes in: one is
accompanied by a dissociation and a recombination of actomyosin
into F-actin and myosin-phosphate-ADP complex and the other
without dissociation of actomyosin and directly decomposes into
actomyosin + ADP + Pi (1, 5, 6).

AM + ATP =—> AMATP — AM];DP — >~ AM + ADP + Pi

{f -

A + MATPZ—/™2 + MP

. However, the mechanism of ATP hydrolysis in muscle fibers has
not been studied sufficiently, since in the fiber myosin heads
and actin are packed and highly ordered and the diffusion of
ligands in the fiber is very low. However, the oxygen exchange
is useful method in such a system (7). In the previous report
(part 3 of this thesis), we showed that the fraction of two
routes of ATPase can be detérmined by oxygen exchange.

Therefore, in this paper we examined how ATP is hydrolyzed by
actomyosin filament, myofibrils, and glycerinated muscle fibers

during isometric contraction. The results obtained suggested
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that ATP was mainly hydrolyzed via the direct decomposition of

ADP

actomyosinP .

EXPERIMENTAL PROCEDURES

Materials—Myosin was prepared from rabbit white skeletal
muscle by the method of Perry (8). G-actin was prepared from an
acetone powder of rabbit white skeletal muscle by the method of
Spudich and Watt (9). The concentration of free ATP in G-actin
solution was reduced to 2 PM by a dialysis against 2mM Tris-HCl
at pH 7.8. G-actin was polymerized into F-actin by adding KCl to

50 mM and then the mixture was ultracentrifuged at 1 x 105

g for
90 min. The pellet was homogenization in the buffer. Myofibrils
were prepared from white rabbit skeletal muscle by the method of
Perry & Corsi (10). Glycerinated muscle fibers were prepared
from rabbit psoas muscle were prepared as described in Hanson &
Huxley (11) and Arata et al. (12). The molecular weight of

5 and 4.2 x

myosin and actin monomer were adopted to be 4.8 x 10
104, respectively (13). The contents of myosin in myofibrils and
glycerinated muscle fibers were taken as 51 % (14). Pyruvate
kinase was prepared from rabbit skeletal muscle as described by
Tietz and Ochoa (15). Acetate kinase and myokinase were
purchased from Boehringer Mannheim, GmbH. Protein concentrations
were determined by means of.the Biuret reaction calibrated by
nitrogen determination.

ATP and ADP were purchased from Kohjin Co. Ltd. Tokyo. AMP

was purchased from Yamasa Co. Ltd. PEP was purchased from
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Boehringer Mannheim, GmbH. (180)water(98 atom % of 18

0) was
purchased from Amersham International plc. or CEA oris.
(r>180)ATP was synthesized using acetate kinase system by the
method of Tkeuchi and Miderfort (16) with slight modification
(part 2 of this thesis). All other reagents were of analytical
grade.

Methods—The extent of oxygen exchange was measured using
(]118O)ATP as substrate. Glycerinated muscle fibers with
sarcomere length of 2—2.5_pm was mounted between two needle. One )
is connected to the manipulater for a control of sarcomere length
and the other is connected to the strain gauge (Shinko, UL-2) for
measurement of tension development. Sarcomere length was
measured by means of optical diffraction of a He-Ne laser beam.
The fibers were immersed in the buffer containing 0.1 mM CaClZ,

0-120 mM KCl, 2 mM MgCl 10 mM Imidazole-HCl at pH 7.0 and 20°C.

27
The reaction was started by addition of 10 mM (YL180)ATP with 10
mM MgClZ. The ATPase activity of fibers was determined from the
amount of Pi liberated to the solution. The amount of Pi was
determined by Youngburg and Youngburg (17).

The ATP hydrolysis by myofibrils was performed in 2 mg/ml

myofibrils, 1.5 mM (- SO)ATP, 0-120 mM KCl, 5 mM MgCl., 10 mM

27
imidazole-HCl at pH 7.0 and 0 or 20°C. Actomyosin ATPase
reaction was performed under the same condition except that 1
mg/ml F-actin, 1 mg/ml myosin were added in place of myofibrils.
The reactions were stopped by removal of proteins by centrifuga-
tion at 10000 x g for 5 min, and then by addition of 10% PCA.

The distribution of Pi with 3, 2, 1, and 0 '80 atoms were

measured as described in part 2 of this thesis. The product Pi
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was separated on Dowex 1X2 (H') column chromatography. The
fraction was lyophilized and converted into trimethylsilyl
phosphate. The fraction of each labeled Pi species were
determined by a gas chromatography that is directly coupled to
the mass spectrometer (Shimadzu-LKB 9000 or Shimadzu QP-1000).

18

The amount of Pi which contained 0, 1, 2 and 3 O atoms were

determined from the signal intensities at m/e = 314, 316, 318 and

29 30Si was

320, respectively. The natural abundance of Si and
corrected as described Hackney and Boyer (18). The distribution
of Pi which is produced by the myosin EDTA ATPase reaction, since
Levy et al.(19) reported that there was no oxygen exchange
reaction in the myosin EDTA ATPase reaction. Distribution of Pi
with 3, 2, 1, and 0 '90 atoms were found to be 71.6, 8.2, 3.3,
and 16.8%, respectively. The exchange ratio was calculated

using the equation:

4
a = ag
3R + 4

2

b = (ao + bO - a)
R + 2
4
c = (aO f bO +Cy-a- b)
R + 4

d =100 - (a + b + ¢)
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Where a, b, ¢, and 4 were the distribution of Pi with 3, 2, 1,

18

and 0 O atoms produced by the ATPase reaction, whereas a b

0’ ~or
o and do are the distribution of Pi produced by (r—180)ATP with
no oxygen exchange {(myosin EDTA-ATPase reaction).

In the preceding paper (part4 of this thesis) we showed that
in the acto-S-1 ATPase reaction ATP is hydrolyzed via two routes
one with (outer cycle) and the other (inner cycle) without
accompanying the dissociation of actomyosin and that the extent of
oxygen exchange in the former route (outer cycle) was high while
that in the latter route (inner cycle) was low. In this paper we
assumed the value of R of the inner and outer route of the ATPase
reaction to be 0.3 and 10, respectively. Then, the distribution
of Pi produced by the inner route of the ATPase reaction was
calculated to be 61.5, 18.0, 12.0, and 8.5%, respectively. for 3,

2,1, ang 0 '8

O atoms. Whereas, Pi produced by the outer cycle
of the ATPase reaction was estimated to be 16.9, 5.8, 18.7, and
59 %, respectively. The ratio of two route of the ATPase
reaction was estimated by comparing the distribution of Pi
measured with that calculated as Fa + (1 - F)b where, a, b, and F
are the distribution of Pi produced by the inner cycle of the
ATPase reaction, that in the outer cycle of the ATPase reaction,
and the fraction of inner cycle of the ATPase reaction in the
total ATPase.

The rate of ATPase hydrolysis by actomyosin and myofibrils in
the steady state were measured by coupling ATPase reaction with
pyruvate kinase system. The reaction mixture contained 0.5 mg/ml

pyruvate kinase, 1.5 mM ATP ‘and 2 mM PEP in the buffer, and the

ATPase activity was determined by measuring the pyruvate
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TABLE I. Distribution of 18O-Pi produced by the ATPase reaction

of glycerol-treated muscle fibers during isometric contraction.

10 mM (F80)aTe, 0.1 mM caCl,, 0 or 120 mM KCl, 12 mM MgCl,, 20
mM imidazole-HCl at pH 7.0 and 20°C.
number of 18O atoms Ratio of
KC1l ATPase?
(mM) 0 1 2 3 (%)
0 24.8 7.4 17.2 50.6 83
(24.7) (7.8) (17.5) (50.0)
120 32.6 6.4 4.4 56.7 70
(30.6)  (9.4) (16.6)  (43.5)

a)The ratio of inner cycle of ATPase was given as (rate of inner

cycle of ATPase)/(rate of total ATPase).
Parenthesis shows the calculated distribution of Pi.

Distribution of Pi produced by the EDTA-ATPase reaction was 71.6,

8.2, 3.3, and 16.8%, respectively, for Pi with 3, 2, 1, and 0O 18O

atoms. Distribution of Pi produced by the inner (1) and outer

cycle of ATPase (2) were estimated as (1) R = 0.3, Pi with 3, 2,

18

1, and 0O O atoms were 61.5, 18.0, 12.0, and 8.5%, respectively;

(2) R = 10, Pi with 3, 2, 1, and 0 %0 =16.9, 5,8, 18.7, 58.6%.
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18

TABLE II. Distribution of O-Pi produced by the ATPase reaction

of myofibrils. 2 mg/ml myofibrils, 1.5 mM (7 'S0)ATP, 0.1 mM

CaClz, 0-120 mM KC1l, 5 mM MgClZ, 10 mM imidazole-HCl at pH 7.0

and 0 or 20 °.

number of 18O atoms
temperature KC1 Ratio®
(°C) (mM) 0 1 2 3 (%)
0 120 41.0 12.1 13.2 33.7 48

(40.3) (12.1) (15.1) (32.5)

20 0 18.6 9.3 18.6 53.5 88
(22.5) (7.2) (17.8) (52.5)

20 50 27.9 9.3 15.3 47.5 75
(28.3) (8.8) (16.9) (45.9)

20 120 25.4 12.6 19.9 42.1 67
(31.9) (9.7) (16.4) (42.0)

a)The ratio of inner cycle of ATPase was given as (rate of inner
cycle of ATPase)/(rate of total ATPase).
Parenthesis shows the calculated distribution of Pi from the

ratio of two ATPase, F, as described for Table I.
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TABLE III. Distribution of Pi produced by the ATPase reaction of

synthetic actomyosin filaments.

1.5 mM (r-'80)ATP, 5-120 mM KC1l, 2 mM MgCl

1 mg/ml F-actin, 1 mg/ml myosin,

10 mM imidazole-HC1l

2I
at pH 7.0 and 20°C.
number of 180 atoms Ratio of ATPase
KCl (inner cycle/
(mM) 0 1 2 3 total) (%)
5 46,8 10.4 15.5 22.3 33
(47.0) (14.0) (14.1) (24.9)
50 63.2 9.3 7.4 20.1 22
(51.9) (15.3) (13.4) (19.4)
120 58.4 16.4 9.6 15.6 18
(53.7) (15.8) (13.1) (17.4)

Parenthesis shows the calculated distribution of Pi from the

ratio of ATPase, F, as described for Table I.
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liberation. The amount of pyruvate liberated was determined as

described by Reynard et al. (20).

RESULTS

Oxygen Exchange by Glycerol Treated muscle Fibers—The

oxygen exchange during isometric contraction of glycerinated

muscle fibers was measured in 10 mM (f¥180)ATP, 0.1 mM CaCl 0,

2]
and 20 mM imidazole-HCl at 7.8 and
18

or 120 mM KCl, 12 mM Mgclz,

20°C. The distribution of Pi with 3, 2, 1, and 0 O atoms were
found to be 50.6, 17.2, 7.4, and 24.8 %, respectively. The ratio
of two routes of ATPase reaction was calculated as described in
"EXPERIMENTAL". The fraction of inner route of ATPase reaction
which does not accompany the dissociation of actomyosin into
F-actin + MéDP were assumed to be 83 and 70%, respectively in 0
and 120 mM KCl. The calculated distribution of Pi with 3, 2, 1,

and0 18

0 atoms were 50.0, 17.5, 7.8, and 24.7, respectively, for
0 M RCl and 43.5, 16.6, 9.4, and 30.6, respectively for 120 mM
KC]—.

Oxygen Exchange by Myofibrils—The oxygen exchange during

ATP hydrolysis by myofibrils was measured in 2 mg/ml myofibrils,

1.5 mM (F-'80)aTP, 0.1 mM CaCl., 0, 50, or 120 mM KCl, 5 mM

2’
and 10 mM imidazole-HCl at 7.0 and 0 or 20°C. In 120 mM
180

MgClz, :
KCl and at 0°C, the distribution of Pi with 3, 2, 1, and 0
atoms were found to be 33.7, 13.2, 12.1, and 41.0, respectively.

The fraction of inner route of ATPase reaction which does not

accompany the dissociation of actomyosin was assumed to be 48%.
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18

The calculated distribution of Pi with 3, 2, 1, and0 O atoms

were 32.5, 15.1, 12.1, and 40.3, respectively. At 20°C the

distribution of Pi with 3, 2, 1, and 0 '8

O atoms were 53.5,
19.6, 9.3, and 18.6, respectively, in the absence of KCl. They
were 47.5, 15.3, 9.3, and 27.9, respectively, in 50 mM KCl and
42.1, 19.9, 12.6, and 25.4, respectively, in 120 mM KCl. The
fraction of inner route of ATPase reaction were assumed to be 88
75 and 67%, respectively in 0, 50 and 120 mM KCl. The calculated

distribution of Pi with 3, 2, 1, and0 18

O atoms were 52.5, 17.8,
7.2, and 22.5, respectively, for 0 M KCl, 45.9, 16.9, 8.8, and
28.3, respectively, for 50 mM KCl and 42.0, 16.4, 9.7, and 31.9,
respectively for 120 mM KCl.

Oxygen Exchange by synthetic actomyosin filament— The oxygen

exchange during the ATPase reaction of synthetic actomyosin

filament was measured in 1 mg/ml myosin, 1 mg/ml actin, 1.5 mM
18

()"" 2!

imidazole-HCl at 7.0 and 20°C. The distribution of Pi with 3, 2,
18

O)ATP, 5, 50 or 120 mM KCl, 5 mM MgCl and 10 mM

1, and 0 O atoms were found to be 22.3, 15.5, 10.4, and 46.8,
respectively, for 5 mM KCl, 20.1, 7.4, 9.3, and 63.2 %,
respectively, for 50 mM KCl, and 15.6, 9.6, 16.4, and 58.4 %,
respectively, for 120 mM KCl. The fraction of inner route of
ATPase reaction were assumed to be 33, 22, and 18 %, respectively
in 0, 50, and 120 mM KCl. The calculated distribution of Pi with
3, 2, 1, and0 '%0 atoms were 24.9, 14.1, 14.0, and 47.0,
respectively, for 5mM KC1, {9.5, 13.4, 15.3, and 51.9,
respectivély for 50 mM KCl, and 17.4, 13.1, 15.8, and 53.7,

respectively, for 120 mM KCl.
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Table IV. The rate of actomyosin-type ATPase reaction by
actomyosin and muscle fibers via two routes one with and other

without accompanying the dissociation of actomyosin.

Protein Temp. KCl1  ATPase Ratio of ATPase (s~1)
-1

a)

(°c) (mM) v (s7") ATPase inner outer

b)

glycerinated 20 0 11.0 83 9.1 1.9
muscle fiber = 20 120 3.40) 70 2.4 1.0
myofibrils®) 0 120 0.22 48 0.11 0.11
20 0 12.5 88  11.0 1.5
20 50 14.6 75 10.9 3.7
20 120 12.2 67 8.2 4.0
actomyosin®) 20 5 1.8 30 0.54 1.26
20 50 1.3 22 0.29 1.01
20 120 2.1 18 0.38 1.72
a)

The ratio of inner cycle of actomyosin-type ATP was estimated

from distribution of Pi produced as described in Table I, II, and
III. b) Ref (21). ©) rhe aTPase activity was measured under the

conditions described for Table II and III except that 0.5 mg/ml

pyruvate kinase and 5 mM PEP were added.

-137-



ATPase Activity of Glycerol-Treated Muscle Fibers,

Myofibrils and Synthetic Actomyosin Filament—Since the ratio of

two route of the actomyosin ATPase reaction was determined we
measured the rate of actomyosin-type ATPase reaction in
glycerol-treated muscle fibers, myofibrils and synthetic
actomyosin filament in the steady state (Fig. 4). The rate of
ATP hydrolysis by glycerol treated muscle fibers was used those

measured previously (21) using ATP generating system. They were

11 and 3.4 8”7, respectively, in 5 and 120 mM KCl. In the

absence of ATP regenerating system they were 4 and 2.5 5‘1,

respectively. Using the ratio of inner cycle of ATPase reaction

measured by oxygen exchange analysis, the rate of inner and outer

route of ATP hydrolysis were estimated to be 9.1 and 1.9 5'1,

respectively in the absence of KCl and 2.4 and 1.0 s"1,

respectively in 120 mM KC1l.
The rate of ATP hydrolysis by myofibrils was measured using

pyruvate kinase system (0.5 mg/ml pyruvate kinase and 5 mM PEP).

T in 120 mM RC1 at 0°C.

The rate of ATP hydrolysis at 20°C were 12.5, 14.6, and 12.2 s_1,

the rate of ATPase reaction was 0.22 s~

respectively. The rate of inner and outer cycle of the ATPase

1 at 0 °C and 120 mm XCl. The rate of ATP

hydrolysis through inner route were 11.0, 10.9, 8,2 s-1,

reaction were 0.11 s

respectively, at 0, 50, and 120 mM KCl, and those through outer

cycle were 1.5, 3.7, and 4.0 s,
The rate of ATP hydrolyéis by synthetic actomyosin were

measured as those described for myofibrils. The rate of ATPase

1

hydrolysis at 20°C were 1.8, 1.5, and 2.1 s~ ' at 5, 50, and 120

mM KCl. The rate of inner cycle of ATPase reaction were
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calculated to be 0.54, 0.28, and 0.38 s at 0, 50, and 120 mM

-1
KCl, whereas the rate of outer cycle of ATP hydrolysis were 1.26,

0.54, and 1.72 S™1.

DISCUSSION

Muscle contraction occurs by a cyclic interaction of myosin
head with F-actin coupled with ATP hydrolysis. The mechanism of
ATP hydrolysis by actin-myosin system has mainly been studied
using soluble acto-HMM or acto-S-1 system (1-4). We (1,5,6)
have shown that in acto-S-1 ATPase reaction ATP was hydrolyzed
via two routes one with (inner cycle) and the other (outer cycle)

without accompanying the dissociation of acto-S-1:

* *
AM + ATP==AMATPZ=> AM_ATP > AM, ATP == AMZ;DP—-—-A AM F ADP + Pi
: Y
Jr (inner cycle) (AM%DP)
* * b
A+ M_ATPTSA + M_ATP=A + NE;DP (R)I=A ¥ M;‘DP(N)

(outer cycle)

* *
where AMaATP is in rapid equilibrium with A + MaATP. The ATPase

reaction of inner cycle is limited by the formation of AM‘;DP
(part 2), while the ATPase reaction of outer cycle is limited by
ADP

the transition from A& + MP in refractory state (R) to that in
non-refractory state (N). In preceding paper (Part 4 in this
thesis) we showed that the extent of oxygen exchange is low in
the inner cycle of the ATPaée reaction, whereas it was high in
the outer cycle of the ATPase reaction.

The mechanism of ATP hydrolysis in muscle fibers has not been

well studied since myosin and actin are highly ordered and packed
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in muscle fibers and the diffusion of ligand in the fiber is
slow. The analysis of ATPase reaction by oxygen exchange is
effective in such a system. In the present study we found that
ATP was hydrolyzed by two routes even in glycerol treated muscle
fibers, myofibrils, and synthetic actomyosin filaments (Table
I-IITI).

We (1) proposed that muscle contraction is coupled’with inner
cycle of the ATPase reaction, since (1) development of tension by
glycerol treated muscle fibers is high under the conditions where
ATP is hydrolyzed mainly by an inner cycle of the ATPase reaction

(21), and (2) the rate of outer cycle of the ATPase reaction

ADP
P

that in non-refractory state of (0.5 - 1.0 5-1) was much lower

which is limited by transition from M in refractory state to
than the rate of ATPase reaction of muscle fibers (6). This
theory was supported by the present study,i.e., in low ionic
strength and at room temperature the fraction of inner cycle of
ATPase reaction is more than 80 % that of total ATPase both in
glycerol treated muscle fibers (Table I} and myofibrils (Table
I1).

The distribution of Pi with 3, 2, 1, and 0 '8

O atoms produced
by glycerole treated muscle fibers shows that there are two kinds
of ATPase reaction one with low and the other with high extent of
oxygen exchange reaction. This result agreed well with those of
Shukla et al. (22) and Hibberd et al. (23). The results can be
well explaihed if two ATPasés have R value of 0.3 and 10 which
are attributed to the ATPase reactions through inner and outer

cycles. The value of R we adopted are slightly different from

above authors (22, 23). The ratio of inner cycle of ATPase was
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higher than 80 % in the absence of KCl. It decreased slightly
(70%) by increasing KCl concentration to 120 mM. The rate of ATP
hydrolysis by glycerol treated muscle fibers depended on the
presence of ATP regenerating system, since the diffusion of
ligand in the fiber is limited. We used the value of previous
paper (21) measured in the presence of ATP regenerating system.
We found that the rate of ATP hydrolysis through an inner cycle
is about 9 s_1. The rate of ATP hydrolysis by muscle fibers is
stimulated by a shortening of fibers (12). Then, the rate of
inner cycle of ATPase reaction during shortening is considered to
be more than this value.

The result obtained by myofibrils was same as that on
glycerole-treated muscle fibers, though it shortened quickly by
the addition of ATP and it does not develop a tension. The rate

1 at KCl concentra-

of ATP hydrolysis at 20°C were more than 10 s~
tions from 0 to 120 mM. Therefore, the state of myosin head
after the contraction may be similar to that of muscle fiber
during isometric contraction. The rate of outer cycle of ATPase
reaction increased from 1 to 4 s—1 with increasing KCl concentra-
tion from 0 to 120 mM. This value (4 s-1) was higher than that

in acto-S8-1 ATPase reaction. Therefore, the binding of M%DP

with
F-actin takes place more rapidly in an organized systems.

The ratio of inner cycle of ATPase was low (18 - 30 %) in a
synthetic actomyosin filaments (Table IV). When ATP is added to
actomyosin the superprecipitation of actomyosin takes place.
Therefore, the state of myosin head in contracted actomyosin

filament is considered to be different from that in myofibrils

and glycerol treated muscle fibers.
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thin filament b &

- (dissociation) \
thick filament
a ———
i o ADP
(sliding) (INNER CYCLE) (recombination) 5
ADP
S - aTR ADP o
(tension development) (OUTER CYCLE)

Figure 1. The mechanism of muscle contraction. See text for

detail.
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Next problem is how ATPase reaction is coupled with
contraction. Muscle contraction occurs by a cycle of the
following reaction: (1) binding of myosin head with F-actin (2)
developement of tension induced by the movement of myosin head
(crossbridges) and the following sliding of thick filament past
thin filament (3) dissociation of actomyosin. In the inner cycle
of the ATPase reaction only AM:ATP is in rapid equilibrium with A
+ M:ATP. Therefore, the dissociation and re-association of
crossbridge may take place by this step. As shown in Part 3 in
this thesis, most of energy obtained by ATP hydrolysis is
liberated by the step from AM?DP to AMADP. Therefore, this step
is most probable to be coupled with movement of heads and thus
development of tension. It was also supported by the results of
Trayer & Trayer (24) and Arata (25) that structure of AMATP and
AM?DP are different from those of AMADP and AM.

Figure 1 shows the mechanism of muscle contraction based on
the mechanism of aétomyosin ATPase reaction. In the model,
elastic component are considered to be located in the junction
between S-2 and LMM (26). Tension is developed by decomposition

ADP
of AMP

to AMADP. Dissociation of actomyosin and their
recombination occurs by formation of AMATP. Myosin head which
can not induced the tension may dissociate from actin (outer

cycle) and it works after the recombination with actin.
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CONCLUSION

The mechanism of Actomyosin ATPase reaction was studied using
acto-S-1 and glycerol-treated muscle fibers, and the following
results were obtained.

1. The elementary steps of actomyosin ATPase reaction was
studied using transient kinetics and oxygen exchange analysis.

It was found that the rate of acto-S-1 ATPase reaction is limited

by the formation of AM%DP

MSDP is accelerated about 2600 times by the binding of F-actin.

and that the rate of decomposition of

2. Most of the energy obtained by ATP hydrolysis is liberated
ADP
P -

3. Using the difference in the extent of oxygen exchange, we

at the step from AM

provide that in the acto-S-1 ATPase reaction, ATP is hydrolyzed
by two routes: one with (outer cycle) and the other without
(inner cycle) accompanying the dissociation of acto-S-1.

4., In glycerol. treated muscle fibers during isometric
contraction, ATP was mainly hydrolyzed via the inner cycle of
ATPase reaction.

Therefore, we concluded that muscle contraction is induced by

the inner route of ATPase reaction and that tension development

ADP

p to AMADP.

is induced by the step from AM
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