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" CONTRACTILE ATPase ACTIVITY AND SUBFRAGMENTS OF MYOSIN

By Yutaro Hayashi

Huxley and his coworkers (1) showed by electron-microscopy
that muscle consists of two types of filaments, actin and myosin
filaments wiﬁh many cross-bridges between them. Furthermore,
they demonstrated that neither type of filament changed in length,
but that the distance between the actin filaments (H-zone) changed
during muscle contraction. On the basis'of these facts, they
proposed the sliding theory of muscle contraction. According to
this theory, contraction of cross striated muscle takes place
by the sliding of myosin filaments and actin filaments past each
other. Engelhardt and Ljubimova (2) found that a muscle protein,
"myosin", has ATPase [ ATP phosphohydrolase, EC 3.6.1.3] activity.
Cain and Davies (3-5) established that hydrolysis of ATP occurs
during a single twitch of living muscle, where creatine-kinase
is inhibited by dinitrofluorobenzene. Hayashi and his coworkers
(6-8) showed that ATP-induced contraction of actomyosin threads
prepared by their method is dependent on the presence of actin.
Therefore, it is generally accepted that muscle contraction is
the result of an interaction between projections on myosin
filaments, actin filaments and ATP. To elucidate the molecular
mechanism of muscle contraction it is necessary to clarify the
relationship between myofibrillar ATPase and tension development,

and the structure and function of projectionsalongAmyosin filament.



Gordon et al. (9,10) showed that tension development in isometric
tetanus at a sarcomere length of more than 2.0u is proportional

to the amount of overlap between myosin and actin filaments, as

can be deduced from the sliding theory. On the other hand,
Tonomura and his associates (11-17) concluded from kinetic studies
on myosin ATPase that myosin is a double headed enzyme which
hydrolyzes ATP through two different routes: (a) simple hydrolysis
through a Michaelis complex, and'(b) hydrolysis in which the
Michaelis complex is converted to a "reactive myosin-phosphate
complex" prior to liberation of Pj- They (17,18) showed that

when F-actin binds‘to myosin the rate of decomposition of the
"reactive myosin-phosphate complex" increases by more than 100-
fold, and thus ATP is decomposed mainly by the so-called actomyosin
type of ATPase. The activation of myosin ATPase by F-actin and
the sliding of myosin filaments past actin filaments during con-
traction indicate that both the myofibrillar ATPase activity and
tension development should be dependent on the sarcomere
length when this is more than 2.0u: myosin molecules in the region
where myosin filaments do not overlap with actin filaments show
only the myosin type of ATPase activity, but those in the region
where myosin filaments overlap actin filaments show the actomyosin
type of ATPase activity, besides the myosin type. Since the
former ATPase is much more active than the latter, both the
myofibrillar ATPase activity and the tension development must be
proportional to the amount of overlap between myosin filaments
‘and actin filaments. Furthermore, if the actomyosin type of
ATPase is coupled with movement of actin filaments past myosin
filaments, the myofibrillar ATPase activity should decrease at

shorter sarcomere lengths, where



actin filaments no longer slide past myosin filaments.

The relation between sarcomere length and breakdown of
phosphoryl creatine (19,20), and formation of inorganic phosphate
has already been studied on living muscle. But analysis of results
on living muscle is complicated owing to the ATPase activities in
the protoplasmic membrane, sarcoplasmic reticulum etc. which are
coupled with the contraction-relaxation cycle. Therefore, we
investigated the relation between sarcomere length and ATPase
actity with glycerol-treated muscle fiber bundles of which
protoplasmic membranes were destroyed. Ward et al. (22)
reported the dependence on sarcomere length of the ATPase activity
of glycerol-treated muscle fiber bundles. They used 5mM ATP to
avoid problems of diffusion of ATP into fiber bundles. But the
concentration of ATP which they use seems unsuitable for guanti-
tative studies on the relation between sarcomere length and ATPase
iactivity, because it could cause destruction of the fine structure
of myéfibrils. Furthermore, they studied only the dependence
of ATPase activity on the amount of overlap between the two types
of filaments at sarcomere lengths of more than 2.0u.

The dependence of ATPase activity on Ca++ concentration at
low ionic strength in the presence of Mg++ has been studied by
many investigators, mainly with myosin B and isolated myofibrils.
Watanabe et al. (23) first showed that the ATPase activity of
actomyosin was activated by a small amount of Ca++. Furthermore,
Weber (24) and Ebashi (25,26) showed that the activity of ATPasé
and the rate of superprecipitation of myosin B were regulated
physiologically by the level of Ca++. Thus, Ca++ is considered

as the key substance regqulating the actomyosin-ATP system.



Ward et al. (22) using glycerol-treated muscle fiber bundles
found that the ATPase activity in the presence of 2mM ethylene-
glycol bis(B-aminoethylether), N,N'-tetraacetate (EGTA) was much
less than that in the absence of EGTA. Therefore, we investigated
the dependence of ATPase activity on Ca++ concentration with
glycerol-treated muscle fibs1r bundles at a fixed sarcomere length
of 2.0 to 2.6u.

It is generally accepted (27-29) that the myosin molecule
(molecular weight, 4.8x105) (60) is 1600 R long and is composed
of a helical portion, 1100 to 1400 A long, and a less helical
globular portion, 150 to 440 & long (cf. Fig.28). Mih4lyi and
Szent Gydrgyi (30,31) showed that the myosin mlecule is convert-
ed into the two main fragments, heavy meromyosin (HMM) and light
meromyosin (LMM), by tryptic digestion. HMM (molecular weight,
about 3.4 X 105) (32-37) has the same globular portion as that of
myosin at one end and a short rodlike tail at the other end.
The whole length of HMM was reported to be 600 to 900 g (27,39,40).
IMM (molecular weight, about 1.4 X 105) (32,33,35-38) is a simple
rod about 900 A& long (27,39,40). Mueller and Perry (41) iso-
lated subfragment, S-1, from tryptic digests of HMM. Both the
ATPase activity and the actin-combining ability, which are the
characteristics of myosin, are found with HMM and also with S-1,
but not with ILMM. It is generally accepted that the two biologi—
cal activities of myosin are confined to the globular head, and
that S-1 is a primary component of the head.

Young et al. (42) reported that about 80 % of the mass of
HMM was converted to S-1 during the early stages of digestion,
5

and that the molecular weight of S-1 was 1.2 x 10 Mueller (43)



showed that 55 to 60 % of the total mass of HMM was converted to
S-1 on digestion with trypsin. He (43) obtained values of
1.1 - 1.3 x 105 as the molecular weight of S-1, depending on
the digestion time. Similar values for the molecular weight
were also reported by Jones and Perry (44), and Trotta et al.
(45). Slayter and Lowey (39) showed by electron microscopy
that the more globular portion at one end of myosin consists of
two globular subunits. Therefore, they concluded that one
molecule of myosin or HMM contains two molecules of S-1, derived
from the globular head of the myosin molecule.

As described above, the projections on myosin filaments,
which represent the HMM or S-1 ends of the myosin molecule,
are indispensable both for development of tension and for the
actomyosin type of ATPase activity. To elucidate the details
of the molecular mechanism of muscle contraction, it is es-
sential to see whether the two S-1 subfragments are identical,
and it is also important to investigate their properties.

In the present report, some published results (46-48) by
the author are summarized and discussed on the basis of (i)
the dependence of the activity of myofibrillar ATPase on sar-
comere length and calcium ion concentration, and (ii) the
properties of the two subfragments, S-1, of the myosin molecule.
The following conclusions were made: Maximum value of ATPase
activity of glycerol-treated muscle fiber bundles during
isometric contraction was observed in a range of sarcomere
lengths of 2.0 to 2.5u. Myofibrillar ATPase activity during
isometric contraction was proportional to the amount of

overlap between myosin and actin filaments at sarcomere lengths



of more than 2.0u. These results could be explained on the
sliding-theory of muscle contraction. On the other hand, in

the region where the sarcomere length was less than 2.0u, the
ATPase activity decreased as the sarcomere length decreased,

and at a sarcomere length of about 1.0y it reached 20 to 30

per cent of the maximum value. The ATPase activity of glycerol-
treated muscle fiber bundles which had been stored in 50 per

cent glycerol for a short period was very sensitive to Ca++,

but the activity of fiber bundles stored for a long period was
guite insensitive to ca*t. The capacities of myosin and HMM

for ATP hydrolysis (per mole), both by simple hydrolysis and

by phosphorylation, were preserved in the two moles of S-1
formed, though many intramolecular peptide bonds were broken

on formation of S-1. It was also concluded that the active
sites of ATPase were located in only one of the two $S-1 molecules.
Based on this non-identical subunit structure, we discussed the

functions of these two S-1 portions of the myosin -molecule

in muscle contraction.

Experimental

Materials

Glycerol-treated muscle fiber bundles were prepared from
rabbit psoas muscle by the method of Hanson and Huxley (49)
with the slight modification of using 10mM Tris-maleate buffer

instead of 6.7mM phosphate buffer.



Myosin B was extracted from glycerol—treated rabbit psoas
muscle bundles which had been stored in 50 per cent glycerol at
-10°C for 9 to 18 months and also from fresh rabbit psoas muscle.
Myosin B was purified by precipitating it from 0.1 M KCl and
dissolving it in 0.6 M KCl once or twice. All the procedures
were done at below 4°C.

Pyruvate kinase [ ATP: pyruvate phosphotransferase, EC2.7.1.40]
was prepared from rabbit skeletal muscle by the method described
by Tietz and Ochoa (50). The sedimentation pattern of pyruvate
kinase showed a single and almost symmetrical peak, and the sed-
imentation coefficient, 520, was 9.70S at the concentration of
3.45 mg per ml. The preparation gave a specific activity of 180
to 220 pmoles pyruvate per minute per mg of protein, when the
enzyme was assayed at 25°C and pH7.0, with 0.1 M histidine buffer,
0.1 M KC1l, 4mM MgClz' 1.0mM phosphoenol pyruvate (PEP) and 4mM
ADP.

Myosin was prepared from rabbit skeletal muscle by the
method of Perry (51) with slight modifications (52), and purified
further by precipitating it with 0.04 M KCl and dissolving the
precipitate in 0.5 M KCl at about pH 7. HMM was prepared
essentially by the method of Tokuyama et al. (53), except that
trypsin was purchased from Worthington Biochemical Corporation
(2 x crystallized, salt-free) instead of from Sigma Chemical
Co. HMM was precipitated with between 45 and 65 % saturation

(at 450) of (NH containing 1 mM EDTA. Ammonium sulphate

47259
was passed through a column of Amberlite IR-120. The pre-
cipitated HMM was dissolved in, and dialyzed against 0.05 M

KCl and 0.05 M Tris-HCl at pH 7.6 and 4°C, until the concen-



tration of sulphate ion titrated by barium ion became less than
about 10_3 % saturation.
S-1 was prepared as follows (42): after dialysis, HMM was

digested at 25°C with trypsin from Worthington Chemical Corporation

(weight ratio of HMM to trypsin, 20 : 1) for 17 min, unless other-
wise stated. The reaction was stopped with trypsin inhibitor
(from soybean, type 1-S, Sigma Chemical Co.) and the digestion
mixture (about 100 ml) was immediately chilled and applied to
a column (6.0 x 69 cm) of Sephadex G-200 equilibrated with 0.05
M Tris-HC1l and 0.5 - 1 mM EDTA at pH 7.6 and 4°C. The column
was eluted with the same buffer at a rate of 24 to 36 ml per hr.
The fractions of the central portion of the second peak (cf.
Fig.16) were collected by precipitation with 70 % saturation
of (NH4)2SO4 at 4°C. The precipitate was dissolved in and

dialyzed against the same buffer for several hours. The result-

ing clear solution was purified further by rechromatography on

Sephadex G-200 (4.6 x 55 cm).

r-—32P—ATP, prepared from ATP and 32

Pi by the method of
Glynn and Chappel (54), was kindly supplied by Dr. T. Kanazawa
of this laboratory. Blue dextran was purchased from Pharmacia
(Uppsala, Sweden). The crystalline sodium salt of ATP and PEP
were purchased from Kyowa Hakko Kogyo Co. (Tokyo) and Sigma
Chemical Co., respectively. EGTA was purchased from Dojindo

& Co. IAA-1—14C was purchased from the Radio Chemical Center,

Amersham, England. Other reagents were of analytical grade.

Methods

Measurement of myofibrillar ATPase activity at fixed




sarcomare lengvhs

As illustrated in Fig.l the two ends (2 mm each) of a

Fig.1l

fiber bundle were each placed between a pair of acrylic plastic
plates, and the pairs of plates were fixed on a plastic frame
by screws of stainless steel at a fixed distance apart to keep
the fiber bundle from slackening. Photographs were taken
under a phase contrast microscope (Olympus, model ECETP-2) at
intervals of about 3 mm. The mean value of sarcomere length
was plotted against the position where the photograph was

taken. As shown in Fig.2, even the sarcomeres in fiber bundles

Fig.2

which had been forcibly stretched, were fairly uniform in length,
except near the ends of the fiber bundle. Therefore, we usually
measured the sarcomere length by the following method. One to

six fiber bundles were taken out from 50 per cent glyéerol, their
diameters were reduced to an appropriate thickness, and then they
were fixed in the acrylic plastic frame. The diameter of a fiber

bundle was examined using a microscopic eyepiece micrometer,
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and only bundles of uniform diameter were used. They were
photographed in at least three positions, i.e., in the
central part and at 5 to 10 mm from each end, and the
sarcomere length of a muscle fiber bundle was calculated

as the average of the mean values in each photographv
(results obtained by this method are shown in Fig.9 as open
circles). Fiber bundles of too wide or uneven diameter
were cut off from the frame, leaving their ends fixed in
the two pairs of plastic plates. The fiber
bundles fixed to the plastic frame were incubated in a
buffer solution of 50 mM KC1l, 2 to 3.35 mM MgCl2 and 20

mM Tris-maleate at pH 7.0 and 0 to 4°C for about 1 hour,
changing the buffer three times, to wash out glycerol.

Two or more fiber bundles were used, and bundles of a
significantly different sarcomere lengths were not used at
the same time for measurements, For measurement of ATPase
activity of bundles of shorter sarcomere length, photographs
were first taken at a fixed length of fiber bundle, and
then the bundles were shortened to another length by the
addition of ATP. The fiber bundles were shortened to the
pre-determined length, and showed a constant activity of
ATPase at the steady state within 15 ‘seconds after the ATP-
addition. The sarcomere length was assumed to be pro-
portional to the length of the fiber bundle (the closed

circles in Fig.9 were obtained by this method).



Pyruvate kinase was coupled with myofibrillar ATPase,
and the ATPase activity was measured by determining the
concentration of pyruvate liberated using the method de-
scribed by Reynard et al. (55). Fig.3 shows a compari-

son of the time-course of pyruvate-liberation from HMM

Fig.3

ATPase coupled with pyruvate kinase with that of Pj-liber-
ation from the ATPase uncoupled with the kinase. The two
time-course of Pj-liberation from actomyosin ATPase was
found to be unaffected by the presence of the kinase.
Accordingly, we concluded that pyruvate kinase maintains
the concentration of ATP in the system without affecting
the myosin ATPase.

The ATPase reaction was usually initiated by adding ATP
after the fiber bundles fixed to the plastic frame (cf. Fig.l)
had been incubated in the reaction mixture for 10 to 15
minutes at 25°C, and aliquots (2 ml) were usually taken out
at intervals of 1.5 minutes to determine the concentration
of pyruvate 1liberated. We calculated the amount of pyruvate
liberated per g of protein making a correction for the veglume

change of the reaction mixture due to sampling for the



determinations. First, the ATPase activity of the whole
fiber bundles was. measured, and second, the activity of

the two end parts of the fiber bundles ( 2 mm, each) which
were fixed between the plastic plates was measured after
cutting off the other part. The difference bhetween these
values was adopted as representing the activity of a part
of the fiber of constant sarcomere length. As stated

above, fiber bundles of uneven diameter or of more than

300 y in diameter at the moment of measurement of ATPase
activity were cut off, leaving only their ends in the frame.
Therefore, the number of the fiber bundles with ends con-
tributing to the control activity was equal to, or more than
the number of the fiber bundles which contributed to the
activity at constant sarcomere length.

Measurement of ATPase activities of myosin, HMM, S-1 and

myosin B.

The ATPase activities of myosin, HMM and S-1 were
measured in 1.0 m KC1, 1 mM ATP and 0.05 M Tris-maleate at

pH 7.0 and 25°C. As modifiers of ATPase, 7 mM CaCl, and

2
3 mM EDTA were used. The time-course of Pi—liberation was
determined as described previously (15). The method for

measurement of the initial burst of 32

Pj~liberation from
the S-1-32p-aTP system was also reported previously (56).
The ATPase activity of myosin B was determined by measuring
the time-course of pyruvate-liberation from myosin B ATPase

coupled with pyruvate kinase. The reaction was initated

by adding ATP in the case of myosin B extracted from



glycerol-treated muscle fiber bundles, and by éddinq myosin B
in the case of myosin B extracted from fresh psoas muscle,
unless otherwise stated. In both cases the initial rate was
adopted as the activity of myosin B.

Carboxamidomethylation of myosin and S-1

Myosin was subjected to carboxamidomethylation using TAA-1~
14C, by the method mentioned in the preceding paper (57). Myosin
was treated by the same precedures except that IAA was ommitted,
and was used as a control. A concentration of 1,17 mM IAA-1-
14C (20 fold excess over S-1, on a molar basis) was added to a
solution of 7.03 mg per ml1 S-1 in 0.5 M KC1 and 0.1 M Tris-HC1l
at pH 8.5 and 0°C in the presence or absence of 0.1 M sucrose,.

At appropriate times after the start of the reaction, 2 ml
aliquots were transferred to 4.7 ml of chilled saturated (NH4)2
S0, sclution containing 1 mM EDTA at pH 7.0. After carbox-
amidomethylation, S-1 was collected by centrifugation (13,000

X g, 30 min), and the precipitate was dissolved in, and dialyzed
against 0.05 M KC1 and 0.05 M Tris-HCl at pH 7.6 and 4°C.

The radioactivity of samples was measured as described in the pre-
ceding paper (57). Correction for the quenching by proteins was
ﬁade by the external standardization method in a Nuclear Chicago

liquid Scitillation spectrometer, Mark II (Nuclear Chicago).

Protein concentration

The optical density at 280 muy was measured after dissolving
the myofibrils by treatment with 3 ml of 1 N NaOH either for 24
hours at room temperature, for 3 weeks at room temperature or for

2 hours at 100°C in a sealed test tube. Fig.4 shows the relation



between the optical density and the protein concentration
calculated by multiplying the amount of nitrogen, determined
in a Coleman, model 29, Nitrogen-Analyzer (Coleman, U.S.A.) by
a factor of 6. The optical density at 280 mu after treatment
of myofibrils with NaOH at 100°C for 2 hours was the highest,
indicating that this method was the best for dissolving muscle
fiber bundles. Therefore, segments of muscle fiber bundles were
cut off from the plastic frame after measuring the whole activity,
and were treated twice with a buffer solution (40 mM KC1l, 20 mM
phosphafe buffer pH 7.0) at 0°C for about 10 minutesto wash out
nucleotide, pyruvate kinase and maleate. Then the optical
density at 280 myu was measured after dissolving them by treatment
with 3 ml of 1 N NaOH at 100°C for 2 hours and then storage at
room temperature for about 24 hours in a sealed test tube.

The concentrations of myosin B and myosin were estimated
by the biuret reaction calibrated by nitrogen determination.

The protein concentrations of HMM and S-1 were determined using

1%

Lem at 280 mp of 6.47 and 7.70, respectively (42).

values for E

Other methods

The concentration of total Ca++ was varied from 50 uM to

0.20 mM, and that of EGTA from 0.101 mM to 3.18 mM, and the

concentration of free ca™ was calculated by adopting 2.5 x 10-7

€£.26) as the dissociation constant of the binding of ca*t with



EGTA under our experimental conditions. All ultracentrifugal
runs were performed in a Beckman Spinco Model E analytical
ultracentrifuge operated with Schlieren optics using aluminium

double sector cells or filled epon synthetic boundary cells.

Results

I. Contractile ATPase Activity on Sarcomere Length and Calcium

Ion Concentration.

Diffusion of substrate into fiber bundle and ATPase activity

The ATPase activity of a fiber bundle of about 300 u in
diaﬁeter and 2.57 p in sarcomere length was measured in the
presence of 0.6 mM ATP, 8.4 ug pyruvate kinase per ml and either
0.5 or 3.0 mM PEP in buffer solution (50 mM KC1l, 2 mM MgCl2 and
20 mM Tris-maleate buffer) at pH 7.0 and 25°C. As shown in

Fi

EN

g.5, the activity was scarcely affected by decrease in the

Fig.5

concentration of PEP from 3.0 to 0.5 mM. The activity was also
independent of the conéentration of pyruvate kinase between 5
and 32 ug per ml. In the presence of 1.0 mM PEP and 65 ug
pyruvate kinase per ml, the ATPase activity of a fiber bundle

of about 290 p in diameter and 2.20 y in sarcomere length was
measured at first in 2.35 mM ATP and 3.35 mM MgCl,, and then

in 5.0 mM ATP and 6.0 mM MgCl,(Fig.6). The activities were



Fig.6

104 and 121 umoles pyruvate per minutes per g of protein, repective-
ly. As described later, the activity showed a tendency to
increase on repeated measurement (cf. Fig.1ll). Furthermore, the
mean value of myofibrillar ATPase activity at sarcomere lengths
of between 2.0 and 2.5 u was 92 + 7 (S.E. of mean) umoles pyruvate
per minute per g of protein in the presence of 0.6 to 2.35 mM
ATP, 1.0 mM PEP and 8.4 to 65 ug pyruvate Xinase per ml at pH
7.0 and 25°C (cf. Fig.9). Therefore, the ATPase activity of
fiber bundles of less than 300 y in diameter and 2.0 to 2.5 y
in sarcomere length was concluded to be independent of the ATP
concentration between 0.6 and 5.0 mM in the presence of at least
1.0 mM PEP and 8.4 ug pyruvate kinase per ml.

| The ATPase activity of a fiber bundle of about 250 u in
diameter and 4.10 p in sarcomere length was almost independent
of the ATP concentration between 0.22 and 0.77 mM, when the
reaction mixture contaiped 1.0 mM PEP and 8.4 ug pyruvate kinase
per ml. The ATPase activity of fiber bundles of about 310 u
in diameter and 5.3%pin sarcomere length was independent of the
PEP concentration between 0.5 and 1.0 mM in the presence of 0.6 mM
ATP and 8.4 ug pyruvate kinase per ml.

As shown in Fig.7, the ATPase activity of fiber bundles of
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Fig.7

about 310 p in diameter and 0.78 u in sarcomere length was almost
independent of the pyruvate kinase concentration between 25 and
250 pg per ml in the presence of 0.6 mM ATP and 1.0 mM PEP.
Furthermore, the activity of fiber bundles of about 240 u in
diameter and 0.93 u in sarcomere length was nearly independent
of the ATP concentration between 2.35 and 5.0 mM in the presence
of 1.0 mM PEP and 73 ug pyruvate kinase per ml. The ATPase
activity of fiber bundles of less than 300 u in diameter and
less than 1 u in sarcomere length was one~fifth to one-third

of the maximum activity observed at sarcomere lengths of 2.0 to
2.5 y in almost all cases, when the reaction mixture contained
0.6 to 5.0 mM ATP (see Fig.9). Thus, we can conclude thét all
fibers and fibrilé are affecféd by ATP, when the diameter of
fiber bundle is less than 300 p and 0.6 mM ATP and 1.0 mM PEP

are used as substrates in the presence of pyruvate kinase.

Dependence of ATPase activity on sarcomere length

The ATPase activity of muscle fiber bundles of less than
300 y in diameter was measured in the presence of 0.6 to 2.35 mM
ATP, 1.0 mM PEP and more than 8.4 ug pyruvate kinase per ml at
different sarcomere lengths after storage in 50 per cent glycerol

at -10°C during 1 to 4 months. The concentrations of MgCl, were



2.0 and 3.35 mM, respectively, with 0.6 and 2.35 mM ATP. No
extra Ca++ was added to the reaction mixture.

Fig.8 (A) shows the time-course of pyruvate-liberation

Fig.8 A,B,C

from muscle fiber bundles of 3.40 u in sarcomere length in the
presence ofi;M ATP, 1.0 mM PEP, and 10 ug pyruvate kinase per ml.
The activity was 64 umoles pyruvate per minute per g of protein.
A fiber bundle of 3.3440.10 u in sarcomere length was shortened
from 39 mm to 29 mm in muscle length, i.e., to 2.5 y in sarcomere
length, and then the ATPase activity was measured under the same
conditions as above. As shown in Fig.8 (B), the activity was 93
umoles pyruvate per minute per g of protein. Three fiber
bundles with sarcomere lengths of 2.46+0.03 u, 2.24+0.12 u, and
2.39+40.05 u, respectively, were shortened from 35 to 15 mm in
fiber length, i.e., to 1.0 u in mean sarcomere length. They
showed an activity of 31 pmoles pyruvate per minute per g of

protein (Fig.8 (C)). In Fig.9, the ATPase activities of

Fig.9

30 preparations are plotted against sarcomere length. The



maximum activity was observed at sarcomere lengths of 2.0 to
2.5 y, and was 92+7 umoles pyruvate per minute per g of protein
(mean+S.E. of 6 values). The ATPase activity decreased linear-
ly with increase in length beyond 2.5 u, and showed a constant
value of 30 umoles pyruvate per minute per g of protein at
sarcomere lengths above about 4 u, as already reported by
Ward et al. (22). On the other hand, Qith sarcomere lengths
of less than about 2.0 u, the ATPase activity decreased as the
sarcomere length decreased, and reached one~fifth to one-third
of the maximum activity at sarcomere lengths of less than about
1 .

The broken line above 2 y of sarcomere length in Fig.9
was plotted on the basis of the correlation between sarcomere
length and the number of bridges between myosin and actin
filaments deduced from electron microscopic observations made
by Huxley et al. (1). In this calculation, the activity at
sarcomere lengths of above 3.5 u or below 1.5 u was assumed
to be egual to the activity of the myosin type (see "DISCUSSION").
A value of 7.5 umoles P; per minute per g of protein was adopted
as the activity of this type, since the ATPase activity of myosin
under conditions similar to those used here was 15 umoles Pi
per minute per g of myosin, and since about 50 per cent of the
protein in glycerol-treated muscle fibers is myosin (58).
Our results on the relation between ATPase activity and sarcomere
length deviate from those deduced from the above assumption at
longer and shorter sarcomere lengths.

Fiber bundles of 2.91+0.07 u in sarcomere length, which



had been stored at -10°C in 50 per cent glycercl for about 4
months, were quickly put into reaction mixture containing 1.0 mM
EGTA, 2.35 mM ATP, 1.0 mM PEP, 116 ug pyruvate kinase per ml and

3.35 mM MgCl, at pH 7.0 and 25°C. Then 3.5 minutes later,

2
2.0 mM Ca++ were added to the reaction mixture, and immediately
the fiber bundles were cut in the middle with scissors. At the
final stage, the pH of the reaction mixture was 6.7, and the
sarcomere length and diameter of the fiber bundles were, res-

pectively, about 0.7 u and about 340 u. The control activity

was measured by the same procedures as above. Fig.1l0 shows

Fig.10

the time-course of pyruvate-liberation obtained by subtracting
the pyruvate-liberation of the control from that of the whole.
The ATPase activity was 134 umoles pyruvate per minute per g of
protein before cutting the fiber bundles and adding Ca++, and
was 54 umoles pyruvate per minute per g of protein after these
treatments. The high ATPase activity in the presence of 1 mM
EGTA indicated a low Ca++—sensitivity of the fiber bundles used
(see "DISCUSSION"), and the low activity at about 0.7 u in the
presence of 1.0 mM free Ca++ was consistent with the results

on the relation between sarcomere length and ATPase activity.



Fig [/

— +4+ . .
Dependence of ATPase activity on Ca ion at fixed sarcomere lengths

After storage in 50 per cent glycerol at -10°C for about 3
months, the dependence on ca*t-concentration of ATPase activity
of a fiber bundle of 2.28 u in the presence of 2.35 mM ATP, 1.0
mM PEP, either 58 or 39 ug pyruvate kinase per ml and 3.35 mM
MgClz. The activity of the fiber bundli‘Y%i measured successive-
ly in the presence of 1 mM, 0.1 mM, 6 uM}gié—i mM of free Ca++.
The ATPase activities were 80, 98, 124, 99 and 124 umoles pyruvate
per minute per g of protein, respectively (Fig.l1ll). The ATPase
activity in the first measurement (1 mM Ca++) was lower than
those in the third (6 uM Ca'') and fifth (1 mM Ca' ). These
results suggest that the fine structure of myofibrils is destroyed
by répeating the measurement in the presence of 2.35 mM ATP, and
that the destruction leads to an increase in the activity.

The ATPase activity of fiber bundles of 2.07 to 2.65 u in
sarcomere length was 116+22 umoles pyruvate per minute per g of
protein (mean of 6 values) in the presence of 1 mM catt. The
ATPase activities of fiber bundles of 2.58 u in sarcomere length
in the presence of 1 mM cat™ and s8 Ug pyruvate kinase per ml
and in? the presence of 0.01 uM free ca*?t and 19 ug pyruvate kinase

per ml were, respectively, 115 and 47 umoles pyruvate per minute

per g of protein (Fig.12). The ATPase activity at a sarcomere

Fig.1l2

length of 2.07 yu, measured in the presence of 2 mM EGTA under

almost the same conditions as above, was 45 umoles pyruvate per



minute per g of protein (Fig.1l3 (B)). In Fig.l4, the ATPase

Fig.1l4

activity of fiber bundles of 2.00 to 2.65 u in sarcomere length,
which had been stored in 50 per cent glycerol at -10°C for about

3 months, is plotted against concentration of free Ca++, taking
the ﬁean value of the activity in the presence of 1 mM ca™t as
100. The half maximum activation was obtained at a concentration
of about 0.04 UM of free Ca++. In the presence of 1 to 2 mM

EGTA and at 2.00 to 2.33 u sarcomere length, the activity of
muscle fiber bundles which had been stored in 50 per cent glycerol
for about 3 months was 48+14 umoles pyruvate per minute per g

of protein (mean of 6 values). On the other hand, the activity
of fiber bundles which had been stored in 50 per cent glycerol

for 13 days at a sarcomere length of 2.03 u and in the presence

of 1.0 mM EGTA was only 17 umoles pyruvate per minute per g of

protein (Fig.l1l3 (a)). Table I summarizes the results on the

Fig.13

Table I




Fig.i5

ATPase activities of fiber budles stored for 3 to 13 days in
the presence of 1.0 to 2.0 mi* o7A, The ATPase activity was
17+5 umoles pyruvate per minute per g of protein (mean of 8
values), which was about one third of thiat of bundiles stored
for about 3 months. Measurement of the ATPase activity of
fibe; bundles stored for a short period was attempted several
times in the presence of 1 mM Ca++, but was unsuccessful,
because of breakdown of bundles within 1 minute after adding
ATP. The ATPase activity of fiber bundles of 2.38 u in sar-
comere length, which had been stored for about 9 months, was
measured only once in the presence of 1.0 mM EGTA under the

same conditions as above. It was 126 umoles pyruvate per

minute per g of protein.

Dependence of ATPase activity of myosin B extracted from glycerol-

treated muscle fiber bundles and fresh psoas muscle on Ca++ ion

The ATPase activity of myosin B, extracted from fresh psoas
muscle and purified by dilution-precipitation treatment performed
twice, was measured in the absence and presence of 2 mM EGTA.
Fig.1l5 shows the pyruvate-liberation from myosin B (0.0177 mg/ml)
ATPase in the presence of 0.094 mM ATP, 1.0 mM PEP, 58 ug

pyruvate kinase per ml, 54 mM KCl, 3.35 mM MgCl, and 20 mM Tris-

2
maleate buffer at pH 7.0 and 25°C, as a fuﬁction of time. The
time-course was not linear when no extra Ca’' was added. The
decrease in rate with time may be due to transformation of ATPase
from the actomyosin type to the myosin type by ATP. The initial
rate of ATPase activity was 180 umoles pyruvate per minute per g

of myosin B in the absence of EGTA, and 22 umoles pyruvate per

minute per g of myosin B in the presence of 1.0 mM EGTA. The



activity of myosin B was 250 umoles pyruvate per minute per ¢

of myosin B in the presence of 1.0 mM Ca++. The activity in

the absence of EGTA increased from 180 to 340 umoles pyruvate

per minute per g of myosin B , when the reaction of myosin-B
(0.0177 mg/ml) ATPase was initiated by adding ATP after incubation
for 5 minutes with F-actin (0.019 mg/ml). This increase in the
activity on addition of F-actin shows that not all the myosin
molecules in this preparation of myosin B represented the
actomyosin type of ATPase, and that the amount of binding of
myosin with F-actin was increased by adding F-actin. ATPase
activities were measured with myosin B, extracted from glycerol-
treated muscle fiber bundles stored in 50 per cent glycerol at
-10°C for 9 to 18 months in the presence of various concentrations
of free Ca++, 0.094 mM ATP, 1.0 mMPEP, 58 ug pyruvate kinase per
ml, 52 mM KCl, 3.35 mM MgCl2 and 20 mM Tris-maleate buffer at

pH 7.0 and 25°C. ATPase activities in the presence of 1.0 mM,
0.05 mM, no added Ca++, 0.05 uM of free Ca++ and:1.0 mM EGTA

were 250, 310, 255, 92 and 92 umoles pyruvate per minute per g

of myosin B, respectively. Table II also summarizes the results

Table II

obtained on the dependence of the ATPase activity of myosin B
extracted from fresh psoas muscles on Ca++ concentration. In
the presence of 1.0 mM Ca++, the ATPase activity of myosin B

extracted from glycerol-treated muscle fiber bundles was nearly
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equal to the activity of myosin B extracted from fresh psoas
muscle, but in the presence of 1.0 mM EGTA the ATAase activity

cf the former was ahout five times more than that of the latter.

IT Subfragments, S-I, of Myosin Molecule

Yield of S-1 from HMM

HMM (14 mg/ml) was digested with trypsin (weight ratio of
HMM to trypsin, 28 : 1) at pH 7.6 and 25°C for 13 min. The
elution pattern of the reaction mixture (20 ml) from a column of

Sephadex G-200 had two main peaks, as shown in Fig.l6. The

Fig.1l6

specific activity of the catt-activated ATPase in the central
fractions of the first peak was equal to that of unidigested HMM.
When HMM was digested with trypsin of Sigma Chemical Co. (from
bovine pancreas, 2 x cryst. EtOH ppt.) under the conditions used
by Young et al. (42), only the first peak appeared, though Young
et al. prepared S-1 using trypsin from Worthington Chemical Corp.
Thus, the activity of trypsin from Sigma Chemical Co. seems to
be less than that of trypsin from Worthington Chemical Corp.

The second peak contained S-1, and on rechromatography was
eluted as a single, symmetrical peak (cf. Fig.l1l7). The amount
of protein in the second peak and the amount in decrease in HMM

(difference between the amount in HMM before digestion and that



in the first peak) were in the ratio of 0.65 : 1. Neglecting
secondary degradation of S-1, this indicates that the yield of
S-1 from HMM was 65 %.

S-1 obtained by the method described in the "EXPERIMENTAL"
was applied to a column (3.6 x 92 cm) of Sephadex G-200, and

eluted with the buffer solution (Fig.17). The specific activity

Fig.17

of Ca++—ATPase in the central portion of the main peak was almost
constant. The central portion of the main peak was concentrated
by precipitation from 70 % saturated (NH4)ZSO4. After removing

the (NH,),SO it was subjected to analytical ultracentrifugation
in 0.20 M KC1, 0.05 M Tris-HECl and 1 mM EDTA at pH 7.6 and 4.2°C.
The sedimentation diagram of the preparation 4 days after rechro-
matography revealed a fairly symmetrical main peak, and a slower

moving component(s) as previously reported by Mueller (43).

The 8 value of the main peak was 5.03 S, which was similar

20,w
to the value of 5.04 S, calculated from the concentration de=-

pendency of the S of 5-1 obtained by Young et al. (42).

20,w
Therefore, we adopted the value of 1.2 x 105, obtained by Young

et al. (42), as the molecular weight of our preparation of S—l%

The molecular weights of HMM and myosin are about 3.4 x 105

5

(32-37) and 4.8 x 10~ (60), respectively, so the myosin or HMM

molecule seems to contain two regions which appear as S-1, as

® We (59) recently measured the molecular weight of S-1 with

gel-filtration method, and it was found to be 1.22 X 107,



already indicated by Lowey and her associates (61), Trotta et al.
(45), Nauss et al. (62) and Bailin and Bérény (63).

Degradation of S-1 in 0.05 to 0.20 M KC1

Fig.1l8 shows that the amount of slower component(s) in the-

sedimentation pattern increases on storage of the preparation
in 0.20 M KCl, 1 mM EDTA and 0.05 M Tris-HCl at pH 7.6 and 0°C.
The amount of intact S$-1 , estimated from the ultracentrifugal
pattern, decreased to 74 and 54 % of the initial value 4 and 10
days after rechromatography, respectively (values not corrected
for the Johnston-Ogston effect). Degradation was markedly
retarded by addition of sucrose. Thus, after 11 days storage
in 0.05 M KC1, 0.05 M Tris—-HCl and 0.5 mM EDTA containing 0.07 M
sucrose at pH 7.6 and 0°C, only 18 % of the S-1 were degradated.
The decrease in the Ca' @ -ATPase activity seemed to be pro-
portional to the degree of degradation of S-1 to components of

lower molecular weight (Fig.1l9), The rates of decrease in

Fig.19
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Ca -ATPase activity were 9 and 0.5 per day, respectively,
in the absence and presence of 0.05 M sucrose, Lyophilized
S-1 was very stable, and after 7 months' storage retained about

90 % of its specific Ca++—ATPase activity before lyophilization.

Degradation of S-1 in guanidine-HCl or alkaline solution

The sedimenting boundary of S-1 (9.14 ng/ml) in 5 M guanidine-

HC1l at 4°C was broad, and the value of S of the peak was

20,w
1.1 s (see inserted figure in Fig.20). S-1 was stored in 4.6

M guanidine-HCl solution (7.9 mg/ml S-1, 3 ml) at 4°C for 34
days, and then applied to a column (3.7 x 31 cm) of Sephadex
G-200 eguilibrated with 5 M guanidine-HCl and 2 mM EDTA. The
column was eluted with the same solvent at a flow rate of 11 ml
per hr at room temperature. Three peaks were eluted after that

of blue dextran, as shown in Fig.20. About 30 % of the total

*
protein were eluted after cytochrome C.

Fig.20

A solution of S5-1 was adjusted to pH 1l1.5 with triethylamine
at 0°C, and then immediately subjected to ultracentrifugation at
5°cC. The final composition of the solution was 9.1 mg of S-1
per ml, 0.05 M KC1, 5 mM Tris-HCl and 40 mM triethylamine.

A broad peak appeared and the S of its top was 1.5 S.

20 ,w

* . Kindly supplied by Mr. T. Tanaka of Prof. Okunuki's

laboratory, Department of Biology, Faculty of Science, Osaka

University.



A solution of S-1 was adjusted to pH 11.5 with triethylamine, and
2 hours later it was applied to a column (2.7 x 87 cm) of Sephadex
G-100, equilibrated with 0.05 M KC1l and 0.025 M triethylamine—co2

buffer at pH 11.0 and room temperature. As shown in Fig.21, the

Fig.21

elution pattern was similar to that in guanidine-HC1l, described above.
According to Trotta et al. (45), S-1 prepared with trypsin dissoci-
ated into a heavy component (molecular weight 66,800): a light
component (18,600) and peptide components (2,100, 16 % of the

total material) on alkaline treatment. The present results also
showed that the S-1 prepared with trypsin dissociated into small
components on treatment with guanidine-HC1l or alkali.

ATPase activities in the steady state

The ATPase activities of the control myosin used in the
carboxamidomethylation experiment, measured in the presence of 7 mM

CaCl 20 mM MgCl, and 3 mM EDTA, were 189, 2.50 and 1,510 umoles

27
Pi/min/g, respectively. The specific catt-, Mg++— and EDTA-ATPase
activities of HMM prepared from the control myosin were 236, 3.25 and
2,200 umoles Pi/min/g, respectively. After correction for the pres-
ence of inactive small components (8 % in this case), the ATPase
activities of s-1, prepared from the above preparation of HMM, were
363, 4.86 and 3,880 umoles Pi/min/g in the presence of Ca++, Mg"'+
and EDTA, respectively.

As shown in Table III, the specific ATPase activities of

myosin per mole were nearly equal to those of HMM, while the
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Table III

activities of S-1 were about half those of myosin and HMM.
o+t N . .

The Ca -ATPase activities of preparations of myOSLn, HMM and

S-1 were measured in 0.60 M KC1l, 1 mM ATP, 0.05 M Tris-maleate

and 10 mM CaCl, at pH 6.4 and 25°C, and were 230 + 21, 223 + 32

2
and 110 + ll* (mean + standard error of 4 values) moles Pi/min/
mole of myosin, HMM and S-1, respectively. These results

showed that on formation of S-1 there was no over-all change
around the active site of steady state ATPase. Nauss et al. (62)
obtained similar results on EDTA-ATPase activity, though the
ca*T-aTpase activity of their S-1 was higher than the value

expected if two S-1 were produced from one HMM.

ATPase activity of HMM and S-1 prepared from myosin after

carboxamidomethylation

14C in 0.5 M KC1 and 0.1 M

Myosin was treated with IAA-1-
Tris-HC1l at pH 8.5 and 0°C for 44 hr (molar ratio of myosin
to IAA, 1 : 3) (57). The amount of IAA bound to myosin was
2.9 moles per mole of myosin. The Ca’ '-and Mg++—ATPase
activities increased 11.7 and 9.7 fold, réspectively, on this
modification, but thé EDTA-ATPase activity decreased to 24 %

of the control value. The radioactivities of HMM isolated

from tryptic digests of modified myosin showed that it contained

* No correction was made for degradation of S-1
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2.3 moles of IAA per mole of HMM. The Ca++-and Mg++—ATPase
activities of the IAA-HMM were 11.4 and 10 times those of control
HMM, respectively, and the EDTA-~-ATPase activity was 19 % of

the control wvalue. S-1, produced by further tryptic digestion
of IAA-HMM, was purified by chromatography on Sephadex G-200

(Fig.22). The elution pattern of S-1 was unchanged by

Fig.22

carboxamidomethylation. The fractions indicated by the symbol,
4~——> , contained 0.76 mole IAA per mole of S-1. The Ca++ -

and Mg++-ATPase activities of the IAA-S-1 were respectively

8.8 and 9.0 fold those of the control, while the EDTA-ATPase
activity was 18 %. Ohe et al. (57) reported that the catt-

and Mg++-ATPase activities were maximally activated on carbox-
amidomethylation of one specific cysteine residue in the myosin
nolecule by IAA and that this cysteine residue was blocked
completely when about 3 moles of IAA were bound to myosin.

The present results show that this cysteine residue was retained
in S8-1 (cf. Table III). |

14C was carried

Carboxamidomethylation of $-1 with IAA-1-
out under the same conditions as those used with myosin, except
that the molar ratio of S-1 to IAA was 1 : 20, The time-
course of binding of IAA to $S-1 was unaffected by the addition

of sucrose. The extent of activation of the Ca++—ATPase

activity of S-1 by carboxamidomethylation (9 fold) was nearly



equal to that observed with myosin (Fig.23). In sharp contrast

Fig.23

with myosin where the extent of activation remained constant,
even on binding of large amounts of IAA (see, Fig.4 of Ref. 57),
the ATPase activity of S-1 decreased markedly with binding more
than 2.3 moles of IAA per mole of S-1.

Initial stoichiometric burst of Pi-liberation from the HMM-and

S—-1-ATP system

Fig. 24 A shows the time-course of Pi-liberation from
the HMM*—ATP system in the presence of 2 mM MgClz. The amount
of the initial stoichiometric burst with lyophilized HMM, 1.1
mole per mole, agreed with that with fresh HMM reported by
Tokuyama et al. (53). Fig.24 B shows the time-course of

Pi-liberation from the S-1-ATP system in the presence of 1 mM

MgClz. The amount of the initial burst was 0.55 mole per mole
Fig.24 A,B
of S-1. The amount of the initial stoichiometric burst of

P;-liberation from the myosin-ATP system, measured at Mg++—

* HMM lyophilized by the method of Yount and Koshland (64)

was used.
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concentrations above 1 mM, was 1.0 to 1.2 mole per mole of
myosin (14, 15, 16, 56, 65).

Fig.25 shows the time-courses of Pi—liberation on mixing

Fig.25

1.0 mg per ml of S-1 with various concentrations of ATP (2-20

uM) in 2.8 M KC1l, 10 mM MgCl, and 20 mM Tris-HCl at pH 7.5 and

2
0°C. At ATP concentrations below 5 uM, the time required for
the initial Pi—liberation to reach half the maximum value,'rl/z,
was independent of the ATP concentration and was about 24 sec,
but the amount of Pi—liberation in the initial phase increased
almost linearly with ATP concentration. At ATP concen-
trations above 5 uM, the amount of the initial Pi-liberation
remained constant at 1.2 mole per 2.4 x 105 g of 5-1, as shown
in Fig.26. The dependences of the amount'and'z‘l/2 value of

5

initial Pi-liberation per 2.4 x 10” g of S-1 on the ATP concen-

Fig.26

5

tration were similar to those per 4.8 x 10 g of myosin.

Discussion

The present results show that the diffusions of neither
ATP nor PEP are limiting factors in the hydrolysis of ATP, if

fiber bundles of less than 300 u in diameter are used in the
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presence of at least 0.6 mM ATP, 1.0 mM PEP and kinase. Ac;ording
to theﬁeyerhoijchulzequation (66), the relation between the
concentration of consumable substrate and the radius (y) of a
cylindrical shaped enzyme is given by

Y2=(Ce-Ci)ﬂ%— ’
where Ce and Ci are the exterior and interior concentration
of ATP, D is the diffusion coefficient, and A is the rate of
ATP splitting. According to Bowen and Martin (67), D was 1.4
to 2.0 x 10_6 sg. cm per sec, which was one-half the rate of
free diffusion of ATP through agqueous solution. Measurement
of ATPase activity of myofibrillar fragments with no diffusion-
problems indicated that it was sufféient for Ci to be 0.1 mM,
and that A was 0.20 to 0.25 mmoles ATP split per sec per liter
(68, 69). Substituting these values for D, A and C; and using
a value of 0.6 mM for Cq, which was the lowest concentration
of ATP in our experiments, in the MEYERHOF-SCHULZ equation, Y
was calculated at about 40 u. This value (80 uy in diameter)
is almost the order of diameter of a single fiber. This
result indicates that when a fiber bundle of up to about 80 u
width, i.e., a single fiber, is used, the probability is that
0.6 mM ATP will affect all fibers and fibrils. But this width
is much less than that of the bundles used in our experiments.
Fiber bundle of less than 300 gén diameter could be used in
the presence of pyruvate kinase and PEP, since these sub- -
stances could penetrate the endomysial zone between fibers,

and maintain the concentration of ATP around each fiber at 0.6 mM.
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Gordon et al. (9, 10) have studied the relation between
sarcomere length and isometric tetanus tension, with special
precautions to ensure uniformity of sarcomere length within

‘the part of the fiber being studied. As shown in Fig.27,

Fig.27

in most respects the results were consistent with those found
by Ramsey and Street (70), which were obtained without these
special precautions. The peak of the curve observed by Gordon
et al. was found to consist of a plateau between sarcomere
lengths of 2.05 and 2.2 u, and the decrease of tension above
this plateau was steeper than that found by Ramsey and 3
Tension development became almost zero at sarcomere lengths
of more than 3.65 u. Many features of this length-tension
relation at sarcomere lengths of more than 2.05 y have been
simply explained on the sliding-filament theory (see, Fig.27).
Furthermore, the decline of tension below the plateau suddenly
became steeper at a sarcomere length of about 1.67 u and tenéion
development became almost zero at a sarcomere length of about
1.3 u.

Infante et al. (19) studied the dependencies on muscle

Lraoddsiom, of,

length OETﬁﬁosphoryl creatine and tension in isometric con-

tractions on frog rectus abdominis muscle treated with 2,4-
dinitrophenol. The results showed that these two relations

were almost identical; both the amount of breakdown and the
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tension development were almost zero both at about 130 =»er

cent and 50 per cent of the resting length in situ, and their
maximum values were obtalred at the resting length. Similer
results were also obtained by them (21) on the length dependence
of Pj-liberation of frog sartorius nmuscle. The length
dependence of splitting of phosphoryl creatine during isometric
tetanus has since been determined in great detail with frog
sartorius muscle treated with iodoacetate and nitrogen to block
the resynthesis of ATP by Sandberg and Carlson (20). The
results showed that the breakdown of phosphoryl creatine was
maximum at a sarcomere length of about 2.3 u, and 50 per cent
of the maximum value at sarcomere lengths of both 1.5 u and

3.2 u. They also suggested that there were two components

in the utilization of chemical energy durinq an isometric

tetanic contraction
component and a tension independent component, and that the
former was explainable on the sliding theory and the latter was
a reflection of the energy utilization of the calcium pump
found in the sarcoplasmic reticulum (71, 72).

The length dependence of ATPase activity during isometric
contraction induced by ATP in glycerol-treated muscle fiber
bundles was similar to those of tension development, break-
down of phosphoryl creatine and Pj-production during isometric
tetanic contraction in living muscle, as described above.
However, our results on the length-ATPase activity relation
deviate from the theoretical relation at sarcomere lengths of

above 2.0 u, as those on the length-tension relation by Ramsey

and Street (70) do (cf. Fig.9 and Fig.27). This deviation may



be attributable to heterogeneity in sarcomere length in the
énd parts of the fiber bundles. The heterogeneity may also
be éaused by local shortening induced by ATP.

As the sarcomere length decreased below 2.0 p, the ATPase
activity decreased, and, at sarcomere lengths of about 1 u, it
reached one quarter to one third of the maximum activity.

Gordon et al. (10) reported that muscie fiber does not develop
tension when the sarcomere length decreases below about 1.3 u.
One possible explanation for the decrease in ATPase activity

and tension development is that the increase in fiber diameter
which takes place as the muscle contracts allows the two types
of filaments to move further apart and so alters the spatial
situation at the cross-bridges (1). Furthermore, when muscle
is shortened below a sarcomere length of 1.5 u where myosin.
filaments hit the Z-discs, the filametns are expected to crumple
or fold. This may reduce the number of bridges capable of
generating both the actomyosin type of ATPase and tension. On
the other hand, Gordon et al. (10) suggested that more than

half the drop of tetanic tension represented an internal force
opposing shortening rather than a decrease in intrinsic force of
contraction. Hoyle et al. (73) and Osborne (74) reported in
their studies of "supercontraction" that contraction down to
below about 60 per cent of the resting length allowed the myosin
filaments to pass through the Z-discs from one sarcomere to the
adjacent sarcomere. This suggests the existence of an interaction
between the projections of myosin filaments and actin filaments

even at very short sarcomere lengths. Therefore, another
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possibility is that the two types of filaments cannot move
or oscillate past each other at sarcomere lengths below 1 u,
because the ends of crumpled or folded myosin filaments (1.6 w)
are connected with the Z-discs and those of actin filaments
(1.0 u) come into collision with the opposite Z—discs. If
the actomyosin type of ATPase is coupled with moving or
oscillating of the two types of filaments past each other,
and if the tension development is coupled with the actomyosin
type of ATPase, both ATPase activity and tension development
of muscle fibers must decrease at a short sarcomere length
where the movement of the projections of myosin filaments
cannot occur (75).

| The ATPase activity of glycerol-treated muscle fiber bundles
stored in 50 per cent glycerol at -10°C for about 3 months
increased with increase in the Ca++ concentration. In the
absence of Ca++ it was about 48 moles pyruvate per minute per
g of protein, and in the presence of sufficient cat” it was
about 116 umoles pyruvate per minute per g of protein. The
ATPase activity of myosin B extracted from fresh psoas muscles
was almost the same as that of myosin B from glycerol-treated
muscles stored for the long period in the presence of 1 mM Ca++,
but the latter was much higher than the former in the presence
of 1 mM EGTA (cf. Table II). In the absence of Ca++, the
ATPase activity of fiber bundles stored for 3 to 13 days was
about one g@rd of that of bundles stored for about . 3 months.

On the other hand, the ATPase activity of fiber bundles in the

absence of Ca++, which had been stored for about 9 months, was
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about three times as large as that of bundles stored for about
3months, and was almost the same as that of the latter bundle in
the presence of Catt. These results showed that Catt-sensitivity
of ATPase activity of fiber bundle conspicously decreased as the
period of storage became longer. These results on ATPase activity
correspond to the results reported by Bozler (76, 77) that catt-
sensitivity of tension developed by ATP decreased as the period of
storage became longer. It was shown by Ebashi (78, 79) that
Catt-sensitivity of myosin-B in ATPase and superprecipitation was
attributable to native tropomyosin which was composed of both
tropomyosin and troponin. Therefore, there is a possibility that
Ca++—sensitivity of fiber bundle in ATPase activity might be disap-
peared by destruction of naf@e tropomyosin on storing in glycerol
for the long period.

To elucidate the number of ATPase site of myosin molecule,

the bindings of PPi, ADP and ATP to myosin have been investi-

gated by many workers (Table IV). Tonomura and Morita (80)

Table IV

showed that two moles of PP; were bound to one mole of myosin,
and that the light-scattering intensity of myosin B decreased

on binding of one mole of PPi per mole of myosin in myosin B.
Nauss et al. (62) and Kiely and Martonosi (8l) recently confirm-
ed that two moles of PP, were bound per mole of myosin, though

Gergely et al. (82) and Martonosi and Meyer (83) previously claimed
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that the myosin molecule could bind only one PP; molecule. Young
(84) reported that two moles of ADP were bound to one mole of
myosin with the same value of the association constant, and that
one mole of ADP was bound to one mole of S-1. However, Morita
(85, 86) recently showed that two moles of ADP combined with one
mole of HMM, that the two had different association constants,
and that the binding with the higher association constant induced
the change in the ultraviolet absorbance of HMM.

Tonomura and his coworkers (11 - 14) have concluded that
myosin has two kinds of active site of ATPase, i.e., site 1
and site 2 (referred to as the site for simple hydrolysis and
the site for hydrolysis via phosphorylation, respectively).
They demonstrated one mole of phosphorylation per mole of myosin
at site 2, measured as the stoichiometric initial burst of Pji-
liberaticon, and concluded that the binding of ATP or ADP to
site 2 resulted in the change in ultraviolet absorbance of HMM
(14). Nanninga and Mommaerts (88) using luciferase-luciferin
system demonstrated that one mole of ATP was bound to 4.2 x 105
g of myosin. Imamura et al. (ll) obtained the same result
from kinetic analysis of the myosin-ATP system, using a Straus-
Goldstein plot. Studies on the dependence of the difference
spectrum of HMM on the ATP concentration by Morita (91)and
Sekiya and Tonomura (87) also showed that one ATP molecule was
bound to one HMM molecule.

The properties of the active site of myosin ATPase have
also been studied by chemical modifications. P-Nitrothiophenol
bound specifically to about one mole of a specific glutamic

acid residue located at site 2 per mole of. myosin. As a result
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the initial stoichiometric burst of Pi—liberatidn was completely
lost, but the ATPase éctivity in the steady state remained
unaffectea (12, 18). Ohe et al. (57) recently showed that the
Mg++—, and Ca++—ATPase activitiés of myosin were fully activatea,
while the EDTA-ATPase activity was inhibited, when one mole of

a specific cysteine residue per mole of myosin in the sequence
Ileu. CySH. Arg was modified with IAA. Tokuyama et al. (53)

and Shimada (92) repofted that the amounts of the sites for |
specific chemical modifications by 2,4,6-trinitrobenzenesulfonate
and by 5-diazo-lH-tetrazole were about 1 mole per mole of myosin.
All these results indicate that one mole of site 1 and one mole
or site 2 are presented per mole of myosin;

Two S~1 molecules were produced from one HMM molecule, as
described in the "RESULTS". The ATPase activity in the steady
state and the amount of the initial stoichiometric burst per
mole of myosin were substantially retained in the two moles of
S-l; although many intramolecular peptide bonds were broken
on formation of S-1 (cf. Table III, V). Moreover, the extra-
burst of Pj-liberation per mole of myosin or HMM was twice that

per mole of S-1 (Table V). These results show that both active

Table V

sites of myosin, site 1 and site 2, are located in these two

molecular portions which appear as S-1 on tryptic digestion.
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The dependence of'Ci/z and the amount of initial stoichiometric

burst of Pj-liberation per 2 x 1.2 x 105 g of S-1 on the ATP

concentration were the same as for 4.8 x 105 g of myosin, as

shown in Fig.26. According to the reaction mechanism of the

myosin—ATP system proposed by Tonomura et al. (14), the for-
1

mation of the Michaelis complex at site 1 (E S) occurs very

2

<

. ! . . . . : S .
rapidly and stoichiometrically. This rapidly formed Eé is

and then to trichloroacetic acid-labile

%sADP). When a sufficiently excess over

~-p
the stoichiometric amount of substrate is present, ATP binds

1
28) 7

). If site 2 is located in one S-1

1
converted to EZS’

phosphoryl myosin (E

directly to site 2 (E% + S—E besides being transferred

from site 1 to 2 (E%S—)Eés
and site 1 in the other S-1, there will be little transfer of
ATP from site 1 to site 2 in the S-1-ATP system. Thus, the
finding, that tryptic digestion of myosin to S-1 did not affect
the dependences of'Zi/z and the amount of initial Purst on the
ATP concentration, indicates that both site 1 and site 2 are
present in only one of the two S-1 of the myosin molecule.
However, Kielley and his associates (94-96) conéluded
that the myosin molecule is composed of identical subunits with
a molecular weight of about 2.1 x 10°. Weeds and Hartley (97)
also concluded that myosin was composed of identical subunits
from analyses of the peptide structures around sulfhydryl
grnoups. Ohe et al. (57) reported that one mole of cysteine
residue in the Ileﬁ. Cyéh. Arg sequence per mole of myosin was
modified when native myosin was treated with IAA, but that two

moles of residues in the same sequence were modified in the

presence of urea. S-1 prepared from carboxamidomethyl
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myosin showed almost the same extents of activation of Ca2+-,

and Mgz+—ATPase (about 10 timesthe control value) and inhi-
bition of EDTA-ATPase (to about 20 % of the control value) as
myosin. Thus the above difference in the amount of IAA-binding
could not be explained by supposing that the myosin molecule
has two active sites of steady state ATPase but that IAA can
bind to, or near, only one of them, probably due to steric
hindrance between two S-1 parts. If we assume that there is
one ATPase active site in each of the two S-1 portions, the
EDTA-ATPase activity of IAA-S-1 prepared from IAA-myosin, in
which one specific cysteine residue is modified, must be more
than 1/2 that of control S-1. Furthermore, the Ca++—ATPase
activity of $-1 was activated by IAA to the almost same extent
as that of myosin. These results seem to exclude the possi-
bility that myosin has two identical active sites, and that in
the myosin molecule one of them is buried.

Recently, Gershman et al. (98) showed that myosin is
composed of 2 heavy subunits (molecular weight 212,000) and 2
light subunits (20,200). Furthermore, Murphy and Morales (99),
and Stracher (100) demonstrated that the light subunit(s) was
contained in the active site of myosin ATPase. The presence
of only one active site in the myosin molecule can be ex~
plained in two ways: (i) Light chains are heterogeneous, and
only one active light chain is present in the myosin molecule.
The recent results of Gaetzen et al. (10l1) seems to support
this possibility. Gazith et al. (102) recently showed that
one of the two light subunits could be removed from myosin
without any apparent éhanges in the ATPase activity, and that

attempts to remove a large fraction of the subunits resulted



in a concomitant loss of enzymatic activity. Their results
also support this possibility. (ii) The structures of the

two heavy chains have minor differences as reported by Offer
and Starrf although they are identical in structure around the
sulfhydryl groups. The pfoposed model of the myosin molecule

was illustrated in Fig.28.

Fig.28

Jones and Perry (44) reported that all the S-1 subfragments
can combine with actin. Onishi et al. (103) showed that the
minimum amount of ATP reéuired to produce the maximum decrease in
the intensity of light-scattering of reconstituted actomyosin was
1 mole per mole of myosin. They (103) concluded that the decrease
in light-scattering intensity was caused by the formation of a
myosin-phosphate complex at site 2 (E%...P)° Tonomura and Morita
(80) showed that in myosin B only one mole of PP could bind to one
mole of myosin and this binding induced a aecrease in light-
scattering, while in free myosin two moles PPi could combine
per mole of myosin. Nauss et al. (62) confirmed these results.

Morales and his associates (104, 105) and Nihei and Tonomura (106)

* Presented at the Symposium on Molecular Biophysics of the
International Union for Pure and Applied Biophysics (Cambridge,

England, June 24-27, 1968).
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showed that the weight average molecular weight of myosin B
decreased slightly, but its gyration radius increased marXedly

on addition of ATP or PP, . These facts could not be explained
by supposing that myosin B dissociates completely into myosin and
F~actin when ATP or PPi is added. On the other hand, Gergely
and Kohler (32, 107) demonstrated the dissociation of reconsti-
tuted actomyosin on addition of ATP. Weber (108) also reported

the separation of myosin from actomyosin in the presence of

ATP by ultracentrifugation. These apparently conflicting
results may be interpreted as follows (Fig.29): The one S$-1
Fig.29

part of the myosin molecule, which contains the active sites

of ATPase, site 1 and 2, combines strongly with actin, while
the other part combines less strongly. We will refer to
these.two kinds of s-1 as S-la and S-1b, respectively (cf. Fig.28).
When the myosin-phosphate or myosin—PPi complex is formed in
S-la, S-la dissociates from actin, but S-1b is still connected
to actin through its weaker bond. However, this bond between
S-1b and actin is partially decomposed at extremely low con-
centration of actomyosin as shown from light-scattering experi-
ments, or by ultracentrifugal separation in the presence of

ATP or PPi. Complete dissociation was only observed with
reconstituted actomyosin (32). This suggests that the bond

between actin and S-1lb in reconstituted actomyosin is weaker
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than that in myosin B. However, at low ionic strength myosin
molecules aggregate to form myosin filaments. Under these
conditions, the bond between S-1b and F-actin might be very
weak because of steric hindrance, and actomyosin dissociates
into F-actin and myosin filaments on addition of ATP, as shown
by electron-microscopy (109, {10 ).

Tonomura and his coworkers (1l4) proposed a molecular
mechanism of muscle contraction on the basis of the reaction
mechanism of the myosin-ATP system, especially transconformation
of myosin from the a to the B state induced by decomposition
of the phosphoryl intermediate and dissociation of actomyosin
induced by formation of themyosin-phosvphate complex.

Assuming that the two head (S-1) portions of the myosin molecule
have different functions, as discussed in this paper, this

. e e
mechanism may be modified 30). The binding

ac
D

0]

of the S-la portion with F-actin is initiated by release of

Fig.30

Ca2+ from the sarcoplasmic reticulum. ' The conformation of

the S-la portion is transformed from the o to the B state by
direct decomposition of the phosphoryl intermediate, and the
actin filament is shifted past the myosin filament. The bond
between S-la and F-actin i1s broken when a S-la-phosphate complex

is formed by ATP, and then the conformation of S-la spontaneously



returns to the a-type. It is assumed that when S-la takes the
a~type shape, the S-1lb portion of the myosin molecule can not
bind to F-actin due to steric hindrance, but that it can bind
when S-la takes the B-type shape. The mechanism illusﬁrated
in Fig.30 will be readily understood by comparison with that

given in Fig.24 of the previous paper (14).



Summary

I Dependence of contractile ATPase activity on sarcomere
length and calcium ion concentration

1. Gl ycerol-treated muscle fiber bundles were prepared mainly
by storage in 50 per cent glycerol at -10°C for about 3 months.
Their ATPase activity was measured in the presence of 50 mM KC1,
2 to 3.35 mM MgCl, and 20 mM Tris-maleate buffer at pH 7.0 and
25°C during an isometric contraction induced by ATP. Pyruvate
kinase was coupled with myofibrillar ATPase, and the activity
was measured by determining the amount of pyruvate liberatea.
The process of liberation of pyruvate from fiber bundles was
linear with time in all the measurements.

2. The relations between the ATPase activity of fiber bundles
of less than 300y in diameter and the concentration of ATP were
inveétigated at sarcomere lengths from 0.8 to 5.3u. It was
concluded that the diffusion of ATP and phosphoenol pyruvate was
not the limitting factor in the hydrolysis of ATP, if fiber bundles
of less than 300u in diameter were used in the presence of at
least 0.6 mM ATP and 1.0 mM phosphoenol pyruvate.

3. The fiber bundles showed the maxiﬁum activity of 100y moles
pyruvate per minute per g of protein at sarcomere lengths of 2.0
to 2.5u. As the sarcomere length increased beyond 2.5u, the
activity decreased and reached about 30y moles pyruvate per
minute per g of protein at sarcomere lengths of more than 4y.
Many features of this length-ATPase activity relation could be
explained on the basis of the sliding filament theory of muscle

contraction.
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4. In the region where the sarcomere length was less tﬁan 2.0
oy thé ATPase activity decreased as the sarcomere length decreas-
ed, and, at a sarcomere length of 1 u, it showed a quarter to a
third of the maximum activity. These results suggested that
both ATPase activity and tension development are coupled with the
movement of myosin filaments past actin filaments.

5. The dependence on Ca't concentration of the ATPase of
glycerol-treated muscle fiber bundles, which had been stored for
about 3 months, was investigated at fixed sarcomere lengths of
2.0 to 2.6 u. When ca*t was remoﬁed by EGTA, the activity was
about 48 1y moles pyruvate per minute per g of protein, and in
the presence of 1 mM Ca*t it was 116 u moles pyruvate per g of
protein. The concentxation of ca*t for the half maximum activation
was about 0.04 uM. In the presence of 1 to 2 mM EGTA, the
activity of fiber bundles stored for 3 to 13 days was only 17 u
~moles pyruvate per minute per g of‘protein, and that of those
stored for about 9 months was 126 u moles pyruvate per minute
-pexr g of protein. Thus, Ca++—sensitivity of myofibrillar ATPase
activity was conspicuously decreased as the period of storage in
glycerol became longer.

II. Subfragments, S-1, of myosin molecule

1. The yield of subfragment-1(S-1) from.tryptic digests of
heavy meromyosin (HMM), which was prepared by tryptic digestion
of myosin molecule, was 65 %. S-1 decomposed into smaller
__components at a rate of about 7 % of total materlal per day in
i neutral salt so;utlon at 0°cC. The cat -ATPase act1v1ty of S-1
decreased in proportion to increase in the amount of small

components. In 4.6-5 M guanldlne-HCl and in alkaline (pH ll 11 5)
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solution, S5-1 showed a broad sedimentation pattern with Szo,w
values of the peak of 1.1 and 1.5 S, respectively. The pattern
of elution from Sephadex G-200 and G-100 showed that S-1 was
degradated into small components in 5 M guanidine-HCl or at pH 11.

2. The ratio of the ATPase activities of myosin (M.W. 4.8 x 105),
HMM (3.4 x 10°) and S-1 (1.2 x 105) on a molar basis was 1 : 1 :
0.5. This ratio was independent of the modifiers used. When
myosin was subjécted to carboxamidomethylation under conditions
where one specific cysteine.residue was completely modified with
IAA} the Ca*t-and Mgtt-ATPase activities of myosin increased
11.7 and 9.7 fold, respecﬁively, but the EDTA-ATPase activity
decreased by 76 %. HMM and S-1 were prepared from this modified
myosin.‘: The extents of activation and inhibition of ATPase
activities by IAA during their productibn of these fragments
remained almost constant.

3. The amount of the initial stoichiometric burst of Pj~-
liberation per mole of S-1 was 0.55 to 0.6 mole, which was half of
those of myosin and HMM. The rate of initial rapid Pj-liberation
was independent of the ATP concentration when the latter was
lower than 0.6 mole per mole of S-1, but at concentrations above
this it increased with increase in ATP cencentration. The amount
of initial rapid Pj-liberation increased linearly with the_ATP
concentration until the amount of added ATP reached about 0.6
mole per mole of S-1, and at higher ATP concentrations remained
constant at this value. |

4, It was concluded that tryptic digestion of one molg of HMM

produced two moles of S-1, one of which had the active sites of
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ATP hydrolysis both via phosphorylation and by simple hydrolysis.
The molecular mechanism of sO-called dissociation of actomyosin

by ATP was discussed, considering different functions of these

two S-1 portions in the myosin molecule. The molecular mechanism
of muscle coﬁtractiqn proposed previously by Tonomura and his
coworkers was modified in consideration of the different func-

tions of S-~1.
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Table I

ATPase activity of glycerol-~treated muscle fiber bundles stored, in 350 %

glycerol at == 10°C for a short period in the presence of 1.0 mM EGTA.

2,35 mM ATP, 1,0 mM PEP, 19 pg pyruvate kinase/ml, 50 mM KC1, 3.35 mM
MgCl,, 20 mM Tris-maleate buffer, pH 7.0, 25°C,

Period of storage ATPase activity Sarcomere
(days) gpmoles pyruvate/ length
min/g of protein) (n)
3 17.4 2.33 % 0,07
L 9.1, 22 2.21
6 13 2.5
8 22,6, 14,3%, 19,7%% 2,08
13 1547 | 2,03

* 1,5 mM EGTA.
** 2,0 mM EGTA.
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Table II

The dependence on Ca¥* concentration of the ATPase activity of myosin B

extracted from glycerol=-treated muscle fiber bundles and from fresh psoas

muscle.
-.—-——ﬂ.

Concentration of free
Ca*t and EGTA

ATPase activity

(/u:mole's pyruvate/min/g of myosin B)

Extracted from
glycerol-treated muscle
fiber bundles

Extracted from:
fresh psoas muscle

1 mM catt
0,05 mM Ca*+
. No added Ca**
0,05 pM Ca*+
1 mM EGTA

250, 170%
310
255

92
92, 107

250*

180+

22+

* Myosin B was purified by two dilution=precipitation treatments

and the others were purified once by this method. 0.09% mM ATP, 1.0 mM

PEP, 50 J& pyruvate kinase/ml,52 == 54 mM XC1, 3.35 ml MgClp, 20 mM

Iris-maleate buffer, pH 7.0,-25°C,
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Table III

- Effect of carboxamidomethylation on ATPase activities of myosin, HMM and Se1

| ATPase activity was measured in 1 mM ATP, 1.0 M KC1 and 0.05 M Tris=
maleate at pH 7.0 and 25°C, A correction was made for the presence of inactive
small components in S-1 (8 % in this case). Molecular weight : myosin, 4.8 X
105; HMM, 3.4 X 105; S=1, 1.2 X 10°, |

. Modifiers | V(m°:: Py/min/ :‘:19) ewfcon IAA bound

Protein of ATPase’ CON cM (mole/mole)
Cal* 90,7 1,050 1.7

Myosin M2+ .2 | 115 9.7 2.9

| | EDTA 725 173 1 o.2n
cal* 8042 915 11.4

MM M2t 1.1 11.5 10 | 2.3
EDTA 49 141 0.19
ca®* 43,6 383 8,8

Se1 M2 * 0.58 5.3 9,0 0.76
EDTA Lés 84,2 0.18

7 uM CaCly, 20 mM MgClp or 3 md EDTA

W A o
CON : control protein, CM 3 protein after carboxamidomethylation
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i

U

Table IV

The number -ofVsubstrate and substrate-analogues bound to myosin and its active fragments

Bound Amount* (mole/mole) |

Author “Method®* Conditions
Tonomura and Morita(80)(1959) | 1.9-2.5 PPL to Mgosin | Eq. Dials [ 0.O4~0,6M KC1, 0.3mM Mg ', PH7.5, 25°C
Gergely et al.(82)  (1959) | 0.9-1.1 PPL to Myosin | Eq. Dial. | 0.6M KCL, imM Mg++,pl7.0, 2°C -
Nenninga and Mommaerts (1960) 1.1 ATP to Myosin*** Luciferase= 3 M-Nazsqu, 0.05M NaHAsQj,
- (88) "1 Luciferin 26mM Mg++, PH7.0=7.5, 25°C
Martonosi and Meyer(83)(196%) | 1.0  PPi to Myosin | Eq. Dial. | 0.6M KC1, 1mM Mg+, pH7.6, bsc
Sekiya and Tonomura(87)(1966) | 0.98  ATP to mpr* 0s. Sp- 045=0.6M KCl, 1-2mM Mg++, pH7.5,2loC
| |.0.98  ADP to BM | - . , . _
Imamura et al (11) (1966) | 1.2 ATP to Myosin*** Kinetics . ,9:2”‘§9i1«5?§;ygff!mEg?:gzm?ifgwuw,mww"wwm
Morita(85) TTT(1967) [ 0090 ATP to MM . | Dif. Sp. | 0.06M KCl, 8,3mM Mgt+, pHB.O, 25°C
S 2,2 ADP to Myosin | o
Young(84) (1967) {2.6 ADP to HMM Eq. Dialy, 0.05 or 0,5M XCl, 1mM Mg++, pH7.6, Log
e -~ 1.1 ADP to S-1 Ultrac. e
Kiely and Faru0n051(81)(1968)' 1.4 _PPi to Myosin __| Bas Dialy, Ng_ém KCL, 10mM Mg++, pﬂa,o, 3 or 25°C B
11,7 ATP to Myosin |
%%ﬁ$EMdgwﬁ%& 15 ADP to mNM @umyw.&mm1mmmpmuﬁyww
Morita(86) (1969) | 2,0 ADP to HMM Gel. Filt, | 0.08-0.72M KC1, 10mM Mg+, pH8 25°C
T o 1.8 PPL to Myosin :
Nauss et al,(62) (1969) ‘{1.7 PPi to HMM Eq. Dialy, 0.5M KC1, 1mM Mg++, pH?7.5, 3°C
S e | 0095 _PPL to Sw1 B e
Lowey and Luck(90) (1969) 1.3+1.6 ADP to Myosin  |Eq. Dialy, | Oe«5M KC1l, 1mM Mg++, pH?7.7,

** Eq, Dialy., equilibrium d:.alysis, Dif. Sp. R difference smectrum,

ultracentrifugal transport,

#*¥* coupled with pyruvate kinase

hok

coupled with creatine kinase

Gel Filt., gol filtration; Ultrac. ,
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Table V

and S-1-ATP s?stems

Concentration Amount of "initial-burst" (mole
of Mg++ ' Pj/mole of protein)* . .....
Myosin HMM s -1
Stoichiometric- above (1.1 - 1.2)**{1.1 |0.55 - 0.60
burst 1 mM
Extra-burst 10 uM 13%%*% 11k ** € *k*x

%* %

Ckkk

0.50 M KC1, 20 mM Tris-maleate, pH 7.0, 25°C
5

‘Molecular Weights : Myosin, 4.8 x 10° ; HMM , 3.4 x 10°;

s-1, 1.2 x 10°.

Average of many values measured in our laboratory (12, 14,

.15, 93)

values measured by Kinoshita et al. (12)
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Legends for Figures

Fig. 1. Apparatus for measurement of ATPase activiiy of fiber bundles

at a fixed sarcomere length.
| The two ends of a fiber bundle were each placed between a pair ofl
acrylic plastic frame with stainless steel screws, The frame can be easily
taken out from, or put into reaction mixture.
Initially, the volume of the reaction mixture was either

3% or 40 ml. A magnetic stirrer was put into the reaction bath. The
temperature was maintained at 25°C by running water, adjusted at 25°C, around

the bath,

Fig. 2. Distribution of sarcomere lengths in isolated glycerol=-treated
muscle fiber bundle, which had been forcibly extended.

The abscissa shows the distance from one end of the muscle fiber bundle
which was fixed to an acrylic plastic frame. Circles are mean values of sarcomere
length, measured by the method described in the text. 50 mM KC1l, 2.0 mM MgCly,

20 mM Tris-maleate buffer, pH 7.0, room tempersture.

Fig. 3. Effect of pyruvate kinase on ATPase activity of H-meromyosin.

0.5 M KC1, 2 mM MgClz, 20 mM TriS-HCl (pH 7.5), 25°C.

—X— 0.2 mg HM/ul, o.1 mM ATP, O.k mM PEP, 40 pg pyruvate kinaseful.
The amount of pyruvate liberated was measured as described in the
text, .

~0=~ 1ng I—B\ﬂ\(/ml.’~‘l m¥ ATP. Pj liberation was determined by the Martin=
Doty method.

" Fig, 4, Determination of amount of proteiﬁ in fiber bundles from the

- optical density at 280 mp,
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The optical density at 280 mp was measured after dissolving homogenized
fiber bundles with 3 ml of 1 N NaOH for 24 hours ( — O — ), for 3 weeks
(=== X--- ) at room temperature and for 2 hours at 100°C ( — @ — ) ina
sealed test tube. Protein concentration was calculated by multiplying the

amount of nitrogen by a factor of 6.

Fig. 5. Dependence of liberation of pyruvate from muscle fiber-pyruvate
kinase system on concentration of PEP.

Two fiber bundles (0.405 mg protein, 2.57 B in sarcomere length, about
310 p in diameter), 0.6 mM ATP, 8.4 pg pyruvate kinase/ml, 50 mM KC1, 2 mM
. MgClp and 20 mM Trisemaleate buffer at pH 7.0 and 25°C. |
—( — s —() — Liberation from the whole system. ---X--Iiberation
from ends of fiber bundles which were held between plastic plates, i.e., the
control system (see text for details).
Concentration of PEP;

3.0, —O—= 0.5, =-X--- 1,

Fige 6. Dependence of myofibrillar ATPase at a sarcomere length of 2.20
P on concentration of ATP,

" 'One fiber bundle (0.170 mg protein, 2.20 p in sarcomere length, about
290 p in diameter), 1.0 mM PEP, 65 pg pyruvate kinase/ml, 50 mM KCl and 20
nM Tris-maleate buffer at pH 7.0 and 25°C,

—_0— Liberation from the whole.systen.
e oAve. s —d%--- Liberation from ends of 5 fiber bundles which were
held between two plastic plates (see text for details).
Concentrations of ATP and MgCly; |
- —O~ s ~-\--- 540 mM ATP, 6,0 mM MgCl,.
_O—  + —-Ac-- 2.35 WM ATP, 3.35 ult MgClz.(‘
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Fige 7. Dependence of myofibrillar ATPase at a sarcomere length of 0,78
R on concentration of pyruvate kinase.
Two fiber buﬁdles (0,249 mg protein, 0,78 B in sarcomere length, about |
310 Jt in diameter), 0.6 mi ATP, 1.0 mM PEP, 50 mM KCl, 2 mM MgClz and 20 mi
Tris-maleate buffer at pH 7.0 and 25°C, The pyruvate liberated was measured
after shortening fiber bundles from 31.5 mm in muscle length (2.33 p in
sarcomere length) to 11 mm by adding ATP. |
--—O_’ » —O— Liberation from the whole system.
=-X:-- Liberation from the control system(see text for details).
Concentration of pyruvate kinase;

—O— 25, —O©— 250, --X-- 25 pgful.

Fige 8. ATPase activities at three different sarcomere lengths.

The ATPase activity of fiber bundles of less than 300 R in diameter was
measured in a solution containing 0.6 mM ATP, 1.0 mM PEP, 50 mM KCl, 20 mM
YgClz and 20 md Tris-paleate buffer at pH 7.0 and 25°C. () , Liberation
from the whole systeme X , Liberation from the control system. (4) Two
fiber bundles (0.732 mg protein, 3.40 j in sarcomere 1engfch), 10 pg .
pyruvate kinase/ml. (B) One fiber bundle (0.195 mg protein, 2,5 R in
sarcomere length), 21 pg pyruvate kinase/ml. Pyruvate liberated was measured -
after shortening the fiber bundle from 39 to 29 mm  in musele length by adding
ATP. (C) Three fiber bundles (0.312 mg protein, 1.0 J in sarcomere length),
33 pg pyruvate kinase/ml. Pyruvate liberated was measured after shortening
the fiber bundles ‘from‘ 35 to 15 mm in muscle length.

Fige 9o Dependence of myofibrillar ATPase activity on sarcomere length.
0.6 = 2,35 mM ATP, 1.0 mM PEP, 8.4 — 73 pg pyruvate kinase/ml, 50 mM
KC1, 2.0 —3.35 uM MgClp and 20 mM Trisemaleate buffer at pH 7.0 and 259C,

See text for expla;:étion of open circles, closed circles and broken line,



Fig. 10. Decreass in ATPase acﬁivity with decreasing length of fiber

bundle,

The time-course of pyruvate-liberation was obtained by subtracting

the pyruvate liberation by the control system from that by the whole system.

Five fiber bundles (0.825 mg protein), 2,9140,07 p in sarcomere length, 1711

13 p in diameter. 1.0 mM EGTA, 2.35 mM ATP, 1,0 mM PEP, 116 pg vyruvate

kinase/ml, 50 mM KC1, 3.35 mM MgCl, and 20 mM Tris-maleate buffer at pH 7.0
and 25°C. The first arrow indicates the addition of 2,0 mM Ca**, and the

second arrow, the cutting of fiber bundles. At the final stage the sarcomere

length was about 0.7 p and pH 6.7,

Fige 11, Increase in myofibrillar ATPase at a sarcomere length of

2,28 p on repeated ATPase assay.

One fiber bundle (stored in 50 % glycerol at = 10°C for about 3 months,

0.209 mg protein, 2,28 p in sarcomere length, about 260 j in diameter), 2.35

mM ATP, 1.0 mM FEP, 50 mM KC1, 3.35 mM MgClp and 20 mM Tris-maleate buffer

at pH 7.0 and 25°C,

' Sequence of Concentra&ion Concentrat?on of
.. Symbol measurement °f%§§ Pyruv?;zlgigase

6 X 00 ;

- 2 100 58

O 3 - 6 58

' b 0.4 39

@ 5 1,000 58

6 1,000 58

X 7 0.4 39

[ whole system

J

} control system

i
i
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Fig. 12, 1Increase in ATPase of fiber bundles at 2.58 B in sarcouere

length with increasing Ca** concentration. |
| Two fiber bundles (stored in 50 % glycerol at = 10°C for about 3 months,
0.388 mg protein, 2.58'P in sarcomere length, 270 p in diameter), 2,35 mM
ATP, 1.0 mM PEP, 50 mM KC1, 3.35 mM MgCly and 20 mM Tris-maleate buffer
at pH 7.0 and 25°C,

—-O— Liberation from the whole system.

VAL --* Liberation from the control system (see text for details).
_Concentrations of Ca** and pyruvate kinase;

~O~ + --/\-- 1.0 m Ca**, 58 pg pyruvate kinase/ml.

—@~ + ~-f-- 0,01 M free Ca*™, 19 pg pyruvate kinase/ul.

Fige. 13. Effect of storage of muscle fibers in 50% glyéerol on ATPase
activity in the presence of a high concentration of EGTA,
2,35 mM ATP, 1.0 mM FEP, 19 pe pyruvate kinase/ml, 50 mM XC1, 3.35 mM
MgCly and 20 mM Tris-maleate buffer at pH 7.0 and 250(C,

—O~  Liberation from the whole system,

~=X--  Liberation from the control system (see text for details).

(A) Two fiber boundles which had been stored in 50% glycerol at « 10°C
for 13 days (0.277 mg protein, 2,03 P in sarcomere 1ength 290 P
in diameter), 1.0 mM EGTA.

(B) Two fiber bundles which had been stored for about 3 months (0255
mg protein, 2,07 p in sarcomere length, 260 p in diameter), 2.0 mM
EGTA, |

'Fig. 1%, Dependence of ATPase of fiber bundle at resting length on
" Ca** concentration,
. Glycerol=treated muscle fiber bundles of less than 300 },1 in diameter

were used after storage in 50% glycerol at =10°C for about 3 months,
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In all the measurements except two, the sarcomere length was fixed between
2,00 and 2.65 Je

- The ATPase activity was plotted against concentration of free Ca™t,
taking the mean value of the activity in the presence of 1 mi Ca*™* as 100,
2.35 mM ATP, 1,0 mM PEP, 19==58 ng pyruvate kinase/ml, 50 m¥ XCl, 3.35 mM

MgCly, and 20 mM Tris-maleate buffer at pH 7.0 and 25°C,

Fige 15, Inhibition of myosin B-ATPase by the addition of EGTA.
1 7.7 Fg/ml of myosin B extracted from fresh psoas muscle, 0,094 mM.
ATP, 1.0 mM PEP, 58 pg pyruvate kinase/ml, 54 mM KC1, 3.35 mM NgClp and
20 mM Tris-maleate buffer at pH 7.0 and 25¢C, .
—X— 1.0 mM EGTA.

—0O— o+ —(@— No EGTA added.
—0O— 19 pg F-actin/ml, no EGTA.

Fig. 16, Chromatography of tryptic digest of HMM on Sephadei G=200.,

MM (14 mg/ml) in 0,05 M KCl1 and 0‘.1 M Tris=HCl was digested with
trypsin (weight ratio of HMM to trypsin, 28 : 1) for 13 min at pH 7.6 and
25,6°C, The digestion mixture (20 ml) was applied to a column (5.8 X 43 cm)
of Sephadex Gw200 equilibrated. with 0,05 M KC1 and 0.1 M Tris-HC1 at pH 7.6
and 4oC, The column was eluted with the same solvent at a flow rate of 12
ml per hr, and 4,0 ml fractions were collected. ATPase activities were
measured in 1 mM ATP, 9 mM CaClp, 0.45 M KCL and 45 mM Tris-maleate at pH
6.4 and 25°C; O ., E2pg ma ;o --)-- » Ca™"=ATPase activity (mM
Py /minfml of fracf.ion). ' |

Fig. 17. Rechromatography of S-1 on Sephadex G=200,
S=1 (14 mg/ml, 15 ml) was applied to a column (3.6 X 92 cm) of
Sephadex G-200 equilibrated with 0.05 M XC1, 0405 M Tris-HCL and 0.5 mM

'EDTA at pH 7.6 and 4°C, The column was eluted with the same solvent at
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a flow rate of 15 ml per hr, and %.0 ml fractions were collected. ATPase
activities were measured in 1 mM ATP, 10 mM CaClp, 0,50 M KC1 and 50 mM
Tris-maleate at pH 6.4 and 25°C, (O~ , Ezgg mp 3 B Catta
ATPase activity (1 in E270m}~1 = 2,9 in mM Ps/min/ml of fraction):v X
Specific activity of Ca*’=ATPase (1°in Epzg mp/Epgo mp = 2,100 in p moles

Pi/min/g).

Fig. 18, Ultracentrifugal patterns showing increase in amount of
slower components of S-1 preparation on storage in 0,20 M KCl solution.

S=1 (14,2 mg/ml) was stored in 0,20 M KCi, 0,05 M Tris=HC and 1 mM
EDTA at pH 7.6 and 0°C,

(A): 4 days after rechromatography. 56,100 rpm, bar angle 70°,
k,20C, 77 min after reaching full speed, aluminium double sector cell.
(B): 10 days after rechromatography. 42,040 rpm, 65°, 4.4eC, 90.min, filled

epon synthetic boundary cell.,

Fig. 19. Degradation and decrease in ATPase activity of S-1 on
storage in 0,05 = 0,20 M KC1 solution in the presence and absence of
 SUCT0S6. |
ATPase activities ( O , X ) were measured in 1 mM ATP, 7 mM CaCl,,
1.0 M KC1 and 0,05 M Tris-maleate at pH 7.0 and 25°C,
Degradations of S-1 were estimated from the ultracentrifugal pattern
shown in Fig. 3 ( © ) or elution pattern on column chromatography
(2.8 X 18 cm) on Sephadex G=200 ( & ).\ Qonditions of storage: &
14.2 mg/ml S=1, 0,20 M KC1, 0.05 M Tris-HC1, 1 mM EDTA, pH 7.6, 0°C;
- @ -, 12 mg/ml S-1, 0.07 M sucrose, 0,05 M KC1, 0,05 M Tris-HCl, 0.5 mM
| EDTA, pH 7.6, 0°C; ~O—, 9.9 mg/ml S=1, 0.20 X Kél, 0.05 M Tris-HCl, 1 mM
EDTA, pH 7.6, 0°C, The arrow indiéateg the time of addition of 0,05 M
sucrose to the storage-solution. 3 days after rechromatography; -- X-.; \,

lyophilized in 0,06 M sucrose & few days after rechromatography,



- 69 -

Fige. 20, Degradation of S-1 in guanidine-HCl.

S-1 was incubated in 4.6 M guanidine-HCl, 1.9 mM EDTA, 0.03 M KC1,
0,043 M sucrose and 0,03 M Tris-HCL (pH 7.6) at 4°C for one month. The
solution.(EZBO mp = 5.2%, 3,0 ml) was applied to a column (3.7 X 31 em) of
‘Sephadex G=-200 equilibrated with 5 M guanidine-HCl and 2 mM EDTA at room
temperature. Thé column was eluted with the same solvent at a flow rate of
13:§§r hr, Blue dextran and cytochrome ¢ (about 2 ml, each) in 5 M guanidine=-
HC1l and 2 mM EbTA were applied separately to the same column, and were |
followed by measuring E280 mp and E530 mp, respectively. Fractions of 3.5
ml were collecteds —(- , Epgy mp of S-1; ———fDe Es3q mp of cytochrome
¢; -+-%---_ Ezgomp of blue dextran. The inserted figure is the sedimentation
pattern of S=1 (9.34 ml/ml) in 5 M guanidine-HCl, 7.2 mM EDTA, 0.13 M KCl1
and 0,033 M Tris-HCl (pH 7.6), taken 203 min after reaching the full speed
of 42,040 rpm, at 20°C and a bar angle of 55°, A synthetic boundary cell

was used,

Fig. 21, Chromatography of S=1 on Sephadex G=100 in alkali.

Two hours after adjusting the pH to 11.5 with triethylamine, an
alkaline solution of S=-1 (Epgg mp = 7.2%, 0,05 M KC1, 5 mM Tris=-HCi,
0.035 M Triethylamine, 5.7 ml) was applied to a column (2.7 X 87 em) of
Sephadex G=100 equilibrated with 0.05 M KC1 and 0,025 M triethylamine =COp
buffer at pH 11 and room temperature. The column was eluted with the same
solvent at a flow rate of 17 ml per hr. Cytochrome ¢, in the same solvent,.
was applied to the same column, and was followed by measuring E530 mr.
Fractions of 3.7 ml were collected.. -~ » E2xgp ma of S-1; 5-@@»~ R

Esg0 mp of cytochrome c.
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Fige. 22, Elution profile of radiocactivity and Epgg mp on gel
filtration of a tryptic digest of 1L"G-ca\r]oo:ca.mid.ozme'l“.hyl e,

o Tan-m01 (19.1 mgfrul, 2.3 moles IAA bound/mole), prepared from
11"'0-IA.A--m;,ros:i.n (2.9 moles IAA bound/mole), was digested with trypsin (
Weight ratio of HMM to trypsin, 25 : 1) in 0.05 M KC1 and 0,05 M Tris-HCL
at pH 7.6 and 25°C for 18 min.

The reaction was stopi:ed by addition of trypsin inhibitor(in 2 fold
excess over trypsin on a weight ratio), and the digestion mixture (34 ml)
was applied to a column (6.0 X 69 cm) of Sephadex G200, equilibrated with
0.05 M KC1, 0,05 M Tris-HCl and 0.5 mM EDTA at pH 7.6 and 4°C. The column
was eluted with the same solvent at a flow rate of about 20 ml per hr, Fractidns
of 3.95 ml were céllected. Those indicated by the symbol; é&—y , Were
collected as fractions of S-1, The radioactivity of 50 }1.1 of each fraction
was measured. 0, Epgg Wps  -- (-~ » Radiocactivity (cpm).

Fig. 23 Time=courses of IAA~binding to S-1 and changes in ca*tuand
EDTA=ATPase activities of Swl.
Set (7.03 mg/mwl) in 0,50 M KC1 and 0.1 M Tris=HCL at pH 8.5 and 0°C
was subjected to carboxamidomethylation with Thd-1-1%c (20 fold excess over
S-1 on a molar basis) in the presence ( . ) or absence ( O , A ,
D ) of 0.1 M sucrose. At appropriate times after the start of the reaction, |
S-1 was isolated from the reaction mixture as described in the "EXPERIMENTAL®.
Its Ca**~ and EDTA~ATPase activities were measured in 1 mM ATP, 1,0 M KCl
and 0,05 M Tris-maleate at pH 7.0 and 25°C in the presence of 7 mM CaClz
and 3 mM EDTA, respectively. The radiocactivity of S-1 was also measured.
The ratios of Ca**e, and EDTA-ATPase activities at various times to Catte
ATPase activity of S-1 before addition of IAA are pldtted as relative values,
~)—~ » {D— , Ca*ttuATPase activity; —{ J— , EDTA-ATPase activity;
— » IAA bound to Se=1 (mole/mole of Sw=1).
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Fig. 24, Initial stoichiometric burst of Pj=liberation from the
HMMe, and S=1=-ATP systems.
ATPase activity was measured in 0.25 mM ATP, 0.60 M KC1 and 20 mM
| Tris-maleate at pH 7.0 and 25°C,
(A) 5.0 mg/ml HMM, 2.0 mM MgClpe (B) 1.35 mg/ml S=1, 1.0 mM MgCl,.
Fig. 25. Time-courses of initial rapid Pj=-liberation after mixing
Se1 with various concentrations of ATP. |
1 mg/ml S-1, 2.8 M KC1, 10 mM MgCly, 20 mM Tris=HCl, pH 7.5, 0°C.
v 55 N » 105 O

Concentrations of ATP: —J— , 23

Fig., 26, Dependence of the amount and 74 /2 value of the initial
‘Pj~liberation on ATP concentration.

Experimental conditions were as described for Fig. ‘25,
The values of S=1 ( A , A ) were plotted adopting twice of molecular
weight as one wnit. (O, —A— , amount of Py-liberation; —(O— ,
o /\~ , time, Z} /29 required for Iinitial Py=liberation to reach half
the maximum value of myosin and S=1, respectively. The values for nﬁyosin

(O, ) were taken from results reported by Onishi et al. ( 65 ).

Fig. 27. <Tension development and ATPase activity of muscle fiber

in isometric contraction as functions of sarcomere length.
~—— , ATPase activity of rabbit muscle fiber bundle by us.
—~ —--, tension development of single frog muscle fiber by Ramsey and

Street ( 70 ).
—- ==+, tension development of single frog muscle fiber by Gordon et al.

(9, 10 )o
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The amountof overlap between actin filaments and "bridges" along ihe
myosin filamentswas illustrated at various sarcomere lengths on the basis
of the structure of déuble array of filaments and the sliding filament |
theory of muscle contraction., The values of f.6 Bs 1.0 p and 0.2 p were
adopted as the lengths of myosin filament , actin filament and bare region

along myosin filament , respectively ( 29,110 ).

Fig.z&Scé?atic representaion of the myosin molecule with two nonidentical
S-1 portions |
One (S-fa) of the two S-1 portions which were released by tryptic
digestion of one molecule of HMM have the active sites of ATP hydrolysis
both via phosphorylation and by simple hydrolysis. The other portion
(S=1b) have not the sites of ATP hydrolysis.V However, all the S-1 subfragments
can combine with actin. References to these molecular weights and dimensions_

can be found in ref, 27, 3240, 42, 60 and 98;



- 75*-

Fig. 29. Schematic representation of the dissociation of actomyosin
induced by ATP and PP; at high ionic strength.

S=la and S-lb indicate the S=1 portions at the head of the myos;in’
molecule with and without active sites of ATPase, respectively. ""P(PPi)
ropresents the myosin-phosphate (or pyrophesphate) complex. This figure
shows only the essential part of actomyosin, i.e, its Feactin (F-A) and HMM
portion, For further explanation see text.

Fig. 30, Molecular mechanism of muscle contraction based on different )
functions of the two S=1,

This figure show’s the part of the muscle where the essential reactions
of muscle contraction occur, i.e. the projection of the myosin filament
(HMivI) and the actin filament (F=-A). ~P and ***P indicate phosphoryl myosin
and myosin~phosphate complex, respectively, For further explanation see text
and compare this figure with Fig. 24A of the previous paper ( 14 ), ‘



74y

— plastic frame




z

20

10

(1) 3H43INWODHVS 40 HLONIT

POSITION (mm)



75

APi (O), APYR(X) (pmoles/g.)
O

O
O

Fig 3

REACTION TIME (min.)

10



Fig. 4-

~

- AOPTICAL DENSITY

AT 280 my

R

O
[AY)

1 ] . |
04 05

@)
o
o
N
@
W

CONCENTRATION OF PROTEIN (mg/ml)’



big.5

02

Oli5

Ql

APYR (pmolss)

005

REACTION TIME (min)



Fig. 6

APYR (moles)

N By
>
lo 0]

| 6
REACTION TIME (min)



Fig.7

0.]
‘0
o
O
=
3 4
‘E[’. 005
>
)
@
>.
A
J

0

O
Q _-
]

X
;-

2

2 6 8

REAGTION TIME (min)



fg.8¢4)

0.3

APYR (pmoles)
(@)
N

0.l

REACTION TIME (min)



Fig. #(8)

o2k
O
015k
&
O
2
=
« ol
Q.
=
005} %
_x=""
- - X
X - =~ X .
- [ |
O 3 6 S

REACTION TIME (min)



Fig.8cc)

02

.15

0.l

APYR (pmole)

005

REACTION TIME (min.)



Fg 7

00

(utw/uiesoid 30 B/ssjowrf) ALIAILOY @S0diy

Q
®

. LENGTH OF SARCOMERE ()




Fg.10

APYR (pmole)

REACTION TIME (min.)




Fig 11

0.3

o
N
T

APYR (pmole)

o
T

Y L
1

2 4
REACTION TIME (min)

m;—

(9] o




APYR (pmole)

Feg 12

REACTION TIME (min)



F;(?./B

APYR(pmole)

A PYR(pmole)

REACTION TIME {min.)




g 14

1
6

/!

100

o) ‘
(3AHD[B1) ALINILOV 3SPHLV

-log (Ca™]}



Fig. 15

REACTION TIME (min.)




(®) (49044 JO |ui/ulul/id WW) ALIAILOV 35041V -,.0D

J
<.
O

N
®)

3

260 g350

00 0---0---0---0-- -

180
Fract. No (4mli/Frac.)

(o) Mwéley

9 bp



f:g. 17

(%) ffw o823 /rfwo2ly

0
@)

(0)
2

<
O

rfu 0823
(@)

0.2+

10120

A 1

(00)] (0}
o o
(0) (MwozZL LY 4O) A

<
Q
LIALLOY #sDd1yY

TUBE NUMBER



Fig. 18

v o - e = 3 s ]
-~ L
& = aakas i & P 5

77

i b M S i it L AN S et ol

P -

=
WB

)

e T
iR e e e R,

.
AR VL S
. ¥

38 . x.




Z:'f._/?

4

210

Q o
o Te)

(2A1IRI24) ALIAILDV 958 1Y ' LNINOIINOD NIV

o

INCUBATION TIME (day)



02 m\

|5

FRACTION No.



Z.y.ll

I
150

0.2r

1
o
(0)°°2Q0 ‘(©) ®*Q0

FRACTION No. (3.7 ml/frac.)



zz bup

600

500

200

o8

(—O—)

o.
w8z 0 Qo

Fr. No.



(V'V) (bgoIx21/810W) 'S OL AONNO8 YV!
< M N —

{
N—
N

1

T 1

mﬂ.%um

8 [§
(O ©'0)

O

J ~
(BALIDIBL) A | INILDY 38S04 (Y

INCUBATION TIME (hrs)



AP (mole/ 34 x 109g)
| o (N

N

\ |
e,

|
REACTION TIME (min)

Z;f.M(A)



Fp. 24 (B)

4 Q
3_.
O
o
o2
>
N
<
9
O
E
Q|
Q v
N 1
00O | 2

REACTION TIME (min)



Fig. 28

APi (pM)

i

' 2
REACTION TIME (min)



(VQ) (98s) %y

y
)

AMOUNT OF ATP (mole/mole)

Nt

R O
N S
<} <
(o0 @)
/
/
/
/
/
/
/
/
/
/
/
/
/
41 o \A o
\ .
s
Vd
7
7
7
P4
< o
|
|
O
d
1O
] |
Q Q)
@)

@.ﬁv (8|0W/ajoul) !d-vO1lV
wﬂ.&%



Fig. a7

osIp
-z

uoibas aueq
lN.O
—

770 L=k~ 7ig'L 7D 1]

wewey  juswely

-uisoAw

-unoe

100

LC.

NOISNIL 10 8sedly

e . e ]

SARCOMERE LENGTH (4,)



Fig. 28

———LMM(1.4 x10%) 900A —HMM(3.4x10%) 600——
900A

[150—400A

S—1a(1.2 <1053)

g—subunit(2 x10%

— Myosin(4.8 x10°%) 1600A ‘



vzy.a/"

>

S-1b\|S-la

HMM

high KCI

+ATPor PPi




Pz, 30

+ATP.
phosphorylation

Ll

b—->a

binding exchange

g-binding

dissociation
P -

spontaneous trans-
conformation

—

dephosphorylation
transconformation

a sliding

@ +ATP
\. E-P formation

-

b- binding

<



