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CONTRACTXL:, AMPase ACMXVXTY AND SUBFRAGrGENTS OF MYOSIIif

By Yutsaro Hayashi

     Huxley and his eoworkers (1) showed by electron-microscopy

that muscle consists of two types of filaments, actin and myosin
            '
fUarnents with many cross-bridges between thern. Furthermore,

they demonstrated that neither type of filarnent changed in lengtht

but that the distance between the actin fUarnents (H-zone) changed

during muscle contraction. On the basis of these facts, they

proposed the sliding theory of rnuscle contraction. According to

this theoryr contraction of eross striated muscle takes place

by the sliding oE rnyosin filarnents and actin filarnents past each

other. Engelhardt and Ljubimbva (2) found that a muscle proteinr

"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 muscie, where creatine-kinase

i$ inhibited by dinitrofluorobenzene. Hayashi and his coworkers
                                                                '(6-8) showed that ATP-induced contraetion of actomyosin threads

prepared by their rnethod is dependent on the presence of actin.

Thereforet it is generally accepted that muscZe contraction is

the result of an interaction between projections on rnyosin

filamentslactin filaments and ATP. To eiucidate the rnolecular
t

rnechanisrn of muscle contraction it is necessary to clarify the

reiationship between myofibrilZar A[rPase and tension development,
                                                'i>X".
and the structure and function of projections alongAmyosin fiiament.
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Gordon et al. (9tlO) showed that tension development in isorrxetric

tetanus at a sarcomere length of more than 2.0v is proportional

to the amount of overlap between myosin and actÅ}n fÅ}lamentsr as

can be deduced fxom the sliding theory. On the other hand,

Tonomura and his associates <11-l7) 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 rnyosin--phosphate

complex" prior to liberation of Pi. They (l7,18) showed that

when F--actin binds to rnyosin the rate of decomposition of the

"reactive rnyosin-phosphate complex" increases by more than 100-

fold, and thus ATP,is decomposed mainly by the so-called actomyosxn

type of ATPase. The activation of myosin ATPase by F-actin and

the siiding of myosin filarnents past actin filaments during con-

traction indicate that both the myofibrillar ATPase activity and

tension deveZoprnent shouid be dependent on the sarcornere

length when this is more than 2.0p: rnyosin rnolecules in the region

where rnyosin filarnents do not overlap with actin fUaments show

onZy the myosin type of ATPase activity, but those in the region

                                                               ,where myosin filaTnents overlap actin filarnents show the actomyoszn

type of ATPase activity, besides the myosin type. Sinae the

forrner ATPase is much rnore active than the latter, both the
myotibrillar ATPase activity and the tension development thust be

proportionaZ to the amount of overlap between myosin filaraents

and actin fUqments. FurthermoTe, if the actornyosin type oE

AMPase is coupled with moveraent oÅí actin fiZaments past' myosin'

ÅíUaments, the myofibrillar AT]Pase activity should decrease at

sberter sarcornere lengths, where
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 aCtin filarnents no longer slide past myosin tilarnents.

     The relation between sarcomere length and breakdown of

phosphoxyl creatine (19,20), and foxmation of inorganic phosphate

has already been studied on living rauscle. 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. Thereforer 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 sarcornere length of th. e ATPase actxvzty

of glycerol-treated rnuscle fiber bundles. They used 5mM ATP to

 avoid problerns of diffusion of ATP into fiber bundles. But the

 concentration of ATP which they use seems unsuitable for quanti-

tative studies on the-relation between sarcomere iength and ATPase

activity, because it could cause destruction of the tine structure

of myofibrils. Furthermore, they studied only the dependence

of ATPase activity on the arnount of overiap between the two types

of filaments at sarcomere Xengths of rnore 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 rnyofibrils.

Watanabe et al. (23) first showed' that the ATPase activity of
actornyosin was activated by a srnall amount of Ca++. Furthermoret

                                                               'Webe]? (24) and Eibashi (25,26) showed that the activity of ATPase

and the rate of superprecipitation of myosin B were regulated
                                              ++                                 ++                                    ., Thusr Ca is consideredphysiologically by the level of Ca
                                                               'as thb key substance regulating the actornyosin-ATP systern.
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i/Jard et al. (22) using glycerol-treated rnuscle fiber bundles

found that the ATPase activity in the presence of 2rnM 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-treat:ed rnuscle tibeir bundles at a fixed sarcomere length

of 2.0 to 2.6pt.

     It is generally accepted (27-29) that the myosin molecule
(rnolecular weight, 4.8xl05) (60) is l600 X long and is composed

                                  oof a helical portion, 1100 to 1400 A long, and a less helical

globular portion, 150 to 440 A long (cf. Fig.28). Mih51yi and

Szent Gy6'rgyi <30,31) showed that the myosin mlecule is convert--

ed into the two rnain fragrnents, heavy meromyosin (Hrm) and light

meromyosin (LMM), by tryptic digestion. Hrm (molecular weight,
about 3.4 x I05) (32-37) has the sarne globular portion as that of

rnyosin at one end and a short rodlike taii at the other end.

The whole length of HMM was reported to be 600 to 90q A (27,39,40).

Lrm (molecular weight, about 1.4 x X05) (32,33,35-38) is a sirnple

rod about 900 A long (27,39,40). MuelZer and Perry (41) iso--

lated subfragment, S-1, frorn 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 rMM. Zt is generally accepted that the two biologi--

cal activities of rayosÅ}n are confined to the giobular head, and

that S--1 is a prirnary cornponent of the head.

     Young et al. (42) reported that about 80 g of the mass of

HMM was converted to S-l during the early stages of digestien,
and that the rnolecular weight of s-i was 1.2 x i05. Mueuer (43)
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Showed that 55 to 60 O-. of the total rnass of Hb4M was converted to

S-1 on digestion with trypsin. He (43) obtained values of
2.1 - 1.3 x I05 as the molecular weight of S-lr depending on

the digestion time. SimiXar values for the molecular weight

were aiso reported by Jones and Perry (44), and Trotta et al.

(45)r 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

rnolecule of Tnyosin or HMM contains two molecules of S•-l, derived

from the globular head of the myosin m6iecuZe.

     As' described above, the projections on rnyosin filaments,
  '
which represent the HMM or S-1 ends of the myosin rnolecule,

are indispensable both for developrnent of tension and for the

actornyosin type of ATPase activity. To eZucidate the details

of t.he m.olecular rnechanism of muscie contractiont it is es-

sential to see whetheT the two S-1 subfragrnents are identical,

and it is also important to investigate their properties.

     In the present report, sorne 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-

cornere length and calcium ion concentration, and (ii) the

properties of the two subfragmentst S-Zt oS the rnyosin rnolecule.

The foXlowing conclusions were made: Maxirnum vaiue of ATPase

activity of glycerol-treated rnuscle fiber bundles during
                                              'isometric contraetion was observed in a range of sarcomere

lengths of 2.0 to 2.5u. MyofibriUar ATPase activity during

isornetric contraction was proportional to the arnount of

overlap between myosin and actin fiiainents at sarcomere Zengths
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of rnore than 2.0u. These results could be explained on the

slÅ}ding-theory of muscle contraetion. On the other hand, in

the region where the sarcornere length was less than 2.0p, the

ATPase activity decreased as the sarcomere length decreasedt

and at a sarcomere length of about l.Ov it reached 20 to 30

per cent of the rnaxirnurn value. The ATPase activity of glycerol-

treated muscle fiber bundies 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
quite insensitive to Ca++. 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-l

formed, though rnany intramolecular peptide bonds were broken

on formation of S-l. 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-l portions of the myosin •molecule
                                                               'in muscle contraction.

                         Experimeneal

Materials

     Glycerol-treated muscle tiber bundles were prepared from

rabbit psoas rnuscle by the method of HanSOn and Huxley (49)

with the slight rnodification of using 10mM Tris-maleate buffer

instead of 6.7mM phosphate buffer.
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     "fyosin B was extracted frorn glycerol-treated rabbit psoas

muscle bundles which had been stored in 50 pex cent glycerol at

-- IOOC for 9 to l8 rnonths and also from fresh rabbit psoas rauscle.

Myosin B was purified by precipitating it frorn O.1 M KCI and

dissolving it in O.6 M KCI once or twice. Ail the procedures

were done at below 40c.

     Pyruvate kinase CATP: pyruvate phosphotransferase, EC2.7.1.40)

was prepared from rabbit skeletal muscle by the method described

bYTietz and ochoa (50). The sedimentation pattervifti of D.yruvate

kinase showed a single and almost symmetrical peak, and the sed-

irnentation coefficient, S2o, was 9.70S at the concentration of

3.45 mg per m'I. The preparation gave a specific activity of 180
to 22o prnoles pyruvate per minute per rng of protein, when the

enzyme was assayed at 250C and pH7.0, with O.1 M histidine buffer,

O.1 M KCI, 4rnM MgClo 1.0mh phosphoenol pyruvate (PEP) and 4rnM
                   "r

     Myosin was prepared from rabbit skeXetal muscle by the

,method of Perry (51) with slight inodifications (52), and purified

further by precipitating it with O.04 b4 KCI and dissolving the

precipitate in O.5 M KCI at about pH 7. HMM was prepared

essentially by the method of TokuyaTna et al. (53), except that

trypsin was purchased frorn Worthington Biochemical Corporation

(2 x crystallized, salt-free) instead of from Sigrna Chemical

Co. HMM was precipitated with between 45 and 65 06 saturation

(at 40C) of (NH4)2S04 containing Z rnM EDTA. Arnmonium sulphate

was passed through a colurnn of Amberiite ZR-120. The pre-

cipitated HMM was dissoZved int and dialyzed against O.05 M

KCI and O.05 M Tris-HCI at pH 7.6 and 40C, until the concen•-
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 tration of sulpliate ion titrated by barium ion became less than

        -3 ,           06 saturatlon. about IO

     S-1 was prepared as follows (42): after dialysisr HMM was

digeSted at 250C withtrypsin from Worthington Chemical Corporatzon

(weight ratio of HMM to trypsin, 20 : l) Åíor l7 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 iOO ml) was irnmediately chilled and applied to

 a column (6.0 x 69 crn) of Sephadex G-200 equUibrated with O.05
 D4 [Dris-HCI and O.5 - 1 mM EDTA at pH 7.6 and 40C. The'colurnn

 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 06 saturation

 Of (NH4)2S04 at 40C• The precipitate was dissolved in and

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

 ing cXear solution was puritied further by rechromatography on

 Sephadex G-200 (4.6 Å~ 55 cm).
     v -32p-ATp, prepared from ATp and 32pi by the rnethod of

 Glynn and Chappel <54), was kindly suppiied by Dr. [r. Kanazawa

 of this laboratory. Blue dextran was purchased from Pharmacia

 (Uppsala, Sweden). The crystalline sodiurn salt of ATP and PEP

 were purchased frorn Kyowa Hakko Kogyo Co. (Tokyo) and Sigrna

 Chemical Co., respectively. EGTA was purchased frorn Dojindo
 & co. zAA-l-i4c was purchased frora the Radio chemical Centert

 Arnersharat England. Other reagents were of analytical grade.

                                                      '

 Methods pt Me&surement of m ofibrillar ATPase activit at fixed
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sai?comere 1eEtELÅí iZllg

As illustrated in Fig.1 the two ends (2 mm each) of a

Fig.I

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 1' ength

was plotted against the position where the photograph was

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

Fig.2

which had been forcibly stretched, were fairly unÅ}form in length,

except near the ends of the fiber bundle. MLherefore, we usually

measured the sarcomere Zength by the following method. One to
six fiber bundles were taken out frorn 50 per cent glyderol, their

diameters were reduced to an appropriate thickness, and then they

were fixed in the acrylic plastic frame. The diameter oE a fiber
      'bundle was examined using a microscopic eyepiece micrornetex,
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and only bundles of uniform diametex 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.Eiber bundle was calculated

as the average of the mean values in each photograph .

<results obtained by this methed are shown in Fig.9 as open

eircles>. Fiber bundles oÅí too wide or uneven diameter

were cut off frorn the frarne, leaving their ends fixed in

the two pairs of plastic plates. The fiber
bundies fixed to the plastic frarne were incubated in a

buffer solution of 50 rnlvr KCI, 2 to 3.35 rnM MgCZ2 and 20

mM Tris-maleate at pH 7.0 and O to 40C fox about X 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 tirne for measurements. For measurement o:C ATPase

activity oE bundles of shorter sarcornere length, photographs

weFe first taken at a fixed length of tiber bundle, and '

then the bundies 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 sarcomexe iength was assumed to be pro-

portional to the length of the fiber bundie (the closed

circles in Fig.9 were obtained by this rnethod).
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     Pyruvate kinase was coupled with rnyofibrillar ATPase,

and ,the ATPase activity was measured by deterrnining the

concentration of pyruvate lib.erated using the method de--

scribed by Reynard et al. <55). Fig.3 shows a compari-

son of the time-course of pyruvate--Ziberation from HMb4

Fig.3

ATPase coupled with pyruvate kinase with that of Pi-liber"
                                 'ation from the ATPase uncoupled with the kinase. The two

tirne-course of Pi-Ziberation from actornyosin ATPase was

foviLnd to h.e unaffected by the presence of the kinase.

Accordingly, we concluded that pyxuvate 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 tiber bundles fixed to the plastic frarae (cf. Fig•1)

had been incubated Å}n trie reaction mixture for 10 to 15

minutes at 250 C, and aliquots (2 ml) were usually taken out

at intervals of 1.5 ninutes to determine the concentration

of pyruvate liberated. We caiculated the amount of pyruvate

liberated per g of protein making a correction for the valume

change of the reaction mixture due to sarnpling for the
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deterrninatÅ}ons. First, the ATPase activity of the whole

fiber hundles was. measured, and secondr the activity of

the two end p. arts of the fiber bundles ( 2 mm, each) which

were fixed between the plastic plates was measured after

cutting off the other part. The difference between these
                           'values was adopted as representing the activity of a part

of the fiber of constant sarcomere length. As stated

abovef fiber bundles of uneven diarneter or of more than

300 u 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 sarcornere length.

Measurement of ATPase activities of m osin, HMM, S-1 and

    .MLZ9.ES.iU!..-l!L:.B

     The ATPase activities of myosin, HMM and S--l were

rneasured in 1.0 m KCI, 1 mbC ATP and O.05 M Tris-maleate at

pH 7.0 and 250C. As moditiers of ATPaset 7 mM CaC12 and

3 mM EDTA were used. The time--course of Pi-liberation was

determined as described previously (15). The rnethod for
                                    32rneasurement of the initial burst of                                      Pi"Ziberation frorn
the s-1-32p-ATp system was also reported previousiy (56).

The ATPase activity of myosin B was determined by measuring

the time-course of pyruvate-liberation from myosin B ATPase

coupied with pyruvate kinase. The ,reaction was initated

by adding ATP in the case•of rnyosin B extracted from
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g. Iycerol-treated muscle fiber bundles, and by adding myosin B

in the case of Tnyosin B extracted from fresh psoas rrtuscle,

unless otherwise stated. In both cases the initiai' rate was

adopted as the activity of myosin B.

Carboxamidometh lation of m osin and S-l

     Myosin was subjected to carboxarnidornethylation using rAA-i-
l4c, by the method mentioned in the preceding paper (57). Myosin

was treated by the same precedures except that !AA was ommittedt

and was used as a eontrol. A concentration of 1.17 mM IAA-1-
l4  C (20 fold exeess over S-1, on a rnolar basis) was added to a

solution of 7.03 rng per ml S-Z in O.5 M KCI and O.Z M rris-•HCI

at pH 8.5 and OOC in the presence or absence of O.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

S04 solu---SLon eontaining 1 rnM ED[PA at pH 7.0. After carbox-

amidornethylation, S-l was coZlected by centrifugation (Z3,OOO

x g, 30 min), and the precipitate was disso!ved in, and dialyzed

against O.05 M KCZ and O.05 M Tris-HCI at pH 7.6 and 40C.

The radioactivity of samples was measured as described in the pre-

ceding paper (57). Correction for the quenching by proteins was

rnade by the external standardization method in a Nuclear Chicago
liquid SciVn tillation spectrometert Mark rr (Nuclear Chicago).

Protein Concentration

     The optical density at 280 mp was measured after dissolving

the myofibrils by treatTnent with 3 rni of 1 N NaOH either for 24

heurs at room temperature, for 3 weeks at room temperature or for

2 hours at 1000C in a sealed test tube. Fig.4 shows the relatio' n
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r. i g. 4

D' etween the optical density and the protem concentratxon

calculated by multiplying the amount of nitrogen, determ"Å}n. ed

in a Cole;nan, model 29, Mtrogen-Analyzer (Coleman, U.S.A.) by

a factor of 6. The optical density at 280 rnv after treatrnent

of myofibrils with NaOH at IOOOC for 2 hours was the highest,

indicating that this rnethod was the best for dissolving muscle

fiber bundies. Therefore, segrnents of rnuscle tiber bundles were

cut off from the plastiq frame after rneasuring the whole activ2ty,

and were treated twice with a buffer soXution (40 mM KCI, 20 mb!
       'phosphate buffer pH 7.0) at OOC for about IO minutesto wash out

nuclervNtjdei n.y-ruv.a-te kinase and maleate. [Vhen the optical

density at 280 rnv was measured after dissolving them by treatment

with 3 ni of 1 N NaOH at 1000C for 2 hours and then storage at

room temperature for about 24 hours in a sealed test tube.

     The concentrations of myosln B and myosin were estimated

by the biuret reaction calibrated by nitrogen determ:natxon.

The protein concentrations of HblM and S-l were determined using
values for El lgcm at 280 rnp of 6.47 and 7.70, respectively <42>.

Other methods '
                                 ++                                    was varied from 50 vM to     The concentration of total Ca

O.20 mM, and that of EGTA frorn O.101 mM to 3.i8 rnM, and the
                                                             -7                       ++                          was calculated by adopting 2.5 x 10concentxation of free Ca

gef•26) as the dissociation constant of the binding of Ca++ with
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EGTA under our experim.ental conditions. All ultracentn' fugal

runs were performed in a Beckman Spinco Model E analytical

ultracentrifuge operated with Schlieren optics usÅ}ng aluminiurn

double sector Åëells or filled•epon synthetic boundary cells.

                           Resu].'ts
                                                             '
I. Contraetile ATPase Activity on SarcoTnere Lenqth and Calcium

Ion Concentration.

Diffusion of substrate into fiber bundle and ATPase activit

     The ATPase activity of a fiber bundle of about 300 p Å}n
   'qiarneter and 2.57 u in sarcomere length was measured in the

presence of O.6 mh ATP, 8.4 pg pyruvate kinase per ml and either

O.5 or 3.0 mb PEP in buffer solution (50 mM KCI, 2 mM MgCl2 and.

20 mh Tris-maleate buffer) at pH 7.0 and 250C. As shown in

Fig.5i the A"ctivitv. was scarcely affected by decrease in the

Fig.5

concentration of PEP frorn 3.0 to O.5 rnM. The activity was'aXso

independent of the concentration of pyruvate kinase between 5

and 32 pg per ni. In the presence of l.O rnM PEP and 65 pg

pYruvate kinase per rn1, the ATPase activity of a fiber bundXe

of about 290 p in diameter and 2.20 p in sarcomere length was

measured at first in 2.35 mM ATP and 3.35 rnM bCgC12, and then
in 5.0 inM ATP and 6.0 rnM MgCl2(Fig.6). The activities were
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Fig.6

I04 and l21 umoles pyruvate pex minutes per g of protein, repective-

ly. As described later, the activity show'ed a tendency to

increase on repeated rneasurernent (cf. Fig.ll). Furthermoret the

rnean value of myofibrillar ATPase activity at sarcomere lengths

of between 2.0 and 2.5 v was 92 + 7 (S.E. of mean) yrnoles pyruvate

per minute per g of protein in the presence of O.6 to 2.35 rtuM

ATP, l.O rnM PEP and 8.4 to 65 ug pyruvate kinase per ml at pH

7.0 and 250C (cf. Fig.9). Therefore, the A[rPase activity of

tiber bundles of less than 300 v in diarneter and 2.0 to 2.5 v

in sarcornere length was concluded to be independent of the ATP

concentration between O.6 and 5.0 mM in the presence of at least

1.0 rnM PEP and 8.4 yg pyruvate kinase per rn1.
 '     The ATPase activity of a fiber bundle of about 250 v in

diameter and 4.IO v in sarcomere length was alrnost independent

of the ATP concentration between O.22 and O.77 rnM, when the

reaction mixture contained l.O mM PEP and 8.4 vg pyruvate kinase

peT mi. The ATPase activity of fiber bundXes of about 310 v

in diameter and 5.33 !lin sarcornere length was independent of the

PEP concentration between O.5 and i.O rnM in the presence of O.6 rn,uM

ATP and 8.4 ug pyruvate kinase per rnl.

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

about 310 u in diameter and O.78 p in sarcomere length was alrnost

independent of the pyruvate kinase concentration between 25 and

250 pg per ml in the presence of O.6 rnM ATP and l.O mbff PEP.

Furthermore, the activity of fiber bundles of about 240 v in

diameter and O.93 p in sarcornere length'was nearly independent

of the ATP concentration between 2.35 and 5.0 rniSfi in the presence

of 1.0 rnM PEP and 73 pg pyruvate kinase per ml. The ATPase

activity of fiber bundles of iess than 300 v in diameter and

less than l u in sarcomere length was one-fifth to one--third

of the maximum activity observed at sarcomere lengths of 2.0 to

2.5 p in almost all cases, when the reaction mixture contained
                                                        'O.6 to 5.0 rnM ATP (see Fig.9). Thus, we can conclude that aU
                '                             'fibers and fibrils are affectied by ATP, when the diameter of

fiber bundle is less than 300 u and O.6 rnM ATP and l.O mM PEP

are used as substrates in the presence of pyruvate kinase.

De endence of ATPase activity on sarcomere length

     The ATPase activity of muscle fiber bUndles of

300 u in diameter was measured in the presence of O.

ATP, l.O mbE PEP and more than 8.4 vg pyruvate kinase

         'different sarcornexe lengths after storage in 50 per
         '
at rr100C during i to 4 months. The concentrations

less than

6 to 2.35 mM

 per ml at

cent glycerol

of MgCZ2 were
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2.0 and 3.35 rnM

        ++extra Ca was
     Fig.8 (A)

, respectively, with

added to the reaction

shows the time-course

O.6 and 2.35 mi•1 ATP. No

 mixture.

 of pyruvate-liberation

Fig.8 A,B,C

frorn muscle tiber bundles of 3.40 v in sarcomere length in the
           O, 6
presence ofAmM ATP, 1.0 rnM PEP, and IO ug pyruvate kinase per inl.

The activity was 64 umoles pyruvate per minute per g of protein.

A fiber bundle ofi 3.34Å}O.IO v in sarcomere length was shortened

from 39 mm to 29 mm in rnuscle length, Å}.e., to 2.5 u in sarcomere

length, and then the ATPase activity was rneasured under the same

conditions as above. As shown in Fiq.8 (B). the activity was 93                                     " ..! .-
ymoles pyruvate per minute per g of protein. Three fiber

bundles with sarcomere lengths of 2.46Å}O.03 v, 2.24Å}O.l2 u, and

2.39Å}O.05 u, respectively, were shortened from 35 to 15 mm in

fiber length, i.e., to X.O u in rnean sarcomere length. They

showed an activÅ}ty of 31 ymoles pyruvate per rninute per g of

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

Fig.9

30 preparations are plotted against sarcornere Zength. The
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raaxiirnum activitv was observed at sarcornere lena'tbs oE 2.0 to               JU2.5 pr and was 92Å}7 vmoles pyruvate per rninute p, er g of prot.eÅ}n

(meanÅ}S•E. of 6 values). The ATPase activity decreased iinear-

ly with increase in length beyond 2.5 v, and showed a constant

value of 30 lmoles pyruvate per minute pex g of protein at

sarcomere lengths above about 4 v, as already reported by
                                       ,1,Jard et al. (22). On the other hand, with sarcomere lengths

of less than about 2.0 v, 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

l V•

     The broken line above 2 u of sarcomere length in Fig.9

was plotted on the basis of the correlation between sarcornere

length and the number of bridges between myosin and actin

fi]arnents deduced frorn- electrc-n in.icroscopic observations made
                                        ip
by HuxZey et al. (l). Xn this calculation, the activity at

sarcomere lengths of above 3.5 p or below 1.5 v was assumed

to be equal to the activity of the myosin type (see "DISCUSSION").

A value of 7.5 pmoles Pi per ndnute per g pf protein was adopted

as the activity of this type, since the ATPase activity of rnyosin

under conditions sindlar to those used here was 15 vmoles Pi

per minute per g of inyosin, and since about 50 per cent of the

protein in glycerol--treated muscle fibers is rnyosin (58).

Our results on the relation between ATPase activity and sarco:nere

Zength deviate from those deduced firom the above assumption at

                                                              'longer and shorter sarcomere iengths. ,
     Fiber bundles of 2.91Å}O.07 p in sarcomere length, which
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had been stored at -iOOC in 50 per cent glycerol for about 4

months, were quickly put into reaction mixture containing l.O rnM

EGTA, 2.35 mM ATP, l.O mlYi PEP, l16 pg pyruvate kinase per m2 and
                                                      '3.35 mlYi MgCl2 at pH 7.0 and 250C. Then 3.5 minutes later,
                                                   '2.0 mM Ca++ were added to the reaction rnixtuTe, 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 Åíiber bundles weret res-

pectively, about O.7 p and about 340 v. The control activity

was rneasured by the same procedures as above. Fig.10 shows

Fig.10

the time-course of pyruvate-liberation obtained by subtracting

the pyruvate-liberation of the controi from that of the whole.

The ATPase activity was l34 1rmoles pyruva'ce per minute per g of
protein before cutting the fiber bundles and adding Ca++ , and

was 54 prnoles pyruvate per minute per g of protein after these

treatments. The high ATPase activity in the •presence of l rnM
EGTA 'indicated a low Ca++-sensitivity of the fiber bundXes used

(see "DISCUSSION">, and the low activity at about O.7 u in the
presende of 1.0 mB4 free Ca++ was consistent with the results

on the relation between sarcomere length and ATPase activity.
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                                   ++ -Dependence of ATPase activity on Ca                                      zon at fixed sarcomere len ths

            After storage in 50 per cent glycerol at -IOOC for about 3
       rnonths, the dependence on Ca++-concentration of ATPase activity

       of a fiber bundle of 2.28 p in the presence of 2.35 rnM ATP, l.O

       mb4 PEP, eÅ}ther 58 or 39 vg pyruvate kinase per ml and 3.35 rtuM

       MgC12• The activity of the fiber bundle was measured successive-
       iy in the presence of i rn}c, o.i rnM, 6 vD4JeZi42({S Ltn(iMi i mh of free ca++.

       The A"s"Pase activities were 80, 98, l24, 99 and 124 pmoles pyruvate

       per minute per g of protein, respectively (Fig.ll). The AMiPase
Ut-l/ activity in the first measurernentarnM ca++) was iower than

those xn the third (6 uM Ca ) and fifth (l rnM Ca ). These

results suggest that the fine structure of myofibrils is destroyed

by repeating the rneasurement in the presence of 2.35 mi4 ATP, and

that the destruction leads to an increase in the activity.

     The A.TPase activity of fiber bundles of 2.07 to 2.65 y in

sarcomere length was 116-+22 ymoles pyruVate per minute per g of
protein (mean of 6 values) in the presence of 1 rnM Ca++. The

ATPase activities of fiber bundles of 2.58 y in sarcomere length
in the presence of 1 rnM Ca++ and 58 pg pyruvate kinase per rnl

and in" the presence of O.Ol uM free Ca++ and l9 vg pyruvate kinase

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

per g of protein <Fig.l2). The ATPase activity at a sarcornere

Fig.I2

length of 2.07 p, rneasured in the presence of 2 rnM EGTA Under
                                                 'aZmost the same conditions as above, was 45 prnoies pyruvate per
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minute per g of protein (Fig.l3 (B)). Xn Fig.l4, the ATPase

Fig.14

activity of fiber bundles of 2.00 to 2.65 v in sarcomere length,

which had beeh stored in 50 per cent giycerol at -IOOC for about

3 mopths, is plotted against concentration of free Ca++, taking

the mean value of the activity in the presence of 1 mi4 Ca++ as

100. The haZf maximum activation was obtained at a concentration
of about O.04 pM of free Ca++. Xn the presence of l to 2 rmbC

EG[DA and at 2.00 to 2.33 v sarcornere lehgth, the activity oE

muscle fiber bundles which had been stored in 50 per cent glyceroZ

fox about] 3 months was 48Å}l4 vmoles pyruvate per minute per g

of proeein (rnean of 6 values). On the other handr the activity

of fiber bundles which had been sbored in 50 per cent glycerol

for l3 days at a sarcomere length of 2.03 y and in the presenee

of l.O rnD4 EGTA was only 17 yrnoles pyruvate per minute peT g of

protein (Fig.l3 (A)). Table X summarizes the results on the

Fig.13

Table X
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ATPase activitj-es of fiber budles stored for 3 to l3 days in

the presence ofL 1.0 to 2.0 mi: 'Åí/ci,dl.A. The ATPase activÅ}ty was

17Å}5 'pnioles pyruvate per minute per g of protein, (mean of 8

values), whÅ}ch was about one third of t'.hat of bundles 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 i mM Ca++ , but was unsuccessful,

because of breakdown of bundles within l minute after adding

ATP. The ATPase activity of fiber bundles of 2.38 p in sar-

cornere lengtht which had been stored for about 9 months, was

measured only once in the presence of 1.0 rnM EGTA under the

sarne conditions as above. It was 126 ymoles pyruvate Per

minute per g of proteÅ}n.

  '

De endence of ATPase activit of m osin B extragt.ed".-fro.r.n--gl!\Tcg!.o.l-

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

Me. is

     The ATPase activity of rnyosin B, extracted from fresh psoas

rnuscle and purified by dilution-precipitation treatment perforrned

twice, was measured in the absence and presence of 2 mLM EGTA.

Fig.15 shows the pyruvate-liberation frorn myosin B (O.O177 rng/rnl)

ATPase in the presence of O.094 mM ATP, l.O rnM PEP, 58 ug

pyruvate kinase per rn1, 54 mM KCi, 3.35 mM MgC12 and 20 rnM Tris-

maleate buffer at pH 7.0 and 250C, as a function of time. The
tirne-course was not linear when no extra Ca++ was added. The

decrease in rate with tirne may be due to transformation oE ATPase

from the actomyosin type to the myosÅ}n type by ATP. The inÅ}tÅ}al

rate of ATPase activity was 180 vrnoles pyruvate per minute per g

of rnyosin B in the absence of EGTA, and 22 yrnoles pyruvate per

rninute per g of myosin B in the presence of X.O rnM EGTA. The
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activity of rnyosin B was 250 vmoles pyruvate per minute per g

of myosin B in the presence of i.O rn"4 Ca++. The activity in

the absence of EGTA increased from 180 to 340 pmoles pyruvate

per minute per g of myosin B, T"ihen the reaction oS }nyosin-Db

(O.Ol77 rng/rnl) ATPase was initiated by adding ATP after Å}ncubation

for 5 rninutes with F--actin (O.O19 rng/ml). This increase in the

activity on addition of F-actin shows that not all the rp,yosÅ}n

molecules in this preparation of myosin B represented the

actomyosin type of A[DPase, 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-

tTeated muscle fiber bundles stored in 50 per cent glycerol at

-100C for 9 to 18 months in the presence of various concentrations
of free Ca++ , O.094 rnrvl ATP, l.O mllPEP, 58 pg pyruvate ]<inase per

rn1, E2 rnM KCI, 3.35 mM pagC12 and 20 mM Tris-maleate buffer at

pH 7.0 and 250C. ATPase activities in the presence of l.O rnM,
O.05 mM, no added Ca++, O.05 pM of free Ca++ and:l.O rn)4 EGTA

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

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

Table II

obtained on the dependence of the ATPase activity of myosin B
                                                   'extracted frofu fresh psoas rnuscZes on Ca++ concentration. Zn

the presence of l.O mM Ca++ , the ATPase activity of myosin B
                                                    'extracted frorn glycerol-treated muscle fiber bundles was nearly
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equal to the activity of rnyosin B extracted from fresh psoas

muscle, but in the presence of 1.0 inM EGTA the ATAase activ•ity

of `Lhe former was ahout five times rnore than that of the latter.

II Subfragments, S-I, of Myosin Molecule

Yield of S-l from HMIn

     HMM (l4 mg/ml) was digested with trypsin (weight ratio of

HMM tO trypsin, 28 : 1) at pH 7.6 and 250C for 13 Tnin. The

elution pattern of the reaction mixture (20 ml) from a column of

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

Fig.I6

specific activity of the Ca++-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 Å~ cryst. EtOH ppt.) under the conditions used

by Young et al.(42), only the first peak appeared, though Young

et al. prepared S-l 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 rechrornatography was

eluted as a single, syrnmetricai peak (cf. Fig.17). The amount

of protein in the second peak and the arnount in decrease in HMM

(difference between the amount in HMD4 before digestion and that



-27-

in che first peak) were in the ratio of O.65 : 1. Neglecting

secondary degradation of S-1, this indicates that the yield of

S-l from HMLD•:' was 65 Z.

     S-1 o; tained by the method described in the "EXPERIM•:.NT[VAIJ"

was applÅ}ed to a column (3.6 x 92 crn) of Sephadex G-200, and

eluted with the buffer solution (Fig.17). The specif-g.c activity

Fig.I7

of Ca++--ATPase in the central portion of the main D.eak was almost

constant. The central portion of the main peak was cencentrated

by precipitation frorn 70 O-o saturated (NH4)2S04• After removing

th nv (N "" 4) 2 S 0 4 r i t 'w' a s s 'u' b j e ct e d t o a n a i y t i c a i u l t r a c e n t r i t- u g a t i o n

in O.20 M KCI, O.05 M Tris-HCI and 1 :nlvr EDTA at pH 7.6 and 4.2eC.

The sedimentation diagram of the preparation 4 days after rechro-

matography revealed a faÅ}rly symmetrical main peak, and a slower

rnoving cornponent(s) as previously reported by Mueller (43).
          value oE the main peak was 5.03 S, which was sirniXar'The S     20,w
to the value of 5.04 S, calculated from the concentration de--

pendency of the S2o,w of S-1 obtained by Young ,et al.(42).
Therefore, we adopted the value of 1.2 x 105 , obtained by young
et al. (42)t as the molecular weight oÅí our preparation of S-1'*

The molecular weights of HMM and myosin are about 3.4 Å~ lo5

                    5(32-37) and 4.8 x 10 (60), respectively, so the inyosin or HMDC

molecule seerns to contain two regions which appear as S--Z, as

      ' " We (59) recentXy measured the molecuLar weight of S-1 with
 geX-fiXtration method, and it mas Åíeund Lo be 1.22 Å~ 10S.
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already indicated by Lowey and her

(45), Nauss et al. (62) and BaUin

Degradation of S-l in O.05 to O.20

associates

     1/and Barany

IL(E KCX

Fig.18 shows that the amount of slower

  (61), Trotta

  (63).

        '
component(s) in

et al.

 the'

P,ig. 18

sedirnentation pattern increases on storage of the preparation

in O.20 M KCI, l mM EDTA and O.05 M Tris-HCI at pH 7.6 and OOC.

The amount of intact S-1 , estimated frorn the ultracentrifugal

patternr decreased to 74 and 54 O-o of the initial value 4 and iO

days after rechxomatography, respectively (values not corrected

for the Johnston-Ogston effect). Degyadation was rnarkedly

retarded by addition of sucrose. Thus, after ll days storage

in O.05 M KCI, O.05 M Tris-HCI and O.5 rnM EDTA containing O.07

sucrose at pH 7.6 and OOC, only 18 9o of the S--l were degradated
     The decrease in the Ca++-ATPase activity seemed to be pro-

portional to the degree of degradation of S--Z to components of

lower molecular weight (Fig.19), The rates of decrease in
                       .                                              '   '

M

`

Fig.I9
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  ++Ca -AMiPase activity were 9 and O.5 O-o per day, respectiVely,

in the absence and presence o"F O.05 M sucrose, Lyophilized

S-1 was very stable, and after 7 months' storage retained about
90 O!o of its specific Ca++-ATPase activity before lyophUization

De radation of S-i in uanidine-HCI or alkaline soZution

     The sedimenting boundary of S-1 (9.l4 mg/ml) in 5 M

Hci at 40C was broad, and the value of S2o,w of the peak

l.l S (see inserted figure in Fig.20). S-1 was stored

M guanidine-HCI solution (7.9 rng/rnl S-1, 3 rni) at 40C for

days, and then applied to a columm (3.7 x 31 cm) of Sephadex

G-200 equilibrated with 5 M guanidine-HCI and 2 inM ED[DA.

coiumn was eluted with the same solvent at a flow rate of

per hr at room temD.erature. Th]ree peaks were eiuted after

of blue dextrant as shown in Fig.20. About 30 e6 of the
                                     *protein were eluted after cytochrome C.

       .

 guanidine-

 was

in 4.6

  34

   The

  11 ml

    that

 total

Fig.20

     A soiution of S-1 was adjusted to pH ll.5 with triethylarnine

at OOC, and then immediately subjected to ultracentrifugation at

5eC. The final composition of the solution was 9.l mg of S'i

per ml, O.05 M KCI, 5 rnM Tris-HCI and 40 rnDC triethyiamine.

A broad peak appeared and the S2o,w of its top was 1.5 S. -

* • Kindly supplied by Mr. T. Tanaka of Prof. OkunukiTs

laboTatory, Department of Biologyt Faculty of Science, Osaka

University.
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A solution of S-1 was adjusted to pH U.5 with triethylamine, and

2 hours later it was applied to a colurnn (2.7 x 87 cm) of Sephadex

G--100, equilibrated with O.05 M KCI and O.025 ]vl triethylarnine-C02
                          'buffer at pH U.O and rooTn temperature. As shown in Fig.21, the

Fig.2Z

elution pattern was similar to that in guanidine-HCI, described above.

According to Trotta et al. (45), S--1 prepared- with t."'ypsin dissoci--

ated into a heavy component (molecular weight 66,800): a light

component (l8,600) and peptide coraponents (2,100, 16 O-. of the

total rnaterial) on alkaline treatment. The present results also

showed that the S-1 prepared with trypsin dissociated into smalX

components on treatrnent wÅ}th guanidine--HCI or alkali.

ALEtgElgEg--2g!i!yE!!l,g{}-U}-.!2!s2ÅíSggs2z--ESgSgPsactt thtdtt

     The ATPase activities of the control myosin used in the

carboxamidomethylation experirnent, rneasured in the presence of 7 rnM

CaC12, 20 rnM MgCZ2 and 3 mM EDTA, were 189, 2.50 and 1,510 urnoles

Pi/min/g, respectiveiy. The specific Ca++-, Mg++- and EDTA-ATPase

activities of HlymI prepared from the control myosin were 236, 3.25 and

2,200 vmoles Pi/rRin/g, respectively. After correction for the pres-•

ence of inactive small components (8 9o in this case), the ATPase

activities of S-1, prepared from the above preparation of HMM, were

363, 4.86 and 3t880 vrnoles Pi/min/g in the presence of Ca++, Mg++

and EDTA, respectively.

     As shown in Table UZ, the specific ATPase activities of

rnyosin per mole were nearly equal to those of HD(N, while the
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Tab4e IU

activities of S-1 were about half those of myosin and 'rtI"rtll'4.

[Vhe Ca++-A[rPase activities of preparations of rrLYosin, Hr"IM and

S-l were measured in O.60 M KCI, 1 mM A[VP, O.05 .M Tris-maleate

and IO rnlNl CaCl2 at pH 6.4 and 250C, and were 230 Å} 21, 223 Å} 32
            *and llO Å} 11 (mean Å} standard error of 4 values) rnoles Pi/rnin/

mole of myosin, H)CM and S--1, respectively. These results

showed that on formation of S-l there was no over-all change

around the active site of steady state ATPase. Nauss et al. (62)

obtained siinilar results on EDTA-ATPase activity, though the
Ca++-ATPase activity of their S-1 was higher than the value

expected if two S--1 were produced from one HD4M.

     ATPase activity of HrQ4 and S-l re ared from rnyosin after

carboxamidomethylation
     Myosin was treated with iAA-1-14c in o.s M Kcl and o.1 M

Tris-HCI at pH 8.5 and OOC for 44 hr (moiar ratio of myosin

to IAA, 1: 3) (57). The arnount of !AA bound to myosin was
2.9 moles per mole of rnyosin. The Ca++-and Mg++-ATPase

activities increased U.7 and 9.7 fold, respectively, on this

rnodification, but the EDTA-ATPase activity decreased to 24 06

of the control vaiue. The xadioactivities of HMM isolated

Erom tryptic digests of moditied rnyosin showed that it contained

* No correction was rnade for degradation of S-1
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                                          ++                                                   ++2.3 rnoles of IAA per mole of H2Cq. The Ca                                            -and Mg                                                     -Arrpase

activities of the IAA-HYiM were ll.4 ahd 10 times those of controX

HMMr respectively, and the EDTA-ATPase activity was l9 9o of
                                                        'the control value. S-1, produced by further tryptic digestion

of XAA-Hi"41Yl, was purified by chromatography on Sephadex G--200

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

Fig.22

carboxamidomethylation. The fractions indicated by the symbol,
(----`i> , contained O.76 rnole IAA per mole of S-l. The Ca++ -

      ++        -ATPase activities of the IAA-S-l were respectivelyand Mg

8.8 and q..O fold those of the conUAol, 'w-hile the•EDMvA-A'T'-yase

acti'vity was l8 g. Ohe ,et al. (57) repoxted that the Ca++-

and Mg++-ATPase activities were maxirnally activated on carbox-

amidornethylation of one specific cysteine residue in the rnyosin

r.iolecule by IAA and that this cysteine' residue wcts blocked

completeXy when about 3 moles of IAA were bound to rnyosin.

The present resuits show that this cysteine xesidue was retained
                                                                'in S-l <cf. Tabie UI).
     carboxarnidomethyiation of s-1 with iAA-l-l4c was carried

out under the sarne conditions as those used with rnyosin, except

that the raoZar ratio of S-1 to !AA was 1: 20. The tirne--

course of binding of IAA to S-l was unaffected by the addition
of sucrose. The extent of activation of the Ca++-ATPase

activity of S--l by carboxamidomethylation (9 fold) was nearly
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equal to that observed with inyosin (Fig.23). In sharD
       ` contrast

Fig.23

with myosin where the extent of activatÅ}on remained

even on binding of large arnounts of rAA (see, Fig.4

the ATPase activity of S-l decreased rnarkedly with

than 2.3 moles of IZVX per mole of S-•l.

Xnitial stoichiornetric burst of Pi-iiberation fTom

 constant,

 of Ref. 57)t

binding raore

the HMM-and

ss=cex-Ex{liig!ElATPssteM

     Fig. 24 A shows the time--course of Pi-iiberation frorp
       *the HMM -ATP system in the presence of 2 rnM MgCl2. The arnount

of `Lhe iriibi dJi stoichiornetxic burst with iyophiiized Hrvlrvl, Z.i

mole per rnolet agreed with that with fresh HMM reported by

TQkuyama et al. <53). Fig.24 B shows the tÅ}me-cQurse of
          'Pi-liberation from the S-1-ATP system in the presence ef i mM

MgCl2. The amount of the initial burst was O.55 mole per rnole

Fig.24 A,B

of S-1. The amount of the initiai stoichiornetric burst of
                                                        ++Pi-iiberation frorn the myosin-ATP system, measured at Mg -

t ttttt tt  '

* HMM lyophilized by the rnethod of yount and Koshland (64)

was used`
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concentrations above l

MYOSin (i4r 15r 16r 56

     Fig.25 shows the

 mlvl, was l.O

r 65).

 .tlme-courses

to

of

1.2 rnole per raole of

Pi-liberation on mixing

Fig.25

X.O mg per ml of S-l with various concentrations of ATP (2-20

pM) in 2.8 M KCI, 10 mM MgCl2 and 20 mM Tris-HCI aV pH 7.5 and

OOC. At ATP concentrations below 5 vM, the tiine required for

the initial Pi-liberation to reach half the rnaxirnum valuet 'rl/2t

was independent of the ATP concentration and was about 24 sec,

but the amount of P.--liberation in the initiaZ phase increased
                   x
                                  ,alrr}ost linearly with ATP concentratzon. At ATP concen-

trations above 5 vM, the amount of the initial Pi-liberation
remained constant at 1.2 mole per 2.4 x lo5 g of s-l, as shown

in Fig.26. The dependences of the amount and Z' l/2 value of
initial Pi-liberation per 2.4 x 105 g of s-1 on the ATp concen-

Fig.26

tration were similar to those per 4.

                        Discussion

   The present results show that the

ATP nor PEP are iirniting factors in

fiber bundles of less than 300 p in

s Å~ io5 g of myosin.

 diffusions of neither

bhe hydrolysis of ATP, if

diameter are used in the
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presence of at least O.6 rnM ATP, 1.0 mi-1 PEP and ]<tinase. According

to ther'{'e}rerhott•-fSchulzequation (66), the reiation between the

concentration of consuraable substrate and the radius (y) of a

cylindrical shaped enzyme is given by

                          y2=(c.-ci)4X ,

where Ce and Ci are the exterior and interior concentratz'on

oi ATP, D is the diffusion coefficient, and A is the rate of

ATP splibting. According to Btowen and 1't"Iar'tin (67), D was 1.4
           -6to 2.0 x IO              sq. cm per sec, which was one-half the rate of

free diffusion of ATP through aqueous solution. Measureinent

of ATPase activity of rnyofibrillar fragments with no diffusion-
                                  i'problems indicated that it was suff6ient for Ci to be O.1 mlYI,

and that A was O.20 to O.25 mmoles ATP split per sec per iiter

(68, 69). Substituting these values for D, A and Ci and using

a value of O.6 rnM for Ce, 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 p in diarneter)

is aZmost the order of diameter of a single fiber. This
                                                       'result indicates that when a fiber bundle of up to about 80 v

width, i.e., a single fiber, is used, the probability is that

O.6 rnM ATP wUl 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 vVi(n diametex could be used in
                             A
the presence of pyruvate kinase and PEP, since these sub--

stances could penetrate the endornysiaZ zone between fibers,

and maintain the concentration of ATP around each fiber at O.6 rnM.
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     C-ordon et al. (9, IO) have studied Vne relation between

sarcomere length and isometric tetanus tensÅ}on, with special

precautions to ensure uniforrnity of sarcornere length within
             '' the part of the fiber being s, tudied. As shown in Fig.27,

Fig.27

in most respects the resuXts were consistent with those found

by Ramsey and Street (70), which were obtained without these

special precautions. The peak of the curve observed by Go2?don

et al. was found to consist of a plateau between sarcornere

lengths of 2.05 and 2.2 v, and the decrease of tension above

thi's piateau was steeper than that Ecund by Ramsey and Strc-et.

Tension development becarne almost zero at sarcornere lengths

oE rnore than 3.65 p. Many features of this length-tension

relation at sarcornere lengths of rnore than 2.05 p have been

simply explained on the sliding-filarnent theory (see, r'"ig.27).

Furthexrnore, the decline of tension below the plateau suddenly

became steeper at a sarcomere length of about l.67 y and tension

developrnent became almost zero at a sarcornere length of about

l.3 u•

     rnfante et ai. (19) studied the dependencies on muscle
        imoL(skMtz, e
length of p osp oryl creatine and tnnsion in isometric con-

tractions on frog rectus abdominis muscle treated with 2,4-

dinitrophenol. The resuZts showed that these two relations
wexe almost identicai; both the amount of breakdown and the
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tension development were almost zero both at about l30 T,")er

cen'L' and 50 Loer cent of the resting length in si"Lu, anc'Vt• hetLr

maxim'urn valLues were obtair.ed at the resting ]engt- ]-" Sirnilar

resul"Ls were also obtained by them (2X) on the lengtli• dGpendence

of Pi-liberation of frog sartorius rnuscZe. The leng".•h

dependence of splitting of phosphoryl creatine during isometric

tetanus has since been deternined in great detail with frog

sartorius muscle treated with iodoacetate and nitrogen to block

the resynthesis of ATP by Sandberg and Ca]?lso.n (20). The

results showed that the breakdown of phosphoryl creatine was

maximum at a sarcomere !ength of about 2.3 v, and 50 per cent

of the rnaximum vaiue at sarcomere lengths of both l.5 y and

3.2 y. They also suggested that there were two cornponents

in the utilization of chemical energy during an isornetric

teta.-nÅ}c contrTac-v.l.ont that jst a tension (or ]eng--LLh) deLpendent

component and a tension independent component, and that the

former was explainable on the sliding theory and the iatter was

a refXection of the energy utiiization of the calciurn pump

found in the sarcoplasmic reticulum (71, 72).

     The length dependence of ATPase actÅ}vity duyÅ}ng isometric

contraction induced by ATP in glycerol-treated rnuscle fiber

bundles was similar to those of tension development, break--

down of phosphoryi creatine and Pi-production during isometric

tetanic contraction in living muscle, as described above.

Howeveri our results on the length-ATPase activity relation

deviate frorn the theoretical relation at sarcomere lengths of

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

and St]?eet (70> do (cf. Fig.9 and Fig.27). This deviation may
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be at"Lributable to heterogeneity in sarcom,ere lenc:••'bin i'.ri -ihc•
'

end parts of the fiber bundles. 7he ]eterogeneity r/cta}f also

be .caused by local shortening induced by ATP.

     As the sarcomere length decreased below 2.0 v, the ATPase

activity decreased, and, at sarcomere lengths of about l v,'it

reached one quarter to one third of the maxirnum activity.

Gordon et al. (IO) reported L"hat rnuscle fiber does not develoP

tension when the sarcornere length decreases below about l.3 v.

One possible explanation for the decrease in ATPase activity

and tension development is that the increase in fiber diameter

whÅ}ch takes place as the rnuscle 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 sarcornere length of 1.5 p where myosin

fUament.s hit the Zt-disc.s. t.he ti!am."ek.ns ar-e p.xnect.ed to crupDl.e
                                                             -L                                             ---=                         '
or fold. This may reduce the number of bridges eapable of

generating both the actornyosin type of ATPase and tension. On

the other hand, Gordonet al. (IO) suggested that more than

half the drop of tetanic tension represenCed an internal force

opposing shortening rather than a decrease in intrinsic force of

contraction. HoyZe 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 '

Eilarnents 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 filarnents

even at very short sarcomere lengths. Therefore, another
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possibUity is that the two types of filaments cannot move

or oscillate past each other at sarcomere lengths below l u,

because the ends of crumpled or folded myosin filaments (l.6 v)

are connected with the Z-discs and those of actin fUarnents
                                                '(1.0 y) corne into collision with the opposite Z-discs. If

the actomyosin type of A[DPase is coupled with moving or

oscillating of the two types of tiiarnents past each other,

and if the tension deveiopment is coupled with the actornyosin

type of ATPase, both ATPase activity and tensÅ}on development

of inuscle fibers must decrease at a short sarcomere iength

where the movement of the projections of rnyosin fUaments

cannot occur (75).
   '     The ATPase activity of glycerol-treated muscle fiber bundles

stQred in 50 per cent glycerol at -100C for about 3 months
increased with increase in the Ca++ concentration. rn the

                it was                            48absence oE Ca                               urno1es•                                               per mlnute peac                      about                                      pyruvate
g of protein, and in the presence of sufficient Ca++ it was

about l16 ymoZes pyruvate per minute per g of protein. The

ATPase activity of rnyosin B extracted frorn fresh psoas muscles

was almost the same as that of mYosin B from glycerol-treated
rnuscles stored for the long period in the pre$ence of l mM Ca++,

but the latter was much higher than the former in the presence
of i rnD4 EGTA (cf. Table II). In the absence oE Ca++, the

ATPase activity of fiber bundles stored for 3 to 13 ,days was
          K
about one tAird of that of bundles stored for about 3 rnonths.

On the other hand, the ATPase activity of Eiber bundles in the
             ++               , which had been stored for about 9 months, wasabsence of Ca
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about three times as large as that of bundles stored for about

3months, and was almost the sarne as that of the latter bundle in

"Lhe presence of Ca++. These results showed that Ca++--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 TD",ozler. (76, 77) that Ca++-

sensitivity of tension developed by ATP decreased as the period of

storage became longer. It was shown by Ebashi (78, 79) that
Ca++-sensitivity of my.osin-B in ATPase and superprecipitation was

attributable to native tropomyosin which was composed of both

tropomyosin and troponin. Thereforer there is a possibility that

Ca++-sensitivity of fiber bundle in ATPase act.` vity m.ight be disap-
                           i'peared by destruction of naS've tropomyosin on storing in glycexnol

for the long period.

     To elucidate the nurnber of ATPase site of rnyosin molecule,

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

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

,Table rV

showed that two rnoles of PPi were bound to one mole of rnyosin,

and that the light--scattering intensity of myosin B decreased

on binding of one moZe of PPi per mole of myosin in rnyosin B.

Nauss et al. (62) and KieXy and r/gartonosi (81) recently confirm-

ed that two moles of PPi were bound per mole of rnyosin, though

Gergely et al. (82) and Martonosi and Meyer (83) previously claimed
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that the myosin molecu2e could bind only one PPi molecule. Young

<84) reported that two moies of ADP were bound to one mole of

myosin with the same vaZue of the association constant, and that

one mole of ADP was bound to one mole of S-l. Howevert Morita

 (85, 86> recently showed that two rnoies of ADP combined with one

rnole of HDCiM, that the two had diffeTent association constants,

and that the binding with the higher association constant induced

the change in the ultraviolet absorbance of HMM.

     Tonomura and his coworkers (ll - l4) 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 phosphoxylatÅ}on, respectively).

They demonstrated one mole of phosphorylation per mole of myosin

at site 2, measured as the stoichiometric initial burst of, Pi-

liberaticn, and• conclnded --h.at f.he binding of ATP or AI)P to

site 2 ncesulted in the change in ultraviolet absorbance of H."4"a

 (i4). Nanninga and Mommaerts (88) using luciferase-luciferin
                                                               5systern dernonstrated that one rnole oi ATP was bound to 4.2 x IO

g oÅí rnyosin. Xrnamura et al. (11) 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 Tonornura (87> also showed that one ATP molecule was

bound to one HMM molecule.

     The properties of the active site ofi rnyosin ATPase have

also been studÅ}ed by chemical modifications. P-NitrothÅ}ophenoZ

bound specifically to about one moie of a specific glutarnic

acid residue leweated at site 2 perc raole of. myosin. As a re$ult
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    the initial stoichiometxic burst of Pi-liberation was cornpieteiy

    iost, but the ATPase activity in the steady state rernained

    unaffected (l2, i8>. Ohe et al. (57> recently showed that the
    Mg++--, and Ca++--ATPase activities of rnyosin were fuiiy activate'd,

    whiZe the EDTA--ATPase actÅ}vity was inhibited, when one moZe oÅí ',

    l.,gge.ct;,if,.cxige::e, :ggl::.g,p:l,:olil.?f m\g:t;.k2 .`2e.isq?z:ge'

 . and Shimada (92) rGported that the amounts of the sites for '

    specific chemical modifications by 2,4,6-trinitrobenzenesulfonate

    and by 5--diazo-IH-tetrazole were about 1 mole per mole of myosin.

    Ail these results indicate that one rnole of site l and one rnole
               /t
    or site 2 are pre$ented per moie of r"yosin. '
                                                                  '
   '         Two S-1 molecules were produced from one HNM rnoieculet 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 $ubstantially retaÅ}ned Å}n the two rnoles of

    S-1, although many intramolecuZar peptide bonds were broken ,

    on formation of S-l (cf. Table IXX, V). Moreover, the extra-
1 burst of Pi-liberation per rnoZe of rnyosin or HtQ6 was twice that

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

  '    .
ir ct- ble V

g'ites of myosin, site i and site 2, are located in these two

molecuiar portions which appear as S-1 on tryptic digeStion.
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The dependence ofT                       and the amount of initial stodchiornetric                   l/2
burst of• pi--liberation per 2 Å~ 1.2 x I05 g of s--l on the ATp

concentration weye the same as EoT 4.s x lo5 g of rnyosin, as
.

shown in L'•'-ig.26. AdcordÅ}ng "Lo the reaction mechanism of the

myosin-A.TP system proposed by Tonornura et al. (14), the for--
mation of the M•ichaelis cornplex at site l (EiS) occurs very
                                           "                                                      ILS .rapidly and stoichiometrically. This rapidly formec-]L E2 is
              lconverted to E                  and then to trichioroacetic acid•-iabile              2sr
phosphoryi myosin (El."ADp). when a sufficiently excess over
                    NP
the stoichiometric arnount of substrate is present, ATP binds
directiy to site 2 (EÅ} ÅÄ S-)EÅ}s), besides being transferred

from site 1 to 2 (E!S->E!s). rf site 2 is loc.ated in one S-1

and site 1 in the other S-l, there wili be little transfer of

ATP from site 1 to site 2 in the S-1-ATP systern. Thus, the

finding, that tryptic digestion of myosin to S--l did not affect

the dependences of t                       and the arnount of initial burst on the                    1/2
ATP concentration, indicates that both site l and site 2 are
                                                 '
present in only one of the two S-X of the myosin molecuZe.

     However, Kielley and his associates (94--96) concluded

that the myosin molecule is composed of identical subunits with
a molecular weight of about 2.1 x I05. weeds and Hartley (97)

also conciuded that myosin was cornposed of identical subunits

frorn analyses of the peptide structures axound sulfhydryl

gzaoups. Ohe et al. (57) reported that one mole of cysteine
                       vresidue in the Ileu. CySH. Arg sequence per mole of myosin was

modified when native rayosin was treated with IAA, but that two

moles of residues in the same sequence were modified in the

presence of urea. S-i p' repared Erorn carboxantdomethyX
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myosin showed almost the same extents of activatÅ}on of ca2+-,

and Mg2+-ATpase (about IO timesthe controi value) and inhi--

bition of EDTA--ATPase (to about 20 O-o of the control value> as

rnyosin. Thus the above difference in the amount of IAA--binding

could not be explained by supposing that the inyosin molecule

has twe active sites of steady state ATPase but that IAA can

bind to, or near, only one of thern, probably due to steric

hindrance between two S-1 parts. If we assume that the- r•e is

one ATPase active site in each of the two S-Z portions, the

EDTA-ATPase activity of IAA-S-l prepared from IAA-myosin, in

which one specific cysteine residue is modified, must be more
                                                  ++than l/2 that of control S-l. Furtherrnore, the Ca                                                    -ATPase

activity of S-l was activated by IAA to the alrnost 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.
                                                          e     Recently, Gershman et al. (98) showed that rnyosin is

composed of 2 heavy subunits (molecular weight 212,OOO) and 2

iight subunits (20,200). FurtherrnoTe, Murphy and Morales (90v>,

and Stracher (100) demonstrated that the light subunit(s) was

contained in the aative site of myosin ATPase. The presence

of only one active site in t.he 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 moiecule.

The recent results of Gaetzen et al. (IOI) seerns to support

this possibility. Gazith et al. (i02) recently showed that

one of the two light subunits ceuld be removed frotn myosin

without any apparent changes Å}n the ATPase activity, and that

attempts to remove a large fraction of the subunits resuited
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xn a concomltant loss of enzyMtatic actlvxty. rDhei]r ]resui'e's

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 aacound the

sulfhydryl groups. The proposed rnodel of the rnyosin molecule

was illustrated in Fig.28.
                                      ,

Fig.28

     Jones and Perry (44) reported that all the S-Z subfragments

can cornbine with actin. Onishi et al. (I03) showed that the

ntnimum amount of ATP required to produce the maximum decrease in

the intensity of light-scattering of reconstituted actomyosin was

1 mole per mole of myosin. They (I03) concluded that the decrease

in Zight-scattering intensity was caused by the formation of a
myosin-phosphate complex at site 2 (EÅ}...p). Tonornura and Morita

(80) showed that in myosin B only one mole of PPi could bind to one

raole of myosin and this binding induced a decrease Å}n light-

scattering, while in free myosin two moles PPi could combine

per inole of myosin. Nauss et al. (62) confirmed these results.

Morales and his associates (104r I05) and Nihei and Tonomura (106)

* Presented at the Symposium on Molecular Biophysics of the

rnternational Union for Pure and Applied Biophysics (Carnbridge,

England, June 24-27, 1968).
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showed that the weight average rnolecuXar weight of myosin B

decreased sJightly, but its gyration radius increased marMedly

on addition of ATP or PPi. These facts could not be explained

by supposing that rnyosin B dissociates completely into myosin and

F-actin when ATP or PPi is added. On the other hand, GergGly

and Kohler (32, 107) demonstrated the dissociation of reconsti-

tuted actomyosin on addition of ATP. Weber (108) also reported

the separation of myosin from actornyosin in the presence of

ATP by uZtracentrifugation. These apparently conflicting

results may be interpreted as follows (Fig.29): The one S-X

Fig.29

part of the rnyosin molecule, which contains the active sites

of ATPase, site l and 2, combines strongly with actin, whiXe

the other part combines less strongly. We will refer to

these two kinds of S-1 as S-la and S-lb, respectively (ef. Fig.28).

When the rnyosin--phosphate or myosin-PPi aomplex is forrned in

S-la, S-la dissociates from actin, but S--lb is still connected

to actin through its weaker bond. However, this bond between

S-ib and actin is partialZy decomposed at extrernely low con-

centration of actomyosin as shown frorn light-scattering experi-

ments, or by ultracentrifugal separation in the presence of

ATP or PPi. Cornplete dissociation was only observed with

reconstituted actomyosin (32>. This suggests'that the bond

between actin and S-lb in reconstituted actomyosin is weaker
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than that in myosin B. However, at low ionic strength rnyosin

molecuies aggregate to form myosin filaments. Under these

conditions, the bond between S-lb and F-actin might be very

weak because of steric hindrance, and actomyosin dissociates

into F--actin and rnyosin filaments on addition of ATP, as shown

by electron-microscopy (IOg. ttO ).

     Tonomura and his coworkers (14) proposed a molecular

mechanism of muscle contraction on the basis of the reaction

rnechanism of the rnyosin-ATP system, especially transconformation

of myosin frorn the or to the B state induced by decomposition

of the phosphoryl interrnediate and dissociation oE actomyosin

induced by formation of themyosin-phos:,)hate complex.

Assuming that the two head (S--l> portions of the rnyosin rctolecule

have different functions, as discussed in this paper, this

mev""hianism" may be modified as foll•os,•J.cr. (Fig.30). The bina"[Ln(.-r

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

Fig.30

ca2+ from the sarcopiasmic reticuiurn. ' The conformation of

the S-la portion is transformed from the ct to the B state by

direct decomposition of the phosphoryl intermediate, and the

actin filament is shifted past the myosin EiZament. The bond

between S-la and F-actin is broken when a S-la--phosphate complex
     '
is formed by ATP, and then the conforrnation of S-la spontaneously
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returns to the ct-type. Zt is assumed tl at when S-la ta]<es the

or-type shape, the S-lb portion of the rnyosin .rnolecu]e can not

bind to F-actin due to steric hindrance, but that it can bind
                                                      '
when S-la takes the 3-type shape. The mechanisrn Ulustrated

in Fig.30 will be readily understood by comparison with that

given in Fig.24 of the previous paper (l4).
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                           Summary

l Dependence of contractUe ATPase activity on sarcornere

length and calcium ion concentration

  1. Gl ycerol-treated rnuscle tiber bundles were prepared rnainiy

by storage in 50 per cent glycerol at -iOOC for about 3 months.

TheiT ATPase activity was measured in the presence of 50 mM KCIr

2 to 3.35 mb4 MgCi2 and 20 mM 71ris.--maleate buffer at pH 7`O and

250C during an isometric contraction induced by ATP. Pyruvate

kinase was coupled with rnyofibrillar ATPase, and the actlvity

was measured by determining the amount of pyruvate liberated.

The process of liberation of pyruva'Le from tiber, bundles was
                                                      'linear with time in all the measurements.

  2. The relations between the ATPase activity of fiber bundles

of less than 300u in diameter and the concentration of ATP were
inveStigated at sarcomere lengths from O.8 to 5.3u. Zt was

concXuded that the diffusion of ATP and phosphoenol pyruvate was

not the limitting factor in the hydrolysis of ATP, if fiber bundles

                                                                'of less than 300v in diameter were usedt in the presence of at

ieast O.6 rnM ATP and 1.0 mM phosphoenol pyruvate.

  3. The fiber bundles showed the maxirnum activity of XOOu moles

pyruvate per minute per g of protein at sarcomere lengths of 2.0

to 2.5p. As the sarcomere length increased beyond 2.5v, the

activity decreased and reached about 30p moles pyruvate per

                    j '-minute per g of protein at sarcomere lengths of more than 4p.

Many features of this length-ATPase activity relation couXd be

expiained on the basis of the siiding fiZament theory of musc2e

Contraction. L
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    '
    4. Xn the region where the sarcomexe length was less than 2.0

  p , the ATPase activity decreased as the sarcornere length decreas-•
                                                               '  ed, andr at a sarcornere Zength of 1 v, it showed a quarter to a

  third of the maximurn 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 C.a++ concentration of the ATPase of
                                  :
  glycerol-treated musele fiber bundlest which had been stored for

  about 3 months, was investigated at fixed sarcornexe Zengths of

  2.0 to 2.6 v. When Ca++ was .removed by EGTA, tbe activity was

  about 48 u moies pyruvate per minute per g of protein, and in

  the presence of 1 mM CaÅ}+ it was li6 v moies pyruvate per g of

  protein. The concentFation of Ca++ for the half maximum activation

  was about O.04 pM. rn the presence of 1 to 2 mM EGTA, the ,

  activity of fiber bundles stored,for 3 to 13 days was only 17 v

  rnoles pyruvate per minute per g of Protein, and that of those

  stored for about 9 rnonths was i26 p rnoles pyruvate •per minute

 •per g of protein. Thus, Ca++-sensitivity of myofibrillar ATPase

  gFi;\lgl gg!.fignigkigO.".Siy decreased as the period of sto..ge i.

  r:. Subfragrnents, S-Z, of rnyesin,moiecule

    1. The yieid of subfragrnentrl(S-1) from tryptic digests of .

  heavy merornyosin (HMM), which was prepared by tryptic digestion

  of myosip rnolecuie, was 65 g. S-1 decomposed intg smalier

, components at a rate of about 7 g oE totai materiaX ?er day in

  neutral salt sol.ution at OOC. The Ca++-ATPase activity of S-i
,

  decreased in proportion to increase in the amount of smali , .,

  cornponen.ts. rn 4.6-5 M gua'nidine-HCI and in aikaiine <pH XI-ll.5)
                                                             .                                                                  '                                                '
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                                                         '                        '
  solution, S-Z showed a broad sedimentation pattern with S                                                           20,w
  values of the peak of 1.l and 1.5 S, respegtively. The pattern

  of elution from Sephadex G-200 and G-100 showed that S-1 was '

  degradated into small components in 5 M guanidine-HCI or at pH il.

    2. The ratio of the ATpase activities of rnyosin (M.w. 4.8 x lo5),

  Hi!ma (3.4 x lo5) and s-l a.2 x lo5) en a rnozar basis was 1:l:

  O.5. This ratio was independent eÅí the modifiers used. When

  myosin was subjected to carboxamidomethylation under conditions

  where one speciiic cysteine residue was compZetely modified with

  rAAt the Ca++-and Mg++•-ATPase activities of myosin increased

  il.7 and 9.7 fold, respectivelyt buV the EDTA-ATPase activity . .

  decreased by 76 g. HMtgl and S-1 were prepared' from this rnodified
                        .          :  :nyosin.. The extents of activation and inhibition of ATPase

  activities by rM during their production of these frapments

                                                    '  remained alrnost constant.
                                   '                                                  '
    3. The amount of the initial stoichiometric burst of Pi-

  liberation per mole of S-1 was O.55 to O.6 mole, which was half of

  those of myosin and HMM. The rate of initiai rapid Pi-liberation

  was independent of the ATP concentration when the latter was

  lower than O.6 moZe per rnoZe of S-1, but at concentrations above

  this it increased with increase in ATP eeneentration. 'The amount

  of initial rapid Pi-liberation increased lineaxly with the ATP

  concentration until the amount 6f'added ATP reached about O.6

  rnoie per mole of S-1, and at higher ATP cencentrations remained

  constant at this value.
,

        '
, '4., rt was conqXuded that tryptic digestion of one mole of HMM

  produced two rnoles of S-lt one of which had the active sites of
                                                          -t                             -.                                          '                                                    '



- 52 -

ATP hydrolysis both via phosphoryiation and by simple hydrolysis.

The rnolecular mechanism of sO--caZled dissociation of actomyosin

by ATP was discussed, censidering different functions of these
                                                       'two S-1 portions in the myosin molecule. The molecular rnechanism
                                                             '            'of muscie contraction proposed previously by Tonomura and his

coworkers was rnodified in consideration of the different func-
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ATPase

       '  .     '

activity
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           Table X

of gZycerol-treated

 S7 -

muscle Åíiber bundles stored.in 50 "

1 cerol at a- 100C Åíor a. short eriod in the resence oÅí 1.0 rnlYi EGTA.

     2.35

Mgcx2, 2o

nh

nh

ATP, 1.Q m)C

Tris-rnaieate

PEP, 19 pg

buÅífer, pH

pyruvate kinaselml,

 7.0, 25oC. .

50 rnM KCI, 3.35 nh

-

PeriodoÅístorage ATPaseactivity Sareomere
,

(days) (2;molespymzvatel length.
.

min/goÅíprotein) (p)

.

3 17.4 2.33Å}O.07

4. 9.1,22 2.2i

6 i3 2.51

8 22.6,14e3",19e7"" 2.08

13 15.7 2.03

*

**

1.5

2eO

  ,

mM EGTA.

rn)(i EGfZAg

t'
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flhe dependence on da"+

      niable Xr

concentration of the ATPase activity of payosin B

extracted fvom glycerol-treated rnuscZe Åíiber bundZes and from Åíresh nsoas.

muscle.

ATPaseactivity

Coneentvazaonof Sree
(2rmOZespyruvate/nin/g otmyosin B>

da++ andEGTA EbctvactedSrom Extracted trom•

giyceroletueatedmgscie Åíresh psoas muscle
ÅíiberbundZes

'

1mia Ca++ . 250,170* 25er

o.05 mN.da++ '310 -
.

No addedca++ 255 180*

o.os };Mda++ 92 ke
1rnM EGTA 92,107* 22"

.

     * MYosin B mas

and the others were

rcP, 501ig pyruvate

Ttis-,maXeate buÅífer,

        t'

 putSied by two diXutionnprecipitation treatuents

purified once by this rnethod. O.09Ze n)C ATP, 1.0 nut

ki.nase/mL252 a- 5ip mb6 KCZ, 3.35 rnM MgC12, 20 mM

 pH 7.0,- 25 oC. •
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                               '
                              TabLe =Z

EÅíÅíect of carbo)ganidomet' lation on ATPase activities oÅí , si mmfad S-.1

                                                            '
    ATPase activity was measured im 1 nh ATP, 1.0 M XCi and O.05 M.fDris"

rnaZeate at pH 7.0 and 250C. A eorreetion was made Åíor the presence oÅí inactive

srnaU camponents in S-t <8% in this ease).' Molee.uXar weight :myosin, 4.8X '

io5; Hmx, 3.ipÅ~io5; s",1.2xlo5. , , '
                                                              '

v(molePi/rnin/moie)

Protein

i

Modifiers
**

CON
**

CM
cu/CON ZAA.bbund

(mole/mol'e)

Ca2+ 90.7
1,o6o

".7
'2.9

,M}Tesim`

2+dg 1.2 ".5 9.7

EDTA 725 173 e.24

da2+ 80.2 915 11.4-mm
Mg2+ 1.1 11.5 10 2.3

EDTA 749 th1 O"9

43.6 383 8.8

Sel

'

tf+ Oe58 5.3 9.0 Oe76

EDrA Z"55 8L-;2 O.t8

 *

**

7 inM

CON

caCle, 20 znM dgC12 or 3 rdY[ EDM

: centrol protbin, cu g protein atter oarboxamidonethYiation
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1

The number
  'liK2r

•ofVsubstrate
  'andagubstra

Table rv
1

tg:tgns!I!,ggygsl..!2gBusl.-!!g..IExsLfiN!N.gR9-!i!iE..f}!!liys-.!lveeal bdtomosznanditsactive fragments
r.. jnv

Author
BoundArnount*(mele/nzole) ''" Methed** ConclitionY

------

TonomuraandiNlerita(80)(1959) 'le9"2e5PPito'.r•lyro$in Eq.9ial.
-+

rL"-r.gbi-y'-'-M-''hi•(s2)"gs9'5-'-' ''-'+ d";mg" ;iLde ;i-i-fu"I6'-rii316g'i-i' t-J.ttEq.Mal..
o.6MKci,lmMilg'i-iiMtit-.'-o';H'-2'-6c

".=-...--..et...-...
tsrambgaandl:/<}mmAerts<1960)

(88)

iS-----w.tv.ev'pt'.."-.' =:='t.'T--.'7'.'

***1.tATPteM3rosin---J -ptt.--LuciÅíerase.-

Luciferin

O.36MNa2S%1;o.osMNa}vNsozi,,'"-ew'-'-t'""i-'t•---•--•--•

26mMMg++,pW.O-7.5,25eC-whetsw."tL-.-+4
ptart6li'6rsM{kVh-h'ntd'1•;;'5- :' ye'H' iC83>(i96L}) =" i:ztr"w"'rmpMtoiliK;J.in -Ekl.Mal.- O.6MKCI,lmM)(g++,pH7e6,tt.C--''
seiEiTY5''5fia-''i',6hdniilFa7('Ssli5'(ig66) "- O.98ATPtoMtitnj"".

Oe98ADPtoHMM
.D;•".9?•

vt .O.5"Oe6MKCI,le2mMMg++,pR7.5,24eC--la-ww---ti

7-tt-.t--M...-,,..-.+-....,.v-+.,.---vPV--.-tnt,",-, ibv.t--.-...4.;t..ta.v.--.---.- e"-V--d"---.,, .-tH-vuimamura et a2.(tl)

Morita(85)

<1966)

(1967)

Mo ung ( 8te )

1.2

O.90
-(-/11ig-

ATP
ATP
ADP
ADP
ADP

to MYosin*"*

(1967)

to Hmu •

to kyosin

to H"fM

to S"1'
 -.--tw-ua

Kimetics

mÅí. sp.

   e.sM xcl,
•••t  ••- ,' ;o""i'sig'"'''illc'ii;

i- op .,.-';,-v

 Eq. Malye
 tutrec.
-"LJ-" -L-.,t

5rnly[ )Eg++, pH7.0, 2SeC

 8. 3mM dg++, pH8 eO , 25 "C.-v.-- -. -fi . . -.
t. -)--.s-----

O.05 or O.5MXCI, 1rnM

vlglptp.I.\.gNn.9.-l"`ar`u-e-nwosl(e.1)Sig6e.)--

SchliseiÅíeid and
    B'lir"Sny

lvfori `ta ( 86 )

(89)(1 968)

   (1969)

1.4 pn to )lyosin Ekli Dialy. O.6M KCI, 10in)1 dg++,
   -il-.VVL-"S

tm"f )ig++,

 2,ig++, pH7.6, Zi•oc

  pt -.tu-lt,-t. ".- ..-.,.-.- ---St .t- . .t.t.. -- i

pH8.0, 3 er 25oC
(nyl- /3 in'' fts;

 2.0 ADP

Nauss et al.(62..) (l969)

to btyesin

to HMM

.. .O- tes. "v

be1 sut. 1 .5 m' N}iCl, pMelt, 2soc

te Mpt Gel,. Filt.
deweo8-o.72-l'gHVi(itiil, VV-'pa S.-Tl-. +

10rnM )ig++,

pm-----ua.
pH8, 25 oC

("-,i'..1':7s-.H....---11t"

  ' i .3vl o6.ADP

bo )tyOsin -'""--

to mx Ieq.
bo S..1

to blyosin Igcl.

Maly. O.5M KCI, 1tnM Mg++, pH7.5, 3oc

lpwey and Luck(90) (1969)

 lt  * l{olecuLar weight: 'M'Y-"o-sin7 ip.8 X 1di

  ** Eqe Dialyo. equilibrium diaiysis;
• ultracentriÅíugal transport,
  *** coupled with pyruvate 1ctnase

 **** eoupled with croatthe kinase

Maly. O.5M KCI, 1mhf dg++, PH7e7,

; HMbt,3.+ 4' k 2o5; s-1

Di.f. Spes difÅíevenee

  l.2 xiG5.
7

spectrum; GeZ Filte7 gel Åíi Ltretion; vatmad.•
7
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Table V

Amountof initial burst of P''-'liberat'i'on' 'fr'om M Os'i'n'--', 'HISC[bC[-- ,

gngd-"g:s:A-t.EzE3!gE!sS1ATP t

Concentration Axnount

Pi/mo1e

llof

of protein)

,initial-burst"(mole

F,

.

Myosin HMM S-1

Stoichiornetric-

burst
above

•1rnbC
(1.1-

-.1.2)**

1.1 O.55-O. 60
ttttr

Extra--burst 110vM

13*** 11*** 6***
.

x.

.

*

**

***

O.50 M KCXt 20 mb Mris-•maleate, pH 7.0, 250C
Moiecular we' ights : Myosin, 4.s x lo5 ; HMM , 3.4 x io5;

          '             5S-i, 1.2 x 10              -e
Average of rnany vaiues measured in our iaboratory (12, Z4,

Z5, 93)

values measured by Kinoshita et aX. (12)
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                           Legends Åíor Figures

     Fig. 1. Apl)aratus for measuTbemont oÅí ATPase activi"vy oÅí Åíiber bundles
     .                    '                                                          'at a Åíixed sare on. iere length .

    '
     The two ends oÅí a Åíiber biindZe, were each pLaeed between a pair eÅí

acryiic pZastic frarne whth stainiess steel sCrews. The frame can be easily

                                                '                                             'taken out Åírom, or put fi.nto reaction rnixture. - .
                   ZnitiaUy, the velurne oÅí the reaetion rnixture was either

3LI or LeO ul. A magnetic stirrer was put into the reactien batll. The ''

                           h'temperature was maintained at 25eC by rurinfi.rig water, adjusted at 25eC, around

              '
     Fig. 2. Distribution of sarcomere Xengths in isolated glyeeroZ-treated

muscle Åíiber bund].g, which had been Åíorcibly extended. .

     ahe abseissa shows the distance Åírom one end of the muscle fiber bundLe
                                                                             '
which was fLxed to an acrylic plastic Åíramee Circles are maean vaiues of sarcomere
               /-
Zength, measured by the method described ir: the text. 50 mM KCi, 2.0 rulY[ MgCZ2,

20 mhf Triswmaleate bx eter, pH 7.0, room tenpersture.

                                '                .
    '                                                    '     '
     Mg. 3. Ettect of psnmivete kinase on ATPase activity of H-meromyosim.

     O.5 M KCi, 2 mM MgC12, 20 m)E lrris-HCI (pH 7.5), 250C.

    'Xe O.2 mg auml, o.1 m)E ATP, O.L- rn]y[ PEP, 40 pg pyrixvate kinase/ml.

       ' The amount et pyruvate liberated was measured as described in the ,

            text.
                         t     "e- 1 mg auul,1 rnM ATPe Pi liberation was determined by the Martdn-

            Doty method. - •

   IFtig. 2-. ' Detemimation ot amount ot protein in Åíiber bundles from the

   optical density at 280 mp. . - •
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       the opticaZ density at 280 mp was measixeed aÅíter dissolving hornogenized

  fiber bundLes whth 3 rnL eÅí 1 N NaOH Åíor 2ZV hours ( •-- O -• ), Åíor 3 weeks '

 •( .-v X--w ) at room temperature and Åíor 2 hours at 1000C ( •-@,-- ) in a

  sealed test tube. ]?roLein concentration was calcuLated by mu].tipZying the

  ameunt oe nitrogen by a factor ot 6.

      IMg. 5. DependenÅëe of liberation ef pyruvate Åírorn museie fiber.pyruvate

                                                                         '  kinase system on concentration oÅí REP.

      Tvifo tiber bundles (O.ZK)5 mg protein, 2.57 B in sareomere length, about

  310 }z in diameter>, O.6 rnM ATP, 8.l- yg pyTnrvate kinase/rnL, 50 rnlYt KCI, 2 rti)E

L MgCi2 and 20 m)C Trds-ma1eate buÅíÅíer at pH 7.0 and 25eC. .

  ---O -- , •--tw -- liberetion frcmi the whoZe systen. ---Å~--' ttberation

 fram ends ot Åíiber bundLes which were heid between plastic pZates, i.e., the

 control system (see text Åíor details).

 Concentration ot IruZP;

                                   '            t    pt 3.0, -O-- O.5, t--•Å~---, 1in]y[.
                                           '                                                  '

      Eig. 6e Dependence oe mypfibriLLar ATPase at a sarcomere Xengeh oÅí 2.20

 p on concentration oÅí ATP.

   . 'Qne tiber bundl.e (O.170 mg protein, 2.20 }x iri sarcomere length, about

 290 }i iri diameter), 1.0 mM }EP, 65 }ig pyruvate kir:ase/rnL, 50 m)C KCI and 20

                                                               ' m)C tl eis-maleate buÅíter at pH 7.0 and 25eC.

   --D-- , --cS-- liberation Åíroni the whole,systern.

  ...A... , --A--' liberation fton ends oÅí5 tibev bundles which were

                      heZd between two pZastic plates (see text Åíor details).

                                                   '                                                                       i Coneentrations ot AT? and dgC12; ' , '
                                                                        '  -o. - , .--4.-- 5.0 mhC AM?, 6.o mic Mgc12.
                                                '         '   a , -.-A.-- 2.35 MM ATP, 3.35 rnly[ )tigC12.,
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 B on lllt.i'en7t'ratD2gfingenjjlrlllÅílaeielOl[itllbaril;i.}aV A"iPase at a sarcomere iength oÅí o.7s

      Two tiber bundLes (O.2ly9 mg proteÅ}n, O.78 p in sareomere le'ngth, about '

 3iO )z ir; diameter), O.6 rnM ATP, 1.0 rniM[ PEP, 50 mM KCX, 2 mh1 MgC12 and 20 nia

 Tris.-maleate buÅíter at pH 7.0 and 25eC. The pyruvate liberated was measured

 aÅíter shortening Siber bundLes trom 31.5 rrm iin musele length (2.33 y in '

 sarcomere length) to 11 rm by adding ATP. ' '
                                                        '   --C>- , •-C)-- 1LbevationÅí?crm the whole system. ' ''
                                                                   '   s-'X"'- Libevation tram the centrol systam(see text tor details). , ' ' '
                                                                      IL
Concentpation of pyaruvate,kixlase; ,                                                        '

  r"CF- 25, "-"Cg9- 250, "'Å~- 25 }ig/rnl.' ,, .
                                                                 '
  .

     Fig. 8. ATPase activities at tuee difÅíerent sarcarnere kngths.

     The ATPase activLty ot tiber bundles oÅí iess than 300 lx in dianeter was

measured in a soiution contaimg O.6 mM ATP, 1.0 mM, IEP, 50 rnM KCZ, 20 mM

MgC]2 and 20 m)f lh?is..rnaZeate bueter at pH 7.0 and 25eC. O 7 zaberation

Åíron the whoZe sysbeme X, Liberation f?orn the eontrol system. (A> 1goro

tiber bundles (O.732 mg proteir:, 3.4e B iri sarcemere length), 10 Bg -

pyruvate kinaselml.. (B) Ctne Siber bundLe (O.195 rng protein, 2,5 p in

sarcomere length), 21 pg pymuvate ki::ase/rnL. Pyruvate M.berated mas measured

attar shortening the fiber bundle Sram 39 to 29 rmi in muscle length by addimg

ArP. (C)'  Three fiber bundLes (O.312 mg protein, 1.0 jz in saro(miere iength),

33 pg py2rtrvate kinase/ul. Pyruvate liberated mas measured atter shortening

the tiber bundLes tron 35 to 15 rm in muscle Zength.

     IMg. 9. Dependence oÅí rnyefibiriXLar A'TPase activity on sarcomere length.

     O.6 •--.2.35 niM ATP, 1.0 mM PEP, 8.Ze --' 73 pg pyruvate kinase/mZe 50 m"f

ICCI, 2eO •--3.35 nnt )CgC12 and 20 mbf T2rise-maieate buÅíter at pH 7.0 and 2soC.

See text Åíor attplapttion ot open circles, closed cireles and broken Line.
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                                                                    '
       ,.., ]Mg. 10. Deerease in ATRase activity ntth decreasing iength oÅí fiber

      bund Le.

           lhe tirne.pcourse of pyxbuvate-)].iberation was obtained by subtractu)g

      Che pyruvatG liberaCion by the eontroZ system Åírom that by the wheZe system.

 ` ]F5Lve fiber bundles (O.825 mg protein), 2.91.•ro. .07 B in sarcomere Zength, 17IÅ}

      13 }x in cliameter. 1.0 rmbe EGTA, 2.35 m)( ATP, 1.0 mM PEP, 116 pg pyruvate

      kinaselul, 50 mM KCI, 3.35 mM MgC12 and 20 inlx[ 1eis.maZeate bzzÅíter at pH 7.0

      and 250C. She tirst arrow iiicli.ea'tes the addition of 2.0 xnbf ca-, and the '

      :eenCgO';hd waarrsO:gol2eor;tptianngdOpÅíHÅí6ib.;i bUridLeS' At the tznaz stfge the sarcomefe

                                                                             '                                     tt                                                                      .     2.2s iiiMogA llSeallldCrAeaT aesiYla:illallliibriLLar ATPase at a sarc(msere iength of

          Ctne tiber bundLe (stored in 50 S gZyeerol at - 10oC Åíor about 3 menths,

     O.209 mg protein, 2.28 F in sareomere length, abeut 260 li im diameter>, 2.35

     inlSE ATP, 1.0 mhC PEP, SO rn)f Kdl, 3.35 mM igC12 and 2e m)! tris..maZeate buÅíÅíer

                                                               tt                                                                 '     at pH 7eO and 250Ce
                                                              '              ,                                                                             .
        .         '

                           Coneentration Concenta7ation ot - ',sy.b,i iigigig{l'li'6.XE of},Mca/"" .pymxv?fe./.k:inL>ase ' $)•,t.,,

     '                            '
-'

6-"----i'-'""--'---:'-'T-"'-'----'i 'i'lbb''6 - . -s-, --"---""-"l-'vL'--'-'--------•--L•-

   Spa' '''' ,i"" ,,,6g`.4 ,. Ig8.' /i/,YhOie,SIitgm

   Sil 'i i ; 'i'OOoO.i" '' .,' S3g8 ' `',lj con'troi system

            ., ,- .tw bu 2ts ----.--..--t.-.-.t.-..pasi-.V.t
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                                                                      '
       IMg. 12. [ncrease in ATPase ofLÅíiber bundLes at 2.58 F in sarcomere.

  iength with increasing Ca++ concentratioR. . ' ' '
  '
       ileeo fiber bundLes (stored in 50 % glycerol at .. 10eC Åíor about 3 months,

                                                                '  O.388 mg pretein, 2.58 p iri sareonere length, 270 }i im cliameter), 2.35 rnM

  ATP, t.O mM PEP, 50 mM KCI, 3.35 mbi MgC12 and 20 mM Tr,is-maieate buSÅíer

  at pH 7.0 and 25eC.

    --"O" , e Ziberation from the whoZe system. ,
           .
   ---A--- , --As-• ttberation Åírom the eont"ol .system (see te)ct tor details).

                  - .Concentrations of ca++ and pyruvate kinase; '

    .-O- ,--A--1.0 wh ca"', 58 pa pyruvate kinaselul.

. •-<Eg3N-- ,--;tSlbr-- O.Ol liM tree Ca++, 19 pg pymmrate kinase/ul.. .

       Eig. 13. EfÅíect ot storage ot muscle tibers in 50Sa gl,ycerol on ArPase

                                                                '                                                             '  activity iri the presence ot a high concentration ot EGTA. '

   ' 2.35 mM ATP, 1.0 mba IZEP, 19 2ig pyruvate kinaselml, 50 rnM XCi, 3e35 rnM

  MgCi2 and 20 rn)C ahpis-maZeate buÅíÅíer at pH 7.0 and 25oC. '•-
                                                            '    'O" zaberation :hparn the whole system.

   -'X)' Laberation troui the control systern (see text Åíor detaiLs).

                                              '    (A) a?wo fiber bouncn.es which had been stored in 50% glyeerol at - 100C

  , for 13 days (O.277 mg psotein, 2.03 p ir; sarcomere iength, 2po p -'

        in diameter), 1.0 m)f EGTA.

                                                   '                             .    (B) Two tiber bundLes which had been stored Åíor about 3 montn's (O.255

        mg proteim, 2.07 p in sarcomere length, 260 B in cliameter), 2.0 mM

      ']iig. IZ". Dependence ot ArPase oÅí fiber bund:.e at vesting Zength on

                                                    '

  , Glycerol"treeLted muscle tiber bundles oÅí less than 300 lx in diameter

 were used aStetp stomage in SOS giyeeyoZ at -10Pe Sor about 3 months.
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     '
  rn ali thutza rrseasureraenLs except two, the sarcomere iength was Åíixed betvreen

  2.oo and 2.65 F. ` i' '
  , • 'rhe !xTPase activity was pletted against coneentrati.on ozh i;•"e,e Ca+'V,

  taking Che mean vaiue oÅí the aetivity in the presence oÅí l rmM Ca++ as IOO.

• 2.35 rriBf ATP, 1"O mM PEP, t9-,58 Tig pyruvate kinase/m]., 50 ruM iCCI, 3.3S rnM

  MgC12 and 20 nk Tris"maleate buÅíÅíer at pH 7.0 and 25eC.

                                                      '                                                '

       Fig. 15. [nhibition oÅí myosin B"ATPase by the additien oÅí EGTA.

       17.7 }ig/rnL oÅí myosin B extracted Åírom Åívesh pseas muscle, O.09i} rnM•

  ATP, 1.0 rnM PEP, 58 pg pymvate kinase/rnL, 5Le mM KCI, 3.35 rnM YgC12 and .

  20 rnM Cit7is,-maleate bufÅíer at pH 7.0 and 25eC.. ,. .

    -Å~`'- 1.0 rnM EGTA. .
                                                        '                     '    .&- , .@ No EGTA added.
                                                                 '  ,-O- t9 pg F.aetiri/mL, no EGTA. 's
                                                         '

       ng. 16. Chromatography of tryptic digest oÅí au on Sephadex G-200.

       HMM (1lp mg/ml) in O.05 M KCZ and O.S M TrisnHCI was digested ntth

  tpypsin (weight ratio of HMM to trypsim, 28 :S) Åíor 13 rnin at pH 7.6 and

  25.6oC. the (ligestion rni)cture (20 rnL) was applied to a colum (5.8 X 43 cm)
                              ,
  ot Sephadax G-200 eguiMbrated wtth O.05 M KCI and O.1 M tris"HCZ at pH 7.6

  and 4oC. the colum was eZuted ntth•the sarne solvent at a Åílow rate oÅí 12

 ul per hr, and Ze.O rnL tractions were coLZected. ATPase activities were

 measured in 1 nh ATP, 9 wh CaC12, O.il5 M KCI and 45 miY[ ffh?is-rnaleate at pH

 6.tV and 2SoC. --(>- , E27g my ;.--ests .. , Ca""-AaPase activity (mM

                  '                                                                    ' Pi/mb:/mL ot frection). '
                                       '                                                                   tt-

      iMg. t7. Rechromatognaphy of Se-l on Sephadex G"200.

      S-1 <14 mglrnl, 15 rnL) uas applied to a coiunn (3.6,X 92 cm> oÅí

 Sephadex Gm200 equilibrated ntth O.05 M KCi, O•e5 M his-HCI and O.5 rnM

 EDTA at pH 7.6 and 40C. the colum bras eluted whth the same solvent at
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    '                '      ,
   a Åílow rate oÅí 15 ml per hr, and te.O rn]. fraetions were co] Leeted. ATPase

   activities were measux'ed j.n 1 mb: ATP, 10 mM CaCZ2, O.50 M KCZ and 50 rnM

. thris-maXeaLe at pH 6.ZS and 25eC. ,--(>-- ,E2so m}i; ---@---,Ca"".

   ATPase activity (1 in El27om}i n2.9 im mM Pi/Å}im/mL oÅí.Åíraction); ..-><..,." ,

   i:./emmelf)g)ietivLty of Ca""--ATI?ase (1 in E72o m}i/E2so mp x 2,tOO xri }i rnoies,

                                                                       '   ' 'iMg. 18. ULtracentriÅíngal patterns showing :'mcrease in amount ot

   slower cQmponents oÅí S-1 pveparation on storage in O.20 M KCI solution.

       S-1 (14.2 mg/ul) was stored in O.20 M KCZ, O.b5 M Tris-HCI and 1 mM

   EDTA at pH 7.6 and OoC.

   • (A):4 days aSter rechromatography. 56,100 rprn, bar angZe 70e,'

   4.2oC,. 77 rnir: aÅíter reaching Åíul.L speed, al,utniun dbuble sector 'cell.

   (B) stO days atter rechromatoguaphy. 42,OZiO rlmi, 65o, ZF.Z-eC, 90 rnin, fiLXed

   epon symthetic boundary cen. •

                                                                     '        '           '                                   .                                               .-       isug. t9. Deguadatien and decrease in ATPase activity oÅí Sel on

   storage in O.05 - O.20 M KCI solution irx the p2pesence and absenee ot

       ATPase aetivities ( O , Å~ )were measured int mM ATP, 7niM CaC12,

   l.O M KCZ and O.05 M Tris..rnaleate at pH 7.0 and 25eC.
                                                                     '
   Degradations oÅí Se.1 were estimated trom the uLtraeentritugal pattern

   shoDm im Ng. 3( e ) or elution pattern on eolum ehromatography

   (2.8xl8 en) on Sephadex G"200 ( e ).. <igIxclitions of storage: es ,

   iZ".2 mg/rnZ S"1, O.20 M KCI, O.05 M tl r}is-.HCI, 1 mM EDfCA, pH 7.6J OOC;
 '
 r-tw ', t2 mg/ni. Sel, O.07 M sucrosg,, O.05 M KCI, .O.05 M Ttvis"HCI, O.5 rnbE

  EDTA, pH 7.6, OoC; "e', 9.9 mglmZ Se.1, O.20 M ICCi, O.05 M TriseHCi, 1 niC

                                  t-  EDTA, pH 7.6, OoC. Tlie arrow indicates the time of addition oÅí O.05 M

  sucrose to the storageesolution 3 days after reehromatography; .•-X.e. ,

  lyephilized in ee06 M sucrcse a Åíew days aÅíter rechrornatography.
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     Fig. 20. Degradation of S"1 in guanidine-HCZ.

     S-1 was incubaLed in LF.6 IG guanidineeHCL, 1.9 mrG EDTA, O.03 M KCI,

O.OL"3 M sucrose and O.03 M Tris"HCI (pH 7.6) at LFoC Åíor one nionth. The •

SOXution (E2so mB "5.24, 3.0 nzL) was appiied to a eoZum (3.7 Å~ 31 cnz) oÅí

Sephadex Gv-200 equtlibrated whth 5 M guanidine-HCi and 2 nh EDTA at room

temperature. The coium was eiuted whth the same solvent at a tZow rate oÅí
  vvL{l

11!Nper hr. BZue dextran and eytoch27ome e <about 2 rnL, each) in 5 M guanicline-

HCI and 2 mbf EonA were applied separateiy to the same colum, and were

ÅíoLLowed by measutng Elese mp and Es3o mp, respectively. F)ractions of 3i5 '

rnL were coZlected. -<>- , E2so mp oÅí S.t;-.-Gg)..•-, Es3o mF oÅí eytOChrOMe '

C; -'-X-e'. E2somp oÅí blue daxt ran. The inserted tigure is the sedimentation

pattern ot S•.1 (9.3LV ul/rnl) in 5.M guanidne--HCI, 7.2 ml![ EDTA, O.i3 M KCI

            '                                                                             '                                                                            'and O.033 M lhris-HCI (pH 7.6), taken 203 rnin atter reachir}g the tuLl speed

ot ZV2,OLiO rrmi, at 20oC and a bar angle of 55o. A synthetie boundary ce]L
                        .

was' used. ,
                                                                      '

     Fig. 21. Chromatography oÅí S-1 on Sephadeoc G-100 in aZkali. ' ', T'-'

     17wo hours atter adjusti.ng the pH to 11.S ntth triethylamine, an

aLkaline solution oÅí Se•t (E2so mF = 7.24, O.05 M KCI, 5 rnlYE Tris-HCI,

O.035 M Tbiethyiatme, 5.7 taL) was applied to a colum (2.7Å~ 87 crn) oÅí

Sephadex Ge.100 equilibrated ntth O.05 M KCI and O.025 M triethylamine -C02

buÅíter at pH 11 and room ternperature. The colum was eluted wi.th the same

soZ"ent at a tlow rate of 17 ml per hr. Cytochrome c, in the same solvent,.

was applied to the same colum, and was teZiowed by measuring Es3o m]i. .'

                                                                             .IPradcaens pt 3.7 ml were coLLected. •"--(> , lll2so mp oÅí Se}1; •--(Zi>-•- , .

        .Es3o mF of cyLochrorne e. , ,
                                                   '                                                 ,                                                                     '       '                            .
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                                                     '
      Fig. 22. Elution profiLe eÅí racMoaetivity and E2so mv on gei

 Åíutration oÅí a tryptic digest of IZ}C"carbo:ganidomethyZ HbfMe

      a4c.,yLA-•mptyf (lg.1 mg/mL, 2.3 moles EAA bound/mole), prepared from

 14c.,zAA-myesin (2.g moles ZAA bound/moie), mas diges"ved whth ,trypsin (

 weight ratio of HMM to tx ypsiin, 25 :1) in O.05 M KZ1 and O.05 M CDris"HCI

                                                                     ' at pH 7.6 and 25oC Sor 18niA. • , •'
      The reaetion was stopped by addition of trypsin imhibitor(in 2 Åíold

 excess over trypsin on a weight ratio>, and the digestion rnixture <34 rnl)

was app2ied tc a eoium <6.0 Å~ 69 em) of Sephadex G"e200, equt Librated with

 O.05 M KCi, O.e5 MaviseHCi and O.5 mM EDIVL at pH 7.6 and ipOC. The colum

                                                                            '
was eXuted with the same soZvent at a tZow rate ot abeut 20 rnZ per hr. ]Fbeagtions

ot 3.95 ml were coliected. those indicated by the symbel, asv---) twere '

coLLected as ftactions of S"1. tlhe radioaetivity oÅí 5,O }z]. oÅí each fraction-

                                                    'sias measured. 'O' , E2so mp; 4- e--, Radioactivity (cpm)e

     Ei.g. 23. Time-courses oÅí ZiUL"binding to S-1 and cbenges in da++nand

EDTA,-ATPase activities oÅí S-1. ' .
                                                                  '
     Sol (7.03 nglmL) in Oe50 M KCI and O.1 M inseHCi at pH 8.5 and OoC

was subjected to carba;carnidamethyiation whth [AA-1-14c (20 feld excess over

                       '   '
S-1 on a moLar basis) iri the presence ( O , ttS!s ) or absenee ( O , A ,

 M > oe O.1 M sucrose. At appropriate times after the start ot the xeaction,"

Sel mas isolated trom the reaction mixture as described im the `'1ua?ER[MENmavs.

rts Cla++" and EDDtLekATPase activities were measured in 1 m3Y[ ATP, 1.0 M KCX

and O.05 M ltis"maleate at pH 7.0 and 250C in the presence oÅí 7 mbf CaCl.2

                                                                       '                                'and 3 m]X[ EDTA, respectiveZy. The radioactivity oÅí S-1 was alse measured. r
                                                                         '
the raties ot Ca--, and EDTA-ArPase activities at vataous times bo Ca++-

ATPaFe aetivity oS S-1 befare addition ot ua are plotted a$ relative values.
                                          t
        ' .-Obt , e , Ca++"ATPase activity; -, EDrA.qATPase activity;

 "Z>r , di , ZAA bound tio S-1 (moZe/mole ot S.-1).

                                  '    ,             '                '
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                                             ,

                                                                    '                                                    '
      F':•g. 2tse [nitiai stoiehiometntc bu2rst oÅí Pi.-iiberation iA'wom the

  H)G)4-, and S"1"ATP systems.

      ATPase activity was measured in O.25 mb! ATP, O.60 M KCX and 20 mi1

 Ceris-ma2eate at pH 7.0 and 250C.
                                                                  '                                                                  '      (A) 5.0 mg/rniL HMM, 2.0 m)C MgCl2. (B) 1.35 mg/ul S-1, 1.0 rnM MgCZ2.

                          'Y- '-      Fig. 25. TiJne"couteses of initial rapid Pi"liberation aÅíter mixing

                                                                      ' S"1 wht'2i various eencent]?ations oÅí ATP. '
      1 mglml Sel, 2.8 M KCI, 10 mh1 bCgC12, 20 mlY[ CVris"HCi, pH 7.5, OeC.

                                             ' Concentrations otATP: " ,2; tw ,5; --l>r ,SO; •--< >--
                              '

                                       '
 '
    '                              '      Fig. 26e Dependence oÅí the amount and Zt/2 vaZue oÅí the imitial

'Pi-liberation bn ATP concentration.

      Experirnenta1 conditiens were as described for Fig. '25.

                                                                   ' Mxe values oÅí Sel ( A , k ) were plotted adopti.ng tntce ef molecuLar
                 '                                                                      '
 weight as one unit. e, .z{>r , amount ot P"liberation; -C>- ,
                                    tttt   -As- , time, Tv2, requlaped tor mitial pie-liberation to reaeh haif

 the maximum value ot myesin and S-l, respectiveZy. flhe vaZues tor myosin

 ( O , es )were taken Åíron resuLts repo2rted by dnishi qt, gle ( 65 ).

      Fig. 27. 'rension developrnent and ATPase aetivity oS muscle tiber

                        ' Å}n isometric cantuaction as tunctiens oÅí sarcamere Zength.
                                                      '                                                     '    "k' , ATPase activ i.ty ot rebbfi.t muscXs Åíiber bund Le by us.

   •-- ---- , tension developaent ot single t)?og muscle Åíiber by Ramsey and

 St Deet ( ro ).

                                     '
"--'-'" , tension develolmient oÅí single frog muscle Åíiber by Gondon et ai.

          .
                                               '                                                                      '                     '                       P "t -.. ,s ... . ,. .i .t -4. .- . ,, ..". /,- 't ' d t. ,lt- .t.-
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     '-vL
   ' The amountÅëÅí overZap between aetiri ÅíUaments and f`bridges" along the

myosin fiLaments was iLiustrated at various sarcomere lengths on the basis

oÅí the strueture oÅí double array oÅí Åíiiaments and the siiding ti.Lament

theory oÅí rauscLe contraction. lhe va Lue$ oe T.6 }i, t.O }i and O.2 p were

adopted as the Zengths of myosir; tiXament , actin Åíilament and bare.regioq

along myosin Åíi.Lament , vespectively ( 29,110 >. .

                                                                  '                                                                '   '
  '' FtLg.28,Sclfihatic representaion oÅí the myosin moZecuLe ntth two nenZYaentical

                                                                             '                                          tt

    Ctne (S"ta) of the twe S-1 portions which were reieaaed by tryptic

digestion oÅí one moiecuXe oÅí HMI![ have the active sites oS ATP hydrelysis

both via phosphorylation and by simpLe hydrolysis. The other portion

(S-lb) have not the sites oÅí ATP hyclrolysis. However, an the S" subÅíragrnents

can conbine ntth actin. ReÅíerenees to these moleeular weights and dmensÅ}ons
                                                                             .
can be Åíound in refo 27, 32wL-O, 42, 60 and 98. '•
                                                                           '                                                          '         '                                                                          '
                                          '                                                                         '                                                 ,                                                   '
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- . Fig. 29. Schematie representatien oÅí the dfi.ssoeiation oÅí actomyosin

imduced by ATP and PPi at high ionie strengthe

     S"La and S.lb i.ndicate the Sel pertions at the head oÅí the myosin

molecuLe ntth and stthout aczave sites oÅí ATPase, respectiveiy. "'P(PPi)

represents the myosin"phesphate (or pyrophesphate) compiex. tZhis figure

pSh..OWti.On.iYF.trhetll'l:h'g.tiaatsiiil.2'.tt.i.ag;.OmYt"di:1/s'SL:'g:•e'itsF'-"ctin(F-A)andaror

     F:Lg. 30" MolecuLar mechanism oS musele contractien based on cli.Åíterent .

tunctions oÅí Lhe two S-lo

     this Åíigurre show's the part os the muscxe where the essential reactions

ot muscle contpaction occur, i.ee the projeetion ot the ntyosin Åíilanent

(HM"!) and the actir} ÅíiLament (F-A). "v? and "'P indicate phosphoryl rnyosim

and rnyosin-phosphfiLte compZex, respectiveiy. For Åíurther expZanation see text

                                                                            'and conipare this Sigure with Mg. 24A of the previous paper ( 14 >.
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