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INTRODUCTION 

Many vital phenomena are based on the energy-transduction. The 

motile system is one of the energy-transducing systems, and widely 

spread over the living organisms, such as muscle, cytoplasm, and 

cilia. Muscle is an efficient energy-transducing system with 

highly organized structure. Engelhardt and Ljubimowa (1), ln 1939, 

revealed that myosin possesses an adenosine triphosphatase (ATPase) 

[EC 3.6.1.3] activity. Furthermore, Szent-Gyorgyi (2) found that 

the myosin ATPase reaction is activated by F-actin, a polymer of 

G-actin (actin monomer), at low ionic strength, and that the acto-

myosin ATPase reaction is accompanied with '.'superprecipi tation", 

one of the model of muscle contractiortirt vitro. It was thus in-

dicated that myosin and F-actin play a dominant role in muscle 

contraction. A.F.Huxley and Niedergerke (3) and H.E.Hux1ey et al. 

(4,5) showed that there are thin and thick filaments in sarcomere, 

the minimum contractile unit of muscle (Fig. 1). Thick filaments 

are mainly an assembly of myosin molecules, and thin filaments are 

mainly a polymer of G-actin (Fig. 2). 
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Fig. 1. Schematic representation of a 

sarcomere in resting CA) and shortening 

CB) state. Z-lines bound the sarcomeres. 

Thick filaments have no projections in 

H-zone. In CB), thin and thick fila­

ments are linked with cross-bridges • 
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Fig. 2. Models of thick CA) and thin CB) filaments. Myosin 

molecules assemble at light meromyosin CLMM) portion (cf. Fig. 3). 

Thin filaments are composed 6f actim monomers and relaxing proteins~ 
tropomyosin and troponin. 

Myosin (MW=4.8xl0 5) is a rodlike molecule (160x2nm) lITith two 

heads (20x7nm) and a tail (140x2nm) (Fig. '3). Myosin has three 
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Fig. 3. A schematic representation of the myosin molecule. 
-4 The n~ber in parentheses are the molecular weight x 10 • 

Arrows indicate protease-sensitive regions. 

physiologically important functions: (i) forming thick filaments~ 

(ii) catalyzing ATP hydrolysis, and (iii) binding to F-actin. 

Studies on subfragments* of myosin revealed that the function-(i) 

is located on the L~W portion, and that the others are on the 

heads (6,7). Thick filament has projections derived from the heads 

heads of myosin, and binds to thin fll~ment (F-actin) to form a 

cross-bridge (cf. Fig. 1). Thick and thin filaments slide past 

* The term, 'Subfragrnents, is employed here for the proteins ob­

tained through the cleavage of peptide bonds, and the components 

without cleavage is called 'subunits' (Fig. 4). 
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Fig. 4. Various proteolytic fragments of myosin molecule. 

each other alon~ the cross-bridges' with the hydrolysis of ATP 

durinp contraction. The cross-brid~e is, therefore, the active 

site for the force-generation. In other ,..rords, myosin binds to 

F-actin, causes the changes in the conformation of the heads, 

and dissociates from F-actin during ATP hydrolYsis (Fig. 5). 

Therefore, studies on the ~yosin ATPase reaction are closely re-

lated not only to the contraction mechanisM but to the structure-

function relationships of a larp:eenzyme molecule. 

a 

b c 
• Cl 

) 
• 

Fig. 5. Model of interaction of the myosin head with actin (H.E. 

Huxley (1969) Science 164 1356). Ca): Attachment of myosin to 

actin; (b): tilting of the myosin head; Cc): detachment of the head. 
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Tonomura and his coworkers (7,8) present the non-identical 

two head hypothesis, in which Mg 2+-ATP is hydrolyzed differently 

by two non-identical heads: 

(1) !'-1 + ATP~MlATP~ M2ATP~ MtDP~ oM + ADP + Pi -7M + ADP + Pi. 

(2) oM + ATP ~ o~IATP ---to oM + ADP + Pi. 

In route -(1), M2ATP and M~DP all.e fluorescent intermediates and 

" "d "l"b" Th d .. f ~'lADP . are ln a rapl equl 1 rlum. e ecomposltl0n 0 IVp 1S very 

slow, and its formation is detected as an initial Pi-burst when 

the ATPase reaction is stopped by adding trichloroacetic acid. 

The decomposition of M~DP is markedly activated by F-actin, and 

is thought to be closely related to muscle contraction. On the 

other hand, route-(2) is supposed to be related to ATP-regulation 

of the muscle contraction. In contrast to the above hypothesis, 

Taylor's (9) and Trentham's (10) groups present the identical tlvO 

head hypothesis, in which Mg 2+-ATP is hydrolyzed via single route 

by two identical heads. Their schemes are basically the same as 

route-Cl) of Tonomura's. It is an important subject to determine 

whether the two heads are identical or not. Beside the functional 

differences, the structural differences were also investigated. 

Weeds and Hartley (11) reported that myosin contains two sets of 

22-23 Cys-peptides, and suggested that the two heads of myosin 

are identical. On the contrary, Ohe et al. (12) reported that 

treatment of myosin with monoiodoacetamide yielded only one car-

boxamidemethylated Cys-peptide, and suggested that the two heads 

are different in native myosin. However, these studies did not 

give sufficient information on the difference in the quarternary­

structure of the myosin molecule. 



5 

The skeletal myosin is composed of two fibrous polypeptides 

(f-chains) with a molecular weight of about 2xlOS daltons and 

four globular polypeptides (g-chains) with molecular w~ights of 
4 about 2xlO daltons. Since Tsao (13) found, in 1953, that a con-

centrated urea solution dissociates myosin into two fractions 

(Fig. 6), the properties of the subunits have studied in detail. 

UREA 
A L kA L I 

G U A N I DIN E • H Cl 
SDS 

Fig. 6. A schematic structure 

of subunit composition of myosin 

molecule. One myosin molecule 

dissociates into t'\lO f-chains 

and four g-chains. 

f-Chains are likely to bear the active site for the ATP hydrolysis, 

because the chemical modification of f-chains reduces or loses 

the ATPase activity. On the other hand, the molecular weights 

and the content of g-chains ih myosin had not been established 

before 1973 (14). It is widely accepted at present that there 
4 are three kinds of g-chains with molecular weights of 2.S-Z.7xlO , 

4 4 1.74-l.8xlO , and 1.4-l.6xlO daltons, respectively. They are 

called gl' gz' and g3 in the order of their molecular weight in 

this thesis. 

In Part I, I describe the changes in the substructure and func­

tions of myosin after treatment with p-chloromercuribenzoate 

(CMB) (15). I examined the liberation of gz from myosin and 
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heavy neromyosin, a tryptic digest of mvosin (cf. Fig. 4) upon 

treatment with CMB, and deduced a difference in g2-binding sites 

of the myosin molecule. 

Use of various ATP analogs on the mvosin ATPase reaction is 

another lvay to study the reaction mechanism. The naturally oc­

curring nucleoside triphosphates (NTPs) were first examined by 

Blum (16) and Hasselbach (17) for myosin and actomyosin. Later~ 

Ikehara, Tonomura and their coworkers (18-20) synthesized various 

kinds of NTP and stressed the importance of the submolecular 

structure of ATP in the reaction of mvosin ATPase. Thereafter, 

many NTPs are synthesized and their reaction with ~yosin are 

studied. On the other hand, the stereochemical conformation of 

various NTPs are 'veIl-defined (21-24). There are t'tvo kinds of 

conformation in both of the natural and the synthetic NTPs con­

cerning the mutual position of the ribose and the base ring, since 

the glycosyl bond between them is assumed to rotatable. ATP pre­

fers an: anti-conformation in solution as well as in crystal (25), 

that is, the pyrimidine portion of adenineo-base is placed outside 

the ribose plane. Hmvever, there is little information on the 

rotation about the glycosyl bond except for a few reports on ATP 

(26,27). Furthermore, there is no report about the role of the 

rotation of glycosyl bond of NTPs in their function as the sub­

strate of myosin ~JTPase. 

I synthesized various NTPs o:f= 1 .... ~ich vlvcosyl honrl is rotatable 

or not, as judged from CPK-space filling model, and examined ini­

tial Pi-burst, actin-activation of myosin NTPase, superprecipi­

tation of actomyosin and myofibrillar contraction using- those 

NTPs. These studies are described in Part 11. 
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ABBREVIATIONS (Alphabetical) 

Adenosine triphosphatase 

,-Mercaptoethano1 

Circular Dichroism 

p-ChlbrDmercuribenzoate 

Diethy1aminoethy1 

Dimethy1formamide 

S,S'-Dithiobis(2-nitrobenzoate) 

Dithiothreito1 

N,N,N'N'-Ethy1enediamine tetraacetate 

Eth1eneg1yco1-bis(~-aminoethylether)-N,N,N',N'~ 

tetraacetat~ ,. 

F-actin with relaxing proteins. 

Heavy meromyosin 

Nucleoside diphosphate 

N-Ethy1ma1eimide 

Nuclear magnetic resonance 

Nucleoside triphosphate 

Nucleoside triphosphatase 

Proton magnetic resonance 

Subfragment-1 of myosin 

Sodium dodecy1sulfate-polyacrylamide gel­

e1e~tr.ophoresis 

Triethy1ammonium bicarbonate 

2,4,6-Triisopropylbenzene-sulfonyl 

p-Toluene-su1fony1 
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PART I 

Substructure of the myosin molecule : 

Removal of one gz-subunit from the myosin 

molecule by ·p-chloromercuribenzoate-treatment. 
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Since Tsao (1) found that myosin could be dissociated in a concen­

trated urea solution into two fractions, 92% was polypeptides with 

the molecular weight of 1.65 x 10 5 daltons (f-chains) and 8% was 

polypeptides of 1.6 x 104 daltons (g-chains). The molecular weight 

ofa f-chain was later revised to be about 2 x 105 daltons by Kielley 

and Harrington (2). Kominz et al. (3) and Wetlaufer and Edsall (4) 

confirmed that g-chain was released from the myosin molecule in a 

urea solution. Gershman.et al. (5) and Gaetjens et al. (6) found 

that g-chains were heterogeneous in their mobilities in the gel 

electrophoresis and amino acid composition, respectively. But their 

molecular weights had not been accurately measured until the sodium 

dodecylsulfate-polyacrylamide-gel electrophoresis (SDS-PAGE) tech­

nique had been established. (7). It is generally agreed at present 

that myosin from rabbit skeletal white muscle contains three kinds 

of g-chains '''ith molecular ,."eights of 2.5 x 104 , 1.8 x 104 , and 1.4 

x 104 dalton~, in addition to f-chains (8-14). I will call these 

g-chains gi' g2' and g3' respectively, in decreasing order of mole­

cular ,."eight (12). Hayashi (10) reported the changes of these g­

chains during tryptic digestion of myosin and heavy meromyosin (ffiIM) 

by SDS-PAGE, and concluded that subfragment-l (S-1) is composed of gl", g2' 

(derivatives of gl'· and g2' respectively), and g 3 i tse If, besides t,,,o kinds 

of derivatives of f-chains with molecular weights of 5.2-5.5 x 104 

and 2.7 x 104 dal tons, respectively. Weeds and Lm"ey (9) reported 

that the myosin molecule contains one gl' two gz, and one g3' and 

that g2 could be removed by treatment l."ith 5,5'-dithiobis(2-nitF~~ 

benzoate)(DTNB), without loss of ATPase activity in the steady state. 

HOl"ever, it ,,,as uncertain ,."hich g -chain was essential for ATPase 
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activity, and the function of the g2 was also unclear, although 

some researchers (15-17) had suggested that the g-chains were es-

sentia1 for the expression of ATPase activity. 

The ATPase activity of actomyosin is inhibited by high concen­

trations of ATP (12,18), and this inhibition is markedly affected 

by Ca 2+ ions (12,18). On the other hand, Tonomura et al. (18-20) 

showed that the ATPase activities of actomyosin reconstituted from 

F-actin and myosin treated ''li th p-ch1oromercuribenzoate (CMB) and 

then wi th p-mercaptoethano1 (pHE) , ''lere scarcely affected by ex­

cess substrate or Ca2+ ions. Essentially the same results w'ere 

observed '\vi th acto-H~fH, even in the presence of regulatory proteins 

(21) • Furthermor'e, the regulation of the superprecipi tation of 

actomyosin by Ca2+ ions disappeared on treatment of the myosin l'li th 

CMB (20). HOl.,rever, such treatments did not affect the properties 

of the ATPase of myosin, such as its pH-dependence and activation 

by Ca2
+, EDTA, or CMB (22). 

In this Part, I describe about the investigation of Hayashi, I 

and Tonomura (23) on the changes in the substructure and function 

of myosin caused by treatment ''li th CMB and the di thiothrei tol {DTT} 

to remove CMB. It ''las sholVn that acto-HM~f reconstituted from F-

actin and HHM prepared from CMB-DTT-treated myosin was ,resistant 

to the dissociation induced by ATP, while untreated acto-HMr-'I was 

almost completely dissociated. About one of the two g2-chains or 

its derivative was removed from myosin and HMM, respectively, by 

treatment 1.,rith om, while the other could not be removed. Hm'lever, 

the amino acid compositions of the two g2 were essentially the 

same. On DfB-treatment of the myosin, from which S-l was prepared, 
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essentially the same suppression of substrate-inhibition of ATPase 

acti vi ty and of dissociation of acto-S-l by ATP , ... as observed as 

that seen with actomyosin and acto-HM~L HOl ... ever, the content of 

g2 ' , ... as the same in both Om-treated S-l and control S-1. Accord­

ingly, the change~ in properties of the actomyosin-type of ATPase 

and in the dissociation of actomyosin are not attributable solely 

to the removal of one g2 from myosin. 

EXPERIMENTALS 

~!aterials.------ Myosin was prepared from rabbit skeletal white 

muscle by the method of Perry (24), with slight modifications (10). 

Unless othendse stated, it Has further purified by phosphocellu­

lose (Serva Co.) column chromatography (25). HMM and S-l were 

prepared by tryptic digestion of myosin and ID·fM according to the 

methods of Szent-Gyorgyi (26) and Hayashi (10), respectively, l ... ith 

slight modifications. G-actin with relaxing proteins was prepared 

from an acetone pm ... der (27) by the method of !-1ommaerts (28), ,,,i th 

a slight modification. Actin was treated with Dowex lx4 to remove 

nucleotides before use. 

CMB ,,,as purified by precipitating it t, ... ice in IN HCl and dis­

solving the resultant precipitate in dilute NaOH (29). DTT and 

pME ,,,ere purchased from Pierce Chemical Co. (USA) and from Nakarai 

Chemical Co. (Kyoto), respectively. )'_[32p ]_ATP was synthesized 

enzymatically by the method of Glynn and Chappel (30). 

Methods.------ Treatment with CHB; ~fyosin was treated ,,,ith CMB 

essentially as reported 'l)y Ki tagm"a et a1. (22), although DTT ,,,as 

used in place of p~'fE to remove the CHB. Hyosin (about 15 ~g/Jjll) 

was incubated , ... i th 4.2 moles of GIB per 1.0 x 105 g of protein in 

0.5M KCl, 0.05-0.lM Tris-maleate and 5mM EDTA at pH 7.0 and 20° 
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for 20 min. A. fraction soluble at 101,' ionic strength 'ias isolated 

as g-chains released from myosin hy the precipitation of the main 

core of myosin Hi th 10-15 vol of cold '<later containing lmM EDTA 

at a pH slightly below 7. The fraction of g-chains, 'ihich was 

termed "OfB-sensi ti ve g2", ' .... as exhaus ti vely dialyzed against w'ater 

and lyophilized. The precipitate of myosin cores ,'ms dissolved 

in approximately O.S~,! KCl, O.D! Tris-HCl, and SmH EDTA at pH 7.6 t 

and then incubated with a lOO-fold molar exess of DTT over CMB 

at 0 0 for 1 to 2hr unless otheniise stated. It was next dialyzed 

against the desired solvent containing O.SH KCl. The myosin thus 

obtained is referred to here as "CHB- nTT-treated myosin", 'ihereas 

that treated as described above but without exposure to CMB is 

referred to as "control myosin." Unless otherliise stated t "CMB­

DTT- treated ffiP··1" and "con trol H~N" 'iere nrepared hy the tryptic 

digestion of CMB-DTT-treated and control myosin, respectively, and 

"CHB-DTT-treated S-l" and "control $-1" 'iere prepared by the tryp­

tic digestion of 01B-DTT-treated and control m!M, respectively. 

Isolation of the various g-chains; Om-sensitive g2 'ias isolated 

as described above. All g-chains except Om-sensitive g2 'iere 

separated from CMB-DTT-treated myosin hy treatment with 4M urea, 

follm'ling the method of Weeds and LOl'ley (9). After reduction and 

carhoxymethyla tion in the presence of S~1 guanidine-HCl, the g-

chains were suhjected to electrophoresis on SDS-gels containing 

l2.S!'" acrylamide to separate into gl' g2' and g3 follm'ling the 

method of Wada and Snell (31). The gel ll}'aS stained ,·d th 0.1% 

Coomassie hrilliant blue in 10% trichloroacetic acid and 30% meth­

anol, and the band correspond.ing to each g-chain lvas sliced off 

and smashed in to fine pieces. Protein was extracted from the pieces 
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' .... i th 70% formic acid at -100 for l8hr. The gel ,.,as removed by 

passing the extracts through a glass-filter, the formic acid evap­

orated off in vacuo, and the dye extracted with 100% methanol. 

The preparation of g2 thus obtained ,.,as that referred to as "o.fB­

resistan t g2. tI The g- chains, which ,.,ere subj ected to amino acid 

analysis, ,,,ere es.timated to be approximately 90% pure by elect~o­

phoresis. 

Estimation of subunit composition by SDS-PAGE; Unless othen.,ise 

stated, SDS-PAGE Has performed by the method of Weber and Osborn (8), 

,.,i th slight modifications (10). Electrophoretograms were scanned 

with a densitometer from Fuji Riken Co. (Tokyo) or a Gui1ford, 

Model 240 spectrophotometer (USA) at a wavelength of 560 nm. 

As shown in Fig. 1, the relative area ratios ofg1 :g
2

:g3 estimated 

from the densi tometer tracings Here constant when more than about 

40pg of unpurified myosin ' .... ere applied to the SDS-gel. Thus, about 

50pg of myosin '''ere usually applied to determine the relative area 

ratio of the g-chains. The molar ratios of the g-chains and consti­

tuents of S-l were calculated by dividing their weight ratios by 

their molecular weights, assuming that the ,veight ratio lvas equi­

valent to the area ratio. 

Amount of bound CMB; Assuming that Gm specifically hound to 

cysteinyl residues under the conditions used, the residual amount 

(moles per mole of protein) of myosin, J-U .. Df, and S-l after treatment 

wi th DTT ",ere calculated from the fo11m.,ing equation, based on the 

ratio of A280nm to A250nm for CMB-DTT-treated protein (RCMB-DTT) 

and control protein (RCON ) in 0.05M sodium phosphate buffer, pH 7.0 

(Fig. 2). 
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Fig. 1. Dependence of stained area of g-chains on the amount 

of myosin charged. Area under peak for g2 CA) and g3 (D) re­

lative to that of gl (») were plotted against the amount of 

myosin charged. 
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treated myosin. Amount of bound om ,,,as estimated from the 

ratios of A280 to A2~O ,as mentioned in the text. nm :> nm 
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lvhere :z:. is the residual amount, EM is the molar extinction coef­

ficient of the ~roteins, and 644 and 12270 are the molar extinction 

coefficients (J.-i-l.cm- l ) of Q.!B-cysteine_.at 280 and 2S0nm, respect­

ively (29). Values of 2.33.x 10 5 ,2.20 x 105, and 8.41x 104'Vere 
\ 

adopted for the EM of myosin, HMM, and S-l, respectively. These 

values i<lere obtained using the extinction coefficients as described 

belo'.... All such determinations of optical' densi ty , ... ere corrected 

for Rayleigh scattering. 

Rapid filtration o-F acto-HH'f and acto-S-l; F-actin (0.4 mg/ml) 

was mixed , ... i th 0.71 mg/ml of mf\! in o. aSH KCl, 2mH MgClZ' and O. 02H 

Tris -maleate at pH 7.0 and 22 to 25 0
• ATP lvas aaded to 2ml samples 

of the protein solution to give final concen1:rations of O. OS to 0.4 

m~·t, and the resulting solutions l<lere immediately shaken and filtered 

under negative pressure .on a Millipore filter of 0.3um pore size, 

.lvhich had been pretreated by passing HMM solution Cl mg/ml) through 

it three times and then ,,,ashing it ,.,ri th 20ml buffer solution con­

taining no ATP. Volumes of 0.2 to lml of the filtrate liere ob tained 

in 10 to 30 sec after adding ATP, and their protein concentration 

were estimated with Folin-Ciocalteu reagent (32). Acto-S-l was 

reconstituted from 0.4 mg/ml F-actin and 0.5 mg/ml of S-l in the 

presence of O.lmTl,l CaC12 or lm'1 EGTA. After adding 0.08 to O.80mM 

ATP, the acto-S-l ",,'as suhjected to filtration on a ~Ullipore filter 

of 0.4Sp pore size which had not heen pretreated ,.,ith protein 

solution. 

Light-scattering; The angular distribution of light-scattering 

intensity of acto-m,tu ",as measured at angles ranging from 30 to 135 0 

using a Brice-Phoenix nhotometer eJodel 1000D), and plotted by the 

method of Zimm (33). ~leasurements '"ere begun at 30 0
, and finished 
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at 135 0
, 'vi thin 2 min after adding ATP. The intensi ties of light 

scattering at fixed angles of 30 0 or 40 0 remained constant for at 

least 2 min after ATP addition. 

ATPase activity; The ATPase activity of acto-S-l was deter­

mined in 0.01 mg/ml S-l l'lith lpM ATP and in 0.1 mg/ml S-l llTith more 

than 10p:.f ATP and 1.05 mg/ml F-actin, lmM MgC12 in excess ofATP, 

10}lM CaC12 and O. 02M Tris -maleate at pH 7.'0 and 25 0
• The KCl con­

centration of the reaction mixture llTaS adjusted so as to keep the 

ionic strength due to KCl, MgC1 2 , and Na2ATP constant (0.02), 

assuming that all the ATP formed a ~!gATP2 - complex l'li th Mg2+ • 

The simple, solenoid-driven mixing appratus devised by KanaZal<la 

et a1. (34) was used for measurement of the time course of Pi-libe­

ration. At appropriate times after adding ~_[32p]_ATP to the mix-

ture, the reaction ivas halted by adding 5% trichloroacetic acid 

and 50pM Pi as carrier. The 32pi liberated from the acto-S-l-'Y-

32 [ P]-ATP system lvas separated by the method of Martin and Doty 

(35). The ATPase activities of myosin and S-l in the steady state 

were determined by measuring the amount of Pi liberated by the 

method of Martin and Doty (35). 

Other methods; Amino acid analysis was performed by the method 

of Spackman et al. (36) in a Beckrnan l20B amino acid analyzer (USA). 

The protein concentrations of myosin, HrvlM and S-l in neutral KCl 

1!1c 
solution llTere determined using values for A280nm or 4.85, 6.47, and 

7.70 (37), respective Iy, obtained by comparison of the AZ80nm llTi th 

the protein concentration es tima ted by the biuret reaction. 
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RESULTS 

Effects of CMB- treatment on the substructure of myosin,ffivtH, and 

S-l molecules: --- When myosin prel')arations ,,,ere subjected to SDS­

PAGE before chromatography on phosphocel1ulose, the molar ratio of 

gl:gZ:g3,,,as estimated from densitometry at 1: 4-.1: 1.3. After 

chromatographic purification, the molar ratio changed to 1 : Z.4 : 1.1 

(Fig. 3). The purified myosinwas treated' twice w'i th a 20-fold 

molar excess of CMB, and precipi tated by dilution with 12 vol of 

deionized water. The myosin molecule was collected by centrifuging, 

and pellet and supernatant ,,,ere separately subjected on SDS-PAGE 

after incubation wi th DTT. The supernatant shows a single band 

corresponding to gZ' The molar ratio of g-chains in myosin thus 

obtained changed to 1 : 1.1 : 0.73., These results are summarized in 

Table I. From them, it was concluded that the myosin molecule 

contains t,,,o gz' and that only one of them (Gm-sensitive g2) is 

removed by the Cr.fE-treatment, while the other (CMB-resistant __ g 2) 

is not. 

As previous ly ~eported by Hayashi (10), gl and gz were de­

graded by tryptic digestion of myosin to gl' and ~Z 'I whose masses 

were estimated at 2.4 x 10 4 and 1.6 x 10 4 da1tons, respectively. 

m ... w was treated ,,,i th a 14- fold molar excess of CMB under the same 

condi tions as myos in, and then chromatographed on Sephadex G-lOO 

(Fig. 4). The component in the main fraction showed the molar 

ratio of gl':g2':g3 was 1:1.0:0.9', ,,,hile that in the original HMM 

was 1: Z.l: 0.9 (Fig. 3 and Table I). 

As reported by Hayashi (10), 5-1 is composed essentially of f' 

and f" derived from f-chain, ,,,ith molecular weights of 5.2-5.5 x 
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Fig. 4. Sephadex G-lOO gel-filtration of HMM treated l'lith 

CMB. HMM (lOmg/ml) was treated with 4 moles of CMB/l0
5 

g of 

HMM in 50mM KCl, 50JTh.\f Tris-maleate, and 511'M EUfA at pH 7.0 

and 20° for 20 min. The solution was applied to a column 

(2.9x4l-cm) equilibrated with 50111\1 KCl, 50mM Tris-HCl, and 

O.5mM EDTA at pH 7.6 and 4°. The column was eluted with the 

same buffer at a flow rate of 23ml/hr, and fractions of 5.8ml 

were collected. v indicates the column volume. c 



24 

10 4 and 2.7 x 10 4 daltons, respectively. S-l also contains gl" 

derived from gl' g2' from g2' and g3 lvith molecular w'eights of 

2.1 x 10 4 , 1.6 x 10 4 , and 1.4 x 10 4 daltons, respectively (Fig. 3 

and Table I). As listed in Table I, the molar ratio of these com­

ponents in CMB-DTT-treated S-l was essentially the same as that in 

control S-1. When S-l was treated ,dth 3.9 moles of Cl-m under the 

same conditions used for ID1M, and chromatographed on Sephadex G-

200, there was no peak other than that of S-l in the void volume 

(Fig. 5). Densitometer tracings of SDS-PAGE of S-l thus obtained 

shmved the molar ratio of fll: g2 ' : g3 at 2.0: 1.0: O. 76, l~hich was 

almost the same as that in control S-l. Therefore, it was concluded 

that two moles of S-l contain only one mole of g2' which is "CHB­

resistant g2." 

Amino acid compositi'on of gl' CMB-sensitive g2' CMB-resistant g2' 

and g3: -~- CMB-sensitive g2 was isolated after treatment of myosin 

,.,ith om as the fraction soluble at low ionic strength, as described 

above. gl' Om-resistant g2 and g3 l"ere separated electrophore­

tically from CMB-DTT-treated myosin l"hich w'as deficient in CMB­

sensitive g2' as described under "EXPERDIENTALS." As summarized 

in Table 11, the amino acid compositions of the two kinds of g2 

were essentially the same, and similar to those of the tl"O g2 

liberated by DTNB-treatment (9). The compositions of the gl- and 

g3- chains ,,,ere simi lar to those of the respective subuni ts reported 

by Weeds and L01"ey (9). 

Effects of Q.tB- treatment on the Ca2+ - and EDTA(K+) -ATPase acti­

vities of myosin and actomyosin;---When myosin was treated with 

a 20-fold molar excess of CMB, it combined l"i th 16 moles of CMB per 

4.8 x 10 5 g of myosin, and its Ca2+-ATPase activity increased 6.1-
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Fig. 5. Sephadex G-200 gel-filtration of S-l treated with 

CMB. S-l was treated with 3.9 moles of Ctv1B/1.1x10
S 

g of 

S-l, and chromatographed, according to the same method as 

described in Fig. 4. 

Amino acid compositions of g-chains of myosin expressed as residues 
l!et 100 residues. Numbers in l!arentheses are molecular weight x 10-4• ' . 

gi(2.~) &2(1.8) g3(1.4) 

tower*, Hayashi CMB- CMB- DTNB- Lowey * Hayashi -sensitive resistil.ni: sensitive 
Lys 11.0 .9.4 8.9 8.8 9.3 7.6 7.1 

His 1.0 0.9 0.7 0.7 0.6 1.2 1.3 

Arg , 2.2 ' 2.0 3.2 2.8 3.6 2.8 2.4 

CMCys 0.5 0.6 0.6 1.1 0.6 0.8 

Asp 10.3 11.5 14.4 15.3 13.5 12.0 13.1 

'Thr 4.2 " 3.8 5.S 5.9 6.0 4.1 4.7 
: Ser 4.6 : 3.8 3.2 4.5 3.4 5.4 5.1 

Glu 15.3 16.8 16.1 16.2 13.9 15.9 17.4 

Pro 6.3 7.3 4.4 4.0 3.6 2.4 ' 2.5 

Gly 6.3 6.7 8.1 8.8 7.6 7.9 8.5 

Ala 11.9 10.4 9.1 9.2 8.5 8.2 8.1 

Va1 5.5 5.7 4.3 5.4 5.2 6.7 S.4 . 
Met 3.1 3.3 2.7 2.5 3.7 3.7 3.7 

Ile 4.7 4.8 4.7 ,4.7 5.7 4.6 4.6 

Leu 7.2 7.2 5.9 5.7 5.5 8.4 8.0 

Tyr 1.6 1.5 1.6 1.2 2.0 2.0 

Ph~ 4.2 4.4 6.6 6.2 7.6 5.6 5.2 

'. ' 
These data were reported by Weeds and Lowey.( 9 l. 
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fold, ",-hile its EIITA(K+)-ATPase activity decreased to 14% of the con_~ 

trol value. After treatment Hi th DTT, the residual amount of C~IB 

'vas 1.24 moles per 4.8 x 10 5 g (me an of 3 es timations), and the 

ea2+ _ and EDTA(K+}ATPas e acti vi ties became 86 and 89~o, respective ly, 

of the control values. After regeneration by treatment with a 400-

fold molar excess of (3ME, the resfdual amount of om lvas only 0.03 

mole per 4. 8x10 5 g. The S-l moieties obtain,ed by the tryptic diges­

tion of OIB-DTT-treated myosin contained 0.90 mole of CMB per 2.2x 

10 5 g (mean of2 estimations). The Ca2+- and EDTA(K+)-ATPase activities 

of the modified S-l were 84 and 79%, respectively, of those for 

control S-l. These results indicated that g2 is not essential for 

the ATPase activity in the steady state, as suggested by Weeds and 

LOlvey (9). 

Effects of CMB-treatment on the various properties of myosin, 

HMM, and S-l in the presence of F-actin; --- Superprecipitaion of 

actomyosin lvas follOlved by measuring the change in turbidi ty at 

660nm after adding 0.16mM ATP to 0.4 mg/ml myosin, 0.1 mg/ml FA-RP, 

O. r,t KCl, 2m~.'t MgC1 2 at pH 7.0 and 20° in the presence of 1mB EGTA 

or CaClZ ' As shOlvn in Fig. 6, sunerprecipitation of control acto­

myosin 'vas regulated by Ca2+, while that of CMB-DTT-treated acto-
. 2+ . 

myosin occurred immediately lvi th or Ni thout Ca 10ns. Furthermore, 

a clearing response was found only ,.;i th control actomyosin in the 

presence of lmM EGTA. 

Dissociation of acto-H~n,{ after adding ATP l'las measured by rapid 

filtration \vith a Mi11inore filter or by a light-scattering method. 

Acto-HW''! reconstituted from 0.71 mg/m1 H~1H and 0.4 mg/ml FA-RP \vas 

mixed1vith or without O.4mMATP in 50mM KCl, 2m\IMgC1
2 

at pH 7.0 

and 22-25°, and ,-[as subjected on a Mollipore filter of O.3JlIll under 
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Fig. 6. Superprecipitation of actomyosin reconstituted from 

FA-RP and control or CMB-DTT-myosin in the presence or absence 

of Ca2
+ ions. Arrows indicate starting points. Conditions: 

0.4 mg/ml of control CA) or CMB-DTT-treated (B) myosin, 0.1 

mg/ml FA-RP, 0.16mM ATP, 2mM MgC12, O.lM KCI, and 201Th\f Tris-
o 2+ maleate at pH 7.0 and 20 . ---- , O.l~\f Ca ; ---, lmM EGTA. 
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reduced pressure (Fig. 7). Without adding ATP, the concentrations 

of protein in the fi 1 trate were 9 and 17% of that of HMM applied 

for control and CMB-DTT-treated acto-ID-N, respectively. Addition 

of ATP to the control acto-HM~,f increased the amount of protein in 

the -filtrate to almost 100% of that applied. However, in the case 

of CMB-DTT-treated acto-HMM, the concentration in the £iltrate lvas 

only 30% of that applied. HMM of the control and CMB-DTT-treated 

acto-Hi,rr·I could scarce ly . pass through the filter on incubation for 

40 to 50 min after adding ATP. The protein in solutions containing 

FA-RP alone scarcely passed through the filter, l'lhile almost all 

the protein in solutions containing control or CMB-DTT-treated HMM 

alone could pass through. Thus, it seemed that in the presence of 

excess ATP, 70% of the HMM of CMB-DTT-treated acto-HMM remained 

bound to FA-RP, \.,hile the HMM of control acto-HMM \iaS almost com­

pletely dissociated. 

The angular distribution of light-scattering intensity of acto­

HMM reconstituted from 0.14 mg/ml FA-RP and 0.25 mg/ml HMM was 

measured in O.04M KCl, 2mM MgC1 2 , 0.08mM CaC12 at pH 7.0 and room 

temperature. As shown in Fig. 8, the ,.,eight-average molecular 

weight of control-treated acto-HMM (proportional to R O/K) de-
6~ c 

creased to one fifth of the initial value on adding O.16mHATP. 

On the other hand, the molecular \'leight of CMB-DTT-treated acto­

HMM decreased to one half of the initial value on adding ATP. 

These resul ts also indicate that the dissociation of acto-HM~l by 

ATP \vas suppressed significantly by the CMB-DTT-treatment. 

Binding shape of acto-I-NM after adding O. 6mM ATP ''1as observed 

by a negatively stained electron micrographs. Acto-HM~I was recon-
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Fig. 7. Rapid filtration of acto-HMM through a Millipore 

fi Iter CO. 3um) after adding ATP. Acto-I-Hf was· reconsti tuted 

from 0.4 mg/ml of FA- RP and 0.71 mg/ml of control CO) or 

C~1B-DTT-treated Ce) HMM in 2mM MgC1
2

, SOrnM KCl, and 20mM 

Tris-maleate at pH 7.0 and 22-2So. Various concentrations 

of ATP were added to the acto-HMM, and the mixture was 

subjected to filtration. The protein concetrations in the 

filtrate ,,,ere plotted against the ATP concentration relative 

to those of HMM applied. Protein in filtrate of: --- ,FA-RP 

alone ,,,ithout ATP; 0, control H~IM and ., CMB-DIT-treated 

HMM. 



2.0 

.... 
1&1 

> -t-
o< 
-' 
1&1 

0: 

1.5 

I 
.~ , 
I ,. 

I 

I 
I 

I 
I 

30 

I , 

~ p' 
I / 

{::/ I / 
A / 
I 

I tf 
~ / 

~ 
~1.0 

0: 

I I 
I ~ 

A I "'" u 
:::r::: 

I t;. 
I 

+ t!. 
I I 

0.5 
I ~ 
Id 

I I 
I 

o 0.8 

Fig. S. Changes in angular distribution of light-scattering 

intensities of acto-H~~ on adding ATP. Acto-~M was reconsti­

tuted from 0.25 mg/m1 of control C .... ) or CMB-DTT-treated CO.A) 
HMM and 0.14 mg/m1 FA-RP in the same buffer as for Fig. 7 

with SOpM CaC1 2 at room temperature. Measurements were begun 

at an angle of 300 to the incident light and finished at an 

angle of 135 0
, within 2 min after adding ATP or \'later. 0 .• , 

no ATP; b,A, 0.6mM ATP. 
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stitutedfrom 0.f)35 mg/m1 FA-RP and 0.065 mg/m1 H"1't in almost the 

same solvent as that descrihen ahove at 20°. An electron micrograph 

of negatively stained C'fB-DTT-treated acto-H!'-N in the absence of 

ATP was almost the same as that of control acto-ID~I, showing an 

arrm1-head structure. When 0.6m~·1 ATP 11as added to the control acto-

Hr-~I, the J-D·N dissociated almost completely, and cons.equently fila­

ments of F-actin ,,,i th no mf,.1 "lere observed. On the other hand, 

ATP chan2"ed the arrow-head structure of CMB-DTT-treated acto-HM~.f L' 

to a nm" structure, in \'lhich a considerable amount of HMM remained 

bound to F-actin, and formed randomly oriented projections. These 

shapes are schematically represented in Fig. 9. 

The dependence on ATP concentration of the steady state ATPase 

activity of acto-S-l reconstituted from 0.01 or 0.1 mg/ml S-l and 

1.05 mg/ml FA-RP '-las measured in lmM ~.fgC12 ,vith an excess of ATP 

and 1 Om"! CaC12 at pH 7.0 and 25°, at constant ionic strength of 

0.02 (derived from KCl + MgATp 2-). As ShOl'ln in Fig.IO, the ATPase 

activity of DfB-DTT-treated acto-S-l increased steadily with in­

crease in ATP concentration, and reached a saturation value of 37 

moles Pi/min.lOsg of S-l at lmH ATP. The activity of control 

acto-S-l ,,,as lower than that of CMB-DTT-treated acto-S-l at con­

centrations of ATP above 10-\1, and the ratio of the activity of 

the control acto-S-l to that of the CMB-DTT-treated acto-S-l de-

creased with increase in the concentration of ATP. 

Dissociation of acto-S-l \'las also measured by the f>.fillipore 

filtration method described above. Acto-S-l was reconstituted 

from 0.4 mg/ml FA-RP and 0.5 mg/ml S-l in sOm~,f KCl, and 2m~f MgC12 

at pH 7.0. It was mixed l'lith ATP, and subjected to filtration. 

Fig. 11 ShOl'lS the dependence on ATP concentration of the S-l con-
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Fig. 10. Dependence on ATP concentration of the ATPase activities 

of control and CMB;"'DTT-treated acto-S-1. Acto-S-l was reconstituted 

from 0.01 (measurement at lO-6M ATP) or 0.1 mg/~l of control (0) 

or CMB-DTT-treated (A) S-1. ATPase activities in the steady state 

were measured with lmH HgC1 2 in excess of ATP, 10 Jl"f CaC1
2

, 

and 0.02M Tris-maleate at pH7.0, at an ionic strength of 0.02 
2- 0 (derived from KCl+MgATP ) and 25 ~ X, ATPase activity of control 

S-l alone;., ratio of actin-dependent ATPase of control acto-S-l 

(total activity of acto-S-l minus the activity of acto-S-l alone) 
to that of CMB-DTT-treated acto-S-l. 
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Fig. 11. Rapid filtration of acto-S-1 through a Millipore 

filter after adding ATP. Acto-S-l was reconstituted from 0.4 

rng/rn1 oLF.,.~ctin and 0.50 rng/rnl of control (O,A) or CMB-DTT­

treated (e, A) S-l in the presence of O.lIP.M CaC1
2 

or 1mM EGTA 

in the same solvent as for Fig. 7 at 18-20°. The acto-S-1 samples 

were filtered through a Millipore filter (0.4Sprn) within Ssec 

after adding various concentrations of ATP. The concentration of 

protein in filtrate relative to the concentration of S-l applied 

were plotted against the concentrations of ATP added. Control 

acto-S-1: 0 ,0.lrnM CaC1 2; .6,11Th\f EGTA. OfB-DTT-treated acto-S-l: 

a,O.lrnM CaC12;,A, lJllM EGTA. Protein in filtrate of:---, F-actin 

alone;_._., S-l alone in the presence or absence of ATP. 
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centration in the filtrates of both types of acto-S-1. Most of 

the con tro1 S-l passed through the filter, lvhi le only about half 

of the n·IB-DTT-treated S-l passed through on adding ATP. The ab­

sence of Ca2+ ions did not affect the results. These findings 

indicate .that the dissociation of acto-S-1 by: ATP induced inhi-

bi tion of ATPase activi ty, and that the dissociation ,.,as suppressed 

by affi-DTT-tre.atment of the myosin from lvhich the S-l was prepared. 

DISCUSSION 

The relative molar ratio of gl:g2: g 3 in myosin, estimated from the 

area of densitometer tracings of electrophoretograms, was 1:2.4:L1 

The amount of g-Ghains lvas estimated to be about 12% by gel-fil­

tration in 8M urea or SH guanidine-HCl (10). These results are 

cons is ten t lvi th the conclusions of Weeds and Lmvey (9) and LOlvey 

and Risby (38) that the myosin molecule of rabbit skeletal white 

muscle contains one gl' two g2' and one g3. Furthermore, llfeeds 

and Lmvey (9) shmved that g2 could be almost completely removed 

from myosin by treatment with DTNB, without loss of ATPase activity 

in the steady state. 0iB-treatment also specifically removed 

about half the g2 or its derivative (g2') from myosin and IDvIM, re­

spectively, although the other half of the g2 could not be removed. 

On the other hand, S-l prepared from control myosin both contained 

one mole of g2' per bro moles (c£. Table I). Furthermore, the g2' 

was not removed even by direct treatment of S-l lvith CMB. It thus 

seems that the tlvO g2s in the myosin molecule are not identical as 

regards thei r sensi ti vi ty' to OIB- and trypsin-treatments, and that 

the S-l does not contain a subunit derived from the gz of myosin, 

which can be removed by the OIB-treatment. Hmvever, the amino acid 
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composi tions of the tHO gzs Here essentially the same. Thus, the 

differences in their sensitivit~es to ~IB may be due to their inter-

action ,d th the other suhnnits. 

Hayashi (10) had previous 1y indicated that S-l lias composed of 

f' (S.2-S.Sxl0 4) and f" CZ.7x10 4) derivecl from f-chains, gIlt CZ.Ix 

10 4) cleriv~d from gl' gz' (1.6xl0 4) derived from g2' and g3 itself 

(l.4x10 4). Thus, a model for the submolecu1ar structure of S-l 

was tentatively proposed: Tl"O S-l molecules ~"ere composed of 2f', 

2f" 10''' ., '"'1' In this study, the contents of these 

components were estimated from the areas of densitometer tracings 

.of electrophoretograms assuming that the relative ,,,eight ratio ,.,as 

equi valen t to the re la ti ve area ratio. Tt-TO moles, i. e. 2. 2xlO
S 

g 

(10) of S-l contained 1.7 moles of f', Z.O moles of fit, 2.6 moles 

of gl", 0.88 moles of gz'. and 0.87 moles of g3 (cf. Tah1e I). 

However, as descrihed above, the myosin molecule producing biO S-l 

contained only one gl (cf. Tahle I). Therefore, the above model 

for the suhmolecu1ar structure of S-l must he modified partially 

as fo1lO1"s: gl" may be a mixture of one derivative from the gl and 

1.6 derivatives from f-chains ,dth a molecular lV'eight of about 2.1 

xl0 4 daltons. 

When ATP ",as added to acto-W-fM reconsti tuted from 'FA-RP and 

CMB-DTT-treated m1H, only about 30% of the HNH passed through a 

Millipore filter of O.3}lm pore size, ,,,hereas most of the HH~1 of 

control acto-I-r·n·~ passed through. The angular distribution of light­

scattering intensi ty of acto-mN indicated that the ,'!eight-average 

molecular 1ieight of CMB-DTT-treated acto-mfl-t after adding ATP 'vas 

mucn higher than that of control acto-m.~·!. Electron microscopy 

also s!lo1'led that CMB-DTT-treated HW·t remained hound to F-actin even 
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in the presence of ATP, and formed proj ections oriented more ran-. 

domlv to the F-actin axis than in the absence of ATP, '''hile control 
; 

IDtH could not bind to F- actin fi lamen ts. 

* * * * * 
Recent studies on the substructure of a myosin molecule revealed 

that there are at least two populations of isozymes. In 1973, 

Sarkar (13) precisely determined the content of g-chains in a myosin 

molecule by the densitometer tracings of SDS-PAGE. According to 

him, gl' g2' and g3 are involved at 1 .• 35, 2.0, and 0.65 moles per 

mole of myosin. This non-stoichiometric amount indicated the pre­

sence 0 f is ozymes in myos in. Actually, there were at leas t t,,,o kinds 

of myosin, one of '''hich contains gl and g2' and the other g3 and 

g2 (39,40). The properties of these g-chains are also cleared in 

detail. It is ,,,idely accepted that gl and g3 affect the binding 

of S-l to F-actin, although these chains contain some fragments 

of f-chain and g2,respectively. Moreover, g2-chains, at least one 

of them, may exist at the joint bet,,,een S-l and the tail (41,42). 

These subjects are discussed in detail in the recent revie,.,.. by 

Inoue et al. (18). 

Furthermore, Shibata-Sekiya and Tonomura (43) recently shmved 

that CMB sti 11 remains in mt~1 after treating CMB-In.U,f wi th an excess 

amount of ~HE. They shmved that the maximum inhibition of ATP­

induced dissociation of acto-HM~1 is found at 0.5 mole CMB bound per 

mole of head. The cystein residue bound OIB is found to be located 

on one head of myosin, 'vhich is related to the ATP-regulation of 

actomyosin ATPase. 
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PART 11 

Substrate conformation and myosin ATPase: 

Interactions between stereospecific ATP analogs 

and myosin or actomyosin. 
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The study on the substructure of the myosin molecule was describ~d 

in Part I. This Part describes the studies on the interactions 

between various kinds of stereospecific ATP analogs and the con~ 

tractile proteins from a vie'\vpoint of the conformation of substrate. 

As pointed out in "Introduction", Mg2+ -ATP is hydrolyzed via t'\vO 

different pathways on the t,.,o heads of myosin (1,2). Tonomura et 

al. (3-5) separated the two heads as S-lB and S-lA. S-lB cata­

lyzes the hydrolysis of Mg 2+-ATP by the following mechanism: 

1.M + ATP~MlATP~M2ATP~H~DP~OM + ADP + Pi~M + ADP + Pi 

On the other hand, S-lA catalyzes as following: 

2. oM + ATP~o~1ATP~oM + ADP + Pi 

Both M2ATP and M~DP show an increment in tryptophan fluorescence, 

and are in a rapid eqiulibrium. The formation of M~DP is ob­

served as initial Pi-burst .. The slow decomposition of N~DP is 

activated by F-actin. 

ATP analogs are useful materials to study the complex mechanisms 

of myosin ATPase reactions. Many kinds of nucleoside triphosphates 

(NTPs) have been synthesized and used for studying the interac­

tions with myosin and actomYosin, since Blum (6) and Hasselbach 

(7) first reported the use of naturally occuring NTPs. However, 

these analogs did not give precise informations on the ATPase re­

actions. Ikehara, Tonomura and coworkers (8-10) first synthesized 

and applied the various kinds of purposeful ATP analogs, named 

'intellectual analogs' by Duke and Morales (11), on studying the 

role of the submolecular structure of ATP. Thereafter, many NTPs 

were prepared for the studies on the special aspect~ of the inter­

actions between NTPs and the contractile proteins~ These analogs 

are named 'utilitarian analogs' (11). Adenylyl imidodiphosphate 
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(AMPPNP) (12) showed that actomyosin can be dissociated on NTP 

binding id thout hydrolysis. 1 ,N6 -Etheno-ATP (~ATP) (13) showed 

that the energy-transferring occurs between NTP and the tryptophan 

of myosin. 6-Thio-ITP (14) and its dimer (12) showed that there 

are sites for NTP binding other than the catalytic site. Moreover, 

adenosine 5'-(2-0-thiotriphosphate) (ATPpS) (15) showed that myosin 

recognizes the conformation of the triphosphate chain. 

The studies on structure of the ATP molecule have markedly pro­

gressed in these tW'enty years. The conformation of ATP in a sol­

ution has been analyzed in good detail with various physicochemical 

techniques, such. as NMR and CD. It lvas thus shown that ATP in a 

solution preferably exists as the anti-conformer as that in the 

crystal (16). Relative position of the base to the ribose in 

nucleosides and nucleotides is expressed by the glycosyl torsion 

angle,.-X, as shmvn in Fig. 1 (17 - 20) . The 0 ° angle about the gly­

cosyl bond is shown by the N9_ C(8) bond in cis-planar to the 0(1')­

C(l') bond with respect to rotatiun about the C(1')-N9 bond. 

It is positive in anti-clocklvise in Fig. 1, and it has the value 

of ~1800. Most of naturally occurring nucleosides and nucleotides 

exist mainly in two regions of X. Each of the regions covers 

somewhat more than 90° centered at about 30° or -150°, which is 

called the classical anti- or syn-region, respectively. The re­

gion centered at about 120° is called intermediate-region. As 

mentioned. above, ATP exists as the anti-conformer, where five-mem­

bered imidazole ring projects over the ribose (cf~ Fig.l). Mainly 

because of the coulombic interactions betlveen the negatively 

charged phosphate group and the base, nucleotides are conformation-
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Fig. 1. Representation of ?( and syn-anti conformation. Upper: 

Schematic representation of the glycosy1 torsion angle, ;( • 

X is de fined as the angle bebleen N9 - C (8) and C (1') -0 (1 ') bonds 

about the glycosyl bond. Adenosine is overlooked from the 

adenine portion in this figure. Lower: Schematic representation 

of adenosine molecules in an ant1- and a syn-conformation. 
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ally far more rigid than the nucleosides. Yathindra and Sundara­

lingam (21) and Millner and Andersen (22) calculated the confor-

mational energies of AMP and ATP, respectively, as the function 

of X. Using their energy maps, it is possible to estimate the 

energy differences and the energy barriers between syn-region and 

intermediate-region and also anti-~egion at 3.5-4 and 5-7.5 Kcal· 
-1 -1 mole for AMP , respective ly, and at 20-30 and 25-55 Kcal·mole for 

ATP, respectively. In both cases of Al'IP and ATP, the enormous 

energy barrier lies around Z=-180 - -120° • Thus, in both AMP and 

ATP, full rotation about the glycosyl bond does not seem to occur, 

whereas in ATP, fluctuation about the glycosyl bond may be allowed 

to occur, because 3' ,5'-cyclic AMP exists as the rapidly equilib­

ra~ing syn- anti mixture in spite of a high rotational barrier of about 

6 Kcal.mole- l , as reported by Hemmes et al. (23). Furthermore, 

Tran-Dinh et al. (25) recently reported that ATP exists as an equi-

vilent mixture of anti- and syn-conformers in a neutral pH sol­

ution. Such a difficulty in the rotation about the glycosyl bond 

can be inferred from the CPK-space filling model, and I mainly 

depend on this method to assume difficulty of the rotation of the 

stereospecific analogs studied here. 

Tavale and Sobell (25) showed in their X-ray studies, that the 

adenosine with a bromine atom as the bulky substituent at eighth 

position is in a syn-conformation. Later, Sarma et al. (26) 

studied the conformation of 8-bromo AMP and 8-methylmercapto AMP 

by PMR and 3lp _NMR , and Uesugi and Ikehara (27,28) studied the 

13 CD and C-NMR of the. 8-substituted adenosines with Br, SCH3 , 

OCH3 , OH, CH3 , and other groups. It is thus indicated that all 
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these analogs prefer syn-conformation. Robins et al. (29,30) 

reported that there were differences in the affinty of 3',5'­

cyclic ~1P (cAMP) dependent protein kinase for natural and 8-sub­

stituted cAMP. Furthermore, ~loras et al. (31) found, using X-ray 

analysis, that two of four subunits of glycera1dehyde-3-phos­

phate dehydrogenase bind nicotinamide adenine dinucleotide 

molecules, in which adenosine is an anti-conformer, and that 

the other two_ subunits bind syn-conformers. 

I synthesized fourteen ATP analogs, including 8-substi tuted and 

anhydro NTPs, to clarify the relationships between the NTP con­

formation and nucleoside triphosphatase (NTPase) activities of 

myosin and actomyosin (Fig. 2). ATP analogs first synthesized 

in this study are 8-monomethy1amino ATP (8-NH.CH3 ATP), 8-mono­

ethy1amino ATP (8-NH.C 2HS ATP), 8-dimethy1amino ATP [8-N(CH3)2 ATP], 

8-methoxy ATP (8-0CH3 ATP), 8-ethoxy ATP (8-C 2H5 ATP), 8-methy1-

mercapto ATP (8-SCH3 ATP), 8-oxy ATP (8=0 ATP), 8-methy1 ATP (8-

CH3 ATP), 8,2'-anhydro-8-mercapto-9-p-D-arabinofuranosy1adenine 5'­

triphosphate (8,2'-S-cyc10 ATP), 8,3'-anhydro-8-mercapto-9-p-D­

xy1ofuranosy1adenine Sf-triphosphate (8,3'-S-cyclo ATP), and 3'­

deoxy ATP (3'-dATP). In addition to these NTPs, 8-bromo ATP (8-

Br ATP), 8-azido ATP (8-N3 ATP) and formycin Sf-triphosphate (FTP) 

were prepared and used for kinetic analyses of their reactions 

lvith myosin and actomyosin. From NMR and CD analyses and also 

from the chemical structure (27,28,32,33), 8-NH·CH3 ATP and 8,3'­

S-cyclo ATP are supposed to exist as anti-conformers, 8,2'-S-

cyc10 ATP as an intermediate-conformer, and the other 8-substituted 

NTPs as syn-conformers. On the other hand, FTP and 3'-dATP are 
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Fig. 2. Schematic formulas of synthesized ATP analogs. 8-Sub-

stituted analogs are drawn as a syn-conformer, although 8-NH.CH3 
ATP is identified as an anti-conformer. FTPcan exist as both 

the anti- and syn-conformers. 3'-dATP is supposed to prefer 

an anti-conformer. 
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supposed to have an easily rotatable glycosyl bond. Consequently, 

all the NTPs with easy rotation about the glycosyl bond were 

f cl h h . h TA C + ) d 'U 2 + . . . oun to s 0\'1 19 ED K - NTPase an low !'!g -NTPase actlvl tles 

of myosin, 'vhereas NTPs 'vi th difficult rotation show high Mg2+_ 

NTPase and very low EDTACK+)-NTPase activities. Furthermore, 

all the NTPs with easy rotation about the glycosyl bond cause 

initial Pi-burst, actin-activation of myosin NTPase, superpre­

cipitation of actomyosin and myofibrillar contraction, while 

all the NTPs with difficult rotation do not support these ~henom-

ena, regardless of whether they have an anti-, intermediate- or 

syn-conformation. Moreover, I studied the interactions between 

8-Br ATP, which is easily synthesized, and myosin and also acto­

myosin in more detail. 8-Br ATP inhibits the myosin and acto­

myosin ATPase and superprecipitation of actomyosin, but dissociates 

acto-S-l complex as well as ATP. These facts clearly indicate 

that the key intermediate for actomyosin NTPase is M~DP, but not 

M2NTP, and that the key intermediates for dissociation of acto­

myosin are M2NTP on head Band °MNTP on head A. Furthermore, 

these results indicate that the three-dimensional s~ructure of 

the site for binding the base and the ribose change during con­

version from M2NTP into M~DP, on head B. 
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EXPERIMENTALS 

Materia1s.------ Myosin, mH.'!, and S-l were prepared by the methods .. . 
of Perry (34), Szent-GyorgYl (35), and Hayashi (36), respectively. 

Purified G-actin and G-actin with relaxing proteins were prepared 

from an acetone pmvder of rabbit skeletal white muscle (37) by the 

methods of Spudich and Watt (38) and Mommaerts (39), respectively. 

Actin was treated with Dowex 1x8 to remove nuc1eotides before use. 

Myofibri1s were prepared from rabbit psoas muscle by the method 

of Perry and Corsi (40) with slight modifications. Samples of 

myofibri1s contained 5-25 sarcomeres, and the average length of 

the sarcomeres was about 2.1pm. 

i_[32 p ]_ATP was prepared enzymatica11y by the method of G1ynn 

and Chappe1 (41). 8-Substituted adenosines lvere synthesized by 

the methods of Robins et al. (42,43) lvith slight modifications. 

Anhydro adenosines were synthesized by the method of Ikehara et 

al. (31) (Fig. 3). Phosphorylation at the Sf-position was followed 

to the method of Yoshikawa et al. (44). Obtained AMP analogs ",·ere 

converted to the morpho1idate and triphosphate by the methods of 

. Moffatt and Khorana (45) lVith slight modifications. (Fig. 3). 

3'-Deoxy adenosine was prepared by Raney Ni reduction of 8,3'­

S-cyc10 adenosine (46). 8-Br ATP was synthesized by the method 

of Ikehara and Uesugi (47). 

8-Br adenosine. --- Adenosine (Ado, 40 mmoles) was dissolved in 

0.25M sodium acetate buffer (pH 4.0, 400m1) by he~ting, and cooled 

to room temperature. Bromine-water saturated at 0° (300ml) was 

added to the Ado solution, and the reaction mixture was allowed 

to stand overnight at room temperature. The resulting solution 
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was decolourized by adding 2~1 NaHS0 3 (at most 10ml), and adjuste9-

to pH 6-7 with conc. NaOH solution. After 10hr at 4°, the precipi­

tate was collected by filtration, and dissolved in hot water. Then 

the solution was treated with activated charcoal and recrysta1lized 

from water at 4°. Yellow needle crystal was collected and dried 

over P205 in vacuo at 60-70° with shielding the light to yield 

35% of Ado. mp.)200°. Anal. Ca1cd.for C10H12NS04Br: C, 34.70; 

H, 3.49;N, 20.23; Br, 23.08. Found: C, 34.51; H, 3.SS; N, 20.4S; 

Br, 22.86. 

8-NH.CH3 Ado. --- 8-Br Ado (3 mmo1es) was dissolved in 30% 

methylamine methanol solution (25m1), and stirred overnight at 

room temperature. The reaction mixture was evaporated to dry­

ness by a flash evaporator. The obtained solid was dissolved in 

hot l'later, and treated with activated charcoal. White powder ''Tas 

collected from water, and dried over P205 in vacuo at 60-70° to 

yield 35-45% of 8-Br Ado. mp.)200°. Ana1.Ca1cd. for CllH16N604: 

C, 44.59; H, 5.44; N, 28.36. Found: C, 44.41; H, S.44; N, 28.29. 

8-NH'C2HS Ado. ---·8-Br Ado (Jmmo1es) was dissolved in 70% 

ethy1amine solution (25m1), and stirred overnight at room tempera­

ture. Pink crystal was collected after the same procedures as 8-

NH·CH3 Ado. Yield, 38-49% of 8-Br Ado. mp.)200°. Anal.Calcd.for 

C12H18N604: C, 46.45; H, 5.85; N, 27.08~ Found: C, 46.18; H, 5.80; 

N, 27.04. 

8~[N(CH3)2] Ado. --- 8-Br Ado (3 mmo1es) was dissolved in 40% 

dimethy1amine solution (25m1), and stirred overnight at room tem­

pera ture. Whi te pOll[der was collected after the same procedures 

as 8-NH.CH3 Ado. Yield, 32-40% of 8-Br Ado. mp.>200°. Anal. 

Ca1cd.for C12H18N604: C, 46.45; H, 5.85; N,27.08. Found: C, 46.4S; 



52 

H, 5.61; N, 27.06. 

8-0CH3 Ado. --- 8-Br Ado (3 mmoles) was suspended in freshly 

prepared anhydrous methanol (25ml) dissolving Na metal (15 mIDoles). 

The suspension '"as stirred for l6hr at room temperature. The re­

action mixture was adjusted to pH 7 with conc. HCl, and the sol­

ution was evaporated to dryness, and recrystallized from water at 

4° after charcoal treatment. Yield, 24-32% of 8-Br Ado. mp.)200°. 

Anal. Calcd.for CllHlSNS05: C, 44.44; H, 5.09; N, 23.S6. Found: 

C, 44.27; H, 5.09; N, 23.67. 

8-0C2HS Ado. --- 8-Br Ado (3 mmoles) was suspended in freshly 

prepared anhydrous ethanol (25ml) dissolving Na metal (15 mmoles). 

After the same procedures as 8-0CH3 Ado, pale pink crystal was 

collected to yield 28-34% of 8-Br Ado. mp.)2000. Anal. Calcd.for 

C12HI7NS~5: C, 46.30; H; S.~O; N, 22.50. Found: C, 43.55; H, 5.38; 

N, 22.03. 

8=0 Ado. --- A suspension of 8-Br Ado (3 mmoles) in anhydrous 

sodium acetate (2g), acetic anhydride (SOml), and glacial acetic 

acid (IOOml) was heated at 120-140° for 4hr. The reaction mixture 

was evaporated to dryness, and repeatedly evaporated with ethanol~ 

water and a small amount of pyridine. The resulting caramel ,,,as 

dissolved in water, and extracted with chloroform. Organic phase 

was dried with anhydrous Na 2S04 , and evaporated after filtration. 

2% NH40H-SO% ethanol-water (SOml) was added to the caramel and 

stirred overnight. Then the reaction mixture was evaporated to 

dryness. After dissolution in hot water, charcoal was added and 

filtered. The filtrate lvas cooled to 4°. White pow'der was col­

lected to yield 27-38% of 8-Br Ado. mp.>200°. Anal.Calc~ for 
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Found: e, 41.93; H,4.63; 

N, 24.51. 

8-N_ Ado. --- A dimethylformamide (DMF) solution (50ml) of 8-
J 

Br Ado (10 mmoles) and sodium azide (IS mmoles) "[as heated stir-

ring at 65-75° overnight with passing dried nitrogen gas. The re-

action._mixture 'vas cooled to room temperature, and poured into 

methylene chloride (1 liter). "The precipitate was collected with 

centri fuging. The pellet was washed 'vi th methylene chloride (100 

ml), anhydrous methanol (20ml) for three times, and water (20 ml). 

Pale yellow pellet was dissolved in hot water and treated with 

activated charcoal. The filtrate was allowed to stand at 4° after 

removal of charcoal. Pale yellmv powder ''las collected to yield 

28-34% of 8-Br Ado. mp.)2000. Anal.Calcd.for elOHl2Ng04: e, 

38.96; H, 3.92; N, 36.35. Found: C, 38.32; H, 3.86; N, 34.56. 

8-Bromo-[2'(or 3')~riisopropYlbenzene sulfonyl] adenosine (48). 

Well dried 8-Br Ado (20 mmoles) was dissolved in dry DMF (180 

ml) by heating, and the solution was cooled to -10 to -ISo in an 

ice-salt bath. A DMF (lOml) suspension of sodium hydride (24 

mmoles) was added to the 8-Br Ado solution, and stirred £or 10 min. 

After hydrogen gas was not generated, triisopropylbenzene sulfonyl 

chloride (6.6 g) ''las added to the suspension, and stirred for Zhr. 

The reaction mixture was dropped into an aqueous solution (800ml) 

of sodium bicarbonate (lOg) with stirring. After 60 min stirring, 

the precipitate was collected by filtration and dried over PZ0 5 at 

below 50°. White pm'lder ''las first dissolved in methanol (100 ml) 

and allowed to stand at 4° for 24hr. 8-Br-3'~iisoproPYlbenzene 
sulfonyl (TPS) Ado thus obtained was collected by £iltration. 
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The filtrate was evaporated, and the solid was dissolved in benzene 

(150ml). The mixture was allowed to stand at 4° overnight, and 

8-Br-21~PS Ado ,,,as obtained. Both the Ado derivatives did not 

yield over 40% of 8-Br Ado. 

8-Br-2'-O-tosyl Ado (49). --- A methanol (Z50ml) solution of 

8-Br Ado (10 mmoles) and .dibutyltin oxide (10 mmoles) was re­

fluxed for 30 min. The solution was evaporated to dryness. 8-

~ Br-Z' ,3'-aibutylstannylene Ado was crystallized from ethanol-

acetone mixture. 8-Br-Z' ,3'~ibutYlstannylene Ado thus obtained 

(ca. 5 mmoles) ,,,as suspended in a methanol (lOOml) solution of 

triethylamine (75 mmoles) and tosyl chloride (75 mmoles). The 

solution was stirred at room temperature for 5 min, and evaporated 

to dryness. After extraction with water-ether, the aqueous phase 

was condensed and allow~d to stand at 4°. 
~ 8,Z'-S-<;:yclo Ado. --- A DMF (lOml) solution of 8-Br-Z'-TPS Ado 

or, 8-Br-z,:Q(osyl Ado (1 mmole) and sodium mercaptan (3 mmoles) ,,,as 

heated at 60-70° for l4hr. The solution was neutralized with IN 

HCl, and HZS gas was removed by bubbling NZ gas. After evaporation 

to dryness, the solid was dissolved in hot water (lOml) and insol­

uble material was removed by filtration. The filtrate was evapo­

rated to dryness, and the solid was dissolved in hot water (15ml). 

After treating with activated charcoal, 8,Z'-S-cyclo Ado was 

crystallized at 4°. mp. l47°~ Anal. Calcd.for elOHllN503S: e, 

4Z.70; H, 3.94; N, Z4.90; S, 11.40. Found: e, 42.70; H, 3.79; 

N, Z5.0Z; S, 11.69. 
. ~ 

8,3'-S-cyclo Ado. --- A DMF (lOml) solution of 8-Br-3'-TPS Ado 

(1 mmole) and sodium mercaptan (3 mmoles) was heated at 60-70° 



55 

for 14hr. The same procedures for 8,2'-S-cyclo Ado synthesis 

was applied. mp. 165°. Anal. Calcd_for ClOHllN503S: C, 42.70; 

H, 3.94; N, 24.90; S, 11.40. Found: C, 42.70; H, 3.99; N, 25.07; 

S, 11.17. 

3'-dATP (Cordycepin). --- 8,3'-S-cyclo Ado (1 mmo1e) was re­

fluxed in water as concentrated as possible. A ethanol suspension 

(lm1) of Raney Ni was added to the solution with stirring. The 

suspension was filtered and then washed with 2% NH40H-SO% ethanol­

water. The filtrate and the washed solution were evaporated to 

dryness. The solid was dissolved in hot water, and 3'-dAdo was 

crystallized at .4°. Anal.Calcd. for ClOH13N503: C, 47.81; H, 5.22; 

N, 27.87. Found: C, 47~8l; H, 5.10; N, 27.89. 

8-SCH3 Ado and 8-CH3 Ado were kindly supplied by Drs. T.Maru­

yama and W.G.Lymn, respectively, of Osaka University. Formycin 

was kindly gifted from Dr. H.Umezawa of Institute of Microbial 

Chemistry and Meiji Seika Co. 

Nucleoside 5'-monophosphate (NMP). --- The adenosine analog 

(1 rnrnole) was added to a mixture of freshly distilled phosphoryl 

chloride (0.37 ml) and trimethylphosphate (2.5 ml) with stirring 

at -10 to 0°. After 2.5-3.5hr, the reaction mixture was poured 

into a saturated sodium bicarbonate solution at room temperature, 

and stirred overnight. The resulting solution was adjusted to 

pH 3 with conc.HCl, and desalted with activated charcoal. The 

crude NMP solution was purified by DEAE-cellu1ose column chro­

matography (about 40ml resin/mrnole of NMP) with a linear gradient 

of 2-l00mM triethylammonium bicarbonate (TEAB) buffer at pH 7.5. 

The yield of NMP was in the range between 78-85% of the nucleoside. 
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Nucleoside triphosphate. - - - The fractions of NMP lITere collected 

and repeatedly evaporated with ethanol-water. NMP (1 Ill!l1Qle) was 

dissolved in t-butanol (lOml)-water (IOml)-morpholine (4 mm9Ies), 

and refluxed. A t-butanol solution (15ml) of dicyclohexylcarbo­

diimide (DCC, 4 mmoles) was added to the refluxed mixture. After 

3 to 4hr, a t-butanol solution of morpholine (2 mmoles) and nee 

(2 mIDoles) 1vas added further, and the reaction mixture was con';'" 

tinued refluxing. When a spot of NMP on paper electrophoresis 

disappeared, the reaction mixture was evaporated without cooling. 

A precipitate of dicyclohexylurea was removed by filtration. The 

resultant solution was extracted with ethet. After repeating 

these procedures, the NMP-morpholidate solution was evaporated to 

dryness. The caramel thus obtained was dissolved in anhydrous 

pyridine (lOml), and evaporated four times. Sodium pyrophosphate 

(PPi, 5 mmoles) was converted to free acid by Dowex 501'1 (H+ -form) ~ 

and mixed with tri-n-butylamine (10 mmoles) .tri-n-Butylanunonium 

"pyrophosphate was dried by repeated evaporation with anhydrous 

pyridine. Both the pyridine solutions were mixed and evaporated 

four times. Then, the solvent was changed to DMF, and evaporated 

once, and the DMF (sml) ~olution was allowed to stand for 40hr at 

room temperature. The reaction mixture was evaporated with water, 

and pH was adjusted to 8 with conc.NH40H. NTP was purified by a 

column chromatography on Dmvex 2x8 (2x20cm) with a linear gradient 

of 0 - 0.45 M Liel in 3mN He]" (Fig. 4). The lithium salt of 

NTP was passed through a column of activated charcoal column ( 

about 30ml). After washing the column 1vi th water (2 t), the ad­

sorbed nucleotide was eluted with 2% NH40H-50% ethanol-water. 
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The solvent 'vas evaporated off, and the residue Has dissolved in 

a small amount of Hater and passed through a column of Dmvex SOW 

x8 (K+-form) to yield 50-70% of NMP. 

8-[N(CH3)i] ATP was not followed th the above method, because 

in changed into a different material (A.max=290nm) with Dblvex 2x8 

and LiCl. Therefore, 8-[N(CH3)2] ATP was purified on DEAE-celllose 

column with a linear gradient of 0-0.45M TEAB buffer at pH 7.5. 

8-[N(CH3)2] ATP was also synthesized by direct substitution of 

8-posi tion of 8:::-Br ATP 'vi th dimethylamine. However, some side re­

actions occurred with this method. 

8-Br ATP. --- ~a2ATP (1 mmole) was dissolved-in sodium acetate 

(lOOml, pH 4.0) and Brz-water (0° saturated, 10ml).was added: 

The reaction mixture was allowed to stand at room temperature for 

l6hr, and extracted hromlne with ether. The colour was discharged 

by adding 2M NaHS03 (about Srnl). After neutralization with conc. 

NaOH, the resul tan t solution was subj ected on Dmvex lx4, and 

eluted with a linear gradient of 0.13-0.2SM Liel in the presence 

of 3mN HCl. The 8-Br ATP fraction was desalted by the same method 

for NTP described above. 8-Br-r- [32 p] -ATP 'vas prepared from T- [ 

32 p ]_ATP by the same method as unlabelled 8-Br ATP. 

All the preparation gave single spot on paper electrophoresis 

on Toyo 5lA filter paper in 50n~ TEAB buffer ~t pH 7.S and 35 volt 

xcm- l (Table I) and on descending paper chromatography on Toyo 5lA 

paper with the following solvents: A, isopropanol-conc.NH40H-water 

(7:1:2, by volume); B, ethanol-lM ammonium acetate at pH 7.0-water 

(7:3, by volume); C, n-butanol-acetic acid-,,,ater (5:2:3~ by volume) 

(Table 1). 
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AT? ims purchased from KYoHa Hakko Kogyo Co. NEM 'vas purchase~ 

from Nakarai Chemicals Ltd. and purified by sublimation before use. 

Other reagents were of analytical grade or chemical ~rade, and 

,.;ere purified by appropriate methods "lhen necessary. 

Table r. Properties of ATP analogs. 

PPC a (Rf ) PEpb Amax £H2O 
M . 

A B C Rm nm x 10- 3 

8-Br ATP 0.14 0.12 0.22 0.99 263 16.1c 

8-NH·CH 3 ATP 0.11 0.07 0.20 0.99 278 18.1 

8-NH·C 2HS ATP 0.10 0.08 0.25 0.94 278 18.2 

8-N(CH3)2 ATP 0.12 0.17 0.40 0.97 274 17.2 

_8-0CH3 ATP 0.06 0.11 0.17 0.99 261 14.3 

8-0C 2HS ATP 0.03 0.09 0.21 0.97 261 15.1 

8-SCH3 ATP 0.17 0.14 0.18 0.97 279 20.7 

8=0 ATP 0.06 0.13 0.12 1.0 268 12.8 

8-N3 ATP 0.14 0.09 0.13 1.01 279 13.2 

8-CH3 ATP 0.14 0.10 0.15 0~98 258 15.5 

FTP 0.10 0.08 0.12 1.0 294 10.3 

8,2'-S-cyc10 ATP 0.13 0.09 0.15 0.99 277 23.3 

8,3'-S-cyc10 ATP 0.11 0.08 0.12 0.92 282 25.4 

3' -dATP 0.14 0.11 0.11 0.99 258 15.4 

ATP 0.08 0.08 0.11 1.0 258 15.4 

a. Paper chromatography. Solvents used are described in the text. 

b. Paper electrophoresis. Relative migration ratio 'vas represent­
ed bv Ado as 0 and ATP as 1.0. , 

c. Measured at pH 1. Xmax=261nm. 

Methods.------ The SHl-groun of myosin \vere modified with NHM by 

the method of Sekine and Yamaguchi (SO). 
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NTPase activity was determined by measuring the amount of Pi 

liberated by the method of Martin and Doty (51). The amount of 

32pi liberated was measured as described by Nakamura and Tonomura 

(52). 

The time courses of the changes in fluorescence of HMH and 

light scattering intensity of acto-fP.-~r after adding NTP lV'ere 

measured by a stopped flow method, using the apparatus described 

by Takemori et al. (53). Fluorescence and light-scattering were 

recorded in a Hitachi-Perkin Elmer MPF-2A fluorescence spectro­

photometer connected to a Hitachi QPD-33 recorder. or a direct 

visual oscillograph (Visigraph FR 301, San-ei Instrument Co.)~ 

Fluorescence of H~~ was excited at 290 nm, and measured at 340 n~, 

unless otherwise stated, in 50mH KCl, 5mH HgCI 2 , and 20mH Tris-HCI 

at pH 7.8 and 20°. The' int,ensi ty of light-scattering of acto-H1'-'fM 

was measured at 350 nm in 50mN KC1, 5mJvl ~fgC12' and 20mH Tris-HCI 

at pH 7.8 and 20°. 

Dissociation of acto-S-1 was measured by the rapid filtration 

method, using a Mil1ipore filter (0.3pm pore size) '\{hich had been 

pretrea ted with HHH as described in Part I: !--,TTP (0. 5mH) ,.,as added 

to protein solution containing 0.7 mg/m1 S-l, 0.4 mp.lml FA-RP, 

50mM KCl, 2m.M MgC1 2 , and 20mH Tris -maleate at pH 7.0 and 20°, and 

the resulting solution was iwmediate1y shaken and filtered.under 

suction. Protein concentration in the filtrate was estimated 

wi th Folin-Ciocal teu reagents (54) calibrated '\vi th bovine serum 

albumin. 

The change ln turbidity of actomyosin after adding NTP lvas 

followed at 660 nm using a Cary 14 spectrophotometer. The exper~ 

imenta1 conditions are described in "RESULTS AND DISCUSSION." 
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Shortening of sarcomeres was initiated by adding various con-

centrations of NTP to a suspension of 4.4 mg/ml of myofibrillar 

protein in 40mM KCl, lmM MgC1 2, lOpM CaC1 2 , and 30mM Tris-maleate 

at pH 7.0 and 20°, and reactions were stopped after various peri­

ods by adding an equal volume of 30mM EDTA and SmM Tris-maleate 

at pH 7.0 (SS). Photographs of myofibrils '\V'ere taken l'lith an 

Olympus model PM-7 camera attached to a Nikon phase contrast 

microscope, and expanded with a Nikon Profile Projector for measur­

ing the length of sarcomeres. The average length of sarcomeres 

was calculated from the length of 5-15 sarcomeres of 6-15 fibers. 

Protein concentration was estimated by the biuret method (56) 

calibrated by nitrogen determination, unless otherw'ise stated. 

RESULTS AND DISCUSSION 

NTPase in the steady state. Table 11 summarizes the rates of 

hydrolysis of ATP analogs by myosin measured at a fixed concen­

tration of analogs (0.3mM) in O.SM KCl at pH 7.8 and 20° in the 

presence of SrnM EDTA, 10mM CaC1 2 or Snu\1 MgC1 2• All the NTPs with 

easy rotation about the glycosyl bond w'ere hydrolyzed by myosin 

very rapidly in the presence of EDTA, but very s lm'lly in the pre-

f u 2+ . sence 0 !V!g 10ns. On the other hand, all the NTPswith difficult 

rotation about the glycosyl bond were hydrolyzed by myosin rapidly 

. h f U 2+ . h . h £ EDTA 1n t e presence 0 rug 1ons, w ereas 1n t e presence 0 , 

NTPs of syn-conformation were not hydrolyzed and those of anti­

and intermediate-conformation hydrolyzed very slowly. ITP, 6-

keto analog, is not hydrolyzed in the presence of EDTA, but very 

readily in the presence of Mg2+ ions (2). These fatts indicate 

that the effects of EDTA and Mg2+ ions on myosin NTPase are 
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affected by both the conformation of NTP and the substituents at 

h 6 .. Th . h· b C 2+ t e -pos1t10n. ere was no general relat10ns 1p etween a -

NTPase activity and the NTP conformation and also the properties 

of the substituent. 

The modification of the specific SH-group of myosin, SHI' acti­

vates the MgZ+ -ATPase and lower the EDTA(K+) -ATPase activities (57). 

The results obtained with the stereospecific analogs resemble to that of SHI -

modified myosinATPase reaction. Fig. 5 shows the time courses of 
. 

Pi-liberation after adding O.SmM ATP and 8-Br ATP to 0.48 mg/ml 

of SHI-modified myosin in SOmM KCI, SmM MgCI Z' and ZOmM Tris-male­

ate at pH 7.0 and ZO°. It is clearly shown that the effects of 

8-substituted ATP, analogs are not due to their modification of 

SHI-group of myosin, because myosin isolated by repeated precipi­

tations after reaction with excess 8-Br ATP had the same Mg2+_ 

ATPase activity as untreated myosin. Furthermore, 8-Br ATPase 

of myosin was strongly inhibited by modification with NEM, in con­

trast to ATPase. 

The Michaelis constant (Km) and the maximum velocity (Vm) were 

estimated from the double-reciprocal plot of HMM-NTPase against 

the NTP concentration in SOmM KCI and SmM MgClz at pH 7.8 and ZOo 

(Figs. 6,7), and their values are summarized in Table Ill. Both 

the Km and Vm values for NTPs with difficult rotation were much 

larger than those for NTPs wi th 6-NH and easy rotation, regardless 

of the conformation. Figs. 6 and 7 also shOlv the double-reciprocal 

plots of the change in tryptophan fluorescence (AF/F) of HMM in­

duced by 8-Br ATP and 8-0CZHS ATP. F is the fluorescence inten­

sity of HMM before NTP addition, and AF is the increment of fluor-
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Fig. S. Effects of modification of SH1 group and addition of 

FA on myosin ATPase and 8-Br ATPase activities. SOmM KC!, 

SIP.M MgC1 2, 20mM Tris-maleate, pH 7.0,20°. A: O.SmM ATP; B: 

O.SIP.M 8-Br ATP. 0 , 0.48 mg/m! myosin; et, 0.48 mg/m! myosin 

+0.2 mg/ml FA; D., 0.48 mg/m! SH!-modified myosin; A, 0.48 

mg/m! SHl-modified myosin + 0.2 mg/ml FA. The lm ... est line in 

A shows the time course of Pi-liberation from ATP with 0.48 

mg/m! myosin. 
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escence after it. Table III summarizes the estimated maximum 

increment of fluorescence (AFm/F) and the concentration for the 

half Ji1aximal change (Kfl ). Ll F m/F values varied with the NTP 

structure as already reported by Werber et al. (58). The Kfl 

values for NTPs with difficult rotation about the glycosy1 bond 

l'lere much larger than the value for ATP. The double-reciprocal 

plots for 8-NH'CH3 ATP and 8-SCH3 ATP were not linear, and the 

Kfl values could not be estimated. Table III clearly shows that 

for every NTP with difficult rotation about the glycosy1 bond, 

~ the Km value is larger than"the Kfl value. 

Dissociation of acto-HMM and acto-S-l. --- It is well knmvn 

(59,60) that ATP" induces dissociation of acto-HM1'.'1 and acto-S-l. 

Figure 8 shows time courses of change ln light-scattering inten-

sity of acto-HMM reconstituted from 0.34 mg/ml HMM and 0.09 mg/m1 

FA after adding various concentrations of 8-Br ATP in 50mM KCI, 

5mM MgC1 2, and 10mM Tris-HCl at pH 7.6 and 20°. The time for 

half-maximum decrease in light-scattering intensity, ~~, for 

acto-HMM after adding 8-Br ATP was 0.75 sec for 6.25pM, 0.6 sec 

for l2.5pM, and 0.4 sec for both 25 and 37.5pM 8-Br ATP. The 

intensity remained at the lowest level, LSc ' for some tim~ and 

then gradually increased. F~gure 9 shows semi10garismic plot~ 

of the time courses of recovery of light-scattering intensity. 

The apparent first-order rate constants of recovery, kr' for the 

two highest concentrations of 8-Br ATP were almost equal, i.e. 
-1 -1 0.17 sec for 25pM, and 0.15 sec for 37.5pM 8-Br ATP. They 

-1 were larger than the kr value for 6.25pM ATP, i.e. 0.082 sec • 

The extent of dissociation of acto-HMM reconstituted from 
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0.34 rug/ml HMM and 0.09 mg/ml FA-RP induced by NTP was measured 

in sOraM KCl and smM MgCl z at pH 7.8 and 20°. The double-reciprocal 

plot of the relative extent of decrease in light-scattering CaLS) 

induced by NTP (4LSNTP/ALSATP~oo) against the NTP concentration 

(Fig. 10) showed that the maximum decrease induced by a suf-

ficient amount of NTP is constant, regardless of its structure. 

The dependence of the extent of dissociation of acto-H~~ on the 

concentration of NTP followed the Michaelis-Menten equation. The 

concentrations (Kd.) required for half maximal dissociation are 
. 1S 

summarized in Table IV. Clearly, NTPs with easy rotation about 

the glycosy1 bond generally dissociated acto-H~W at low concen-

tration, whereas most NTPs with difficult rotation shO\ved large 

Kd . values, regardless of whether they had an anti-, intermediate-
1S 

or syn-conformation. 

The extent of dissociation of acto-S-l reconstituted from 0.7 

mg/ml S-l and 0.4 mg/m1 FA-RP after adding O.smM NTP was measured 

by the rapid fi 1 tration method in sOmM KCl and 2nM MgClZ at pH 7.0 

and 20°. The results are summarized in Table V. In the case of 

S-l alone, 93% of the applied protein passed through the filter, 

whereas only 1.3% of FA-RP did. Even when no protein ,.,as applied, 

7-8 pg/ml of protein appeared in the filtrate, since the ~IM used 

for pretreatment of the membrane was partially removed. The extent 

of dissociation,d, was calculated from the protein concentration 

in the filtrate of acto-S-l relative to the sum of the protein 

concentrations in the filtrates of buffer alone, S-l, and FA-RP 

alone. The ~ value was 19.6% in the absence of NTP, and 85.4% and 

86.8% in the presence of ATP and 8-Br ATP, respectively. Thus, 
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Table V. .Dissociation of acto-S-l on adding NTP. 0.7 mg/ml S-l, 

0.4 mg/m1 FA-RP, SOmM KCl, 2mM MgC1
2

, 20mM Tris-maleate, pH 7.0, 

20°. NTP (O.S1JlM) 'V'aS added to the protein solution, and the re­

sulting solution ,,,as filtered through a ~fil1ipore filter (0.3J.lm) 

pretreated with HMM. The extent of dissociation, 01., '''as calcu­

lated from the protein concentration in the filtrate of acto-S-l 

relative to the sum of those for no protein, S-l, and FA-RP. 
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acto-S-l 'vas dissociated as completely by adding 8-Br ATP as by 

adding ATP. As described in 'Introduction' for this Part, S-l 

is an equimolar mixture of hlO fractions (3-5): one which shows 

an initial Pi-burst (S-lB), and one which does not but has 

ATPase activity via route-Z (c£. 'Introduction') CS-lA). Therefore, 

this resul tindicates that acto-S-lA dissociates on the formation 

of °MNTP, and that acto-S-lB dissociates on the formation of 

MZNTP. This agrees 'vi th the results obtained with AMPPNP, which 

is not hydrolyzed by myosin, but which dissociates actomyosin 

completely and causes changes in the fluorescence of myosin by the 

formation of an ~ntermediate, MZAMPPNP, in route-l (cf. 'Intro­

duction') (Fig. 11). 

Actomyosin NTPase and initial Pi-burst. The effects of 0.5 

mg/ml FA-RP on hydrolysfs of O. 3mM NTPs by 0.1 mg/ml myosin 'vere 

observed in the presence of ZmM HgCl Z and ZOpM CaCl Z in 40mM KCl 

at pH 7.8 and ZO° (Figs. 5, lZ, and Table VI). Hydrolysis of ATP, 

3'-dATP and FTP by myosin were markedly activated by FA-RP, where­

as hydrolysis of every type of NTP with difficult rotation about 

the glycosyl bond by myosin were not activated or inhibited by 

FA- RP. The apparent inhibition 'vas found to be competi ti ve; 

addition of FA-RP increased the K value without changing the V m m 
value for hydrolysis by myosin of NTP lvi th difficult rotation 

(Fig. 13). It is widely accepted that :the main intermediate of 

actomyosin NTPase is a myosin-P-NDP complex (M~DP), the formation 

of which is observed as an initial Pi-burst (1,Z,62,63). As 

shown in Table VI, the size of the initial Pi-burst was 0.5-0.6 

mole per mole of myosin head for all NTPs with easy rotation about 



(1) Actomyosin 

(2) Acto-H-meromyosin 

(3) Acto-S-1 
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M2ATP~MADP P 

Fig. 11. Schematic models of dissociation of actomyosin, acto-HMM, 

and acto-S-l complexes. As already snown by Takeuchi and Tonomura 

(60), actomyosin dissociates on binding 0.5 mole of ATP/mole of 

myosin head. On the contrary, acto-ffi~I and acto-S-l reqire 1 mole 

of ATP/mole of head for dissociation. 8-Br ATP binds to head B ,,,ith 

higher affinity than to head A. Detailed discussion is described in 

the text. 
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o.~ AT P 
A,48-0C2Hs ATP 
D,a FT P 

'1.T 8=0 ATP 

A-------
2 4 6 8 

REACTION TIME (min) 
Fig. l2~· Effects of FA On the myosin NTPase activity. 0.1 mg/ml 

myosin, 40mM KCl, smM MgC1 2, 10rnM Tris-HCl, pH 7.6. 20·. NTPase 

activities were measured in the presence (closed symbols) and 
absence (open symbols) of 0.5 mg/ml FA. 

0.4 

.. 

O~----------------~1~O----------------~20 

(8-SCH3ATP}-1 (mM-') 

Fig. 13. Double-reciprocal plotsof 8-SCH3 ATPase activity of 

myosin in the presence and absence of FA versus the: concentration 

of,8-S0-I3 ATP. 0.1 mg/ml rnyosin, sOm~ KCl. 2nf.f MgC12~ 20pM CaCI2, 

20mM Tris-HCl, pH 7.8, 20°. Activities were measured in the pre­

sence (.) and absence (0) of 0.4 mg/mI FA-RP. 
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the glycosyl bond, whereas Pi-burst 'vas not found for any type of 

NTPs with difficult rotation (Figs. 14,15). 

Superprecipitation of actomyosin and contraction of myofibrils. 

--- As is well known, Mg 2+-ATP induces superprecipitation of acto­

myosin at lm'l ionic strength, and this can be followed by measur-

ing the turbidity of an actomyosin suspension (1). Figure 16 

shows the time courses of increase in turbidity at 660 nm when 

0; 5rrJ-t NTP was added to an actomyosin suspension reconstituted from 

0.8 rng/ml myosin and 0.2 mg/ml FA in O.lM KCl, lmM MgC12 at pH 7.0 

and 20°. Superprecipitation occurred rapidly on adding NTP with 

easy rotation about the glycosyl bond, but did not occur on adding 

NTP with difficult rotation. 
2+ Myofibrils contract on adding Mg -ATP, and 'vi th sufficient 

amount of Mg 2+-ATP contraction bands are formed. Contraction of 

myofibrils was- ~observed after adding NTP to 4.4 mg/ml of myofi­

brillar protein in 40mM KCl, lniM MgC1 2 , 10pM CaC1 2 at pH 7.0 and 

20°. Figure 17_ shows the time courses of change in sarcomere 

length after adding various concentrations of Mg2+-ATP (A) and 
2+ Mg -8-Br ATP (B). The sarcomere length before adding NTP was 

2.l4tO.lSpm. As shown in Fig. l7A, the sarcomere length scarcely 

changed on adding 2.5, 5, or 10pM ATP, but shortening was clearly 

observed on adding 20pM ATP, and the length decreased to 1.23± 

0.33Spm on incubation for 120 sec. When 100}lM -A-TP 'vas added, 

the sarcomere length decreased rapidly, and reached 1.11~0.135pm 

within 20 sec. In contrast, no shortening was observed on addition 

of 8-Br ATP, even at a concentration of 200pM, as shmin in Fig. 

l7B. 
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3 

)< 

~_[32PJ-8-BrATP 
(}.JM) 

0 50 
-2 

0 x 100 
.~ 

.A 200 ~ 
ID 
"0 

~ 
ID 
0 
E 

CL 
<J 

o~--~----~------~~------~~----~~ : 20 ·,30 1.0 

-

REACTION TIME(sec} 
Fig. 14. Time course of 32Pi-1iberation from myosin-8-Br ATP 

system. 2.4 mg/m1 myosin, O.SM KCl, Sm~1 MgClr 20mM Tris-HCl, 

pH 8.0, 0_1 0
• The concetrations of 8_Br_._[3 P] ATP added were 

indicated in the figure. 

8 

~6 
:r: 
o 
E -oL. 
E -

O~~----------------1~O------------------~20 

REACTION TIME (sec) 
Fig. 15. Time course of Pi-liberation from ~~-NTP systems. 

0.3lI'N NTP, 6.8 mg/ml I*!M, O.5~1 KCl, 5mM MgC1 2, 20mM Tris-HC1, 

pH 7.8,0-10
• NTPs used , ... ere indicated in the figure. 
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ATP 

WATER 

E 
c 
o 
co 
co 

o 
o 

Fig. 16. Superprecipitation of actomyosin induced by O.Sw}.! of 

ATP, 2'-dATP, 3'-dATP, FTP, and 8-0C2HS ATP. 0.8 mg/m1 myosin, 

0.2 mg/m1 FA-RP, O.lM KCl, lmM MgC1 2, 10Jl1.M Tris-ma1eate, 10pM 

CaC1 2, pH 7.0, 20°. Superprecipitation of actomyosin was followed 

the change in turbidity at 660nm. Dotted line represents the 

level before NTP addition, and water addition shO\'ls the decrease 

in turbidity by dilution. 
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Table VII summarizes the efficiency of NTPs for supporting 

the contraction of myofibrils and/or superprecipitation of acto­

myosin. Both natural and synthetic NTPs lvith easy rotation 

about the glycosyl bond supported rnyofibrillar contraction and 

superprecipitation of actomyosin, as expected from marked accel­

eration \vi th FA-RP of their hydrolyses by myosin (Table VI). 

On the other hand, all the NTPs 'tli th difficult rotation did not 

support superprecipitaion of actomyosin, regardless of their 

conformation. 

Inhibition of ATPase by 8-Br ATP. --- Figure 18 shows the 

effects of l50pM 8-Br ATP on the time courses of 3ZPi-liberation 

after adding 2.5pM 'f_[3Z p]_ATP to 0.1 rng/ml HMM in 40m1-J KCl, 2J1l.M 

MgC1 2, -and ZOpM CaC1 2 at pH 7.0 and 20° in the presence and ab­

sence of 0.6 mg/ml FA-RP. The rate constant of HMM" ATPase de­

creased from 3.4 to 1.1 min- l on adding 8-Br ATP. Thus, ~f 

ATPase in the presence of Z.5pM ATP was inhibited 68% by adding 

l50pM 8-Br ATP. Figure 19 shows the inhibition by 8-Br ATP of 

the superprecipitation of actomyosin induced by ATP. ATP (lOpM) 

together with various concentrations of 8-Br ATP was added to 

actomyosin (0.2 mg/ml myosin and 0.05 mg/ml FA-RP) in O.lM KCl, 

1 mM MgCl z' and 10pM CaC1 2 at pH 7.0 and ZO°. The extent of 

superprecipi tation decreased to a steady level of 40% lvi th in­

crease in 8-Br ATP, and the concentration of 8-Br ATP for the 

half-maxi~rn effect was 20pM. These results indicate that 8-Br 

ATP and ATP bind at the same site of myosin. However, superpre­

cipi taion of actomyosin "vas partially inhibited (60 %) by adding 

sufficient ATP. Furthermore, ZOpM 8-Br ATP was required for half-
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maximum inhibition of the superprecipitaion of actomyosin after 

adding 10pM ATP, while the actomyosin ATPase activity in the pre­

sence of 2.5pM ATPonly decreased 20% on adding lSOpM 8-Br ATP. 

These results indicate that the mechanism of superprecipitaion 

is complex. 

CONCLUSION 

The following reaction scheme is generally accepted for myosin 

ATPase which is coupled with tension development during muscle 

contraction (1,2,62,63, and "Introduction"): 

M + ATP~MlATP~M2ATP~N~DP ~ ~ M + ADP + Pi 

Formation of MlATP is not accompanied by a fluorescence change of 

tryptophan. As described in 'Introduction' of this Part, M2ATP 
ADP and Mp are accompanied by an increment of tryptophan fluor-

escence on adding NTP, and these intermediates are in a rapid 

equilibrium. The M~DP formation is observed as a Pi-burst, and 

its decomposition is activated by FA. Actin-activated ATPase of 

myosin is closely related to muscle contraction (1,2,62,63). 

In summary, the results obtained in this work indicated that 

the key intermediate for actomyosin NTPase is MNDP , not M NTP P . 2' 

that hydrolysis of 8-Br ATP via route-2 is not affected by FA, 

and that difficulty of rotation about the glycosyl bond affects 

tlvO characteristic properties of Mg2+ -NTPase reactions of myosin 

and actomyosin (Table VIII). First, all the NTPs with difficult 

rotation about the glycosyl bond did not support initial Pi­

burst, actin-activation of myosin NTPase and superprecipitation 

of actomyosin, although they increased the tryptophan fluorescence 

of HMM (Tables m,IV,VI, &.vm).. The properties common to NTPs 
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with difficult rotation did not depend on the confomation and 

substituents. Second, in the case of NTPs with 6-NH and in the 

presence of Mg2+ ions, all the analogs with difficult rotation 

about the glycosyl bond ,,,ere hydrolyzed by myosin much faster 

than NIPs with easy rotation (Table ll). The K values for hy­
m 

drolysis of NTPs with difficult rotation were larger than Kfl 

values estimated from the change in tryptophan fluorescence 

(Tab le ill) • Furthermore, NTPs ,,,i th difficult rotation about the 

glycosyl bond ,,,ere hardly hydrolyzed in the presence of EDTA 

(Table Il). 

There are two possible explanations for these results. If 

the two heads of myosin are identical and reaction intermediates 

of myosin NTPase are formed sequentially, as asserted by Taylor's 

(62) and Trentham's (63) groups, no occurrence of initial Pi­

burst and actin-activation of myosin NTPas'e for NTP with dif-

ficult rotation indicates that the conversion from MZNTP into 

M~DP is rate-limiting. However, this assumption is inconsistent 

with the fact that Km values were larger than Kfl value~ !or NTPs 

wi th difficult rotation about the glycosyl bond (Table Ill). On 

the other hand, there are many experimental results indicating 

that the two heads of myosin are not identical (1,2), and have 

shown that myosin subfragment-l (S-l) is an equimolar mixture 

of S-lB forming M~DP and S -lA forming a °MATP complex by s eparati on 

of two S-l fractions (3-5). Accordingly, all the results obtained 

wi th NTPs with difficul t rotation about the glycosyl bond can be 

explained by assuming that these NTPs are hydrolyzed mainly on 

head A (S-lA), and that M2NTP formed on head B (S-IB) is not con-
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verted into M~DP. The non-identical two head hypothesis is also. 

consistent with the fact that NTPs with difficult rotation can 

not be used as a substrate for EDTA(K+) -NTPase, "lvhich is pre": 

viously shown as being catalyzed by head B (64). 

Furthermore, two recent studies clearly showed that 8-Br ATP 

is hydrolyzed only on head A. Inoue et al. (64) showed that 

2+ the steady-state hydrolysis of Mg -8-Br ATP by HMM appeared 

immediately after its addition to M~DP which had been formed on 

head B, indicating that hydrolysis of 8-Br ATP does not require 

d .. f MADP h· h k 1 . d h ecomposltlon 0 P , W lC ta es severa mlnutes un er t e 

conditions used. Takashi et al. (65) measured the binding of 

8-Br ATP to S-l from the decrease in fluorescence of 4,4'-bis­

(1-anilinonaphthalene-8-sulfonate) bound to the active sites, 

and showed that S-l behaves. like an equimolar mixture of two 

components, each with its Olvn dissociation constant for the bind­

ing of 8-Br ATP. These two dissociation constants were almost 
. 2+ 

equal to the Km and Kfl values of Mg -8-Br ATPase of H~1M. These 

two observations support the assumption cited here. 

In the above discussion, I tacitly assumed that the two charac­

teristicproperties mentioned above are due to difficulty of' 

rotation about the glycosyl bond between the base and the ribose. 

However, all the NTPs with difficult rotation were prepared by 

modification of the adenine moiety at the 8-position. Therefore, 

it is possible that the blO properties resulted from 8-substi"" 

tution itself, although they did not depend on the species of 

substi tuents. FTP, which appears to be easily rotatable about 

the glycosyl bond according to various physicochemical methods 

(66), shOlved the properties characteristic to NTPs lvi th· easy ro-
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~ 
tation, although the CH group at the 8-position of ATP is re­

I 

, , / " Q 
placed by ~N: and ~ at the 9-position by y . Furthermore, 

contraction of myofibri1s was supported by ITP (6-keto purine), 

GTP (2-amino-6-keto purine), CTP (2-keto-4-amino pyrimidine), UTP (Z,4-di­

keto pyrimidine), and TTP (Z,4-diketo-5-methyl pyrimidine) (1, 

Z,7, and Table VII). It is thus highly probable that the above 

two properties are due to difficulty of rotation about the gly­

cosyl bond rather than 8-substitution. Therefore, it is concluded 

tha~ in the case of NTP with difficult rotation, MZNTP can not 

be converted into M~DP since the three-dimensional structure of 

the active site for binding the base and the ribose changes 

during the conversion of MZNTP into M~DP. 

* * * * * * 
A part of these studies was published in 1976, and it appears 

in "J.Biochem. 80 1381-1392." The other are submitted to 

Proc.Nat1.Acad.Sci.USA . 



, 
\ 

) 

89 

REFERENCES 

1. Tonomura, Y. (1972) "Husc1e Proteins, ~Ius c1e Contraction 

2. 

3. 

4. 

5. 

and Cation Transport, " (Urii v. Tokyo Press & Univ. Park 

Press). 

Inoue ,A. , Takenaka ,H. , Arata,T. & Tonomura,Y. (1978) 

Biophys. in press. 

Inoue,A. & Tonomura,Y. (1976) J.Biochem. 79 419. 

Inoue,A. & Tonomura,Y. (1976) J.Biochem. 80 1359. 

Shibata-Sekiya,K. & Tonomura,Y. (1976) J.Biochem. 80 

1371. 

6. B1um,J.J. (1955) Arch.Biochem.Biophys. 55 486. 

7. Hasse1bach,W. (1956) Biochim.Biophys.Acta 20 355. 

Adv. 

8. Ikehara,M., Ohtsuka,E., Kitaga-tva,S., Yagi,K. & Tonomura,Y. 

(1961) J.Amer.Chem.Soc.83 2679. 

9. Ikehara,M., Ohtsuka,E., Kitaga'tVa,S. & Tonomura,Y. (1964) 

Biochim.Biophys.Acta 82 74. 

10. Tonomura,Y., Imamura,K., Ikehara,M., Uno,H. & Harada,F. 

(1967) J.Biochem. 61 460. 

11. Duke ,J .A." & Morales ,M. F. (1973) "Organization of Energy­

Transducing Membranes," eds. Nakao,H. & Packer,L. (Univ. 

Tokyo Press) p143. 

12. Yount,R.G. (1975) Adv.Enzymo1. 431. 

13. Onishi,H., Ohtsuka,E., Ikehara,M. & Tonomura,Y. (1973) 

J.Biochem. 74 435. 

14. Murphy ,A. J. & Morales ,H. F. (1970) Biochemis try "~ 1528. 

15. Ecks tein, F. & Goody, R. S. (1976) Biochemistry 15 1685. 

16. Kennard,O., Isaacs,N.W., Coppo1a,J.C., Kirby,A.J., Warren,S., 



90 

!'.lotherwe11 ,W. D. S., Watson,D. G., Wamp1er ,D. L., Chenery ,D.H., 

Larson,A.C., Kerr,K.A. & Riva di Sanserverino,L. (1970) 

Nature 225 333. 

17. Donohue,J. & Trueb1ood,K.N. (1960) J.Mol.Biol. 2 363. 

18. Sundara1ingam,M. & Jensen,L.H. (1965) J.Mo1.Biol. 13 

930. 

19. Sundara1ingam,M. (1969) Biopo1ymers 7 82l. 

20. Sundara1ingam,M. (1973) "The Jerusalem Symposia on Quantum 

Chemistry and Biochemistry," eds. Bergmann,E.D. & Pullman, 

B. (Academic Press, New York) vol. 5 p 417. 

21. Yathindra,N. & Sundara1ingam,M. (1973) Biopolymers 12 

297. 

22. Mi11ner,Jr.,O.E. & Andersen,J.A. (1975) Biopo1ymers 14 

2159. 

23. Hemmes,P., Oppenheimer,L. & Jordan,F. (1976) J.Chem.Soc., 

Chem.Commun. 929. 

24. Tran-Dinh,S. & Chachaty,C. (1977) Biochim.Biophys.Acta 

500 405. 

25. Tava1e,S.S. & Sobe11,H.M. (1970) J.Mo1.Bio1. 48 109. 

) 26. Sarma,R.H., Lee,C.-H., Evans,F.E., Yathindra,N. & Sundara1ingam, 

M. J.Amer.Chem.Soc. 96 7337. 

27. Uesugi,S. & Ikehara,M. (1977) J.Amer.Chem.Soc. 99 3250. 

28. Ikehara,M., Uesugi,S. & Yoshida,K .. (1972)~·Biochemistry 

11 830. 

29. Muneyama,K. Bauer,R.J., Shuman,D.A., Robins,R.K. & Simon,L.N. 

(1971) Biochemistry "10 2390. 

30. Kh\vaja,T.A., Boswe11,K.H., Robins,R.K. & Mi11er,J.P. (1975) 

Biochemistry" 14 4238. 



91 

31. Ncras,D., 01sen,K.W., Sabesan,M.N., Buehner,M., Ford,G.C. 

& Rossmann,H.G. (1975) J.Bio1.Chem.· 250 9137. 

32. Ikehara ,M. (1969) Accounts Chem. Res. 2 47. 

33. Evans,F.E. & Kap1an,N.O. (1976) J.Bio1.Chem. ·251 6791. 

34. Perry,S.V. (1955) "Methods in Enzymo1ogy," eds. Co1owick, 

S.P. & Kap1an,N.O. (Academic Press, Inc., New York) vol. 2 

p582. 

35. Szent-Gyorgyi,A.G. (1953) Arch.Biochem.Biophys. 42 305. 

36. Hayashi,Y. (1972) J.Biochem. 72 83. 

37. Straub,F.B. & Feuer,G. (1950) Biochim.Biophys.Acta 4 

445. 

3"8. Spudich,J.A. & Watt,S. (1971) J.Bio1.Chem. 246 4866. 

39. Mommaerts,W.F.H.M. (1952) J.Bio1.Chem. 198 445. 

40. Perry,S.V. & Corsi,A. (1958) Biochem.J. 68 5. 

41. G1ynn,LM. & Chappe1,J.B. (1964) Biochem.J. 90 147. 

42. Long,R.A., Robins,R.K .. & Townsend,L.B. (1967) J~Org.Chem. 

32 2751. 

43. Ho1mes,R.E. & Robins,R.K. (1965) J.Amer.Chem.Soc. 

87 1772. 

44. Yoshikawa,M., Kato,T. & Takenishi,T. (1969) Bu11.Chem. 

Soc.Japan 42 3505. 

45. Moffatt,LG. & Khorana,H.G. (1961) J.Amer.Chem.Soc. 83 

649. 

46. Ikehara ,M. & Tada,H. (1967) Chem.Pharm.Bu11. 15 94. 

47. Ikehara,M. & Uesugi,S. (1969) Chem. Pharm. Bull. 17 348. 

48. Ikehara,M. & Kaneko,M. (1970) Tetrahedron 26 4251. 

49. Wagner ,D. , Verheyden,J.P.H. & Moffatt,J.G. (1974) J.Org. 

Chem. ·39 24. 



) 

50. 

5I. 

52. 

Sekine,T. & Yamaguchi,M. 

Martiri,~.B. & Doty,D.M. 

Nakamura,H. & Tonomura,Y. 

92 

(1963) J.Biochem. "54 196. 

(1949) A~a1.Chem. 21 965. 

(1968) J.Biochem." ~3 279. 

53. Takemori, S., Nakamura ,H., Suzuki, K., Ka tagiri ,J>.1. & Nakamura, 

T. Biochim.Biophys.Acta 284 382. 

54. Layne ,E. (1955) "Hethods in Enzymo1ogy," eds. Co1owick,­

S.P. & Kap1an,N.O. (Academic Press, Inc., New York) vol. 3 

448. 

55. Takahashi,K., Mori,T., Nakamura,H. & Tonomura,Y. (1965) 

J.Biochem. 57 637. 

56. Gornal1,A.G., Bardmi1l,C.J. & David,M.M.(1949) J.Biol.Chern. 

177 75I. 

57. Kiel1ey,W.W. & Brad1ey,L.B. (1956) J.Bio1.Chem.218 

653. 

58. Werber,H.M., Szent-Gyorgyi,A.G. & Fasman,G.D. (1972) Bio­

chemistry 11 2872. 

59. Onishi,H., Nakamura,H. & Tonomura,Y. (1968) J.Biochem. 64 

769. 

60. Takeuchi,K. & Tonomura,Y. (1971) J.Biochem. 70 1011. 

61. Bagshaw,C.R., Eccleston,J.F., Eckstein,F., Goody,R.S., 

Gudfreund,H. & Trentham,D.R. (1974) Biochem:J. "141 35I. 

62. Tay1or,E.W. (1973) "Current Topics in Bidenergetics," eds. 

Sanadi, R. O. & Packer, L. (Academic Press," Inc., New York) 

voI.S p.201. 

63. Trentham,D.R., Ecc1eston,J.F. & Bagshaw,Q.R. (1976) Quart. 

Rev.Binphys. 9 217. 

64. Inoue,A., Kikuchi,K. & Tonomura,Y. (1977) J.Biochem. "82 

783. 



93 

65. Takashi,R., Tonomura,Y. & Morales,M.F. (1977) Proc.Natl. 

Acad.Sci.USA ·74 2334. 

66. Prusiner,P., Brennan,T. & Sundaralingam,M. (1973) Bio­

chemistry" "12 1196. 


