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SUMMARY 

The following reaction cycle is observed in myofibrils from rabbit  muscle treated with 
deoxycholate: In the absence of added nucleotides, ADP bound to myofibrils is 
phosphorylated in the presence of creatine phosphate and ATP-creatine trans- 
phosphorylase, resulting in the liberation of free creatine, and the ATP produced 
is hydrolyzed by the Mg-activated ATPase activity of the myofibrils. The same 
phenomenon also occurs with myofibrils isolated from glycerinated psoas fibers. 

INTRODUCTION 

Myosin and actin are considered to be the principal proteins involved in muscle 
contraction 1, 2. Isolated actin always contains tightly bound ADP 3 which can not be 
removed unless actin is denatured. In spite of much effort, the role of actin-bound 
ADP in the process of muscle contraction is still obscure 4-7. 

STROHMAN 8 has reported that  Cr-enzyme could catalyze the reaction between 
actin-bound ADP and added Cr-P. This transphosphorylation was accompanied by  
transformation of fibrous to globular actin. PERRY has reported that  most of the 
ADP of myofibrils is bound to actin 4 and that  the ADP of myofibrils cannot be 
phosphorylated 5 under conditions similar to those used by  STROHMAN. 

The failure to observe transphosphorylation under the conditions used by  
PERRY, might be explained perhaps by the inability of added Cr-enzyme to penetrate 
untreated myofibrils. We have found myofibrils treated by deoxycholate or glycerine 
to have a similar appearance in the microscope to untreated myofibrils. Most of the 
work reported here has been done on myofibrils treated with deoxycholate. A pre- 
liminary report has been previously presented 8. 

MATERIALS AND METHODS 
Preparation of myofibril 

Myofibrils were prepared from rabbit  back muscle by the method of PERRY 9, 
except that  4 m M  MgCI 2 equal to the concentration of EDTA was added. Such myo- 

Abbreviations : Cr-enzyme, ATP-creatine transphosphorylase (creatine kinase) ; Pi, inorganic 
orthophosphate; Cr-P, creatine phosphate; AMP, adenosinemonophosphate; ADP, adenosine- 
diphosphate; ATP, adenosinetriphosphate ; EDTA, ethylenediaminetetraacetate; ATPase, 
adenosinetriphosphatase; p-CMB, p-chloromercuribenzoate; TCA, trichloroacetic acid. 

* Present address: Department of Chemistry, Faculty of Science, Hokkaido University, 
Sapporo, Japan. 
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fibrils show no Cr-enzyme activity and the sarcomere length is 2.6 to 2.8/,. If mag- 
nesium and EDTA are omitted from the wash solution, the sarcomere lengths are 
much shorter and more random. The concentration of myofibrils is expressed as 
protein, determined by the biuret procedure of GORNALL, BARDAWlLL AND DAVID 1° 
using crystalline bovine serum albumin as a standard. Myofibrils were generally 
stored at o ° as a very thick paste (30 to 35 mg/ml) and portions were weighed for 
use assuming a density of i. 

Deoxycholate treatment of myofibrils 
Commercial deoxycholate was recrystallized twice from methanol. A stock 5 % 

solution (approx. o.125 M) was prepared after adjusting the pH to 7.8 with KOH. 
Myofibrils (3 volumes) were first mixed with an appropriate amount of deoxycholate-  
borate KC1 mixture (4 volumes) and thoroughly stirred for I min at o °. Then the 
mixture was washed 3 times, each with a volume of o.04 M bora te-o .o3  M KC1, 
pH 7.15, equal to 5 to 6 times the volume of the original myofibri l-deoxycholate 
suspension. The myofibrils were collected each time by centrifugation at o °, 50o0 x g 
for 15 rain and finally suspended in the bo ra t e -KCl  solution. Myofibrils treated with 
deoxycholate were used immediately. 

Preparation of myofibrils from glycerinated muscle fibers 
Glycerinated fibers were prepared from rabbit  psoas muscle as follows: Muscle 

strands about 2 mm in diameter were partially dissected out and tied in situ with 
cotton thread to glass rods in order to maintain the rest length; the fibers attached 
to glass rods were allowed to stand at o ° in 50 % glycerine which was changed daily; 
beginning the third day the fibers in fresh 50 % glycerine at o ° were transferred to 
a deep freeze at about. 15 ° and stored for more than two months without change 
of solution. Glycerinated fibers were cut with scissors to about one-inch length and 
treated as in the preparation of fresh myofibrils. 

Preparation of [a2PJcreatine phosphate 
A mixture of [3*P]ADP and [32PlATP was prepared from radioactive inorganic 

phosphate using liver mitochondria n and the two nucleotides were purified by the 
procedure of PONTIS 1~ using calcium chloride on a Dowex-i  column, but modified 
for batch opera t ion- -o .o  5 M NH4C1 was used to wash the column, o.oi N HC1 to 
elute AMP and 0.035 M CaCI~, pH 1.85, to elute ADP + ATP. E32P]Cr-P was prepared 
from the calcium-free mixture of labeled adenine nucleotides by incubating 30 min 
at room temperature at pH 9.5 with excess creatine and purified preparations of 
Cr-enzyme and myokinase. E32P~Cr-P was easily iso]ated by  ion-exchange chromatog- 
raphy on a Dowex-I  chloride column (I c m x  3.5 cm) by  eluting with 0.025 M 
calcium chloride, pH 4.2. The effluent was lyophilized, the dry powder was dissolved 
in i m M  NH4OH and calcium was removed by the use of a Dowex-5o X Na+-form 
column. The solution of E32PICr-P contained less than 5 % Pi and showed no ab- 
sorption at 260 m/,. The overall yield from starting compound, Naas2PO4, to E3*PlCr-P 
was 38 %. 

A Nuclear Chicago Geiger tube and scaler were used for monitoring radioactivity 
and samples were plated and counted using a gas flow counter. 

Determination of creatine liberating activity 
The reaction mixture was composed of o.300 ml o.Io M buffer (generally histi- 
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dine buffer, pH 7.0), o.Ioo ml o.oi M MgC1 v 0.050 ml or more of Cr-enzyme (generally, 
45-50 mg crystallized enzyme/ml in o.ooi M glycine, pH 9), myofibril stock (o.Ioo- 
0.50o ml of myofibril suspension containing about IO mg/ml in borate-KC1 solution; 
biuret protein determination is made) and 0.04 M borate-o .o3 M KC1, pH 7.15, to 
a total volume of 0.900 ml. The reaction (incubated in 3 °0 bath) was started by 
adding o.ioo ml Cr-P to a concentration of I - IO m M  and stopped by  the addition 
of 2.5 m M  p-CMB to a final concentration of 0.5 m M  followed by cooling in an ice- 
water mixture. Protein was precipitated using barium hydroxide and zinc sulfate 
as described by SOMOGY113. The supernatant from centrifugation, 5,000 × g, o °, 
15 min, was used for creatine determination by the method of ENNOR AND STOCKEN 14. 

Determination of A TPase activity 
Incubation at 3 °0 was carried out in the presence of I m M  ATP, 5 m M  MgC12, 

5 ° m M  histidine, pH 7, and the Pi liberated was determined by the method of FISKE 
AND SUBBAROW 15. 

Determination of radioactive phosphate incorporation 
Incubation conditions were the same as in the determination of creatine liberation 

except that  5 times larger quantities were used. The reaction was stopped and the 
nucleotide liberated by adding cold 3 % TCA, and allowing the mixture to stand 
in an ice bath  for 20 min. The mixture was centrifuged at o ° and the precipitate 
was once washed with I °/o TCA. The combined supernatant solutions were adsorbed 
on a Norite column (25 mg Norite A and 15 mg cellulose powder). To reduce the 
3~Pi and [82P]Cr-P contamination, the column was washed 3 times with a total of 
30 ml of o.I M NaH2PO 4. The Norite A column was transferred to a planchet and 
dried for counting. 

RESULTS 

Morphological structure of myofibrils 
Myofibrils prepared as described above have been found to be heterogeneous 

in size, but  the sarcomere lengths have been found to be almost uniform. Myofibrils 
washed with deoxycholate solution showed a morphological structure similar to un- 
treated myofibrils except that  the I band was somewhat shorter, the Z membrane 
was difficult to see even at IOOO X magnification, and the outer boundaries of the 
myofibrils were less distinct. 

At low ionic strength in the absence of Mg++, myofibrils shortened in 5 m M  
ATP and showed a simple pat tern of alternating dark and light bands. 

Myofibrils prepared from glycerinated muscle fibers appeared to have a more 
distinct band pat tern than myofibrils prepared from untreated muscle myofibrils. 

Content of nucleotides of myofibrils 
The nucleotides bound to myofibrils were eluted with i ~/o HC104 and analyzed 

by  ion-exchange chromatography on Dowex-i  according to the method of COHN AND 
CARTER TM adapted to smaller quantities. Adenine nucleotides were further identified 
by  optical density ratios 250 mtz/26o mtz = 0.22 and 280 mtz/26o mr* = 0.85. As 
seen in Table I the amounts of the nucleotides found were slightly lower than those 
reported by PERRY 4 (determined by  a combination of phosphate analysis and enzyme 
assay). 
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T A B L E  I 

A N A L Y S I S  O F  N U C L E O T I D E S  O F  M Y O F I B R I L S  B Y  I O N  : E X C H A N G E  C H R O M A T O G R A P H Y  

~moles/g of myofibrils 

A M P  A D P  A T P  

A D P  
Total A D P  + A T P  

Total 

N a t u r a l  myof ibr i l s  o.87* 2.o2 0.42 2.44 
N a t u r a l  myof ibr i l s  o.14 2.26 o.3 ° 2.7o 2.56 
N a t u r a l  myof ibr i l s  (Perry) 0.88 2. 7 0.47 3.17 

0.84 

Myofibri ls  t r ea t ed  by  
0 . 7 %  deoxycho l a t e  o.14 1.74 o.14 2.02 1.88 0.86 
o.7 % deoxycho la t e  o 1.64 0.34 1.98 i .98 0.83 
0.7 % deoxycho la t e  0.07 1.83 o.I 7 2.o7 2.oo 0.88 

* P r o b a b l y  c o n t a m i n a t e d  s ince  ra t io  of ab so rbance  a t  25 ° m #  to  26o m #  was  1.37. 

Accessibility of the creatine enzyme system to myofibrils 

Cr-enzyme is specific for ADP and Cr-P 17. Hence in a suitable mixture of myo- 
fibril, Cr-enzyme and Cr-P the liberation of creatine strongly suggests that  the 
enzyme catalyzes the reaction between ADP bound to myofibrils and the added Cr-P. 
In agreement with the report ~ of PERRY,  w e  have found that  in a reaction mixture 
of untreated myofibrils, crystallized creatine enzyme, Mg ++ and Cr-P there was only 
a slight liberation of creatine. 

Myofibrils treated with deoxycholate, digitonin or ATP, or myofibrils isolated 
from glycerinated muscle fibers catalyzed the liberation of free creatine as shown 
in Figs. I and 2. No creatine liberation was observed even with these treated myo- 
fibrils if Cr-P, Cr-enzyme, or myofibril was omitted from the reaction mixture. The 
slow reaction observed in the absence of added Mg ++ may be due to Mg ++ bound 
to myofibrils TM. An explanation for the effect of treating myofibrils with ATP is not 
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Fig. I. Creat ine  l ibe ra t ing  ac t i v i t y  of myof ibr i l s  
t r ea ted  b y  different  condi t ions .  Crea t ine  en-  
zyme,  2.8 mg /ml .  Crea t ine  phospha t e ,  o.2 m M .  
a, myof ibr i l s  t r ea ted  by  o. 7 % deoxycho la t e  a t  
p H  7.8, ~u = o.o3; b, myof ibr i l s  t r ea ted  b y  
1 .9% deoxycho la t e  a t  p H  9.7, lu = o.o3; c, 
myof ibr i l s  t r ea ted  by  5 m M  A T P  a t  p H  7.o, 
# = o.o2; d, myof ibr i l s  t r e a t ed  b y  1 .5% di- 

g i ton in  a t  p H  7.o, # = o.47; e, control .  
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Fig. 2. Creat ine  l ibe ra t ing  ac t iv i ty  of myof ibr i l s  
isolated f rom glycer ina ted  psoas  fibers. Crea t ine  
phospha t e ,  o.6 m M .  O, myofibr i ls  isolated 
f rom g lycer ina ted  musc le  fibers, 3.1 mg /ml .  
Creat ine  enzyme ,  2. 4 mg /ml .  0 ,  s a m e  myofi-  
brils,  b u t  4 days  a f te r  t he  p repara t ion ,  3.I 
mg / ml .  Creat ine  enzyme ,  2.9 mg]ml .  × ,  s ame  
myofibr i l s  as  in O.  Myofibrils,  3.1 mg /ml .  Crea- 

t ine enzyme ,  5.6 mg /ml .  
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apparent. In the case of myofibrils isolated from glycerinated fbers, the liberation 
of creatine showed a lag phase (Fig. 2). The lag phase was increased by aging of 
the myofibrils and decreased by increasing the ratio of the amount of creatine enzyme 
to myofibrils. 

During the liberation of creatine, a gradual shortening of the myofibrils isolated 
from glycerinated fibers has been microscopically observed. Shortening occurs first 
in the H band and finally resulted in the formation of so-called contraction bands. 
The process seems to be very similar to the observation of HUXLEY TM with glycerinated 
fibers. 

Properties of creatine liberation by the myofibril-creatine enzymic system 
As shown in Fig. 3, with increasing deoxycholate concentration in the washing 

of myofibrils, the creatine liberating activity increased to about 1% deoxycholate 
and then decreased when the concentration of deoxycholate was greater than 2 %. 
There was variability in creatine liberating activity from preparation to preparation, 
especially when myofibrils were washed with deoxycholate concentrations greater 
than 0.5 %. 

The Mg++-activated ATPase activity of myofibrils showed a slight decrease with 
increasing concentration of deoxycholate up to about 1% and at higher deoxycholate 
concentration the loss in ATPase activity was considerable (Fig. 3). There appears 
to be a relationship between creatine liberating activity and ATPase activity of 
myofibrils. 

During deoxycholate treatment, large amounts of protein were extracted, as 
shown in Fig. 4- The nature of the protein extracted by deoxycholate has not been 
determined. 

The creatine liberating activity of myofibrils washed by deoxycholate was not 
stable in borate-KC1 solution stored at pH 7 and o °. As shown in Fig. 5, stored 
myofibrils showed a lag phase not apparent with freshly treated myofibrils, but after 
overcoming the lag phase the rate of creatine liberation attained normal values. The 
lag phase observed with myofibrils prepared from glycerinated muscle fibers has 
already been pointed out (Fig. 2). 
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Fig. 3. Creat ine  l ibe ra t ing  ac t i v i t y  and  Mg-ATP-  
ase  a c t i v i t y  of  myof ibr i l s  t r ea t ed  by  var iab le  
concen t r a t i on  of deoxycho l a t e  for i min ,  o °. 
O,  c rea t ine  l ibera t ion .  Crea t ine  enzyme ,  2.8 
m g / m l .  Crea t ine  p h o s p h a t e ,  0.2 raM. O,  Mg- 

ATPase .  
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Fig. 4. P ro te in  ex t r ac t i on  b y  deoxycho la t e  f rom 
n a t u r a l  myofibri ls ,  p H  7.8, / ,  = o.o3 :t: 0.005. 
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Fig. 5. Creatine liberating activities of myofi- 
brils freshly treated by 0. 7 % deoxycholate and 
the myofibrils stored overnight at  o °. O, myo- 
fibrils freshly treated, 4. i mg/ml. Creatine enzy- 
me, 3.I mg/ml. Greatine phosphate, 0.6 5 raM. 
O, myofibrils stored, 3.9 mg/ml. Creafine en- 
zyme, 3.1 mg/ml. Czeatine phosphate, 0. 7 mM. 
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Fig. 6. The linear relationship between the 
activity of creatine liberation and the amount 
of myofibrils treated by 0.7% deoxycholate. 
Creatine enzyme, 2.8 mg/ml. Creatine phos- 

phate, o.2 mM. 

Fig. 6 shows the linear relationship between creatine liberating activity and the 
amount of myofibrils (freshly washed with deoxycholate). 

Under our conditions the creatine liberating activity of myofibrils was not 
saturated with Cr-enzyme as shown in Fig. 7. For routine runs, Cr-enzyme was mixed 
with the reaction mixture shortly before the start  of the reaction. When myofibrils 
were preincubated with Cr-enzyme in borate-KC1 at pH 7 and at o °, creatine was 
liberated only when further quantities of Cr-enzyme were added. 

Fig. 8 shows the LINEWEAVER-BURK plots of creatine liberation. Maximum 
activity was reached at Cr-P concentrations greater than I m M  and apparent Km 
values for Cr-P of I.O5" lO -4 and I.IO. lO -4 M have been obtained from curves a and b 
respectively. However, the velocity of creatine liberation was directly proportional 
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Fig. 7. The relation between creatine liberating 
activity and the amount of creatine enzyme on 
the myofibrils treated by 0. 7 % deoxycholate. 
Creatine phosphate 0.2 mM. a, myofibrils 
treated by 0. 7 % deoxycholate, 2. 5 mg/ml, b, 
myofibrils treated by 2 % deoxycholate, 2.5 mg/ 
ml. c, control with naturalmyofibrils, 3.2 mg/ml. 
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Fig. 8. LINEWEAV]~R-BURK plot of the inverse of 
the velocities of creatine liberation against the 
inverse of the concentrations of creatine phos- 
phate. Myofibrils treated by o. 7 % deoxycholate. 
a, creatine enzyme, 2. 4 mg/ml, b, creatine 

enzyme, 4.9 mg/ml. 
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to the amount of Cr-enzyme. The results suggest that  the rate determining step 
involves the reaction catalyzed by  Cr-enzyme. 

Behavior of ADP on myofibrils 

The myofibrils were first incubated with the complete system (myofibrils, Cr- 
enzyme; Mg++) at pH 7 for 20 min at 3 °0 and then were washed by borate-KC1 
solution. The ADP of the myofibrils was still available for creatine liberation as 
shown by the creatine liberating activity of a second incubation which showed the 
same value as the first incubation (Table II,  Expts.  I and 4, column 8). Cr-enzyme 
once added in the first incubation was unavailable or lost for the second incubation, 
but ADP was still on the myofibrils and it functioned with the same efficiency as 
before. These results strongly suggest that  the ADP is always situated in a convenient 
position both for phosphorylation by the Cr-enzyme Cr-P system and for dephos- 
phorylation by  ATPase. 

TABLE II  
THE :EFFECT OF PRE-INCUBATION ON CREATINE LIBERATING ACTIVITY OF 

DEOXYCHOLATE TREATED MYOFIBRILS 

Expt. 

Reaction mixture of the first incubation 
Creatinc liberating activity of 

the second incubations 
(~moles creatine[ 

rag myofibrils/5 rain, 3 o°) 

Myofibrils Creatinc 
Creagine Incubation Complete enzyme 

bytreatedo.7 % Cveatineenzyme (iMgCl2mM) pkosphate  Temperature time system is omitted 
deoxycholate (2.5 mg/ml) (z raM) (rain) from 
(2.4 mg]ml) complete system 

I + + + + 3 ° 2 0  0 , 0 5 4  0 . 0 0 3  
2 + - -  + - -  3 ° 2 0  0 . 0 4 8  ~ o . o o I  

3 + - -  + - -  o 2 0  0 . 0 5 2  N o n e  

4 + - -  - -  - -  o - -  0 . 0 5 5  N o n e  

In Table I I I  are given some representative data from which the figures have 
been drawn for the comparison of the rate of ATP hydrolysis to the rate of creatine 
liberation. I t  is seen that  the rate of ATP hydrolysis is IO to 50 times greater than 
the rate of creatine liberation (phosphate transfer). 

Phosphate incorporation in myofibrils 

In early experiments untreated myofibrils were incubated with Cr-enzyme, 
[32P]Cr-P and Mg++, all adjusted to pH 7. The reaction was stopped by 50 % methanol 
which did not extract  any nucleotides from myofibrils but almost completely inhibited 
the magnesium activated ATPase of the myofibrils. I ml of the methanol treated 
mixture was layered on 3 ml of 0.25 M sucrose in the tube of a Spinco swinging 
bucket rotor and immediately centrifuged at 20,000 × g for 3 min. The precipitated 
myofibrils were plated and the radioactivity was counted. As shown by  control runs 
without creatine enzyme, the myofibrils were washed almost completely free of radio- 
active phosphate during the sedimentation through the sucrose layer. An excess of 
about 5" lO-4/~moles of radioactive phosphate/g of myofibrils was observed when the 
reaction was stopped at IO sec or 15 min. The results confirmed the previous obser- 
vation of PERRY. 
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T A B L E  I I I  

COMPARISON OF M g - A T P A s E  AND CREATINE LIBERATING ACTIVITY" OF MYOFIBRILS 
AT p H  7 AND 3 °0  

Creatine liberating activity 
Preparation Deoxycholate A TP-ase* 

% Itmoles P/tug'rain Myofibrils Cr-enzyme CrP F, moles Cr**/ 
(rag) (rag) mM rag/rain 

7 o 0.34 5.5 2.8 2.2 ~ o .0002 
0.02 0.35 5.4 2.8 0.2 0 .0003 
o.13 o.35 5.5 2.8 0.2 o .ooo  4 
0 ,26  o.31 5.1 2.8 o.2 o .ooo6 
o.39 o .36  5.1 2.8 0.2 o .oo12 
0 .7o  o.33 5.0 2.8 0.2 o.oo 3 
i .4 o .26  4.9 2.8 o.2 o.oo 4 
2.0 o .27  4.7 2,8 0.2 0 .o04 
o.7 2.5 5.7 0.2 o .oo6 
o. 7 2. 5 11. 4 o.2 o.oo 7 

8 0. 7 2.65 2.4 5.0 o.o13 
0.7 2.65 4.9 0.2 o .o19 
0.7 2.65 4.9 i .o O.Ol 9 
0.7 2.65 4.9 5 .0 o.o31 

* M e a s u r e d  in  t h e  p r e s e n c e  of i m M  A T P  a n d  
** M e a s u r e d  in  t h e  p r e s e n c e  of I r a M  MgCI v 

5 m M  MgC1 v 

In other experiments with myofibrils freshly washed with deoxycholate, the 
reaction mixtures (incubated in centrifuge tubes) were rapidly cooled in an ice-water  
bath, after the appropriate reaction time, and then rapidly centrifuged at o °. The 
supernatant was sucked out and discarded. The bound nucleotides were extracted 
from sedimented myofibrils by  the addition of cold TCA and were adsorbed on a 
column of 15 mg of Norite A mixed with cellulose powder (previously washed by 
acid, alkali and ethanol). The time lapse from the start  of the reaction to addition 
of TCA was generally 2o to 25 rain. However, even if p-CMB was added to 0. 5 m M  
to stop the reaction or EDTA was added to 2 m M  to overcome the ATPase activity 
by  sequestering Mg ++ ~1 the amount of nucleotide containing phosphate adsorbed on 
Norite A did not significantly vary from 5" Io-s  vmoles/g of myofibrils. 

In later experiments on phosphate incorporation by deoxycholate treated myo- 
fibrils, the procedure used was that  described above. The curves indicating the 
amount of radioactive nucleotide incorporated against the reaction time were ob- 
tained as shown in Figs. 9 and IO. The incorporation rises to a maximum in I to 2 min 
and then shows a decline. The amount of radioactive nucleotide increased with 
increase in concentration of [3~P]Cr-P added (Fig. IO). The maximum incorporation 
of s~p from [s~P~Cr-P that  we have observed (conditions may  not yet be ideal) has 
been 40 % of the ADP and ATP bound to the myofibrils t reated with deoxycholate. 
Untreated myofibrils or control runs in which the TCA was added before the substrate 
showed essentially no incorporation of the phosphorus isotope. 

Identification of radioactive nucleotide 
Ion exchange chromatography (Dowex-I) of nucleotides 2~ extracted from myo- 

fibrils incubated with the complete system showed three peaks of AMP, ADP and 
ATP by u.v. absorption and the ATP peak contained essentially all of the radio- 
activity, excluding s~pi and [~2P]Cr-P (Fig. I I ) .  
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Fig. 9- Rad ioac t i ve  p h o s p h a t e  incorpora t ion  in 
t he  myof ibr i l s  t r ea t ed  b y  o. 7 ~/o deoxycho la t e  wi th  
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e n z y m e  s y s t e m .  O,  p h o s p h a t e  incorpora t ion .  
Rad ioac t i ve  c rea t ine  p h o s p h a t e ,  o.2 m M  and  
2.3"1o T coun t s / ra in .  Myofibrils,  19.5 mg/5  ml .  
Crea t ine  enzyme ,  15. 4 mg/5  ml .  O ,  c rea t ine  
l ibe ra t ing  ac t iv i ty .  Creat ine  phospha t e ,  0.2 raM.  
Myofibrils,  3.9 mg /ml .  Creat ine  enzyme ,  3 mg /ml .  
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Fig. IO. Rad ioac t ive  p h o s p h a t e  incorpora t ion  in 
t he  myofibr i ls  t r ea t ed  by  o.7 ~/o deoxycho la t e  wi th  
c rea t ine  e n z y m e  s y s t e m  at  different  c rea t ine  phos-  
p h a t e  concen t ra t ions .  O,  rad ioac t ive  c rea t ine  
phospha t e ,  o. 75 m M  a n d  I .  i o 2 c o u n t s / m i n .  Myofi- 
brils,  19.4 mg/5  ml .  Creat ine  enzyme ,  15.4 mg/5  ml .  
O, rad ioac t ive  c rea t ine  p h o s p h a t e  o,2 m M .  Myofi- 
brils, 19.5 mg/5  ml. Creat ine  enzyme,  15.4 mg/5  ml.  

Fig. i i .  Ion  exchange  c h r o m a t o g r a p h y  of nucleo-  
t ides  ex t r ac t ed  f rom myofibr i l s  t r ea t ed  by  o. 7 ~o 
deoxychola te .  Rad ioac t ive  c rea t ine  phospha t e ,  
o.16 m M  a n d  9 . 5 . i o  e c o u n t s / m i n .  Myofibrils,  
abou t  13o mg/IS .5  ml .  Crea t ine  enzyme ,  24.3 
mg/ I5 .  5 ml .  E l u e n t  a t  I is 0.2 M formic a c i d -  
o. 3 M a m m o n i u m  fo rma te ;  a t  2, 2. 5 M formic 
a c i d - o .  3 M a m m o n i u m  fo rma te ;  and  a t  3, 4 M 
formic a c i d - o .  3 M a m m o n i u m  formate .  Peak  a, 

AM P ;  b, A D P ;  c, ATP.  O, rad ioac t iv i ty .  

DISCUSSION 

The reaction system containing Cr-enzyme and deoxycholate-washed myofibrils, 
liberated creatine and produced bound ATP without addition of ADP, i.e., ADP 
bound to myofibrils was phosphorylated by the Cr-enzyme system and the nucleotide 
remained bound to the myofibril. Subsequently the bound ATP was hydrolyzed by 
the Mg-ATPase of myofibrils to bound ADP and inorganic phosphate so that the 
net reaction is the breakdown of Cr-P. The same Mg-ATPase activity of myofibrils 
was maintained during the reaction cycle. The highest phosphate incorporation 
observed by us was 4 ° ~o of the total amount of ADP plus ATP bound to myofibrils. 

As shown in Table I, more than 80 % of the nucleotides of myofibrils was ADP. 
It is generally assumed that the nucleotides of myofibrils are bound to actin. It  should 
be noted that preparations of myosin also contain ADP and ATP z3, but the amount 
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is too low to account for the observed amount of phosphate incorporation. The ob- 
served time course of phosphate incorporation (Fig. 9) indicates that there is an 
observable time interval between phosphate incorporation from Cr-P and the liber- 
ation of Cr. Thus it may be reasonable to conclude that ADP on actin of the myo- 
fibrils incorporated phosphate from the Cr-enzyme system and was converted to ATP 
which in turn was hydrolyzed and thus makes possible a cyclical process. 

From these considerations the following reaction scheme is suggested: (a) Cr- 
enzyme catalyzes the reaction of Cr-P with ADP tightly bound to actin of myofibrils 
resulting in the production of bound ATP and the liberation of creatine. (b) The 
loosely bound ATP is transferred from actin to the ATPase active site of myosin 
in myofibrils or alternatively, the ATP induces a configurational change in the make- 
up of the myofibrils. (c) The ATP is hydrolyzed by the ATPase activity of myosin 
to loosely bound ADP and Pi and (d) the ADP formed is returned to the original 
state. We might speculate that  in this system under consideration the creatine 
liberating activity may be limited by the degree to which the nucleotide sites of the 
myofibril are saturated with creatine enzyme, since (a) the myofibril system seems 
to become very rapidly saturated with regard to formation of bound ATP; and (b) 
increasing amounts of enzyme increased creatine liberating activity (Fig. 8) although 
even at low enzyme concentrations many-fold excess enzyme (on the basis of assay 
in a purified system) had been added for the observed activity. 

The accessibility of myofibril for the Cr-enzyme system might depend on a steric 
interrelation of actin and myosin inside the myofibril and/or a diffusion of Cr-enzyme 
into the myofibrils. There is no evidence that  proteins in glycerinated myofibrils have 
the same configuration as in the intact myofibrils, but the results from electron micro- 
scopy suggest the same structural interrelationship between actin and myosin in both 
kinds of myofibrils. However, myofibrils from glycerinated muscle fibers can liberate 
creatine from the Cr-enzyme system while natural myofibrils can not. This result 
seems to suggest that  the effect of deoxycholate and glycerine on myofibrils may be 
on the penetration of the Cr-enzyme system into the myofibril. 
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SUMMARY 

I. The molecular weight of ul t racentr i fugal ly  homogeneous G-actin, prepared 
by  the method  of TSAO AND BAILEY, is 66,000 ~ 2,000 by  light scat ter ing and  61,60o 

6,000 by  sedimenta t ion  viscosity. 
2. The v i r tua l  iden t i ty  of the extrapolated Hc/z intercept  found by  light scat ter ing 

for G-act in  in either o.5 M K I  or H z O - I o  -4 M ATP suggests tha t  the same l imit  of 
dissociation is a t t a ined  for the protein dissolved in either of these media. 

3. The light scat ter ing da ta  do not  support  the earlier view, derived from osmotic 
pressure measurements ,  tha t  bo th  monomeric and  dimeric G-act in exist in depoly- 
merized act in  systems. 

4. The dispersion constant ,  4 o ----- 223 m/z, is unusual ly  low for G-actin,  reflecting 
an apparen t  lack of any  extensive helical configuration in the molecule. 

INTRODUCTION 

The earliest a t t empts  to characterize monomeric  G-actin were l imited by  the lack 
of pu r i ty  of the preparat ions  used 1-3. Most of these studies were carried out on prep- 
arat ions  based on the original or modified procedures of STRAUB 4, and  these were 
subsequent ly  shown to conta in  as much as 4o-6o % impur i ty  5,e. In  195I MOMMAERTS ~, 
using the method  of successive polymerizat ions and  ul t racentr i fugal  separation of the 
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