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SUMMARY 

I. Nucleotides and divalent cations bound to F-actin were found to be slowly 
exchanged in the absence of any agitation such as sonic vibration ; the half-life time, 
z~, was about 5 h at 37 °. 

2. The rate of exchange of divalent cation (Ca ~+) was always a little faster than 
that of nucleotide (ADP) ; however, the general manner of the exchange of divalent 
cations was similar to that of nucleotides. 

3. The rate of exchange was almost independent of protein concentration. High 
temperature or high pH increased the rate of exchange. Activation enthalpies for the 
exchange of ADP and Ca *+ were both about 25 kcal/mole at neutral pH. 

4. The release of divalent cations or nucleotides occurred in divalent-cation- or 
nucleotide-free solvent. The incorporation of divalent cations and nucleotides into 
divalent-cation- and nucleotide-free F-actin was examined, and their binding con- 
stants were estimated. 

5. In the absence of ATP, the rate of exchange was decreased by myosin, H- 
meromyosin and tropomyosin. A large increase of Ca 2+ and ADP exchange was 
observed with superprecipitation. 

6. The mechanism of exchange or release is discussed on the basis of two models : 
the cycle of partial destruction of the F-actin structure, and the G-F  equilibrium 
cycle at the peripheral region of F-actin. 

INTRODUCTION 

Studies made on nucleotides bound to actin over the past few years have shown 
that  ATP bound to G-actin is exchangeable with ATP in the solvent 3,~, but ADP 
bound to F-actin is not exchangeable 3. Similar studies on divalent cations bound to 
actin have shown a rapid exchange in G-actin ~,~ but no exchange in F-actinS, 6. 
However, the discovery that with sonic vibration F-actin catalyses tile dephosphory- 
lation of added ATP ~ led to the experiment in which nucleotides and divalent cations 
bound to F-actin were made exchangeable by sonic vibration 6,8,9. On the other hand, 
it has been confirmed that bound nucleotides and cations are slowly released from 

*A part of this work was reported in the Conference of Biological Movement (1965, Tokyo) 1 
and the 7th International Congress of Biochemistry (1967, Tokyo) ~. 
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F-actin by  prolonged dialysisl°, 11. This suggested that  in F-actin, slow exchange of 
nucleotides and cations can take place even without sonic vibration. 

The purpose of this paper is to present results of extensive studies on the 
exchange, release and incorporation of divalent cations and nucleotides bound to 
F-actin under various solvent conditions and without sonic vibrationl,2, TM. Effects 
of salt concentration, pH and temperature  are reported first, and the effects of myosin, 
H-meromyosin and other muscle proteins are then described. 

EXPERIMENTAL 

Crude G-actin extracted from the acetone-dried powder of rabbit  skeletal muscle 
into cold water  was purified by  polymerization by  30 mM KCF s-15. The ultracentri- 
fuged F-actin pellet was dissolved in water containing 50o ~M ATP and dialysed for 
3-4 days against a solvent of 5 mM Tris-HC1 buffer (pH 8.0) in ice water. The G-actin 
solution obtained was clarified by  ultracentrifugation at IOO ooo × g for 90 min. 

F-actin having bound 45Ca2+ and/or [14ClATP was obtained by  polymerization 
of labelled G-actin in KC1. Labelling of G-actin with 45Ca2+ was carried out by  incu- 
bation of a G-actin solution in a low concentration of 45CaC1, and subsequent t rea tment  
with o.i  vol. of Dowex 5o-X8 (mesh, 200-400; K + type). Resin was removed by  filtering 
or centrifuging a few minutes after mixing. Labelling of G-actin with [14C~ATP was 
carried out by  incubation in a low concentration of [14C]ATP and subsequent t reatment  
with Dowex I-X2 (mesh, 200-3o0; C1- type). 

The amount  of Ca 2+ bound to actin was determined by  the method of YANAGI- 
SAWA TM and also by  radioactivity counting. Both methods showed tha t  it was 1.5 + 
0. 3 moles per 60 ooo x g of G-actin 17-19. The amount  of ATP bound to G-actin, which 
was determined by  absorption at 260 nm after deproteinization by  HCI04 (I5%), was 
1.3 -¢- 0.3 moles per 60 ooo × g (refs. IO, I7, 20).This value means I.O mole per 40 ooo- 
50 ooo g of actin, which is the molecular weight reported recently 21,47. In the case of 
F-actin the amount of bound Ca 2+ fluctuated from I.O mole to 1.5 moles, but  the 
amount  of ADP bound was the same as tha t  for G-actin. This fluctuation of Ca 2+ 
content might be due to the release of bound Ca 2+ from F-actin, since F-actin just 
after polymerization was always found to bind about 1.5 moles of Ca 2+. 

After storage in various solvents for various periods, the solutions of labelled 
F-actin were centrifuged at IOOOOO × g for 9o min. Amounts of protein and the 
respective radioactivities of the supernatant  and the pellet were measured. As another 
method for separating free divalent cations and nucleotides released from F-actin, 
Dowex 50 (K+-type) or Dowex I (C1--type) was used, as described above. Thus, the 
exchange or the release of the Ca 2+ and/or ADP bound to F-actin in the incubation 
period was followed. Gentle stirring of the solution during incubation was confirmed 
to have no effect on the exchange rate. 

F-actin having no Ca 2+ and/or no ADP prepared by  prolonged dialysis 1~ was 
used in the experiments to test  for the incorporation of Ca 2+ and ADP. F-actin having 
no Ca 2+ was also prepared by  sonication of F-actin in the presence of EDTA 9. 

Myosin was prepared by  the method described by  PERRY 2a with slight modifi- 
cations. H-meromyosin was prepared from myosin by  the method of SZENT-GY/)RGYI a°. 

Tropomyosin was prepared by  the method of BAILEY ~4. Native tropomyosin 
and c,-actinin were prepared by  the method of EBASHI AND EBASHI zS,2B. 
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Randomly labelled [14C]ATP was purchased as a solution from Schwarz Bio 
Research, Orangeburg, N.Y. 45Ca~+ was purchased as a solution of 4~CaC12. HC1 from 
The Radiochemical Centre, Amersham, Great Britain. 

The concentration of F-actin was determined from the flow birefringence 
measured by a Rao-type home-made apparatus  at a shear rate of I0 see -1 (ref. 27) 
Radioact ivi ty was counted in a 27c gas-flow counter with duplication. 

Sonic vibration of F-actin was performed in a Kubota  sonic generator at I0 
kcycles. 

RESULTS 

Exchange of bound Ca 2+ 
F-actin labelled with 4nCa2+ was dissolved in a salt solution containing cold Ca 2+. 

After standing for various periods at different temperatures,  the solution was centri- 
fuged and 4nCa 2+ released from F-actin or 45Ca2+ remaining in F-actin was measured. 
The results are shown in Fig. I. During this experiment the amount  of F-actin in the 
solution did not change, according to the flow birefringence measurements. The rate 
of exchange increases with increasing temperature  and becomes so high that  at the 
highest temperature used in this experiment (37°), the half-life t ime of exchange is 
about 5 h, and the exchange is almost completed in 24 h. 

In the same figure the exchange rates in two solutions at the same temperature  
(4 °) with and without dialysis are shownl,12, ~. The dialysis was carried out against a 
large volume of solvent of the same ionic strength as the F-actin solution. Nevertheless, 
the faster exchange was found with dialysis. The reason is not explained yet. 

The time course of exchange was not expressed by  a simple exponential curve. 
Here, the rate constant, k, of the exchange is estimated from the half-life t ime of 
exchange, zy2, in Fig. I by  the relation k = o.693/z~ ~ (see APPENDIX). The relation 
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Fig. I. Exchange of Ca b+ bound to F-actin. 4~Ca~+-labelled F-actin was incubated in a tempera ture-  
controlled ba th  and 45Ca2+ in F-actin was counted after ul tracentrifugation,  p H  was adjusted to 
8.0 at  different temperatures .  Tris-HC1 (pH 8.o), io mM; KC1, 50 mM; ATP, 500/ ,M;  and actin 
concentrat ion,  1. 5 mg/ml.  O,  allowed to s tand;  O,  dialysed against  the same solvent. 

Fig. 2. Relation between the exchange rate  of Ca 2+ and the absolute temperature .  The rate of 
exchange is given in the log scale against  the reciprocal of the absolute t empera ture  (Arrhenius 
plot). 0 ,  data from Fig. i (zJH t = 25 kcal/mole) ; O,  a different preparat ion (zlHt = 24 kcal/mole). 
Dowex 5 ° was used to remove the free Ca 2+ (see EXPERIMENTAL). Tris-HC1 (pH 8.I), IO raM; 
CaCl2, i mM; ATP, 500/*M; and aetin, 3.2 mg/ml. 
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between the rate constant and the temperature in the Arrhenius plot shows that the 
activation enthalpy of the rate determining process of exchange is about 25 kcal per 
mole (see Fig. 2). 

The rate of exchange was followed by changing the protein concentration. The 
half-life time, z~, of exchange is almost constant and slightly increases with in- 
creasing protein concentration. 

The dependence of the exchange rate on pH was examined at an ionic strength 
similar to the above case. The pH was adjusted by Tris-HC1 buffer. The result is shown 
in Fig. 3. The amount of F-actin measured by  flow birefringence, after standing 
at various pH's, changed little with pH or with time in the pH range studied here. The 
half-life time of 45Ca2+ has a maximum; that is, the rate has a minimum at a pH 
between 7 and 8 and increases with increasing pH. Such an effect of high pH is very 
remarkable at low temperatures. The activation enthalpy for the exchange seems to 
decrease at high pH. At the highest pH (9.5), the slow depolymerization of F-actin 
took place during incubation. Another point to be noted is that  the initial content of 
radioactive 4SCa~+ in F-actin decreased at higher pH's;  that  is, when pH was raised, 
some exchange or release occurred immediately, as shown in Fig. 3. The half-life given 
in the figure is for the slow exchange after the initial immediate exchange. 

The half-life of the exchange of Ca 2+ decreases slightly with increasing concen- 
tration of Ca 2+. In the presence of Mg 2+, the exchange rate of Ca 2+ with Mg z+ was 
almost the same as that  with Ca 2+. 

As in the case of high pH, at high KC1 concentrations the exchange took place 
in two steps. The half time of exchange of the second step increases with increasing 
KC1 concentration. 

The exchange or release of Ca 2+ was accelerated by  ATP. This effect was saturated 
at about IOO ~LM ATP. 

Exchange of bound ADP 
The exchange of ADP bound to F-actin with ATP or ADP in the solvent was 

examined in a way similar to bound Ca 2+. Bound ADP is released slowly, and ATP 
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Fig. 3. Effect of pH on exchange of Ca 2+. O, half-life 
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enthalpy; •, flow birefringence after 20 h incubation; 0 ,  counts]min of 4~Ca2+ just after changing 
solvent conditions. Dowex 5 ° was used to remove free divalent cations. Tris-HC1, io mM; KC1, 
5 ° raM; CaCI~, i mM; ATP, 5oo pM; actin, 1. 4 mg/ml; and temperature, 37 °. 

Fig. 4, Effect of IKC1 concentration on exchange of bound ADP. Dowex I was used to remove free 
nucleotides. Symbols are the same as in Fig. 3. Tris-HC1 (pH 8.o), io raM; ATP, 5o0 pM; actin, 
1. 4 mM; and temperature, 37 °, 
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in the solvent is incorporated into F-actin; then it is dephosphorylated into ADP. The 
results are similar to those found in the case of Ca ~+. The high temperature makes 
bound ADP exchangeable, and dialysis accelerates the exchange. The high pH is 
favourable to the exchange, although the effect of pH on the exchange of ADP is 
smaller than that on Ca 2+. The effect of KC1 is similar to the case of Ca 2+ (see Fig. 4). 

Divalent cation has no effect. The effect of ATP (to increase the exchange rate) 
is saturated at a low ATP concentration. 

A solution of G-actin containing no free nucleotides or divalent cations was 
separated into two parts. To one part was added 45CaC12 and to the other [t4C]ATP. 
Two F-actin solutions labelled with 45Ca2+ and [uC]ADP were obtained by polymeri- 
zation in KC1 after treatment by Dowex 5o and Dowex I, respectively. They were 
kept in the same conditions of ionic strength, pH and temperature, and the exchange 
rates of Ca 2+ and ADP were compared. The results are shown in Fig. 5- Both in the 
presence and absence of ATP in the solvent, the rate of release or exchange of bound 
Ca 2+ increases with increasing concentration of Ca 2+ in the solvent. However, the rate 
of release or exchange of bound ADP does not change with the concentration of Ca e+ 
either in the presence or absence of ATP. The exchange of bound ADP with ATP in the 
solvent is much faster than the release of bound ADP in the absence of ATP, inde- 
pendently of the concentration of Ca ~+. The exchange of bound Ca 2+ is also accelerated 
by ATP in the solvent. In the absence of ATP the exchange rate of Ca 2+ is nmch faster 
than the rate of release of ADP, and in the presence of ATP the exchange rate of 
Ca ~+ is a little faster than that of ADP. 

-:~_%o~ 1oO,8o l O O ~ o  

= 4 0  

i i 

q ~b 2~ 3b & s~ °o lO 2o 3'0 40 ~b 
Incubation time (h) Incubation time (h) 

Fig. 5. Comparison of exchange rates of Ca ~+ and ADP. Free nucleotides and divalent cations were 
removed by ultracentrifugation. Tris-HC1 (pH 8.2), 12 mM; KCI ,6o raM; actin, 2.2 mg/ml; and 
temperature, 16 °. - - ,  exchange of Ca~+; -, exchange of ADP. O, ATP, o mM; CaC12, o mM; 
O,  ATP, o mM; CaC12, I r a M ; . ,  ATP, I mM; CaC12, o raM; 7 ,  ATP, I mM; CaC12, I raM. 

Fig, 6. Comparison between release and exchange of bound Ca 2+. Release of radioactivity of 
F-actin was examined after treatment with Dowex 5 o. Tris-HC1 (pH 8.o), 1o mM; KC1, 50 raM; 
ATP, 500/~M; and actin, I mg/ml. O, I mM CaC12; O, no CaC12. 

Release and rebinding 
In Fig. 6, the release and exchange of Ca 2+ are compared. The release is generally 

similar to the exchange, although the rate of release is somewhat slower. The release of 
Ca 2+ is accelerated by increasing the temperature. The activation enthalpy is about 
25 kcal/mole. During the release of Ca 2+ no denaturation of F-actin was observed in 
the presence of ATP. 

The release of Ca 2+ occurs readily, but the release of ADP does not always occur. 
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This difference is related to the fact that  the Ca*+-free F-actin can easily be prepared, 
e.g., by sonic vibration in the presence of EDTA 9, while the ADP-free F-actin cannot 
be obtained easily .9. 

Rebinding of Ca *+ was examined in the Ca2+-free F-actin obtained by  sonic 
vibration of F-actin in the presence of EDTA or by  prolonged dialysis. The rate of 
incorporation of 45Ca2+ in the solvent to this F-actin increased with increasing con- 
centration of Ca 2+ and was faster in the presence of ATP than in the absence of ATP. 

Sonic vibration causes incorporation of Ca *+ to speed up. The final level of 
binding is higher in the presence of A T E  The apparent  binding constant of Ca *+ 
estimated from the experimental  data  was about 2- lO4-5 • lO 4 M -1 in the absence of 
ATP and 8. lO4-15 • lO 4 M -1 in the presence of IOO/~M ATP. 

Effect of muscle proteins 
Various concentrations of H-meromyosin and myosin were added to solutions of 

labelled F-actin and the exchange of bound ADP and Ca *+ was investigated. After 
standing with various solvent conditions, solutions were ultracentrifuged, and the 
radioactivity and the  protein concentration of supernatants and pellets were measured. 
As shown in Fig. 7, in the absence of ATP the exchange rate of Ca *+ decreased with 
increasing concentration of H-meromyosin or myosin. This effect was not saturated 
up to a weight ratio of H-meromyosin or myosin to F-actin of 4. 
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Fig. 7. Effect of myosin or H-meromyosin  on exchange of bound Ca 2+. Concentration of myosin or 
H-meromyosin are given in a weight ratio to actin. Free Ca ~+ was removed by ultracentrifugation. 
Tris-HC1 (pH 8.o), io mM; KC1, 5 ° mM; CaC12, 0. 5 mM; aetin, 1.5 mg/ml;  and temperature,  o °. 
O,  myosin;  Q. H-meromyosin.  

Fig. 8. Effect of t ropomyosin on exchange of bound Ca 2+. Free Ca z+ was removed by Dowex 50. 
Tris-HC1 (pH 8.o), 5 raM; KC1, 5 ° raM; CaC12, I raM; and temperature,  37 °. O,  for St raub- type 
F-actin, 1.5 mg/ml.  O,  for Ebashi- type F-actin, 1.5 mg]ml, o, no addition of t ropomyosin;  
O, o.5 mg/ml tropomyosin;  O, 1.5 mg/ml  tropomyosin (symbols from top to bottom). 

In the presence of ATP, at low temperatures where superprecipitation or 
dissociation does not occuP, a°-33, the rate of exchange of Ca 2+ decreases with increasing 
concentration of H-meromyosin or myosin. The exchange of ADP is, in general, 
similar to Ca *+. 

In the presence of H-meromyosin or myosin, the absolute value of the exchange 
rate is increased by  raising the temperature.  

As shown in Fig. 8, in the presence of tropomyosin,  the rate of exchange and 
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release of Ca 2+ bound to F-actin decreased; the release of bound Ca 2+ from Straub- 
type F-actin lade was especially affected by tropomyosin. Under all conditions, Ca 2+ 
bound to Ebashi-type F-actina, 4 was more exchangeable, but the difference was not 
large. These phenomena may be understood as being due to the binding of tropomyosin 
to F-actin. The presence of I rag/nil of ~-actinin in I mg/rnl of I;-actin solution 
increased the rate by about lO-15% at 37 ° . 

Exchange or release during superprecipitation 
To examine the possibility of conformational change in actin polymers during 

the in vitro concentration or the superprecipitation of actomyosin by ATP, the 
exchange or release of nucleotides and divalent cations bound to F-actin can be a good 
indicator, if such a change has occurred. This kind of work has been carried out by 
several researchers~,5,8,3~-3~m,~, 4~. The first positive result on the increased exchange 
of bound Ca 2+ during superprecipitation was shown in a preliminary s tudy by  the 
present authors several years agog, 12. The experiments of SZENT-GYORGYI AND PRIOR al 

showed clearly that  some (at most 50%) of the ADP bound to F-actin was released or 
exchanged during superprecipitation. Similar positive data are presented here again. 

Labelled F-actin was mixed with myosin and the complex was washed by 
repeated centrifugation-dissolution. Under the conditions shown in Fig. 9, the 
additional washing was confirmed not to increase the release of radioactivity. ATP 
was then added, and the release of radioactivity was observed. The maximum exchange 
(or release) was observed under conditions favourable to superprecipitation, namely 
when the solution contains Mg 2+ and Ca ~-+, or Mg 2+ only. Figs. 9 a and b show that  the 
release of Ca 2+ under optimal conditions is 30°0, while that  of ADP is 20%. The 
incorporation of ADP into F-actin was also examined when superprecipitation was 
induced by  the creatine phosphate-creatine kinase system with a very small amount 
of radioactive ADP. As seen in Fig. IO, the incorporation of ADP occurred instan- 
taneously after the addition of creatine phosphate. In this experiment, the effect of 
Mg ~÷ was very remarkable, and occasionallv ahnost Ioo% incorporation was observed. 
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Fig. 9a. Release  of tSCaZ+ from F - a c t i n  du r ing  superp rec ip i t a t ion .  The m i x t u r e  of F -ac t in  and  
myos in  was  washed  3 t imes  by  repe t i t ion  of d i lu t ion  to  0.05 M KC1 and  d isso lu t ion  in  o. 5 M I{C1. 
After  the  add i t i on  of ATP, sample  so lu t ions  were left  s t a n d i n g  for 2 h and  u l t r acen t r i fuged  a t  
i ooooo  × g for 2 h. 45Ca2+ was counted  and  p ro te in  concen t ra t ion  was measured  in  the  supe rna t an t .  
Condi t ions  : KCI, 50 mM ; T r i s - m a l e a t e  (pH 7.o), i o  mM ; act in ,  o. 15 m g / m l  ; and  ra t io  a c t i n / myos i n  
= I : 4, a t  25 °. b, Release  of [I¢C]ADP from F-ac t in  du r ing  superprec ip i t a t ion .  E x p e r i m e n t a l  
p rocedures  were the  same as in a:  IZC1, 5 ° raM; T r i s - m a l e a t e  (pH 7.o), io  mM; act in ,  0.25 mg /ml ;  
and  ac t i n /myos in  = I : 5, a t  25 °. 
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The incorporation was larger when (partially) nucleotide-free F-actin was used. After 
instantaneous incorporation, gradual release of radioactivity was observed. 

At high salt concentrations such as 0.6 M KC1, the exchange of Ca *+ or ADP 
after the addition of ATP was very small. 

, i i 

10(3 ~-  C a 2 .  P 

8 C  = - ¢ -  C Q 2 +  

= 6C ~Mg~+  
4c 

2c 
U 

~ 16 2b 
TLme a f te r  creatine phosphate 
addition Cmm) 

Fig. IO. Inco rpora t ion  of [14C]ADP in to  F -ac t in  du r ing  superprec ip i ta t ion .  F - ac t i n  and  m y o s i n  
were mixed  in a ra t io  of i : 4 and  5 ° /zg/ml of c rea t ine  k inase  was  added.  The  e x p e r i m e n t  was  
carr ied ou t  as follows. Arrow I, add i t ion  of 5 .6/zM [14C~ATP; Arrow 2, add i t ion  of 85/~M crea t ine  
phospha t e .  At  ind ica ted  t i m e s  af ter  t he  add i t ion  of creat ine  phospha t e ,  t he  s ample  so lu t ion  was  
cen t r i fuged  a t  IOOOO rev . / m i n  for I rain. 14C in t he  s u p e r n a t a n t  so lu t ion  was  counted .  O ,  F -ac t in  
o.179 m g / m l  w i t h  b o u n d  A D P  4.6 /2M; O,  pa r t i a l ly  ADP-f ree  F -ac t in  o.173 m g / m l  wi th  b o u n d  
A D P  1.2 /zM. T r i s - m a l e a t e  (pH 7.I), io  raM; KC1, 5 ° raM; and  MgC12, 4.2 mM, or CaCI~, 4.2 m M  
a t  20 °. Crea t ine  k inase  was  p repared  accord ing  to t he  m e t h o d  of KUBY, •ODA AND LARDY 45. 

In the case of H-meromyosin instead of myosin, the fast exchange of Ca ~+ or 
ADP bound to F-actin was also observed after the addition of ATP, but  the amount 
of exchange did not exceed I5%3, e. The slow exchange of Ca 2+ or ADP bound to 
F-actin in the presence of H-meromyosin or myosin, reported in the preceding 
section, took place after the fast exchange. 

DISCUSSION 

The slow exchange of Ca ~+ or ADP in F-actin without any agitation was observed 
and analysed under various solvent conditions1,12, 32. The activation enthalpy of 
exchange is almost the same as that  of the ATPase of F-actin at high temperatures  
found by  ASAI AND TAWADA 3~, Although ATPase was not measured in the temperature  
range of the present experiment, the extrapolation of their data  to lower temperatures  
shows the rate of the ATP hydrolysis to be about o.oi mole/min per mole of actin at 
37 ° ; that  is, i mole per 2 h per actin monomer. This value roughly corresponds to the 
half-life of the exchange, z, A = 5 h. I t  is reasonable to consider that  the exchange and 
the ATP hydrolysis are both  coupled with the same elementary process in the polymer 
structure. 

Two mechanisms can be postulated concerning the ATPase and the exchange; 
these are the G - F  transformation cycle at the peripheral region of F-actin and the 
spontaneous partial interruption of F-actin polymers in the middle region ~-~°. The 
present experiment is not quanti tat ive enough to distinguish between these two 
mechanisms (see APPENDIX).  
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The apparent binding constant of Ca "a+ to F-actin obtained from the results of 
the release with sonic vibration was about Io 5 M -1. This binding constant is of the 
same order as that  in the case of G-actin (Io 5 M-l)  5,42. For the binding constant of 
nucleotide, SEIDEL, CHAK AND WEBER 4a obtained almost the same values for G- and 
F-actin, although the absolute value was higher than that  of Ca ~+. 

A structural change in F-actin associated with the interaction with myosin in 
the presence of ATP had been expected for various reasons. Since our preliminary 
reports 6, observations suggesting such structural changes were reported from several 
laboratories, but the results differ widely1,5,< 12,31-33,35,36,46. The fluctuation of data may 
be due to the heterogeneous interaction of myosin and actin during and after super- 
precipitation. The sliding mechanism of muscular contraction suggests that  the 
contraction is a result of some change in the higher-order arrangement of actin and 
myosin filaments, and after the contraction, the molecular and polymer structure of 
each filament is restored to the initial s ta tO 4. The most important  point is thus not 
to compare the states before and after the contraction but to see what happened 
during contraction. Therefore, in spite of the experimental difficulty, exchange or 
release of ADP and Ca 2+ is a good indicator of the change of polymer structure 
during contraction. 

APPENDIX 

T i m e  c o u r s e  o f  e x c h a n g e  

We assume that  exchange of bound Ca 2+ or ADP occurs only in the monomeric 
state, G-actin, or only at the end of F-actin when the cyclic reaction such as F - G - F  
occurs. The t ime required for the exchange of the y- th  monomer from the end of a 
polymer at t ime zero is approximately given by a y  2, according to analogy to the 
Brownian motion or random stochastic process, where a is the time required for one 

cyclic reaction. Therefore, after t ime t the exchange can reach the ~ / t~ - th  monomer 
from the end, on the average. 

According to the polymerization theory, the length distribution of n-mer of 
F-acfin is given by  A e -b'` in equilibrium, where A and b are constantsa~, 48. Then the 
probabil i ty of the exchange per monomer in F-actin after t ime t is given approxi- 
mately by 

2 ~/t/a -bn -bn 
A 27 n e + A  ~ 2 V t / a  - - - h e  

o 2 ~ / ~  ~ - ~ / ~  
E( t )  = = ~ - -  e 

A ~ n e -bn 
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The exchange occurs quickly at first and gradually slows down. This relation shows 
good agreement with the experimental  data. 

At the same time, ATP splitting occurs at the end of polymers. The total  amount 
of the splitting at t ime t per monomer in F-actin is given by 

t co - b e  
2 - A  Z e  

t t 
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because b is very small since the average length of F-actin is very long. 
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However if, contrary to the above assumption, the exchange occurs at every 
position in the polymer at random, then the probability of the exchange can be given by  

-~.b t 
Eft) = x - - e  - a 

In this case the initial velocity of the exchange agrees with that  of the ATP splitting. 
In the case of sonically activated ATPase, such an agreement was obtained s. 
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