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SUMMARY 

I. The current assumption that  the low ATPase activity of relaxed myofibrils 
is represented by the ATPase activity of myosin which has been set free during the 
dissociation of actomyosin was investigated. For this purpose, the ATPase activity 
of relaxed skeletal myofibrils of the rabbit  and of the crab Maia squinado has been 
compared with the activity of contracted fibrils and of purified rabbit  myosin in 
conditions of varying ionic strength, pH and concentrations of MgATP (i.e. MgATP 2- 
+ MgHATP-) and Mg 2+. 

2. Contraction and relaxation of the fibrils was induced by changing the concen- 
tration of Ca 2+ from about 5" lO-5 to below I .  IO -s M. 

3. In all conditions studied, the ATPase activity of relaxed fibrils was about 
6-8 times less than that  of the contracted fibrils, but  it remained a typical actomyosin 
ATPase. 

4- Quantitat ively and qualitatively, this ATPase differs from the ATPase of 
myosin. For instance, its dependence on pH is the reverse of that  of the myosin ATPase. 

5. Calculation showed that  the fibrils are dissociated by 9 ° To in conditions of 
relaxation. Since the ATPase activity of myosin was merely some 2 % of the actomyo- 
sin activity, the major part  of the ATPase of fibrils, even at a dissociation of 9 ° %, 
is bound to show the properties of the ATPase of actomyosin. 

6. However, a dissociation of 9 ° % cannot be distinguished from a dissociation 
of Ioo % by means of physical methods (viscosity, superprecipitation, resistance to 
stretch, etc.). This explains why physical methods indicate a "full" dissociation of 
actomyosin although, enzymatically, the ATPase is still of the actomyosin type. 

7. The possible reasons are discussed for the discrepancy between the Ioo-fold 
increase in the ATP turnover and the IOOO-fold increase in energy turnover of the 
living muscle during the transition from relaxed to active state. The most problable 
explanation seems to be an ATPase activity of myosin which is too high by a factor 
of ten as compared to the energy turnover of living muscle at the resting state. This 
high activity cannot be caused by a contamination of the myosin by Ca2+-insensitive 
actomyosin. 

Abbrev ia t ions :  E GT A,  e thy leneg lyco ld iamino te t r aace t i c  acid. 
* P a r t l y  p re sen t ed  a t  t he  33rd Meet ing  of t he  Deu t s che  Phys io logische  Gesel lschaft ,  Wt~rz- 

burg,  Sep t embe r  26-29,  1967 . 
** Director :  Prof.  Dr. A. Von Mural t .  
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INTRODUCTION 

The theory  t ha t  the contrac t i le  prote ins  of muscle are d issoc ia ted  when the  
muscle is in " re laxed  s t a t e"  and tha t  t hey  are associated in the  s ta tes  of cont rac t ion  
and rigor 1 has been held for a long t ime as being a sa t i s fac tory  explana t ion  to account  
for all observat ions  made  on muscle. The resistance to s t re tch  of muscle and  of 
g lycero l -ex t rac ted  fibres is ve ry  high dur ing  cont rac t ion  and rigor, whereas i t  d rops  
to a lmost  zero in the  re laxed s ta te  2. Again,  recent  X - r a y  diffract ion studies a and  
electron micrographs  4,5 show tha t  the  cross br idges of the myosin  f i laments are free 
dur ing re laxa t ion  and are bound  to the  act in  f i laments dur ing cont rac t ion  and  rigor. 
These findings also agree with the  enzymat ic  observat ions ;  g lycero l -ex t rac ted  fibrils 
spl i t  ATP  about  xo t imes as fast in condi t ions of cont rac t ion  as in condit ions of 
re laxat ions  1,6,7. Fur the rmore ,  con t rac ted  fibrils hydro lyze  ATP as r ap id ly  as Mg 2+- 
ac t iva t ed  ac tomyos in  ATPase  does, while the  spl i t t ing  veloci ty  of the re laxed 
fibrils is as low as the  Mg2+-inhibited ATPase  of myosin  1. However ,  this  chemical  
a rgument  for the  "assoc ia t ion"  of ac tomyos in  during cont rac t ion  and its "d issocia t ion"  
dur ing re laxa t ion  is not  wholly  convincing,  since nei ther  a proper  inves t iga t ion  to  
see if the  low ATPase  ac i t iv i ty  of re laxed fibres and fibrils ac tua l ly  coincides "quan-  
t i t a t i v e l y "  wi th  the  also low ac t i v i t y  of purified myosin  nor any  s tudy  to see if the 
ATPase  of re laxed fibrils corresponds " q u a l i t a t i v e l y "  to tha t  of myosin  has been 
made.  

Such a tes t  has become essential  since PERRY AND LEADBEATER 8 and PERRY 
AND COTTERILL 9 have shown tha t  ac to -heavy  meromyosin  m a y  have a viscosi ty ,  
indica t ing  full dissociat ion bu t  possessing a Mg2+-stimulated ATPase  ac t iv i ty  larger  
than  pure  heavy  meromyosin .  Consequently,  this  paper  describes the sys temat ic  
compar ison between the ATPase  act ivi t ies  of purified myosin  and of ex t rac ted  
fibrils in condi t ions of re laxa t ion  and cont rac t ion  at  var ied  ionic s t rength,  p H  and 
concent ra t ions  of the  free Mg 2+ and of the  MgATP complex (i.e. MgATP 2- + Mg- 
H A T P - ) .  Contrac t ion  and  re laxa t ion  of the fibrils were produced  b y  ad jus t ing  
the level of the free Ca 2+ to 5" I° -5  M and  < I . I O  -s M, repect ive ly  ~9. 

RESULTS 

Dependence on ionic strength 
Fig. I shows dependence  of the  ATPase  act iv i t ies  on ionic s t rength  (pH 7.0) 

of con t rac ted  and  re laxed r abb i t  fibrils (Curves I a  and  I), of con t rac ted  and re laxed 
crab fibrils (Curves 2a and 2) and  of r abb i t  myosin* (Curves 3a and 3)**. Fig. 2 
shows the corresponding curves at  p H  6.5. 

These results  show the following s imilar i t ies :  (I) The flbrillar ATPase  ac t iv i ty  
in condit ions of re laxa t ion  always amount s  to about  the same fract ion (i.e. 1/7 with 

* Till now it was not technically possible to obtain crab myosin. 
** To compare the ATPase activities of relaxed fibrils and of myosin, it is only necessary 

to have the curve of myosin without Ca 2+ (Curve 3). The activity curve of myosin in the presence 
of 0.0 5 mM Ca 2+ (Curve 3 a) is also shown because unexpectedly it does not coincide with Curve 3. 
This may be caused by a slight Ca2+-aetivation of the myosin ATPase in spite of the excess of 
Mg 2+ present or it may reveal traces of actomyosin contaminating the myosin. 
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rabbit fibrils at pH 7.o) of the activity in conditions of contraction*. (2) The ATPase 
activity of all the fibrils decreases to 1/6 or I/IO when the ionic strength increases 
from 0.05 to 0.2. Both of these findings are consistent with earlier observations and 
are also valid for rabbit and crab fibrils at pH 7.0 and pH 6.5. 
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Fig. i and 2. Dependence of ATP spli t t ing by  fibrils and myosin on ionic s t rength  at  p H  7 (Fig. I) 
and  p H  6.5 (Fig. 2).** Curves I and Ia:  rabbi t  fibrils: O - - O ,  [C a2+] < I - lO  -8 M, Q - - O ,  [ cal+] 
_~ 5'  l ° -5  M. Curves 2 and 2a: crab fibrils: &--ZX, [Ca ~+] "~ 5' I°-S M; A A, [Ca~+] ,~ 7' l°-5 
M. Curves 3 and 3a: rabbi t  myosin;  ~ - - O ,  [Ca 2+] < I ' I o - S M ;  m--t in,  [Cal+]_~ 5 . i o - 5 M .  
Vertical bars  represent  S.E. (where they  are not  indicated, their size coincides with the size of the 
curve sign). Added [ATP] -- added [MgCI~] -- I mM. Temp.,  2o °. See MATERIALS AND METHODS 
for fur ther  details. 

In contrast to the fibrils, the activity of the myosin ATPase does not depend 
to any great extent on the ionic strength in this range (Curves 3 and 3a in Figs. I 
and 2). The activity of the relaxed fibrils, is always much higher than that of myosin, 
especially at low ionic strengths (cf. Curves I and 2 with 3 in Figs. I and 2 ). Thus the 
ATPase of relaxed fibrils shows the typical features of the actomyosin-type ATPase 
and not those of the myosin-type with respect to its velocity and dependence on 
ionic strength. 

* This is fully valid only at ionic s t rengths  between 0.2 and 0.075 since at  still lower values 
the  very high ATPase rate  of the contracted state  approaches the absolute m a x i m u m  unlike 
the  very low rate  of the relaxed state. An exception to this is the ATPase of crab fibrils at p H  7.0 
(cf. Curve 2a in Fig. I). 

** For  the sake of comparison of the activities of myosin and fibrils, the rate of the fibrillar 
ATPase has been related to myosin  in all figures. This is feasible by  simple doubling the fibrillar 
act ivi ty  found because the content  of myosin within the fibrils is about  5 ° % (ref. io). 
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Dependence on p H  
Rather  similar behavior is displayed by the different ATPase activities of the 

contractile substrate of the rabbit  muscle at varied pH's.  The rate of the myosin 
ATPase decreases by about one half when the pH increases from 6.0 to 8.0 (Fig. 3, 
Curves 3 and 3a), whereas the rate of the fibrillar ATPase increases 2-fold in both 
contracted and relaxed states (Fig. 3, Curves I and Ia)*. 

With respect to their dependence on pH, the fibrillar ATPases go in the opposite 
direction to the myosin ATPase. The splitting velocity of relaxed fibrils (pH 6.0) is 
about 5 times as high as that  of the myosin ATPase and at pH 8.0 almost 30 times 
as high (cf. Curve I with 3). Nevertheless, the rate of the relaxed fibrils amounts 
to a mere one eighth of that  of contracted fibrils over the whole range tested (c[. 
Curve I with Ia). 

A very similar dependency on pH applies to the crab fibrils which in the relaxed 
state (Curve 2) exhibit an ATPase entirely different from the myosin ATPase (Curve 
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Fig. 3- Dependence  of ATP sp l i t t i ng  by  fibrils and  myos in  on p H  a t  an ionic s t r e n g h t  of o.I.  
Curves I, 2 and  3 wi th  (Ca ~+] < 5"IO-S M. Curves  ia ,  2a and  3a wi th  ECa 2+] _~ 5 '  lO-5 M. 
Curves  I and  I a  r a b b i t  fibrils, 2 and  2a crab  fibrils, 3 and  3a r a b b i t  myosin.  Ver t ica l  bars  represen t  
S.E. Added  [ATP] = [MgCI~] = i mM. Temp. ,  20 °. See MATERIALS AND METHODS for fu r the r  
detai ls .  

Fig. 4. Dependence  of ATP sp l i t t i ng  by  fibrils and  myos in  on the  concen t ra t ion  of MgATP a t  
p H  7.o and  ionic s t r e n g h t  of o.I.  Curves I, 2 and  3 wi th  [Ca 2+] < 5" IO-S M; Curves ia ,  2a and  
3 a wi th  [Ca 2+] = 2" lO-5-5 . IO -s M. Curves I and  i a  r a b b i t  fibrils, 2 and  2a crab fibrils, 3 and  3a 
r a b b i t  myosin .  Ver t ica l  bars  represen t  S.E. Added  [ATP] = [MgC12] increas ing  from i to  15 mM 
(Curves i and  ia) ,  to  2 0 m M  ( C u r v e s 3  and  3 a) or f rom 0. 5 to I o a n d  1 5 r a m  (Curves 2 and  2a), 
respect ive ly .  Temp. ,  2o °. See MATERIALS AND METHODS. 

* This  dependence  on p H  of the  f ibr i l lar  ATPases  agrees well w i th  the  p H  dependence  of t he  
ATPase  of a c tomyos in  gel found b y  BkRkN¥ AND B/~R~NY 11. However ,  the  ex i s t ing  in fo rmat ion  
a b o u t  the  myos in  ATPase  was ob ta ined  a t  m u c h  h igher  ionic s t r eng th  wi th  or w i t h o u t  Ca ~+- 
a c t i v a t i o n  (cf. ref. 12). 
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3). However, the opposite direction when compared to the myosin ATPase is restricted 
to the pH range between 6.0 and 6.5 because only in this range does the fibrillar 
activity increase slightly. Though the fibrillar ATPase exceeds the myosin ATPase 
over the pH range from 7 to 8 (cf. Curve 2 with 3), it is but one sixth of the activity 
of contracted fibrils throughout the whole range of the curve (cf. Curve 2 with 2a). 

Dependence on the concentration of MgA TP complex 
In the measured range between 0. 7 and about 14 mM MgATP, the velocity 

of hydrolysis by myosin remains constant (Fig. 4; Curves 3 and 3a). In the case of 
fibrils (rabbit and Maia), however, constant activity exists only between 0. 3 and 3 mM 
MgATP and the splitting velocity falls off steeply as the concentration of the MgATP 
complex* is further increased, in conditions of contraction and of relaxation (Fig. 4; 
Curves I, Ia, 2, 2a). The absolute values of the fibrillar activities in conditions of 
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Fig .  5. D e p e n d e n c e  of A T P  s p l i t t i n g  b y  f ibr i l s  a n d  m y o s i n  on  t h e  c o n c e n t r a t i o n  of Mg ~+ a t  p H  
7.o a n d  ion i c  s t r e n g t h  of o . i .  C u r v e s  I a n d  I a :  r a b b i t  f ibr i l s ;  C) - - (D,  [Ca 2+] < I .  i o  s M; Q - - O ,  
[Ca2+~ = 5 '  lO-5 -9  . lO-5 M. C u r v e  2a :  c r a b  f ibr i l s  w i t h  [Ca 2+] _~ lO -5 M. C u r v e  3: r a b b i t  m y o s i n  
w i t h  [Ca 2+] < i . i o  - s M .  A d d e d  [ATP~ = 2 mM,  a d d e d  [MgC12] i n c r e a s i n g  f r o m  2 to  IO m M  
(Curves  i ,  i a  a n d  3) or  12 m M  (Curve  2a), r e s p e c t i v e l y .  T e m p . ,  20 °. See MATERIALS AND METHODS. 

* T h e s e  e x p e r i m e n t s  c l e a r l y  s h o w  t h a t  a n  i n h i b i t i o n  of t h e  f ib r i l l a r  A T P a s e  a c t i v i t y  b y  o v e r  
o p t i m a l  c o n c e n t r a t i o n s  in  t h e  p h y s i o l o g i c a l  r a n g e  a l so  o c c u r s  w h e n  n e i t h e r  A T P  n o r  Mg 2+ a r c  
p r e s e n t  i n  exces s  (of. refs.  13 a n d  14). 
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contraction to those in relaxation are higher by a factor of 6 in Maia to IO in rabbit  
(at least in the well-measureable range from 0. 3 to IO mM MgATP). At optimal 
concentrations of MgATP, on the other hand, the ATPase activities in conditions of 
relaxation are still 3-5 times higher than those of myosin alone (cf. Curves I and 2 
with 3 of Fig. 4). In the presence of over-optimal concentrations of MgATP, this 
difference progressively disappears as the act ivi ty of the contracted fibrils declines. 

Dependence on the concentration of Mg 2+ 
A change in the Mg 2+ concentration is only possible in that  range in which 

the concentration of added Mg 2+ is higher than that  of the added ATP. In this case, 
the concentration of MgATP remains practically the same. During the experiments 
in Fig. 5, 1.6 mM MgATP corresponding to a Mg 2+ concentration of 0. 4 mM, whose 
value can be increased up to 8 raM* by the addition of MgC12, is always present. 
This gives in both relaxed and contracted fibrils a decrease in the ATPase activity of 
about 55 % of the original value (Fig. 5 ; Curves ia  and I). The same change in concen- 
tration of Mg 2+ does not alter the ATPase activity of Ca2+-free myosin (Fig. 5; 
Curve 3). The absolute values of the fibrillar hydrolysis in the contracted state are 
always about 7 times higher than those in relaxed state (cf. Curve Ia  with I). The 
velocity of splitting in conditions of relaxation, even at the highest Mg 2+ concentration, 
is still 8 times that  of pure myosin (cf. Curve I with 3). Here again, as judged from 
the graded dependence on the Mg ~+ concentration, the fibrillar ATPase in conditions 
of relaxation is found to be characteristically of the actomyosin type. 

The velocity of ATP hydrolysis by fibrils of Maia squinado in conditions of 
contraction decreases more markedly with increasing Mg 2+ concentration, i.e. to 
3 ° %, as does the activity of rabbit  fibrils (Fig. 5 ; Curve 2a). Although the correspon- 
ding curve in conditions of relaxation is lacking the curve for contraction is given here 
because such measurements on crab fibrils have not been published previously. 

DISCUSSION 

In all experiments, the ATPase activity of relaxed fibrils behaves quantitati-  
vely as a 6-8 fold "diluted" activity of contracted fibrils. On the other hand, the 
relaxed state activity is quanti tat ively and qualitatively totally different from the 
activity of pure myosin. Occasionally even, the direction of its dependency on the 
chosen parameter  is opposite in relaxed fibrils and myosin, respectively (cf. Fig. 3). 
H e n c e ,  t h e  o b s e r v a t i o n  of  PERRY AND LEADBEATER 8 a n d  PERRY AND COTTERILL 9 

that  the heavy meromyosin ATPase may become an acto-heavy meromyosin ATPase 
without a physically observable formation of a complex can be placed on a very 
broad basis and can be expanded to the physiological interaction between myosin 
and actin. 

Consequently, the question arises as to how far actin and myosin in relaxed 
fibrils actually are associated? Since the ATPase activity of myosin represents a 
mere 1.5-2 % of the activity of actomyosin (cf. Figs. I-5),  it is concluded that  an 
almost complete dissociation of the actomyosin complex reduces the activity of 

* The increase of the  Mg 2+ concen t ra t ion  from 0. 4 to 8 mM raises the  MgATP concen t ra t ion  
from 1.6 to  1.97 mM and  decreases the  ATP concen t ra t ion  cor respond ing ly  from o. 4 down to 
0.0 3 mM (cf. MATERIALS AND METHODS). 
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the actomyosin ATPase without inducing a comparable myosin activity. To estimate 
the "degree" of dissociation it is thus sufficient to take into account only the reduction 
of the splitting velocity between the fully associated fiber and that of the relaxed 
fiber. Taking account of the very small activity of myosin ATPase during partial 
dissociation, the computation of the dissociated part (degree of dissociation, X) takes 
the form 

A M - - S p  
X 

A M - - M  

where Sp represents the measured ATPase activity of relaxed fibrils, AM that of 
fully associated fibrils and M is the activity of pure Ca2+-free myosin. 

The degree of dissociation (X) is calculated for the standard conditions in 
which relaxation is usually measured by physical means (e.g. loss of tension, absence 
of superprecipitation, etc.), namely at an ionic strength of o.I, at pH 7 or 6. 5 and at 
a concentration of MgATP of 1-2 raM. For this purpose, the splitting activity of 
relaxed fibrils (Sp) at the above ionic strength, pH and MgATP concentration is 
chosen from Curves I of Figs. 1- 5. The splitting activity (AM) of completely associated 
fibrils is obtained from the rates of contracted fibrils or more specifically from their 
maximum rates. Full association may not exist in all conditions but most probably 
does so at the hydrolytic maximum. The results in Table I show that for the stan- 
dard conditions of relaxation, the calculated degree of dissociation of actomyosin 
amounts to about 8 9 % in all experiments and that a mere I I  % of the actomyosin is 
still associated. 

T A B L E  I 

DEGREE OF DISSOCIATION OF ACTOMYOSIN IN RELAXED FIBRILS OF THE RABBIT IN STANDARD CON- 
DITIONS 

Computed pH Degree of 
from dissociation 
Fig. No. (%) 

i 7.0 88 
2 6.5 86 
3 6.5 94 
3 7 .0 91 
4 7.0 88 
5 7.o 88 

M e a n  a p p r o x .  89 

It  is clear that a dissociation of 9 ° % cannot be distinguished from a dissocia- 
oJ by the measurement of superprecipitation, electron microscopy or tion of IOO/o 

X-ray diffraction. The only physical method sensitive enough consists of measuring 
the disappearance of tension of extracted single fibers during the transition from 
conditions of contraction to conditions of relaxation. Even with this method, however, 
full and incomplete relaxation (H.PORTZEHL, unpublished experiments) was some- 
times found. Also, it is quite possible that, in spite of the persistent IO % contraction, 
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the tension fully disappears because a small elongation of the remaining 9 ° % of 
the fiber is induced by this local contraction. 

Thus, the discrepancy, first found by PERRY AND LEADBEATER s and PERRY 
ANn COTTE•ILL 9 and confirmed here, between the results of chemical and physical 
investigations of the degree of dissocation is possible to explain. Consequently, the 
somewhat strained assumptionS, 9 that in certain conditions actin and heavy mero- 
myosin or, in this study, myosin may be associated chemically but not physically 
is unnecessary because this assumption does not consider the fact that the physical 
phenomena are governed exclusively by the "dissociated" part of the actomyosin 
system while the chemical properties belong to its "associated" fraction. 

Therefore, is has to be assumed that extracted fibrils contain in conditions of 
relaxation still some small remnant of actomyosin. In the living resting muscle, 
however, even this small remnant is most probably dissociated. EBASH115 has presen- 
ted evidence that relaxation induced by removal of Ca 2+ is a function of "natural 
tropomyosin". It is not improbable, as judged by the investigations of SCHAUB TM, 
and SCHAUB et al. 17, that this protein will be damaged or partially extracted during 
the preparation of the fibrils. This is illustrated by the observation that the dis- 
sociated, i.e. relaxed, part of the actomyosin in fibrils becomes markedly smaller 
after long-term storage in 88.5 % glycerol at - 1 5  ° (see Table II). 

If this assumption is valid, then the activity of the myosin ATPase in conditions 
of relaxation is IOO times lower than that of the actomyosin ATPase in conditions 
of contraction. In living muscle, however, there is a difference of at least IOOO between 
the metabolism of the relaxed and contracted states. This means that there is a io- 
times difference in metabolism between the fibrils and the living muscle. 

In order to explain this discrepancy between the living muscle and the iso- 
lated contractile system, the following three possibilities are suggested. (I) The 
ATPase activity of contracted fibrils is IO times "lower" than the turnover of the 
living contracted muscle; (2) the ATPase activity of myosin in conditions of relaxa- 
tion is io times "higher" than the turnover of the resting muscle; and (3) the 
ATPase activities of contracted fibrils as well as of myosin deviate significantly from 
the turnover of living muscle during contraction and rest. 

A closer examination of these possibilities reveals that the ATPase activity 
of contracted fibrils is not Io times lower but only 3 times lower when it is computed 
from the maintenance heat* of the isometrically contracted living muscle at standard 
length TM. When it is also considered that the measurement of the ATPase has been 
carried out at a fibrillar length of about 25 % of the standard length TM, it is very 
probable that the ATP turnover of the contracted fibrils almost equals the energy 
turnover of the living contracted muscle; for like the development of tension 2°.~ 
the maintenance heat strongly decreases with decreasing length 2~. Thus, it is possible 
that  the maintenance heat at a length of about 3~o °//o comprises only one third of its 
original value. 

If these assumptions are valid, then the ATP turnover of contracted fibrils 
does not differ from that of the contracted living muscle. However, the ATPase 

* Since the rate of ATP hydrolysis is derived from the production of inorganic phosphate 
measured during several minutes it is permissible to compare the ATP turnover with the main- 
tenance heat only because shortening heat or activation heat have no further influence upon the 
the hydrolytic rate. 
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activity of myosin in conditions of relaxation remains virtually IO times higher 
than it is in the living muscle, as shown from measurements of the resting heat 22. 

I t  is tempting to explain this high ATPase activity of myosin by assuming a 
contamination of 1-2 % of Ca2+-insensitive actomyosin. This can be excluded on 
the grounds that  9 ° % of the ATPase activity found would be caused by the Ca ~+- 
insensitive actomyosin and only about io % by myosin which in turn would induce 
the same dependency on the parameters used as is exhibited by the fibrillar ATP- 
ase. This is, however, not the case (cf. Curve 3 with I and Ia  in Figs. 1-5). The following 
assumption seems rather more probable, namely that the living muscle contains an 
inhibitor of ATPase which is active in the resting state and which in the course of 
isolation and purification of myosin will be denatured and/or lost in much the same 
way as "natural tropomyosin". 

The summary of the evidence presented here leads to the probable conclusion 
that the ATP turnover of isolated contractile systems increases by a factor of about 
IOO during the transition from the resting state to the active state and not by a factor 
of IOOO* as in the case of the energy turnover in the living muscle because the ATP- 
ase activity of isolated myosin is IO times higher than the resting turnover of living 
muscle. 

M A T E R I A L S  A N D  M E T H O D S  

ATP was bought as the disodium salt at P -L  Biochemicals (Milwaukee, Wisc.). 
Ethyleneglycoldiaminotetraacetic acid (EGTA) was a gift of Geigy (Basel). All 
other chemicals were of analytical grade obtained from Merck (Darmstadt). 

Preparation of the fibrillar suspensions 
The fibrils from the leg muscles of the crab Maia squinado Rondelet were pre- 

pared by the method of PORTZEHL et al. ~a. The fibrils from rabbit muscle were obtained 
from thin bundles of psoas muscle fibers which had been stored for up to 9 months 
in 88.5 % glycerol. When required they were scissored into 15o ml of cold o.I M 
KC1 plus 0.5 mM KHCO~ (pH approx. 7). This mixture was minced for 3 min at 
maximum speed in a precooled blender (Braun), diluted with 15o ml of 0.5 mM 
KHCO3 and centrifuged with 19oo × g (mean) for 12 min at o °. After treating the 
sediment twice in the same manner, it was taken up in 3 vol. of 88.5 % glycerol and 
stored at --16 ° for periods of over a year without loss of its ATPase activity (cf. 
Table II). For use, the glycerol was washed out by suspending the rabbit or crab 
fibrils in either 20 vol. of o.i M KC1 (pH approx. 7) or 40 vol. of 0.02 M KC1 (pH 
approx. 7), depending on the required salt content of the incubation mixture. After 
centrifugation, the sediment was homogenized for 20 sec in 0.05 M or 0.02 M KC1 
(pH approx. 7), and the final protein content ranged between o.I and 0.2 %. 

Preparation of myosin 
The procedure of PORTZEHL et al. 24 was used in a slightly modified form. The 

scissored rabbit muscle was homogenized for 9 ° sec in 1.5 vol. of cold 0.6 M KC1 

* T h e  e n e r g y  t u r n o v e r  of  l i v i n g  m u s c l e  of  c o u r s e  m a y  i n c r e a s e  f a r  m o r e  t h a n  IOOO t i m e s  d u r i n g  
t h e  t r a n s i t i o n ,  d e p e n d i n g  o n  t h e  c o n d i t i o n s  of  c o n t r a c t i o n ,  e.g. a b o u t  3 0 0 0  t i m e s  ~2 i n  i s o m e t r i c  
c o n d i t i o n  a t  s t a n d a r d  l e n g t h  o r  a b o u t  8 0 0 0  t i m e s  d u r i n g  a t w i t c h  ( c o m p i t e d  f r o m  d a t a  o f  A.  V. 
HILL22). 
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T A B L E  I I  

DIMINUTION OF THE DEGREE OF DISSOCIATION DURING LONG-TERM STORAGE OF THE FIBRILS 

Prep. No. Storage time in 8 5 % Degree of 
of fibrils glycerol at dissociation* 

-~5  ° (%) 

Rabbit 

I 1 - 8  d a y s  9 0  
2 m o n t h s  89 

2 13 m o n t h s  88 
3 14 m o n t h s  88 
4 42 m o n t h s  76 

Crab 

3 1 2 - 3 4  d a y s  96  
4 2 0 - 6 0  d a y s  92 
6 IO m o n t h s  92  
8 15 m o n t h s  92 
7 24 m o n t h s  78 

* C o n t r a r y  as  in  T a b l e  I ,  t h e  s p l i t t i n g  r a t e s  (AM) u s e d  h e r e  w e r e  m e a s u r e d  a t  1 - -  0 .0  5. 

in a blender (Braun) and then an other 1.5 vol. of o.6 M KC1 were added. After a 
I5-min extraction, the supernatant  myosin was 4 times reprecipitated. The resulting 
solutions of myosin contains practically no actomyosin (sensitivity toward ATP, 
1 - 4 %  ) or only traces of actomyosin (sensitivity toward ATP in one case I 4 % ,  
cf. ref. 24) and shows no significant alteration in ATPase activity. 

Since the preparations of both fibrils and myosin possess rather different 
absolute ATPase activities, care was taken to perform all experiments concerning 
one parameter  with the same preparation. 

Determination of A T P  splitting 
The crab fibrils were incubated at 20 ° in a medium containing ATP* and MgC12* , 

0.02 M imidazole (Figs. i and 4) or O.Ol 5 M Tris-maleinate plus o.I  mM CaC12 or 
1-2 mM EGTA (potassium salt) and KC1 for the adjustment  of the ionic strength. 
For  rabbit  fibrils and myosin, the medium was the same except for o.oi M (Fig. 4) 
or o.o15 M Tris-maleinate.  

The hydrolysis of ATP was measured as Pl by  the method of FISKE AND 
SUBBARow 25 as modified by ROCKSTEIN AND HERRON 26. The splitting rate was deter- 
mined by  sampling five aliquots over a period of several min. The splitting rates 
proved to be linear for up to 9 ° % of hydrolyzed ATP;  usually, however, not more 
than  20 % of the ATP was hydrolyzed in any one experiment. 

The calculation of the concentrations of the different ionic species of ATP, 
Mg 2+ and Ca 2+ was carried out using the formula for EGTA as previously described ~. 
The values of the stability constants were those given by  N A N N I N G A  ~ ,  corrected 
for pH  (~n; see ref. 27) but  not for ionic strength. Therefore, the calculated concen- 
trations are strictly valid at an ionic strength of o.I.  The ionic strength of the solu- 
tions will not, however, be exact should the stability constants of ATP change 

* T h e  c o n c e n t r a t i o n s  a r e  g i v e n  in t h e  l e g e n d s  t o  t h e  f igures .  
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markedly with ionic strength. However, this restriction will not influence the results, 
since the error will be of the same magnitude for both contraction and relaxation. 
The influence of EGTA on the concentrations of Mg ~+ and of MgATP was shown by 
calculation to be not more than 1%. 

Protein was determined by the semimicro-Kjeldahl method using a factor of 
6.25 for the fibrils and 6.05 for myosin. 

For the measurement of pH, a precision compensator Metrohm E 322 was used. 

ACKNOWLEDGMENT 

We are very grateful to Lector Dr. J. A. S. McGuigan for supervising the 
translation of this paper in English. 

This research was supported by grants of the Swiss National Research Council. 

REFERENCES 

I H. H. WEBER, Arzneimittel-Forsch., IO (196o) 404 . 
2 H. PORTZEHL, Z. Naturforsch., 7 b (1952) i. 
3 H. E. HUXLEY, W. BROWN AND K. C. HOLMES, Nature, 206 (1965) 1358. 
4 H. E. HUXLEY, Circulation, 24 (1961) 328. 
5 S. G. PAGE AND H. E. HUXLEY, J. Cell Biol., I9 (1963) 369. 
6 m. B. MARSH, Nature, 167 (1951) lO65. 
7 H. PORTZEHL, Biochim. Biophys. Acta, 24 (1957) 474. 
8 S.V.  PERRY AND L. LEADBEATER, Biochemistry of Muscle Contraction, Little Brown, New York,  

1964 p. 270. 
9 S. V. PERRY AND J. COTTERILL, Bioehem. J., 92 (1964) 603. 

io J. HANSON AND H. E. HUXLEY, Biochim. Biophys. Acta, 23 (1957) 250. 
I I  M. BARANY AND K. B~RANY, Biochim. Biophys. Acta, 41 (196o) 204. 
12 H. H. WEBER AND H. PORTZEHL, Advan. Protein Chem., 7 (1952) 162. 
13 S. V. PERRY AND T. C. GREY, Biochem. J., 64 (1956) 184. 
14 G. GESKE, M. ULBRECHT AND FI. H. WEBER, Arch. Exptl. Pathol. Pharmakol., 230 (1957) 3Ol. 
15 S. EBASHI, Nature, 200 (1963) IOLO. 
16 M. C. SCHAUB, Helv. Physiol. Acta, 25 (1967) CR 225. 
17 M. C. SCHAUB, D. J. HARTSHORNE AND S. V. PERRY, Biochem. J., lO 4 (1967) 263. 
18 A. V. HILL AND R. C. WOLEDGE, J. Physiol., 162 (1962) 311. 
19 H. PORTZEHL, Biochim. Biophys. Acta, 14 (1954) 195. 
20 A. A. INFANTE, D. KLAUPIKS AND R. E. DAVIES, Nature, 2Ol (1964) 620. 
21 W. O. FENN AND W. B. LATCHFORD, J. Physiol., 8o (1934) 213. 
22 A. V. HILL, Brit. Med. Bull., 12 (1956) 174. 
23 H. PORTZEHL, P. ZAORALEK AND A, GRIEDER, Arch. Ges. Physiol., 286 (1965) 44. 
24 H. PORTZEHL, G. SCHRAMM AND H. H. V~rEBER, Z. Naturforsch., 5b (195 o) 61. 
25 C. H. FISKE AND Y. SUBBAROW, J. Biol. Chem., 66 (1925) 375. 
26 M. I:~OCKSTEIN AND P. W. HERRON, Anal. Chem., 23 (1951) 15oo. 
27 H. PORTZEHL, P. C. CALDWELL AND J. C. RUEGG, Biochim. Biophys. Acta, 79 (1964) 581. 
28 L. B. NANNINGA, Biochim. Biophys. Acta, 54 (1961) 33 o. 
29 H. PORTZEHL, P. ZAORALEK AND J. GAUDIN, Biochim. Biophys. Acta, 189 (1969) 44 o. 

Biochim. Biophys. Acta, 189 (1969) 429-439 


