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Summary 

1. A procedure recently described to produce rapid changes in [Ca 2*] and 
[Sr 2*] within the whole cross-section of  skinned muscle preparations 
(Moisescu, D.G. (1976) Nature 262, 610--613, and Moisescu, D.G. and 
Thieleczek, R. (1978) J. Physiol. 275, 241- -262)has  enabled us to obtain 
whole Ca 2*- or Sr2*-activation curves at different sacromere lengths with the 
same preparation. 

2. The maximal isometric force response was found to be very similar in 
Ca 2 +- and Sr 2*-buffered solutions for otherwise identical conditions. 

3. The change in sarcomere length between approx. 2.2 and 2.6 ~m reversibly 
shifted both the Ca 2.- and the Sr2*-activation curves by approx. 0.1 log units 
towards lower concentrations of the activator, wi thout  affecting their shape. 

However, the change in sarcomere length in the range above 2.6 um did not  
have an effect  upon the relative isometric force response-pCa (and -pSr) 
relationship. 

4. All the Ca 2÷- and Sr2+-activation curves present a similar steepness and 
indicate that  the relative isometric force increases from approx. 10 to 90% if 
the concentration of  the activator is increased 3-fold. 

5. The half time for force development in these experiments did not  appear 
to be influenced by the length of the sarcomeres. 

6. A potentiometric method for determining the apparent affinity constants 
of  Ca 2+, Mg 2÷ and Sr 2. to EGTA and ATP under various conditions is 
described. 

* T o  w h o m  c o r r e s p o n d e n c e  should  b e  a d d r e s s e d .  
Abbrev iat ions :  Tes,  2- ( [ 2 - h y d r o x y - l , l - b i s ( h y d r o x y m e t h y l ) e t h y l ] a m i n o } e t h a n e s u l f o n i c  ac id ;  H D T A ,  
hexamethylendiamine-N,N,N',N'-tetraacetic a c i d ;  E G T A ,  e t h y l e n e  g lyco l  b i sQ3-aminoe thy l  ether)-N,N'- 
t e t r a a c e t i c  acid;  pCa = - - l o g [ C a  2+] ; p S r  = - -1og [S r2+] .  
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Introduction 

Many results in the literature suggest that  the active force response of the 
intact muscle fibre can be increased at longer sacromere lengths and there are 
several possibilities to explain these observations (for a review, see Ref. 1). 

One possibility is that  the contractile system itself is more sensitive to the 
calcium ion at longer sarcome lengths and Endo [2,3] has reported results 
obtained with 'skinned' fibre preparations [4] from frog and toad muscles 
which are in line with this view. However, the physiological significance of 
these results has been brought into question by Endo himself [2,3] as well as 
by others [1]. This was because the sarcomere length effect observed by Endo 
was limited only to a narrow range of  the Ca2+-activation curve where the force 
responses were significantly smaller and slower than those in vivo. 

It has been shown [5] that  Sr 2÷ can induce forces similar to those induced 
by Ca 2+ in the skinned mucle preparation of frog and recently we have 
developed a new technique [6,7] which reduces the time of activation in the 
skinned muscle fibre by at least one order of magnitude and minimises the con- 
centration gradients for H ÷, Sr 2÷, Ca ~÷, Mg 2÷, and ATP in the activated prepara- 
tion. 

Under these circumstances we have considered it of interest to study the 
effect of sarcomere length on the Sr2+-activation curves and also to reinvesti- 
gate the equivalent effect on the Ca2+-activation curves by using the new 
activating procedure [ 6,7 ]. 

A preliminary account of these results has been published [8]. 

Materials and Methods 

The procedures for skinning the muscle fibres (iliofibularis, Rana esculenta), 
preparing the bathing solutions, activating the preparations and measuring the 
isometric force were described before [6,9]. 

The composition of solutions is shown in Table I and the employed apparent 
affinity constants of Ca 2÷, Sr 2÷ and Mg ~÷ to various ligands in these solutions 

T A B L E  I 

C O M P O S I T I O N  O F  S O L U T I O N S  

A l l  so l u t i ons  c o n t a i n e d  137  m M  K,  36  m M  Na,  6 0  m M  Tes ,  8 m M  t o t a l  A T P .  1 0  m M  c r e a t i n e  p h o s p h a t e ,  

1 m M  Mg 2+, 2 0  m M  C1 a n d  15  U / m l  c r e a t i n e  k i n a s e .  T h e  p H  o f  t h e  s o l u t i o n s  w a s  7 . 1 0  _+ 0 . 0 1  a t  2 0 ° C .  The  
s o l u t i o n s  have b e e n  des igned  t o  m i n i m i s e  the  gradients  o f  pH,  pCa ,  p S r ,  [ A T P ] ,  [ME 2+] w h i c h  are assoc i -  

a t e d  w i t h  the  A T P a s e  act iv i ty  o f  the preparat ion  [ 8 ] .  A s o l u t i o n  o f  t y p e  H m i x e d  w i t h  a s o l u t i o n  o f  t y p e  
B i n  a p r o p o r t i o n  h i g h e r  t h a n  3 0 0  : 1 is  c a l l e d  a " l o w  relaxing" so lut ion .  

S o l u t i o n  M g t o t a  1 H D T A  E G T A  C a E G T A  S r E G T A  
( r aM)  ( m M )  ( m M )  ( raM)  ( m M )  

A 8 . 0 5  - -  - -  5 0  - -  

A '  8 . 5  - -  1 0  - -  4 0  

A "  8 .3  - -  5 - -  4 5  
B 1 0 . 2 5  - -  5 0  - -  - -  

H 8.45 50 -- -- -- 



T A B L E  II  
i 

A P P A R E N T  A F F I N I T Y  C O N S T A N T S  ( K ~  pp)  OF ATP  A N D  E G T A  FOR Ca2+. Sr 2+, Mg 2+ M E A S U R E D  BY T H E  M E T H O D  D E S C R I B E D  IN T H E  A P P E N D I X  

Ligand Cat ion  KI~PP '~ E x p e r i m e n t a l  cond i t i ons  T e m p e -  Obse rva t ions  

(M-1)  r a t u r e  
K + Na + pH (o C) 

(mM)  ( m M )  

ATP Mg 2+ 

E G T A  

7 5 0 0  ± 500  90 30 7 .10  
6 5 0 0  ± 500 135 35 7 .10  
6 3 0 0  ± 400 90  30  7.10 
5800  ± 400  135 35 7 .10  
4 9 0 0  + 400  160 35 7.10 
4 8 0 0  ± 400  170  30  7 .10  

Ca 2+ 3900  ± 300  90  30 7 .10  
3400  ± 300  135 35 7 .10  
3 2 8 0  ± 200  90  30  7 .10  
2 9 0 0  ± 300  135 35 7 .10  
2500  ± 300  170  30 7 .10  

Sr 2+ 1400  ± 200 135 35 7.10 

Mg 2+ 46 ± 6 50 - -200  2 0 - - 5 0  7 .10  
25 ± 5 5 0 - - 2 0 0  2 0 - - 5 0  7 .10  
14  + 2 5 0 - - 2 0 0  2 0 - - 5 0  6 .60  

240  ± 30 5 0 - - 2 0 0  2 0 - - 5 0  7 .60  

Ca 2+ (5 ± 1) 106 5 0 - - 2 0 0  20 - -50  7 .10  
(5 + 0.5) 106 5 0 - - 2 0 0  2 0 - - 5 0  6 .60  

Sr 2+ (2 +- 0 .2)  104 1 0 0 - - 2 0 0  35 7 .10  
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A g r e e m e n t  w i t h  the  resul ts  ind ica t ing  an ' ab so lu t e '  a f f in i ty  cons tan t  of  
Mg 2+, H + and K + t o A T P  4 - o f 2 . 2 - 2 . 6 -  104 M - 1 . 6 . 9  • 105 M -1 and 14 
M -1 respec t ive ly  a t  20°C (see Ref .  16 and 17). 

E q u i v a l e n t  to  an ' a b s o l u t e '  a f f in i ty  c o n s t a n t  of  Ca 2+ to ATP 4- of  
1 .3"  104 M - l  a t  20°C.  

A g r e e m e n t  wi th  S c h w a r z e n b a c h  {18],  O w e n  [19 ] ,  Al len  et  al. [20 ] ,  
Moisescu and  Ashley  [21] .  
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are indicated in Table II. These constants have been determined in our labora- 
tories using potent iometr ic  methods,  some of which are described in detail in 
the Appendix.  

Sarcomere length has been measured with a Leitz UMK 50/0.6 long working 
distance objective. The average size of  sacromeres has been determined in 
different  parts of  the preparat ion before and after  the length of the skinned 
fibre was changes. 

Results 

Fig. 1 illustrates that  there is no significant difference between the maximum 
force responses induced by Ca 2÷ and Sr 2÷ in the same preparation for otherwise 
identical conditions. 

In Fig. 2 are presented three sets of  force responses obtained on the same 
preparat ion at three sarcomere lengths: 2.2, 2.65, and 3.1 lzm, respectively, 
when the preparat ion was activated in Sr2+-buffered solutions. 

First one can see that  the absolute values of  the submaximal forces at pSr 
5.05, 4.78, and 4.54 are smaller at 2.2 ~zm sarcomere length than at 2.65 and 
3.1 rim, respectively, although the maximum force response at 2.2 pxn sarco- 
mere length was higher than at2.65 and 3.1 rim. Second, one can observe that  
at room temperature  force develops quite rapidly, with half times lower than 
2 s for the whole range of  Sr 2÷ concentrat ions at all three sarcomere lengths. 

All the results obtained with this fibre have been plot ted in Fig. 4A. 
Although the deter iorat ion in force was relatively small for each set of 
responses at a given sarcomere length (see Fig. 2) we have always corrected the 
graph data such as in Fig. 4 by normalizing to  interpolated control  contract ions 
using a me thod  similar to that  of  Julian [10].  The points corresponding to the 
sarcomere lengths of  2.65 and 3.1 nm lie practically on the same curve, while 
those corresponding to  a sarcomere length of 2.2 um appear to lie on a similar 
curve, which is shifted by approx.  0.1 log units towards higher free Sr 2÷ con- 
centrations.  

Similar results to those in Figs. 2 and 4A have been obtained with 15 other  
preparations. 

pCa<5 

pSr 3'46 
i T 

F i g .  I .  M a x i m a l  f o r c e  r e s p o n s e s  i n d u c e d  b y  C a  2+ a n d  Sr  2+ in f rog  b u n d l e s  o f  m y o f i b r i l s  u n d e r  o t h e r w i s e  
i d e n t i c a l  c o n d i t i o n s .  T h e  p r e p a r a t i o n  ( d i a m e t e r  3 0  ~ m ,  l e n g t h  0 . 9  m m ,  s a r c o m e r e  l e n g t h  2 . 4  ~ m  has  b e e n  
i n i t i a l l y  e q u i l i b r a t e d  i n  a ' l o w  r e l a x i n g '  s o l u t i o n  o f  t y p e  B / H  = 1 / 6 6 6  a n d  has  t h e n  b e e n  s e p a r a t e l y  a c t i -  

v a t e d  i n t o  a s o l u t i o n  o f  t y p e  A / B  p C a  4 . 9  a n d  A " p S r  3 . 4 6 .  T h e  t w o  f o r c e  r e s p o n s e s  r e p r e s e n t  the  5 t h  a n d  
4 t h  m a x i m a l  f o r c e  r e s p o n s e ,  r e s p e c t i v e l y .  T h e  base  l ines  r e p r e s e n t  t h e  ' z e r o '  l e v e l  for  t h e  ac t ive  f o r c e  i n  
the  s o l u t i o n s ,  a n d  t h e  a r r o w s  i n d i c a t e  t h e  m o m e n t s  w h e n  t h e  p r e p a r a t i o n  w a s  i n t r o d u c e d  i n t o  t h e  r e s p e c -  
t i v e  s o l u t i o n s .  Cal ibrat ion  bars: vert ical:  0 . 0 6  m N ;  h o r i z o n t a l  0 . 3  s .  T e m p e r a t u r e  = 2 0 ° C .  



6 8  

S.L. 2"2 jJm S.L. 2-65.u m S.L. 3"1 ..um 
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- i  
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5"05 

4-54 5-05 ~ 3"46 

4. o 4 . .  s.o5 ~ ,- 

3 " 4 6  

j _  3.46 . - ~ _ _  4.54 ._~ 

A B C 

Fig. 2. T i m e  course  of  i somet r ic  t ens ion  responses  ob t a ined  in chronolog ica l  o rde r  f r o m  the  same m y o -  
fibrillar p r e p a r a t i o n  ( d i a m e t e r  60  Mm) a t  t h ree  s a r c o m e r e  lengths  (2 .2 ,  2 .65  an d  3.1 /Jm) w h e n  ac t iva t ed  in 
Sr2+-buffered so lu t ions  (of  t y p e  A ' / B  up  to  pSr 3 .7 ,  and  so lu t ion  A "  for  pSr 3 .46) .  Before  ac t iva t ion ,  the 
p r e p a r a t i o n  has  b e e n  equ i l ib ra ted  in a ' low re lax ing '  so lu t ion  con ta in ing  only  a b o u t  0.1 mM E G T A  (rat io 
B/H = 1 / 425 ) .  The  base l ines r e p r e s e n t  the  ' z e r o '  level for  ac t ive  force  in the  so lu t ions  and  t h e  a r rows  indi- 
ca te  the  m o m e n t  of  i m m e r s i n g  the  p r e p a r a t i o n  in to  the  ac t iva t ing  solut ions .  Cal ibra t ion  bars:  vert ical :  
0 .15  m N  for  pSr  5 .05  a nd  0.3 m N  for  the  res t ;  ho r i zon ta l ,  4 s fo r  A, 5.5 s for  B, 6 s for  C. T e m p e r a t u r e  
20°C.  All so lu t ions  c o n t a i n e d  10 mM caffe ine .  

3'46 
i 

4.44 t ~ 

3.46 

4 i 3 0 ~  , J I 
:4.78 ',Jl 

_ :~ I I I  
5.05 4.78 4 ; 5 4 /  5'75 ~ 4 i 8 5 ~  

A g 

S.L. 2-15,um S.L. 2.Turn 
Fig. 3. Fo rce  r e sponses  f r o m  a p r e p a r a t i o n  ( d i a m e t e r  35 ~um) a t  t w o  s a r co mere  lengths:  2 .15  an d  2.7 /~m, 
r e spec t ive ly .  T h e  p r e p a r a t i o n  has  b e e n  first  equ i l ib ra ted  a t  each  s a r c o m e r e  length  in a low re laxing solu- 
t ion  of  t y p e  B/I-I = 1 / 6 0 0  a nd  was  subsequen t ly  a c t i va t e d  in so lu t ions  of  t y p e  A ' / B  up to pSr 3.7 an d  
so lu t ion  A "  fo r  pSr  3 .46 .  The  a r r o w s  ind ica te  the  m o m e n t  of chang ing  the  so lu t ions  a r o u n d  t h e m .  
Cal ibra t ion  bars:  ver t ical  0.1 m N  for  A; 0 . 0 5  m N  for  B; h o r i z o n t a l  15 s. T e m p e r a t u r e  21°C.  
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F i g .  4 .  R e l a t i v e  i s o m e t r i c  f o r c e - p S r  r e l a t i o n s h i p s  f o r  f r o g  m y o f i b r i l s  as  a f u n c t i o n  o f  s a r c o m e r e  l e n g t h .  
T h e  so l id  l i n e s  a re  t h e o r e t i c a l  c u r v e s  o f  t y p e  P r  = K '  • [ S r 2 ~ ] n / ( l  + K '  • [ S r 2 + ] n ) ,  w h e r e  P r  is  t h e  r e l a t i v e  
f o r c e .  T h e  c o n s t a n t s  K '  a n d  n a r e  c h o s e n  s u c h  a s  t o  f i t  t h e  r e s t l l t s  [ 1 5 ] .  ( A )  S r 2 + - a c t i v a t i o n  c u r v e s  

f r o m  all  f o r c e  r e s p o n s e s  o b t a i n e d  w i t h  t h e  p r e p a r a t i o n  i n  F ig .  2 (X,  2 . 2 / ~ m ;  o,  2 . 6 5 / ~ m ;  e ,  3 .1  ~ m ) .  T h e  
s o l i d  c u r v e s  w e r e  d r a w n  f o r  n = 4 a n d  K '  = 2 .3  • 1 0 1 8  M - 4  a n d  6 . 3  • i 0 1 8  M - 4  r e s p e c t i v e l y .  (B)  S r 2 + - a c t i  - 

v a t i o n  c u r v e s  f r o m  all f o r c e  r e s p o n s e s  o b t a i n e d  w i t h  t h e  p r e p a r a t i o n  i n  F ig .  3 (X, 2 . 1 5  ~ m ;  o,  2 .7  /.era). 
T h e  s o l i d  c u r v e s  w e r e  d r a w n  f o r  n = 4 a n d  K ' =  1 . 5 .  1 0 1 8  M - 4  a n d  f i "  1 0 1 8  M - 4 .  r e s p e c t i v e l y .  ( C )  
S r 2 + - a c t i v a t i o n  c u r v e  b a s e d  o n  all t h e  r e s u l t s  in  ( A )  a n d  ( B )  t a k e n  t o g e t h e r .  T h e  s o l i d  c u r v e  w a s  d r a w n  f o r  
n = 3 a n d  K '  = fi - 1 0 1 3  M - 3 .  N o t e  t h e  l e s s  s t e e p  c u r v e  i n  ( C )  t h a n  i n  ( A )  a n d  (B) ,  a l t h o u g h  c u r v e  (C)  is 
d e r i v e d  f r o m  t h e  r e s u l t s  in  ( A )  a n d  ( B ) .  T h e  v e r t i c a l  b a r s  i n d i c a t e  t h e  r a n g e  o f  t h e  r e s u l t s .  
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We have also used another  activation procedur  e and this is illustrated in 
Fig. 3. Here [Sr 2÷] was increased stepwise in the same preparation at two 
sarcomere lengths until maximum force was reached. One can again observe 
that  the relative submaximal force is higher at 2.7 ~m sarcomere length than at 
2.15 nm for the same Sr2÷-concentrations. In Fig. 4B are presented the activa- 
t ion curves obtained from all the results on this preparation and one can also 
see that  the curve for 2.7 am lies about  0.1 log units towards lower [Sr 2÷] than 
the curve for 2.15 am. 

The results of Fig. 4A and B have been pooled together  in Fig. 4C, and there 
is a marked decrease in the steepness of the overall activation curve in Fig. 4C 
when compared with the individual activation curves in Fig. 4A and B (see 
legend and Discussion). 

Changes in the sarcomere length have the same effect  upon the Ca2+-activa - 
t ion curves, and this is illustrated in Figs. 5 and 6. Fig. 5 shows the force 
response obtained in one preparation when activated in two solutions after 
increasing the sarcomere length from 2.25 to 2.6 ~zm. At pCa 4.9 the response 
is maximal at both sarcomere lengths. 

Force developed quite rapidly in both  solutions and at both sarcomere 
lengths (half time <~0.6 s) but  the force level reached at pCa 6.0 was higher 
when the average sarcomere length was 2.6 um than when the sarcomere length 
was 2.25 am. 

In Fig. 6 results are obtained at 3 different  sarcomere lengths with the same 
preparation,  and these results are typical of 10 experiments.  The relative Ca 2÷- 
activation curve was also shifted by about  0.1 log units towards higher pCa 
values when the sarcomere length was changed between 2.25 and 2.6 ~zm, but  
remained essentially the same when the sarcomere length was increased from 
about  2.6 to 2.85 am. 

In order to see whether  the apparent  increase in Ca 2÷ and Sr 2÷ sensitivity 
of stretched muscle fibres is connected with the changes in the interfi lament 
distance in the preparation,  brought  about  by stretching, we have used the 
observation of Matsubara and Elliott  [11] that  the interf i lament distances in 
frog skinned muscle fibres do no t  essentially change (changes within 0.5%) 

S.L.2"6 jam S.L. 2.25.um 
pCa 

/t'~ 4'9 ~ 

A B 
Fig .  5.  F o r c e  r e s p o n s e s  f r o m  a prepara t ion  ( d i a m e t e r  3 0  # m )  a c t i v a t e d  i n  C a 2 + - b u f f e r e d  s o l u t i o n s  o f  t y p e  
A / B  a t  t w o  s a r c o m e r e  l e n g t h s  2.6  /4m f o r  A a n d  2 . 2 5 / ~ m  fo r  B. T h e  p r e p a r a t i o n  was  i n i t i a l l y  e q u i l i b r a t e d  

in  a ' l o w  r e l a x i n g '  s o l u t i o n  w i t h  0.1 m M  E G T A  ( B / H  = 1 1 5 0 0 )  b e f o r e  b e i n g  a c t i v a t e d .  A l l  s o l u t i o n s  h a d  

10 m M  c a f f e i n e .  C a l i b r a t i o n  ba r s :  v e r t i c a l  0 .1  r a N ;  h o r i z o n t a l  3 s. T e m p e r a t u r e  = 2 0 ° C .  
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g i l l  

0-5 

I I I 
6"5 6'0 5-5 5"0 

pCa 

Fig.  6.  The  e f f e c t  of  v a r y i n g  s a r c o m e r e  l eng th  u p o n  the  re la t ive  fo rce  (Pr)-pCa r e l a t i onsh ip  in the  s a m e  

f r o g  m y o f i b r i l l a r  (as in Fig .  5) p r e p a r a t i o n  ( s y m b o l s :  X, 2 .25 p m ;  o, 2.6 ~ m ;  and  • 2 .85  ~ m ) .  The  solid 
l ines  are t h e o r e t i c a l  cuxves o f  the  t y p e  Pr  = K • [Ca2+] 4 • (1 + K • [Ca2+]4)  -1 ,  w i t h  K = 1.3 • 1024  M "4 
a n d  2.9 • 1024 M "4,  r e spec t i ve ly .  T h e  smal l  bars  i nd i ca t e  the  r ange  of  the  resul t s .  T e m p e r a t u r e  20°C.  All 

so lu t ions  h a d  10 m M  c a f f e i n e ;  t he  ac t i va t i ng  s o l u t i o n s  were  of  t y p e  A/B .  

when the sarcomere length varied between 2.2 and 2.65 ~m if the ionic 
strength of  the solution was under 0.09 M. Fig. 7 shows one set of  results 
obtained with a preparation at an ionic strength of about 80 mM. As expected, 
the relative force responses in Fig. 7A and B are higher than the corresponding 

pSr 5'25 

I_ 

I 
Is 

pSr 5"25 

B 

Fig .  7. F o r c e  r e s P o n s e s  f r o m  the  same  f r o g  m y o f i b r i l l a r  p r e p a r a t i o n  a c t i v a t e d  in  a Sr2+-buf fe red  so lu t ion  

h a v i n g  a low t o n i c i t y  a n d  ionic  s t r e n g t h  ( ra t io  so lu t i on  A ' / s o l u t i o n  B/dis t i l led  w a t e r ,  125  : 875  : 2 0 0 0 )  a t  
t w o  s a r c o m e r e  l eng ths :  2.2 grn fo r  A,  a n d  2 .65  ~ m  fo r  B. The  p r e p a r a t i o n  has  b e e n  e qu i l i b r a t e d  in  a ' l ow 

r e l a x i n g '  s o l u t i o n  ( ra t io  s o l u t i o n  B / s o l u t i o n  H/d i s t i l l ed  wa te r ,  1 : 500  : 1 0 0 0 )  b e f o r e  b e i n g  a c t i v a t e d .  The  
va lue  of  pSr  in  the  a c t i v a t i n g  s o l u t i o n  is i n d i c a t e d  above  the  a r r o w s  wh ich  s h o w  the  m o m e n t  o f  i m m e r s i n g  
the  p r e p a r a t i o n  in the  a c t i v a t i n g  so lu t ion .  Ca l ib r a t i on  bar  fo r  f o r c e :  0.1 m N  fo r  A and  0 .25  m N  fo r  B. 

D i a m e t e r  80  ~ m ,  t e m p e r a t u r e  20°C .  
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ones for the same [Sr 2÷] as in Fig. 2 due to a lower concentrat ion of monova- 
lent cations in the medium and a lower ionic strength [9].  However, the effect  
of  sarcomere length upon the tension response persisted. 

The average drop in the maximal active force when increasing the sarcomere 
length from about  2.2 to 2.6 and 3.0 am was close to 10 and 25%, respectively 
(15 Sr2+-activated preparations and 10 Ca2+-activated preparations) and these 
values are similar to those of  Endo [2,3].  

In separate experiments we have used a He-Ne laser (Spectra Physics 136-04) 
to follow changes in the sarcomere length during activation. The position of the 
first diffraction maximum did not  usually change by more than 3% when force 
was approaching the steady-state in an activating solution as compared to that 
in the relaxing solution if the sarcomere length was above 2.2 urn. 

Discussion 

The results presented here demonstrate  that  changes in the sarcomere length 
between about  2.2 and 2.6 am affect  in a similar manner  the steady-state 
activation curves for  both  Sr 2÷ and Ca 2÷. However, the way in which the 
isometric force response was dependent  upon the sarcomere length appeared to 
be essentially different  from that  repor ted  by Endo [2,3].  

Thus, our results indicate that  the whole curve relating the relative isometric 
force to pCa or pSr is affected by sarcomere length changes in the range of  
2.2--2.6 am rather  than only the part  of  the curve under 30% relative force. In 
addition force developed two orders of  magnitude faster in our experiments 
than in those performed by Endo on the same muscle (iliofibularis) from Rana 
pipiens, Rana Japonica and Xenopus laevis [2,3].  

It is very likely that  these discrepancies are due to the differences in the 
procedures used for activation and in the composit ion of solutions, since when 
the pH-buffering capacity of our solutions was low (10 mM Tes buffer,  pH 
7.10), then the force responses were very slow, similar to those of Endo [2,3],  
and the longevity of  the preparations was considerably shorter [ 12,13].  

The effect  of varying the sarcomere length upon the Ca :+. and Sr2÷-activa - 
t ion curves as illustrated by Figs. 2 -6 can be regarded as a change in the appar- 
ent affinity constants of  Ca and Sr ions to the tension controlling sites. This 
does not  exclude the possibility that  only those reaction steps are modified, 
which follows the actual binding of  Ca or Sr ions, since this could also result in 
a change of  the overall apparent affinity constant  for Ca 2+ and Sr :+ [12].  In 
fact this latter possibility is more likely to be true since the activation curves 
for both Ca 2+ and Sr 2+ are identically affected by stretch. 

At present we cannot  find a simple explanation of  this happening since a 
change in the sarcomere length does not  appear to change the periodicity on 
the filaments [14] and the small associated change in the interfi lament space 
does not  seem to be essential (see Results). 

Another  conclusion to be drawn from these results is that  the shape of all 
steady-state activation curves obtained by us for  both Ca 2+ and Sr 2+ on skinned 
tousle preparations from frog is very similar under  various conditions of  sarco- 
mere length and temperature  (Figs. 4A, B and 6; Ref. 7). 

Thus the relative isometric force increases from 10 to 90% if the concentra- 
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tion of  the activator increases about 3-fold. This alone suggests a minimum 
cooperativity of  4 activator ions per functional unit  in the process of foce 
development [9,15], and the solid curves in Figs. 4A, B and 6 are theoretical 
predictions for 4 activator ions involved 'simultaneously'  in the process of force 
development (see legends). 

Donaldson and Kerrick [5] have recently reported less steep activation 
curves for Ca 2÷ than for Sr 2+ in skinned muscle fibres from frog for similar 
conditions. This discrepancy can be partly explained by the much poorer 
buffering capacity for Ca 2÷ than for Sr 2÷ over the activation range in their 
experiments, particularly at relatively high [Mg 2÷] (see Methods; Ref. 9). 

However, even the Sr 2+-activation curves reported by Donaldson and Kerrick 
[5] are less steep than our individual curves in Fig. 4A and B. Their curves are 
based on results from more than one preparation and since there is always a 
certain variability in the Ca 2÷- and Sr2÷-sensitivity among preparations, an 
apparent reduction in the steepness of these activation curves is expected. 
Indeed, as it appears from Fig. 4, the average curve (Fig. 4C) increases over a 
wider range of [Sr 2+] (i.e., is less steep) than the individual curves in Fig. 4A 
and B. This can explain why the 'Hill coefficient '  (n) for their Sr2÷-activation 
curves was between 2.6 and 2.9 and for our individual curves is between 3.3 
and 4. 

The great similarity in both the shape of the Ca 2+- or Sr2÷-activation curves 
and in the maximum force induced by Ca 2÷ and Sr 2÷ under otherwise identical 
conditions strongly suggests that  in frog muscle these two ions are involved in 
the same steps of reaction to produce force. 

Appendix 

Determination o f  the apparent affinity constants o f  Ca 2+, Sr 2÷ and Mg 2+ to 
EGTA and A TP in solutions o f  physiological importance. 

The apparent affinity constant of a divalent cation, X 2÷, to a ligand L is 
defined as: 

gx L = ([Lt] -- [Lf]) • IX2+] -1. [Lf] -1 A(1) 

where [Lt] is the total concentration of the ligand, [L~] is the total concen- 
tration of the ligand which is not  complexed with the cation and [X 2÷ ] is the 
free concentration of  the cation Ca 2+, Sr 2÷ or Mg 2÷. 

A pH meter with a sensitivity of at least +0.01 pH units is required for the 
determinations. 

Aff in i ty  constants o f  EGTA 
The following known information (see Refs. 16 and 17) has been used for 

the development of  the potentiometric methods and for the derivation of the 
formulae: (i) the absolute affinity constants of H ÷ to EGTA 4- and HEGTA 3- 
are both over 10 s's M-X; and (ii) EGTA forms two complexes with each 
divalent anion considered: X-EGTA 2- and X-HEGTA-. 

EGTA affinity for Ca 2+ 
A known molar fraction of  EGTA (a) (final concentration 0.5--2 mM) is 
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added to the solution which for simplicity should not  contain another divalent 
ion or another ligand which binds Ca 2÷. The pH is adjusted with NaOH or HCI 
to a pH value, pHi, in the range of 5.8 -6.0. The same molar fraction (a) of 
CaC12 is then added which results in a pH drop. The solution is titrated with 
NaOH (molar fraction n l) back to the initial pH. An excess of about 10 mM 
CaCI: is then added to the solution resulting again in a pH drop and finally the 
initial pH value, pHi is restored with n2 mol NaOH. 

Knowing the values of a, nl, n: and that  of the final volume V, one can cal- 
culate the total apparent affinity constant of Ca to E G T A  (g~Ea GTA ) at any pH 
value, pHf in the range 5.8--7.5 by using the following equations: 

K, EGTA ' 
Ca = KCaEGTA + KCaHEGTA A(2) 

log KCaEGTA = log KCaEGTA + 2(pHf -- pHi) A(3) 

log KCaHEGT A = log KCaHEGT A + pHf -- phi A(4) 

KCaEGTA = n l  • ( n l  + n 2 )  • ( h i  + n :  - - a )  • a -2 • n ~  2 • V A(5) 

KCaHEGTA = nl • (nl + n2) • (2a  - -  nl - -  n2) • a -~ • n~:  • V A(6) 

We recommend working at a pH between 5,8 and 6.0, since in this range 
the apparent affinity constant of  Ca to EGTA is both high enough to be able to 
achieve essentially saturation with 10--20 mM free Ca, and low enough to be 
able to estimate accurately the free Ca and EGTAf concentrations where a / V  

is between 0.5--2 mM. 
The procedure described here should yield values 'differing by not  more than 

approx. 10% from the correct total apparent affinity constant of Ca to EGTA. 
It is important  to mention that  the results obtained with this method are very 
similar to those obtained when using the Ca2÷-sensitive photoprotein aequorin 
[ 20,21] and the Ca 2 ÷-sensitive electrodes [ 19 ] (see Table II). 

E G T A  a f f i n i t y  f o r  S r  2÷ 

The procedure for determining the apparent affinity constant of Sr 2÷ to 
EGTA was identical to that  for Ca 2÷. The determinations can be done directly 
at a more physiological pH (around 7.00), since the apparent affinity constant 
for Sr ~÷ at this pH value is very similar to that  for Ca 2÷ at pH 5.8 -6.0. 

E G T A  a f f i n i t y  c o n s t a n t  f o r  M g  2÷ 
The apparent affinity constant of EGTA for Mg 2÷ is much smaller than that  

for Ca 2÷, and therefore another procedure than that  presented above must be 
employed for determining it at pH values lower than 9. The procedure is 
available on request. 

A f f i n i t y  c o n s t a n t s  o f  A T P  
The published physico-chemical data about ATP (see Refs. 16 and 17) 

indicate that  the following set of reactions are sufficient to describe accurately 
the ionic species in a solution containing Na ÷, K ÷, X 2÷ and ATP over a pH range 
of 6 .6-7 .1  : 

KATP 

ATP 4- + H* - " HATP 3- A(7) 
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K ATP 

ATP 4- + X 2÷ '. " XATP 2- A(8) 

KATP 
Na 

ATP 4- + Na + ~ " NaATP 3- A(9) 

K ATP 

ATP 4- + K ÷ . " KATP 3- A(10) 

where K ATP, g ATP,  7JATP KATP • ~Na , are the absolute binding constants of H ÷, X 2+, 

Na ÷ and K ÷ to ATP 4-, respectively. 

A TP affinity for Mg 2÷ 
The apparent  affinity constant  of Mg 2÷ for ATP can be directly estimated in 

a medium containing Na + and K ÷ at any pH in the range of 6.6--7.1 with the 
procedure described below: 

A known molar fraction of ATP (c) is added to the Na + and K ÷ containing 
solution such as the final concentra t ion of ATP to remain in the range of  1--3 
mM. The pH is adjusted with NaOH or HC1 to the required pH. Then a similar, 
but  not  necessarily equivalent, amount  of  MgCl: (d) is added and the pH is 
restored to the initial value with P l mol NaOH. Subsequently an excess of 
MgCl: is added to the solution (final concentra t ion 15 -20 mM) and the pH is 
brought to the initial value with P2 mol NaOH. If the amount  of  MgCI~ was 
sufficient to saturate the ATP, then one should notice only an insignificant 
release of  protons by doubling the total Mg concentra t ion in solution. This 
point  must  be generally checked. 

Considering that  ATP was saturated with Mg after  the second addition of 
MgC12 one can calculate the apparent  affinity constant  of  Mg to ATP, K ~  TP 
from the following equation derived from Eqns. A{7)--A(10): 

K'M ATP =Pt"  (P2) -1 " Y-1" [ d - - c .  P~/(Pl + p : ) ] - i  A ( l l )  

where V is the volume of  the solution after  the addition of  p2 mol NaOH. This 
equation can be used with good results over the pH range 6.6--7.1. 

ATP affinity for Sr 2÷ and Ca 2÷ 
Similar procedures to that  described for  Mg 2÷ 

Sr 2 ÷ and Ca2 ÷. 
can be successfully used for 
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