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SUMMARY 

This s t u d y  eva lua tes  the  effects of free Mg 2+ concent ra t ion  on s u b m a x i m u m  
isometr ic  tension genera ted  b y  single skinned fibers from semitendinosus muscles of 
the  frog. Increases  in Mg "+ concent ra t ion  are accompanied  b y  decreases in the  
s u b m a x i m u m  isometr ic  tension genera ted  in ba th ing  solutions which have the same 
Ca ~+ concen t ra t ion  and same ionic s t rength.  The effects of changes in MgATP 2- and 
ATP 4- concen t ra t ion  were s epa ra t ed  from those of Mg 2+ and were found to be ve ry  
small  in compar ison  to those of Mg 2+ concentra t ion.  The Mg 2+ concentra t ions  used in 
two sets of solut ions were o.3, i ,  and  2 mM. In  one set of solut ions MgATP 2- concen- 
t r a t i on  changed f rom a p p r o x i m a t e l y  2 to 12 mM and in the  o ther  set of solut ions ATP 4- 
concent ra t ion  changed f rom a p p r o x i m a t e l y  IO -* to 1.6. IO -s M. Ionic s t rength  was 
found to have  a significant inverse effect on submax ima l  isometr ic  tension. 

INTRODUCTION 

Mg ~+ is i m p o r t a n t  in muscle cont rac t ion  bu t  i ts  exac t  role and mechanism of 
act ion have not  been defined. In  order  to  genera te  Ca~+-activated tension, bo th  Mg 2+ 
and ATP 4- mus t  be present  in solut ions ba th ing  the  contract i le  prote ins  1. F r o m  studies  
of i sola ted  pro te in  sys tems i t  seems t ha t  Mg 2+ also has an inverse effect on s t a n d a r d  
measures  of cont rac t ion  if i t  is present  in a mM concent ra t ion  range 2-4. A mM sar- 
coplasmic Mg ~+ concent ra t ion  range is possible since measurements  of to ta l  Mg 
concent ra t ion  are in this  range s. Chowrashi  and  Ka ldor  6 in a recent  s t u d y  gave evidence 
t ha t  Mg 2+ in te rac t s  wi th  t roponin ,  bu t  Fuchs  et al. 7 demons t r a t ed  t ha t  it  is unl ike ly  
t h a t  Mg 2+ b inds  on t roponin  at  the  same site as Ca 2+. Ebash i  and  Endo  s a t t r i bu t e d  a 
shift  t o w a r d  pCa 's  in the  p e a - t e n s i o n  curve of skinned fibers to  an increase in Mg 2+ 
concent ra t ion ,  bu t  t h e y  d id  not  de te rmine  to wha t  ex ten t  this  shift  might  have been 
caused b y  s imul taneous  increases in MgATP 2- and  decreases in ATP 4- concentrat ions .  

METHODS 

In  th is  s t u d y  single twi tch  fibers from the semitendinosus muscles  of frogs (Rana 
pipiens) were sk inned (their  sa rco lemma peeled off) 9,10 under  silicone oil. They  were 

Abbreviat ion:  EGTA, ethyleneglycol-bis-(/5-aminoethyl ether)-N,N,N',N'-tetraacetic acid. 

Biochim. Biophys. Acta, 275 (1972) 117-i22 



118 w . G . L .  KERRICK, S. K. B. DONALDSON 

then  moun ted  between the  forceps of a photod iode  tension t r ansducer  and  isometr ic  
tension was measured  using a me thod  s imilar  to t ha t  of Hel lam and Podo l sky  11. The 
compl iance  of the  t r ansducer  was 50 mV/#m and the shor tening of the  fibers was al- 
ways  less than  5 % of the  moun ted  length of the  fiber. 

The  fibers were d ipped  into e lect rolyte  solut ions covered with  silicone oil. Room 
t empera tu r e  was ma in t a ined  at  20 4_ I °C. All solut ions conta ined  7 mM ethyleneglycol-  
b is- ( f l -aminoethyl  e ther) -N,N,N' ,N ' - te t raace t ic  acid (EGTA), 9 ° mM K+, ATP and 
imidazole  (pH 7.0). Three  Mg 2÷ concent ra t ions  in the  mM range were used:  0.3, i ,  and  
2 raM. At  each Mg 2+ concent ra t ion  solutions were mixed  which had  pCa values  of 9-8 
(no Ca ~+ added),  5.5 and 4.6-4.3 (for m a x i m u m  tension generat ion).  Solut ions wi th  a 
pCa 5.5 were used because ti le fibers genera ted  s u b m a x i m u m  tension in them at  each 
of the  three  Mg 2+ concentra t ions .  Thus changes in the  tension a t  this  cons tant  Ca 2+ 
concent ra t ion  reflected changes in the  shape or posi t ion of the  pCa- tens ion  curve. 

Expe r imen t s  were done to  separa te  the  effects of changes in MgATP 2-- and  
ATP 4- concent ra t ions  from those of Mg 2+ concent ra t ion  by  using three  different sets 
of solutions.  The first set of solut ions was mixed  to the  given concent ra t ions  and ti le 
amoun t  of ATP added  in th is  set of solut ions was var ied  so t h a t  ATP 4- r emained  at  
I o  -4 M and  MgATP 2-- var ied  from abou t  2 to  ~2 mM. In the  second and th i rd  sets of 
solut ions MgATP 2- was 2 mM and  ATP 4- var ied  from about  Io  -~ to 1.6. Io  --5 M. 

The m i n i m u m  concent ra t ion  of imidazole  used was 0.036 M since i t  has been 
demons t r a t ed  t h a t  the  CaEGTA~--b ind ing  cons tant  is dependent  upon imidazole  
concent ra t ion  in a range below 0.02 M imidazole  J2. In  the first set of solutions,  with 
cons tan t  ATP  4- concentra t ion,  the ionic s t rength  of the  solutions as ca lcula ted  with- 
out  imidazole  increased by  o.o3 as Mg 2+ and MgATP 2- concentra t ions  increased.  
Therefore it was necessary in the first set of solut ions to decrease imidazole  concen- 
t ra t ions  by  less than  one-half  (o. ~44 to o.oqo M) as Mg 2+ concent ra t ion  increased from 
o.3 to 2.o mM in order  to achieve a cons tant  ionic s t rength  of o.2o. A s l ight ly  lower 
ionic s t rength  might  have been used if only  this  pa r t i cu la r  s tudy  were being consid- 
ered. The ionic s t rength  value of o.2o was selected in order  t ha t  this  d a t a  could be 
compared  with  d a t a  from re la ted  s tudies  now in progress. The second set of solut ions 
with cons tant  MgATP 2- eoncen t ia t ion  an ionic s t rength  of o.2o, conta ined  o . t44 3I 
imidazole  in every  solution. The th i rd  set of solut ions differed from the second set only  
in imidazole  concent ra t ion  which was o.o36 M in every  solution. 

I t  was decided to adjus t  the  ionic s t rength  by  va ry ing  imidazole  (pH 7.o) ra ther  
t han  KC1 concent ra t ion  for two reasons:  (!) K 4 is known to b ind  to a site on act in  ~a 
and thus  va ry ing  K ~ concent ra t ion  is l ikely to cause var iable  effeci s on the b inding  of 
Mg 2+ and Ca 2+ to the i r  respect ive  sites and  (2) imidazole  does not  appear  to have  any 
effect on the  ATPase  ac t iv i ty  of the  contract i le  prote ins  14. 

The ionic equi l ibr ia  for each solut ion and the ionic s t rength  were ca lcula ted  b y  
d ig i ta l  compute r  using b ind ing  cons tants  from the  l i t e r a tme  as shown in Table  I. Fo r  
each solut ion the desired ionic concent ra t ion  of K ÷, Mg 2+, Ca 2+, H ÷, and  MgATP 2-- 
and  the to ta l  concent ra t ion  of K2EGTA (EGTA t i t r a t e d  to p H  8.0 wi th  KOH) were 
specified and  the compute r  ca lcu la ted  ti le to ta l  amount  of MgC12, CaC12, KC1, and 
NaeATP to be added.  The small  amoun t  of Na  + added  as NaeATP was t r ea ted  as 
added  K+ because Na  + and  K + have  a s imilar  b ind ing  cons tant  for ATP 4- (ref. 15). 
Fol lowing the add i t ion  of the  ca lcula ted  amounts  of these salts  to double-dis t i l led  
water ,  t i le  p H  of t i le solut ion was measured  and t i t r a t e d  wi th  HC1 to p H  7-o.T° insure 
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TABLE I 

BINDING CONSTANTS USeD IN THE COMPUTER PROGRAM 

I I  9 

Definition of  Value (M -1) Reference 
binding constant 

[CaATP2-] 
2. 5 • lO 4 

Eca3+] EATP 4-] 

[CaHATP- J 
3" 1°3 

[Ca2+] [HATP 3-] 

[CaEGTA2-] 2.6' IO I0 
[Ca 3+] [EGTA a-] 

[CaI-IEGTA-] 
2.I • I0 5 

[Ca3+~ [HEGTAa-]  

[MgA TP2-1 6" 104 
[Mg 2+] [ATP4-] 

[MgHATP-] 6" lO 2 
[Mg 2+] [HATP 3-] 

[MgEGTA2-] 1.62" lO 5 
[Mg 3+] EEGTA 4-] 

[MgHEGTA-] 2.3" IO a 
[Mg 2+] [HEGTA 3-] 

[KATp3-] 8 
[K+] [ATP 4-] 

[HATPa-] 8.9" Io 6 
[H+] [ATP 4-] 

[H2ATp2- ] 
I . I  • lO 4 

[H+] [HATP 3-] 

[HEGTA a-] 
[H+] [EGTA~-] 2.7" Io ~ 

[H~EGTA 2-] 
[H+] [HEGTA 3-] 7' I ,  lO s 

[H~EGTA-] 
480 

EH +] [H3EGTA3- ] 

A value chosen between tha t  of O'Sull ivan and Perrin 
(1964) 15 and Taguikhan and Martell (1962) 17 and 
corrected for K + binding using data  from Bot ts  
et al. (I965) is 

Same 

Unpublished observat ion of Rober t  E. Godt done on 
similar solutions in the labora tory  of F. N. Briggs 

Schwartzenbach and Senn (unpublished) in Sillen and 
Martell (1964) 1° 

Value selected between tha t  of "Watanabe et al. (1963) 30 
and tha t  of O'Sull ivan and Perrin (1964) 1~ with tem- 
perature  correction from Bur ton  (1959) 21 

Same as [CaATP2-] 
[Ca 3+] [ATP 4-] 

Schwartzenbach et al. (1957) 32 

Same as [CaHEGTA-]  
~Ca 3+] [HEGTA3-] 

Bot ts  el al. (1965) 18 

Smith and Alberty (1956) 33 

Martell and Schwartzenbach (1956) 24 

Chaberek and Martell (1959) 25 
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accuracy  of mix ing  the  to ta l  C1 and ATP concentra t ions  of the  final solut ions were 
measured.  

Fo r  each set of solut ions and at  each Mg ~+ concent ra t ion  the  fiber was al lowed 
(I) to equi l ibra te  in a solut ion with  pCa 8 to 9, (2) to genera te  a s t e ady  level of ten-  
sion in e i ther  a solut ion wi th  pCa 5.5 or 4.3-4.6, and  (3) then  to relax in the  original  
solution.  The change in ou tpu t  of the t r ansducer  from the basel ine was used as t i le  
measure  of tension generated.  The m a x i m u m  isometr ic  tension for each fiber was 
de te rmined  in solut ions wi th  pCa 4.3-4.6 at  each Mg ~+ concentra t ion.  The Ca 2. con- 
cen t ra t ion  requi red  for m a x i m u m  tension generat ion var ied  s l ight ly  but  the  m a x i m u m  
tension for each fiber appea red  to be the  same in all solut ions wi th in  each set. The per- 
centage of m a x i m u m  tension is t ha t  ob ta ined  b y  d iv id ing  tension genera ted  at  pCa 
5.5 b y  the m a x i m u m  tension developed at  the  same Mg 2+, MgATP 2~ and ATP ~-- con- 
cen t ra t ions  and then mul t ip ly ing  b y  Ioo. The m a x i m u m  tension used in this  calcula- 
t ion was ob ta ined  b y  in te rpo la t ing  between the  m a x i m u m  tensions genera ted  before 
and  af ter  the  tension genera ted  at  pCa 5.5. The fibers genera ted  an ini t ia l  m a x i m u m  
tension of a t  least  I kg /cm 2 cross-sectional  area  and were d iscarded when m a x i m u m  
tension decl ined to 5o o,.,, of the  ini t ial  value.  

IRESULTS AND DISCUSSION 

Fig.  z shows the results  in the  three sets of solutions.  Each  poin t  represents  the 
mean of the  percentage  of m a x i m u m  tensions the  fiber genera ted  at  pCa 5.5 at  t ha t  
Mg 2+ concentra t ion.  The upper  and middle  curves are from two sets of solut ions differ- 
i n g  in ionic skrengtb, th i rd  and second sets of solutions, respect ively.  In  these two 
curves MgATP 2- remained  at  z mM and ATP 4- concentra t ion  decreased as Mg 2+ con- 
cen t ra t ion  increased.  Under  these condit ions the  percentage of m a x i m u m  tension 
genera ted  at  pCa 5.5 decreased as Mg 2+ concent ra t ion  increased.  The increase in ionic 
s t rength  from o . ' 4  to o.zo reduced the  tensions wi thout  a marked  change in thei r  
re la t ive  values.  The middle  and lower curves are the  results  of exper iments  done in 
two different  sets of solut ions (second and first sets, respect ively)  of the  same ionic 
s t rength.  Tile lowest curve shows the results  using solutions wi th  cons tan t  ATP :~ 
concent ra t ion  in which MgATP 2- and Mg °-+ concent ra t ion  bo th  increased.  The solu- 
t ions with o.3 mM Mg 2+ were ident ical  in ionic composi t ion  for t i le  middle  and lower 
curves with ionic s t rength  at  o.2o. The percentage  of m a x i m u m  tension with pCa 5.5 
for the  lower poin ts  decreased with  increasing Mg 2+ concent ra t ion  in the  same manner  
as the  upper  points.  Fo r  the  lower and middle  curves there is no s ta t i s t i ca l ly  significant 
difference (1) o.4) be tween the means  of the two poin ts  a t  I mM Mg 2+ and P o .oi  
for the  two  means at  z ln3¢I Mg 2 ¢-. 

The s imi lar i ty  of the  decline in s u b m a x i m u m  tension with increasing Mg"+ con- 
cen t ra t ion  for the  two lower curves suggests  tha t ,  of t i le three variables,  Mg 2+ con- 
cen t ra t ion  has the  grea tes t  effect on s u b m a x i m u m  tension in this  par t i cu la r  range of 
concent ta t ions .  The small  but  s t a t i s t i ca l ly  significant difference between the means  of 
the  points  at  2 mM Mg ~s indicates  tha t  in this  range ti le increase in MgATP z - concen- 
t r a t ion  and the  decrease in ATP a- concent ra t ion  m a y  begin to affect the s u b m a x i m u m  
tension. 

There is a sl ight poss ib i l i ty  tha t  the  necessary var ia t ions  in imidazole  concen- 
t r a t ion  wi thin  ti le first set of solut ions (lower curve, Fig. z) might  account ,  at  least  in 
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part, for the similarity of the means at I.O and 2.o mM Mg 2+ in the middle and lower 
curves. However,  this seems unlikely in view of the finding tha t  the max imum tension 
generated was the same in solutions with 0.090 to o.144 M imidazole. 
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The effects of Mg ~+ concen t r a t ion  on the  pe rcen tage  of m a x i m u m  isometr ic  tens ion 
gene ra t ed  by  sk inned  muscle  fibers a t  a c o n s t a n t  Ca 2+ concent ra t ion .  The abscissa  shows Mg 2~ 
concen t ra t ion  in mM. The o rd ina te  shows tens ion  a t  pCa 5 . 5 / m a x i m u m  isometr ic  tens ion  (pCa 
4.3 4 .6) mu l t i p l i ed  by  ioo. Each  po in t  is a mean  and  the  bars  represent  s t a n d a r d  errors  of the  
mean.  The n u m b e r  of obse rva t ions  for each mean  is in parentheses .  I n  the  upper  ( 0 - - 0 )  and  
midd le  ( © - - © )  curves MgATP ~- r emained  a t  2 mM and ATP 4- var ied  from 10 .4 to 1.6. io  -5 M 
as Mg 2+ increased from 0. 3 to  2 raM. Bu t  the  upper  curve  was  done a t  an ionic s t r e n g t h  of o.I 4 
and  the  midd le  curve  a t  an ionic s t r e n g t h  of 0.20. The lower curve  ( & - - & )  was also done a t  
an ionic s t r e n g t h  of 0.20 b u t  in th i s  e x p e r i m e n t  ATP 4- r emained  a t  IO -4 M while MgATP 2- 
var ied  frmn 2 to  12 mM as Mg 2+ concen t ra t ion  increased.  All solut ions  con ta ined  7 mM EGTA, 
90 mM K +, ATP and  imidazole  (pH 7.0). 

The finding tha t  Mg 2+ in a mM range of concentrat ion has a large effect on sub- 
maximum Ca2+-activated tension is consistent with other data  from the literature. 
Using other preparations, Ebashi  and Endo s and Portzehl et al. 2 found tha t  the pCa-  
tension and pCa-ATPase  relationships, respectively, were shifted in the direction of 
increased Ca 2+ concentrat ion when Mg 2+ concentrat ion increased in the mM range 
along with changes in ATP 4- and MgATP 2 - concentrations. In  this same concentration 
range Mg 2+ has been shown to bind to a system of proteins which, because of con- 
tamination,  probably  contained troponin, t ropomyosin,  F-actin and G-actin t3. As- 
suming that  tension is a direct measure of the amount  of Ca 2+ bound to troponin, 
calculations from our data  show that  a simple competi t ion of Mg 2÷ and Ca 2+ for the 
same site is unlikely. This is consistent with the finding tha t  the low affinity site where 
Mg 2+ binds does not appear to be tile Ca 2+ binding site on troponin, which activates 
contractionL But  it is possible tha t  Mg 2+ binding to a low affinity site, separate from 
tha t  for Ca '+, causes an allosteric change in the Ca 2÷ binding site on troponin. Perhaps 
the Mg 2+ binding results in a decreased affinity of the troponin site for Ca 2+. This type 
of allosteric mechanism is supported by  the finding tha t  increasing Mg 2+ to the mM 
range was associated with decleased binding of Ca .'+ to rabbit  myofibrils at a given 
Ca 2+ concentrat ion 16. 
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