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The observation that magnesium greatly accelerates the shortening of myosin B 
threads caused by adenosine triphosphate (ATP) while not likewise accelerating the 
dephosphorylation of ATP by myosin B 1, has been interpreted differently in regard to 
this enzymic role of myosin B. One school believes that independence of the shortening 
process from the splitting of terminal pyrophosphate bonds is indicated 1, 2. The other 
does not accept this view and has aligned the evidence in support of the dependence 
of the two processes 3. This problem has been further investigated in our laboratory 
using glycerol-washed rabbit psoas muscle 4 as models of muscular contraction (muscle 
models) and as the enzyme for dephosphorylation of ATP. It has been found that in 
o.ooi  M MgCI~ and o.oz M tris /hydroxymethy]) aminomethane (THAM) variation of 
the concentration of KC1 influences the rate of dephosphorylation of ATP in a manner 
divergent from the effect upon the shortening of muscle models. 

EXPERIMENTAL PROCEDURE 

Glycerol -washed psoas muscle  was  p repa red  according to GZENT-GY6RGYI 4. Bundles  of fibers 
for shor t en ing  expe r im e n t s  were made  abou t  4 ° m m  long and  300 to 50o microns  wide*. The process 
of shor t en ing  was  observed  on microscope slides which l ay  on a mi l l ime te r  rule. The in i t i a l  l eng th  
of the  fibers was  measu red  in a so lu t ion  con ta in ing  0.02 M T H A M  (pH 7.5), o .ooi  M MgC12 and  
concen t ra t ions  of KC1 which  va r i ed  from o.oo M to 0. 3 M in the  ind iv idua l  solutions.  Then the  
fibers were t r ans fe r red  to  the  same solut ion plus 0.00025 M K4ATP and m e a s u r e m e n t s  made  of 
the  l eng th  a t  r egu la r  t ime  in te rva l s  as shor t en ing  proceeded.  

P r epa ra t i ons  of g lycero l -washed  muscle  to  be used as enzyme  were made  by  b l end ing  0.2 to  
0. 4 g of muscle  for 2 to  4 m inu t e s  in a W a r i n g  Blendor  followed by  homogen iza t ion  in a tef lon-glass  
t i ssue  gr inder .  This  suspension was  ana lyzed  for N-con ten t  and  s tored  as a w a t e r  suspens ion  a t  o °. 

* His to log ica l ly  p repa red  cross-sect ions of fiber bundles  showed t h a t  bundles  of these wid ths  
were composed  of 25 to  4 ° fibers of an average  th ickness  be tween  4 ° and  5 ° #. Nei ther  the  bundles  
nor  the  fibers were c i rcular  in cross-sect ion bu t  were i r regular  r ibbon  shapes.  

Such s t ruc tu r e  aids diffusion of ATP in to  the  in ter ior  of the  fibers. HASSELBACH AND WEBER 
(Pharmacol. Revs., 7 (1955) 97) m a i n t a i n  t h a t  pe ne t r a t i on  of 0.005 M ATP does no t  exceed i o / z  
a t  2o ° C b u t  t h e y  base  the i r  conclusions on ca lcu la t ions  us ing  the  Myerhof-Schulz  e q u a t i o n  which  
appl ies  when  the  ou ts ide  concen t ra t ion  of ATP is g rea t  enough to  s a t u r a t e  the  inner  core of a fiber 
or f iber-bundle.  This equat ion ,  as will  be shown by  BLUM in a fo r thcoming  pub l ica t ion ,  is much  
too s t r i ngen t  when  in ter ior  concen t ra t ions  cons iderab ly  less t h a n  s a t u r a t i o n  are a d e q u a t e  for 
shor tening.  For  these,  and  o the r  reasons,  we t h i n k  t h a t  diffusion p l ayed  no s ignif icant  role in these  
exper iments .  
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l ) e p h o s p h o r y h l t i ( m s  ot  K I . V I ' I '  were  m e a s u r e d  in t h e  s a m e  m e d i u m  us w c r c  s h < , r t c m n g s .  , 'x, ep t  th4~t 
t h e  c ~ m c e n t r a t i o n  o1 I ' { 4 A T I '  WilS O.OOI .l/ i n s t e a d  of  o.o(>~25 3 / * .  l ) eph ( ) sph , , r yh~ t i (ms  x\crc  rm~ 
for  It) m i n u t e s  a t  _,6 { 1 w i th  c o n t i n u o u s  s h a k i n g .  T h e y  w e r e  s t o p p e d  1)v the  add i l : i , , I  (~1 I ml 
of  zo % t r i c h l o r o a c e t i c  a c i d  to  3 ml  of  l-eacti,.)n m i x t u r e .  T h e  h o m o g e n a t e  ~>1" nltlSClc \v~ls t h e n  r,.,nl(ive(I 
b y  c e n t r i f u g a t i o n  a n d  2 ml  o f  t h e  s u p e r n a t a n t  s o l u t i o n  a l l a l v z e d  for  o r t h o t ~ h o s l f l m t e  b y  t l w  l : i ske-  
S u b b a r o w  m e t h o d .  T h e  v a l u e s  p r e s e n t e d  a r e  t h e  a m o u n t s  of o r t h o p h o s p h a t c  c a l c u l a t e d  to bc  ill 
3 ml  (Fig .  ~) o r  ~ ml  (Fig .  2) ,,f r e a c t i o n  m i x t u r e .  

RESU]. ' I  S 

The amoun t  of ATP dephospho ry l a t ed  in the presence of o.ooI 31 MgCI 2 per  Io  min 
tes t  increases when small  quant i t i es  of KC1 are added  to the  reac t ion  mixture ,  but  with 
fur ther  increases (above o.oz M) the 
amoun t  dephosphory la t ed  decreases 
(Fig. I).  This  influence of the concen- 
t r a t ion  of KC1 has been ob ta ined  with 
or wi thout  MgC12 on m a n y  occasions. 
The amoun t  dephosphory la t ed  at  
0.3 M KCI is bu t  z9% and ~2 % of tha t  
dephospho ry l a t ed  at  o.oz and o.o 31 
KC1, respect ively .  The resul ts  of t ime-  
-course exper iments  with these mix-  
tures at  o.o ,'11 and 0.3 M KC1 (Fig. 2) 
indicate  tha t  the propor t ions  of ATP 
and myosin  which were used main-  
t a ined  cons tan t  ra tes  of dephospho-  
ry la t ion  th roughou t  the  Io  minutes  of 
the  exper iments  of Fig. I,  except  for 
some par t  of the  first minute**.  These 
resul ts  (Fig. 2) also show tha t  dephos-  
phory la t ion  is more rap id  in the ab-  
sence of KC1 than in the  presence of 
o.3 M KC1 th roughou t  the  incubat ion.  

Cont ra ry  to inhibi t ing  dephos-  
phory la t ion ,  increases of the concen- 
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M O L A R I T Y  OF  K C [  
Fig.  L. T h e  i n f l u e n c e  of  t h e  c o n c e n t r a t i o n  of  KC1 u p o n  
t h e  d e p h o s p h o r y l a t i o n  of  K 4 A ' I 'P  (left  o r d i n a t e )  b y  ho-  
m o g e n i z e d  g l y c e r o l  w a s h e d  m u s c l e  f ibe r s  a n d  u p o n  t h e  
s h o r t e n i n g  of  t ibe r s  ( r i g h t  o r d i n a t e )  in  o.o- '  . l l  T H A M  
buf fe r ,  p H  7.5, a n d  o . o o l  3I MgCI 2. " S h o r t e n i n g "  is 
t h e  l e n g t h  los t .  E a c h  p o i n t  on  t h e  s h o r t e n i n g  p l o t s  is 

t h e  a v e r a g e  of  r eco r ( l s  f r o m  8 f ibers .  

t ra t ion  of KC1 cause the  fibers to shor ten  more r ap id ly  (Figs. I and  3). In the exper iments  
of Fig. 3 the  shor tening  a t t a ined  af ter  3o sec in o.3 M KC1 is grea ter  than  tha t  in o.o M 
KC1 by three s t a n d a r d  errors of the difference* * *. Grea te r  significance of this  difference is 
shown by the resul ts  of exper iments  in which the t ime course of shor tening  was s tud ied  
at  each of the  concent ra t ions  of KC1 ind ica ted  in Fig. I.  The amoun t  of shor ten ing  

• T h e  c o n c e n t r a t i o n  of  K I A T I '  in t i le  d e p h o s p h o r y l a t i o n  e x p e r i m e n t s  w a s  m a d e  o .oo I  31 so as  
to h a v e  g r e a t e r  a m o u n t s  of p h o s p h a t e  to  m e a s u r e ;  h o w e v e r ,  in a n  e x p e r i m e n t  w i t h  o . o o o 2 5  ~11 a t  
o .o  31 a n d  o. 3 : l I  KCI,  36 a n d  13 # g  of  p h o s p h a t e  w e r e  sp l i t ,  r e s p e c t i v e l y .  

• * \¥EBER ANI) HASSELBACH '5 h a v e  r e c e n t l y  r e p o r t e d  m o r e  r a p i d  d e p h o s p h o r y l a t i o n  d u r i n g  t h e  
in i t i a l  p h a s e s  of  r e a c t i o n s  b e t w e e n  , \ T P  an t i  m y o s i n .  F ig .  2 s h o w s ,  h o w e v e r ,  t h a t  w h e n  t h e  o v e r  al l  

a t e  is g r e a t e r  w i t h  n o  KC1 t h a n  w i t h  o. 3 3 I  KC1 i t  is l i kewi se  g r e a t e r  d u r i n g  t h e  i n i t i a l  p h a s e  w h e n  
b o t h  r a t e s  a r e  u n d e r g o i n g  c h a n g e .  

• ** T h e  f a i l u r e  of  t h e  f ibe r s  of  F ig .  3 t o  a p p r o a c h  t h e  m a x i m u m  s h o r t e n i n g  (8o 9 o % )  c a p a b l e  b y  
s u c h  f i b e r - b u n d l e s  is a m a n i f e s t a t i o n  o f  t h e  d i r e c t  r e l a t i o n  of e x t e n t  of  s h o r t e n i n g  t o  c o n c e n t r a t i o n  
of A T P  (\V. J .  t~OWEN, .-I~n../. Physiol., ~79 (~954) 6zo ) .  

l~e/eremcs p. X6. 
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Fig. 2. The  inf luence of 0. 3 ~V/ KC1 u p o n  t h e  d e p h o s p h o r y l a t i o n  of K 4 A T P  b y  h o m o g e n i z e d  glycerol-  
w a s h e d  musc le  fibers in 0.02 M T H A M  buffer,  p H  7-5, and  o .ooi  M MgCI 2. 

atter the lapse of each of 15, 3 ° and 6o second intervals became greater with each 
increase of the concentration of KCl (Fig. I). 
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Fig. 3. The  inf luence of 0.3 M KC1 u p o n  
the  s h o r t e n i n g  of g lyce ro l -washed  p soas  
musc le  fibers. E a c h  p o i n t  is t h e  m e a n  of 
2 4 fibers. The  ba r s  are  one s t a n d a r d  

er ror  of t he  respec t ive  differences.  

The above results were obtained with one 
preparation of glycerol-washed muscles. The 
shortening of fibers from three other preparations 
was also faster in 0. 3 M KC1 than in o.o M KCI. 
The ages of the preparations at the time of use 
ranged from 2 to Io  5 days. Dephosphorylation 
with homogenates of the other preparations of 
fibers were affected by increases of KCI concen- 
tration in the manner shown in Figs. I and 2. 

DISCUSSION 

These results are another instance of nonpar- 
allelism of the effects of a given ionic milieu 
upon dephosphorylation of ATP and upon the 
shortening of muscle models which is caused by 
ATP. Instances previously reported from this 

laboratory are (a) that  in which CaC12 was found to accelerate dephosphorylation of 
ATP by  myosin B while depressing the shortening of myosin B threads t and (b) that  
in which o.oi M MgC12 was found to have either no or a slight inhibiting influence upon 
dephosphorylation but to accelerate shortening of myosin B threads severalfold t. The 
significance of these two instances of absence of parallelism has been dismissed 3 as being 
the result of using myosin B in a partially dissolved gel-form for the dephosphorylation 
of ATP and, in the instance with CaCIz, as a degradation in the efficiency of the t[ans- 
mission of energy. Subsequent to these first observations 1, however, the gel-form of 
myosin B threads was used as ATP-ase 6 and the effect of o.oi M MgC12 upon the de- 
phosphorylation of ATP was found to be of the same relative magnitude as with the 
suspended form. This is in accordance with the results of HASSELBACt£S studies of the 
concentration of MgC127. 

To construe the nonparallelism of the effects of calcium and magnesium as alter- 
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ations of the efficiency of the transmission of energy a merely shifts the problem to that 
of devising a transmission nw.chanism at the molecular level. When one atteml)ts to 
do this it is evident that consideration of the binding of ATP to myosin as a sourer 
of energy leaves less unexplained than does ~he splitting of ATP by raw,sin as the source 
of energy. 

In addition to these three instances in which ionic conditions dissimilarly influence 
dephosphorylation of ATP by muscle protein and shortening of muscle models, the 
effects of o.ooi M CoC12, MnC12, and Sr(;12 on each process further indicate that the. 
rapidity of shortening is independent of the rate of dephosphorylation s. Recently 
PORTZEHL has demonstrated that the inhibitive effect of salyrgan is not nearly as great 
on the splitting of ATP as on the shortening of fibers 9. Such noncorrelations contradict 
the contention that it is the ATP-splitting per se which supplies the energy uecessary 
for the shortening of these models and perhaps for muscular contraction. They are con- 
sistent, however, with the contention of MORALES, [~OraS, and their colleagues 2 that 
it is the energy released by the binding of ATP to myosin which produces shorteuing 
of these muscle models and the contraction of muscle. 

SUMMARY 

Increasing the concentrat ion of KCl in reaction mixtures of :Vl'l' and homogenized psoas muscle 
fibers with MgC12 re tards  dephosphoryla t ion of the ATP. Similar increases of the KC1 accelerate 
shor tening of psoas fibers. These dissimilar effects of KC1 are interpreted as fur ther  evidence in 
suppor t  of the hypothes is  t ha t  the binding of ATP to myosin provides the energy for the contract ion 
of muscle. 

RI~SIiME 

Un accroissenlent de la concentrat ion de KCI dans des m61anges d 'ATI '  et de fibres de muscle 
psoas homog6ndis6es avec du MgC12 retarde la d6phosphorylat ion de I 'ATP. De semblables accroisse- 
nlents de la concentrat ion du KC1 acc61brent le raccourcissement des fibres de psoas. Ces diff6rents 
effets du KCI peuvent  6tre interpr6t6s comme un a rgument  de plus g l 'appui  de l 'hypoth~se su ivan t  
laquelle l'6nergie nOcessaire pour  la contract ion du muscle serait fournie par  la liaison de I 'ATP 

la myosine. 

ZUSAMMENFASSUNG 

Eine Zunahme der KC1-Konzentration in Reaktionsgemischen von ATP und mit  MgCla honlo- 
genisierten Psoasmuskelfasern verz6gert die Entphosphory l ie rung  des ATP. "~hnliche Zunahmen der 
KC1-Konzentrat ion beschleunigen die Verkiirzung der Psoasfasern. Diese verschiedenen Wirkungen 
des KCI k6nnen als ein weiteres Argument  zur Unters t i i rzung der Hypothese  interpret ier t  werden, 
nach welcher die Energie fiir die Muskelkontrakt ion durch die Bindung des ATP an das Myosin 
geliefert wird. 
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