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SUMMA RY 

Granules sednnented  in 2 h a t  35,ooo ~< g do not account  for the relaxing ac t iv i ty  
o f  a c r u d e  m u s c l e  e x t r a c t  o n  t h e  A T P - i n d u c e d  t e n s i o n  o f  g l y c e r i n a t e d  s i n g l e  m u s c l e  

f i b r e s .  L a r g e  a m o u n t s  o f  g r a n u l e s ,  h o w e v e r ,  a r e  a b l e  t o  p r o d u c e  m a x i m a l  r e l a x a t i o n .  
T h e  c o m b i n a t i o n  o f  t h e  g r a n u l e s  a n d  t h e  3 5 , o o o  /"< g s u p e r - , ~ a t a n t ,  o r  i t s  d i a t y s a t e ,  
r e p r o d u c e s  t h e  r e l a x a t i o n  b r o u g h t  a b o u t  b y  a n  e q u i v a l e n t  a m o u n t  o f  c r u d e  e x t r a c t .  
T h i s  s u g g e s t s  t h e  p a r t i c i p a t i o n  o f  a d i a l y z a b l e  c o f a c t o r  in  t h e  m e c h a n i s m  of  r e l a x a t i o n .  
T h e  c o f a c t o r  i s  n o t  r e p l a c e a b l e  b y  p h o s p h o e n o l p y r u v a t e  o r  c r e a t i t m  p h o s p h a t e ,  e v e n  
in  t h e  p r e s e n c e  o f  t h e  a p p r o p r i a t e  k i n a s e s .  C a r n o s i n e  i n h i b i t s  r e l a x i n g  a c t i v i t y .  

INTRODUCTION 

MARSH a has observed t h a t  an ex t rac t  of freslt nttmcle inhibits  the ATP-4nduced 
syneresis arid the ATPase ac t iv i ty  of myofibrils.  S~bsequent ly.  BE.XDALL a showed tha t  
in the  presence of ATP this ex t rac t  (Marsh factor)" "" brings about  marked  lengthening 
of loaded g lycer ina ted  fibre bundles. Following these initial observations various 
a t t e m p t s  have been made to pur i fy  and  characterize this fnctor, t3ENDALL ~ presented 
e v i d e n c e  t h a t  t h e  r e l m x i n g  f a c t o r  is  i d e n t i c a l  w i t h  m y o k i n a s e  a n d ,  in  v i e w  o f  hi~ 
o b s e r v a t i o n s  o n  t h e  r e l a x i n g  e f f e c t  o f  P P  i n  t h e  p r e s e n c e  o f  A T P ,  p o s t u l a t e d  t h a t  
P P  m i g h t  s o m e h o w  b e  f o r m e d  b y  t h e  e n z y m e .  

The  following" aDbrevia t ions  are  used:  A [ t  ~, adenos ine t r i pbospha t e ;  i ' lL  p3-roph~.spilate; 
! )PN.  d i p h o s p h o p y r i d i n ,  nucleot ide ;  TPN,  t r i p h o s p h o p y r i d i n e  nucleot ide;  FAIN, I lavin-mono- 
nucleot ide ;  F A D ,  f lavin-adenine  d inuc lco t ide  ; C, c rea t ine :  Ct  ~, c rea t ine  phospha te ;  PILl',  phospho-  
e n o l p y r u v a t e ;  R F S ,  re lax ing  fac tor  sys t em;  Tris,  t r i s{hydroxyme thy l ) aminome thane .  

" }*resent add res s :  D e p a r t m e n t  of 15hysiology, Tuf t s  Univers i ty  School of .Medicine, Boston,  Mass.  
** Presen t  add re s s :  McArdle  Memoria l  Labora to ry ,  University" of "Wisconsin, Madison, XVis. 

"** Severa l  names  have  been sugges ted  for the  ac t ive  pr inc ip le  or p,Anciples in a fresh nlllscle 
e x t r a c t  t h a t  causes  re laxa t ion ,  in a d d i t i o n  to  th i s  one coined b y  BE.~DALL. "/'hey include GOODALL 
A ~ D  SZENT-GY/}RGYt'S X-fac tor  and  re lax ing  factor  6, t h e  MB {MARSlt-BENDALL) fac tor  of the  
"~VliBKR schooP 4, ~md BOZLER'~ r e l axa t ion  fac to# .  In  view of t he  b y  now a p p a r e n t  complex  na tu r e  
of the  factor ,  and  in view of t he  fax:t t h a t  t he  a b o v e  l i s ted  names  have  been app t ied  to  r a t h e r  
different  subs tances ,  we prefe r  to  use the  more  genera l  t e rm  re lax ing  f~tetor sysi:em and  abbrcviet te  
i t  R E .  

Relerenaes p. ,'18. 
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The  studic.¢ in i t i a t ed  by  GOODALL :~,.~3 SzF.,":'v-G'~'i'mf;¥I ~, a n d  c o n t i n u e d  b y  
l.c~e..~xT~ 7, led I.OR.XXl~ t o  t he  conc lus ion  t h a t  t he  C P - c r e a t i n e  kina.~e s y s t e m  is 
im 'o lved  in the pr~)c,:ss of musculaLr r e l axa t ion ,  a conclus ion  a d u m b r a t e d  b y  BozJ~v.R's 
o b s e r v a t i o n s  s on  the  effect  of CP  on t he  A T P - i n d u c e d  t ens ion  ¢-~i f resh g l y c e r i n a t e d  
tibr~, lnmdle.~. LoR.~NI~ r sugges ted  t h a t  t he  Marsh  f ac to r  ac ts  b y  r e p h o s p h o r y l a t i n g  
b~mnd , \191' a nd  t h a t  m y o k i n a s e  m i g h t  se rve  t h e  same func t ion .  \Vha t  was  t a k e n  to  be  
f u r t h e r  t~vide~cc for  this h y p o t h e s i s  was  furniMmd b y  the  ob~_~rvation o¢ M o o s  AND 
L~n~ \x])  'j t h a t  the  I~tEP p y r u v a t e  k iuase  s y s t e m  could  re lax  g l y c e r i n a t e d  f ibres.  
Kt'.~[.~,.~l, i~i¢.~sFii AND "F.XKEDA L°, h o w e v e r ,  showed  th~,.t m y o k i n a s e  o r  c r e a t i n e -  
1,1t~sphokinas~' a n d  ( ' P  were  unab le  to  re lax  musc le  f ibre bund les ,  an d  th.ey f o u n d  t h a t  
a part ier ,  la te  f r ac t ion  o b t a i n e d  by  a m m o n i u m  su l fa te  f r a c t i o n a t i o n ,  p r e s u m a b l y  
idt ,nt ical  wi th  or  s i tni lar  to  the  I(II~LLEY-~[E'~'ERHOI '11 g r a n u l a r  A T P a s e ,  was  n e c e s s a r y  
for ] ' t . laxation t oge the r  wi th  m y o k i n a s e  and ,  in  t h e  case of well waz~hed fibres,  a n o t h e r  
t~rutt,in fract~on" P~rwrzr.--HL ]*- a n d  BRi(;t;S AND PORTZEHI. t:~ m a d e  a s y s t e m a t i c  s t u d y  
~,f lifts p rob lem using well washed  myef ib r i l s  a n d  single nmsc le  f ibres  a n d  c o n c l u d e d  
t imt t r a n s p h g s p h o r y l a t i n g  s y s t e m s  are  no t ,  p r o p e r l y  speak ing ,  r e l ax ing  fac tors ,  a n d  
.,ugg¢,~t~,d t ha t ,  in the  case  of f ibre bund les ,  these  s y s t e m s  cause  r e l a x a t i o n  o n l y  b y  
mai lz ta ining wi th in  the  fibres an A T P  c o n c e n t r a t i o n  suf f ic ien t ly  high to  a c t i v a t e  t r a ce s  
~f r~,laxing f a c to r  which  had  no t  been  wash ed  on t .  HASSELB.XC, tl AND WEBER 14 h a d  
prc'viou.~|y" shown t h a t  the  f a c to r  is no t  a c t i v e  a t  low A T P  c o n c e n t r a t i o n s .  

"l'i~c r e q u i r e m e n t  for  t r a n s p h o s p h o r y l a t i n g  s y s t e m s  h a v i n g  b een  ru led  o u t ,  
PoR'rzF_rl]. a'~ p r o c e e d e d  to  show t h a t  g r anu le s  s e d i m e n t e d  a t  35 ,ooo  :< g i n h ib i t ed  my o -  
fibrillar A T P a s e  w i t h o u t  a n y  f u r t h e r  add i t i on .  I n  v iew of the  para l le l i sm be ' .ween t h e  
t.fft.ct of tire or igi~al  :Marsh f a c t o r  on  c o n t r a c t i o n  an d  on A T P a s e  th i s  was  taker ,  as a 
d~.m¢m~tration of the  assoc ia t ion  of the  r e l ax in g  f ac to r  w i th  t h e  g ranu les .  BENPAL2,  ~a 

Ires r e c e n t l y  c on f i rmed  PC)RTZI,;HL'S f indings  an d  has  shown t h a t  t h e  g r a n u l e s  inh ib i t  
myof i l ) r i l ia r  syneres is ,  t hus  dup l i c a t i ng  the  effect  o[ the  or ig ina l  Marsh  fac to r .  

.V L~q¢.'~~), .,)LX.XR .~X~) 3 Ions  ~ a n d  E~  ~srI] TM i n v e s t i g a t e d  the  r e l ax in g  a c t i v i t y  
()1 g ranu les  i s , l a t e d  b y  c e n t r i f n g a t i o n  f rom a c r u d e  musc le  e x t r a c t  a n d  f o u n d  t h a t  
s~wh g ranu les  had  a l imi ted  c a p a c i t y  to  re lax  g l y c e r i n a t e d  musc le  bund le s .  T h e y  
fro-thor o b s e r v e d  tb.at this  r e l a x a t i o n  was  g r e a t l y  inc reased  b y  t h e  a d d i t i o n  of  P E P ~  
and  m v o k i n a s e  o r  C] ) and  c r ea t i ne  k inase  TM. 

This  s o m e w h a t  c o m p l i c a t e d  p i c tu re  p r o m p t e d  us to  r e i n v e s t i g a t e  t h e  effect  of  t h e  
g r a n u l a r  [ (daxing facto~ on single g l y c e r i n a t e d  musc l e  fibres.  T h e s e  s tud ies  led us  t o  
t hv c, mclusio.n t h a t  a dialy,zable c o f a e t o r  is i n v o l v e d  in t h e  R F S .  T h e  c o f a e t o r  does  n o t  
app t .a r  to  be idt .ntieat  w i th  C, CP,  o r  P E P .  T h e  r e q u i r e m e n t  for  the  c o f a e t o r  co u ld  also 
I-~c sl~own in the  myof ib r i l l a r  A T P a s e  s y s t e m  (see the  fo l lowing paper ) .  F i n a l l y  it was  
f imnd t h a t  P P  cou ld  ~c-t)lace t~e c o f a c t o r  in b o t h  tens ion  r e l a x a t i o n  a n d  A T P a s e  
intfil)it ion, bu t  as shown in t he  t h i rd  p a p e ! ,  P P  is not  iden t i ca l  w i th  the  co fac to r .  

.xlwi'H( ~l)s 

i'~(~as f ibres wcr~ o b t a i n e d  f rom a r abb i t ,  k i l led  b y  f r a c t u r i n g  tile ce rv ica l  v e r t e b r a e ,  
m which rigger had  been  a l lowed tu d e v e l o p  at  7"- F ibre  bund les  were  t h en  r e m o v e d  an d  
~:xlractc, d a nd  s tu red  at  ~ I ~  in 5 o ' ' , ,  (v~v} g lycero l  c o n t a i n i n g  o.oz 3 I  p h o s p h a t e  
|m~]t.v, t~H (J-9. "l']m e x t r a c t i o n  mecfium was  c h a n g e d  on  th ree  success ive  d a y s  a n d  t h e  
fibre Imndlt~s xveve d iv ided  in to  progres.~ively sma l l e r  b u n d l e s  in o r d e r  to  fac i l i t a t e  
cXtlzt,_tit,n. A few n]ore cha/lge.~ of the  m e d i u m  were  m a d e  .~ubscquent ly  a t  i r r eg u l a r  

ji'~' J ' ~ l t  d : l t  ' , f.~. d l , V .  



v o c .  34  (1959) REI.AXII'~G FACTOR SYSTEM OF 7v£USCLI~. I ~z3 

in te rva l s .  At  the  t ime of the  exper inaent  the  fibres had  been s to red  for 40 to  3oo days .  
Before  each  e x p e r i m e n t  a single muscle  fibre was s e p a r a t e d  wi th  [he aid of  a 

d i s sec t ing  mic roscope  f rom a fibre bundle .  "lhe single fihre was  t h e ,  m o u n t e d  on a 
sens i t ive  i sometr ic  t ens iometc r ,  p laced  in ~6o m. l I  KCI and  its length  a d j u s t e d  to  a 
po in t  where  a n y  f u r t h e r  increase  wou ld  jus t  p roduce  a raeasurab le  tens ion (zoo° , ,  
res t  length) .  Af te r  2 rain equ i l ib ra t ion  a* r ec to  t,_,_rr~_perature (24 °) tht~ fibre was p laced 
in 5 m M  A T P ,  2 m. l l  MgC12, 20 m. l l  Tris, 7 ° m 3 I  KCI. p H  7-5. Tens ion  mea '  u r e m e n t s  
were madt :  a t  f r equen t  in t e rva l s  unt i l  eqmlibri tma was  reached .  Af te r  the  add i t i on  o[ 
a n y  s u b s t a n c e  to the  b a t h ,  a new series of record ings  was m a d e  unt i l  equi l ibr i t lm was 
a g a i n  r eached .  

Thb  r e l ax ing  f a c t o r  was  tLsually p r e p a r e d  l)v h o m o g e n i z i n g  g r o u n d  r a b b i t  musc le  
in a W a r i n g  b l e n d e r  for t rain wi th  3 vol. of 50 m M  KCI, 2o  r n 3 ;  hist idine,  2.5 m 3 [  
p o t a s s i u m  oxa la t e ,  a n d  3zo m2~t sucrose.  The  b .omogenate  was  s p u n  a t  3600 ::~ g 
for  45 rain.  The  t u r b i d  superm,_tant,  referred to in this  and  the  fol lowing two  papers  
as c r u d e  e x t r a c t ,  was  f i l tered t h r o u g h  6 l aye rs  of cheesec lo th  a n d  was  cen t r i f uged  at  
35,000 :': g for  I 2o  rain. T h e  p r ¢ c i p i t a ' e  was  t aken  up  in 320 m 3 I  sucrose  in I/XO of 
the  v o l u m e  of  the  or ig inal  e x t r a c t .  This  ma te r i a l  will be referred to  as granules .  T h e  
m e t h o d  of PoIeTZV.Ht- ~, wh ich  omi t s  sucrose,  was ~tl~o used  to  p r e p a r e  c rude  e x t r a c t  
a n d  granules .  Crys ta l l ine  di-sodiurr~ ATP,  D P N ,  T P N ,  F3IN a n d  F A D  were o b t a i n e d  
f r o m  S i g m a  Chemica l  Co., St.  Louis ,  Me. ; CP, PI£P,  and  ca rnos ine  fron*, California 
F o u n d a t i o n  for B iochem ica l  Resea rch ,  Los Angeles,.  Calif. 

RI{ S£ ' l . l 'S  

The  r e l ax ing  a c t i v i t y  of a c rude  e x t r a c t  a n d  t h a t  of the  g ranu les  p r e p a r e d  f rom tlte 
s a m e  e x t r a c t  are  c o m p a r e d  in Fig. ta.  "['tie c rude  ex t r ac t  wa~ m u c h  more  ac t ive .  Th i :  
was  p a r t i c u l a r l y  s t r ik ing  when  an a m o u n t  of c rude  e x t r a c t  just statticient to  p roduce  
a m a x i m a l  dec rease  in t ens ion  was used.  A coL, Cent rh t ion  of 20 to  25 vo lume  % of the 
c r u d e  e x t r a c t  was  u sua l ly  r equ i red  to p roduce  maximun~ re laxa t ion ,  while the g ranu les  
in an  c q u i v a ! e n t  a m o u n t  p r o d u c e d  o n l y  an  8 % decrease  in tensiokL A d d i t i o n  of 
g ranu les ,  u p  to  an a m o u n t  c o r r e s p o n d i n g  t o  3 t imes  the  c rude  e x t r a c t  neces sa ry  to  
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~ig. t. Inituence of ert, de extract aqd granules ~m tc-ns~(;-*~ of xin~Ie glycerinated muscle Fzbres. 
(aj (:rude extract prepared with sucrose-salt sedation. (b) ('rude extract prepared according to 
Pott-rzEttL tr'. The concentration of the extract is t.xpressed in eel. ",,. The" concentrat2on of granules 
{eel. %) is expressed in terms (~f the volume of the er,lde extract |rom which they were obtained_ 
O, Crude extract:  :h. gran~t/es..Xluscle fibres had been extracted for .51 d,-ty-~. ATP, 5 al.ll; 

Mg, 2 m.tl; it, (,.[o. room temperatur,-. For other details see text. 

lCe/t:rences p. 2zX. 
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produce m a x i m u m  relaxat ion,  p~oduced a f u l l - - a b o u t  7 ° to 80 % i d r o p  in tension. 
In some preparat ions  the amoun t  of granules required tel; m a x i m u m  relaxat ion 
corresponded to as much  as 8-xo times the amoun t  of crude ex t rac t  required for an 
opti~lal  effect. 

The crude ext rac t  aud  granules whose relaxing activit ies are compared  in Fig. xb 
were prepared according to PORTZEHL 1"5. The results obta ined with these preparat ions  " 
agreed qual i ta t ively  with those found with  the sucrose-extracted material .  The 
maximal  relaxation,  however, was less t han  with sucrose extracts ,  and  the difference 
between the  ac t iv i ty  of the crude ex t rac t  and  tha t  of the granules was reduced. For  
these and  reasons ~9 to be ment ioned in the next  paper,  sucrose was used rout ine ly  in 
the prepara t ion  of the crude ext rac t  and  of tbe granules. 

The greater  ac t iv i ty  of the crude ext rac t ,  in comparisotl wi th  the granules, : 
appears to be due to the presence of some substance in the crude ex t rac t  not  sedimentcd  
in two hours b y  a force of 35.00o :< g {Fig. 2). The addi t ion  of the  35,ooo ~ g- 
superna tan t  subsequent  to the addi t ion of granules produced a decrease in tension 
comparable  to t h a t  obta ined by an equivalent  amoun t  of the crude ex t rac t  (Fig. za), 
Addit ion of Ca ++ at  tl~e end of the exper im":~  almost  complete ly  reversed the  
relaxation.  In the experiment  i l lustrated in Fig. 2b the  sequence of addi t ions  was 
ceversed. The superna tan t  alone produced a negligible drop in tension,  bu t  fur ther  
addi t ion of granules produced good relaxat ion.  I t  wilt bc noted tha t  in the first 
exper iment ,  where the granules were added  first: the supe rna tan t  produced a very  
rapid drop in tension. If  the addi t ion  of the superna tan t  preceded tha t  of the granules,  
the relaxat ion occurred more slowly. This suggcsts tha t  the  reaction of the granules  
wi th  the  fibres is the rate-l imit ing step for re laxat ion.  

The influence of increasing amoun t s  of supe rna tan t  on the  relaxat ion brought  
about  by  an amoun t  of granules equivalent  to the amoun t  of crude ex t rac t  which jus t  
produces maximal  relaxat ion is shown in Fig. 3. I t  can be seen t h a t  re laxat ion increased 
with increasing volumes of superna tan t ,  and  it became maximal  when the a m o u n t  of 
superna tan t  was about  one half the amoun t  of crude ex t rac t  jus t  required to produce 
max ima l  relaxation.  A d ia lysa te  prepared from the  supcrna tan t  wa.s equal ly  effective 
in bringing the ac t iv i ty  of thc granules up to tha t  of the crude extract* .  The reversal 
by  calcium of the relaxat ion produced by  granules plus superna tan t  was not complete,  
but  the relaxat ion produced by granules plus dialysate  could be comple te ly  reversed 
by the addit,_'on of calcium. Fig. 3 also shows the influence of both  supe rna tan t  and  
dialysate  on tension in the absence of granules. The superna tan t  seemed to have a 
slight relaxing effect which was only  par t ly  reversed by  calcium. The d ia lysa te  
produced no decrease in tension. 

Table I summarizes  results obta ined with  eight different preparat ions  of relaxing 
factor. The tension-decreasing activit ies of the various fractions and  their  combinat ions  
were compared with equi- a > n t  amoun t s  of crude extract .  I t  is obvious t h a t  the 
relaxing activit ies of the combinations:  granules and  supevuatant  or granules and  
dialysate ,  grea t ly  exceed the sum of the activi t ies of the individual  fractions and are 
comparable  with thc ac t iv i ty  of the parent  crude extract .  Fig. 4 shows tha t  when the  
granules were mixed  with supcrna tan t  or with d ia lysate  in the propor t ion in wtfich 

* If instead of the crude extract, the supernatant or the di~.'ys,-tto, the soluticm used for 
preparing r~luxing factor, and containing ".5 m,ll oxaIate, was added no ~tc~ivation of the granules 
occurred. 
Relgrances p. 2.rS. 
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F i g .  z.  I n f l u e n c e  o f  g r a n u l e s  a n d  ~ t t p e r n a t a n t ,  p r e p a r e d  " f rom c r u d e  e ; < t r a c t  b v  c e n t r i f u g ~ t t i o n  fo r  
z 2 o  r a i n  a t  3 5 , 0 0 0  × j,,, o n  t e n s i o n .  F i b r e s  h a d  b e e n  e x t r a c t e d  fo r  a p p r o x i m a t c q y  3 0 0  d a y s .  (a} A t  
o t i m e  t h e  f i b r e  w a s  p l a c e d  i n  t h e  b a t h  c o n t a i n i n g  5 m .~ [  . k T P  l fo r  ~ t h e r  c o m p o n e n t s  s e e  .~il'Tttol~_~). 
G i n d i c a t e s  t h e  a d d i t i o n  o f  g r a n u l e s  ( f i na l  ",. 't)lnme c o n c e n t r a t i t m ,  in t e r m s  o f  c r u d e  e x t r a c t ,  x z  ?,,'~ ) ; 
S N  i n d i c a t e s  t h e  a d d i t i o n  (ff s u p e r n a t a n t  ( f i na l  v o h l n t e  c o n c e n t r a t i o n ,  i n  t e rm.~  o f  erud{y e x t r a c t ,  
e z  % ) .  A t  t o  r a i n  C a * ~  w a s  a d d e d ,  f i n a l  c o n c e n t r a t i o n  - r a M ,  (b) A d d i t i o n s  au  in  {a}, e x c e p t  t h a t  

t h e  s u p e r n a t a n t  a n d  g r a n u l e s  w e r e  a d d e d  i n  r e v e r s e  o r d e r .  I:(w d e t a i l s  s e e  l e g e n d  of  F ig ,  I .  
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Fig .  3. I n f l u e n c e  I:,. r s u p e r n a t a n t  and i t s  d i a l y -  
s a t e  w i t h  a n d  w i t h o u t  g r a n u l e s  o n  t e n s i o u .  
A b s c i s s a  : C ( m c e n t r a t i o n  o f  s u p e r n a t a n t  o r  d i a -  
l y s a t e  i n  t e r m s  o f  t h e  w J ! u m e  o I  t h e  c r u d e  
e x t r a c t  f r o m  w l d e h  t h e y  w e r e  o b t a i n e d .  %Vith- 
o u t  a d d e d  g r a n u l e s :  A ,  s u p e r n a t a n t :  ,-q, d i a -  
l y s a t e .  "With  a d d e d  g r a n u l e s  : A ,  s u p e r n a t a n t ;  
I I ,  d i a l y s a t e .  T h e  g r a n u l e s  w e r e  a d d e d  i n  a 
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F i g .  4. R e l a x i n g  a c t i v i t y  o f  r e c o n s l ; i t l l t e d  s v s -  
t e r n s .  • ,  c r u d e  e x t r a c t  ; Ai,  g r a n u l e s  a n d  s u p e r -  
n a t a n t  m i x e d  in  t h e  p r o p o r t i o n  i n  w h i c h  t h e y  
o c c u r  in  t h e  c r u d e  e x t r a c t ;  I i  g r a n u l e s  a n d  
d i a l _ v s a t e  m i x e d  i n  t h e  p r o p o r t i o n  in  w h i c h  t h e y  
o c c u r  in  t h e  c r u d e  e x t r a c t .  C o n c e n t r a t i o n s  a s  
d e f i n e d  i n  t h e  l e g e n d  o f  F i g s .  I a n d  3- F i b r e s  h a d  
b e e n  e x t r a c t e d  for  54  d a y s .  F o r  o t h e r  d e t a i l s  

s e e  t h e  legend} elf F i g .  1. 
e x t r a c t .  • i n d i c a t e s  t h e  e f f e c t  o f  c r u d e  e x t r a c t .  
=z  v e t ,  % ,  A r r o w s  i n d i c a t e  rever~-M b y  2 r e : l /  C a ~ %  F i b r e ~  h a d  b e e n  e x t r a c t e d  fo r  71 day 'n ,  F o r  

o t h e r  d e t a i l s  s e e  t h e  l e g e n d  o f  F ig .  i .  

they  occur in tile crude extract, their relaxing activity was equivaleut to that  of the 
crude extract  at all concentrat ions tested.  Thus.  the relaxing act iv i ty  of crude Marsh 
factor can be accounted for only  by combining  the granules with a dialyzablc cofactor. 

Some preliminary work has been done to characterize tile particulate granules and 
the dialyzable  component .  The granules* could bc stored in the frozen state  for as 
long as three weeks without  loss of  activity.  Treatment  of the granules with 1% 
desoxycholate completely destroyed relaxing activity. The cofactor ° * at pi t  2.5 or 9.o 

• T h e  a c t i v i t y  o f  t h e  g r a n u l e s  w a s  t e s t e d  i n  t h e  p r e s e n c e  o f  a d d e d  c o f a c t o r ,  i n  a n  a m o u r ,  t 
s u i t i c i e n t  t o  p r o d u c e  m a x i m a l  r e l a x a t i o n  w i t h  u n t r e a t e d  g r a n u l e s .  

• " C o f a c t o r  a c t i v i t y  w a s  t e s t e d  ill t h e  p r e s e n c e  o f  a n  a m o u n t  o f  g r a n u l e s  t h a t ,  w h e n  f u l l y  
a c t i v a t e d ,  w o u l d  p r o d u c e  m a x i m M  r e l a x a t i o n .  

Re/erenves p. zz8. 
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T A B L E  I 

R E L A X I N G  A C T I V I T Y  O F  V A R I O U S  3 1 U S C L F :  F R A C T I O N S  

~l:~¢r ¢¢11¢ cl¢¢rea.~L" itl /~',*l.~ion teitl$ 
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T h e  r e l a x i n g  a c t i v i t y  o f  e a c h  f r a c t i , m  w a s  t e s t e d  a t  a c o n c e n t r a t i o n  e q u i v a l e n t  t o  t h a t  o f  t h e  c r u d e  
e x t r a c t .  T h e  g r a n u l e s  a : ~ d  m q ~ e r n a t a n t  o r  g r a n u l e s  a n d  d i a l y s a t e  w e r e  c o m b i n e d  i n  t h e  p r o p o r t i o n  i n  
w h i c h  t h e y -  ~ m c u r  i n  t h e  c r u d e  e x t r a c t .  T h e  d e c r e a s e  i n  t e n s i o n  w a s  t a k e n  a s  t h e  d i f f e r e n c e  b e t w e e n  
t h e  p e r  c e n t  d e c r e a s e  o b t a i n e d  4 t o  8 r a i n  a f t e r  t h e  a d d i t i o n  o f  t h e  f r a c t i o n  u n d e r  i n v e s t i g a t i n n  a n d  
t h e  p e r c e n t  d e c r e - ~ s e  r e m a i n i n g  a f t e r  r e v e r s a l  b y  2 rr t3 . I  c a l c i u n i .  T i~e  f i b r e s  u s e d  i n  t h e s e  e x p e r i m e n t s  
} l a d  b e e n  e x t r a c t e d  f o r  a b o u t  3 0 0  d a y s .  O t h e r  c o n d i t i o n s  a s  d e s c r i b e d  i n  t h e  l e g e n d  o f  F i g .  i .  

lost 5 ° % of its ac t iv i ty  in I h at  o °. At pH 7 it was stable a t  0% but  lost x/3 of its 
ac t iv i ty  in r 5 rain at  6o °. The cofactor could lye adsorbed to charcoal.  Work  is now in 
progress to utilize this p roper ty  for the purification of the cofactor.  A number  of 
substances have been tes ted as subs t i tu tes  for the cofactor.  These included FAD,  
FMN, TPN,  DPN,  P E P ,  PC and th iamine pyrophosphate ,  all of which were ineffective. 
Inorganic  pyrophosphate  could replace the  cofactor, However,  the ins tabi l i ty  of the  
cofactor at  pH 9 and  its adsorpt ion to charcoal  rule out its iden t i ty  wi th  pyre-  
phosphate.  Studies wi th  pyrophospha te  as a eofactor are the subject  of ano the r  
communica t ion  2~. Addi t ion of myokinase ,  CP and  creatine kinase, P E P  and  p y r u v a t e  
kinase to granules did not result in relaxat ion.  Carnosine in concentra t ions  exceeding 
6 m M  was found to  completely antagonize relaxing fac tor  ac t iv i ty .  

In view of the fact tha t  the dialysate  of the supe rna tan t  could act  as a cofactor  
for the granules wc compared the activi t ies of dialyzed and  nondia lyzed crude ext rac t .  
No appreciable loss of ac t iv i ty  occurred on extensive dialysis. The 35,00o ,'< g- 
superna tan t  complete ly  lost its cofactor  ac t iv i ty  on dialysis. However,  af ter  dialysis  
against a small volume, c0factor  ac t iv i ty  could be demons t ra t ed  in the dialysate .  

D I S C U S S I O N  

Our results show t h a t  a l though granules can relax glycer in-extracted :.nuscle fibres, 
t hey  do not account  for the relaxing ac t iv i ty  of crude ext rac t  and  in order to  obtain 
max ima l  relaxat ion with  granules one has to add  3 to 5 t imes as much as would be 
present  in the amoun t  of crude ex t rac t  sufficient to produce the same effect. These 
observations appear  to contradic t  PORTZEHL's ~ conc lus ion- -  based on the  s t u d y  of the  
inhibit ion of the myofibril lar  ATPase by g r a n u l e s - - t h a t  the relaxing ac t iv i ty  of the  
crude ex t rac t  is ent i re ly  accounted for by  the  granules i n t h e  extract .  Examina t ion  
of PORTZEHL's data ,  however, suggests t h a t  her conclusion is not  borne out  by  them,  
since in fact the granules appear to be only about  half as active as the original ex t rac t .  

References p. 21& 
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The ac t iv i ty  of the granules could be brought  to tha t  of the parent  crude ex t rac t  
by  adding dia lysate  prepared from the 35,ooo :< g-supernatant .  The reconst i tu ted 
sys tem consisting of gramdes and dialyzable cofactor behaved in all aspects, examined 
exac t ly  as the  crude extract .  Calcium and, as shown the first t ime in this paper, 
carnosine reversed the  relaxat ion brought  about, by  the crude extract  or reconst i tu ted  
system. If the ATP concentrat ion in the ba th  was allowed to drop below a critical level, 
owing to ~he ATPase ac t iv i ty  of the  granules the relaxation was reversed. Thi.~ 
phenomenon is the counterpar t  of the observation made by H,XSSELIt,XCH AND ~VEF, E R I4 

t ha t  no relaxat ion occurs upon addi t ion  of Marsh factor  at low ATP concentrat ions.  
The dialyzable cofactor  is not identical  with CP or PEP,  since addi t ion of CP or 

P E P  does not react ivate  the granules. . This is in agreement  with the conclusions of 
P o R ' r Z E H L  lz  and BR1GGS AND POR 'FZEHL 1"~, viz.  t ha t  ADP phosphorylatimg enzyme 
systems, are not required for relaxing act ivi ty .  In  the light of our  da t a  it i6 more 
difficult to interpret  the reports of LORAND,  MOLNAR AND MOOS 17 and  I~BASHI t8 

showing t h a t  the relaxing ac t iv i ty  of a par t icula te  fraction, tested on glycer inated 
muscle fibres, is s t imula ted  by  phosphokinase systems. In view of the results of BR~G(;S 
AND P O R  fZEHL xa a n d  PORTZEHL t'~ tbe simplest  explanat ion of the above reports would 
be t h a t  the  fibres still conta ined  small amoun t s  of the RFS and  their  thickness and  
ATPAsc ac t iv i ty  was such tha t ,  in the  absence of kinase act ivi ty ,  the  .~I'P concentra-  
t ion fell below t h a t  required for relaxat ion.  

Our f inding t h a t  the  dialysis of the crude ex t rac t  led to no appreciable loss of 
relaxing ac t iv i ty - - - in  spite of the dialysabi l i ty  of the cofactor,  and  loss of cofactor 
ac t iv i ty  of the 35.ooo ".-~ g-supernatant  on d i a l y s i s ~ i s  puzzling. The relationship 
between granules and  cofactor  wiU be discussed af ter  the presentat ion of our work 
dealing with  the  inhibi t ion of myofibri l lar  ATPase by  the relaxing factor. 

NOTE A D D E D  IN PROOF 

Since this  communica t ion  was submi t t ed  for publ ica t ion- the  relaxing ac t iv i ty  
of the R F S - - c r u d e  ex t rac t  or granules or granules  and  c o f a e t o r - - h a s  been re- 
invest igated in tile presence of 2-5 m 3 I  oxalate.  Under  these conditions, essentially 
identical with those used in tile work described in the following paper, tile amount  
of R F S  required for re laxat ion is 4-5  less than  under  the coudi t 'ons  which prevailed 
in the  exper iments  described in this report.  I t  will be noted  tha t  in the presence of 
z.5 m M  oxalate  the concentra t ion of the RFS required to relax a single fibre is the 
same as tha t  required for the inhibit ion of the myofibril lar  ATPase (c/. the following 
paper, p. 2x8). 

(Received March x3th, I959) 
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~ U M M A R Y  

Inhibi t ion of mvofibri l lar  ATPase  b y  granules sed imented  a t  255.ooo × g often did 
not account for the intfibitory activity of the crude extract from which they were 
prepared. Il~ -~uch ea~e~ full inhibition could be obtained by  combining the granules 
with a dialysate prepared from the 35,ooo >~ g supernatant.  The requirement for the 
dialyzabte cofactor was particularly pronounced at low concentrations of granules. 
In those cases where the granules manifested no requirement for added co,actor,  
incubation of the granules at 37 ° for 6o rain produced a requirement for this cofactor. 
Both calcium and carnosine were found to antagonize the inhibitory effect of the 
relaxing factor system. 
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