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Interactions Between Contractile and Regulatory Proteins of the Myofibril 

The  mechan i co -chem i ca l  ene rgy  t r a n s d u c t i o n  occur r ing  
d u r i n g  muscle  c o n t r a c t i o n  is k n o w n  to  be  r egu la t ed  b y  
changes  in t he  c o n c e n t r a t i o n  of t r ace  a m o u n t s  of Ca 2§ 
w i t h i n  t h e  myof ib r i l  1. These  ions con t ro l  the  Mg2+-stimu- 
l a t ed  A T P a s e  of a c t o m y o s i n  v ia  t he  r e l ax ing  p r o t e i n  sys- 
t e m  (RPS)  2. This  s y s t e m  includes  t ropomyos in ,  i n h i b i t o r y  
fac to r  ( t ropon in  B) an d  ca lc ium-sens i t i z ing  fac to r  ( t ropo- 
n in  A) 2-4. I n  the  absence  of Ca 2+, t he  R P S  effec t ively  in- 
h ib i t s  t h e  M g - A T P a s e  of t h e  myofibr i l .  N a t u r a l  a c tomyo-  
sin e x t r a c t e d  as a c o m p l e x  f rom myof ib r i l s  st i l l  con ta ins  
R P S .  I t  has  been  shown  t h a t  w as h i ng  n a t u r a l  a c t o m y o s i n  
(NAM) a t  low ionic s t r e n g t h  (~ ~ 0.002) r emoves  t he  R P S  
p r o d u c i n g  desens i t ized  a c t o m y o s i n  5. I t s  M g - A T P a s e  is no  
longer  able  to  be con t ro l l ed  b y  Ca 2+. If, howeve r ,  n a t u r a l  
a c t o m y o s i n  is washed  r e p e a t e d l y  a t  m o d e r a t e  concen t r a -  
t ions  of sa l t  (~z = 0 .02-  0.10), t h e  R P S  r e m a i n s  assoc ia ted  
w i t h  t he  a c t o m y o s i n  complex  p re se rv ing  i ts  Ca2+-sensiti- 
v i ty .  "We a t t e m p t e d  to r e c o m b i n e  t he  R P S  w i t h  desensi-  
t ized  a c t o m y o s i n  a n d  to  e s t ab l i sh  u n d e r  which  cond i t ions  
ef fec t ive  b i n d i n g  t akes  place  to res tore  the  Ca2+-sensit ivi ty.  

Me~hods. N a t u r a l  a n d  desens i t ized  ac tomyos in ,  t ropo-  
m y o s i n  and  R P S  f rac t ions  were p r e p a r e d  f rom w a s h e d  
myof ib r i l s  of whi t e  ske le ta l  muscles  of r a b b i t s  as p rev ious ly  
r e p o r t e d  3, 4 The  Ca2+-sensi t iv i ty  was  assayed  b y  m easu r -  
ing t h e  A T P a s e  a c t i v i t y  of 0.2-0.5 nag of a c t o m y o s i n  in a 
vo lume  of 2 ml  c o n t a i n i n g  2.5 m2~ MgC12, 2.5 m M  t r i s - A T P ,  
25 m M  tris-HC1, p H  7.6, a t  25 ~ in  t he  presence  a n d  ab-  
sence of I m M  e t h a n e d i o x y b i s  (e thy lamine)  t e t r a - ace t i c  
acid (EGTA) 5. P r o t e i n  samples  were r ad ioac t i ve ly  label led  
a f t e r  r educ t i on  in t he  presence  of 10 m M  d i t h i o t h r e i t o l  in 
6 M guanidine-HC1 b y  t he  a d d i t i o n  of a b o u t  10 moles of 
~4C-iodoacetic acid to  105 g of p r o t e i n  a t  p H  8.4. Subse-  
q u e n t l y  t he  samples  were e x h a u s t i v e l y  d ia lysed  aga ins t  
10 m M  tris-HC1, p H  7.6. R a d i o a c t i v i t y  was d e t e r m i n e d  b y  
l iquid  sc in t i l l a t ion  coun t e r  t e c h n i q u e s  as earl ier  6 and  re- 
l a ted  to p ro t e in  c o n t e n t  on t h e  basis  of n i t r ogen  e s t i m a t i ons  
car r ied  ou t  b y  ness le r iza t ion  a f te r  d iges t ion 7. 

E x p e r i m e n t s  and  results. Since i t  has  been  p rev ious ly  
shown  t h a t  i n d i v i d u a l  c o m p o n e n t s  of t he  R P S  can  be  carbo-  
x y m e t h y l a t e d  w i t h o u t  loss of t h e i r  r egu la to ry  func t i on  6,s,9, 
such  r ad ioac t i ve ly  label led  c rude  p r e p a r a t i o n s  of R P S  
were used in  t h i s  s tudy .  Mix tu re s  of 2.48 m g  of desens i t ized  
a c t o m y o s i n  a n d  20.4 ~zg of lal~elled R P S  were cen t r i fuged  
for 20 rain  a t  1700 g a n d  t he  r a d i o a c t i v i t y  of t he  n o n - b o u n d  
R P S  was d e t e r m i n e d  in  t he  s u p e r n a t a n t s .  A t  t h e  r e l a t ive ly  
low buf fe r  c o n c e n t r a t i o n  of 25 raM,  s u b s t a n t i a l  a m o u n t s  
of R P S  were b o u n d  to t he  inso luble  a c t o m y s i n  on ly  a t  
such  a low p H  where  isoelectr ic  p r e c i p i t a t i o n  of t h i s  pro- 
t e in  i r ac t i on  s t a r t e d  (Table  I). A t  p H  7.6 h ighe r  buf fe r  
concen t r a t i ons ,  as well  as MgC12, CaC12 or A T P  in concen-  
t r a t i o n s  as used in enzymic  tests ,  s ign i f i can t ly  r educed  t he  
e x t e n t  of b ind ing .  The  s imi la r  effect  p roduced  b y  E D T A  
ind ica t e s  t h a t  t h e  b i v a l e n t  ca t ions  are  n o t  i nvo lved  in t he  
assoc ia t ion  in a specific way.  The  genera l  effect  of all added  
sal ts  in r educ ing  t he  e x t e n t  of b i n d i n g  seems to  c o n t r a d i c t  
t h a t ,  d u r i n g  t he  wash ing  process  of n a t u r a l  a c t o m y o s i n  in 
the  presence  of salt ,  R P S  r e m a i n s  f i rmly  b o u n d  to  the  
ac tomyos in  complex.  I n  R P S  p r e p a r a t i o n s  t r o p o m y o s i n  
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Table I. Extent of association ot regulatory proteins with suspensions of desensitized actomyosin 

Conditions Fraction bound of total added (%) 
RPS fraction Tropomyosin 

25 m M  tris-maleate pH 5.6 63 92  

25 mM tris-maleate pH 6.5 11 78 

25 mM tris-maleate pH 7.6 14 55 

25 mM tris-maleate pI-I 8.3 9 23 

25 mM ~ris-maleate pH 9.4 ~--1 H1 

2 m M  tris-HC1 pH 7.6 43 4 

13 mM tris-FIC1 pH 7.6 20 36 

25 mM tris-HC1 pH 7.6 14 55 

50 m M  tris-HC1 pH 7.6 ~ 1  76 

80 mM ~ris-HC1 pH 7.6 ~,~1 70 

125 mM tris-HCI pK 7.6 ~ 1  66 

2 m M  tris-HC1 pH 7.6 + 2.5 mM MgC12 15 75 

2 ulM tris-HC1 pH 7.6 + 2.5 mM CaCI~ 12 75 

2 m M  tris-HCI pH 7.6 + 5 mM EDTA 11 70 

2 m M  tris-HC1 pH 7.6 + 2.5 mM ATP 11 -- 

2 m M  tris-HC1 pH 7.6 + 2.5 mM Mg-ATP 15 -- 
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Table 12. Extent of firm binding of RPS fraction to desensitized actomyosin after 3 times washing with different buffer concentrations at 
pH 7.6 and recovery of Ca2+-sensitivity of the Mg-ATPase 

Washing medium RPS {/xg) bound per Amount bound of b~moles of Pi/min/mg of 
10 mg o2 desensitized total added (%) desensitized acto- 
actomyosin myosin 

Inhibition of Mg-ATPase 
by 1 mM EGTA (%) 

2 mM tris-HC1 2.80 0.62 0.486 5.5 
10 mM tris-HC1 11.7 2.6 0.510 28 
80 mM tris-HC1 23.7 5.2 0.474 47 

is t h a t  i n d i v i d u a l  p r o t e i n  c o m p o n e n t  p r e s en t  in  la rges t  
a m o u n t  ~0. I t  is t h o u g h t  to  ac t  as a l ink  respons ib le  for t he  
b ind ing  of t he  i n h i b i t o r y  and  ca lc ium-sens i t i z ing  fac tors  to  
t he  a c t o m y o s i n  s y s t e m  ~, *~. Therefore  s imi la r  e x p e r i m e n t s  
were conduc t ed  b y  m i x i n g  116 b~g of labe l led  t r o p o m y o s i n  
w i th  1.62 m g  of desens i t ized  a c t o m y o s i n  (DAM). I n  con- 
t r a s t  to  t h e  case of R P S ,  s u b s t a n t i a l  a m o u n t s  of t r o p o m y o -  
sin b i n d  on ly  in t h e  presence  of some salt .  T he  a p p a r e n t l y  
h igh b i n d i n g  r a t i o  a t  p t t  5.6 aga in  m a y  be  due to  iso- 
electr ic  p rec ip i t a t ion .  

Mix tu res  of desens i t ized  a c t o m y o s i n  a n d  labeIled R P S  
were also sub jec t ed  to  t he  wash ing  p rocedure  w i t h  d i f fe ren t  
buf fer  concen t ra t ions .  452 [,g of r ad i oac t i ve  R P S  were 
added  to 10 m g  of desens i t ized  ac tomyos in ,  3 t imes  washed  
by  cen t r i fug ing  for 20 mil l  a t  20,000 g, t he  f inal  pe l le t  was  
t h e n  r e suspended  in 2 m M  tris..HC1, p H  7.6, and  assessed 
for r a d i o a c t i v i t y  as well  as for  Ca2+-sensi t ivi ty  of t h e  
Mg-ATPase .  Tab le  I I  shows t h a t  t he  e x t e n t  of f i rm b ind-  
ing is v e r y  smal l  b u t  increases  w i t h  increas ing  sa l t  con- 
cen t ra t ions .  A l t h o u g h  t he  a m o u n t  of t h e  b o u n d  R P S  is a 
fac to r  of a b o u t  1000 less t h a n  t h a t  of desens i t ized  acto-  
myosin ,  i t  s ign i f ican t ly  res to red  Ca~+-sensit ivity.  

I n  con t ro l  e x p e r i m e n t s  wh ich  d id  no t  invo lve  t h e  wash-  
ing process  pr ior  to  t he  enzymic  tests ,  t h e  Ca~+-sensi t ivi ty 
of desens i t ized  a c t o m y o s i n  was t e s t ed  w i th  increas ing  
a m o u n t s  of c a r b o x y m e t h y l a t e d  as well  as u n t r e a t e d  IRPS 
fract ions .  C a r b o x y m e t h y l a t i o n  did  no t  affect  t he  specific 
r e g u l a t o r y  a c t i v i t y  of the  R P S  p r e p a r a t i o n s  (Figure).  On 
ave rage  0.45 m g  a n d  1.10 m g  of IRPS pe r  10 m g  of de- 
sens i t ized  ac tomyos i i i  p roduced  30% and  50% inh ib i t i on  
of t he  M g - A T P a s e  in t he  p resence  of E G T A ,  respect ive ly .  

H e n c e  a b o u t  40 t imes  more  IRPS was requ i red  to  ach ieve  
t h e  s ame  degree of Ca2+-sensi t ivi ty  as in  t h e  e x p e r i m e n t s  
re fer red  to  in Tab le  I I .  Since only  1 - 5 %  of t he  added  R P S  
become  f i rmly  b o u n d  in t he  presence  of some salt,  bu t ,  on 
the  o the r  h a n d ,  are suff ic ient  to  res tore  t h e  Ca~+-seiisi t ivity 
in t he  enzymic  tests ,  t h i s  m a t e r i a l  m u s t  be  specifically 
b o u n d  to t he  ac tomyos in .  R P S  assoc ia ted  w i t h  ac tomyo-  
sin in  la rger  a m o u n t s  seems to r e p r e s e n t  a non-specif ic  
b ind ing .  This  second t y p e  of assoc ia t ion  is a f fec ted  in  t he  
oppos i te  m a n n e r  b y  sa l t  (Table  I). The  e x t e n t  of t he  spe- 
cific b i n d i n g  could be increased,  however ,  w h e n  R P S  was 
added  to desens i t ized  ac 'mmyosi i i  wh ich  h a d  been  solubil i-  
zed in 0.6 M I~C1. Af te r  r educ ing  t he  sa l t  c o n c e n t r a t i o n  to 
80 m M  b y  dia lys is  in  order  to  p r ec ip i t a t e  t he  a c t o m y o s i n  
complex,  a n d  a f te r  3 t imes  wash ing  of t h e  suspension,  up  
to  30% of t h e  added  r ad ioac t i ve  IRPS could be  recovered  
as f i rmly  b o u n d  to  t h e  ac tomyos in .  I n  s imi la r  e x p e r i m e n t s  
done w i t h  t ropomyos in ,  t he  e x t e n t  of b i n d i n g  was no t  in- 
c reased in compar i son  w i t h  t h a t  found  in t he  e x p e r i m e n t s  
re fer red  to in  Tab le  I, i m p l y i n g  t h a t  t he re  is on ly  one t y p e  
of associat ion.  

The  resu l t s  i nd i ca t e  t h a t  t he  presence  of t he  o t h e r  pro-  
t e ins  in  R P S  in ter fere  w i t h  t h e  a f f in i ty  of t r o p o m y o s i n  to 
desens i t ized  ac tomyos in .  I n  sp i te  of t h i s  fact ,  t h e  smal l  
p r o p o r t i o n  of t he  c rude  IRPS f r ac t ion  which  b inds  f i rmly  
in t he  presence  of salt,  exh ib i t s  a specific r e g u l a t o r y  act i -  
v i t y  m u c h  h igher  t h a n  c u r r e n t l y  apprec ia ted .  I t  suggests  
t h a t  in  t he  myof ib r i l  v e r y  smal l  a m o u n t s  of t he  r egu la to ry  
p ro te ins  are suff ic ient  for t he  r egu la t ion  of t he  i n t e r a c t i o n  
be tween  myos in  a n d  ac t i n  and  hence  for  t he  r egu la t ion  of 
con t r ac t ion .  

"g 
S 

OD o~ 

E 
.=_ 
E 

d7 
g, 

0.51 ov ,v,., -%,- - - -v- <" -v - =-'=z 

0.4' 

O.2 

0.1 

r 1 _  i 

0.1 Q2 0.3 
Amount of RPS added (mg) 

Recovery of Cae+-sensitivity of desensitized actomyosin by carboxy- 
methylated and untreated RPS fractions. Assay conditions as de- 
scribed in Methods. Open symbols, without EGTA; full symbols, 
with EGTA; circles, untreated RPS; triangles, carboxymethylated 
RPS. 

Zusammen/assung.  Die 1Regulationseiweisse (Tropomyo  
sin u n d  T ropon inkomplex ) ,  welche  die W e c h s e l w i r k u n g  
der  k o n t r a k t i l e n  Eiweisse  in  der  Myofibr i l le  s teuern ,  zei- 
g e n e i n e  spezif ische und  unspezi f i sche  B i n d u n g  a n  den 
A c t o m y o s i n k o m p l e x .  Die spezif isch g e b u n d e n e  Menge der  
Regula t ionse iweisse  b e t r g g t  n u r  e twa  1/100 de r j en igen  
yon  Ac tomyos in ,  geni ig t  abe r  t r o t z d e m ,  u m  die S t e u e r u n g  
der  Mg-ATPase  u n d  d a m i t  der  M u s k e l k o n t r a k t i o n  d u r c h  
Ca ~+ zu gew/ihrleisteii .  
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