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ABSTRACT 

- 

The a d d i t i o n  o f  c y c l i c  AMP - dependent p r o t e i n  k inase and c y c l i c  

AMP t o  canine ca rd iac  sarcoplasmic r e t i c u l u m  i s  known t o  increase Ca 2+ 

t r a n s p o r t  i n t o  the sarcoplasmic re t i cu lum.  The mechanism o f  t h i s  

enhanced t r a n s p o r t  i s  i n v e s t i g a t e d  here. C y c l i c  AMP - dependent 

p r o t e i n  k inase pnosphorylates a  6,000 and a  22,000 d a l t o n  p r o t e i n  as 

determined by SDS - po lyacry lamide s l a b  ge l  e lec t rophores i s  and 

autorad i  ography. Maximal phosphory la t i  on occurs when p r o t e i n  k inase 

and c y c l  i c  AMP are incubated w i t h  the  m i  crosomes. However, t he  i s o l a t e d  

sarcoplasmic r e t i c u l u m  does c o n t a i n  endogenous adenylate cyc lase and 

p r o t e i n  kinase, which phosphoryl  a t e  bo th  p r o t e i n s .  Phosphodiesterase 

complete ly  i n h i b i t s  phosphory la t ion .  I n  the  presence o f  a phosphatase 

i n h i b i t o r ,  the t ime course o f  the  phosphory la t ion  o f  t he  two p r o t e i n s  

d i f f e r s .  The 22,000 da l ton  p r o t e i n  i s  phosphory lated more r a p i d l y  than 

the 6,000 da l ton  p r o t e i n .  Once phosphory lated the  22,000 d a l t o n  p r o t e i n  

i s  s o l u b l e  i n  a c i d i f i e d  chloroform:methanol , whi l e  t he  6,000 da l  t on  

p r o t e i n  i s  no t .  P r i o r  t o  phosphory la t ion ,  bo th  p r o t e i n s  can be d iges ted  

by t r y p s i n  and cannot be phosphory lated l a t e r .  When phosphory lated 

f i r s t ,  bo th  p r o t e i n s  are r e s i s t a n t  Qo d i g e s t i o n  by t r y p s i n .  P r i o r  t o  

phosphory lat ion,  both p r o t e i n s  a re  so?,uble i n  a  low concen t ra t i on  o f  

t he  detergent ,  deoxycholate ( D O C ) .  ' A f t e r  phosphory la t i  on, n e i  t h e r  

p r o t e i n  can be s o l u b i l i z e d  by DOC. Phosphory lat ion appears t o  cause 

the  p r o t e i n s  t o  become b u r i e d  i n  the membrane. 



By enlploying very low concentrat ions of DOC ( l e s s  than l . . ug  DOC/ 

mg microsomal p ro t e in ) ,  pu r i f i c a t i on  of the  22,000 dalton prote in  and the  

ca2+ + M g 2 + - ~ ~ p a s e  has been accompl ished. Af te r  solubi  l i  zing the 

e x t r i n s i c  membrane prote ins  including the  22,000 dalton prote in  by a 

low concentration of DOC, passage of these  prote ins  through a Sephadex 

G - 75 column r e s u l t s  in the  pu r i f i c a t i on  of the  22,000 dalton prote in .  

Ttie prote in  i s  s t i  11 spec i f i c a l  ly  phosphorylated by cyc l i c  AMP - 

dependent prote in  kinase,  incorporating approximately 0.15 moles of 

phosphate/mole of prote in .  Approximately 5 moles of phospholipid a r e  

bound to  1 mole of pur i f i ed  prote in .  

The ca2+ + PIg2+ - ~ ~ ~ a s e  i s  pur i f i ed  by f i r s t  solubi  1 i z ing  the  

e x t r i n s i c  prote ins  w t t h  DOC. Then the addi t ion of an .increasing amount 

of DOC t o  the p e l l e t  from the  f i r s t  so lub i l i z a t i on  r e s u l t s  in the 

2 + sol  ub i l i za t ion  and pu r i f i c a t i on  of the  Ca + M g 2 + - ~ ~ ~ a s e  t o  a t  l e a s t  

95% pur i ty .  The ca2+ concentration required f o r  hal f  maximal a c t i v i t y  

of the ATPase i s  approximately 5.2 pM. The pur i f i ed  ATPase hydrolyzes 

ATP a t  the r a t e  of 2.47 prnole Pi/mg/min. 

When the puri f i  ed ca2+ + ~ g ' ~ + - ~ ~ ~ a s e ,  i s  recons t i  tu ted  i n t o  

aso lec t in  ves ic les ,  the ATPase a c t i  vely t ranspor t s  ca2+ i n t o  the 

vesi.cles, with the t r an spo r t  dependent on the presence of ATP. When 

the  22,000 dalton prote in  i s  r econs t i tu ted  with the  ATPase, no change 

i n  the t r anspor t  of ca2+ i s  observed. during a sho r t  time course. 

However, when phosphate i s  included ins ide  the ves ic les  t o  p r e c i p i t a t e  

enter ing ~ a ~ + , ' r a x i m a l  t r anspor t  i s  observed when the ATPase and the 

phosphorylated 22,000 dal ton prote in  a re  recons t i tu ted  together .  The 

recons t i  tu ted  ATPase and the nonphosphor.yl a ted  22,000 dal ton prote in  do  



not t r anspor t  ca2+ a t  a g r ea t e r  r a t e  than t h a t  observed by the ATPase 

alone. The phosphorylated 22,000 dal ton prote in  recons t i tu ted  without 

2+ the ATPase, f a c i l i t a t e s  the  t r an spo r t  of Ca . The enhanced t r an spo r t  

seen when the  phosphorylated 22,000 dalton prote in  and the  ATPase a r e  

recons t i  tu ted  together  i s  ,an add i t ive  e f f e c t  of the  two individual  

processes. The phosphorylated 22,000 dalton prote in  does not  regu la te  

the  ATPase's a b i l i t y  t o  t r anspor t  ca2+, but ins tead i s  capable of 

t r anspor t ing  ca2', i t s e l f .  In ves ic les  wi tilout phosphate i n s ide ,  t he  

i n i t i a l  r a t e  of ca2+ - uptake f o r  the  recons t i tu ted  22,000 dalton 

prote in  i s  approximately 8 times g r ea t e r  f o r  the  phosphoryl a ted  prote in  

than the nonphosphorylated one. Including phosphatases in the uptake 

medi um reduces the  uptake of the  o r ig ina l  l y  phosphoryl ated 22,000 

2+ 2+ dalton prote in  t o  t h a t  of the  nonphosphorylated prote in .  Ba ; S r  . , 

and ~ n "  have v i r t u a l l y  no e f f e c t  on the t ranspor t  of ca2+ i n t o  the  

ves ic les :  zn2+ i n h i b i t s  t r anspor t  by approximately 30% and H ~ ~ +  and 

r u t h i n u m  red i n h i b i t  ca2+ t r an spo r t  almost completely. 

As a r e s u l t  of these  experiments, i t  appears t h a t  the phosphorylated 

22,000 dalton prote in  does not regula te  the t r an spo r t  p roper t i es  df 

the  ATPase. Instead phosphorylation of the  22,000 dalton prote in  causes 

i t  t o  become buried in  the membrane, t ranspor t ing ca2+ i n t o  t h e .  

sarcoplasmi c r e t i c u l  um and thereby; e leva t ing  the  ca2+ concentrat ion 

in the  sarcoplasmic reticulum ava i l ab l e  f o r  re lease  t o  the myofibri 1 s .  
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BACKGROUND 

Effects  of 6-Adrenergi c  Agoni s t s  on' Flyocardial Contrac.ti 1  i  ty  

Class i f i ca t ion  of adrenergic receptors was f i r s t  suggested by Dale 

in 1906 (Dale, 1906), who showed t h a t  preparations of e rgo t  abolished'  

the motor e f f e c t s  of adrenaline o r  sympathetic s t imulat ion.  Ahlquis t 

subsequently subcl ass i  f i  ed the adrenergi c  receptors as alpha and beta 

receptors (Ahlquist ,  1948). The alpha adrenotropi c  receptors a r e  

associated with most of the exc i ta to ry ,  functions ( \ lasocontr ic t ion,  and 

s t imulat ion of the  uterus ,  u r e t e r  and d i l a t o r  pup i l l ae )  and one .important 

inh ib i to ry  function ( i n t e s t i n a l  re laxa t ion) .  The beta adrenotropic 

receptors a re  associated with most of the inh ib i to ry  function 

(vasodi 1  a t i  on, and i  nhi bi t i  on of the  u te r i  ne and bronci a1 muscul a tu r e )  

and one exc i ta to ry  function (myocardial s t imula t ion) .  

The mechanical responses of cardiac  and ske le ta l  muscle t o  

B-adrenergic agonists  can be summarized as follows: in  cardiac  muscle, 

the r a t e  of tension r i s e  and the  t o t a l  tension are  increased while the  

r a t e  of re laxat ion i s  accelera ted (Role t t ,  1974); in slow ske le ta l  

muscle, the r a t e  of re laxat ion i s  increased (Bowman and Nott, 1969), 

while in  f a s t  ske le ta l  muscle, the  re laxat ion r a t e  i s  decreased (Marsden 

and Meadows, 1970). 

Since the  discovery of adenosine 3 '  : 5'-monophosphate ( cyc l i c  AMP) 

during the  l a t e  1950s by Sutherland and Rall (1958), there  has been 

continued i n t e r e s t  in the  poss ible  involvement of cyc l ic  AMP in  the  

adrenergi c  responses. Beta-adrenergi c  ami nes a r e  known t o  s  i  gni f  i  cant ly  

e leva te  the in t racul  l u l a r  level  of cyc l i c  AMP in cardiac  muscle 



(Drummond -- e t  a l . ,  1969; Drummond and Hemmings, 1973; Kukovetz . e t  -. a1 

1975; Ones and @ye, 1975; Posner -- e t  a l . ,  1965). A  second-messenger 

hypothes is  (Suther land e t  a l . ,  1968; Eps te in  -- e t  a l . ,  1971 ) i n v o l v e s  a  

sequence o f  events connec t ing  t h e  appearance o f  t he  6-agon is t  w i t h  t h e  

eventual  inc rease i n  c o n t r a c t i  1  i ty: a) catecholamine d i f f u s i o n  t o  t h e  

v i c i n i t y  o f  t h e  c e l l  membrane; b )  b i n d i n g  t o  t h e  @-receptor ;  c )  a c t i v a t i o n  

of adenyl cyc lase;  d )  e l e v a t i o n  o f  c y c l i c  AMP concen t ra t i on ;  e )  

d i f f u s i o n  of c y c l i c  AMP t o  i t s  s i t e s  o f  a c t i o n :  f )  m o d i f i c a t i o n  o f  some 

aspec t (s )  o f  e x c i  t a t i  on -con t rac t i  on coup l ing ;  g )  enhancement o f  

s y s t o l  i c ca l  c i  um concent ra t ion ;  and h )  g r e a t e r  c o n t r a c t i l e  s t r e n g t h  

(Ts ien,  1977). Drunmond -- e t  a l .  (1966) found t h a t  t h e  l e v e l  o f  c y c l i c  

AMP i n  ca rd iac  c e l l s  inc reased by n i n e - f o l d  w i t h i n  1 sec a f t e r  

ep inephr ine  admini s t r a t i  on. 

Attempts have been made t o  see i f  c y c l i c  AMP can produce the  same 

p h y s i o l o g i c a l  responses i n  c a r d i a c  t i s s u e s  t h a t  catecholamines do. 

Exposure o f  a  per fused h e a r t  t b  c y c l i c  AMP d i d  n o t  i nc rease  t w i t c h  

tens ion  (RalZ and West, 1963; Robison -- e t  a l . ,  1965). Reasoning t h a t  

t h i s  l a c k  o f  e f f e c t i v e n e s s  m igh t  be due t o  a s low e n t r y  o f  c y c l i c '  AMP 

i n t o  h e a r t  ce l Is,  o t h e r  i n v e s t i  ga to rs  t u rned  t o  a c y l  s u b s t i t u t e d  

6 1  d e r i v a t i v e s ,  such as ii , 2  -0-d i  b u t y r y l  c y c l i c  AMP (DBcAMP), i n  t he  

hope t h a t  t h e  l i p o p h i l i c  s i d e  chains would f a c i l i t a t e  movement across 

t h e  c e l l  membrane (Posternak -- e t  a l . ,  1962) o r  p r o v i d e  temporary 

p r o t e c t i o n  a g a i n s t  degradat ion by phosphodiesterase (Henion -- e t  a1 . , 1967).  

I t  i s  now g e n e r a l l y  agreed t h a t  DBcAMP does g i v e  adrenal  ine-1  i ke 

e f f e c t s  i n  i n c r e a s i n g  the  s t r e n g t h  o f  c o n t r a c t i o n  (Ske le ton  e t  -- a l . ,  1970; 



Kukoveta and Poch, 1970), and i n  some cases, sho r ten ing  t h e  d u r a t i o n  o f  

t h e  t w i t c h  (Cleinertz -- e t  a l . ,  1975). 

Skinned ca rd iac  c e l l s  have been used t o  s tudy  t h e  f u n c t i o n  of 

c y c l i c  AMP. Skinned ca rd iac  p repa ra t i ons  have been produced by EDTA 

t rea tment  (Wi negrad, 1971) o r  by m i  c r o d i s s e c t i o n  (Fabi  a t o  and Fabi a t o ,  

1973). These approaches a1 low r a p i d  a c c e l e r a t i o n  o f  substances 1  i ke 

c y c l i c  AMP t o  t h e  myoplasmic space. They a l s o  e l i m i n a t e  s teps i n  

e x c i  t a t i o n - c o n t r a c t i  on coup1 i n g  which i n v o l v e  the  su r face  membrane. 

Fab ia to  and Fab ia to  (1975) found t h a t  a  t w i t c h - l i k e  f o r c e  response was 

s t i m u l a t e d  i n  the presence o f  c y c l i c  AMP. The r a t e  o f  r e l a x a t i o n  was 

a l s o  enhanced by c y c l i c  AMP. The sk inned c e l l  procedure shou ld  a l s o  

be u s e f u l  i n  d i  s s e c t i n g  f ubcel l u l a r  mechanisms f o r  c y c l i c  AMP a c t i o n .  

Another u s e f u l  procedure f o r  d i r e c t l y  i n t r o d u c i n g  c y c l i c  AMP t o  

ca rd iac  c e l l s  has been the  cut -end procedure (Ts ien  and Weingart, 1976).  

This  method takes advantage o f  t h e  f a c t  : t h a t  c a r d i a c  c e l l s  are connected 

by nexuses, low- res is tance j u n c t i o n s ,  which a l l o w  smal l  molecules t o  move 

f rom c e l l  t o  c e l l .  One end o f  a  muscle s t r i p  was loaded w i t h  c y c l i c  AMP. . 
The c y c l i c  AMP moved l o n g i t u d i n a l  a long t h e  muscle,. r each ing  the  " t e s t "  

p a r t  o f  t he  muscle i n  40-50 min a f t e r  l oad ing  (Ts ien ,  1977). The 

i n o t r o p i c  e f f e c t  seen w i t h  ep inephr ine  was a l s o  seen by t h i s  method u s i n g  

c y c l i c  AMP (Ts ien  and Weingart, 1976). Thus, f rom these s tud ies ,  i t  

can be concluded t h a t  c y c l i c  AMP i s  t h e  a c t i v e  messenger f rom 

catecholamines, be ing  capable o f  p roduc ing  t h e  same p h y s i o l o g i c a l  

e f f e c t s  t h a t  catecholamines do. The catecholamines a c t i n g  through 

c y c l i c  AMP appear t o  r e g u l a t e  ca2+ t r a n s p o r t  i n  c a r d i a c  c e l l s .  



Cal c i  um Transport in  Myocardi a1 Cell s 

Calcium has been shown 'to p lay "a  dominant r o l e  i n  myocardial 

con t rac t i  1  i  t y  (Katz, 1970). In mammal i  an hea r t ,  f u l l  con t rac t i  1  e  

a c t i v i t y  occurs when 50 t o  100 nmoles of calcium per gram weight of 

ven t r i cu l a r  t i s s u e  a r e  made ava i l ab l e  t o  troponin,  t he  calcium receptor  

prote in  of the  c o n t r a c t i l e  system (Ebasi and Endo, 1968; Katz, 1970; 

Shigekawa'et  -- a l . ,  1976; Solaro -- e t  a l . ,  1974). During each cardiac  

cycle  a t  maximal c o n t r a c t i l i t y ,  t h i s  amount of calcium m u s t  f i r s t  bind 

t o  and then be removed from the  regula tory  s i t e s  of troponin.  Movement 

of t h i s  a c t i v a t o r  calcium within t he  myocardial c e l l  i s  con t ro l l ed  by 

the sarcopl asmi c  r e t i  cul um (Langer , 1973 ; Legato and Langer, 1969 ; 

Martonos i  , 1972; Weber, 1966), a  membraneous imtracell  ul a r  s t r u c t u r e  

which surrounds the  myofi br i  1s  , by the  c e l l  su r face  membrane (Langer, 1973; 

Reuter, 1973),  and possibly by the  mitochondria (Horn -- e t  a1 . , 1971 ; 

Lehni nger, 1974; Pat r i  arca and Carafol i , 1968). 

I t  i s  general ly  believed t h a t  a  s ignal  generated by an ac t ion  

po ten t ia l  i s  t ransmit ted  t o  the i n t e r i o r  of the  c e l l ,  e i t h e r  by 

propagation of an i n t racel  1  ul a r  message t o  the h e a r t ' s  sarcopl asmic 

reticulum o r  by entry  of calcium from the  extracel  l u l a r  Pl uid ( o r  

bo th ) ,  1  eadi ng ul t imate ly  t o  an inc rease  i n  the  cal c i  um concentrat ion 

around the  con t rac t i  l e  prote ins  . This ca l c i  um i n i t i a t e s  sys to1 e  by 

binding t o  troponin A ,  one of the  . cons t i tuen t s  . of troponin,  which 

has been i den t i f i ed  a s  the  calcium recep tor  of t he  con t rac t i  1  e  apparatus 

(Katz, 1971 ) . Relaxation occurs when the  ,calcium concentrat ion i n  t h e  

myoplasm fa1 1s  t o  a  level  too low t o  support  con t rac t ion .  The decrease 



i n  the  calcium concentrat ion i n  the  myoplasm i s  be1 ieved t o  be achieved 

by t he  resequester i  ng of cal cium i nto t he  sarcopl asmi c r e t i  cul um and 

the  movement of cal c i  um out  of t he  c e l l  . 
The sarcotubular  system i n  ske l e t a l  muscle i s  highly developed and 

is capable of re leas ing l a rge  q u a n t i t i e s  of calcium i n  response t o  t he  

depolar iza t ion of the  sarcolemmal membranes as  well as of sequester ing 

t h i s  ca t ion from the  sarcoplasm during muscle ' r e l axa t i on  (MacLennan and 

Holland, 1975). In ca rd iac  muscle, the  sarcoplasmic reticulum is  

sparse  compared t o  t h a t  in  s kel eta1 muscle (Langer and Brady , 1974). As 

a r e s u l t  of the  spa r s i t y  of sarcoplasmic ret iculum, t h e  possi bi 1 i t y  

e x i s t s  t h a t  the l imi ted ca lc i  um s t o r e s  of the  ca rd iac  sarcoplasmic 

reticulum may not f u l l y  s a t u r a t e  a l l  the po ten t ia l  s i t e s  of actomyosin 

i n t e r ac t i ons .  Evidence i s  ava i l ab l e  which shows rapid calcium f luxes  

across cardiac  sarcolemma and t h a t  hear t  c o n t r a c t i l i t y  i s  augmented by 

increased f i  1 l'ing of sarcopl asmic reti.cu1 um during t h e  plateau phase 

of the  cardiac  ac t ion  potent ia l  (Langer, 1973; Morad and Goldman, 1973; 

Repke and Katz, 1969; Reuter, 1974; Trautwei n ,  1973).. Cardiac muscle 

a l so  contains abundant mitoch,ondria, which display -- i n  v i t r o  a c t i ve  

calcium accumulation (Carafol i , 1975). However, t o  what ex ten t  these  

organel 1 es con t r ibu te  ':to the .  regul.ation of i n t racel  1 ul a r  cal c i  urn i.n hea r t  

s t i  11 remains an unanswered question.  

Isola ted cardiac  sarcoplasmic reticulum ves ic les  can accumulate 

calcium aga ins t  a concentrat ion gradient  in  the  presence of ATP and 

magnesium (Fanburg -- e t  a1 . , 1964; Hassel bach and Makinose, 1961 ; Inesi 

e t ' a l . ,  1964; Katz and Repke, 1967; Weber e t  a l . ,  1964). Calcium -- -- 

accumulation by cardiac  microsomes i s  coupled t o  ATP hydrolys is ,  which 



2+ is  catalyzed by a membrane-bound Ca + M ~ ' + - A T P ~ ~ ~ .  As i n  microsomes 

prepared from f a s t  ske l e t a l  muscle (Hassel bach and Makinose, 1961 ; 

Weber, 1966), a 2:l s to ichiometr ic  r e l a t i onsh ip  between t he  amount of 

calcium taken up and ATP hydrolyzed i s  found i n  f resh  cardiac  microsomes 

(Tada -- e t  a1 . , 1974). ATP hydrolysis  by ca rd iac  sarcopl asmic r e t i  cul um 

has been reported t o  involve a phosphoprotei n intermediate (Fanburg 
. . 

and Matsushita, 1973; Namm -- e t  a1 . , 1972) and t o  proceed by a mechanism 

s imi l a r  t o  that of t he  more completely character ized sarcoplasmic 

reticulum of f a s t  ske l e t a l  muscle (Hasselbach, 1972; Inesi , 1972; 

Martonosi , 1972). The ra tes  of calcium t r anspo r t  and the  concomitant 

ca2+ -dependent hydrolysis  of ATP , however, a r e  considerably 1 ower i n  

cardiac  than i n  ske l e t a l  muscle m i  crosomes (Harigaya and Schwartz, 

1969; Martonosi , 1972; Weber, 1966). The d i f fe rence  i n  these  r a t e s  

appears t o  be due t o  s i g n i f i c a n t  .quan t i t a t ive  d i f fe rence  ex i s t i ng  

between several  k ine t i c  proper t ies  of these  calcium t ranspor t  ATPases . 
The concentrat ion of phosphorylation s i t e s  i n  t h e  cardiac  microsomes - 
has been found t o  be about four  times lower than t h a t  f o r  f a s t  ske l e t a l  

microsomes (Shigekawa -- e t  a1 . , 1976). The turnover r a t e s  of these  s i t e s ,  

however, did not d i f f e r  s i g n i f i c a n t l y .  The slower r a t e  of calcium 

. t r anspor t  by cardiac  microsomes , the re fore ,  ref1  e c t s  primari l y  a 1 ower 

densi.ty o f  calci~rm 'p~rmping s i t e s  t h a t  have a lower a f f i n i  t.v f o r  calcium 

than the corresponding s i t e s  in  f a s t  ske l e t a l  muscle. 



Regu la t ion  o f  Cal c i  um Transpor t  

i n  t he  Sarcoplasmi c  R e t i  c u l  um by Cycl i c AMP 

Cardiac m i  crosomes con ta in  adeny la te  cyc lase  a c t i  v i  t y  which responds 

t o  p a d r e n e r g i  c  aniines and o t h e r  hormones (Dhal l a  e t  a1 . , 1970; -- 

Dhal la  -- e t  a l . ,  1973; Entman e t  a l . ,  1969; Katz e t  a l . ,  1974, Sulakhe -- -- 

and Dhal l a ,  1973). I n  a d d i t i o n ,  c y c l i c  AMP has been shown t o  be 

speci  f i c a l  l y  l o c a l i z e d  i n  t he  area o f  t he  sarcoplasmic r e t i c u l  um (Ong 

and Sceiner,  1977). Since t h e  c e n t r a l  r o l e  of t he  sarcoplasmic 

r e t i c u l u m  appears t o  be t h e  r e g u l a t i o n  o f  ca lc ium concen t ra t i ons  i n  

c o n t r a c t i  l e  t i s sues ,  t he  mechanism(s) by which ca l c i um f l u x e s  across the  

sarcop l  asmi c  r e t i  c u l  um are  r e g u l a t e d  i s  be ing  inves  ti gated i n  many 

1  abo ra to r i es  . 
C y c l i c  AMP i s  known t o  a c t i v a t e  s o l u b l e  p r o t e i n  k inase by i n d u c i n g  

d i s s o c i a t i o n '  i n t o  c y c l i c  AMP-binding r e g u l a t o r y  and c y c l i c  AMP- 

independent c a t a l y t i c  subun i t s  (Krebs, 1972), w h i l e  t h e  hea t  s t a b l e  

p r o t e i n  i n h i b i t o r  (Ashley and Walsh, 1973) b inds  t i g h t l y  t o  t h e  

c a t a l y t i c  s u b u n i t  and b locks  the  c a t a l y t i c  a c t i v i t y  o f  t h e  pur i f i -ed  

enzyme. T h r o u g h  s tud jes  concern ing the  i n t e r a c t i o n  between cyc l i c  AMP 

and sarcoplasmi c  re t i cu lum,  i t  has become i n c r e a s i n g l y  e v i d e n t  t h a t  t h e  

phosphory la t i on  o f  membranes by c y c l i c  AMP-dependent p r o t e i n  k inases 

may rep resen t  one such r e g u l a t i o n  o f  t he  ca l c i um f l u x e s .  When i s o l a t e d  

c a r d i a c  microsomes were incubated  i n  t h e  presence o f  p r o t e i n  k inase 

and c y c l i c  AMP, the  i n i t i a l  r a t e s  o f  b o t h  ca2+ uptake and ATPase 

a c t i v i t y  were enhanced (K i  rc i iberger  -- e t  a1 . , 1974; i<i rchberger  e t  a1 . , -- 



1975; Tada -- e t  a l . ,  1975; ~ a d a  e t  a l . ,  1974). These f indings  i nd i ca t e  

t h a t  c y c l i c  AMP-dependent prote in  kinase can increase  the  r a t e  of 

cal  c i  um t r anspor t  in the sarcoplasmi c r e t i  cul um. 

Tada and Kircnberger then proceeded t o  see  which p ro t e in ( s )  were 

phosphorylated by c y c l i c  AMP-dependent prote in  kinase. Mi crosomes 

incubated i n  the presence of c y c l i c  AMP, prote in  kinase and [ y - 3 2 ~ ]  

ATP were electrophoresed on a sodium dodecyl s u l f a t e  polyacrylamide 

s l ab  gel .  A prote in  component of approximately 22,000 dal tons  was 

found t o  bind most of the 3 2 ~  label  (Tada -- e t  a ' l . ,  1975). This 22,000 

dal ton phosphoprotei n had s tabi  1 i ty  character i  s t i  cs of a phosphoes t e r  

bond r a the r  than an acyl phosphate (Tada - e t  - a1 1975). 

A procedure f o r  the  i so l a t i on  of the ,  22,000 dalton prote in  w i  11 be 

presented here. I t  wi 11 a l s o  be shown t h a t  the  22,000 dalton prote in  can 

faci  l i  t a t e  t r anspor t  o f  ca2+ i n t o  recons t i tu ted  ves ic les .  The abi l i  ty  

of the  22,000 dalton prote in  t o  t r anspor t  ca2+ i s  dependent on t he  

phosphorylation of the prote in .  In addi t i  on, another prote in  wi t h  a 

molecular weight of 6,000 i s  a l s o  being i d e n t i f i e d  as being s p e c i f i c a l l y  

phosphorylated by cyc l i c  AMP-dependent prote in  kina,se. The f u r t h e r  

character i  za t i  on of these  phosphoprotei ns wi 11 a id  in  understanding the 

molecular mechanism by which cycl'i c AMP regula tes  myocardi a1 con t r a c t i  1 i ty .  
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CHAPTER 1 

ADENOSINE 3':5'-MOidOPHOSPHATE DEPENDENT-PHOSPHORYLATION OF 

A 6 , 0 0 0  Ai4D A 2 2 , 0 0 0  DALTON PROTEIN FROM CARDIAC SARCOPLASMIC 

RETICULUM. 



SUMMARY 

In canine cardi ac sarcoplasmic reticulum, adenosine 

3 ' : 5 '  -monophosphate (cycl  i  c AMP) -dependent prote in  ki nase 

s p e c i f i c a l l y  phosphorylates two prote ins ,  as seen by sodium dodecyl 

s u l f a t e  (SDS)-sl ab gel e lect rophores is  and autoradiography. One 

prote in  has a molecular weight ranging between 22,000 and 24,000 

daltons and has previously been i den t i f i ed  and named phospholamban 

(Tada e t  a l . ,  1975). The other  prote in  t h a t  t he  3 2 ~  label  

i  ncorporates i n to  has a mol ecul ar weight of approximately 6,000 

daltons.  Like the 22,000 dalton prote in ,  the 6,000 dalton prote in  

has cha rac t e r i s t i c s  of phosphoester bonding. The time-dependent 

course of phosphorylation shows t ha t  i n i t i a l l y  the 3 2 ~  label  i s  

incorporated more rapidly  i n to  the 22,000 dalton prote in  than the 

6,000 dalton pro te in ,  with both prote ins  reaching a steady s t a t e  

level  of phosphorylation a f t e r  10 minutes of incubation. When both 

prote in  kinase and cyc l i c  AMP are eliminated from the  incubation 

medium, both t h e  22,000 dal ton protein and the 6,000 ,dal t o n  protein 

are  s t  i  11 phosphorylated b u t  only t o  about a quar te r  of the 

a c t i v i t y  found when cyc l ic  AMP and prote in  kinase are included in  

the incubation mixture. The addit ion of phosphodiesterase 

completely e l  imi nates the phosphoryl a t ion of both prote ins .  These 

r e s u l t s  a re  ind ica t i  ve of an adenyl a t e  cycl ase and cyc l i c  

AMP-depdendent prote in  kinase system, being d i r e c t l y  associated 

with the cardiac  sarcopl asmic r e t i  culum membrane. Treat i  ng t he  

microsomes with t ryps in  prevents subsequent phosphorylation of 



e i t h e r  protein.  Phosphoryl a t i  ng the mi crosomes f i r s t  , then 

t r ea t i ng  with t ryps in ,  renders both t h e  22,000 and 6,000 dalton 

prote ins  r e s i s t a n t  t o  even pro1 onged t ryps in  a t tack.  

Unphosphorylated, b o t h  prote ins  are  so lub i l i zed  by a very low 

concentration of deoxychol a t e  (DOC). After phosphoryl at ion the  

prote ins  cannot be solubi l ized by DOC. Phosphorylation appears 

g r ea t l y  a l t e r  t he  physical proper t ies  of both these  prote ins .  

Control experiments exclude the p o s s i b i l i t y  t h a t  a l i p i d  i s  

being phosphoryl ated.  ~ f t e r  phosphoryl a t i  on, the phosphoryl ated 

22,000 dal t o n  protein i s  separated from the 6,000 dalton prote in  by 

pro teo l ip id  ex t rac t ion .  After f i r s t  t r e a t i n g  the microsomes with 

methanol; t h e  22,000 dalton protein i s  soluble in  ac id i f i ed  

chloroform:methanol, while the  6,000 dalton prote in  remains 

insoluble .  The f inding t h a t  both prote ins  have much d i f f e r en t  

biochemical proper t i  es when phosphoryl ated than not, may be 

relevant in how they regulate calcium t ranspor t  in  t he  sarcoplasmic. 

r e t i  culum. 



INTRODUCTION 

1 Cyclic AMP i s  known t o  be a regulator  of myocardial 

con t rac t i  l i t y  (Role t t ,  1974; Tsi en, 1977). This regulation i s  

believed t o  be achieved a t  l e a s t  p a r t l y  by regulat ing t he  calcium 

t ranspor t  i n to  t he  sarcoplasmic reticulum (Fabiato and Fabi a to ,  

1975). Tada -- e t  a l .  (1974) and Kirchberger -- e t  a l .  (1972, 1974) have 

shown t h a t  calcium t ranspor t  i n t o  t h e  sarcoplasmic reticulum i s  

st imulated by t he  presence of cyc l i c  AMP and cyc l i c  AMP-dependent 

prote in  ki nase. I f  the sarcoplasmic reticulum t ranspor t  ca lc i  um a t  

a f a s t e r  r a t e  in t he  i n t a c t  myocardium when cyc l i c  AMP i s  present ,  

t he  abbreviation of sy s to l e  seen in  t h e  presence of catecholamines 

may be explained by t h i s  t ranspor t  phenomena. Calcium i s  removed 

from troponin a t  a f a s t e r  r a t e  i n  t h e  presence of cyc l ic  AMP than 

under nonstimulated condit ions (Katz e t  a l . ,  1975; Tada and 

Kirchberger, 1975). Also, t he  r a t e  of re lease  of calcium from the 

sarcoplasmic reticulum i s  enhanced by t he  presence of cyc l i c  AMP 

(Kirchberger and Wong, 1978). The amount of calcium s tored in  t he  

sarcoplasmic reticulum could add to  the  amount of calcium ava i l ab l e  

f o r  del ivery t o  the c o n t r a c t i l e  prote ins  in subsequent contract ions  

(Tada - e t  -* a1 1978a). The enhanced r a t e  of con t rac t i  7 i t y  and the  

augmentation produced by cyc l i c  AMP can be explained by t h e  

enhanced t ranspor t  of calcium by the.sarcoplasmic reticulum. The 

l ~ h e  abbreviations used a re  : cyc l i c  AMP, adenosine 
3':5'-monophosphate; protein kinase, adenosine 
3':5'-monophosphate-dependent protein kinase; EGTA, ethylene glycol 
b i s  (B-anli no-et hyl ) - N ,  N' - t e t  r aace t i  c aci d; DOC, deoxychol a te ;  
SDS, sodi urn dodecyl s u l f a t e .  



r a t e  o f  ATP h y d r o l y s i  s  by t h e  c ~ ~ + + M ~ ~ + - A T P ~ ~ ~  i n  t h e  

sarcoplasmic r e t i c u l u m  i s  a1 so increased i n  t h e  presence o f  c y c l i c  

AMP (Tada -- e t  a1 ., 1974). However, t h e  amount o f  phosphory lated 

i n te rmed ia te  f rom t h e  ATPase d i d  no t  vary  w i t h  

c y c l i c  AMP (Tada -- e t  a1 . , 1978, 1979). 

To e l u c i d a t e  t h e  molecu lar  mechanism by which c y c l i c  AMP 

enhances myocardi a1 c o n t r a c t i  1  i ty ,  t h e  phosphory la t i on  o f  ca rd iac  

microsomes by  c y c l i c  AMP-dependent p r o t e i n  k i  nase has been 

i nves t i ga ted .  A 22,000-dal ton p r o t e i n  f rom ca rd iac  sarcoplasmic 

r e t i c u l u m  has been shown t o  be phosphory lated s p e c i f i c a l l y  by  

c y c l i c  AMP-dependent p r o t e i n  k inase (Tada e t  al., 1975). Th i s  

phosphoprotein has c h a r a c t e r i s t i c s  o f  phosphoester bonding. The 

phosphate group i s  removed by phosphatases (Tada -- e t  al. ,  1975; Tada 

e t  a1 1978). I n  add i t i on ,  Jones e t  a l .  (1979) have r e c e n t l y  - -- 3 -- 
descr ibed t h e  separa t ion  and c h a r a c t e r i z a t i o n  o f  t h e  sarcop l  asmic 

r e t i c u l u m  and t h e  s a r c o l e m a l  membranes. ,They repo r ted  t h a t  c y c l i c  ' 

AMP-dependent p r o t e i n  k i  nase s t  imul  ates t h e  pho.sphory1 a t  i on o f  a  

20,000 and a  7,000 dal  t o n  p r o t e i n  i n  t h e  sarcoplasmic r e t i c u l u m  and 

p r o t e i n s  o f  molecular  weights, 165,000,'90,000, 56,000, 24,000 and 

11,000 i n  t h e  s a r c o l e m a l  membranes. The present  communicat i u r ~  

conf i rms and extends the  f i n d i n g s  o f  Jones -- e t  a l .  (1979) and 

B id lack  and Shamoo (1979). I n  a d d i t i o n  t o  t h e  22,000 d a l t o n  

p r o t e i n ,  another p r o t e i n  w i t h  a  molecu lar  weight  o f  6,000 i s  a l s o  

s p e c i f i c a l l y  phosphoryl  a ted by c y c l i c  AMP-dependent p r o t e i n  

k inase.  Th i s  p r o t e i n  has p r o p e r t i e s  s i m i l a r  t o  t h e  22,000 d a l t o n  

p r o t e i n .  E x t r i n s i c  be fo re  phosphoryl  a t ion ,  t h e  phosphoryl  a t i o n  o f  

bo th  p r o t e i n s  causes them t o  become i n t r i n s i c ,  b u r i e d  i n  t h e  

membrane. 



EXPERIMENTAL PROCEDURE 

MATERIALS 

Bovine' hear t  cycl i c  AMP-dependent prote in  ki nase, sodium cycl i c  

AMP, sodi urn cycli  c GMP, di  sodi um ATP, hydroxyl ami ne-HC1 (grade I ) ,  

t rypsi  n and t ryps i  n i nh ib i t o r ,  and a1 1 l i p i d s  used were purchased 

from Sigma Chemical Co. 

[y - 3 2 ~ ]  ATP, ammoni m anal t (20 mCi per mmol ) was obt ai ned 
/ 

from Amers ham/Searl e. Deoxychol a t e  was purif i ed by t h e  met hod of 

MacLennan (1970). 



METHODS 

I s o l a t i o n  o f  Cardiac M i  crosomes 

Cardiac mi crosomes were prepared f rom canine h e a r t  ven tri c l  e  

accord ing t o  Harigaya and Schwartz (1969) w i t h  t h e  f o l l o w i n g  

m o d i f i c a t i o n s .  Hearts were removed f rom dogs anesthesi  zed w i t h  

Nembutal. The hea r t s  were p laced i n  i c e - c o l d  s a l i n e .  F a t  and 

connect ive t i s s u e  were removed and the  v e n t r i c l e  was c u t  i n  smal l  

p ieces.  The h e a r t  muscle was homogenized i n  10 mM NaHC03 i n  a 

Waring b lendor .  The suspension was c e n t r i f u g e d  a t  8,700 x g f o r  20 

inin. The supernatant  was s t r a i n e d  through 4 l aye rs  o f  cheesecloth 

and spun a t  10,000 x g f o r  20 min. The supernatant  was again 

s t r a i n e d  through cheesecloth, f o l l o w e d  by c e n t r i f u g a t i o n  a t  37,000 

x g f o r  30 rnin. The p e l l e t  was suspended i n  20 mM t r i s -ma lea te ,  

0.6 M KC1, pH 6.8. Th is  suspension was c e n t r i f u g e d  a t  100,000 x g 

f o r  20 rnin t o  remove the s o l u b i l i z e d  actomyosin. The p e l l e t  f rom 

t h i s  c e n t r i f u g a t i o n  was suspended i n  0.25 M sucrose. P r o t e i n  

concen t ra t i on  was determined by t h e  method o f  Lowry' -- e t  a l .  (1951) 

w i t h  bovine serum albumin as the standard. 



Phosphoryl a t i  on of Sarcopl asmi c Reti cul um by 

Cyclic AMP - Dependent Prote in  Kinase 

Cardiac microsomes were phosphorylated a t  25' by a method 

simil ar t o  t h a t  used by Tada -- e t  a l .  (1975). Microscmes (1.25 

mg/ml ) were suspended i n  a react ion mixture cons i s t ing  of 40 mM 

h i s t i  dine buffer (pH 6.8), 0.12 M KCI, 0.5 mM MgC12, 20 pM 

LY- 3 2 ~ ~  ATP (1-3 pCi/nmol), 2.5 mM EGTA, 5 mM N a N 3 ,  25 mM 

NaF, with and without 1 pM cyc l i c  AW or 1 pM cyc l i c  GMP and 

protein kinase (0.125 mgml) .  When phosphoryl ase kinase or 

phosphodiesterase were added, they  were included a t  a concentration 

of 0.325 mg/ml and 0.125 maJml, respec t ive ly .  When ca2+ was 

added, 391 mM EGTA and 125 mM CaC12 were used t o  give a f i n a l  

concentrat i  on of 1 pM ca2+. Phosphoryl a t i  on was i ni t i  ated by 

t h e  addit ion of t h e  rad ioac t ive  ATP. The f i n a l  vol m e  was 125 

p l .  Unless otherwise s t a t e d ,  t he  reac t ion  was stopped a f t e r  10 

m i n .  by the  addit ion of 75 p1 of the SDS - so lub i l i z ing  buffer 

and incubated a t  37' f o r  1 hr. In order t o  determine the  extent  

of phosphoryl a t i  on of endogenous subs t r a t e s ,  a l iquots  containing 

50 pg of microsomal prote in  were subjected t o  Laemnli SOS - s lab  

gel e lect rophores is .  



SDS - Slab Gel Electrophoresis  

Polyacryl ami de s lab  gel e lec t rophores i s  was ca r r ied  out 

according t o  the  method of Laemnli and Favre (1978). Slab ge l s  

(1.5 x 120 mm) consisted of a 12% acrylamide running gel with a 6% 

acrylamide stacking gel. The samples t o  be analyzed by 

e lect rophores is  were solubi l ized in 2% SDS, 62.5 mM t r i s  - HC1 (pH 

6 ,8) ,  1 mM EDTA, 3 mM LiC1, 5% mercaptoethanol, 10% glycerol  and 

0.001% bromophenol blue (SDS - solubi 1 izing buffer)  and incubated 

a t  37' f o r  1 hr. The solubi l ized prote in  was electrophoresed f o r  

2 hrs a t  150 V constant  voltage. Gels were stained in  0.1% 

Coomassie blue, 10% ace t i c  acid, 50% methanol overnight and 

d i f fus ion  destained in 10% ace t ic  acid. The s l ab  gels  were dr ied 

on Whatman No. 5 paper under vacuum and were placed on Kodak NS-2T 

fi lm f o r  2-7 days. The resu l t ing  autoradiograph revealed those  

prote ins  i n to  which 3 2 ~  had been incorporated. The op t ica l  

density of t he  bands on the  f i lm was measured with a Beckman 

densitometer and the  areas under t he  peaks of the  op t ica l  dens i ty  

t racings  were used as a quan t i t a t i ve  measure of incorporation of 

3 2 ~  i n to  the SR proteins.  Apparent molecular weights were 

calcula ted from a graph of r e l a t i v e  mobi l i t i e s  versus log of 

molecular weight. Molecular weight standards used were 

phosphoryl ase a (94,600), bovine serum a1 bumin (68,000), c a t a l a se  

(57,500), 1 ac ta te  dehydrogenase (35,000), carbonic anhydrase 

(30,000), t rypsin  i nh ib i t o r  (21,500),  lysozyme (14,400), cytochrome 

c (12,600), PTH (9,800) and glucagon (3,400). 



Characterization of the  Phosphoproteins 

Microsomes were phosphorylated as described above. During 

phosphorylation or a f t e r  10 min., t he  following agents were added 

d i r e c t l y  to the  reaction mixture as de ta i l ed  below. 

a. Treatment with Hydroxyl amine - 
~ y d r o x y i  ami ne and sodium ace ta te  (pH 5.4) were added 

t o  t he  react ion mixture t o  give a f i n a l  concentrat ion 

of 0.8 M and 0.05 M, respect ively ,  in a f i n a l  volume 

of 200 p1. After an additional 10 min., 100 p1 

of t h e  SDS - solubl iz ing buffer was added, and t h e  

sample was electrophoresed. 

b .  Trea-tment with Protease Inh ib i t o r s  - 
Trypsi n i nh ib i t o r  or to1 uenesulfonyl f luor ide  were 

i ncl uded i  n t he  phosphoryl a t i  on medi urn. Trypsin 

i nh ib i t o r  was used a t  a concentrat ion of 0.05 mg/mg 

SR protein.  To1 uenesulfonyl f l uo r ide  was used at. a  

concentrat ion of 0.5 mM. After 10 min., the  react ion 

was stopped with SDS so lub i l i z ing  buffer as described 

above. 

c.  Proteol ipi  d Extraction - 
After phosphoryl a t ion,  proteol i  pid ex t rac t ion  was 

done by a method s imilar  t o  MacLennan (1974). After 



10 m i  n .  of phosphoryl a t i  on, 9 vol of methanol was 

added to  a f i  nal concentrat i  on of 90% methanol . The 

sample was incubated f o r  40 min. a t  25'. The 

suspension was then centrifuged a t  1,000 x g f o r  10 

min. The pe l l e t  was suspended in  5 vol of 

chl orof orm:met hanol ( 2 :  1). The sample was incubated 

a t  25' f o r  10 min. and was then centrifuged a t  

1,000 x g f o r  10 min. The p e l l e t  was suspended in  2 

vol of ac id i f i ed  chloroform:methanol (2:1:10 mM 

HC1) . After  i ncubati ng f o r  30 m i  n . , t h e  sampl e was 

centrifuged a t  1,000 x g f o r  10 min. The 

supernatants  from t h i s  spin  were then t r ea t ed  with 7 

vol of ethyl e ther .  After 30 min., the samples were 

centrifuged a t  1,000 x g f o r  10 min. The pel1 e t s  

from t h i s  spin were resuspended i n  ac id i f i ed  

chl orof orm:met hanol and then repreci  pi t ated by ethyl 

e ther .  The washed p e l l e t  was f i n a l l y  suspended in  

ac id i f i ed  chl oroform:methanol . The supernatants and 

p e l l e t s  from the various f r ac t i ons  were 

electrophoresed as described above, and subjected t o  

t hi n 1 ayer chromatography as des cr i bed be1 ow. 



Thi  n-L ayer Chromatography 

The supernat ants f r a n  t h e  p r o t e o l  i p i d  e x t r a c t i o n s  were d r i e d  

under n i t r o g e n  and resuspended i n  the  a c i d i f i e d  

ch l  o r o f  orm:met hanol. The sarnpl es were a p p l i e d  t o  a  t h i n  1  ayer 

p l a t e  c o n s i s t i n g  o f  S i l  i c a  G, and were f r a c t i o n a t e d  w i t h  a c i d i f i e d  

ch l  o ro f  orm:met hanol ( 2  :1: 10 mM HC1) 'as t h e  so l  vent. The spots 

were s t a i n e d  w i t h  i o d i n e  vapor. A f t e r  d r y i n g  i n  an oven, a  p iece  

of Kodak X - m a t  X-ray f i l m  was l a i d  on t o p  o f  t h e  p l a t e .  ~ f t e r  2-7 

days the f i 1  m was developed t o  see i f  any o f  the spots cont a i  ned 

t h e  32? l a b e l .  



Trypsi n Treatment 

Microsmes (1 t o  3 mcjml ) were digested with t r yps i  n a t  25' 

i n  the  phosphoryl ating buffer 1 ess c y c l i c  AMP, protein kinase and 

ATP. The t r yps in  concentration was varied from 0.1 t o  0.5 mg/ml. 

After  5 min of incubation,  t ryps in  i n h i b i t o r  was added at a r a t i o  

of t rypsin  t o  t rypsi  n i nh ib i t o r  of 1:2. After 5 min cycl i c  AW, 

protein kinase and ATP were added and t he  phosphoryl at ion was 

ca r r i ed  out as described above. 

In experiments i n whi ch phosphoryl ated m i  crosomes were t r ea t ed  

with t r yps in ,  mi crosanes were phosphoryl ated i n t he  phosphoryl a t i  on 

mixture described above. After 10 min t rypsi  n was added a t  

concen.trations varying f r a n  0.1 mg t o  0.5 mg/ml. After  5 min t h e  

di ges t i  on was stopped by the  addi t i  on of t rypsi  n i nhi bi to r  f 01 1 owed 

by t h e  SDS-solubil i zing buffer. As a con t ro l ,  t rypsin  and t ryps in  

i nh ib i t o r  were added a t  the same time. The amount of 

phosphoprotei ns formed i n  t he se  m i  c rosmes  was determined by s lab  

gel el ectrophoresi s as descri bed above. 



DOC Treatment 

Cardiac microsanes were phosphoryl ated as described above in a 

1 ml f i na l  vol me .  After 10 mi n ,  D O C  was added a t  concentrat ions 

varying f r m  0.01 mg t o  1.0 mg DOC/mg protein.  The mixture was 

incubated f o r  10 min and then centrifuged a t  105,000 x g f o r  30 

min. The pe l l e t  and t h e  supernatant  were suspended i n  t he  

SDS-sol ubi1 i z i  ng buffer . Both s a p 1  es were el ectrophoresed on a 

S DS -L aemml i sl ab gel . 
When the microsomes were f i r s t  t r ea ted  with D O C  and then 

phosphorylated, t h e  following procedure was employed. Microsunes 

were suspended i n  the  phosphoryl a t ing  buffer as described above 

1 ess the  c y c l i c  AMP, protein kinase and rad ioac t ive  ATP. DOC was 

added a t  concentrations varying from 0.01 mg t o  1.0 mg DOC/mg 

protein.  After 10 min, cyc l i c  AMP, protein kinase and ATP were 

added. The mixture was incubated f o r  10 min a f t e r  which i t  was 

centrifuged at 105,000 x g f o r  30 min. The p e l l e t  was suspended i n  

SDS-solubilizing buffer and the  supernatant  was d i lu ted  w i t h  the  

buffer. Both f r a c t i o n s  were electrophoresed t o  determine whether 

DOC sol ubi l ized the phosphoprotei ns . 



E f f e c t  o f  C y c l i c  AMP and P r o t e i n  K inase on 

t h e  Phosphoryl a t i  on o f  L i p i  ds 

C a r d i o l  i p i  n, phosphot i  dy l  i n o s i  t o 1  , phosphot i  dy l  s e r i  ne, 

phosphot i  d y l  c h o l i  ne, and phosphot i  d y l  e thanol  ami ne were d r i e d  under 

n i t r o g e n .  1.7 mg o f  each 1 i p i  d was used f o r  t h e  experiment.  The 

l i p i d s  were i ncuba ted  i n  t h e  phosphoryl  a t i o n  medium w i t h  and 

w i t h o u t  c y c l i c  AMP and p r o t e i n  kinase. A f t e r  10 min. t h e  r e a c t i o n  

was stopped by t h e  a d d i t i o n  o f  0.5 m l  chloroform:methanol ( 1 : l ) .  

Samples were vor texed f o r  15 sec and c e n t r i f u g e d  a t  1,000 x g f o r  

10 min. The water phase was removed. Care was taken no t  t o  upset  

t h e  o r g a n i c  phase. Two m l  o f  chloroforrn:methanol ( 1 : l )  was added 

t o  t h e  sample p lus  t h e  a d d i t i o n  o f  1 m l  o f  water  t o  y i e l d  2 

phases: The sample was c e n t r i f u g e d  a t  1,000 x g f o r  10 min. 100 

p 1  o f  the o r g a n i c  phase was counted i n  a s c i n t i l l a t i o n  counter .  



RESULTS 

Sodi um Dodecyl S u l f a t e  - Pol  y a c r y l  mi de S l  ab Gel E l  ec t rophores is  o f  

Cardiac Sarcopl asmic Ret icu lum 

F ig .  1 shows a 1% SDS-polyacryl mi de s lab  gel o f  ca rd iac  

microsornes. The 22,000 d a l  ton  p r o t e i n ,  phosphol mban, i d e n t i f i e d  

by Tada -- e t  a l .  (1975), a.ppears as a d i s t i n c t  band on t h e  s lab  ge l .  

I n  t h i s  gel system, phosphol mban runs w i t h  a molecu lar  weight  o f  

23,500 when cunpared t o  molecul ar we igh t  standards. F o r  

consi  stency, phosphol mban w i l l  be r e f  e r r e d  t o  as a 22,000 d a l  ton  

p r o t e i n  i n  t h i s  paper. A 6,000 da l ton  p r o t e i n ,  which i s  a lso 

phosphoryl ated by c y c l  i c  AW-dependent p r o t e i  n k i  nase, appears as a 

d i f f u s e  band j u s t  be1 ow t h e  ma jo r  1 ow molecul ar weight  p r o t e i n  

band. The 6,000 d a l  ton  p r o t e i n  appears i n  Coomassi e b lue  s t a i n e d  

gels  o n l y  when a h i  gh concen t ra t i on  o f  methanol i s  p resent  i n  t h e  

s t a i n .  I n  a d d i t i o n  t o  these two p ro te ins ,  t h e  s l a b  ge l  shows the 

presence of many p r o t e i  ns and especi a1 1 y h i  gher mol ec'ul ar wei ght 

p r o t e i n s  not p r e v i  ous l y  i d e n t i f  i e d  by d i  sc gel s (Tada - e t  -., a1 1975) . 

Phosphoryl a t i  on of a 6,000 dal t on  and a 22,000 dal ton  p r o t e i n  by 

c y c l  i c  AN-dependent P r o t e i n  K inase 

S lab  gels have t t~ d i s t i n c t i n n  n v w  d i sc  g ~ l  s i n  t h a t  many 

d i f f e r e n t  condi t i  ons o f  phos phory l  a t i  on can be compared d i  r e c t l  y by 

doing an a u t o r a d i o g r m  of t h e  s lab  gel.  As can be seen i n  F ig .  2, 

maximal phns phnry l  at i on o f  the 22.. 000 d a l  ton m d  6,000 da l  ton 

p r o t e i n  occur when both c y c l i c  AMP and p r o t e i n  k inase were i n c l  uded 



FIGURE 1 

Coomassie bl ue s t a i  ned SDS-12% pol yacryl ami de s l ab  gel of 

cardiac  microsomes. Cardiac microsomes (0.4 mg/ml) were incubated 

i n  40 mMhist id ine ,  0.12 M KC1, 0.5 mM MgCI2, 2.5 mM EGTA, 5 mM 

NaN3, 25 mM NaF and 20 pM [ - 3 2 ? ~  ATP was added t o  s t a r t  

the r eac t i  on. After 10 m i  n ,  75 p l  of 2x Laemml i sol ubi 1 i z i  ng 

so l  u t i  on was added. The mixture was i ncubated a t  37' f o r  1 hr, 

then 50 p1 which contained approximately 50 ;lg prote in  was 

applied t o  t h e  s lab  gel. The stacking gel contained 6% acryl amide, 

t he  running ge l ,  12%. Electro.phoresi s was ca r r ied  out  f o r  2 h r  a t  . 
150 V, constant voltage. The gels  were s ta ined  i n  0.1% Coomassie 

blue,  10% ace t i  c ac id ,  ,509'0 methanol and di f fus ion destai.ned i n  10% 

ace t ic  acid. 







FIGURE 2 

Autoradiogram of polyacryl ami de SDS slab gel of cardi ac 

m i  crosomes . The m i  crosmes were phos phoryl ated as descr i bed i n  

'lMethodsn. Electrophoresis was carri ed out on a 6% acryl mi de 

stacking gel and 12% acrylamide running gel at a constant voltage, 

150 V, for 2 hrs. The dried slab gel was exposed t o  Kodak NS-2T 

film for 2 days and developed, From l e f t  to right, A) Microsomes 

incubated wi th  cyclic A#P and protein kinase, B) Wicrosomes 

incubated w i t h  cyclic AMP, C )  Microsomes incubated w i t h  cyclic GNP, 

D )  M i  crosomes i ncubated with no additions. 







in the incubation medium. The top band i s  phosphorylase, and the  

band below i t  i s  protein kinase. When exogenous protein kinase 

was excluded, the 22,000 and 6,000 dal ton prote ins  were s t i l l  

phosphorylated, but t o  a l e s s e r  ex ten t  than when i t  was added. 

Cyclic GMP did s t imula te  phosphorylation b u t  not  as well as  cyc l i c  

AMP. When ne i ther  cyc l i c  AMP o r  prote in  kinase was added, the re  

was a basal level of phosphorylation of both prote ins .  The 

phosphorylation of the  22,000 and 6,000 dalton prote ins  i s  

quant i f ied  i n  Fig. 3 .  The response of the  22,000 dalton and t he  

6,000 dalton p.rotein t o  various condit ions of phosphorylation was 

e s sen t i a l l y  i den t i ca l .  The basal level  of phos'phorylation of both 

prote ins  was about s. quar te r  of the  level  a t t a ined  when cyc l i c  AMP 

and protein kinase a re  included in the  incubation mixture. Cyclic 

GMP did s t imulate  phosphorylation b u t  cyc l i c  AMP has a more 

pronounced e f f e c t  on phosphorylation. In the  presence of cyc l i c  

AMP and protein kinase, the addit ion of phosphorylase kinase o r  1 

p M  ca2+ had l i t t l e  e f f e c t  on the  phosphorylation of e i t h e r  

protein.  Higher concentrat ions of ca2+ did p a r t i a l l y  i n h i b i t  the  

phosphorylation of both prote ins .  Phosphodiesterase, which breaks 

down cyc l ic  nucleot ides ,  t o t a l  ly  inh ib i ted  t he  phosphorylation of 

both prote ins .  Thus, associa ted w i t h  the  i so l a t ed  sarcoplasmic 

r e t i  cul urn, there  appears t o  be an endogen.ous adenyl a t e  cycl ase 

system, capable of producing cycl i  c AMP, -and an endogenous cycl i  c 

AMP-dependent protein kinase. 



FIGURE 3 

Bar graph quantifying the  phosphoryl at ion of t h e  22,000 and 

6,000 dalton prote ins .  The top  sec t ion  represents  the  

phosphoryl at ion of t h e  22,000 dalton protein ,and t h e  bottom sec t ion  

t h e  phosphoryl a t i  on of t he  6,000 dal ton .protein. Quanti t a t i  on was 

obtained by scanning autoradiograms on a Be'chan densi tometer. 

Maximal phosphoryl a t i  on was s e t  as 100%. 
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Time-dependent Course of Phosphoryl at ion of the 22,000 and 6,000 

Dalton Prote ins  

The autoradiograph i n  Fig .  4 shows the time-dependent 

phosphoryl a t i  on of both protei  ns. A t  very e a r l y  time poi nts, t h e  

22,000 dal ton  prote i  n s t a r t e d  t o  gradual 1 y become phosphoryl ated,  

while t he  6,000 dalton protein did not. Only af ter  about 1 min of 

incubation did the  6,000 dalton prote in  s t a r t  t o  become 

phosphorylated. As the  6,000 dalton prote in  was s t a r t i n g  t o  beccme 

phos phoryl ated, between 1 and 2 m i  n ,  t he  phosphoryl at i  on of the 

22,000 dal ton  decreased s l i  ghtly. This r e s u l t  wm reproducible,  

though i t s  s ignif icance i s  not understood. 

The top band on t h e  autoradiogram i s  phosphoryl ase a. The 

phosphoryl a t i  on of t h i s  prote in  a1 so increased with time. The 

phosphoryl a t i  on of t h i s  protei n i s  achieved by cycl i  c AW-dependent 

protei  n ki nase phos phoryl a t i  ng phosphoryl ase k i  nase, whi ch i n turn 

phosphorylates phosphorylase a. T h e  band b e l w  phosphorylase i s  

prote in  kinase, whose phosphorylation remains ra ther  constant with 

time; a f t e r  30 min of incubation t h e r e  i s  a l i g h t  band t h a t  

corresponds t o  a mol ecul ar weight of 11,500 and i s  be1 ieved t o  be a 

contaminant of the plasma membrane. 

Phaspkor.yl aLion of Mlcrosornes i n  the  Presence of Protease  Inh ib i to rs  

Since the phosphoryl at ion of t he  6,000 dalton proceeded more 

sl owl y than  the  phosphoryl a t i  on of the 22,000 dal ton protei n ,  the 

p o s s i b i l i t y  t h a t  the (5,000 cldl Lur~ protei  n was a breakdown product 

of the 22,000 dal ton prote in  was invest igated.  When the  cardi ac 



FIGURE 4 

Time-dependent phosphoryl ation of the 6,000 and 22,000 dal ton 

proteins. The cardi ac microsomes were phosphoryl ated as descri bed 

in  "Methods". The reaction was stopped a f t e r  the addition of [ y  

- 3 i ~ ~  ATP a t  vari ous time poi nts by addi ng 75 p1 of 2x Laemml i 

sol ubil izing solution. 50 pg of mi crosomal' protein was 

electrophoresed in each well.  he gels were dried and exposed t o  

Kodak FiS-2T fi lm for  2 days. The incubation time of the microsomes 

w i t h  ATP was as follows: A) 5 sec, 8) 15 sec,  C )  30 sec, D )  1 m i n ,  

E )  2 m i n ,  F) 5 m i n ,  G )  10 m i n ,  H) 30 m i n .  







m i  crosomes were phosphorylated, t h e  protease i n h i b i t o r s ,  

to1  uenesul fonyl  f l  uor ide,  bac i  t r a c i n  and t r y p s i n  i n h i b i t o r ,  were 

i nc luded  i n  the i ncuba t i on  medium. None o f  t he  i n h i b i t o r s  had any 

e f f e c t  on the  phosphoryl  a t i  on o f  e i t h e r  p r o t e i n .  Whi 1  e  t h i s  evidence 

does n o t  prove t h a t  the  6,000 d a l t o n  p r o t e i n  i s  n o t  a  breakdown 

product  o f  the  22,000 d a l t o n  p r o t e i n ,  i t  does add suppor t i ng  

evidence t h a t  t he  22,000 d a l t o n  p r o t e i n  i s  n o t  degraded. Also, t he  

appearance of t he  6,000 o r  22,000 d a l t o n  p r o t e i n  on the Coomassie 

s t a i n e d  ge l s  does n o t  vary w i t h  t ime. 

Treatment o f  M i  crosomes w i t h  Hydroxyl amine 

, A f t e r  t he  microsomes had been incubated i n  t he  presence of 

c y c l i c  AMP and p r o t e i n  k inase f o r  10 min, hydroxylamine was added 

t o  g i ve  a  f i n a l  concen t ra t i on  o f  0.8 M hydroxylamine i n  0.05 M 

sodium aceta te ,  pH 5.4. A f t e r  an a d d i t i o n a l  10 min, SDS- 

so lub i  l i z i n g  b u f f e r  was added t o  the  medium. Both the  22,000 

dal  ton  p r o t e i n ,  as had been p r e v i o u s l y  repo r ted  (Tada ' e t  -- 'a1 . , 
1975), and the  6,000 d a l t o n  p r o t e i n  were n o t  a f f e c t e d  by  the  a d d i t i o n  

of  hydroxylamine. L i k e  the 22,000 d a l t o n  p r o t e i n ,  the  6,000 

da l ton  p r o t e i n  a l s o  forms a  phophoester bond. 



Treatment o f  Microsomes w i t h  T r y p s i  n 

S i m i l  ar t o  t h e  met hod used by  Tada -- e t  a l .  (1975), 

phosphoryl  ated microsanes were sub jec ted  t o  t r y p s i  n. F i r s t ,  

microsanes were phosphoryl ated under t h e  standard reac t i on .  A f t e r  

10 m i  n, va r i ous  concent ra t ions  o f  t r y p s i  n  up t o  0.5 mglml were 

added t o  t h e  i n c u b a t i o n  medium. Tab le  I shows t h a t  even at 0.5 

m g m l  of  t r y p s i  n, b o t h  the  22,000 d a l  ton and 6,000 d a l  ton p r o t e i  ns 

renained phosphorylated and nondigested. The a d d i t i o n  of sucrose 

t o  the  m i x t u r e  had no e f f e c t  on the  phosphory la t ion .  

The bo t tan  h a l f  o f  Tab le  I shows t h e  e f f e c t  o f  f i r s t  t r e a t i n g  

the m i  c rosmes w i t h  t r y p s i  n  f o r  10 m i  n, f 011 owed by t h e  a d d i t i o n  o f  

t r y p s i n  i n h i b i t o r  at a  r a t i o  of t r y p s i n  i n h i b i t o r  t o  t r y p s i n  o f  

2:1, f 01 1 owed by phosphoryl a t i  on. Cycl i c  AW, p r o t e i  n  k i  nase and 

[v- 3 2 ~ ]  ATP were then added t o  the  i n c u b a t i o n  medi urn. Even 

w i t h  a  t r y p s i n  concen t ra t i on  of as 1  cw as 0.1 mg/ml , t h e  22,000 and 

6,000 d a l  ton  p r o t e i  ns were d i  gested and d i  d  n o t  become 

phosphoryl ated. These data  i n d i c a t e  t h a t  phosphoryl a t i  on o f  bo th  

p r o t e i n s  render them r e s i s t a n t  t o  a t tack  by t r y p s i  n. 



TABLE I 

E f f e c t  of t r y p s i  n  on phosphoryl a ted and nonphosphoryl a t e d  

microsomes. I n  t h e  t o p  h a l f  o f  t he  t a b l e ,  microsomes were 

phosphory lated f o r  10 min as descr ibed i n  "Methods". T r y p s i n  was 

then  added a t  var ious  concent ra t ions  rang ing  f rom 0.1 mg/ml t o  0.5 

mg/ml . Af te r  an a d d i t i o n a l  10 mi n, t h e  r e a c t i o n  was stopped by 

addi ng Laemml i sol  ub i  1  i z i  ng bu f fe r  . The sampl es were 

e l  ectrophoresed on a  12% p o l y a c r y l  ami de-SDS-sl ab ge l ,  

autoradiographed, and t h e  amount o f  r a d i o a c t i v i t y  i n  each band was 

compared w i t h  t h e  c o n t r o l ,  which had not  been sub jec ted  t o  

t r y p s i n .  I n  t h e  bottom h a l f  o f  t he  t a b l e ,  microsomes were f i r s t  

t r e a t e d  w i  t h  t r y p s i  n  f o r  10 mi n  a t  25O, then  t r y p s i  n  i nhi  b i  t o r  

was added a t  a  t r y p s i n  i n h i b i t o r  t o  t r y p s i n  r a t i o  o f  2:l. A t  t h i s  

p o i n t ,  c y c l i c  AMP, p r o t e i n  k inase and [ y  - 3 2 ~  ] ATP were 

added. A f t e r  an a d d i t i o n a l  10 min, t h e  r e a c t i o n  was stopped w i t h  

L aemml i sol  ubi  1  i z i  ng b u f f e r  . 



TABLE I 

The E f f e c t  o f  Phosphory la t i  on 

on t h e  S u s c e p t i b i l i t y  o f  t h e  22,000 and 6,000 Da l ton  P r o t e i n s  

t o  D i g e s t i o n  by T ryps in  

TREATMENT % "P bound t o  p r o t e i n  

22,000 d a l t o n  6,000 d a l t o n  

Phosphory la t ion  f o l l o w e d  by: 

Con t ro l  

Tryps i n (0.50 mg/ml ) 

T ryps i  n  (0.1 mg/ml ) , then t r y p s  i n 

i n h i b i t o r ,  f o l l o w e d  by: 

Cycl  i c  AMP + P r o t e i n  K i  nase 



Treatment of Microsomes with DOC 

T h e  s o l u b i l i t y  proper t ies  of t he  22,000 and 6,000 dal ton 

prote ins  were i nvesti gated. lvlicrosomes were f i r s t  phosphoryl ated 

under t h e  standard conditions. After  a 10 min incubation period,  

DOC was added a t  varying concentrat i  ons up t o  1.0 mg DOC/mg 

protein. After  cen t r i fuga t ion ,  t he  pel1 e t  and supernatant  were 

ass ayed by SDS-s.1 ab gel el ectrophoresi s and autor adi ogr aphy. Tab1 e 

I1 shows t h e  resul ts. Once phosphoryl ated,  the  22,000 or 6,000 

dal ton protei  ns were not sol ubi 1 ized even when 1.0 mg DOCImg 

prote in  was added. However, when DOC was added f i  r s t  t o  t h e  

microsmes,  followed by cycl i c  AW, pro te in  kinase and 3 2 ~ - ~ ~ ~ ,  

most of t h e  22,000 and 6,000 dalton prote ins  were so lub i l i zed  .in as 

1 i t t l e  as 0.1 mg DOC/mg protein.  Greater than 85% of both proteins 

appeared phosphoryl ated i n  t h e  supernatant .  The phosphoryl at ion of 

both proteins appears t o  render them inaccess ible  t o  added DOC. 



TABLE I1 

Effect  of DOC on phosphoryl ated and nonphosphoryl ated 

microsomes. In the  t op  half  of the t a b l e ,  microsomes were 

phosphorylated as described i n  "Methods". After  10 min, DOC was 

added a t  concentrations ranging from 0.1-1.0 mg DOC/mg prote in .  

The sample was centrifuged a t  100,000 x g f o r  30 min. Laemmli 

solubil  i z i  ng buffer was added t o  the  pel1 e t  and supernatant  and 

50 pg of each was el ectrophoresed on 12% acryl ami de-SDS-sl ab 

g e l .  After autoradiography, t he  percent of 3 2 ~  label in each 

band was determined by scanning t h e  autoradiogram with a Beckman 

densitometer. In the  bottom half  of the t a b l e ,  DOC was added f i r s t  

t o  t h e  microsomes. After  10 m i n ,  cyc l i c  AMP, protein kinase and 

[y - 3 2 ~ ]  ATP was added. After an addit ional  10 m i n ,  the  

sarnpl es were centrifuged a t  100,000 x g f o r  30 min and assayed as 

des cr i bed above. 



TABLE I 1  

The Effect  of Phosphorylation 

on the  Suscep t ib i l i t y  of the  22,000 and 6,000 Dalton Proteins 

t o  Sol ubi l i  za t i  on by DOC 

% 3 2 ~  bound t o  protein 

22,000 dalton 6,000 dalton 

Phosphorylation fol  lowed by: pel l e t  supernatant  pel l e t  supernatant  

Control 9 7 3 9 8 2 

DOC (1.0 mg/mg p ro te in )  9 4 6 9 6. 4 

DOC (0.1 mg/mg p ro te in )  

f o l l  owed by: 

Cyclic AMP + Protein Kinase 10 90 8 92 



Pro teo l  i p i  d  E x t r a c t i  on of Phosphoryl a ted M icrosomes 

As a  means o f  sepa ra t i ng  t h e  two phosphoryl ated p r o t e i n ,  t h e  

p r o t e o l  i p i d  e x t r a c t i o n  procedure o f  MacLennan (1974) was used. The 

phosphoryl ated and nonphosphoryl a ted s  arcopl asmi c  r e t i  cu l  rn were 

e x t r a c t e d  w i  t h  90% methanol , f 01 1 owed by c h l  o r o f  rom: methanol ( 2  :1) , 

and f i n a l l y  a c i d i f i e d  chloroform:methanol (2 : l : lO  mM HC1). 

P r o t e o l i p i d s ,  p r o t e i n s  w i t h  l i p i d s  s t r o n g l y  assoc ia ted  w i t h  them, 

are s o l u b l e  i n  a c i d i f i e d  ch1oroform:methanol. E t h y l  e ther  can 

p r e c i p i t a t e  s p e c i f i c a l l y  t he  p r o t e o l i p i d s  f rom the a c i d i f i e d  

chl  o ro f  orm:met hanol phase. Th i  n  1  ayer chrcm atography can separate 

l i p i d s  and p r o t e o l i p i d s .  The var ious  f r a c t i o n s  were run  on S i l i c a  

G t h i n  l a y e r  p l a t e s  w i t h  a c i d i f i e d  chloroform:methsnol as t h e  

so lvent .  F i g .  5 shows 'an a u t o r a d i o g r m  o f  the f r a c t i o n s  f rom the 

p r o t e o l i p i d  e x t r a c t i o n  r u n  on t h i n  l a y e r  p l a t e d  w i t h  a c i d i f i e d  

c h l  o ro f  orm: methanol as the s o l  vent .  I n  t he  methanol supernat ant, 

a l l  counts remained at t h e  o r i g i n .  These counts represent  t h e  

3 2 ~ - ~ ~ ~  present  i n  t he  r e a c t i o n .  Th i s  f i n d i n g  was. g e n e r a l l y  t r u e  

f o r  t h e  chl  oroform:methanol supernatant ,  w i t h  o n l y  a  f w counts 

moving awayf rom the o r i g i n .  However, t h e  supernatant  f rom the 

a c i d i f i e d  ch1oroform:methanol e x t r a c t i o n  and i t s  subsequent p e l l e t ,  

p r e c i p i t a t e d  w i t h  e t h y l  e ther ,  d i d  show 3 2 ~  counts at t h e  sane 

p lace  t h a t  t h e  p r o t e o l i p i d  r a n  on t h e  t h i n  l a y e r  p l a t e s .  

To r u l e  ou t  t he ,  p o s s i b i l  i t y  t h a t  a 1  i p i  d  m igh t  be the  component 

being phosphoryl ated, a l l  t h e  f r a c t i o n s  f rcm t h e  p r o t e o l  i p i  d  

e x t r a c t i o n  were run  on t h i n  1  ayer p l a t e s  w i t h  chloroform:methanol:  . 



FIGURE 5 

Proteol i pi d ex t rac t ion  of phosphoryl ated mi crosomes. The 

cardi  ac m i  crosomes were phos phoryl ated as described i n  "Methods". 

After  10 m i n ,  9 vol of methanol was added t o  t h e  sample. After 40 

m i n ,  t h e  sample was centrifuged a t  1,000 x g f o r  10min .  The 

p e l l e t  was suspended i n  5 vol chloroform:methanol ( 2 : l )  and a f t e r  
, 

10 m i  n was centrifuged a t  1,000 x g f o r  10 m i n .  The 

chl orof orm:rnet hanol pel 1 e t  was suspended i n  2 vo1 aci d i f i  ed 

chloroform:methanol (2:l:lO mM H C 1 ) .  After 10 m i n ,  t h e  sample was 

centrifuged a t  1,000 x g f o r  10 min. To t h e  supernatant  was added 

7 vol of ethyl e ther .  After 30 min, t he  sample was centrifuged a t  

1,000 x g f o r  10 min. Each f r a c t i o n  was applied t o  a S i l i c a  G t h i n  

1 ayer pl a te .  Acidified chl oroform:methanol was the  solvent .  After 

t h e  pl a tes  were s t a i  n.ed with iodine vapor, they were exposed t o  a 

sheet  of Kodak X-mat f i lm. The f i l m  was developed a f t e r  5 days. 

From l e f t  t o  r i g h t ,  A )  supernatant  from methanol ex t r ac t i on ,  with 

cycl i c AMP and protein ki nase, B) supernat ant from methanol 

ex t r ac t i on ,  without cycli  c AMP and protein ki nase, C )  supernatant  

from chl oroform:methanol ex t r ac t ,  with cycl i c  AMP and protein 

k i  nase, D )  supernatant  from chl oroform:methanol e x t r a c t ,  without 

c y c l i c  AMP and protein ki nase, E )  supernatant  from ac id i f i ed  

chl orof 0rm:methanol e x t r a c t ,  w i t h  cyc l i c  AMP and protein kinase, F) 

supernatant  f cm ac id i f i ed  chloroform:methanol ex t r ac t ,  without 

cyc l i c  AMP and protein kinase, G )  pe l l 'e t  from ethyl addi t ion,  with 

cycl i c  AMP and prote in  kinase,  H) p e l l e t  from ethyl e ther  addi t ion,  

without cyc l i c  AMP and protein kinase. 
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amnoni un hydroxi de (65:35:5) as the sol vent. T h i s  sol vent system 

i s  known t o  separate l ipids bu t  not proteolipids. Using this 

solvent system, a l l  the 3 2 ~  counts remained at  the origin. 

F i  gure 6 shows an autoradi ogram of the proteol ipi d extraction, 

run on 12% acrylamide SDS - slab gels. The 22,000 dalton protein 

appears up i n the acidified chl orof orm:methanol extraction, as does 

phosphoryl ase a. The 22,000 da1 ton protein a1 so appears i n  the 

ethyl ether precipitate. The 6,000 dalton protein remains i n  the 

pel 1 et , af ter  the addi t i  on of acidified chi oroform: methanol . The 

fac t  that the 22,000 dal ton protein i s  soluble in the acidified 

chl oroform:met hanol , and precipitated w i t h  ethyl ether, i ndi cates 

that  the 22,000 dalton protein quite probably has l ipids associated 

w i t h  i t ,  while the 6,000 dal ton protein does not possess these 

pro perti es . 



FIGURE 6 

SDS-polyacryl ami de slab gel electrophoresis and autoradiography 

of proteol i p i  d extracti on of phosphoryl ated m i  crosomes . Microsomes 

were phos phoryl ated and the proteol i pi ds were extracted as descri be 

i n  "Methods" and Fig. 5. The extracts and pellets were run on a 

12% acryl mi de-SDS-sl ab gel . The gel s were dri ed and 

autoradiographed. A1 1 sampl es shown were phosphoryl ated i n  the 

presence of cyclic AMP and protein kinase. From 1 ef t  to  r i g h t ,  A )  

supernatant after the addi ti on of acidified chl oroform:methanol , 
B) pellet after the addition of  ethyl ether to  the acidified 

chl orof orm: met hanol supernatant, C) pel 1 et after the addi ti on of 

aci d if i ed chl oroform:met hanol . 







E f f e c t  o f  C y c l i c  AMP and P r o t e i n  Kinase 

on the  Phosphory la t ion  o f  L i p i d s  

Even a f t e r  t r e a t i n g  p r o t e i n s  w i t h  SDS, l i p i d s  a re  known t o  be 

s t i l l  a t tached t o  some p r o t e i n s .  Since i t  has now been shown t h a t  

2 p r o t e i n s  on SDS s l a b  g e l s  appear t o  be phosphory lated by c y c l i c  

AMP-dependent p r o t e i n  k inase and 3 2 ~  counts do p a r t i  t i o n  i n t o  t h e  

a c i d i f i e d  chloroform:methanol f r a c t i o n  i n  the  p r o t e o l  i p i d  

e x t r a c t i o n ,  a thorough i n v e s t i g a t i o n  o f  whether i t was a p r o t e i n  o r  

l i p i d  t h a t  was being phosphory lated was undertaken. 

Phosphat idy l  i n o s i  to1  and c a r d i o l  i p i n  were o f  p a r t i c u l a r  i n t e r e s t  

because bo th  have a s i t e  where phosphate cou ld  b ind .  The l i p i d s  

were d r i e d  down and suspended. i n  t h e  iden t i c a l  phosphoryl  a t i o n  

m i x t u r e  used t o  phosphory late t h e  sarcoplasmic re t i cu lum.  A f t e r  10 

min t h e  l i p i d s  were e x t r a c t e d  w i t h  chloroform:m.ethanol. C y c l i c  AMP 

and p r o t e i n  k inase had no e f f e c t  on t h e  number o f  3 2 ~  counts 

e x t r a c t e d  i n t o  t h e  chloroform:rnethanol phase. Table I11 shows the  

a b i l i t y  o f  each 1 i p i d  t o  e x t r a c t  t he  ATP i n t o  the  o rgan ic  phase. 

Card io l  i p i n  and phosphat idy l  i n o s i  t o 1  ~ x t r a c t e d  the  most 32? 

counts.. Phosphat idy l  s e r i n e  e x t r a c t e d  very  few counts. 

I n  a d d i t i o n ,  phosphory lated microsomes were e x t r a c t e d  w i t h  

chloroform:methanol (2:  1 ). C y c l i c  AMP and p r o t e i n  k inase had no 

e f f e c t  on t h e  number o f  counts appearing i n  t h e  o rgan ic  phase. 



TABLE 111 

1.7 mg of each l ip id  was dried under nitrogen. The dried l i p i d  

was suspended in  the phosphoryl a t i  on buffer as descri bed i n 

llMethods". 20 pM [y - 3 2 ~ ]  ATP was added. After 10 min, the 

1 i pi ds were extracted i nto chl orof orm:met hanol ( 2  : 1). An a1 i quot 

was counted in  a s c i n t i l l a t i o n  counter. The presence of cycl ic  AMP 

and protein ki nase i n the i ncubati on medium had no ef fec t  on the 

res ul t s .  



TABLE I11 

Abi li t y  o f  Various L i p i ds  t o  Ex t r ac t  [ Y - ~ ~ P I A T P  i n t o  Organic Solvents 

C a r d i o l i p i n  > Phosphati dy l i nos i  to1  > Phosphatidylethanolamine > Phosphatidylserine = ~hospha t i dy l cko l  i n e  

1.7 mg o f  each l i p i d  was d r i e d  under n i t rogen.  The d r i ed  l i p i d  was suspended i n  the phos- 

phory la t ion  b u f f e r  as described i n  "Methods". 20f l  [ - 3 2 ~ ] ~ ~ ~  was added. A f t e r  10 min, the 

l i p i d s  were ex t rac ted i n t o  chloroform:methanol (2: 1 ) .  An a l i q u o t  was counted i n  a  sc in-  

ti l l a t i o n  counter. The presence o f  c y c l i c  AMP and p r o t e i n  -kinase i n  the incubat ion medium 

had no e f f e c t .  



DISCUSS ION 

Cyclic AMP-dependent protein ki nase cata lyzes  t h e  s p e c i f i c  

phos phoryl a t i  on of two proteins from canine cardi ac sarcopl asmi c 

reticulum. Like t he  22,000 dal ton prote in ,  t he  6,000 dal ton 

prote in  i s  a lso  derived from the  sarcopl asmic ret iculum, as  

recen t ly  confirmed by Jones e t  a l .  (1979). Polyacryl ami de s l ab  gel 

el ectrophoresi s f 01 1 owed by autoradiography have a1 1 owed f o r  the 

d i r ec t  comparison of t he  22,000 and 6,000 dalton proteins under a 

var i e t y  of phos phoryl a t i  ng condi t i  ons . 
With regard to  phosphoryl a t ion ,  both protei  ns seem t o  have 

qu i t e  s imi la r  proper t ies .  In t he  absence of added, c y c l i c  AMP or 

protein kinase, both proteins have a basal level  of 

phosphoryl a t i  on, about a quar ter  of the  1 eve1 a t ta ined when cycl i c  

AMP and protein ki nase are  included i n  t h e  i-ncubation medi um. This 

f a c t  demonstrates tha t  t he r e  i s  both endogenous cycl i c  

AMP-dependent protein ki nase and adenyl cycl ase present i n t he  

nati  ve sarcopl asmi c r e t i  cul urn. I t  has been previ ousl y suggested 

t h a t  an i n t r i  nsic protein k i  nase i s  associ ated with t h e  micr'osomal 

membrane (LaRaia and Marki n ,  1974; Nray -- e t  a1 ., 1973). Cycl i c  GMP 

does enhance phosphorylation of both prote ins  s l i g h t l y .  The 

s ign i f icance  of t h i s  f ind ing  i s  not understood. The action of 

cyc l i c  GMP i s  of ten thought t o  be antagonis t ic  t o  t h a t  of cyc l i c  

AMP. The phos pharyl a t i  nn nf hot  h prote i  ns by cycl i c GMP may be 

occurring f o r  one of two reasons. Ei ther  cyc l i c  GMP too has a r o l e  

i n  regul a t i  ng t ranspor t  in  the  sarcopl asmic r e t i  cul um by 



i n f l u e n c i n g  the  phosphoryl  a t i  on o f  t h e  22,000 and 6,000 da l  t on  

p r o t e i n s  or t h e  s p e c i f i c  s i t e  f o r  c y c l i c  AMP i n  t h e  p r o t e i n  k inase  

m o i e t y  i s  no t  100% s p e c i f i c  f o r  c y c l i c  AMP, and when c y c l i c  GMP i s  

present,  i t  can p a r t i a l l y  s u b s t i t u t e  f o r  c y c l i c  AMP. Maximal 

phosphoryl  a t i  on occurs when c y c l  i c AMP and p r o t e i n  k i  nase are bo th  

i n c l u d e d  i n  t h e  i n c u b a t i o n  medium (F ig .  3).  Phosphodiesterase 

comple te ly  i n h i b i t s  phosphory lat ion.  Th i s  i n h i b i t i o n  i s  

accomplished by phosphodiesterase break ing  down c y c l i c  

nuc leo t i des .  The f a c t  t h a t  t h e  l e v e l  o f  phosphory la t ion  i n  t h e  

presence o f  phosphodi es terase i s  s i g n i f i c a n t l y  1 ower than  t h e  basal  

l e v e l s ,  g ives  credence t o  the  i dea  t h a t  t h e r e  i s  an adenyl cyc lase  

system i n t h e  s arcopl  asmi c r e t i  c u l  urn. Phosphoryl ase k i  nase had 

v i r t u a l l y  no e f f e c t  on t h e  phosphoryl  a t i o n  o f  e i t h e r  t h e  22,000 o r  

6,000 dal t on  p r o t e l  ns (F ig .  3 ) .  Schwartz -- e t  a l .  (1976) r e p o r t e d  

t h a t  phos pho ry l  ase k i  nase was capabl e o f  bo th  phos pho ry l  a t  i ng 

phosphoryl  ase a and s t i m u l a t i n g  c a l c i  um uptake i n  microsomes f rom 

ca rd iac  and ske l  eta1 muscles. I n c l u d i n g  phosphoryl  ase k i  nase i n  

t h e  i ncubat ion medium had no pronounced enhancement on t h e  

phosphoryl  a t i  on o f  t h e  95,000-dal ton  p r o t e i n ,  phosphoryl  ase a. 

A f t e r  l ong  p e r i o d  of i ncuba t i on ,  t h e  phosphoryl  a t i o n  o f  

phosphoryl  ase d i d  increase b u t  no t  n e a r l y  as d r a m a t i c a l l y  as t h a t  

found i n  t h e  22,000 and 6,000 dal ton  p r o t e i n s  (F ig .  4) .  I n  

add i t i on ,  i n  s k e l e t a l  muscle microsomes n e i t h e r  t he  22,000 o r  6,000 

dal ton  p r o t e i  ns appears phosphoryl  ated; however, phosphoryl  ase a i s  

phosphory lated (Data no t  shown). I n  ca rd iac  sarcoplasmic 

re t i cu lum,  o n l y  t h e  c ~ ~ + + M ~ ~ + - A T P ~ ~ ~ ,  phosphorylase a, p r o t e i n  



ki nase and the  22,000 and 6,000 dal t o n  prote ins  ever appear 

phosphoryl ated. In skel eta1 muscle, pa r t i  cul a r l y  i n  the absence of 

cal  c i  urn, many prote ins  a r e  phosphoryl a ted,  but not specif  i cal l y  by 

cycl i c AMP-dependent ' protein ki nase2. 

The time course of phosphorylation of the 22,000 and 6,000 

dal ton proteins i s  not iden t ica l  . The 22,000 dal ton prote in  i s  

phosphoryl ated a t  e a r l i e r  time points than t h e  6,000 dal ton prote in  

(Fig.  4 ) .  When the  6,000 dal ton prote in  s t a r t s  t o  become 

phosphoryl ated,  the  phosphoryl a t i  on of t he  22,000 dal ton protein 

decreases s l i g h t l y ,  and then both proteins continue t o  be 

phosphoryl ated a t  s t eady-s ta te  1 evels .  After  10 minutes of 

i ncubati on t he  phosphoryl a t i  on of both prote ins  reaches an equal 

molar r a t i o .  Added protease i nh ib i t o r s  had no e f f e c t  on t h e  

phosphoryl a t i  on of e i t he r  protein.  Also, the Coomassi e bl ue 

s ta ined gel pat tern  does not change as a funct ion of incubation 

time. These r e s u l t s  s t rongly suggest t ha t  the  6,000 dalton prote in  

i s  not a degradation product of t h e  22,000 dal ton prote in .  

The prote ins ,  not the  1 ipi ds, a r e  t h e  moieties phosphoryl ated.  

Since i t  has now been found t h a t  two prote ins  are phosphorylated by 

cycl i c  AMP-dependent protein kinase, t h e  postul a t e  t h a t  a 1 ip id  was 

being phosphorylated and t h a t  t he se  two prote ins  merely bind t h e  

l i p i d  t i g h t l y  was ra ised.  The data does not support th i s  

contention. While t h e  l i p i d s  do vary i n  t h e i r  a b i l i t y  t o  e x t r a c t  

phosphate i n to  organic solvents ,  c y c l i c  AMP has no e f f e c t  on t h i s  

property. 

~ ~ m ~ b c l l ,  K.P. and Shamoo, A.E. (1979) submitted t o  J .  Biol. 
Chm. 



One of the  most s t r i k i n g  f ind ings  i n  t h i s  study i s  t ha t  

phosphoryl a t i  on of both t he  22,000 and 6,000 dal ton prote i  ns causes 

them t o  become buried i n the  membrane. Phosphoryl a t i  on renders 

t h e m  r e s i s t a n t  to  a t tack by t rypsin  (Table I )  and DOC (Table 11).  

P r io r  t o  phos phoryl a t i  on both prote i  ns appear t o  be 

e x t r i  nsi c-sol ubi l ized by 1 ow concentrat ions of detergent and 

di gested by t ryps in .  Phosphoryl at ion appears t o  cause them t o  

become i n t r i  nsi c - not solubi l ized by high concentrat ions of DOC 

and r e s i  s t an t  t o  t ryps in  digest ion.  The only explanation f o r  t h i s  

data i s  t h a t  phosphoryl at ion of both protei  ns causes t h e m  t o  become 

buried i n  the  membrane and no longer exposed t o  the  external  

environment. I t  i s  very f a sc ina t i ng  t o  f i nd  t h a t  adding one group, 

a phosphate, t o  a prote in  can change i t s  biochemical 

cha rac t e r i s t i c s  so dramatically. How and i f  t he  phosphorylation of 

these  proteins regul a tes  cal c i  urn t rans  port must s t i  1 1 be 

discerned. When the  protei  ns are phosphoryl ated and buri ed i n t h e  

membrane they may ac t  d i r e c t l y  on the  C ~ ~ + + M ~ ~ + - A T P ~ S ~  a t  t h i s  

poi n t ,  or they may f a c i l i t a t e  t ranspor t  d i r ec t l y ,  possibly by 

t r ans loca t i  ng ca lc i  urn themselves. The i so1 at ion of these  prote ins  

wil l  g r ea t l y  aid in  our understanding of how they funct ion.  
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CHAP TEK 2 

P U R I F I C A T I O N  OF TWO PROTEINS FROM CARDIAC SARCOPLASMIC 

RETICULUM. A 2 2 , 0 0 0  DALTON PROTE IN,  SP E C I F  I C A L L Y  PHOSPHORYLATED B Y  

C Y C L I C  AMP-DEPENDENT PROTE I N  KINASE, AND THE ca2++ M ~ ' + - A T P ~ ~ ~ .  



SUMMARY 

Very 1  ow c o n c e n t r a t i  ons o f  t h e  de ter  gent, deoxychol a te  (DOC) , 

have been used t o  i s o l a t e  two f u n c t i o n a l l y  i n t e r e s t i n g  p r o t e i n s  

f rm canine ca rd iac  sarcoplasmic r e t i c u l u m .  These two p r o t e i n s  a re  

the  22,000 da l  t on  p r o t e i  n, s p e c i f  i c a l l  y phosphory l  a t  ed by c y c l  i c  

AMP-dependent p r o t e i  n  k i  nase, and t h e  c a 2 + ~ g 2 + - ~ ~ ~ a s e ,  t h e  

major  p r o t e i n  o f  t h e  s  arcopl  asmi c  r e t i  c u l  m, r e s p o n s i b l e  f o r  t h e  

a c t i  ve t r a n s p o r t  o f  ca l  c i  um. . By empl oy i  ng de tergents  a t  

concent ra t ions  o f  one hundredth t o  one thousandth lower  t h a n  

n o r m a l l y  used, i t  i s  p o s s i b l e  t o  s e l e c t i v e l y  s o l u b i l i z e  c e r t a i n  

p r o t e i n s  complete ly ,  w h i l e  l e a v i n g  o thers  s t i l l  embedded i n  t h e  

membrane. 

The 22,000 d a l t o n  p r o t e i n  i s  f i r s t  s o l u b i l  i z e d  i n  a  v e r y  low 

concen t ra t i on  of DOC and t h e n  s u b j e c t e d  t o  c o l m n  chromatography. 

A f t e r  mol ecul ar we igh t  s i e v i n g ,  t h e  22,OO da l  t on  p r o t e i n  appears as 

a  p u r i f i e d  p r o t e i n  on s o d i m  dodecyl s u l f a t e  (SDS)-polyacrylarnide 

ge ls .  The p u r i f i e d  p r o t e i n  i s  s t i l l  s p e c i f i c a l l y  phosphory la ted  by 

c y c l i c  AMP-dependent p r o t e i n  k i  nase. Phosphol i p i  ds are s t i l l  bound 

t o  t h e  i s o l a t e d  22,000 d a l t o n  p r o t e i n  i n  t h e  r a t i o  o f  5 moles 

p h o s p h o l i p i d  t o  1  mole p r o t e i n .  

The ca2++ M g 2 + ~ T ~ a s e  i s  p u r i f i e d  by f i r s t  s o l u b i l i z i n g  a l l  

t h e  e x t r i n s i c  p r o t e i n s  w i t h  a low c o n d c n t r a t i o n  o f  DOC. An 

i n c r e a s i n g  amount o f  DOC i s  then added t o  y i e l d  t h e  p u r i f i e d  ca2+ 

Mg2+d~Pase.  Thi s  p r o t e i  n  i s  at  1  east  95% p u r e  as determi ned by 



SDS-polyacryl arni de gel s. Addi ng addi ti onal DOC t o  t h e  s o l  ub i  1  i z e d  

p u r i f i e d  enzyme enhances t h e  enzyme's a b i l i t y  t o  h y d r o l y z e  ATP, 

approx imate ly  2.5 pmoles Pi/mg/min. The i s o l a t i o n  o f  the 22,000 

d a l  t o n  p r o t e i  n  and t h e  c a2++ M~~~ d ~ ~ a s e  w i  11 a i  d  i n  

understanding how these  two p r o t e i n s . f u n c t i o n  and i f  t h e y  

s p e c i f i c a l l y  i n t e r a c t  w i t h  one another.  



INTRODUCT I O N  

P u r i f i  c a t i o n  of a  p r o t e i n  i s  a ma jor  s t e p  toward unders tand ing  

the f u n c t i o n  o f  the p r o t e i n .  I n  o rder  t o  p u r i f y  most membrane 

bound p r o t e i n s ,  i t  i s  f i r s t  necessary t o  sepa ra te  t h e  p r o t e i n  f r om 

t h e  1 i p i  d  membrane. Detergents have been g e n e r a l l y  used t o  

s o l u b i l i  ze p r o t e i n s  (MacLennan, 1970, 1974). Th i s  communi cat i0 .n 

r e p o r t s  on t h e  p u r i f  i c a t i  on o f  two p r o t e i  ns f rom cani ne ca rd i  ac 

s  arcopl asmi c  r e t i  c u l  m. .Very 1 ow c o n c e n t r a t i  ons of detergent  were 

used t o  s e l e c t i v e l y  s o l u b i l i z e  t hese  p r o t e i n s ,  g r e a t l y  a i d i n g  i n  

t h e i r  p u r i f i  ca t i on .  

I n  cani ne. ca rd i  ac sarcop l  asmi c  r e t i  cu l  um, c y c l  i c  AMP-dependent 

p r o t e i  n  k i  nasel s p e c i f  i c a l l  y phosphoryl  ates two p r o t e i  ns , one 

w i t h  a mol ecul  ar  wei ght of  6,000 and one w i t h  a mol ecu l  ar wei ght o f  

22,000 (B id1  ack and Shamoo, 1979b, Jones -- e t  al., 1979). The 22,000 

dal t on  p r o t e i n  has been i d e n t i f i  ed and s t u d i e d  by others (Tada - e t  

a1 ., 1975, 1978, 1979; K i rchberger  and Chu, 1976; K i rchberger  e t  - - 

a1 1975). It exh i  b i t s  c h a r a c t e r i s t i c s  o f  phosphoester bonding -* 9 

(Tada -- e t  a1 ., 1975). A f t e r  phosphoryl  a t i  on, t h e  22,000 d a l  t on  

p r o t e i n  i s  r e s i s t a n t  t o  & t tack  by t r y p s i n  (Tada - e t  -- a1 9 1975; 

B i d l  ack and Shamoo, 1979b). I n  a d d i t i o n ,  p r i o r  t o  phosphoryl  a t i  on, 

l ~ h e  abbrevi  a t i  ons used are: c y c l  i c AW, adenosi ne 
3':5'-monophosphate-dependent r o t e i n  k inase;  EGTA, ethy lene g l y c o l  e b i  s  (B-ami no-e thy l  ether)-N, N - t e t r a a c e t i  c  ac id;  DOC, 
deoxychol ate, SDS, sodi  un dodecyl s  u l f  ate. 



t he  22,000 d a l t o n  p r o t e i n  i s  s o l u b l e  i n  a  low concen t ra t i on  o f  

deoxycholate. A f t e r  phosphory la t ion ,  t h e  p r o t e i n  cannot be 

so l  ub i  1  i zed by deoxychol a te .  These r e s u l  t s  i n t i m a t e  t h a t  

phosphory la t i on  causes the p r o t e i n  t o  become b u r i e d  i n  t he  

membrane, rende r ing  i t  r e s i s t a n t  t o  agents a c t i n g  on the.  e x t e r i o r  

o f  t h e  membrane (Bid1 ack and Shamoo, 1979b). 

The ca2+ + i 4 c J 2 + - ~ ~ ~ a s e ,  a  100,000 d a l t o n  p r o t e i n ,  i s  t he  

i n t e g r a l  p r o t e i n  o f  bo th  ca rd iac  and s k e l e t a l  sarcoplasmic 

r e t i  culum. I t  a c t i v e l y  t r a n s p o r t s  c a l c i  um i n t o  t h e  sarcoplasmic 

re t i cu lum.  The ATPase from s k e l e t a l  r a b b i t  h i n d  muscle was f i r s t  

i s o l a t e d  a lmost  a  decade ago by MacLennan (1970).  As a  r e s u l t ,  t h e  

ske l  e ta1  enzyme has been c h a r a c t e r i z e d  much more e x t e n s i v e l y  than 

the  c a r d i a c  enzyme. I n  bo th  systems, 2  moles' o f  ca2+ are  

t ranspo r ted  f o r  each mole o f  ATP hydro lyzed (Hassel bach, 1964; 

Ueber, 1966). The ca2+ + F l g 2 + - ~ ~ p a s e  f rom s k e l e t a l  and c a r d i a c  

sarcoplasmic r e t i c u l u m  d i f f e r  w i t h  respec t  t o  ca lc ium b ind ing ,  

uptake, Km f o r  c a l c i  um and h y d r o l y t i c  a c t i v i t y .  They have 

s im i  l a r  Km values f o r  ATP (Shigekawa -- e t  a l .  , 1976). Recent ly  two 

methods have been pub l i shed  f o r  t h e  i s o l a t i o n  o f  t h e  ca2+ + 

M ~ ~ + - A T P ~ ~ ~  f rom c a r d i  ac sarcop l  asrni c r e t i  c u l  um (Lev i  t s k y  e t  a l .  , 

1976; Van Winkle -- e t  a l . ,  1978). The method presented  i n  t h i s  

communication has the  advantage ove r  these two procedures i n  t h a t  

i t  i s  a  very  r a p i d  technique employing very  low concen t ra t i ons  o f  

de tergent .  Moreover, ou r  method a l s o  i s o l a t e s  f o r  t h e  f i r s t  t ime  

the  22,000 d a l  t o n  p r o t e i n  f rom t h e  c a r d i a c  sarcoplasmi c  r e t i c u l  um. 



EXP ERI MENTAL PROCEDURE 

MATERIALS 

Bovine hear t  cycl icAMP-dependent p r o t e i n  k inase,  sodium c y c l i c  

AMP and t r i s -ATP were purchased f r o m  S i  gna Chemi c a l  Co. 

[ y - 3 2 ~ ] ~ ~ ~ ,  ammonium s a l t  (20 m C i  per mmol) was ob ta ined f rom 

Arners ham/Searle. Deoxychol a t e  was p u r i f i e d  by t h e  method of  

MacLennan (1970). 

METHODS 

I s o l a t i o n  o f  Card iac  M i c r o s m e s  

Cardiac microsomes were prepared f rom canine hear t  v e n t r i c l e  

accord ing  t o  Ha r i  gaya and Schwartz (1969) w i t h  t h e  m o d i f i c a t i o n s  

descr ibed i n  B id lack  and Shamoo (1979b). B r i e f l y ,  c a r d i a c  muscle 

was homogeni zed i n 10 mM NaHa3 and c e n t r i f u g e d  t w i  ce a t  8700 x g  

f o r  20 min. The supernatan t  was then c e n t r i f u g e d  at  37,000 x g  f o r  

30 min. The p e l l e t  was suspended i n  20 mM t r i s -ma lea te ,  0.6 M KC1, 

pH 6.8, and c e n t r i f u g e d  at  100,000 x g  f o r  20 min. The p e l 1  e t ,  

c o n t a i n i n g  microsomes, was suspended i n  0.25 M sucrose. 

Gel E l e c t r o p h o r e s i s  

Sodi um dodecyl s u l f a t e  gel e l  ec t rophores i  s  was run  accord i  ng t o  

Weber and Osborn (1969).  Samples f o r  e lec t ropho res i s  were 

suspended i n  t h e  SDS-sampl e  b u f f e r  c o n s i s t i n g  o f  1% SDS, 20 mM 

sodi urn phosphate (pH 7. 2),  0.1 mM EDTA, 1X &-mercaptoethanol , 50% 



g l y c e r o l  and 0.005% bromophenol b l  ue. The sampl es were i ncubated 

a t  37' f o r  1 h r .  An a1 i q u o t  c o n t a i n i n g  between 50 and 150 pg 

was a p p l i e d  t o  t h e  ge l .  A f t e r  e l e c t o r p h o r e s i s  i n  t h e  10% 

p o l y a c r y l  ami de SDS-gel, t h e  p r o t e i n s  were made v i s i b l e  by s t a i n i n g  

t h e  ge l s  i n  0.25% Coomassie b lue  f o r  2  h r  a t  37' and d i f f u s i o n  

des t a i  ned i n  10% a c e t i  c  ac i  d. 

Phosphoryl a t i  on Assay 

Phosp h o r y l  a t i  on o f  ca rd i  ac m i  crosomes , DOC supernatan t  and t h e  

p u r i f i e d  22,000 da l  t o n  p r o t e i n  was accomplished e s s e n t i a l l y  by t h e  

method o f  K i r chbe rge r  -- e t  a l .  (1974). The p r o t e i n  f r a c t i o n  (0.25 t o  

0.50 mg/ml) was suspended i n  40 mM h i s t i d i n e  (pH 6.8),  0.12 M KC1, 

5  mM MgCI2, 5  mM NaN3, 25 mM NaF b u f f e r .  C y c l i c  AMP was added 

t o  a  f i n a l  concen t ra t i on  o f  1 uM. P r o t e i n  k i nase  was added a t  

t h e  concen t ra t i on  o f  0.1 mg p e r  m l .  The r e a c t i o n  was s t a r t e d  by 

adding 20 pM [ y - 3 2 ~ ] ~ ~ ~ .  The f i n a l  volume was 0.2 m l .  A f t e r  

10 min, t h e  r e a c t i o n  was stopped by adding 2  m l  o f  c o l d  10% - 

t r i c h l o r o a c e t i c  ac id ,  0.1 mM KH2P04. 0.2 m l  of 0.63% bov ine  

serum albumin was added as a  c a r r i e r  p r o t e i n .  A f t e r  remain ing  on 

i c e  f o r  15 min, samples were c e n t r i f u g e d  a t  2,000 x g  f o r  10 min. 

The p e l l e t s  were suspended i n  0.2 ml '  o f  0.6 N NaOH. The p r o t e i n  

was r e p r e c i p i t a t e d  by the  a d d i t i o n  o f  2  m l  o f  10% t r i c h l o r o a c e t i c  

acid, cen t r i f uged ,  resuspended i n  NaOH and washed a  couple o f  

t imes.  The p e l l e t  was f i n a l l y  suspended i n  0.2 m l  o f  0.6 N NaOH 

and t r a n s f e r r e d  t o  s c i  n t i l l a t i o n  v i a l s  c o n t a i n i n g  10 m l  o f  I n s t a g e l  

(Packard) f o r  count ing .  



ATPase A c t i  v i  t y  

~ a ~ + - d e ~ e n d k h t  ATPase was measured i n  a  manner s i m i l a r  t o  

t h a t  used by Tada -- e t  a l .  (1974).  Card iac microsomes or  t h e  

i s o l a t e d  p r o t e i n  were suspended a t  a  concen t ra t i on  o f  30-50 pg/ml 

i n  40 mM h i s t i d i n e  (pH 6.8), 0.125 M KCI, 5  mM NaN3, 5 mM MgC12 

and va ry ing  ca l  c i  urn concen t ra t i ons  i n  t h e  presence o f  EGTA. The 

r e a c t i o n  was s t a r t e d  by adding 5  mM [ y - 3 2 ~ ] ~ ~ ~  (3pCi  per 

w o l e ) .  The f i n a l  volume was 0.4 ml .  The ca2+-independent 

ATPase a c t i v i t y  was measured by i n c l u d i n g  0.5 mM EGTA i n s t e a d  o f  

calcium-EGTA i n  t h e  r e a c t i o n  m ix tu re .  A t  va r i ous  t i m e  i n t e r v a l s ,  

t h e  r e a c t i o n  was stopped by adding 0.4 m l  o f  i c e - c o l d  13.33 rrf4 

s i l i c o t u n g s t i c  a c i d  i n  1.67 M H2S04. 0.3 ml o f  10% ammonium 

tnolybdate was added. A f t e r  vo r tex ing ,  1 ml o f  isobutano1:benzene 

( 1  :1) was added. The sample was vor texed f o r  30 sec, f o l l o w e d  by  

c e n t r i f u g a t i o n  a t  1,000 x  g f o r  10 min. 0.5 m l  o f  t h e  o rgan ic  

phase was counted. To determine t h e  n o n s p e c i f i c  b i n d i n g  o f  

phosphate, c o n t r o l s  were r u n  by adding t h e  p r o t e i n  t o  t h e  r e a c t i o n  

m i x t u r e  a f t e r  t h e  a c i d  had been added. The f r e e  ca2' 

concen t ra t i ons  were determined by t h e  method o f  Katz  -- e t  a l .  (1970). 

I s o l a t i o n  of t h e  22,000 Da l ton  P r o t e i n  

Card iac microsomes were suspended a t  a  concen t ra t i on  o f  7  mg/ml 

i n  0.25 M sucrose. A smal l  a l i q u o t  o f  DOC was added a t  t h e  r a t i o  

o f  2  pg DOC/7 mg m i  crosomal p r o t e i n  (0.286 pg DOC/mg p r o t e i n ) .  



The suspension was incubated  on i c e  f o r  15 min. A f t e r  i ncuba t i on ,  

t h e  suspension was c e n t r i f u g e d  a t  100,000 x  g  f o r  30 min. The 

supernatant  was concent ra ted  on an Amicon PM 10 membrane. The 

supernatant  was then a p p l i e d  t o  a  Sephadex 6-75 ( f i n e )  column 

(1.5cm x  1.5m), e q u i l i b r a t e d  w i t h  10 mM t r i s  (pH 7.8), 0.04% DOC, 

0.02% NaN3. The sample was e l u t e d  f rom t h e  column us ing  t h e  

tr is-DOC b u f f e r .  The absorbance o f  t h e  sample a t  280 nm was read. 

The 22,000 d a l t o n  p r o t e i n  was e l u t e d  as a  s i n g l e  p r o t e i n  as 

determi  ned by SDS-polyacryl ami de g e l  e l c t r o p h o r e s  i s .  

I s 0 1  a t i  on o f  t h e  ca2++ M g 2 + - ~ ~ p a s e  

As i n  t h e  i s o l a t i o n  o f  t h e  22,000 d a l t o n  p r o t e i n ,  c a r d i a c  

microsolnes were suspended a t  7' mg/ml i n  0.25 M sucrose. DOC was 

added a t  t h e  r a t i o  o f  2  pg DOC/7 mg p r o t e i n .  Each 7  mg o f  

p r o t e i n  must be t r e a t e d  i n  a  separate tube. The p u r i f i c a t i o n  

cannot be sca led  upwards w i t h o u t  l o s i n g  about 10% i n  t h e  

p u r i f i c a t i o n  o f  t h e  ATPase. The m i x t u r e  was incubated  on i c e  f o r  

15 min, fo l lowed by c e n t r i f u g a t i o n  a t  100,000 x g  f o r  30 min. The 

p e l l e t  was suspended i n  t h e  o r i g i n a l  volume o f  0.25 M sucrose, 

1 m l .  A d d i t i o n a l  DOC was added a t  t h e  concen t ra t i on  o f  

2  pg DOC/7 mg o f  o r i  g i  na l  m i  crosomal p r o t e i n  ( i  .e. t h e  same 

amount o f  DOC as was added i n i t i a l l y ) .  The suspension was 

incubated  on i c e  f o r  15 min, f o l l o w e d  by c e n t r i f u g a t i o n  a t  100,000 

x  g  f o r  30 min. The supernatan t  f rom t h i s  c e n t r i f u g a t i o n  conta ined 

t h e  ca2++ M g 2 + - ~ ~ p a s e  t o  a t  1  east  95% p u r i t y .  



B i ochemi cal Ass ays 

Protein concentration was determined by t h e  method of Lowry & 

a. (1951) w i t h  bovine serum a1 bumin as the  standard.  Phospholipid 

concentration was assayed by determi ning the  phosphorus present by 

t he  method of Ames and Dubin (1960). 



RESULTS 

P u r i f i c a t i o n  o f  t h e  22,000 D a l t o n  P r o t e i n  

The f i r s t  s tep  i n  t h e  p u r i f i c a t i o n  o f  t h e  22,000 d a l t o n  p r o t e i n  

was t o  s o l u b i l i z e  i t  i n  a  low concent ra t . ion  o f  DOC. The 22,000 

d a l t o n  p r o t e i n  was comple te ly  s o l u b i l  i z e d  by t h e  DOC, w i t h  none 

remain ing  i n  t h e  p e l l e t .  I f  t h e  p r o t e i n  i s  f i r s t  phosphory lated by 

c y c l  i c  AMP-dependent p r o t e i n  k i  nase, i t cannot be s o l  ub i  1  i z e d  by 

DOC ( B i  d lack  and Shamoo, 1979a,b). A f t e r  s o l u b i l i z i n g  t h e  22,000 

da l  t o n  p r o t e i n  i n  a  v e r y  low concen t ra t i on  o f  DOC, a  Sephadex 6-75 

column was used t o  p u r i f y  t h e  p r o t e i n .  The p r o t e i n  e l u t i o n  p a t t e r n  

f rom t h e  column i s  shown i n  F i g .  1. The p r o t e i n s  s o l u b i l i z e d  by 

t h e  low concen t ra t i on  o f  DOC are e x t r i n s i c  and m a i n l y  o f  h igh  

molecu la r  we igh t  e l u t i n g  i n  t h e  v o i d  volume f rom t h e  column. 

SDS-polyacryl ami de ge ls  o f  t h e  var ious  c o l  umn f r a c t i o n s  are shown 

i n  F i g .  2. Gel 2A shows t h e  p r o t e i n s  s o l u b i l i z e d  by t h e  low 

concen t ra t i on  o f  DOC. These p r o t e i  ns i n c l u d e d  t h e  22,000 da l  t o n  

p r o t e i n ,  m a i n l y  h ighe r  mo lecu la r  we igh t  p r o t e i n s  and some o f  t h e  

ATPase. A l l  s o l u b i l i z e d  p r o t e i n s  w i t h  a  mo lecu la r  weight  above 

60,000 were excluded i n  t h e  v o i d  volume, t h e  major  peak f rom t h e  

column. The f i r s t  f r a c t i o n  separated by t h e  column i s  shown i n  t h e  

t h i r d  ge l  i n  F i g .  28. A 50,000 da l  t on  p r o t e i n  was t h e  major  band 

w i t h  a  few m i  nor p r o t e i n s  a1 so present .  The i s 0 1  ated 22,000 da l  t o n  

p r o t e i n  i s  seen i n  t h e  nex t  peak (Gel C, F i g .  2) .  The column was 



FIGURE 1 

E l u t i o n  p r o f i l e  f rom t h e  Sepnadex 6-75 column. Card iac 

microsomes were suspended a t  7 mg/ml i n  0.25 M sucrose. 2 ,,I o f  

0.1% DOC was added p e r  7 mg p r o t e i n .  The microsomes were 

c e n t r i f u g e d  a t  100,000 x g f o r  30 minutes.  The supernatants were 

concentrated and approx imate ly  2.7 mg o f  p r o t e i n  was a p p l i e d  t o  a 

Sephadex 6-75 ( f i n e )  column (1.5 cm x 1.5 m) equi 1 i b r a t e d  w i t h  10 

mM t r i s  (pH 7.8),  0.04% DOC, 0.02% Wail3. The absorbance o f  t he  

e l u a n t  was mon i to red  a t  280 nm. Each f r a c t i o n  was 4.7 m l .  



PURIFICATION OF THE 22,000 DALTON PROTEIN 
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FIGURE 2 

Coomassie blue s ta ined gels  of the  column f r a c t i o n s .  Ten 

percent  Weber and Osborn polyacrylamide-SDS-gels were r u n  using of 

the  column f r a c t i o n s  shown in  Figure 1. The gel on the f a r  l e f t  

( A ) ,  shows the  DOC so lub i l i zed  supernatant  t h a t  was applied t o  t h e  

column. Gel B shows t he  p ro te ins  in  the void volume, f r a c t i o n s  

25-30. Gel C shows f r a c t i o n s  31-38. Gel D shows the pu r i f i ed  

22,000 dal ton p ro te in ,  f r a c t i o n s  39-51. Gel E shows t he  f r a c t i o n s  

52-61, showing the  18,000 dalton p ro te in  with a  small amount of t h e  

22,000 dal ton p ro te in  present .  







capab le  o f  sepa ra t i ng  t h e  22,000 da l  t on  p r o t e i n  f r om a  18,000 

d a l t o n  p r o t e i n  a l so  s o l u b i l i z e d  by  DOC. F ig .  2D shows t h e  nex t  

successi  ve f r a c t i o n s .  They c o n t a i n  m a i n l y  t h e  18,000 d a l  t on  

p r o t e i n  w i t h  o n l y  a  smal l  amount o f  t h e  22,000 d a l t o n  p r o t e i n  

e l u t i n g  i n  t h i s  f r a c t i o n .  

The y i e l d ,  o f  t h e  22,000 ' d a l t o n  p r o t e i n  a t  each s tep  o f  t h e  

p u r i f i c a t i o n  i s  shown i n  Tab le  I. The DOC s o l u b i l i z t i o n  s tep  

r e s u l t s  i n  a  y i e l d  o f  0.37 mg o f  p r o t e i n  i n  t h e  supernatant  per  7  

mg o f  sarcoplasmic r e t i c u l u m .  U s u a l l y  about 2.7 mg o f  t h e  

s o l  ub i  1  i zed  p r o t e i n s  were appl i e d  t o  t h e  Sephadex 6-75 c o l  umn. 

Th i s  r e s u l t s  i n  a  y i e l d  o f  about 150 pg o f  pu re  22,000 d a l t o n  

p r o t e i n .  About 100 pg o f  pure  22,000 d a l t o n  p r o t e i n  can be 

ob ta ined  f rom 34 mg o f  sarcoplasmic r e t i c u l u m .  

Phosphoryl a t i o n  o f  t h e  P u r i f i e d  22,000 D a l t o n  . P r o t e i n  

The i s o l a t e d  22,000 d a l t o n  p r o t e i n  was s p e c i f i  c a l l y  

phosphory l  a ted by c y c l i c  AMP-dependent p r o t e i n  k i  nase as i s  shown 

i n  Tab le  11. Cardiac microsomes i nco rpo ra ted  approx imate ly  1.35 

nmole 3 2 ~  pe r  mg p r o t e i n .  Th is  da ta  i s  c o n s i s t e n t  w i t h  t h a t  

r e p o r t e d  by K i r chbe rge r  -- e t  a l .  (1974). The supernatan t  f rom t h e  

f i r s t  DOC s o l u b i l i z a t i o n  i nco rpo ra ted  o n l y  about a  quar ' ter  o f  t h e  

phosphate t h a t  t h e  microsomal f r a c t i o n  d id .  The i s o l a t e d  22,000 

d a l t o n  p r o t e i n  i nco rpo ra ted  6.83 nmoles phosphate p e r  mg p r o t e i n ,  

o r  0.15 moles o f  phosphate pe r  mole o f  p r o t e i n .  Th i s  degree o f  

i n c o r p o r a t i o n  i s  consi.derably lower than t h e  i d e a l i s t i c ,  1 mole o f  

phosphate p e r  mole of p r o t e i n ,  bu t  i s  i n  agreement w i t h  t h e  f i n d i n g  



TABLE I 

Percent  p r o t e i n  y i e l d  d u r i n g  i s o l a t i o n .  The pe rcen t  p r o t e i n  a t  

each s tep  o f  t h e  p u r i f i c a t i o n  was c a l c u l a t e d  by t a k i n g  t h e  ca rd iac  

microsomes as 100%. The pe rcen t  o f  22,000 d a l t o n  p r o t e i n  a t  each 

s tep  was determined by scanning Coomassi e b l u e  s t a i n e d  10% Weber 

and Osborn po l yac ry lam i  de-SDS-gels a t  550 nm. 



TABLE I 

Percent  P r o t e i n  Obta ined i n  Each I s o l a t i o n  Step 

I s 0 1  a t i o n  Step P r o t e i n  Y ie ld ,  % 22,000 D a l t o n  P ro te in ,  % 

Cardi  ac m i  crosomes 

DOC supernat ant 

I s01  ated p r o t e i n  



TABLE I 1  

Cyclic AMP-dependent phosphorylation of the  sarcoplasmic 

r e t i cu l  um,  DOC supernatant  and the  pur i f i ed  22,000 dal ton prote in .  

Each f rac t ion  was incubated in the phosphoryl a t i  ng buf fe r ,  

including [ Y - ~ ' P ]  ATP i n  a f i na l  volume of 0.2 ml. After  10 

minutes, the phosphorylation was stopped by the  addi t ion of 2 ml of 

10% t r i ch lo roace t i c  acid  (TCA) 0.1 irM K H 2 P O 4  0.2 ml of 0.63% 

BSA was added as a c a r r i e r  prote in .  After  incubating on i ce  f o r  15 

minutes, the  sample was centrifuged a t  2,000 x g f o r  10 minutes. 

The p e l l e t  was so lub i l i zed  by 0.6 N NaOH, reprec ip i ta ted  with 10% 

TCA, 0.1 mkl KH2P04 and washed two times. F ina l ly ,  the  p e l l e t  

was so lub i l i zed  in  N ~ O H ,  t r ans fe r red  t o  10 m l  Instagel  (Packard) 
+ 

and the  rad ioac t iv i ty  was counted. The data  represents the  mean - 
S.E. f o r  f i v e  experiments on the cardiac  microsomes, and th ree  

determinations on two d i f f e r e n t  preparations f o r  the DOC supernatant  

and the pur i f i ed  22,000 dalton prote in .  



TABLE I1 

Cyclic AMP-dependent Phosphorylation 

nmoles 3 2 ~ / m g  moles 32~/mole  

Protei  n Fraction prote in  prote in  

Cardiac microsomes 

F i r s  t DOC supernat ant 

Pur i f ied 22,000 



f o r  some o t h e r  i s o l a t e d  p r o t e i n s  (Becker-Ursic and Davies, 1976; 

Hebert ,  J .  e t  a1 . 1977).  I t  mus t be remembered t h a t  i n  t h e  

mi crosomal f r a c t i o n ,  two major p r o t e i n s  a r e  being phosphoryl a t e d ,  

t he  22,000 and 6,000 dal  ton p r o t e i n s  (Bidlack and Shamoo, 1979a, b; 

Jones et a., 1979).  

Phospholipid Content  of t h e  22,000 Dalton P ro te in  

Pnosphol i  pi d  con t e n t  remained bound t o  t h e  22,000 dal  ton 

p r o t e i n  a f t e r  i s o l a t i o n  a s  shown i n  Table 111. The f a c t  t h a t  l i p i d  

i s  s t i l l  bound t o  t h e  22,000 da l ton  p r o t e i n ,  i s  c o n s i s t e n t  w i t h  t h e  

f i n d i n g  t h a t  t h e  22,000 da l ton  p r o t e i n  can be so lub i  l i z e d  by 

a c i d i f i e d  chloroform:methanol (Bid1 ack and Shamoo, 1979b).  

I s o l a t i o n  of t h e  ca2+ + M ~ ' + - A T P ~ ~ ~  

The p u r i f i c a t i o n  of t he  c a r d i a c  ca2+ + PIg2+-A~~ase  was 

accomplished by s e l e c t i v e  s o l u b i l i z a t i o n  of  t h e  membrane p r o t e i n s  

by DOC. F igure  3 shows t h e  gel p a t t e r n  of t h e  p u r i f i c a t i o n  

procedure.  The sarcoplasmic  r e t i c u l  um i s  made. up of about  30% 

2 + 2+ Ca + Mg -ATPase. The f i r s t  t r e a t m e n t  with DOC s e l e c t i v e l y  

s o l u b i l i z e d  t h e  e x t r i n s i c  p r o t e i n s  i nc lud ing  t h e  22,000 da l ton  

p r o t e i n  and some o f  t h e  ATPase. Adding an a d d i t i o n a l  small  amount 



TABLE I1 I 

Phospholipid content  of t he  sarcoplasmic reticulum, DOC 

supernatant ,  22,000 dalton p ro t e in ,  and C ~ ~ + + - M ~ * + - A T P ~ S ~ .  The 

phosphorus present  i n  each sample was determined by t he  method of 

Ames and Dubin  (1960). The experimental r e s u l t s  a r  presented as 

t he  mean + S. E. f o r  5 experiments. 



TABLE 111 

Phosphol i p i  d Content 

Prote i  n Fract ion Lipid Content 

pg phospholipid mole phospholipid 

phosp horus/mg p hosp horus/mol e 

Cardi ac Mi crosomes 

F i r s t  DOC supernatant 

prote in  p ro te in  

20.5 - + 0.8 

22,000 dal ton p ro te in  7.2 - + 0.5 5.1 - + 0.02 

ca2+ + M ~ ' + - A T P ~ ~ ~  3.6 - + 0.4 11.5 - + 0.03 



FIGURE 3 

Coomassie b l u e  s ta ined,  10% Weber and Osborn 

polyacrylamide-SDS-gels o f  t h e  i s o l a t i o n  o f  t h e  ca2++ M ~ ~ + -  

ATPase . Gel A shows t h e  c a r d i a c  microsomes. Gel B shows t h e  

f i r s t  supernatant  a f t e r  t r e a t i n g  t h e  microsomes w i t h  DOC. Gel C 

shows t h e  p u r i f i e d  ATPase. The band above t h e  100,000 d a l t o n  band 

represented  a dimer o f  t h e  ATPase. 







o f  DOC t o  t h e  p e l l e t  f rom t h e  f i r s t  e x t r a c t i o n  r e s u l t e d  i n  t h e  

i s o l a t i o n  o f  t h e  ATPase t o  a t  l e a s t  95% p u r i t y ,  as shown i n  F i g .  

t 
3.  Th is  procedure y i e l d s  50 - 5  pg o f  p u r i f i e d  ca2+ + 

klg2'-A~pase p e r  mg o f  sa rcop l  asmi c  r e t i  c u l  um. The i s 01 a t e d  

enzyme conta ined no phosphorylase a c t i v i t y  (Data n o t  shown). The 

p r o t e i n  was s o l u b l e  b u t  had v i r t u a l l y  no de te rgen t  bound t o  i t  

because i t  was i s o l a t e d  by u s i n g  very  low concen t ra t i ons  o f  

de tergent .  

ATPase A c t i  v i  t y  

The p u r i f i e d  ca2+ +  M ~ * ' - A T P ~ ~ ~  i s  n e a r l y  100% ca2'-dependent as 

d e t a i l e d  i n  Table I V .  About a  q u a r t e r  o f  t h e  h y d r o l y t i c  a c t i v i ' t y  

i n  sarcoplasmi c  r e t i  c u l  um f r a c t i o n  i s  ca2'-i ndependent. Once 

s o l u b i l i z e d  i t  appears t h a t  a l l  t h e  h y d r o l y t i c  a c t i v i t y  i s  

ca2'-dependent. Even i n  the  supernatan t  f rom t h e  f i r s t  

s o l u b i  l i z a t i o n  w i t h  DOC, a l l  t h e  ATPase a c t i v i t y  i s .  

ca2+-dependen t. The p u r i  f i  ed enzyme exh i  b i  t e d  a c t i  v i  t y  i n  the  
- 

range o f  1.2 m o l e s  Pi/mg p ro te in /m in .  By adding a d d i t i o n a l  DOC, 

t he  h y d r o l y t i c  a c t i v i t y  o f  t h e  enzyme was doubled. DOC was a l s o  

2+ found t o  s t i m u l a t e  t h e  ATPase a c t i v i t y  o f  t h e  Ca + ~ c j " - ~ ~ ~ a s e  

i s o l a t e d  f rom s k e l e t a l  muscle (MacLennan, 1970). 

F i g u r e  4 shows t h e  ATPase a c t i v i t y  w i t h  v a r y i n g  ca l c i um 
t 

concent ra t ions ,  a  concen t ra t i on  o f  5.2 - 0.3 ca2+ was needed t o  

achieve 50% a c t i v a t i o n  o f  t h e  ATPase. 



TABLE I V  

The ATPase h y d r o l y t i  c  a c t i  v i  t y  of c a r d i  ac m i  crosomes , DOC super- 

n a t a n t  and p u r i f i e d  Ca '+ + M ~ ' + - A T P ~ ~ ~ .  P r o t e i n  samples were 

suspended a t  a  concen t ra t i on  o f  30-50 ~ g / m l  i n  40 mM h i s t i d i n e  (pH 

6.8), 0.125 M KC], 5  mM NaN3, 5  mM MgC12, and 50 M 

c a l c i  um-EGTA b u f f e r .  The r e a c t i o n  was s t a r t e d  by adding 5 mM 

C ~ - ~ ' P ]  ATP ( 3  pCi p e r  pmole). The f i n a l  volume was 0.4 

m l  . The ca2+- i  ndependent ATPase a c t i v i t y  was measured by 

i n c l u d i n g  0.5 mM EGTA i n s t e a d  o f  calcium-EGTA i n  t h e  r e a c t i o n  

mix tu re .  The r e a c t i o n  was stopped by adding 0.4 m l  o f  i ce-co ld  

13.33 n+l s a l t i u n g s t i c  a c i d  i n .  1.67 M H2S04. 0.3 ml o f  10% 

ammonium molybdate was added. A f t e r  vo r tex ing ,  1  ml o f  isobu-  

tano1:benzene ( 1 : l )  was added. The sample was vor texed f o r  30 

seconds, f o l l o w e d  by c e n t r i f u g a t i o n  a t  1,000 x  g  f o r  10 minutes.  

0.5 ml o f  t h e  o rgan i c  phase was counted. ATPase a c t i v i t i e s  

+ 
rep resen t  mean - S.E. f o r  f i v e  p repa ra t i ons .  



TABLE I V  

ATPase A c t i v i t y  

P ro te i n  Fract ion 

ca2+-dependent 

Mg2+ -~~pase  ATPase 

Cardiac microsomes 

prnoles Pi/mg/min pmoles Pi/mg/min 

0.18 - + 0.03 0.24 - + 0.06 

F i r s k  DOC supernatant 0.02 - + 0.03 0.73 - + 0.10 

Pur i f  i ed c a 2 + M g 2 + - ~ ~ ~ s s e  0.01 - + 0.02 1.27 - + 0.15 

P u r i f i e d  ca2++ M g 2 + - ~ ~ ~ a s e . +  0.1% DOC 0.01 - + 0.03 2.47 - + 0.31 



FIGURE 4  

ATPase a c t i v i t y  w i t h  v a r y i n g  c a l c i  um concen t ra t i ons .  The 

p u r i f i e d  p r o t e i n  was suspended a t  50 pg/ml i n  40 mM h i s t i d i n e ,  

pH 6,8, 0.125 M KC1, 5.0 mM MgC12 and v a r y i n g  ca l c i um concen t ra t i ons  

i n  t he  presence o f  EGTA. The r e a c t i o n  was s t a r t e d  by t h e  a d d i t i o n  

o f  5  mM [ y - 3 2 ~ ]  ATP. A f t e r  30 seconds t h e  r e a c t i o n  was te rm ina ted  

as descr ibed i n  "Methods". 





Phospho l i p i d  Content o f  ATPase 

The p u r i f e d  c a r d i a c  ATPase bound 11.5 moles o f  p h o s p h o l i p i d  p e r _  

mole o f  enzyme (Tab le  111). The ca2++ M ~ * + - A T P ~ ~ ~  f rom 

s k e l e t a l  muscle i s o l a t e d  by MacLennan (1970) bound cons ide rab l y  

more p h o s p h o l i p i d  than t h e  ca rd iac  enzyme. However, t h e  ATPase 

p u r i f i e d  by Warren -- e t  a l .  (1974) f r om s k e l e t a l  muscle bound about 

the.same amou.nt o f  p h o s p h o l i p i d  as t h e  ca rd iac  enzyme. These 

f i n d i n g s  undoubtedly r e s u l t  f rom t h e  method o f  i s o l a t i o n .  

MacLennan (1970) used r e 1  a t i  v e l y  l a r g e  concen t ra t i ons  o f  DOC t o  

s o l u b i  l i z e  most o f  t h e  membrane, and then s e l e c t i v e l y  p r e c i p i t a t e d  

t h e  ATPase. The concen t ra t i on  of DOC used there ,  was capable o f  

s o l u b i l i z i n g  much more l i p i d ,  which then cou ld  remain w i t h  t h e  

ATPase upon p r e c i p i t a t i o n .  The prcedure  presented here and t h e  

procedure o f  Warren -- e t  a l .  (1974) use a  low c o n c e n t r a t i o n  o f  DOC, 

r e s u l t i n g  i n  fewer phospho l i p i ds  and DOC molecules be ing  bound t o  

t h e  ATPase. L i p i d  or a  l i p i d  s u b s t i t u t e ,  detergent ,  i s  needed f o r  

ATPase a c t i v i t y .  



D I SCU SS ION 

Sel e c t i  ve sol ubi l i z a t i on  of membrane pro te ins  by detergents i s  

a very powerful tool  in p ro te in  pu r i f i c a t i on .  The 22,000 dalton 

prote in ,  spec i f i c a l l y  phosphoryl ated by cyc l ic  AMP-dependent 

p ro te in  kinase, has a very unique property.  When phosphorylated i t  

cannot be solubiliized by DOC (Bidlack and Shamoo, 1979b). However, 

unphosphorylated, the  p ro te in  i s  soluble  in  a low concentrat ion of 

detergent.  This f a c t  was used in  t he  pu r i f i c a t i on  of the  prote in .  

After  s e l ec t i ve  so lub i l i z a t i on ,  only a Sephadex G-75 column was 

needed to  completely pur i fy  the  p ro te in .  The pur i f i ed  prote in  was 

s p e c i f i c a l l y  phosphorylated by cyc l i c  AMP-dependent prote in  kinase. 

The i so la ted  22,000 dalton prote in  bound 6.83 nmoles of 

phosphate per mg of p ro te in ,  compared t o  t he  sarcoplasrnic 

reticulum, whi ch bound 1.35 nmoles of phosphate per mg of prote in .  

This i s  n o t  as great  an enhancement as might be ant ic ipated 

considering t h a t  the 22,000 dal ton protein accounts f o r  a t  the  most 

5% of the  t o t a l  microsomal prote in .  However, in t he  sarcoplasmi c 

reticulum, more than one protein i s  phosphorylated. The 22,000 and 

6,000- dalton prote ins  a re  t he  major ones, along w i t h  t he  endogenous 

prote in  kinase and phosphorylase a. The is01 ated prote in  bound 

0.150 moles of phosphate per  mole of prote in .  Spec i f ic  c y c l i c  

AMP-dependent prote in  ki nase phosphoryl a t i  on of i so la ted  ribosomal 

p ro te ins  has shown t h a t  between 0.035-0.069 moles of phosphate were 

i ncorporated per mole of prote in  (Becker-Ursic and Davies, 1976; 



Herbert - e t  -a a1 3 1976 ) . Glycogen synthetase  (Soder 1 i ng e t  a1 . , 
1970) has been shown t o  incorporate approximately 1 mole of 

phosphate per  mole of p ro te in ,  while phosphorylase kinase 

incorporates 0.4 moles of phosphate per mole of prote in  (Walsh - e t  

a1 ., 1970). T h u s ,  the re  seems to  be a large  range of values found - 

f o r  t he  spec i f i c  incorporation of a phosphate i n to  a protein by 

c y c l i c  AMP-dependent prote in  kinase. I t  i s  poss ible  t h a t  

so lub i l i za t ion  of t h e  22,000 dalton prote in  r e s u l t s  i n  a s t r uc tu r a l  

change of t h e  p ro te in ,  decreasing i t s  a b i l i t y  t o  become 

phosphorylated. The p o s s i b i l i t y  a l so  e x i s t s  t h a t  0.150 moles of 

phosphate incorporated in to  t he  p ro te in  per  mole of p ro te in  is the 

maximal level  of phosphorylation of t h i s  prote in .  The protein may 

ac t  i n  a form other  than monomeric, such as a tetramer.  

Regardless, t he  22,000 dal t o n  protein i s  s p e c i f i c a l l y  

phosphoryl ated by cycl i  c AMP-dependent prote in  kinase a t  a high 

enough spec i f i c  a c t i v i t y  t h a t  t he  function of the phosphrylated 

22,000 dalton pro te in  can be e lucidated.  

When i so la ted ,  the  22,000 dalton prote in  s t i l l ' h a s  

phospholipids bound t o  i t .  This f a c t  i s  cons i s ten t  with t h e  

f inding t h a t  t he  22,000 dalton prote in  was soluble in ac id i f i ed  

chloroform:methanol, ind ica t ing  the p o s s i b i l i t y  t h a t  i t  i s  a 

p ro teo l ip id  (Bidlack and Shamoo, 1979b). Whether these  l i p i d s  play 

any d i r e c t  r o l e  in  t he  function of 'the 22,000 dalton prote in  i s  n o t  

known .  I t  has been shown t h a t  the prote in ,  not t h e  l i p i d ,  i s  f he  

component phosphoryl ated b y  cycl i  c AMP-dependent prote in  ki nase 

(Bi dl ack and Shamoo, 1979b). 



The ca2++ M g 2 + - ~ ~ p a s e  was i s o l  a ted  by empl o y i  ng successi  ve 

a d d i t i o n s  o f  DOC. Th i s  procedure a l lowed f o r  t h e  very  r a p i d  

p u r i f i c a t i o n  o f  t h e  ATPase. Because of s o l u b i l i z i n g  t h e  enzyme i n  

a  ve ry  1  ow concen t ra t i on  o f  de tergent ,  fewer phospho l i p i ds  were 

assoc ia ted  w i t h  t h e  enzyme than found i n  t h e  p u r i f e d  s k e l e t a l  

ATPase i s 0 1  ated by MacLennan (1970). However, t h e  p h o s p h o l i p i d  

con ten t  o f  t h e  i s o l a t e d  ca rd iac  ATPase i s  i n  agreement w i t h  t h e  

p h o s p h o l i p i d  con ten t  f rom t h e  i s o l a t e d  s k e l e t a l  enzyme p u r i f i e d  by 

Warren -- e t  a l .  (1974), which a l so  employed a  low c o n c e n t r a t i o n  o f  

de tergent .  The a d d i t i o n  o f  DOC t o  t h e  p u r i f i e d  enzyme g r e a t l y  

enhanced i t s  h y d r o l y t i c  a c t i v i t y .  I n  t h e  s k e l e t a l  enzyme, i t  

appears t h a t  t h e  more l i p i d s  assoc ia ted  w i t h  t h e  enzyme, t h e  

g r e a t e r  i t s  h y d r o l y t i c  a c t i v i t y  (MacLennan, 1970; Warren -- e t  al . ,  

1974). L i p i d s  appear respons ib le  f o r  m a i n t a i n i n g  t h e  conformat ion  

s t a t e  of t h e  ATPase. The Km va lue  f o r  ca l c i um found f o r  t h e  

p u r i f i e d  enzyme i s  i n  agreement w i t h  t h e  va lue  found f o r  c a r d i a c  

microsomes, and i s  about 5 t imes  h i g h e r  than t h e  va lue f o r  t h e  

ATPase f rom s k e l e t a l  muscle (Shigekawa - e t  -. a1 9 1976; L e v i t s k y  e t  - 
al., 1976). - 

Using t h e  procedures presented here, t h e  r a p i d  p u r i f i c a t i o n  o f  

t h e  22,000 d a l t o n  p r o t e i n  and t h e  ca2++ M g 2 + - ~ ~ ~ a s e  i s  

p o s s i b l e .  A  good y i e l d  o f  t h e  22,000 d a l t o n  p r o t e i n  (app rox ima te l y  

200 pg)  can be ob ta ined f rom as few as 2  can ine  hear ts ,  w h i l e  t h e  

ATPase can be i s o l a t e d  f rom 1 hear t .  For  a  s h o r t  p e r i o d  o f  t ime  

( l e s s  than 2  days), t h e  ATPase remains t h e  most s t a b l e  when s t o r e d  



on ice .  For maintaining a c t i v i t y  f o r  as long as a  week and a  ha l f ,  

t he  best r e su l t s  were obtained when the  enzyme was frozen in the  

presence of calcium and ATP. With t he  i so l a t i on  of both these  

p ro te ins ,  i t  wil l  now be poss ible  t o  e luc ida te  t he  function of 

cyc l i c  AMP-dependent phosphorylation of t h e  22,000 dalton pro te in  

in  the  regulation of calcium t r anspo r t ,  
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CHAPTER 3 

RECONSTITUTION OF THE CARDIAC ca2+ + M ~ ~ +  -ATPase AND THE 22,000 

DALTON PROTEIN PHOSPHORYLATED BY CYCLIC AMP-DEPENDENT PROTEIN KINASE, 

I N  L I P I D  VESICLES. 



SUMMARY 

The ca2+ + ~ g "  -A~Pase  f rom ca rd iac  sarcoplasmi c  r e t i c u l u m  was 

r e c o n s t i t u t e d  i n  l e c i t h i n  v e s i c l e s  a long w i t h  t h e  22,000 d a l  t on  

p r o t e i n ,  phosphoryl  a ted  speci f i  c a l  l y  by c y c l  i c  AMP-dependent p r o t e i n  

k inase.  The Ca '+ + ~ g ~ + - ~ ~ P a s e  t r a n s p o r t s  ca2+ i n  an ATP-dependent 

manner. I n  t he  presence o f  phosphate i n s i d e  the  r e c o n s t i t u t e d  

v e s i c l e s  , the  phosphory lated 22,000 d a l  t o n  p r o t e i n  t r a n s p o r t s  ca2+ 5 

t imes g r e a t e r  than t h e  nonphosphorylated p r o t e i n .  The phosphory la ted  

22,000 d a l t o n  p r o t e i n  has no d i r e c t  e f f e c t  on the  t r a n s p o r t  o f  ca2+ b y  

the  ca2+ + ~ g ~ + - A ~ P a s e .  Ves ic les ,  r e c o n s t i  t u t e d  w i t h  t h e  phosphoryl  a ted  

22,000 d a l t o n  p r o t e i n  and the  ATPase, t r a n s p o r t  ca2+ i n  a  manner t h a t  

i s  addi ti ve o f  t he  2  i n d i  v i  dual t r a n s p o r t  processes. W i  t h o u t  phosphate 

p resen t  i n s i d e  the  ves i c l es ,  t he  phosphory lated 22,000 da l  t o n  . p r o t e i n  

t r a n s p o r t s  ca2+ a t  a  r a t e  of about  o n e - t h i r d  g r e a t e r  than  the  non- 

phospnory la ted  p r o t e i n  does. When phosphatases are i n c l u d e d  i n  t h e  Ca 2+ 

- uptake medium, the  o r i g i n a l l y  phosphory la ted  and nonphosphory lated 

22,000 d a l t o n  p r o t e i n  t r a n s p o r t  ca2+ a t  i d e n t i c a l  r a t e s  a f t e r  5 min of 

i ncuba t i on .  I n  compe t i t i on  experiments, ~a'+, i4n2+ and sr2+ have 1  i t t l e  

e f f e c t  on the  t r a n s p o r t  o f  ca2+ by t h e  22,000 d a l t o n  p r o t e i n ,  w h i l e  Zn 
2+ 

i n h i b i t s  t r a n s p o r t  by 30% and ~g '+  and ru th inum r e d  i n h i  b i  t t r a n s p o r t  

a lmost  comple te ly .  



1  
C y c l i  c  AMP-dependent p r o t e i n  k i nase  phosphory lates a  6,000 and a  

22,000 da l  t on  p r o t e i n  i n  c a r d i  ac sarcop l  asmi c  r e t i  c u l  um (B i  d l  ack and 

Shamoo, 1979a, b; Jones -- e t  a l . ,  1979). Concomitant w i t h  t h i s  phos- 

pho ry l  a t i o n ,  c a l c i  um t r a n s p o r t  i n t o  t h e  sarcop l  asmi c  r e t i  c u l  um i s  

enhanced (Tada e t  a l .  , 1974; W i  11 -- e t  a1 . , 1976). A  decrease i n  t he  r a t e  

o f  ca lc ium uptake was observed when phosphatase were added t o  t h e  phos- 

pho ry l  a ted  m i  crosomes (K i  rchberger  and Raf fo ,  1977).  Because o f  t h e  

changes i n  ca lc ium t r a n s p o r t  as a  f u n c t i o n  o f  t h e  phosphory la t i on  o f  t he  

22,000 d a l t o n  p r o t e i n ,  the  suggest ion t h a t  t h e  22,000 d a l t o n  p r o t e i n  i s  

a  r e g u l a t o r  o f  t he  ca2+ + M g 2 + - ~ ~ p a s e  i n  c a r d i a c  sarcoplasmic r e t i c u l u m  

has been made (K i r chbe rge r  -- e t  a l . ,  1975; Tada -- e t  a l . ,  1975, 1976, 1978). 

R e c o n s t i t u t i o n  o f  membrane p r o t e i n s  i n t o  l i p i d  v e s i c l e s  i s  one o f  t h e  

b e s t  methods t o  determine t h e  t r a n s p o r t  p r o p e r t i e s  o f  these p r o t e i n s .  

The ca2+ + M ~ ' + - A T P ~ ~ ~  f rom s k e l e t a l  muscle has been shown t o  pump 

ca lc ium i n  an ATP-dependent manner i n  l i p i d  v e s i c l e s  (Warren -- e t  a l . ,  1974; 

J i  l k a  -- e t  a l . ,  1975; Zimniak and Racker, 1978). 

Both t h e  22,000 da l  t on  p r o t e i n  and the  ~a ' '  + Mg2 ' -~~pase  f rom ca rd iac  

sarcoplasmi c r e t i c u l  um have been p u r i f i e d  ( B i d l a s k  and Shamoo, 1 9 7 9 ~ ) .  

Th i s  c o m u n i  c a t i o n  r e p o r t s  t h a t  t h e  22,000 da l  t o n  p r o t e i  n  can t r a n s p o r t  

c a l  c i  urn i n t o  l i p i d  ves i c l es ,  and t h a t  t h i s  a b i l i t y  t o  t r a n s p o r t -  ca lc ium 

i s  dependent on t h e  phosphory la t i on  o f  t h e  22,000 d a l t o n  p r o t e i n .  

 he abbrev ia t i ons  used are :  c y c l i c  AMP, adenosine 3 '  : 5 '  - monophosphate; 
p r o t e i n  k inase,  adenosine 3 ' : 5 '  - monophosphate-dependent p r o t e i n  
kinase; DOC, deoxycholate; SDS, sodium dodecyl s u l f a t e ;  HEPES, R-2- 
hyd roxe thy lp i  pe raz i  ne-N -2-ethene s u l f o n i c  ac id .  



EXPERIMENTAL PROCEDURE 

MATE RIALS 

Bovine h e a r t  c y c l i c  AMP-dependent p r o t e i n  k inase,  a l k a l i n e  

phosphatases, sodium c y c l i c  AMP, t r i s -ATP and soy bean l e c t i n  were 

purchased f rom Sigma Chemical Co. 4 5 ~ a  was ob ta ined  f rom Amersham/ 

Sear le .  Ca t i on  exchange r e s i n ,  AG 50W-X8, 50-100 mesh was purchased 

f rom Biorad.  I n s t a g e l  was ob ta ined  f rom Packard Chemical Co. 

METHODS 

P u r i f i c a t i o n  o f  t he  22,000 Da l ton  P r o t e i n  

Card iac m i  crosomes were prepared f rom canine h e a r t  v e n t r i c l e  

accord ing t o  Ha r i  gaya and Schwartz (1  969) w i  t h  t h e  m o d i f i c a t i o n s  

descr ibed i n  B i d l a c k  and Shamoo (1979b). The 22,000 d a l t o n  p r o t e i n  was 

i s o l a t e d  accord ing  t o  t he  procedure descr ibed i n  Bi  d lack  and Shamoo 

2+ P u r i f i c a t i o n  o f  the  Ca + M ~ ' + - A T P ~ ~ ~  

The ca2+ + M ~ ~ + - A T P ~ ~ ~  f rom c a r d i a c  sa rcop l  asmi c  r e t i  c u l  um was 

p u r i f i e d  as descr ibed by B i d l a c k  and Shamoo ( 1 9 7 9 ~ )  w i t h  t h e  f o l l o w i n g  

m o d i f i c a t i o n s .  The sarcoplasmic r e t i c u l u m  was suspended a t  7 mg/ml 

i n  0.25 M sucrose. DOC was added a t  t h e  r a t i o  o f  2 pg DOC/7 mg p r o t e i n .  



A f t e r  i n c u b a t i n g  on i c e  f o r  15 rnin, the  sample was c e n t r i f u g e d  a t  

100,000 x g f o r  30 rnin. The p e l l e t  was suspended i n  1 mM HEPES, pH 

7.5,at  the o r i g i n a l  volume. A d d i t i o n a l  DOC was added a t  t h e  concent ra t ion  

o f  2 pg D O C / 7  mg o r i g i n a l  microsomal p r o t e i n .  The suspension was 

i ncuba ted  on i c e  f o r  15 min, f o l l o w e d  by c e n t r i f u g a t i o n  a t  100,000 x g 

f o r  30 rnin. The supernatan t  f r o m  t h i s  c e n t r i f u g a t i o n  conta ined the  

ca2+ + M ~ ~ + - A T P ~ ~ ~  t o  a t  l e a s t  95% p u r i t y .  The b u f f e r  HEPES was used t o  

resuspend the  p e l  l e t  o f  t he  i n i t i a l  DOC s o l u b i  l i z a t i o n  because sucrose 

2+ 2+ has been shown t o  i n t e r f e r e  w i t h  t h e  r e c o n s t i t u t i o n  o f  the  Ca + Mg - 
ATPase f r o m  s k e l e t a l  muscle i n t o  l i p i d  v e s i c l e  (Zimniak and Racker, 1979).  

Recons ti t u t i  on o f  the  ca2+ + M ~ ' + - A T P ~ ~ ~  
and the 22,000 Da l ton  P r o t e i n  

The r e c o n s t i t u t i o n  procedure i s essen ti a1 l y  t h a t  o f  Kasahara and 

H i n k l e  (1977) w i t h  t h e  f o l l o w i n g  m o d i f i c a t i o n s .  Soy bean a s o l e c t i n  

was washed w i t h  pe t ro l eum e t h e r  and l y p h i l i z e d  f o r  3 hrs .  The d r i e d  

l i p i d  was suspended i n  10 mM K-HEPES, pH 7.5, a t  a concentratsi:on o f  60 

mg/m l .  The suspension was f l u s h e d  w i t h  n i t r .ogen and son i ca ted  i n  a 

covered t e s t  tube f o r  20-30 min i n  a ba th  s o n i c a t o r  a t  25'. 

When the  phosphory lated 22,000 da l ton p r o t e i n  was inc luded i n  the  

r e c o n s t i t u t e d  v e s i c l e s ,  i t  was f i r s t  phosphory lated i n  the  f o l l o w i n g  

manner. The 22,000 da l ton  p r o t e i n  Nas suspended i n  a f i n a l  concen t ra t i on  

o f  0.125 M K C l ,  10 mM t r i s - H C 1 ,  pH 7.5, 20 pM MgC12, 20 liM t r i s - A T P ,  1 



cyc l i c  AMP and prote in  kinase (0.08 mg/ml). After  10 min, l i p i d  was 

added t o  y i e ld  a f i n a l  concentrat ion of 1 pg prote in  t o  20 pg l i p i d .  

The nonphosphorylated 22,000 dalton was incubated i n  the above react ion 

mixture minus the  cyc l i c  AMP. 

When the ca2+ + M ~ ' + - A T P ~ ~ ~  was recons t i tu ted  with t he  22,000 dal ton 

p ro te in ,  the ATPase was added t o  the  react ion mixture a f t e r  the  22,000 

dalton had been phosphorylated. The 22,000 dalton prote in  and the 

ATPase were recons t i  tu ted  a t  equal molar concentrat ions.  Five mi crograms 

of the  ATPase were included f o r  every microgram of the  22,000 dalton 

p ro te in .  Reconsti tu ted  ATPase wi thout  the  22,000 dal ton prote in  

consisted of suspending the prote in  in 0.1.25 M KC1, 10 mM tris-HC1, 

pH 7.5, a t  a l i p i d  t o  prote in  r a t i o  of 20: 1. When phosphate was 

included i n  the ins ide  of the ve s i c l e s ,  i t  was added as  potassium 

phosphate a t  a concentrat ion of 0 .4  M .  Also when phosphate was present ,  

HEPES was used in  place of the  chlor ide  ion.  Reconsti tut ion was 

accomplished by f reezing the p ro t e in - l i p id  suspension in  l i qu id  nitrogen 

and then l e t t i n g  the  ves ic les  thaw a t  room temperat.ure. The ves ic les  

were then sonicated in  a bath son ica to r  f o r  30 sec .  

Calcium-Uptake i n t o  Vesicles 

10 v1 of the  recons t i tu ted  ves ic les  ( 5  pg ATPase, 1 pg 22,000) were 

suspended in 0.24 ml of a mixture cons i s t ing  o f ,  in f i n a l  concentrat ion,  



0.125 M KCl, .5 mM MgC12, 5  mM t r is -ATP, 10 mM t r is -HC1,  pH 7.5, and 

0.1 mM 4 5 ~ a ~ 1 2  t o  a  f i n a l  s p e c i f i c  r a d i o a c t i v i t y  o f  50 pCi/emole. When 

phosphate was i n c o r p o r a t e d  i n t o  t he  v e s i c l e s ,  HEPES was used i n  p l a c e  o f  

t he  c h l o r i d e  i on .  I n  compe t i t i on  experiments, t he  competing c a t i o n  was 

added a t  a  concen t ra t i on  o f  0.1 mM. The uptake was stopped by p i p e t t i n g  

0.2 m l  o f  t he  suspension through an AG 50W-X8 c a t i o n  exchange 50-100 mesh, 

r e s i n  column. The r e s i n  had been made t h e  t r i s  fo rm by washing w i t h  1  M 

t r i s .  The p,H o f  t h e  r e s i n  was ad jus ted  by washing w i t h  water  u n t i l  t h e  

pH was approx imate ly  7.5. The r e s i n  was suspended i n  0.25 M sucrose. 

P r i o r  t o  use, the c a t i o n  exchange column (0.5 x  7  cm) was washed w i t h  3  

m l  of 0.25 M sucrose, 3.3 mg o f  serum albumin/ml.  Each 0.2 m l  o f  sample 

was e l u t e d  w i t h  3  m l  o f  0.25 M sucrose. A smal l  volume (0.05-0.20 ml) 

o f  t h e  e l u a n t  was counted i n  10 m1 o f  I n s t a g e l .  Con t ro l  v e s i c l e s  

cons i s ted  o f  v e s i c l e s  w i t h o u t  p r o t e i n .  



RESULTS 

Reconsti tut ion of the  ca2+ + M g 2 + - ~ ~ p a s e  

with the  22,000 Dalton Protein i n  the  Absence of Phosphate 

ca2+ + M g 2 + - ~ ~ ~ a s e  recons t i tu ted  w i t h  soy bean aso lec t in  ve s i c l e s  in 

the absence of phosphate did t r an spo r t  ca2+, as i s  shown i n  Fig. 1 .  

This t r an spo r t  was dependent on t he  presence of ATP. As i s  shown by the  

open symbols in Fig. 1 ,  the  co-reconst i tu t ion of the  phosphorylated 

22,000 dalton prote in  w i t h  ' t he  ca2+ + M g 2 + - ~ ~ p a s e  i n  an equal molar r a t i o ,  

had no e f f e c t  on the  t ranspor t  of ca2+ i n t o  the  ves ic les .  Equal molar 

concentrat ions of the prote ins  were used because t h a t  i s  .approximately the  

r a t i o  t h a t  they a r e  present  in  the  sarcoplasmic ret iculum, w i t h  the  

ATPase accounting f o r  40-50% of the  t o t a l  p ro te in ,  while the  22,000 

dalton prote in  accounts f o r  4-5% of the  t o t a l  prote in .  

2+ Reconsti tut ion of the Ca + M ~ ' + - A T P ~ ~ ~  

with the  22,000 Dalton Protein in  the  Presence of Phosphate 

When recons t i tu ted  l i p i d  ves ic les  were made in  the presence of 

0.4 M phosphate, a "sink" was created t o  t r a p  the t ranspor ted calcium. 

As a r e s u l t  of t h i s  t rapping,  the t r an spo r t  of ca2+ i n t o  the  ve s i c l e s  i s  

enhanced as  i s  shown i n  Fig. 2 .  The g r ea t e s t  t r anspor t  occurred when 

the ATPase was recons t i tu ted  a1 ong w i t h  the phosphorylated 22,000 

dal ton prote in  (designated 22P). When the ATPase was recons t i tu ted  



FIGURE 1 

ca2+ - uptake by l i p i d  ves ic les  in  the  absence of phosphate 

recons t i tu ted  with the ca2+ + M ~ ~ +  -ATPase in  the  presence and absence 

of the  22,000 dalton p ro te in ,  phosphorylated and not .  The ATPase was 

recons t i tu ted  in 0.125 M KC1, 10 mM tris-HC1, pH 7.5, and l e c t i n  a t  a 

l i p i d  t o  prote in  r a t i o  of 20: 1.  When the  22,000 dalton prote in  was 

recons t i tu ted  wi t t l  the  ATPase, the  22,000 dal ton prote in  was f i r s t  

phosphorylated in a mixture of 0.125 M KC1, 10 mM tris-HC1, pH 7.5, 

20 pM MgCI2, 20 pM 'tris-ATP, 1 pM c y c l i c  AMP and prote in  kinase (0.08 

mg/ml ) . The nonphosphorylated 22,000 dal ton prote in  was incubated i n  

the above react ion mixture minus the  1 pM c y c l i c  AMP. The 22,000 dal ton 

prote in  was recons t i tu ted  with the  ATPase a t  equal molar r a t i o .  The 

r a t i o  of l i p i d  t o  22,000 dalton prote in  was 100:l.  The uptake buf fe r  

consisted o f ,  in f i n a l  concentra t ion,  0.125 M KC1, 10 mM tris-HC1, 

pH 7.5, 5 mM MgC12, 5 mM tris-ATP and 0.1 mM 4 5 ~ a ~ 1 2 .  Uptake was 

stopped by passing the  ves ic les  through a ca t ion exchange r e s in  

column. The open symbols represent  uptake from vesi c l e s  reconst i  tu ted  

with the ATPase and the  phosphorylated 22,000 dalton p ro te in .  Closed 

symbols represent  vesi c l e s  containing only the  ATPase. 
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w i t h  the  nonphosphorylated 22,000 dal ton prote in  (designated 22) ,  

the  ca2+ t r an spo r t  i n t o  the  ves ic les  did not s i g n i f i c a n t l y  d i f f e r  from 

the t r an spo r t  observed by the ATPase alone. The phosphorylated 22,000 

dalton p ro te in ,  r econs t i tu ted  a t  the  same concentrat ion as when the 

ATPase was present  (1 pg 22,000: 100 pg l i p i d ) ,  was a l s o  capable of t r ans -  

2+ por t ing Ca . The nonphosphorylated 22,000 dalton prote in  t ranspor ted 

ca2' a t  about one- f i f th  the  r a t e  t h a t  the phosphorylated 22,000 dalton 

prote in  did.. 

Whi l e  the  t r an spo r t  of ca2+ was the g r ea t e s t  when the ATPase and 

the phosphorylated 22,000 dalton prote in  were recons t i tu ted  toge ther ,  

the phosphorylated 22,000 dalton prote in  does not  have a d i r e c t  e f f e c t  

on the ATPase. The enhancement observed when the 2 p ro te ins  were 

recons t i tu ted  together  i s  an add i t ive  e f f e c t .  Adding the  t r an spo r t  

of ca2+ observed by the  ATPase alone t o  the  t ranspor t  observed by the  

phosphorylated 22,000 dal ton prote in  alone y i e ld s  a t r anspor t  r a t e  

v i r t u a l l y  iden t ica l  t o  t h a t  observed when the  ATPase and the phos- 

phorylated 22,000 dalton prote in  were recons t i tu ted  together .  These data 

do ind ica te  t h a t  the  22,000 dalton prote in  can t r an spo r t  ca2+ and t h a t  

much of t h i s  t r anspor t  i s  dependent on the phosphorylation of the  

22,000 dalton prote in .  

c a 2 +  - Uptake by the Reconsti tuted 22,000 Dalton Prote in  

in the Absence of Phosphate 

The a b i l i t y  of the  22,000 dalton prote in  t o  t r an spo r t  ca2+ i n t o  

l i p i d  ves ic les  when there  i s  f r e e  ca2+ ins ide  the  ves ic les  was inves t iga ted .  



FIGURE 2 

ca2+- uptake by l i p i d  v e s i c l e s  i n  t h e  presence o f  phosphate 

r e c o n s t i t u t e d  w i t h  t h e  ca2+ + MCJ~+ -ATPase i n  the  presence and absence 

o f  t h e  22,000 d a l  t o n  p r o t e i n ,  phosphory lated and n o t .  Reconst i  t u t i  on 

was c a r r i e d  o u t  as descr ibed i n  F ig .  1  w i t h  t h e  excep t i on  t h a t  0.4 M 

potass ium phosphate was i n c l u d e d  i n  t h e  r e c o n s t i t u t e d  v e s i c l e s  and HEPES 

was used i n  p l a c e  o f  t he  C1- i o n .  A l l  experiments were done w i t h  

5 mM ATP i n  t he  uptake medium. 
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Fig. 3 shows t h a t  the phosphorylated 22,000 dal ton protein can t ranspor t  

ca2+ in  t o  1 i pi d vesi c l e s  b e t t e r  than the nonphosphoryl ated prote in .  The 

time course f o r  uptake without phosphate being present is  longer than 

in  i t s  presence. Over a long time course, the nonphosphorylated 

22,000 dalton protein transported approximately 70% of the  Ca 2 + 

t ranspor ted by the  protein when i t  i s  phosphorylated. Af te r  an i n i t i a l  

binding of ca2+ t o  t he  ves ic les ,  the  i n i t i a l  r a t e  of ca2+ uptake over 

the f i r s t  4 min, was aliilost 8 times g r ea t e r  f o r  the  phosphorylated 

protein than the  nonphosphorylated prote in .  The slope of the uptake 

r a t e  f o r  the f i r s t  4 min  was 0.41, f o r  the  phosphorylated prote in  and 

0.06 f o r  the nonphosphorylated pro te in .  Thus, l i k e  in the  presence of 

phosphate, the phosphorylated 22,000 dalton protein can t ranspor t  

ca2+ b e t t e r  than the  nonphosphorylated prote in .  The r e l a t i v e  enhancement 

of ca2+ t ranspor t  by the  phosphorylation of the  protein did vary 

depending on whether phosphate was present .  In the  absence of 

phosphate, tne  nonphosphorylated prote in  transported a t  a r a t e  of 

70% of the  phosphorylated pro te in ,  while i n  the  presence of phosphate, 

the  t ranspor t  of ca2+ by the  nonphosphorylated prote in  was only 20% 

of t h a t  observed by the  phosphorylated prote in .  



FIGURE 3 

ca2+ - uptake by t h e  22,000 d a l t o n  p r o t e i n ,  phosphory la ted  and 

no t .  The 22,000 d a l t o n  p r o t e i n  was phosphory la ted  as descr ibed i n  

F ig .  1. The p r o t e i n  was r e c o n s t i t u t e d  a t  a  l i p i d  t o  p r o t e i n  r a t i o  o f  

100: l .  10 p1 o f  v e s i c l e s  were added t o  0.24 m l  o f  uptake b u f f e r  

c o n s i s t i n g  o f  10 mM t r is -HC1,  pH 7.5, 0.125 M KC1 and 0.1 mM 4 5 ~ a ~ 1 2 .  

The c o n t r o l  v e s i c l e s  cons i s ted  o f  r e c o n s t i  t u t e d  v e s i c l e s  w i t h o u t  

p r o t e i n .  The open c i  r c l e s  rep resen t  the  phosphory lated 22,000 

d a l t o n  p r o t e i n .  The open squares rep resen t  t h e  nonphosphorylated 

22,000 da l  ton  p r o t e i n ,  and t h e  open t r i a n g l e s  rep resen t  t h e  c o n t r o l  

ves i c l es .  
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ca2+ - Uptake i n t o  Ves i c les  Recons t i t u ted  

w i t h  t h e  22,000 Da l ton  P r o t e i n  

i n  the  Presence o f  Phosphatases 

Ves i c les  w i t h  the  phosphory lated and nonphosphorylated 22,000 

d a l t o n  p r o t e i n  were incubated  i n  ca2+ - uptake medium c o n t a i n i n g  a l k a l i n e  

phosphatases (10  pg phosphatases/0.25 m l  uptake medium). F ig .  4 shows 

t h e  e f f e c t  o f  phosphatases on ca2+ uptake. A f t e r  5 min o f  i n c u b a t i n g  

i n  the  presence o f  phosphatase, t h e  ca2+ uptake by t h e  phosphory la ted  

22,000 d a l t o n  p r o t e i n  i s  reduced s i g n i f i c a n t l y  i n  comparison t o  when 

the re  a re  no phosphatases present .  The uptake was s t i  11 s l i g h t l y  

g r e a t e r  than t h a t  observed by the  nonphosphorylated 22,000 d a l t o n  

p r o t e i n  i n  t h e  presence o f  phosphatases. A f t e r  15 min o f  i ncuba t i ng ,  

t he re  was no d i f f e r e n c e  i n  t he  ca2+ - t r a n s p o r t  by t h e  phosphory la ted  o r  

nonphosphorylated 22,000 d a l t o n  p r o t e i n  i n  t he  presence o f  phosphatase. 

These da ta  seem t o  i n d i c a t e  t h a t  t h e  phosphoester bond i s  respons ib le  f o r  

t h e  enhanced t r a n s p o r t  seen by  t h e  phosphory lated 22,000 d a l t o n  

p r o t e i n .  I t  a l s o  appears t h a t  bo th  p r o t e i n s  i n c o r p o r a t e  e q u a l l y  'we l l  

i n t o  t h e  r e c o n s t i  t u t e d  v e s i c l e s ,  s i n c e  o'nce the phosphory la ted  22,000 

d a l t o n  p r o t e i n  loses i t s  phosphoester bond, i t  t r a n s p o r t s  ca2+ equal 

t o  t h e  nonphosphorylated p r o t e i n .  



FIGURE 4 

Uptake of ca2+ by the  22,000 d a l t o n  p r o t e i n  i n  the presence o f  

phosphatases. The 22,000 d a l t o n  p r o t e i n  was phosphory lated and 

r e c o n s t i t u t e d  as descr ibed i n  F ig .  3 and the  "Methods" sec t i on .  

The uptake medium conta ined 0.125 M KC1, 10 mi4 t r is-HC1,  pH 7.5, 

and 0.1 mM 4 5 ~ a ~ 1 2 .  5 p l  (10 ug) o f  a l k a l i n e  phosphatases were added t o  

0.235 m l  uptake medium. 10 p1 o f  r e c o n s t i t u t e d  v e s i c l e s  were added 

t o  s t a r t  the uptake. The open t r i a n g l e s  represent  t he  phosphory lated 

22,000 d a l t o n  p r o t e i n  n o t  incubated w i t h  phosphatases. The open 

c i r c l e s  represent  the phosphory lated 22,000 d a l t o n  p r o t e i n  incubated 

w i  t h  phosphatases. The c losed c i r c l e s  rep resen t  t he  nonphosphorylated 

22,000 d a l t o n  p r o t e i n  incubated w i t h  phosphatases. 
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ca2+ - Transport  by the  22,000 Dal ton P r o t e i n  

i n  t he  Presence o f  Competing Cations 

Reconst i tu ted  l i p i d  v e s i c l e s  i n  t he  absence o f  phosphate were 

incubated f o r  1  h r  i n  t h e  uptake b u f f e r ,  c o n t a i n i n g  0.1 mM 4 5 ~ a ~ 1 2  

and 0.1 mM o f  t h e  competing c a t i o n .  The ves i c les  were then assayed 

f o r  ca2+ uptake. Table I summarizes the  r e s u l t s .  The e f f e c t  o f  the  

competing c a t i o n  was the  same f o r  bo th  the  phosphory lated and t h e  

nonphosphorylated 22,000 da l  t o n  p r o t e i n .  ~ n ' +  and ~ a ' +  had v i  r t u a l  l y  

2+ no e f f e c t  on the  t r a n s p o r t  o f  Ca . sr2+ i n h i b i t e d  t r a n s p o r t  by 

approximate ly  7%, w h i l e  zn2+ i n h i b i t e d  30% o f  t he  t r a n s p o r t .  tIg2+ 

was capable o f  i n h i b i t i n g  90% o f  the  ca2+ t r a n s p o r t ,  w h i l e  ru th inum 

r e d  a t  a  concen t ra t i on  o f  10 pM was 99% e f f e c t i v e .  M ~ ~ +  was n o t  t e s t e d  

24- because a l l  t he  ves i c les  were made i n  t h e  presence o f  20 pM Mg , an 

i o n  necessary f o r  t h e  phosphory la t ion  o f  the  22,000 d a l t o n  p r o t e i n .  



TABLE I 

Compet i t ive i n h i b i t i o n  by ca t i ons  o f  ca2+ t r a n s p o r t  by t h e  

22,000 d a l t o n  p r o t e i n .  The 22,000 d a l t o n  p r o t e i n  was phosphory lated 

and r e c o n s t i t u t e d  as descr ibed i n  "Methods" and F ig .  1. 10 p1 o f  

v e s i c l e s  were t r a n s f e r r e d  t o  0.24 m l  s f  an uptake b u f f e r  c o n s i s t i n g  o f ,  

i n  f i n a l  concent ra t ion ,  0.125 M KC1, 10 mM t r is-HC1,  pH 7.5, 0.7 mM 

4 5 ~ a ~ 1 2  and 0.1 mb1 o f  t he  competing ca t i on .  Ruthinum r e d  was added a t  

a  concent ra t ion  o f  10 pM. Transpor t  was a l lowed t o  proceed f o r  1  h r  

be fo re  be ing  te rminated by passing 0.2' .ml o f  t he  ves ic les '  i n i t h e  

uptake s o l u t i o n  through a  c a t i o n  exchange r e s i n ,  AG 50W-X8, column 

e q u i l i b r a t e d  w i t h  0.25 M sucrose. The phosphory lated 22,000 d a l t o n  

p r o t e i n  i s  designated 22,000-P and the  nonphosphorylated p r o t e i n  as 

22,000. The data  represents the  mean 2 S.E. f o r  t h r e e  determinat ions.  



TABLE I 
.. - - . - ' - -- 

Competi t i  ve Inhi  bi t i  on by Cat ion o f  ca2+ Transpor t  

by t h e  22,000 Dalton P r o t e i n  

Competing Cat ion 

% ca2+ - t r a n s p o r t  

22,000-P 22,000 

None 

~n 2+ 

s r2+ 

,Zn 2+ 

H C J ~ +  

Ruthinum Red (10 uM) 



DISCUSSION 

C y c l i c  AMP appears t o  be a  r e g u l a t o r  of many t r a n s p o r t  processes 

( T s i  en, 1977 ; Nathanson , 1977). O f  a1 1  t r a n s p o r t  sys tems r e g u l a t e d  

by c y c l i c  AMP, t h e  c a r d i a c  system i s  t h e  b e s t  charac ter ized .  Both 

Tada -- e t  a1 . (1974) and W i  11 -- e t  a1 . (1976) have shown t h a t  ca2+ t r a n s p o r t  

i n t o  t h e  c a r d i a c  sarcoplasmic r e t i c u l u m  i s  enhanced by the  presence o f  

c y c l i c  AMP and p r o t e i n  k inase.  Concomitant w i t h  t he  enhancement o f  

ca2+ t r a n s p o r t ,  a  22,000 dal  t on  p r o t e i n  was phosphory lated by c y c l i c  

AMP-dependent p r o t e i n  k inase.  Since the  ca2+ + M ~ ' + - A T P ~ ~ ~  i s  t h e  

p r o t e i n  a c t i v e l y  respons ib le  f o r  t r a n s p o r t i n g  ca2+ i n t o  t h e  sarcoplasmic 

re t i cu lum,  i t  has been p o s t u l a t e d  t h a t  t h e  phosphory lated 22,000 d a l t o n  
I 

p r o t e i n  r e g u l a t e s  the ATPase ' s  ab i  1  i ty  t o  t r a n s p o r t  ca2+ (K i rchberger  

e t  a l . ,  1975; Tada e t  a l . ,  1975, 1976, 1978). The experiments d e t a i l e d  -- -- 

i n  t h i s  communication i n d i c a t e  t h a t  t h e  phosphory lated 22,000 d a l t o n  

p r o t e i n  does n o t  a c t  d i r e c t l y  on t h e  ATPase, b u t  i n s t e a d  i s  capable 

o f  t r a n s p o r t i n g  ca2+ i t s e l f .  

)dhen bo th  the  phosphory lated 22,000 d a l t o n  p r o t e i n  and t h e  ATPase 

were r e c o n s t i t u t e d  i n  1  i p i d  v e s i c l e s ,  ca2+ t r a n s p o r t  i n t o  t h e  v e s i c l e s  

was maximized ( F i g .  2 ) .  However, t h i s  enhanced t r a n s p o r t  r a t e  i s  o n l y  

an addi t i v e  response o f  v e s i c l e s  recons t i t u t e d  w i t h  t h e  phosphory lated 

22,000 d a l t o n  p r o t e i n  and the  ~ ~ ~ a s e ' ,  sepa ra te l y .  The t r a n s p o r t  o f  ca2+ 

i n t o  a l l  r e c o n s t i t u t e d  v e s i c l e s  i s  much g r e a t e r  when phosphate i s  i n s i d e  

the  v e s i c l e s .  This  i s  a  r e s u l t  o f  t h e  phosphate p r e c i p i t a t i n g  t h e  



2  + e n t e r i n g  ca2+, thus m a i n t a i n i n g  an environment w i t h  no f r e e  Ca . 
Over a  2  min t ime course, i n  t he  absence o f  phosphate, v e s i c l e s  

r e c o n s t i t u t e d  w i t h  t he  ATPase and t h e  phosphory lated 22,000 d a l t o n  

p r o t e i n  showed no enhanced t r a n s p o r t  ove r  v e s i c l e s  r e c o n s t i t u t e d  w i t h  

the  ATPase a lone (F ig .  1 ) .  As was shown i n  F i g .  3, t he  22,000 d a l t o n  

p r o t e i n  does t r a n s p o r t  ca2+ i n  t h e  absence o f  phosphate. However, t h i s  

t r a n s p o r t  i s  much sma l l e r  than t h a t  seen by t h e  ATPase and was thus  

obscured when bo th  were r e c o n s t i  t u  t e d  together .  When the  recons t i  t u t e d  

22,000 da l  ton  p o r t e i n  was f i r s t  i n t roduced  t o  t h e  uptake medium, t h e r e  

was an i n i t i a l  b i n d i n g  o f  ca2+. A f t e r  t h i s  b ind ing ,  t h e r e  was an 

i n i t i a l  uptake o f  ca2+ l a s t i n g  f o r  about  5 min. Th i s  i n i t i a l  r a t e  was 

approx imate ly  8 t imes g r e a t e r  f o r  t he  phosphory lated 22,000 d a l t o n  p r o t e i n  

than the  nonphosphorylated p r o t e i n .  A f t e r  5 min, a gradual  i nc rease  i n  

ca2+ - uptake was observed, w i  t h  t h e  nonphosphorylated p r o t e i n  t a k i n g  

' up about 70% o f  t h e  ca2+ t h a t  t h e  phosphory lated p r o t e i n  d id .  Why t h e  

v e s i c l e s  d o n ' t  reach the  same equi  li br ium i s  n o t  c l e a r .  The volume o f  

t he  v e s i c l e s  r e c o n s t i t u t e d  w i t h  p r o t e i n  may be l a r g e r  than those 

2+ 
w i t h o u t  p o r t e i n .  The p o s s i b i l i t y  a l s o  e x i s t s  t h a t  i n  the  presence o f  Ca , 

v e s i c l e s  are f u s i n g  d u r i n g  t h e  exper iments.  The i n i t i a l  b i n d i n g  o f  ca2' 

t o  t h e  v e s i c l e s  i s  g r e a t e r  i n  t he  presence o f  p r o t e i n  than i n  i t s  absence. 

From t h e  da ta  presented here, i t  appears t h a t  t he  phosphory lated 

22,000 da l  t on  p r o t e i n  i s  capable o f  . f a c i  li t a t i n g  ca2+ t r a n s p o r t  i n t o  t he  

sarcoplasmic r e t i c u l u m .  Th is  conc lus ion  i s  c o n s i s t e n t  w i t h  o t h e r  biochem- 

i c a l  p r o p e r t i e s  r e p o r t e d  about t he  22,000 d a l t o n  p r o t e i n .  When the  

22,000 d a l t o n  p r o t e i n  i s  n o t  phosphory lated,  i t  appears t o  be e x t r i n s i c ,  

e a s i l y  a t t acked  by t r y p s i n  and DOC (B id lack  and Shamoo, 1979a,b). 



A f t e r  phosphory la t ion ,  t h e  p r o t e i n  i s  r e s i s t a n t  t o  a t t a c k  by b o t h  

t r y p s i n  and DOC. Phosphory la t ion  appears t o  cause the  p r o t e i n  t o  

become b u r i e d  i n  t h e  membrane, t r a n s p o r t i n g  ca2+ across t h e  membrane a t  

t h i s  t ime.  . When phosphatases were i n c l u d e d  i n  t he  uptake medium, a f t e r  

5  min, t he re  was no enhanced uptake o f  ca2+ by v e s i c l e s  r e c o n s t i t u t e d  

o r i g i n a l l y  w i t h  t h e  phosphory la ted  22,000 d a l  t on  p r o t e i n .  

Phosphatases have been shown t o  be c l o s e l y  assoc ia ted  w i t h  i s o l a t e d  

ca rd iac  m i  crosomes (Tada -- e t  a1 . , 1975a). Repeated washing o f  m i  crosomes 

does n o t  remove phosphatase a c t i v i t y  (Tada e t  a l . ,  1975a). Thus, when 

the  22,000 d a l t o n  p r o t e i n  i s  phosphory lated,  t he re  a re  phosphatases i n  

c lose  p r o x i m i t y ,  capable o f  dephosphory la t ing  t h e  p r o t e i n .  I n  t he  

ca rd iac  c e l l ,  t he  22,000 da l  t o n  p r o t e i n  i s  undobtedly  g e t t i n g  phosphory la ted  

and dephosphorylated f a i r l y  r a p i d l y .  Adenylate cyc lase  and endogenous 

p r o t e i n  k inase have a l s o  been shown t o  be assoc ia ted  w i t h  ca rd iac  

m i  crosomes (B i  d l  ack and Shamoo, 1979b). 

The ATPase h y d r o l y t i c  a c t i  v i  t y  was r e p o r t e d  t o  i nc rease  i n  t h e  

presence o f  c y c l i c  AMP and p r o t e i n  k i  nase (K i  rchberger  -- e t  a1 . , 1974). 

Th is  enhanced i nc rease  i n  i n o r g a n i c  phosphate may be t h e  r e s u l t  o f  t he  

22,QQO d a l t o n  p r o t e i n  h e i n g  phosphory lated and dephosphorylated, thus 

genera t ing  a  new source o f  P i .  The ATPase a c t i v i t y  was n o t  examined 

i n  the  presence o f  a  phosphatase i n h i b i t o r  (K i r chbe rge r  -- e t  a l . ,  1974).  

The i nc rease  i n  ca lc ium uptake by t h e  sarcoplasmic r e t i c u l u m  i n  t h e  

presence o f  c y c l i c  AMP and p r o t e i n  k inase (Tada -- e t  a1.,1974; W i l l  -- e t  a l . ,  

1976), may w e l l  be a  d i r e c t  e f f e c t  o f  t h e  phosphory lated 22,000 d a l t o n  

p r o t e i n  f a c i l i t a t i n g  ca2+ t r a n s p o r t .  Tada -- e t  a l .  (1979) r e p o r t e d  t h a t  

t h e  phosphory lated i n te rmed ia te  o f  t he  ATPase d i d  n o t  va ry  as. a  f u n c t i o n  



o f  c y c l i c  AMP and p r o t e i n  k inase.  But,  the r a t e  o f  dephosphory lat ion o f  

t h e  ATPase was enhanced i n  the  presence of c y c l i c  AMP and p r o t e i n  

k inase (Tada -- e t  a l . ,  1979). The l e v e l  o f  phosphory lated 22,000 d a l  ton 

p r o t e i n  a t  any g iven t ime i n  the  presence of phosphatases may be q u i t e  

low, and thus account f o r  t he  l a c k  o f  d i f f e r e n c e  seen i n  the  phosphory lated 

i n te rmed ia te  i n  the absence o r  presence o f  c y c l i c  AMP and p r o t e i n  k inase.  

How the  r a t e  o f  dephosphory lat ion o f  t h e  ATPase i s  enhanced i n  t h e  

presence o f  c y c l i c  AMP and p r o t e i n  k inase i s  n o t  understood. 

The data  presented here s t r o n g l y  suggest t h a t  t h e  22,000 d a l t o n  

p r o t e i n  can f a c i  1  i t a t e  ca2+ t r a n s p o r t  i n t o  the  sarcoplasmi c  re t i cu lum,  

and t h a t  much o f  t h i s  t r a n s p o r t  i s  dependent on the  phosphory la t ion  o f  

the  p r o t e i n .  The dephosphory lat ion o f  the  p r o t e i n  by phosphatases 

then seems t o  complete the  cyc le .  I t  should a l s o  be remembered t h a t  i n  

a d d i t i o n  t o  the 22,000 d a l t o n  p r o t e i n ,  a  6,000 d a l t o n  p r o t e i n  i s  a l s o  

phospnory lated by c y c l i c  AMP- dependent p r o t e i n  k i  nase (B id lack  and 

Shamoo, 1979a,b; Jones -- e t  a l . ,  1979). Nhat r o l e  t h i s  p r o t e i n  p l a y s  i s  

n o t  known. It i s  phosphory lated a t  a  s lower r a t e  than t h e  22,000 

d a l  ton  p r o t e i n  ( B i  d lack  and Shamoo, 1979b). This  may i n d i  ca te  th'at i t 

i s  a  f u r t h e r  back-up mechanism f o r  t he  t r a n s p o r t  o f  caZt i n t o  the  

sarcoplasmic re t i cu lum.  Phosphory lat ion appears t o  a l s o  cause i t t o  

become b u r i e d  i n  the  membrane (B id lack  and Shamoo, 1979b). F u r t h e r  

cha rac te r i  z a t i  on o f  t h e  t r a n s p o r t  p r o p e r t i e s  o f  bo th  these p r o t e i n s  w i  11 

g r e a t l y  inc rease our  knowledge o f  t he  molecu lar  mechanism by which 

c y c l i c  AMP regu la tes  myocardia l  c o n t r a c t i l i t y ,  and may w e l l  h e l p  

e l  uc i  date how o t h e r  t r a n s p o r t  processes are  regu la ted  by cyc'l i c AMP. 
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