
259 

Biochimica et Biophysica Acta, 550 (1979) 259--268 
© Elsevier/North-Holland Biomedical Press 

BBA 78244 

ATP-P l AND ITP-P i EXCHANGE BY CARDIAC SARCOPLASMIC 
RETICULUM 

BRIGITTE PLANK, GERTRUDE HELLMANN, CHRISTIAN PUNZENGRUBER 
and JOSEF SUKO 

Institute of Pharmacology, University of Vienna, Wiihringerstrasse 13a, 1090 Vienna 
(Austria) 

(Received May 10th, 1978) 

Key words: NTP-P i exchange; Ca 2+ transport; ATPase; Phosphorylation; (Sarcoplasmic 
reticulum, Cardiac) 

Summary 

ATP-Pi and ITP-P i exchange is demonstrated in cardiac sarcoplasmic retic- 
ulum isolated from dogs. Both reactions require calcium outside the sarcoplas- 
mic reticulum and inside, as well as magnesium and ADP or IDP. 

ATP-Pi or ITP-Pi exchange by sarcoplasmic reticulum is maximally activated 
at ~M concentrations of calcium outside the sarcoplasmic reticulum, consider- 
ably inhibited by mM concentrations of calcium in the medium and abolished 
at nM concentrations of calcium in the medium; these last concentrations do 
not activate phosphorylation of the calcium transport ATPase by ATP or ITP. 
Phospholipase A-treated sarcoplasmic reticulum vesicles do not exhibit any 
nucleoside triphosphate-Pi exchange at calcium concentrations between 0.01 
and 0.3 mM, but both reactions are partially activated by mM calcium concen- 
trations, indicating that calcium in the mM range inside the sarcoplasmic 
reticulum is essential for nucleoside triphosphate-Pi exchange. 

Drugs like prenylamine, chlorpromazine, quinidine, tetracaine and dibucaine 
inhibit ATP-Pi exchange and calcium-dependent ATPase to a similar extent. 
Inhibitors of mitochondrial ATP-P~ exchange do not affect ATP-Pi exchange by 
sarcoplasmic reticulum; dicyclohexyl carbodiimide was an exception in causing 
increased rate of phosphate exchange in sarcoplasmic reticulum. 

It is suggested that nucleoside triphosphate-Pi exchange occurs via an 
exchange of inorganic phosphate with the phosphate of the phosphoprotein 
formed from nucleoside triphosphate, which is dephosphorylated by nucleoside 
diphosphate, resulting in ATP or ITP formation. 

Abbrev ia t i ons :  NTP, nucleoside triphosphate; NDP, n u c l e o s i d e  d i p h o s p h a t e .  



260 

Introduction 

ATP-P i and ITP-Pi exchange by skeletal muscle sarcoplasmic reticulum was 
first shown by Makinose [1,2]. Both exchange reactions by native and leaky 
sarcoplasmic reticulum vesicles were extensively investigated by de Meis and 
coworkers [3--5]. ATP-Pi exchange also occured in reconstituted sarcoplasmic 
reticulum [6]. Forward and backward reactions of the calcium pump of skele- 
tal muscle sarcoplasmic reticulum [7--10] participate in the NTP-Pi exchange 
mechanism [ 1--5]. 

In the case of cardiac sarcoplasmic reticulum, both the forward reactions 
(ATP-driven calcium transport from outside to the inside of sarcoplasmic retic- 
ulum and ATP hydrolysis [11--17], both proceeding via the phosphorylation 
of the transport ATPase by ATP [18--22]), and the backward reactions (ADP- 
induced, phosphate-dependent calcium release and calcium driven ATP syn- 
thesis from ADP and orthophosphate proceeding via the phosphorylation of 
the transport ATPase by orthophosphate [23,24]) have been demonstrated. 
NTP-Pi exchange by cardiac sarcoplasmic reticulum has not yet been reported. 
In order to characterize further the calcium transporting system of cardiac 
sarcoplasmic reticulum, NTP-Pi exchange was studied in dog heart sarcoplasmic 
reticulum. ATP-P~ and ITP-P~ exchange by cardiac sarcoplasmic reticulum both 
exhibit essentially the same features as in skeletal muscle sarcoplasmic retic- 
ulum [1--5]. 

Materials and Methods 

R eagen ts 
[32P]Orthophosphate was purchased from the Radiochemical Centre (Amer- 

sham); ATP, ADP, ITP, IDP, oligomycin, tetraphenylarsonium and tetraphenyl- 
boron from Sigma (St. Louis); ITP, IDP, phosphoenolpyruvate, pyruvate kinase 
and P~PS-di(adenosine-5')-l~entaphosphate from Boehringer GmbH (Mann- 
heim), ethyleneglycol-bis(2-aminoethylether)-N,N'-tetraacetic acid (EGTA) and 
N,N'-dicyclohexyl carbodiimide from Fluka AG (Buchs); and phospholipase A 
(Naja naja) from Koch Light (Colnbrook). Nigericin was a generous gift from 
Dr. R.L. Hamill (Eli Lilly and Comp., Indianapolis). All other chemicals were 
reagent grade from E. Merck (Darmstadt). 

Preparation of sarcoplasmic reticulum 
Cardiac sarcoplasmic reticulum was isolated from dogs [21] and usually 

stored at --20°C overnight in a medium containing 10 mM histidine buffer (pH 
7.0) and 1 M sucrose. Protein was measured by the Folin method [25] standar- 
dized against bovine serum albumin. 

A nalyses 
Calcium uptake by sarcoplasmic reticulum and calcium-dependent ATPase 

were assayed as detailed previously [15]. 
ATP-P i exchange or ITP-Pi exchange was performed at 25°C in a medium 

containing 40 mM histidine buffer (pH 7.0), 100 mM KC1, 7 mM MgC12, 5 mM 
azide, 5--20 mM [32P]orthophosphate, 5 mM ATP plus 2--10 mM ADP or 
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5 mM ITP plus 2--10 mM IDP, 0.01 or 0.1 mM CaC12 and 0.5 mg sarcoplasmic 
reticulum protein/ml. Variations of the assay conditions are given in the 
appropriate legends. The reaction was stopped by perchloric acid (final con- 
centration 5%). Centrifugation was followed by neutralization of the super- 
natant with triethanolamine. Isolation of  [32P]ATP or [3:P]ITP was performed 
by ascending thin-layer chromatography on silica gel (aluminium sheets with 
silica gel 60 F:s4 from E. Merck, Darmstadt) as previously described [26] with 
the following modification in order to obtain separation of the nucelotides 
from [3~P]orthophosphate. After a 2-h run (solvent: n-propanol/ammonium 
(33%)/methanol/water  (20 : 20 : 40 : 20, v/v) a high concentration of  un- 
labelled or thophosphate  (20 #l containing 3 pmol  or thophosphate/2.5  cm) was 
applied between the ATP and ADP spots and run for a further 6 h; unlabelled 
or thophosphate  was then reapplied just below the ATP spot, followed by a 
15-h run. [32P]ITP was isolated similarly, using the above solvent of the v/v 
ratio 45 : 30 : 15 : 10. [3:P]ATP or [32P]ITP were counted in a liquid scintil- 
lation counter.  The recovery of the nucleotides by this method was approx. 
90%. 

Phospholipase A treatment of  sarcoplasmic reticulum was performed with 
0.04 mg phospholipase A/mg sarcoplasmic reticulum protein in the presence of 
1 mM CaC12 for 10 min at room temperature. The phospholipase A was boiled 
for 3--5 min prior to use [23].  

Results 

There are three essential requirements for the ATP-Pi exchange reaction by 
cardiac sarcoplasmic reticulum (Fig. 1; Table I). 

1. A low calcium concentration in the medium is required in order to obtain 
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Fig.  1.  C a l c i u m  u p t a k e  a n d  ATP-P  i e x c h a n g e  b y  c a r d i a c  s a r c o p l a s m i c  r e t i c u l u m .  M e d i u m  for  c a l c i u m  up-  
take  a n d  ATP-P  i e x c h a n g e :  4 0  m M  h i s t i d ine  b u f f e r  ( p H  7 .0 ) .  1 0 0  m M  KC1. 5 m M  az ide ,  7 m M  MgC12, 
5 r a m  ATP ,  2 m M  A D P ,  2 0  m M  o r t h o p h o s p h a t e  or  [ 3 2 p ] o r t h o p h o s p h a t e ,  0 .1  r a m  CaC12 or  45CAC12; 
0 . 5  m g  s axcop l a smic  re t icu l t t rn  p r o t e i n / m l .  T = 2 5 ° C .  Z e r o  c a l c i u m :  1 0  m M  E G T A ,  w i t h o u t  a d d i t i o n  o f  
c a l c i u m .  Z e r o  A D P :  1 0  m M  p h o s p h o e n o l p y r u v a t e  a n d  0 . 5  m g  p y r u v a t e  k i n a s e / m l ,  w i t h o u t  a d d i t i o n  o f  
A D P .  • - e  c a l c i u m  u p t a k e ;  ATP-P  i e x c h a n g e :  • • .  c o n t r o l ;  ~ - - - - - - ~ .  ze ro  c a l c i u m ;  i - - - - ~  
zero  A D P .  
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T A B L E  I 

ATP-P i exchange  and  ITP-P i exchange  by  nat ive  and  leaky cardiac  sareoplasmie  r e t i cu lu m at  d i f f e ren t  cal- 
c ium concen t r a t i ons .  Med ium:  40  m M  his t id ine  b u f f e r  (pH 7.0) ,  100 m M  KC1, 10 m M  MgC12, 5raM azide,  
5 m M  ATP plus 2 m M  ADP or  5 m M  ITP plus 5 m M  IDP,  10  m M  [ 3 2 p ] o r t h o p h o s p h a t e ,  0.5 mg  sarco- 
plasmie r e t i eu l um  p r o t e i n / m l ;  to ta l  ca lc ium was 0 .01 ,  0.1 or  3 raM. T ~ 25°C,  Phosphol ipase  A t r e a t m e n t  
of  sa reoplasmic  r e t i e u l u m  vesicles was p e r f o r m e d  as descr ibed  in Materials  an d  Methods .  

ATP-P i exchange  
( n m o l / m g  per  30 min)  

ITP-P i e x c h a n g e  
( n m o l / m g  per  30 rain)  

Cont ro l  Phospho-  Cont ro l  Phospho-  
lipase A lipase A 

Ca 0 .01  m M  83 .19  3 .28  153 .36  1.17 
Ca 0.1 m M  71 .03  2 .80  143 ,36  0 .64  
Ca 3.0 m M  22.27 17.36 49 .63  8.83 
Zero Ca - -  2.05 3.46 0 .58  
Zero ADP,  IDP -- 1.51 1 ,94  1 .35  

a maximum rate of ATP-Pi exchange. An initial total calcium concentration of 
0.1 mM inhibits ATP-P i exchange to a certain degree. The rate of orthophos- 
phate exchange increases when the calcium in the medium is decreased by cal- 
cium uptake (Fig. 1). On the other hand, small amounts of calcium in the me- 
dium are necessary, since addition of sufficient EGTA to reduce free calcium 
outside the sarcoplasmic reticulum below concentrations which activate phos~ 
phorylation of the ATPase protein by ATP [20,21] abolishes the ATP-Pi 
exchange (Fig. 1; Table I). EGTA does not  penetrate the sarcoplasmic retic- 
ulum at pH 7.0 [27]. 

2. Calcium inside the sarcoplasmic reticulum is obligatory for ATP-Pi 
exchange, which is achieved by calcium uptake in the above experiment. Treat- 
ment  of sarcoplasmic reticulum with phosholipase A, which renders the sarco- 
plasmic reticulum vesicles permeable for calcium, completely eliminates ATP-Pi 
exchange at low calcium concentrations in the medium (ref. 1; Table I). 

3. ADP is essential for the ATP-Pi exchange reaction, since phosphate 
exchange in the presence of an ATP regenerating system is reduced to levels ob- 
served with either EGTA in the medium or phospholipase A treatment of sarco- 
plasmic reticulum (Fig. 1; Table I). 

Orthophosphate dependence of the ATP-Pi exchange reaction in the pre- 
sence of 5 mM ATP, 2 mM ADP and 0.01 mM calcium initially reveals an 
apparent Michaelis constant for orthophosphate of around 20 mM and a maxi- 
mum rate of ATP-Pi exchange of about 8 nmol/mg sarcoplasmic reticulum pro- 
tein/min at 25°C (Fig. 2). This rate of ATP-Pi exchange is approximately 20 
times lower than the rate of ATP splitting and about 40 times lower than the 
rate of ATP-ADP phosphate exchange by dog cardiac sarcoplasmic reticulum 
measured under the above conditions, i.e., in the presence of 5 mM ATP plus 
2 mM ADP, but in the absence of orthophosphate [21]. 

Drugs such as prenylamine or chlorpromazine, which inhibit calcium uptake 
and ATP hydrolysis by skeletal muscle sarcoplasmic reticulum [28], are potent  
inhibitors of ATP-Pi exchange [1]. Furthermore, local anaesthetics such as 
tetracaine or dibucaine are inhibitors of both the forward and backward reac- 
tions of the calcium pump of skeletal muscle sarcoplasmic reticulum [26,29, 
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Fig. 2. O r t h o p h o s p h a t e  d e p e n d e n c e  of  ATP-P i exchange  by  cardiac  sa rcop lasmic  r e t i c u l u m .  Med ium:  
40  m M  hist idinc b u f f e r  (pH 7.0) ,  100  m M  KC1, 5 m M  azide,  7 m M  MgCI 2, 5 m M  ATP,  2 m M  ADP,  0.01 
m M  CaCl 2, and  3.33 to  20  m M  [ 3 2 p ] o r t h o p h o s p h a t e ,  0 .5  m g  sa rcoplasmic  r e t i c u l u m  p r o t e i n / m l .  T = 
25°C.  [ 3 2 p ] o r t h o p h o s p h a t e  c o n c e n t r a t i o n s  (raM): • • 3 .33;  • v, 5; • • ,  6 .66;  
A - - - - - - - - *  10;  o o, 20.  Inse t :  Doub le  r ec ip roca l  p lo t  of  the  ra tes  of  ATP-P i exchange  vs. o r t h o p h o s -  

pha t e  concen t r a t i ons .  

30]. The inhibition of ATP-P~ exchange by cardiac sarcoplasmic reticulum ob- 
served with prenylamine, chlorpromazine, quinidine, tetracaine or dibucaine, at 
drug concentrations indicated in Table II, is very close to the inhibition of the 
rate of calcium uptake and rate of calcium-dependent ATP hydrolysis measured 
in the presence of oxalate (ref. 30; Table II). 

ITP drives the calcium uptake by cardiac sarcoplasmic reticulum associated 
with ITP hydrolysis and phosphorylation of the calcium transport protein by 
ITP like ATP, but the rates of calcium uptake and ITP splitting are only 
10--20% of the rates of ATP-driven calcium uptake and calcium-dependent 
ATP hydrolysis [31]. Essentially the same requirements for ATP-Pi exchange 

T A B L E  II  

Inh ib i t ion  of  ATP-P i e x c h a n g e  and  Ca2+-dependent  ATP  hydro lys i s  on  cardiac  sarcoplasmic  r e t i cu lu m by  
drugs.  M e d i u m  for  ATP-P i exchange :  40  m M  hist idine b u f f e r  ( p H  7 . 0 ) ,  1 0 0  raM KC1, 5 m M  azide,  7 m M  
MgCl2, 5 m M  ATP,  2 m M  ADP,  20  m M  [ 3 2 p ]  o r t h o p h o s P h a t e ,  0.1 m M  CaC12, 0.5 m g  sa rcop lasmic  reti-  
c u l u m  p r o t e i n / m l .  T = 25°C,  M e d i u m  for  c a l c i u m - d e p e n d e n t  ATP hydro lys i s :  40  m M  his t id ine  b u f f e r  (pH 
7.0) ,  100  m M  KC1, 5 m M  azide,  5 m M  MgC12, 5 m M  ATP,  2 m M  phosphoenolpyruvate, 0 .02  m g  p y r u v a t e  
k inase /ml ,  5 m M  oxa la te ,  0.1 m M  CaCI2, 0 .05  m g  sa rcoplasmic  r e t i c u l u m  p r o t e i n / m l .  T = 25°C.  The  
ATPase  da t a  were  t aken  f r o m  ref.  30.  

Drug  con-  ATP-P i Pe rcen t  Ca2+-ATP - Pe rcen t  
c e n t r a t i o n  exchange  inh ib i t ion  ase ( # m o l /  inh ib i t ion  
(M) ( ~ m o l / m g  m g  per  

pe r  30 • i n )  
• i n )  

Cont ro l  - -  0 . 2 6 5  - -  0 .85  - -  
P r e n y l a m i n e  10 -4 0 .066  75.2  0 .22  74 .2  
C h l o r p r o m a z i n e  10 -4  0 .133  49.7  0 .50  41 .2  
Quinid ine  3 • 10 -4 0 . 184  30.6  0 .46  45 .9  
Te t r aca lne  10  -3 0 . 188  29.0  0 .59  30.6 
Dibuca ine  3 • 10-4  0 . 1 5 0  43 .5  0 .55  35.3 
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hold true for ITP-P i exchange (Fig. 3; Table I), but since IDP has a lower affin- 
ity than ADP for the calcium transport  ATPase, higher concentrat ions of IDP 
have to be used in order 1o obtain a maxilnum rate of ITP-P i (~xchange (Fig. 3 
inset). 

ATP-Pi exchange by sar¢oplasnlic reticulum vesicles made permeable for cal- 
cium by phospholipase A [ lJ  or alkaline t rea tment  [3- 5] is zero at low cal- 
cium concentrat ions [1,3--5],  but activated to some extent  by high calcium 
concentrat ions in the medium [3--5].  This latter finding of de Meis and co- 
workers with skeletal muscle sarcoplasmie reticulum applies equally to the 
ATP-P~ or ITP-Pi exchange reaction by a cardiac sarcoplasmic reticulum (Fig. 4: 
Table I). Both exchange reactions by cardiac sarcoplasmic reticulum treated 
with phospholipase A are partially restored in the presence of 3 mM calcium in 
the medium. The ATP-P i exchange by these leaky vesicles reached a plateau at 
approximately 2--4 mM CaC12, suggesting that  calcium in the mM range inside 
the sareoplasmic reticulum is necessary for the facilitation of the NTP-P~ 
exchange reaction [ 1,2,4,5 ]. 

The influence of various mitochondrial  uncouplers or energy transfer inhibi- 
tors on ATP-P~ exchange by sarcoplasmic reticulum fractions is shown in Table 
III. None of the agents, expect  dicyclohexyl  earbodiimide, had any appreciable 
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Fig. 3. T i m e  course  of  ITP-P i exchange  by cardiac  sa rcop lasmic  r e t i c u l u m .  Medium:  40 mM hist idine buf-  
fer  (pH 7.0) ,  100  m M  KC1, 7 m M  MgC12, 5 m M  ITP,  2 r a M  IDP,  0 .01 mM CaCl2, 20 mM [ 3 2 p ] o r t h o -  
p h o s p h a t e ,  0 .5  m g  sa rcoplasmie  r e t i c u l u m  p r o t e i n / m l .  T = 25°C.  $- o, cont ro l ;  ~ . . . . . .  ,'~, zero cal- 
c ium:  10 mM E G T A ,  w i t h o u t  add i t ion  of  ca lc ium;  ~-- - -  --~,  zero IDP:  10 mM phosphoenolpyruvate and 
0 .5  m g  p y r u v a t e  k inasc /ml ,  w i t h o u t  add i t i on  of  IDP.  Cont ro l  values were  co r r ec t ed  for  unspecif ic  ITP 
f o r m a t i o n  in the  p resence  of  zero  ca lc ium in the  m e d i u m .  Inset :  IDP-dependence  of the ITP-P i exchange .  

Fig. 4. ATP-P i exchange  b y  nat ive  and  p h o s p h o h p a s e  A t r e a t ed  cardiac  saxcoplasmic r e t i cu lum at mM 
ca lc ium concen t r a t i ons .  Med ium:  40 mM hist idine bu f f e r  (pH 7.0) ,  100 mM KC1, 5 mM azide,  20 mM 
MgCl2, 5 mM ATP,  2 mM ADP,  3 mM CaC12 or 0 .01 mM CaC12; 10 mM [ 3 2 p ] o r t h o p h o s p h a t e ,  0.5 m g  
sa rcoplasmic  r e t i e u l u m  p r o t e i n / m l ,  nigericin (0.5 p g / m l )  plus t e t r a p h e n y l a r s o n i u m  (0 .05  raM) or  nigericin 
(0.5 btg/m!) plus  t e t r a p h e n y l b o r o n  (0 .05  raM). Zero ca lc ium:  10 m M  E G T A ,  w i t h o u t  addi t ion  of ca lc ium.  
T = 25°C.  Nat ive  sarcoplasmic  r e t i cu lum:  3 mM CaCI2: A ~, nigcricin plus t e t r apheny laxson ium;  

L~ nigericin plus t e t r a phe ny lbo~ on ;  zero ca lc ium:  v ' - - - - - - v ,  nigericin plus t e t r a p h e n y l a r s o n i u m .  
Phosphol ipase  A- t rea ted  sarcoplasmic  r e t i cu lum:  3 mM CaCl 2 : • 0, nigericin plus t e t r apheny la r so -  
n i u m ;  o -o, nigericin plus t e t r a p h e n y l b o r o n ;  0.01 mM CaCI2: n - - - - - ~  nigericin plus t e t r apheny l -  
axsonium.  
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T A B L E  III 

E f f e c t  o f  va r i ous  a g e n t s  o n  ATP-P  i e x c h a n g e  b y  c a r d i a c  s a r c o p l a s m i c  r e t i c u l u m .  M e d i u m :  4 0  r a m  h i s t id ine  
b u f f e r  (pH 7 .0) .  1 0 0  m M  KCl ,  7 m M  MgC12, 5 m M  ATP,  2 m M  A D P ,  20  m M  [ 3 2 p ] o r t h o p h o s p h a t e ,  0 . 01  
m M  CaC12, 0 .5  m g  s a r c o p l a s m i c  r e t i c u l u m  p r o t e i n / m l .  T = 2 5 ° C .  All a g e n t s  were  a d d e d  to  t he  m e d i u m  in  
the  c o n c e n t r a t i o n s  as i n d i c a t e d .  

A T P - - P i  
e x c h a n g e  
( n m o l / m g  
p e r  20  
ra in )  

C o n t r o l  9 0 . 2 7  
+ Az ide  (5 r aM)  8 9 . 2 3  
+ D i n i t r o p h e n o l  (0 .1  r aM)  1 0 1 . 7 1  
+ D i c y c l o h e x y l  c a r b o d i i m i d e  (0 .5  r aM)  1 5 0 . 8 8  
+ O l i g o m y c i n  ( 2 0  # g / m l )  7 9 . 8 1  
+ T e t r a p h e n y l a r s o n i u m  ( 0 . 0 5  raM)  8 5 . 0 0  
+ T e t r a p h e n y l b o r o n  ( 0 . 0 5  raM)  9 0 . 5 3  
+ Nige r i c in  (0 .5  p g / m l )  8 2 . 2 3  
+ Nige r i c in  (0 .5  p g / m l )  + t e t r a p h e n y l -  

a r s o n i u m  ( 0 . 0 5  raM)  9 3 . 0 6  
+ Nige r i c in  (0 .5  p g / m l )  + t e t r a p h e n y l -  

b o r o n  ( 0 . 0 5  raM)  8 8 . 5 8  
+ p1 ,  p S . < l i ( a d e n o s i n e . 5 ' ) . p e n t a p h o s p h a t e  

(0 .5  m M )  1 1 3 . 9 2  
C o n t r o l :  ze ro  C a l c i u m  9 . 0 9  
C o n t r o l :  ze ro  A D P  8 . 4 2  

effect. A combination of  nigericin plus tetraphenylarsonium or nigericin plus 
te traphenylboron,  which strongly inhibit ATP-Pi exchange by intact mitochon- 
dria or mitochondrial  fragments [32] were without  effect. These agents have 
no effect on phosphorylat ion of  cardiac sarcoplasmic reticulum, either by ATP 
in the absence of  or thophosphate  [21],  or phosphorylat ion from orthophos- 
phate in the absence of  ATP [23].  

Dicyclohexyl carbodiimide increased the rate of  ATP-P i exchange by more 
than 50%. Similar effects of this agent on ATP-Pi or ITP-Pi exchange were also 
seen with skeletal muscle sarcoplasmic reticulum. Phosphorylation experiments 
on skeletal muscle sarcoplasmic reticulum with either radioactive ITP plus 
unlabelled or thophosphate  or unlabelled ITP plus radioactive or thophosphate 
[5,33] indicate that dicyclohexyl  carbodiimide decreases the phosphoprotein 
level formed from ITP and increases the incorporation of  or thophosphate  into 
the ATPase protein from inorganic phosphate (unpublished results). Makinose 
[34] has observed an increase in the rate of  calcium uptake in the presence of 
low or thophosphate  concentrations by dicyclohexyl carbodiimide. The inhibi- 
tor  of  adenylate kinase, p1,ps.di(adenosine_ 5,) .pentaphosphate produced a slight 
increase in ATP-P i exchange in some experiments (Table III). 

Discussion 

There are several lines of  evidence that  the ATP-P i exchange by cardiac sar- 
coplasmic reticulum fractions observed in the present study is derived from 
sarcoplasmic reticulum: a. The requirements for ATP-Pi exchange by cardiac 



2 6 6  

sarcoplasmic reticulum are essentially the same as reported for ATP-P i 
exchange by skeletal muscle sarcoplasmic reticulum (Fig. 1, Fig. 3; Table I; 
refs. 1--5). b. Inhibition of ATP-Pi exchange by cardiac sarcoplasmic reticulum 
by drugs such as prenylamine, chlorpromazine, quinidine, tetracaine and dibu- 
caine is of the same order of magnitude as the inhibition of the rate of calcium 
uptake and the rate of calcium-activated ATP hydrolysis (Table II; ref. 30}. 
c. Inhibitors of mitochondrial ATP-P i exchange have little effect on ATP-Pi 
exchange by cardiac sarcoplasmic reticulum (Table III). Furthermore, cardiac 
sarcoplasmic reticulum (Fig. 3: Table I) and skeletal muscle sarcoplasmic retic- 
ulum [2,4,5] catalyze ITP-P i exchange, which does not occur in mitochondria 
[40]. ITP and IDP are not substrates for adenylatekinase. 

The mechanism of NTP-P~ exchange by sarcoplasmic reticulum includes 
reactions known from the unidirectional calcium translocation from outside 
to the inside and vice versa [1--51. A minimum reaction sequence, which also 
applies to cardiac sareoplasmic reticulum, is given in Scheme I ([2,5,35--391. 

S C H E M E  I 

C a  o A T P  A D P  

E '  < , ~ E ' C a o  ~ - - ~ ' "  - - + E - C a o A T P ' - ~ - ~ E ~ P - C a o  

I I 
* E*  .... P , -  . . . . . .  ~ ---* E*  ~ P ' C a  i E *  ~ S ¢i 

Pi  C a i  

R e a c t i o n  s c h e m e  of  c a l c i u m  t r a n s p o r t  b y  s a r c o p l a s m i c  r e t i c u l u m .  E = c a l c i u m  t r a n s p o r t  ATPase ;  Ca o = 
c a l c i u m  o u t s i d e ;  Ca i = c a l c i h m  ins ide  the  s a r c o p l a s m i c  r e t i c u l u m ;  E - P a n d  E-P r e p r e s e n t  ac id  s tab le ,  
h y d r o x y l a m i n e  sensi t ive p h o s p h o p r o t e i n s .  Ca l c ium is l i b e r a t e d  p r i o r  to  p h o s p h a t e  a c c o r d i n g  to  Mak inose  
[ 2 ] .  

Phosphorylation of the calcium transport ATPase by NTP [8--10, 20, 21] is 
essential for the NTP-Pi exchange (Fig. 1, Fig. 3; Table I); phosphorylation 
from orthophosphate appears to be a further prerequisite [8--10,23,41,42]. 
The maximum rate of NTP-Pi exchange is obtained at low calcium concentra- 
tions outside the sarcoplasmic reticulum, i.e., when the ratio of phosphopro- 
tein formation from inorganic phosphate to phosphoprotein formation from 
NTP is high [2,4,5,23,33,43]. On the other hand, phosphorylation of the calcium 
transport ATPase by inorganic phosphate at pH 7.0 of sarcoplasmic reticulum 
from skeletal muscle [41--45] and cardiac muscle [23,24] is completely inhib- 
ited by calcium concentrations in the medium greater than 0.I mM, irrespective 
of the presence or absence of a calcium load, but is demonstrable in the 
presence of NTP even at mM concentrations of calcium in the medium [4,5]. 
This indicates that phosphoprotein formation from NTP permits phosphate 
incorporation from orthophosphate into the ATPase protein at high calcium 
concentrations outside the sarcoplasmic reticulum, thereby explaining the 
reduced rate of NTP-Pi exchange at mM calcium concentrations by native as 
well as phospholipase A treated sarcoplasmic reticulum (Fig. 4; Table I). The 
NTP-Pi exchange by sarcoplasmic reticulum requires NDP (Fig. 1, Fig. 3; 
Table I; ref. 4), which allows dephosphorylation of the phosphoprotein formed 
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from NTP, i.e., the very conditions permitting ATP-ADP phosphate exchange 
[2,20,21,26,46,47] or ITP-ADP phosphate exchange [47]. ATP-P i and ITP-Pi 
exchange reactions appear, therefore, to include an exchange of orthophos- 
phate in the medium with the phosphate of the phosphoprotein formed from 
NTP, which is then dephosphorylated by ADP or IDP, resulting in ATP or ITP 
formation. 
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