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Summary 

Comparison of  the effects of  calmodulin on the Ca2+-ATPase activity 
and on the steady-state level of  the phosphoenzyme,  indicates that  activation 
of the Ca2+-ATPase is mainly due to an increase in the turnover of  the 
phosphoenzyme and does not  require occupation of the regulatory site of the 
Ca2+-ATPase by ATP. 

A small acidic protein that  stimulates the Ca ~+ pump of red cell mem- 
branes has been isolated and purified from red blood cell hemolysates. The 
activator protein has been identified with calmodulin, an ubiquitous Ca 2+- 
binding protein [1 and 2]. 

Although the effect  of calmodulin on the overall reaction of ATP 
hydrolysis by the Ca 2+ pump of red cells is well documented,  little is known 
about  the mechanism of  the activation process. To get further in the under- 
standing of this, we have looked at the effects of  calmodulin on the phospho- 
enzyme of the Ca2+-ATPase and have compared them with the effects of  
calmodulin on Ca2+-ATPase activity measured at the same temperature and 
substrate concentration as those used during phosphorylation.  Results allow 
one to conclude that the main effect  of  calmodulin is to increase the turnover 
of  the phosphoenzyme of  the Ca2+-ATPase. 

Purified membranes from human red cells were obtained by hypotonic  
hemolysis in EDTA-containing media, following the procedure already de- 
scribed [3]. Calmodulin, prepared from beef  red hemolysates by  a procedure 
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slightly modified from that of  Jung [4], was a kind gift from Dr. Frank F. 
Vincenzi (University of Washington). Phosphorylation was performed as de- 
scribed previously [ 5] in media containing (mM): [~/.32p] ATP, 0.015; CaC12, 
0.150; ethylene glycol bis(/~-aminoethyl ether)oN, N'-tetraacetic acid (EGTA), 
0.100; imidazole-HC1 (pH 7.25), 60; MgC12, 0 or 0.5. Ca2÷-dependent phospho- 
enzyme is the difference between the amount  of 32p bound to the membrane 
after 20 s at 0°C in the above mentioned media and in a medium without  CaC12 
Dephosphorylat ion was estimated from the amount  of Ca2+-dependent 
phosphoenzyme remaining after the addition of an excess of  unlabelled ATP 
[ 5]. The rate constants for dephosphorylat ion were calculated assuming first 
order kinetics. Ca2+-ATPase activity was estimated from the release of  [32p]. 
or thophosphate from [~-32P]ATP [6] after incubation at 0°C during 30 min 
in media having the same composit ion as those used for phosphorylation.  
To compensate for the low ATPase activity in the cold, the amount  of  mem- 
brane protein in the reaction media was 8 mg/ml. Protein was measured by the 
procedure of  Lowry et al. [7]. 

Results in Table I show that in media containing 15 pM ATP with and 
without  0.5 mM MgC12, Ca2+-ATPase activity from red cell membranes that 
had been preincubated with calmodulin is increased 170 to 270%. We have 
shown elsewhere [6], that when the concentration of ATP is 15 pM the 
nucleotide occupies the catalytic site leaving almost empty  the low-affinity 
regulatory site of the Ca2+-ATPase for ATP. Thus, occupation by ATP of the 
regulatory site is not  required for calmodulin to stimulate the Ca2÷-ATPase. 
Activation seems to be larger in media containing Mg 2+ but  it persists in media 
without  MgC12. 

Although Mg 2+ is not  essential for activation it modifies the response of 
the Ca2÷-ATPase to calmodulin. Results in Table I show that in the absence of 
Mg 2+ the steady-state level of Ca2+-dependent phosphoenzyme increases 40% 
in membranes treated with calmodulin. Under these conditions the rate con- 
stant for the dephosphorylat ion reaction increases 124% and the ratio: Ca 2+- 
ATPase act ivi ty/phosphoenzyme level rises from 34 to 67 h -1 . Therefore, in 

T A B L E  I 

T H E  E F F E C T  OF P R E I N C U B A T I O N  W I T H  C A L M O D U L I N  ON Ca2+-ATPase A C T I V I T Y  AND ON 
Ca2+-DEPENDENT P H O S P H O E N Z Y M E  

Before the  assay the  red  cell m e m b r a n e s  (15 m g  p r o t e i n / m l )  were  i n c u b a t e d  dur ing  30 min  a t  37°C  in 
(mM): imidazo le -HCl  (pH 7.25) ,  120; CaCI 2 , 0 .010  wi th  or w i t h o u t  6 ~ g / m l  of  ca lmodul in .  Paired 
d e t e r m i n a t i o n s  o f  the e f f e c t s  o f  ca lmodul in  w e r e  p e r f o r m e d .  The  m e a n  percent  change is the  m e a n  o f  
the p e r c e n t  change  calcula ted for each pair o f  e x p e r i m e n t a l  values and it  will di f fer  f r o m  the p e r c e n t  
change  of  the m e a n  values  given in the table.  P values were  ca lculated  using Student ' s  "t" tes t  for pai red  
samples  (not  s igni f ican t  P I> 0 .05) .  

Pre ineubat ion  Percent  change  P value 

Without  With (mean  _+ S.E.M.) 
ca imodu l in  ca lmodu l in  

Ca2+ATPase  act ivi ty  ( p m o l / m g  prote in  per  h)  
in  0 m M  MgCI 2 (n = 2) 15.5 
in 0.5 m M  MgCI 2 (n = 3)  28.3 

P h o s p h o e n z y m e  ( p m o l / m g  p r o t e i n )  
i n 0 m M M g C l  2 (n = 5) 0 .45  
in 0 .5  m M  MgC] 2 (n = 4)  1.09 

Rate  c o n s t a n t  for  d e p h o s p h o r y i a t i o n  ( h - - l )  
in 0 m M  MgCI 2 (n = 3) 0 . 055  

41.5 170 -+ 11 < 0 .05  
108.6  271 +- 47 < 0 .05  

0.62 40 +- 5.6 < 0 .01  
0.71 34 -+ 3.1 < 0.01 

0 .123  124 -+ 21 < 0 .05  
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the absence of Mg 2+, the increase in Ca2+-ATPase activity caused by  the 
activator results from both  an increase in the level and in the turnover of the 
phosphoenzyrne. When the effect of  calrnodulin on the phosphoenzyrne is 
tested in media containing 0.5 rnM MgC12 the level of the phosphoenzyrne de- 
creases and the ratio: Ca2+-ATPase activity/phosphoenzyrne level rises almost 
6 times. In the presence of  Mg 2+ therefore the effects of calmodulin on ATP 
hydrolysis can be fully accounted for by  the increase in the turnover of the 
phosphoenzyme.  The higher effect on turnover together with the decrease in 
the level of the phosphoenzyme,  indicates that  in the presence of  Mg 2+ 
calrnodulin increases the rate of  dephosphorylat ion to a larger extent  than in 
the absence of  the cation. No direct measurement of this effect  was at tempted 
because: (i) when high concentrations of ATP are added to chase the phospho- 
enzyme in the presence of Mg 2+, dephosphorylat ion is so fast that increments 
in its rate will not  be detectable with the techniques used for these studies [8] ; 
and (ii) the use of  Ca2+-chelating agents is precluded because they would dis- 
sociate the enzyme-calmodulin complex. 
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ful to Dr. Frank F. Vincenzi for reading the manuscript. 
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