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Summary 

1. The effects of ATP, ADP, Mg 2+ and pH on three different preparations of 
hepatic phosphorylase phosphatase (phosphorylase a phosphohydrolase, EC 
3.1.3.17) were investigated. 

2. The phosphorylase phosphatase activity in these preparations was 
decreased by ATP, ADP, adenylyl  imidodiphosphate and by Mg 2÷. The effect 
produced by the adenine nucleotides was less pronounced at high pH than at 
low pH. 

3. Increasing concentrations of Mg 2÷, Mn 2÷ and Ca 2÷ in the presence of a 
constant  concentration of ATP prevented the effect of ATP. At high concentra- 
tions the divalent cations decreased the reaction rate of the phosphatase in the 
presence of ATP as in its absence. At pH 7.5 and 8.5, ATP and Mg :÷ in 
equimolar concentrations decreased the phosphatase activity to a smaller 
extent  than ATP alone. 

4. The activity of phosphorylase phosphatase was progressively less affected 
if ATPMg:- and free Mg :÷ were increased at constant  concentrations of uncom- 
plexed ATP. In the concentrat ion range expected to occur in the intact cell an 
increasing degree of complexation of ATP with Mg :÷ diminished the inhibitory 
effect of the nucleotide. Since addition of Mg 2÷ after the preincubation with 
free ATP did not  reverse the loss of phosphatase activity we concluded that  the 
mechanism of action of ATP and ADP is not  a simple inhibition as defined by 
an immediate and reversible loss of activity after the binding of a ligand. 

Introduct ion 

Phosphorylation and dephosphorylat ion of hepatic phosphorylase (EC 
2.4.1.1) plays a central role in the control of liver glycogen metabolism. Regu- 
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latory signals modulating the activity of phosphorylase b kinase (EC 2.7.1.38) 
and of phosphorylase phosphatase (EC 3.1.3.17) determine the rate of the 
interconversion of phosphorylase and thus its activation and inactivation. Phos- 
phorylase b kinase is thought  to be activated (b to a conversion) in response to 
glucagon and cyclic AMP and stimulated (without  i n t e r c o n v e r s i o n ) b y  
increased intracellular Ca 2÷ concentrat ions [ 1]. The phosphorylase phosphatase 
reaction is stimulated in the presence of high glucose concentrations [2].  Addi- 
tional control  of the phosphatase activity by protein inhibitors (one of them 
activated in response to cyclic AMP) and by a deinhibitor have been found 
in vitro [3,4].  Whether these proteins play a regulatory role in the intact cell 
remains unknown.  An inhibition of hepatic phosphorylase phosphatase by 
adenine and uridine nucleotides as well as by divalent cations has been observed 
in some enzyme preparations and ATPMg 2- has been reported to activate 
another form of the enzyme [2,5--7].  Some effects of the interaction between 
divalent cations and nucleotides on phosphoprotein phosphatase from canine 
heart  have been reported recently [8]. Half maximal inhibition and half 
maximal activation of the hepatic enzyme by ATP has been observed by 
Merlevede et al. in two different enzyme preparations at concentrations of 
7 pM and 0.3 pM respectively. Because ATP levels in the intact cell are above 
these values, these authors have considered it unlikely that phosphorylase phos- 
phatase is regulated by ATP in the intact liver cell [6].  In experiments with 
perfused rat livers we have obtserved a negative correlation between tissue 
ATP/AMP ratios and phosphorylase a activities under different metabolic con- 
ditions [9,10].  We have also shown that the activation of glycogenolysis by 
a-adrenergic stimulation parallels an enhanced cellular energy turnover and 
therefore seems to occur by  a mechanism different from that  triggered by 
cyclic AMP [11].  These observations have led to our decision to further investi- 
gate the properties of hepatic phosphorylase phosphatase in an a t tempt  to 
answer the question whether  a cyclic AMP independent  activation of hepatic 
glycogenolysis occurs via control  of the activity of  this enzyme by the cellular 
energy needs. Preliminary results of  these experiments have been reported [12, 
131. 

Materials and Methods 

Enzyme preparations 
To obtain phosphorylase phosphatase,  livers from male rats (Z b Z cara 

formely Osborne Mendel, 200--250 g) were rapidly excised and homogenized. 
Rabbi t  livers were frozen in liquid N2 and kept  at --20°C until homogenization. 
Preparation 1 was obtained from rat liver homogenates by following the proce- 
dures described by  Stalmans et al. [2].  For preparation 2 rat liver homogenates 
were precipitated with ethanol at room temperature as described by  Brandt et 
al. [14] the last steps (DEAE-cellulose and Sephadex G 25) were the same as 
for preparation 1. Preparation 3 was obtained from rabbit livers by following 
the procedure described by  Brandt et al. [7].  For further details on the purifi- 
cations see Table I. 

For the preparation of phosphorylase a the procedure used by  Stalmans [2] 
was adopted.  The enzyme preparations contained negligible ATP hydrolysing 
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T A B L E  I 

P U R I F I C A T I O N  O F  P H O S P H O R Y L A S E  P H O S P H A T A S E  

The  va lues  are  m e a n s  of  t w o  sepa ra t e  p r e p a r a t i o n s  o b t a i n e d  by  each  p r o c e d u r e .  P 1 and  P 2 were  f r o m  ra t  

livers, P 3 f r o m  r a b b i t  livers. (* )  In ear ly  p r e p a r a t i o n s  the  e n z y m e  ac t iv i t e s  m e a s u r e d  in h o m o g e n a t e s  

va r ied  w ide ly  because  the  d i l u t i o n  was  no t  a l w a y s  ident ica l .  T h e r e f o r e  the  m e a n  va lues  of  six o t h e r  
a p p r o p r i a t e l y  d i l u t ed  r a t  l iver p r e p a r a t i o n s  are s h o w n .  

E n z y m e  P r o c e d u r e  To ta l  To t a l  Spec i f i c  Yie ld  Pu r i f i c a t i on  

p r e p a r a t i o n  ac t i v i t y  p r o t e i n  ac t iv i ty  
(un i t s )  ( rag)  ( u n i t s / m g )  (%) ( fo ld)  

P1  

P 2  

P 3  

H o m o g e n a t e  104  * 2 800  * 0 .037  * 100  --  

(40  g l iver)  

2nd  h igh  speed  123 735  0 .17 118 5 

s u p e m a t a n t  

CaCI 2 s u p e r n a t a n t  95 105 0 .91 91 25 

DEAE-ce l lu lose  4.2 2.6 1.6 4 43 

a n d  S e p h a d e x  

G 25 

H o m o g e n a t e  104  * 2 800  * 0 .037  * 100  - -  

(40  g l iver)  

E t h a n o l  p r e c i p i t a t e  48 118  0 .41 46 11 

DEAE-ce l lu lose  44  24 1.8 42  49 

H o m o g e n a t e  4 4 5 1  70  0 0 0  0 .063  100  - -  

( 3 6 0  g l iver)  

ac id  p r e c i p i t a t e  1 7 8 0  33 9 8 0  0 . 0 5 2  40  0.8 

( N H 4 ) 2 S O 4 ,  70% 1 4 1 4  34  400  0 .041  32 0.7 
E t h a n o l  p r e c i p i t a t e  1 0 8 7  1 447  0 .75  24 12 

( N H 4 ) 2 S O  4. 75% 851 1 582  0 .54  19 9 

D E A E - S e p h a d e x  115  5.33 22 2.6 343  

(3X)  
Sephadex G75 57.3 0.89 64 1.3 1020 
Sephaxose (2X)  24.3 0.22 110 0.5 1750 

activity in the presence and absence of  Mg 2÷. Protein was determined by the 
method of Bensadoun and Weinstein [15] .  

Preincubation and e n z y m e  assays 
Preparations 1 and 2 (usually 2--6 mU of phosphorylase phosphatase in 

65 pl) were preincubated for 20--30 min at 30°C in 100 mM Tris-HC1 at pH 
6.5, 7.5 and 8.5. Preparation 3 was preincubated in 50 mM imidazol or 100 
mM Tris-HC1 containing 0.5 mM dithioerythri tol  and 1 mg/ml of human serum 
albumin. 1 mM EDTA was added unless Mg 2÷ or other divalent cations were 
present. Phosphorylase phosphatase activity was determined by measuring the 
rate of conversion of phosphorylase a to b. Purified phosphorylase a (1--3 
U/ml) and 5 mM caffeine were added to the preincubation mixture. In each 
experimental group the amount  of added phosphorylase (taken as 100%) was 
determined in vials containing 50 mM NaF in addition to the preincubation 
mixture. Phosphorylase phosphatase activity was expressed as percentage of 
phosphorylase a converted to b after 20 min at 30°C. Apparent Km values for 
phosphorylase a were determined in the homogenate of rabbit liver and with 
preparation 3. They were 1.8 and 1.0 U/ml respectively. Assays were thus 
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usually performed with a substrate concentrat ion close to the Km value. If the 
percentage of  conversion of phosphorylase a to b was 20--40% the assay was 
linear with time and enzyme concentration.  

Phosphorylase a activity was determined by measuring the rate of incorpora- 
tion of radioactivity from [U-~4C]glucose 1-phosphate into glycogen according 
to Gilboe [17].  The composi t ion of the incubation mixture proposed for the 
measurement  of phosphorylase a activity [16] was used. Incubation proceeded 
for 20 min at pH 6.1 and 30°C. The assay was linear with time and enzyme 
concentration.  ATP (disodium salt) was obtained from Boehringer, Mannheim 
and used without  further purification. Adenylyl  imidodiphosphate (tetra- 
lithium salt) was from Sigma, [U-~4C]glucose 1-phosphate was from the Radio- 
chemical Centre, Amersham. 

Calculations 
The inhibition constants (Ki) for the different forms of ATP and for Mg 2÷ 

were obtained with the method  of Dixon [18] assuming non-competit ive 
inhibition. The concentrations of  free and complexed nucleotide species and 
free Mg 2÷ at equilibrium were calculated from the dissociation constant  of the 
protonated form of ATP (ATPH 3-) and from the formation constants of the 
metal complexes (ATPMg 2- and ATPHMg-).  (Mg)2ATP, Mg(ATP):, ATP(H)2 
and ATP(H)2Mg were neglected since they were considered to occur only at 
negligibly low concentrations. The following dissociation constants of  the 
protonated species of  ATP and adenylyl imidodiphosphate were used [19]:  
Ka(ATP) = 7.94 • 10 -s M and Ka(adenyly I i m i d o d i p h o s p h a t e )  = 2.00 • 10 -s M. The 
formation constants for ATPHMg- (K~) and ATPMg 2- (K2)at  25°C were [20]:  
K ~ = 1 . 7 4 . 1 0 2 M  -I and K 2 = 1 . 6 6 . 1 0 4 M  -1. All the computat ions  were 
performed on a Hewlett-Packard 9810 A calculator. 

Results 

ATP decreased the activity of phosphorylase phosphatase. During preincuba- 
tion for 15 min with 1 mM ATP the activity of  preparation 3 was further 
diminished by 40%. The decrease during preincubation was faster and larger 
(over 90%) if an impure preparation was assayed. No significant loss of  activity 
occurred in the absence of  ATP. The pH opt imum of phosphorylase phos- 
phatase was around pH 7.7. At low pH the loss of activity following the addi- 
tion of ATP was more pronounced than at higher pH. ADP and AMP had a 
similar effect  on the reaction rate, bu t  only ADP exhibited a pH dependence 
comparable with that  of  ATP. Cyclic AMP was inactive, even at a high concen- 
tration (Table II). 

In order to compare the effects of different adenine nucleotides the influ- 
ence of  pH on apparent Ki values was determined. ADP was possibly somewhat  
less active than ATP (Table III). The response to ATP was essentially the same 
with the three enzyme preparations. To test  the possibility that  only the 
protonated form of the nucleotide was effective, which could explain the pH 
dependence of  the inhibition, the response to ATP was compared with that  of  
adenylyl imidodiphosphate.  The protonat ion of  these two nucleotides at the 
same pH is different because their pKa differs [19].  If only the protonated  
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T A B L E  I I  

pH-DEPENDENCE O F  T H E  E F F E C T S  O F  V A R I O U S  A D E N 1 N E  N U C L E O T I D E S  O N  P H O S P H O R -  
Y L A S E  P H O S P H A T A S E  A C T I V I T Y  

P h o s p h o r y l a s e  p h o s p h a t a s e  ( p r e p a r a t i o n  1)  w a s  p r e J n c u b a t e d  w i t h  the  a d d i t i o n s  s h o w n .  Its  ac t iv i ty  w a s  
e x p r e s s e d  as  p e r c e n t a g e  o f  p h o s p h o r y l a s e  a c o n v e r t e d  to  b a f t e r  2 0  rain.  V a l u e s  are  m e a n s  ± S . E . M .  o f  3 
e x p e r i m e n t s .  

A d d i t i o n s  P h o s p h o r y l a s e  p h o s p h a t a s e  a c t i v i t y  (%) at 

p H  6 . 5  p H  7 .5  p H  8 .5  

n o n e  4 7 . 1  ± 4 .6  5 4 . 2  ± 4 . 8  3 2 . 6  + 2 . 0  * 

A T P  (1 r a M )  9 .6  ± 3 . 5  1 4 . 3  + 6 . 8  2 2 . 5  ± 3 . 0  * 

A D P  (1 m M )  8.1  ± 2 .8  2 4 . 1  2 3 .6  2 9 . 7  ± 3 .4  * 

A M P  (1 m M )  8.1 + 3 . 5  3 . 0  ± 3 . 2  9 . 8  + 2 .7  
c y c l i c  A M P  (1 m M )  3 9 . 2  ± 6 .3  5 1 . 9  _+ 4 . 5  3 1 . 9  ± 3 . 4  

* By  S t u d e n t ' s  t - tes t  v e r s u s  va lue  at  p H  6 . 5 ,  P < 0 . 0 5 .  

species were effective a difference of the Ki values for total nucleotides and the 
same Ki for the protonated forms would be expected at the same pH. For all 
the experimental incubation conditions that were used, the concentrations of 
the protonated form of each nucleotide were calculated and the Ki values were 
determined for the total nucleotides and the protonated species. At pH 6.5, 7.5 
and 8.5 the Ki for protonated adenylyl imidodiphosphate was higher than for 
ATPH 3-. The Ki values for protonated adenylyl imidodiphosphate were 0.08 
mM, 0.2 mM and 0.2 mM at pH 6.5, 7.5 8.5 respectively, for ATPH 3- they 
were 0.03 mM, 0.04 mM and 0.06 mM respectively. In contrast, the Ki values 
for total nucleotides were not different (Table III). The hypothesis that only 
protonated nucleotides have an effect was thus invalidated. Free Mg 2+ at high 
concentrations (>10  mM) also resulted in a loss of phosphatase activity but not 
in a pH dependent manner (Table III). 

Since in the intact cell ATP and Mg 2+ occur predominantly in complexed 
form the effects of  equimolar concentrations of ATP and Mg 2+ were investi- 
gated. The comparison of the results with those obtained with ATP alone 

T A B L E  l I l  

I N F L U E N C E  O F  p H  O N  T H E  E F F E C T S  O F  A D E N I N E  N U C L E O T I D E S  A N D  M g  2+ 

K i v a l u e s  w e r e  o b t a i n e d  b y  t h e  m e t h o d  o f  D i x o n  [ 1 8 ] ,  m e a n  v a l u e s  o f  2 o r  3 e x p e r i m e n t s  are  s h o w n .  

A d d i t i o n s  E n z y m e  A p p a r e n t  K i ( r a M )  at  
p r e p a r a t i o n s  

p H  6 . 5  p H  7 .5  p H  8 .5  

A T P  1 0 . 0 4  0 . 2  1 . 0  

2 0 . 0 6  0 . 5  1 .6  
3 0 . 0 2  - -  4 . 0  

A D P  3 0 . 0 9  1 .0  5 .6  
A d e n y l y l  i m i d o -  2 0 . 0 7  0 . 3  1 . 5  

d i p h o s p h a t e  
M g  2+ 2 24  2 5  28  

3 12  - -  6 . 5  



179 

8O7o " ,. • A I ~ B 

"~u o 6 0  • • 

50 

40 o 

30 a 

a. l o  

I 10  S 10  5 1 0  4 10  3 ~ i i , i 10-7 10-4 10-3 10-I 
ATP (M)  ATP(M) + Mg2+(M) 

Fig.  1.  M o d i f i c a t i o n  o f  A T P  e f f e c t s  b y  e q u i m o l a r  c o n c e n t r a t i o n s  o f  Mg 2+. P h o s D h o r y l a s e  p h o s p h a t a s e  
( p r e p a r a t i o n  1) w a s  p r e i n c u b a t e d  a n d  a s s a y e d  a t  p H  6 . 5  (e ~),  p H  7 .5  (A A) a n d  p H  8 .5  
(n u).  P a n e l  A: w i t h  A T P  a n d  E D T A  (1 r aM) .  P a n e l  B: w i t h  e q u i m o l a r  c o n c e n t r a t i o n s  o f  t o t a l  A T P  
a n d  t o t a l  Mg 2+. 

showed that  at pH 7.5 and 8.5 the curves were shifted to the right by the addi- 
tion of Mg 2. (Fig. 1). Since it seemed possible that  the effect of ATP was 
partially suppressed by Mg 2÷, additional experiments were performed with 
increasing concentrations of total Mg 2÷ in the presence of a fixed amount  of 
total ATP. The incubation of the enzyme with 0.1 to 1 mM Mg 2÷ in the pres- 
ence of 0.2 mM ATP prevented the loss of phosphatase activity produced by 
the nucleotide alone. At higher concentrations of Mg 2÷ the effect of  the ion 
itself became apparent (Fig. 2A). If ATP was replaced by ADP, Mg 2÷ was less 
potent  in preventing the decrease of the reaction rate elicited by the nucleotide 
probably because in comparison with ATP, ADP has a markedly lower affinity 
for Mg ~÷ [21]. Mn 2÷ and Ca 2÷ had an effect comparable with that  of Mg 2÷ (Fig. 
2B). At the same concentration Mn 2÷ was however more and Ca 2÷ was less 
active than Mg 2÷. This may be explained by a difference of affinity of the 
cations for ATP which increases in the sequence Mn 2÷ > Mg 2÷ > Ca 2÷ [20]. As 
shown in Table IV, Mg 2÷ was only capable of preventing the ATP effect  if the 
ion was added simultaneously with the nucleotide. Addition of Mg 2÷ to the 
enzyme after preincubation with ATP was ineffective. Thus under our in vitro 
conditions the loss of phosphatase activity produced by ATP was not  revers- 
ible. 

In order to further elucidate the interaction between phosphorylase phos- 
phatase and Mg2÷-complexed or uncomplexed ATP, additional experiments 
were performed. The concentrations of the uncomplexed forms of the nucleo- 
tide (ATPH 3- + ATP 4-) were kept constant  at three different levels while the 
concentrations of free Mg 2÷ and therefore also of ATPMg 2- were increased. 
ATPHMg- was neglected because it was present only at comparatively low con- 
centrations. Total amounts of ATP and Mg 2÷ that  had to be added to the 
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Fig .  2. E f f e c t s  o f  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  Mg 2+, Ca 2+ a n d  M n  2+ o n  p h o s p h o r y l a s e  p h o s p h a t a s e  ( p r e p -  

a r a t i o n  3) a n d  i n t e r a c t i o n s  w i t h  A T P  o r  A D P .  P a n e l  A :  I n c r e a s i n g  c o n c e n t r a t i o n s  o f  Mg 2+ were  a d d e d  to  
the  e n z y m e  i n  t he  p r e s e n c e  o f  0 . 2  m M  A T P  (o o) o r  0 . 2  m M  A D P  (A A). E f f e c t  o f  Mg 2+ in  the  
a b s e n c e  o f  n u c l e o t i d e s  (o  . . . . . . . .  e ) .  P r e i n c u b a t i o n  a nd  assay  a t  p H  6 .5 .  P a n e l  B:  E f f e c t  o f  M n  2+ 

(A A) a n d  Ca  2+ (e  $)  as c o m p a r e d  w i t h  t h o s e  o f  Mg 2+ (o  ©). P r e i n c u b a t i o n  a n d  assay  i n  
the  p r e s e n c e  o f  0 . 2  m M  A T P  a t  p H  6 .5 .  

incubation mixture were calculated as indicated in the section on methods.  The 
concentrations necessary to obtain the two extreme levels of  uncomplexed 
ATP and increasing concentrations of  ATPMg 2- are shown in Fig. 3A. The 
activity of  phosphorylase phosphatase measured under these conditions was 
correlated with the concentrations of  free Mg 2÷ (not shown) and with those of  
ATPMg 2- (Fig. 3B). Concentrations of  Mg2+-complexed nucleotide above 
10 -4 M diminished the loss of  phosphatase activity at the three levels. As it 
appeared that the ratio between complexed and uncomplexed ATP played a 
role in determining the activity of  phosphorylase phosphatase the data from 

T A B L E  I V  

D I F F E R E N C E  B E T W E E N  T H E  E F F E C T S  O F  Mg 2+ P R E S E N T  D U R I N G  P R E I N C U B A T I O N  A N D  

A D D E D  A F T E R  P R E I N C U B A T I O N  

P h o s p h o r y l a s e  p h o s p h a t a s e  ( p r e p a r a t i o n  2) was  p r e i n c u b a t e d  a n d  a s s a y e d  a t  p H  6 .5 .  V a l u e s  are m e a n s  _+ 

r ange  o f  t w o  e x p e r i m e n t s .  

A T P  Mg 2+ (3 .8  r aM)  P h o s p h o r y l a s e  p h o s p h a t a s e  

(0 .2  m M )  a c t i v i t y  (%) 

P r e s e n t  d u r i n g  A d d e d  a f t e r  

p r e i n c u b a t i o n  p r e i n c u b a t i o n  

- -  - -  - -  7 1 . 5 ± 9 . 9  

+ - -  - -  1 3 . 3 ± 2 . 1  
- -  + - -  5 9 . 6 ± 5 . 4  

+ + - -  4 8 . 5 ± 6 . 8 *  

- -  - -  + 5 7 . 6 ± 3 . 8  
+ - -  + 1 4 . 2 ± 2 . 4 "  

* D i f f e r e n c e  b e t w e e n  t h e  v a l u e s  b y  S t u d e n t ' s  t - t e s t  P < 0 . 0 5 .  
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Fig. 3. Cor re la t ion  of  the ac t iv i ty  of  phosPhory l a se  p h o s p h a t a s e  ( p r e p a r a t i o n  2) w i th  increas ing concen-  
t r a t ions  o f  ATPMg 2- a t  c o n s t a n t  c o n c e n t r a t i o n s  of  u n c o m p l e x e d  ATP and  p H  6.5.  U n c o m p l e x e d  ATP 
was k e p t  c o n s t a n t  at t h r e e  d i f f e r en t  levels whi le  Mg2+-complexed  ATP  and  free Mg 2+ progress ively  
increased .  T he  a m o u n t s  of  to ta l  A T P  a n d  to ta l  Mg 2+ necessary  to  p r o d u c e  these cond i t i ons  were  cal- 
cu l a t ed  for  p H  6 .5  f r o m  the  p K  a of  ATP  a nd  the  f o r m a t i o n  co n s t an t s  of  the  Mg 2+ c o m p l e x e s .  Panel  A: 
C o n c e n t r a t i o n s  of  to ta l  ATP  (o)  a nd  to t a l  Mg 2+ (o)  necessary  to  ob ta ins  a rise of  Mg ATP 2- a t  a c o n s t a n t  
level of  40  #M u n c o m p l e x e d  ATP  ( ) and  a t  250  #M u n e o m p l e x e d  ATP  ( . . . . . .  ). Panel  B: Ac t iv i ty  
of  p h o s p h o r y l a s e  p h o s p h a t a s e  p r e i n c u b a t e d  and  assayed in the  p resence  of  th ree  c o n s t a n t  concen txa t ions  
of  u n c o m p l e x e d  A T P  and  increas ing c o n c e n t r a t i o n s  of  M gATP 2-. Th e  m e a n  c o n c e n t r a t i o n s  (-+S.E.M.) of  
u n c o m p l e x e d  A T P  w e r e  (/~M) 38.6  -+ 0.6 • • ,  98 .6  +- 2.4 ~ -  - -  ---e), 248  + 8 • . . . . . .  • .  

Fig. 4. D e p e n d e n c e  of  the  loss of  ac t iv i ty  o f  p h o s p h o r y l a s e  p h o s p h a t a s e  on  A T P  and  the  ra t io  b e t w e e n  
c o m p l e x e d  and  u n c o m p l e x e d  nuc leo t ide .  Par t  o f  the  da t a  f r o m  e x p e r i m e n t s  s h o w n  in Figs. 1 and  3 were  
r ep lo t t ed .  -" c 0%, c o 0.9%, • • 50%, • • 91%,  A • 94% of  to ta l  A T P  was  
c o m p l e x e d  wi th  Mg 2+. 

experiments shown in Figs. 1 and 3 were rearranged as shown in Fig. 4. The 
sigmoidicity of  the curves showing the ATP mediated decrease of  e n z y m e  activ- 
ity changed according to the extent  of  complexat ion of  ATP with Mg 2÷. At 
concentrations of  ATP close to those expected to occur in the intact cell 
( ~ 1 0  -3 M) less phosphorylase phosphatase activity was lost as the fraction of  
Mg2÷-complexed nucleotide increased. 
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Discussion 

Our preparation 3 of  hepatic phosphorylase phosphatase used to study the 
effects of ATP, ADP and metal ions has a lower specific activity than expected 
from reports in the literature. Brandt et al. [7] have obtained the enzyme in 
homogeneous form from liver homogenates after a 25 000-fold enrichment and 
with a specific activity of  2000 units per mg protein. In contrast, our prepara- 
tion 3 has been purified 2000-fold and has a specific activity of 100 units per 
mg protein. These discrepancies which remain basically unreconsiled have 
resulted from differences at the first steps of the procedure, at later steps the 
values have been similar. 

Khandelwal et al. obtained two homogeneous forms of hepatic phos- 
phorylase after a purification of 500 and 6000-fold respectively [22]. A phos- 
phoprotein phosphatase from rat liver catalyzing the dephosphorylat ion of 
pyruvate kinase has been purified 1000-fold [23].  The molecular weights 
reported for these enzymes are between 30 000 and 35 000 and correspond to 
the estimated molecular weight of  our own preparation from rabbit liver. In 
crude extracts hepatic phosphorylase phosphatase activity has previously been 
found to exist in multiple forms of higher molecular weight [24] and it has 
been suggested that the high molecular weight forms may result from the 
association of catalytic subunits of the enzyme with a protein inhibitor [14]. 
Whether the low molecular weight form corresponds to catalytic subunits or to 
split products  of  limited, regulatory importance is still unknown.  It is possible 
that purification procedures favouring the recovery of a homogeneous,  
unspecific phosphoprotein phosphatase of low molecular weight may enhance 
the liberation of identical enzymatically active subunits from high molecular 
weight holoenzymes.  The specificity of high molecular weight enzymes for 
different substrates such as phosphorylase a, glycogen synthase b and phospho- 
histone may thus be lost after ethanol t reatment  [25],  while the susceptibility 
to inhibition by nucleotides and cations remains unchanged. The latter con- 
clusion is supported by our observation that ethanol t reatment  of phos- 
phorylase phosphatase left the K m for phosphorylase a and the effects of ATP 
and Mg 2÷ unaltered. Varying responses of hepatic phosphorylase phosphatase 
to ATP and divalent cations ranging from inhibition to activation [6] may not  
only be explained by the demonstrat ions of different molecular weight forms 
of the enzyme, but  also by the hypothesis proposing that ATP chelates bound 
Mg 2÷ off the enzyme and thereby decreases its activity [26].  Our results are 
compatible with the proposal that the phosphatase is a metal loenzyme that is 
'reactivated' by Mn 2÷ after t reatment  with pyrophosphate  [27].  

The question whether ATP and ADP interact with phosphorylase a rather 
than with the phosphatase cannot be answered conclusively until their effects 
have been checked with an other substrate such as histone. Indirect evidence 
obtained by comparison of the pH dependence of the inhibition by nucleotides 
(Table II) indicates however, that the mechanism of action of ATP and ADP is 
different from that of  AMP. The latter is known to exert its effect  by inter- 
acting with phosphorylase [2].  

The lack of reactivation by Mg 2÷ of phosphorylase phosphatase preincubated 
with ATP (Table IV) suggests that  the mechanism of action of the nucleotide is 
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more complex than that of an inhibitor reversibly binding to an enzyme and 
causing an immediate and reversible loss of activity. In our experiments com- 
ponents lost during the purification of the enzyme may have been missing for 
reactivation, or enzyme concentrations may have been too low. 

Whether ATP, ADP and Mg 2÷ play a role in the control of phosphorylase 
phosphatase in intact hepatic cells, remains unknown at present. However, the 
finding that apparent Ki values for uncomplexed ATP and ADP at physiological 
pH are in the region of calculated cytosolic concentrations of these nucleotides 
in liver cells [28] suggests that regulation of the enzyme in vivo by ATP, ADP 
and Mg 2÷ has to be considered. 
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