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Summary 

A phosphoprotein phosphatase which is active against chemically phos- 
phorylated protamine has been purified about 500-fold from bovine adrenal 
cortex. The enzyme has a pH optimum between 7.5 and 8.0, and has an appar- 
ent Km for phosphoprotamine of about 50 pM. The hydrolysis of phospho- 
protamine is stimulated by salt, and by Mn 2.. Hydrolysis of phosphoprotamine 
is inhibited by ATP, ADP, AMP, and Pi, but is not affected by AMP or cyclic 
GMP. 

The purified phosphoprotein phosphatase preparation also dephosphory- 
lates p-nitrophenyl phosphate and phosphohistone, and catalyzes the inactiva- 
tion of liver phosphorylase, the inactivation of muscle phosphorylase a (and its 
conversion to phosphorylase b), and the inactivation of muscle phosphorylase b 
kinase. Phosphatase activities against phosphoprotamine and muscle phos- 
phorylase a copurify over the last three stages of purification. Phosphoprota- 
mine inhibits phosphorylase phosphatase activity, and muscle phosphorylase a 
inhibits the dephosphorylation of phosphoprotamine. These results suggest that 
one enzyme possesses both phosphoprotamine phosphatase and phosphorylase 
phosphatase activities. The stimulation of phosphorylase phosphatase activity, 
but not of phosphoprotamine phosphatase activity, by caffeine and by glucose, 
suggests that the different activities of this phosphoprotein phosphatase may be 
regulated separately. 

Introduction 

The reversible phosphorylation and dephosphorylation of enzymes is 
recognized as an important mechanism for the regulation of enzyme activity 

Abbrev ia t ions :  Buffer A, 50 mM Tris • HC1/1 mM EDTA/1 mM dithiothreitol, pH 7.4; Buffer B, 50 
mM Tris • HCI/1 mM EDTA/1 mM dithiothreitol/5 mM MnC12/50 mM KC1]IO% glycerol, pH 7.4. 



394 

[1,2].  Protein kinases, the enzymes which catalyze the phosphorylat ion of 
proteins, have been widely studied; protein kinases from many sources have 
been shown to be activated by cyclic AMP [3--7].  It has been proposed that all 
of the actions of cyclic AMP in eukaryotic cells result from the activation of 
protein kinases by the nucleotide [8] .  Much less is known about  the enzymes 
that dephosphorylate phosphoproteins.  

The study of phosphoprotein phosphatases in the adrenal cortex is of 
considerable interest. Gill and Garren [6] have isolated a cyclic AMP-depen- 
dent protein kinase from adrenal cortex and have proposed that this enzyme 
mediates the effects of adrenocort icotropic hormone (ACTH) and of cyclic 
AMP on glucocorticoid synthesis [9] .  In addition, both ACTH and cyclic AMP 
activate phosphorylase in the adrenal cortex [10] .  Riley and Haynes [11] 
suggested that the activation of phosphorylase by cyclic AMP results from 
inhibition of phosphorylase phosphatase, rather than stimulation of  phosphory- 
lase kinase. Merlevede and Riley [12] proposed that the phosphorylase phos- 
phatase exists in both active and inactive forms, and that cyclic AMP causes an 
inactivation of the enzyme. 

We have recently developed methods for the chemical phosphorylation of  
seryl residues in protamine, and, using chemically phosphorylated protamine as 
a substrate, we have detected phosphoprotein phosphatase activity in a number 
of mammalian tissues [13] .  We now report the purification and some proper- 
ties of a phosphoprotein phosphatase from bovine adrenal cortex which is 
active against chemically phosphorylated protamine. 

Materials and Methods 

Buffers. Buffer A consists of 50 mM Tris • HC1/1 mM EDTA/1 mM dithio- 
threitol, pH 7.4. Buffer B is composed of  50 mM Tris • HC1/1 mM EDTA/1 mM 
dithiothreitol/5 mM MnC12/50 mM KC1/10% glycerol, pH 7.4. 

Materials. Protamine chloride, skeletal muscle phosphorylase b (~-l,4- 
glucan: or thophosphate glucosyltransferase, EC 2.4.1.1, 25 units/mg protein), 
phosphorylase b kinase (ATP:phosphorylase phosphotransferase, EC 2.7.1.38, 
114 units/mg protein), calf thymus histone II-A, and DEAE-Sephadex A50-120 
were all obtained from Sigma. The molecular weight markers, bovine liver 
catalase, rabbit muscle lactic acid dehydrogenase and bovine pancreatic ribo- 
nuclease were also purchased from Sigma. Phosphorylase a (20 units/mg pro- 
tein) from rabbit skeletal muscle and porcine heart malic acid dehydrogenase 
were purchased from Boehringer Mannheim. Sepharose 4B was obtained from 
Pharmacia. Enzyme-grade (NH4)2 SO4 was purchased from Schwarz/Mann. 
[~,.32 p] ATP and H3 ~ 3 PO~ were supplied by the New England Nuclear Corp. 
Crystalline bovine serum albumin was a product  of Miles Laboratories. All 
other chemicals were reagent grade. Glass distilled water was used throughout.  
Calcium phosphate gel was prepared according to the method of Keilin and 
Hartree [14] ,  and was stored in the dark at 4°C for at least 6 weeks before use. 
Phosphoprotamine and [3 ~ p] phosphoprotamine were synthesized as described 
previously, and contained approx, one residue of alkali-labile phosphate per 
mol [13] .  

Chemical assays. In most experiments, protein was determined by the 
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method of Lowry et al. [15].  During the initial steps in the purification of the 
phosphoprotein phosphatase the protein concentration was determined by a 
modification of the procedure of Page and Culver [16].  To a 0.4-ml sample 
containing 20--400 pg protein, 1.2 ml of 3% sulfosalicylic acid in water was 
added, and the mixture was agitated vigorously. The turbidi ty of the samples 
(absorbance at 600 nm) was measured after 10 min at room temperature. 
Crystalline bovine serum albumin was used as a protein standard for both 
assays. Inorganic phosphate was determined by the method of Ames and Dubin 
[17]. Acid-labile phosphate was estimated after incubation for 15 min at 
100°C in 0.5 M H~ SO4. 

Preparation of ATP-Sepharose. To 80 ml of washed Sepharose 4B and 80 
ml water were added 27 g of finely crushed CNBr. The pH of the solution was 
maintained at 11 with 8 M NaOH, and the temperature was maintained at 20°C 
by the addition of crushed ice. The mixture was stirred gently until cessation of 
proton release (about 10 min), at which time more crushed ice was added, and 
the activated gel was transferred to a Buchner funnel. The gel was washed with 
800 ml of 0.1 M NaHCO3 pH 10.0, the bot tom of the funnel was stoppered 
with Parafilm, and 23.3 g of e-amino caproic acid in 80 ml 0.1 M NaHCO3 were 
added. The reaction mixture was then transferred to a 250-ml Erlenmeyer 
flask, and stirred slowly for 18 h at 4°C. The e-amino caproic acid-substituted 
Sepharose was washed successively with 500 ml 0.1 M NaHCO3, pH 10.0, 500 
ml 0.01 M HC1, 500 ml 0.5 M NaC1, 2 1 water, and 1 1 pyridine/H2 O (4 : 1, 
v/v). To the washed gel were added 1.5 g ATP in 24 ml water, followed by 33 g 
dicyclohexylcarbodiimide in 96 ml pyridine. The mixture was stirred for 
24--96 h at room temperature, and was then washed with water, 95% ethanol, 
n-butanol (at 37°C), 0.5 M NaC1, water, and Buffer B. The extent  of coupling 
of ATP to Sepharose was estimated by measuring the acid-labile phosphate 
bound to the gel. Typical preparations of ATP-Sepharose contained 3--5 pmol 
ATP per ml of packed gel (assuming 2 mol of acid-labile phosphate per mol of 
ATP). In addition, aliquots of the substituted gel were treated with 0.5 M KOH 
for 2 h at 70 ° C, and the release of nucleotide from the gel was monitored by 
the ultraviolet absorbance of the supernatant. These measurements also indi- 
cated the presence of about  4 pmol of nucleotide per ml of  packed gel. 

Phosphoprotein phosphatase assay. Phosphoprotein phosphatase activity 
was routinely measured by the release of ~ 3 Pi from [3~ P] phosphoprotamine,  
according to the method described previously [ 13].  The enzyme was incubated 
with [33 P]phosphoprotamine,  containing 0.1 mM • alkali-labile phosphate 
(100--300 cpm/nmol) ,  in a final volume of 380 pl. Unless otherwise stated, the 
incubation was performed for 30 min at 37°C, in a buffer composed of 50 mM 
Tris • HC1, 2 mM MnCl~, 1 mM dithiothreitol  and 400 mM NaC1, pH 7.4. The 
reaction was terminated by the addition of 25 pl of 0.1 M silicotungstic acid in 
0.05 M H2SO4. 100 pl of 5% (NH~)6Mb702~ • 4H20 in 2 M H2 SO~, and 0.5 
ml isobutanol/benzene (1 : 1, v/v) were added, and the mixture agitated vigor- 
ously for 30 s and then centrifuged. The radioactivity in duplicate 0.1 ml 
aliquots of  the upper (organic) phase was measured in a gas-flow radiation 
counter. One unit  of phosphoprotein phosphatase activity was defined as the 
amount  of enzyme that  catalyzes the release of 1 nmol of Pi from phospho- 
protamine per min. In some experiments, phosphoprotein phosphatase was 
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assayed by a spectrophotometric determination of Pi- For this assay, the 
enzyme was incubated with non-radioactive phosphoprotamine containing 0.66 
mM alkali-labile phosphate, under the conditions described above. The reaction 
was terminated by the addition of silicotungstic acid in H2 SO4, the protein was 
removed by centrifugation, and the concentration of Pi in the supernatant 
measured. 

Determination of subcellular distribution. For studies of the subcellular 
distribution of phosphoprotein phosphatase activity, two male Sprague-Dawley 
rats obtained from Charles River Breeding Laboratories were killed by decapita- 
tion, and the adrenal glands homogenized with 2.0 ml of Buffer B. A crude 
nuclear fraction was obtained by centrifugation at 800 X g for 10 min, and was 
resuspended in Buffer B and washed several times by centrifugation. A crude 
mitochondrial fraction was prepared by centrifugation of the 800 X g supernat- 
ant at 6500 )< g for 20 min, and was washed similarly. The post-mitochondrial 
supernatant was separated into two portions. The first portion was centrifuged 
at 105 000 X g for 30 min to obtain a microsomal pellet. The second was 
treated with 1% sodium deoxycholate for 20 min at 0°C and was then centri- 
fuged at 105 000 X g for 30 min to obtain a crude ribosomal fraction. The 
crude microsomal and ribosomal fractions were washed once, the former with 
Buffer B, the latter with Buffer B containing 1% deoxycholate.  All pellets were 
resuspended in Buffer B, and along with the supernatants were assayed for 
phosphoprotein phosphatase activity and for protein. 

Purification of phosphoprotei,~ phosphatase. Bovine adrenal glands were 
obtained at a local slaughterhouse, and were either used immediately or else 
were stored at --70°C until use. The adrenal glands were dissected free of 
surrounding fat, and the medullae were scraped away from the cortices with a 
scalpel. The adrenal cortices were rinsed in Buffer A, drained and blotted, and 
then minced into small pieces with scissars and homogenized for 2 min in a 
Waring Blendor with 4 ml/g of cold Buffer A. All subsequent steps were carried 
out at 0--4°C. The homogenate was filtered through four layers of cot ton 
gauze, and centrifuged for 50 min at 16 000 X g. The pellet was resuspended in 
Buffer A, rehomogenized, and centrifuged again for 50 min at 16 000 X g. The 
combined supernatants were filtered through glass wool, and then centrifuged 
for 3 h at 105 000 X g. 

To the supernatant was added 0.164 g/ml of (NH4)2 SO~. The precipitate 
was allowed to settle, and was then collected by centrifugation for 30 min at 
10 000 X g. To the supernatant was added an additional 0.127 g/ml of (NH~)2 o 
SO~, to make the final solution 50% saturated. The precipitate was again 
collected by centrifugation, dissolved in Buffer A, and dialyzed against several 
liters of 5 mM Tris • HC1, 1 mM EDTA, 1 mM dithiothreitol,  pH 7.4, until the 
dialysate was sulfate free (no precipitate formed upon the addition of 0.1 M 
BaCl2 ). 

2 mg (dry weight) of Ca3 {PO~ )2 gel was added dropwise per ml of solu- 
tion, and the resulting suspension was stirred occasionally for 30 rain. The gel 
was collected by centrifugation, and washed thoroughly with 5 mM Tris - HC1, 
1 mM EDTA, 1 mM dithiothreitol,  pH 7.4. The gel was washed with Buffer A 
containing 0.3 M Na2 SO4. The enzyme was eluted from the gel after vigorous 
shaking at 30 ° C with Buffer A containing 0.6 M Na2 SO4. The 0.6 M Na2 SO~ 
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eluate was made 50% saturated with (NH~)2 SO~, the precipitated protein was 
collected by centrifugation, dissolved in Buffer B, and dialyzed against several 
changes of Buffer B until the dialysate was sulfate free. 

The enzyme solution was applied to a column of DEAE-Sephadex (1.5 × 
13 cm) that  had previously been equilibrated with buffer B. The column was 
washed with three bed volumes of Buffer B containing 0.16 M KC1, and then 
the enzyme was eluted with Buffer B containing 0.4 M KC1. The KC1 eluate was 
dialyzed against Buffer B. 

4 ml of dialyzed eluate were incubated with 2 ml of ATP-Sepharose for 30 
min, and the gel was removed by centrifugation. Unless otherwise indicated, 
the purified phosphoprotein phosphatase used for all of the experiments in this 
paper was that  fraction of the DEAE-Sephadex eluate that  did not bind to 
ATP-Sepharose. 

Molecular weight estimation. The molecular weight of the phosphoprotein 
phosphatase was estimated by a modification of the method of Martin and 
Ames [18] ,  using 5--30% sucrose density gradients containing 50 mM Tris • 
HC1, pH 7.4, and 5 mM MnC12. Two gradients one containing the phosphatase 
and the molecular weight standards, the other containing only the standards, 
were run simultaneously. The gradients were centrifuged for 17 h at 100 000 
× g in a Beckman SWo41 rotor. 33 0.4-ml fractions were collected, and were 
assayed for enzyme activities. Catalase was assayed spectrophotometrically at 
240 nm as described by Beers and $izer [19].  Lactic acid dehydrogenase was 
assayed by decreased absorbance at 340 nm according to the method intro- 
duced by Kubowitz and Ott  [20].  Malate dehydrogenase was also measured by 
decreased absorbance at 340 nm by the method of Mehler et al. [21].  Ribo- 
nuclease was assayed according to the method of Kalnitsky et al. [22]. Phos- 
phoprotein phosphatase was assayed by measuring the release of p-nitrophenol 
(absorbance at 420 nm) from p-nitrophenyl phosphate. The molecular weight 
of the phosphatase was estimated from a graph of (molecular weight) 2/3 versus 
distance sedimented from the meniscus. 

Preparation of active liver phosphorylase. Active liver phosphorylase was 
prepared from male Sprague-Dawley rats weighing about 300 g by a modifica- 
tion of the procedure of Sutherland and Wosilait [23].  The final (NH4)2 SO4 
precipitate was dissolved in 1 ml of Buffer B per g of original tissue and 
dialyzed until the dialysate was sulfate free. The final preparation contained 
2--3 units per mg protein. 

Assay for phosphorylase and phosphorylase phosphatase activity. Liver 
phosphorylase phosphatase was assayed by the method of Wosilait and Suther- 
land [24].  Rat liver phosphorylase was incubated with phosphoprotein phos- 
phatase for 30 min at 37°C, in 0.05 M Tris • HC1, pH 7.4, containing 0.7 mM 
caffeine. Following this incubation, residual phosphorylase activity was assayed 
by the method of Wosilait and Sutherland [24].  Pi released from glucose-l-P 
was assayed by the method of Post and Sen [25].  One unit  of phosphorylase is 
defined as the amount  of enzyme that  releases 1 pmol of Pi from glucose-l-P 
per min. One unit  of phosphorylase phosphatase is defined as the amount  of 
enzyme required to inactivate one unit  of phosphorylase per min. The assay of 
muscle phosphorylase phosphatase activity was identical, except that  phos- 
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phorylase was incubated with the phosphatase for 10 min, in the absence of 
caffeine. Phosphorylase a was assayed as described above. Phosphorylase b was 
assayed by the addition of 1.4 mM AMP to the assay mixture, and subtraction 
of the phosphorylase a activity. 

Assay for phosphorylase b kinase phosphatase activity. Phosphorylase b 
kinase phosphatase activity was measured by a decrease in phosphorylase b 
kinase activity, by a modification of the method of Riley et al. [26], 15 units 
of phosphorylase b kinase (1 unit  of kinase converts 1 unit of phosphorylase b 
to phosphorylase a per min at pH 6.8) were incubated with the phosphoprotein 
phosphatase for zero to 20 min at 30°C in 200 pl of Buffer B containing 8 mM 
MgC12. A control without  phosphatase was incubated simultaneously. The 
reactions were terminated by the addition of I ml of ice-cold 15 mM cysteine, 
pH 7.0, and the phosphorylase b kinase activity at pH 6.8 was measured, as 
described [ 26]. 

Preparation of phosphohistone. 3 2 P-labeled phosphohistone was synthe- 
sized according co the procedure of Langan [5],  using rat liver cyclic AMP 
dependent protein kinase prepared by the method of Kuo et al. [27]. Phos- 
phohistone phosphatase activity was measured by the release of ~* 2 Pi from 
32P-labeled phosphohistone. The enzyme was incubated at 37°C for 30 min 
with ~ 2 P-labeled phosphohistone containing 0.3 /JM alkali-labile phosphate 
(15--25 cpm/pmol),  in a buffer consisting of 50 mM Tris • HC1, 2 mM MnC12, 
1 mM dithiothreitol, and 0.16 M NaC1, pH 7.4 (final volume 380 pl). The 
reaction was terminated by the addition of 25 pl of 0.1 M silicotungstic acid in 
0.05 M H: SO4. Released Pi was measured as described previously [13]. 

Results  

Subcellular distribution of  phosphoprotein phosphatase activity. We have 
previously detected phosphoprotein phosphatase activity in crude extracts and in 
soluble fractions of rat adrenal glands. Table I shows the results of a more detailed 
study of the subcellular distribution of phosphoprotein phosphatase activity in 

T A B L E  I 

S U B - C E L L U L A R  D I S T R I B U T I O N  O F  P H O S P H O P R O T E I N  P H O S P H A T A S E  A C T I V I T Y  IN R A T  
A D R E N A L  C O R T E X  

,,~ 
Adrena l  g lands  f r o m  four  ma le  ra t s  were  p o o l e d  and treated  as descr ibed in the  t ex t .  One-half  o f  the  post-  
m i t o c h o n d r i a l  supernatant  was  treated  w i t h  sod ium d e o x y c h o l a t e  to  prepare r i b o s o m e s ,  and t he  o t h e r  . :  
ha l f  was  centr i fuged  at 1 0 5 0 0 0  X g w i t h o u t  d e o x y c h o l a t e  t r e a t m e n t  to  prepare a m i c r o s o m a l  fract ion.  
The  supernatant  fract ion  represents  the  p o o l e d  pos t - r ibosomal  and p o s t - m i c r o s o m a l  supernata~ts .  

Fract ion  P h o s p h o p r o t e i n  phosphatase  Prote in  Spec i f i c  ac t i v i t y  
(un i t s )  (mg)  ( u n i t s / m g )  

Crude  h o m o g e n a t e  5.12 11 .50  0 .45  

Nucle i  2 .44  6 .88 0 .35  
Mitochondr ia  0.01 0 .25  0 .04  

M i c r o s o m e s  0 .18  0 .54  0 . 3 3  
R i b o s o m e s  0.41 0 .34  1.21 
Supernatant  2.48 3 .35  0 . 7 4  
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T A B L E  II  

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

P h o s p h o p r o t e i n  p h o s p h a t a s e  was  pt~rified accord ing  to  the  p r o c e d u r e  in the  t ex t ,  and  was  assayed  for  
ac t iv i ty  against  p h o s p h o p r o t a m i n e ,  musc le  p h o s p h o r y l a s e  a, and p - n i t r o p h e n y l  phospha t e .  Th e  n u m b e r s  
desc r ibed  r ep re sen t  the  resul ts  of  one  e x p e r i m e n t .  In th ree  e x p e r i m e n t s ,  the  increases  in the  specific 
act ivi t ies  of  phosphorYlase  phos pha t a s e  and  p h o s p h o p r o t a m i n e  p h o sp h a t a se  in the  ATP-Sepha rose  purif i-  
ca t ion  s tep co r re l a t ed  wi th in  10% of  each o ther .  N u m b e r s  in pa ren theses  re fe r  to  pe rcen t age  of  ac t iv i ty  

r ecovered ,  n.d. ,  no t  d e t e r m i n e d .  

Pur i f ica t ion  stage Phospha tase  ac t iv i ty  against  

P h o s p h o p r o t a m i n e  Muscle p h o s p h o r y l a s e  a p - N i t r o p h e n y l  p h o s p h a t e  
(un i t s /mg)  (un i t s /mg)  (uni t s / rag)  

1 6 0 0 0  X g s u p e r n a t a n t  1.3 (100)  n.d. n.d. 
1 0 5 0 0 0  X ~ s u p e r n a t a n t  1.5 ( 118 )  n.d. n.d. 
(NH4)2SO 4 p rec ip i t a t e  9 .4  ( 7 8 )  0 .80  5.1 
Ca3(PO4) 2 gel e lua te  20.9 ( 8 5 )  2.1 8.9 
D E A E - S e p h a d e x  e luate  59 .5  ( 7 6 )  5.7 13 .4  
ATP-Sepha rose  s u p e r n a t a n t  625  ( 2 7 )  65 112 

these glands. Almost all of  the enzyme activity is located in the crude nuclear 
and the soluble fractions of  the adrenal gland; these two fractions contain 
approximately equal amounts  of  enzyme activity. Although the ribosomal 
fraction contains less than 10% of the total phosphoprotein phosphatase activ- 
ity in the adrenal, the highest specific activity is found in this fraction. 

Purification of adrenal phosphoprotein phosphatase. After determining 
the subcellular localization of phosphoprotein phosphatase activity in the 
adrenal gland, we chose to purify the soluble enzyme from bovine adrenal 
cortex. Table II summarizes a typical purification of this enzyme. Conventional 
techniques for protein purification resulted in a 40-fold increase in specific 
activity with a 76% recovery of phosphatase activity. Ion-exchange chromatog- 
raphy and gel filtration on Sephadex G-100 and G-200 resulted in no further 
purification (data not  shown). However, incubation of the DEAE-Sephadex 
eluate with ATP-Sepharose gels resulted in an additional l l - f o l d  purification. 
Abou t  one-third of the phosphoprotein phosphatase activity and only about  
3% of the protein are found in the supernatant after incubation of the DEAE- 
Sephadex eluate with the ATP-Sepharose gel. incubat ion of  the DEAE- 
Sephadex eluate with either caproic acid Sepharose or unsubst i tuted Sepharose 
did not  result in purification of  phosphoprotein  phosphatase activity. All 
prep£rations of  phosphatase used in subsequent  experiments were purified at 
least 200-fold. Sodium dodecyl  sulfate-polyacrylamide gel electrophoresis of  the 
purified enzyme shows several protein bands, indicating that the purified en- 
zyme is not  homogeneous (data not  shown). 

Characteristics of the phosphoprotein phosphatase asssay. The dephos- 
phorylat ion of  phosphoprotamine by the purified phosphoprote in  phosphatase 
was approximately proport ional  to the incubation time up to 30 min and to 
the enzyme concentrat ion up to 10 pg per assay tube  (data not  shown). Upon 
prolonged incubation (24 h at 37 ° C), 32--35% of the alkali-labile phosphate in 
phosphoprotamine is released by the phosphatase. Fig. 1 indicates that  the pH 
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Fig. 1. E f fec t  of  pH on p h o s p h o p r o t e i n  phospha tase  act ivi ty .  I n c u b a t i o n  cond i t ions  were  as descr ibed in 
the text ,  excep t  for  the var ia t ion  in the  pH of the assay. A t  pH values be low 6.9,  50 mM hist idine • HC1 
was used ins tead  of  50 mM Tris • HC1 as buffer .  The  e n z y m e  activi t ies observed  in the  presence  of  
his t idine b u f f e r  were mul t ip l i ed  by  1.3, to cor rec t  for the obse rva t ion  tha t ,  a t  pH 6.9,  e n z y m e  act ivi ty  in 
Tris bu f f e r  was 1.3 t imes  grea ter  t han  tha t  in his t idine buffer .  

Fig. 2. L ineweave r -Burk  analysis of p h o s p h o p r o t a m i n e  phospha tase ;  P h o s p h o p r o t a m i n e  phospha ta se  
act ivi ty  was assayed accord ing  to  the p roc e du re  descr ibed in the text ,  excep t  for  the va r ia t ion  in phospho-  
p r o t a m i n e  concen t r a t i on .  The  da ta  is p lo t t ed  accord ing  to the m e t h o d  of L i n e w e a v e r  and Burk. 

opt imum for phosphoprotamine hydrolysis is between 7.5 and 8.0. The en- 
zyme activity decreases gradually at acid pH, but  decreases rapidly on the 
alkaline side of the pH optimum. Enzyme activity is only 10% of maximal at 
pH 8.5. 

Kinetic constants for phosphoprotamine dephosphorylation. Phospho- 
protein phosphatase activity varies with phosphoprotamine concentration. 
Phosphoprotein phosphatase activity can be observed at phosphoprotamine 
concentrations as low as 1 pM (alkali-labile phosphate),  and activity increases 
up to 200 pM phosphoprotamine.  A Lineweaver-Burk analysis results in an 
estimate of the apparent Km for phosphoprotamine of 50 pM (Fig. 2). 

Effect of divalent cations on enzyme activity. Phosphoprotein phospha- 
tase activity is dependent  upon the presence of divalent cations. Dialysis of  a 
DEAE-Sephadex purified enzyme preparation against divalent cation-free 
buffer containing 1 mM EDTA results in almost complete  loss of enzyme activ- 
ity. This dialyzed, inactivated enzyme can be partially reactivated by the addi- 
tion of MnC12. Fig. 3 shows the activity of the dialyzed enzyme as a function 
of increasing MnC12 concentrations. Phosphoprotein phosphatase activity is 
stimulated 5-fold by MnC12 concentrations above 1 mM; half-maximal activa- 
tion of  the phosphatase occurs at 0.4 mM MnC12. 10 mM ZnC12 abolishes 
residual phosphatase activity, and prevents the reactivation of the enzyme by 
Mn 2÷ (Fig. 3). Phosphatase activity is also abolished by 10 mM Co 2÷, Cu ~÷, and 
Fe 2÷, whereas Mg ~÷ and Ca ~÷ at this concentration have no effect on enzyme 
activity in the presence or absence of Mn ~÷ (not  shown). 

Substrate specificity. The substrate specificity of  the purified phospho- 
protein phosphatase was studied by testing its ability to hydrolyze a variety of  
small phosphorylated compounds.  Under conditions in which the purified 
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fer B. The  ac t iv i ty  of  the d ia lyzed  e n z y m e  was t hen  assayed  accord ing  to the m e t h o d  descr ibed  in the 
text ,  e x c e p t  for  var ia t ions  in the c o n c e n t r a t i o n s  of  d iva len t  cat ions.  MnC12 was  added  a t  the concen t r a -  
t ions  ind ica ted  in the  figure. • - • ,  MnC12 alone,  no ZnC12 ; • • ,  MnCl 2 plus 10 mM ZnCI 2. 

enzyme hydrolyzes phosphoprotamine, the enzyme shows no activity against a 
large number of low molecular weight phosphorylated compounds. The en- 
zyme causes no detectable hydrolysis of ATP, ADP, AMP, GTP, glucose-6-P, 
fi-glycerophosphate, phosphoserine, or phosphothreonine. The only low molec- 
ular weight substrate found so far for this enzyme is p-nitrophenyl phosphate; 
at a concentration of 1.0 mM, p-nitrophenyl phosphate is hydrolyzed at about 
30% the rate of phosphoprotamine hydrolysis. 
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However, the phosphoprotein phosphatase is active against other phospho- 
proteins. As shown in Fig. 4, the enzyme catalyzes the release of 32 Pi from 
32 P-labeled phosphohistone.  Phosphohistone dephosphorylat ion is also depen- 
dent on divalent cations. Dialysis of a partially purified DEAE-Sephadex eluate 
against divalent cation-free, EDTA-containing buffer causes a 50% loss in 
enzyme activity. This activity can be restored by the addition of 10 mM Mn 2÷ 
Similar concentrations of Mg 2÷ and Ca 2÷ have no effect on the phosphatase 
activity in the absence or presence of Mn 2÷, while Zn ~+ abolishes residual 
phosphatase activity and prevents its reactivation by Mn 2.. The addition of 50 
pM phosphoprotamine inhibits the release of ~ ~ Pi from phosphohistone by 
70%; identical concentrations of free protamine inhibit histone dephosphoryla- 
tion by less than 20% (data not  shown). In addition, the enzyme inactivates 
both liver and muscle phosphorylase, and promotes  the conversion of muscle 
phosphorylase a to the b form. 

Copurification of muscle phosphorylase and protamine phosphatase. The 
activities of the phosphatase against phosphoprotamine,  muscle phosphorylase 
a and p-nitrophenyl phosphate were monitored over several stages of purifica- 
tion. Table II indicates that phosphorylase phosphatase and phosphoprotamine 
phosphatase activities copurified over the last three purification steps. It was 
not possbile to monitor  the activities of phosphorylase phosphatase in crude 
adrenal cortical homogenates due to the presence of  phosphorylase and phos- 
phorylase kinase, which interfered with the assay of phosphorylase phosphatase 
activity, p-Nitrophenyl phosphatase activity also copurified with the other  
phosphatase activities, although the purification of this activity did not  cor- 
relate precisely with the purification of  the other phosphatase activities. 

Competition experiments. A series of experiments was performed in order 
to determine whether phosphorylase and phosphoprotamine competed for 
hydrolysis by the same phosphoprotein phosphatase. The inactivation of  liver 
and muscle phosphorylase by the phosphoprotein phosphatase was measured in 
the presence and absence of phosphoprotamine (Table III). Liver phosphory- 
lase inactivation was inhibited 48% by 45 pM phosphoprotamine,  while muscle 
phosphorylase phosphatase activity was virtually abolished (90% inhibition) by 

TABLE III 

INHIBITION OF PHOSPHORYLASE INACTIVATION BY PHOSPHOPROTAMINE 

Phosphorylase phosphatase assays in the presence and absence of phosphoprotamine and free protamine 

were carried out according to the procedure described in the text. Phosphorylase phosphatase activity is 

expressed in terms of percentage of activity obtained in the absence of protamine, n.d., not determined. 

Addition Protein Alkali-Labile phosphate Phosphorylase inactivation 

(pg/ml) (pM) (percent control activity) 

L i v e r  M u s c l e  

N o n e  1 0 0  1 0 0  

P h o s p h o p r o t a m i n e  1 5 0  4 5  52  n .d .  

P r o t a m i n e  1 5 0  1 2 0  n .d .  
P h o s p h o p r o t a m i n e  30  9 n .d .  10  
P r o t a m i n e  3 0  n .d .  8 5  
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TABLE IV 

INHIBITION OF PHOSPHOPROTAMINE PHOSPHATASE BY MUSCLE PHOSPHORYLASE 

Phosphoprotamine phosphatase activity was assayed as described in the text, in the presence and absence 

of muscle phosphorylase a. Enzyme activity is expressed in terms of percentage of activity obtained in the 

absence of phosphorylase. 

Concentration of muscle phosphorylase (nM) Phosphoprotamine phosphatase (percent control activity) 

None 100 

60 83 

300 54 

9 pM phosphoprotamine.  Identical concentrations of unphosphoryla ted 
protamine did not  interfere significantly with phosphorylase inactivation. 
Phosphoprotamine at this concentrat ion had no effect on phosphorylase activ- 
ity. Under conditions of  the phosphorylase assay no liberation of  Pi from the 
phosphoprotamine could be detected. Table IV shows the effects of purified 
muscle phosphorylase a on the hydrolysis of  phosphoprotamine.  60 and 300 
nM muscle phosphorylase a inhibited the dephosphorylat ion of phosphoprota-  
mine by 17 and 46%, respectively. 

Effect of  salt. The optimal assay conditions for phosphorylase phospha- 
tase and phosphoprotamine phosphatase are similar; however, phosphorylase 
phosphatase activity is maximal at lower ionic strength. Fig. 5 shows the effect 
of NaC1 on phosphorylase phosphatase and phosphoprotamine phosphatase 
activities. While 1.0 M NaC1 stimulates protamine dephosphorylat ion 3-fold, it 
inhibits inactivation of liver phosphorylase by 90%. In other experiments, we 
found that KC1 effects enzyme activity in a manner similar to NaC1 (data not  
shown). In subsequent  experiments,  protamine dephosphorylat ion was mea- 
sured in the presence of  0.4 M NaC1, and phosphorylase phosphatase was 
assayed in the absence of NaC1. 
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Fig .  5. E f f e c t  o f  NaC1 o n  p h o s p h o p r o t e i n  p h o s p h a t a s e  a c t i v i t i e s .  I n c u b a t i o n  c o n d i t i o n s  f o r  p h o s p h o -  
p r o t a m i n e  p h o s p h a t a s e  a n d  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 i e s  w e r e  t h e  s a m e  as d e s c r i b e d  in  t h e  t e x t ,  
e x c e p t  f o r  t h e  v a r i a t i o n  in  N a C l  c o n c e n t r a t i o n .  
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T A B L E  V 

E F F E C T O R S  OF 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 p r o t a m i n e  phospha ta se  and  phosphory l a se  phospha ta se  assays were  car r ied  ou t  as descr ibed in 
the  t ex t ,  excep t  for  the  add i t ion  of  the  c o m p o u n d s  listed. E n z y m e  ac t iv i ty  is expressed  in t e r m s  of  per-  
cen tage  of ac t iv i ty  ob ta ined  in the  absence  of  the modif ier ,  n.d. ,  not  d e t e r m i n e d .  

E f fec to r  C o n c e n t r a t i o n  Phospha tase  ac t iv i ty  (%) 
(raM) . . . . . . . . . . . . . . . . . . .  

P h o s p h o p r o t a m i n e  Liver  p h o sp h o ry l a se  Muscle phosphory l a se  

No add i t ion  100 100 100 
Glucose 3 101 149 131 
Glucose- 1-P 3 102 31 44 
Glucose-6-P 3 97 55 65  
ATP 0.5 67 10 55 
ATP 0 .05  100 50 n.d. 
ADP 0.5 86 56 n.d. 
AMP 0.5 100 34 n.d. 
Pi 0.1 82 57 n.d. 
NaF 75 n.d. 35 n.d. 
NaF 32 23 n.d. n.d. 

Effectors of phosphorylase and phosphoprotarnine phosphatase activities. 
A variety of possible effectors were tested for their effects on phosphorylase 
phosphatase and phosphoprotamine phosphatase activities. The results of these 
studies are summarized in Table V and Fig. 6. The adenine nucleotides are 
inhibitors of phosphoprotamine phosphatase activity (Fig. 6). In these experi- 
ments a half-maximal inhibition effect is produced by 1 mM ATP, 2.5 mM 
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Fig. 6. Inh ib i t ion  of p h o s p h o p r o t a m i n e  phospha tase  act ivi ty  by  adenine  nuc leo t ides  and by Pi" Phospho-  
p r o t a m i n e  phospha tase  act iv i ty  was assayed accord ing  to the m e t h o d  descr ibed in the text ,  wi th  the 
add i t ion  of  var ious  inhib i tors  at the c o n c e n t r a t i o n s  indica ted  in the figure. The  figure presen ts  the 
pe rcen tage  inhib i t ion  of p h o s p h o p r o t a m i n e  phospha tase  ac t iv i ty  by ATP (e e) ,  ADP (© ©), 
AMP (~ ~), and Pi (~ -rD. 

Fig. 7. E f fec t  of  A T P  on p h o s p h o p r o t e i n  phos pha t a s e  activities.  P h o s p h o p r o t a m i n e  phospha ta se  and l iver  
phosphory la se  phospha ta se  were  assayed as descr ibed in the  t ex t ,  wit~ the add i t ion  of ATP  at  the 
c o n c e n t r a t i o n s  indica ted  in the  figure. The  figure presents  the percen tage  inhib i t ion  of  p h o s p h o p r o t e i n  
phospha ta se  activi t ies by  ATP. 
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ADP, a n d 5  mM AMP. These compounds also inhibit phosphorylase inactiva- 
tion {Table V). Fig. 7 shows the effects of varying concentrations of ATP on 
liver phosphorylase inactivation and phosphoprotamine dephosphorylation. 
Under our assay conditions, phosphorylase phosphatase activity was inhibited 
50% by 50 pM ATP, while phosphoprotamine phosphatase was inhibited 50% 
by 1 mM ATP. 0.5 mM ATP inhibited muscle phosphorylase inactivation by 
45%. 

The effects of cyclic AMP and cyclic GMP on phosphorylase phosphatase 
and phosphoprotamine phosphatase were also studied. Cyclic AMP at 10 pM 
had no effect on phosphorylase phosphatase in the presence or absence of 
Mg2+-ATP, and with or without the addition of cyclic AMP-dependent protein 
kinase; neither cyclic AMP nor cyclic GMP at concentrations as high as 500 pM 
have any effect on phosphoprotamine dephosphorylation (not shown). Phos- 
phoserine, phosphothreonine, pyridoxal phosphate, and phenformin also had 
no effect on phosphoprotamine phosphatase activity. The two end products of 
phosphoprotamine dephosphorylation were also studied. Pi at a concentration 
of 1 mM inhibits the phosphatase activity 50% {Fig. 6), while free protamine at 
a concentration of 0.1 mM has no effect on the enzyme (not shown). Pi also 
inhibited liver phosphorylase inactivation, a concentration of 100 pM causing a 
50% inhibition of phosphorylase phosphatase activity. NaF inhibits both phos- 
phoprotamine and phosphorylase phosphatase activities. 

Glucose and its phosphorylated derivatives had differential effects on the 
hydrolysis of phosphoprotamine and phosphorylase. At a concentration of 
3 mM, glucose stimulated liver and muscle phosphorylase phosphatase activity 
by 49 and by 31%, respectively. Glucose-l-P and glucose-6-P are inhibitors of 
phosphorylase phosphatase. Glucose-l-P (3 mM) inhibited liver phosphorylase 
inactivation by 69% and muscle phosphorylase inactivation by 56%, while 
glucose-6-P (3 mM) inhibited the inactivation of liver phosphorylase by 45% 
and of muscle phosphorylase by 35%. These compounds had no effect on 
phosphoprotamine dephosphorylation. 
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Fig.  8.  E f f e c t  o f  c a f f e i n e  o n  p h o s p h o p r o t e i n  p h o s p h a t a s e  activit ies .  P h o s p h o p r o t a m i n e  p h o s p h a t a s e  and 
l iver p h o s p h o r y l a s e  p h o s p h a t a s e  act iv i t ies  w e r e  a s s ayed  as d e s c r i b e d  in the  t e x t ,  w i t h  the  a d d i t i o n  o f  
c a f f e i n e  at the  c o n c e n t r a t i o n s  i n d i c a t e d  in the  f i g u r e .  T h e  f i g u r e  present s  the  p h o s p h a t a s e  act iv i t ies  in the  
p r e s e n c e  o f  c a f f e i n e  as a p e r c e n t a g e  o f  the  act iv i t i es  f o u n d  in the  a b s e n c e  o f  ca f f e ine .  
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Fig. 10.  E s t i m a t i o n  o f  t he  m o l e c u l a r  w e i g h t  o f  the  p h o s p h o p r o t e i n  p h o s p h a t a s e .  The  m o l e c u l a r  w e i g h t  o f  
the  p h o s p h o p r o t e i n  p h o s p h a t ~ s e  was  e s t i m a t e d  b y  suc ro se  g r a d i e n t  c e n t r i f u g a t i o n ,  a c c o r d i n g  to  the  
m e t h o d  d e s c r i b e d  in  the  tex t .  The  ac t iv i t ies  o f  the  p h o s p h a t a s e  (us ing  p - n i t r o p h e n y l  p h o s p h a t e  as sub-  
s t r a t e )  a n d  o f  the  m a r k e r  e n z y m e s  were  m e a s u r e d ,  a n d  the  m i g r a t i o n  o f  these  e n z y m e s  was  p l o t t e d  as a 
f u n c t i o n  o f  ( m o l e c u l a r  we igh t )  2/3. The  m o l e c u l a r  w e i g h t  s t a n d a r d s  used  were :  A, b o v i n e  l iver  ca t a l a se  
( tool .  w t  2 3 2  0 0 0 ) ;  B, r a b b i t  musc l e  l ac t i c  ac id  d e h y d r o g e n a s e  (tool.  w t  1 4 2  0 0 0 ) ;  C, p o r c i n e  h e a r t  ma l i c  
ac id  d e h y d r o g e n a s e  (tool.  w t  7 0  0 0 0 ) ;  a n d  D, b o v i n e  p a n c r e a t i c  r i b o n u c l e a s e  A (tool .  w t  13 700) .  The 
s lope  of  the  l ine  was  d e t e r m i n e d  b y  leas t  squa re s  analys is .  

Caffeine markedly stimulated the inactivation of liver phosphorylase. 
Fig. 8 indicates that caffeine at a concentration of 10 mM stimulated the 
inactivation of liver phosphorylase 20-fold; 2 mM caffeine caused a half- 
maximal stimulation of phosphorylase inactivation. 5 mM caffeine had no 
effect on phosphoprotamine phosphatase activity. 

Inactivation of  muscle phosphorylase b t~inase. The purified phospho- 
protein phosphatase preparation also catalyzed a time-dependent inactivation 
of phosphorylase b kinase (Fig. 9). 

Molecular weight estimation. The molecular weight of the phosphoprotein 
phosphatase was estimated by centrifugation in a sucrose gradient. The migra- 
tion of the marker enzymes in this gradient was proportional to their (molecu- 
lar weight) 2 ~ 3, and was not affected by phosphatase. The molecular weight of 
the phosphoprotein phosphatase (using p-nitrophenyl phosphate as substrate) 
was estimated by this method to be about 75 000 (Fig. 10). 

Discussion 

Phosphoprotein phosphatases catalyze the release of Pl from phosphoseryl 
or phosphothreonyl residues in phosphoproteins. Thus, they might be expected 
to antagonize any actions of cyclic AMP that are mediated by protein kinases. 
The study of phosphoprotein phosphatase activity might add to our under- 
standing of any system in which cyclic AMP is involved. The role of phospho- 
protein phosphatases in the regulation of enzyme activity has only recently 
been investigated. Phosphoprotein phosphatases have been purified and charac- 
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terized from skeletal muscle [28] ,  heart [29] ,  liver [30] ,  and brain [31] .  We 
have purified and characterized a soluble phosphoprotein phosphatase from 
bovine adrenal cortex. 

Purification of  the phosphoprotein  phosphatase by conventional methods 
of  enzyme purification has been difficult; we have been able to achieve only a 
40-fold enrichment in enzyme activity by these methods.  Other workers have 
apparently had similar problems in the purification of phosphoprotein phos- 
phatases [28,29,32] .  We found that fractional adsorption onto  ATP-Sepharose 
resins was a useful method for purifying the enzyme. Under appropriate condi- 
tions, up to 98% of  the protein in partially purified phosphoprotein phospha- 
tase preparations will bind to this resin. The small fraction of  protein that does 
not  bind to the resin contains about  30% of the phosphoprotein phosphatase 
activity. Only a small percentage of  the protein in adrenal extracts binds to 
unsubst i tuted Sepharose or to caproic acid-Sepharose resins. It appears, there- 
fore, that  most of  the protein in the DEAE-Sephadex eluate has an affinity for 
ATP, and that the phosphoprotein  phosphatase has a somewhat  lower affinity 
for this nucleotide than does the bulk of the other  protein. 

The adrenal phosphoprotein phosphatase is stabilized and stimulated by 
Mn 2÷. Mg 2÷ and Ca 2÷ have no effect  on the phosphatase, while Zn ~÷, Cu ~÷, 
Co :÷, and Fe '÷ abolish phosphatase activity regardless of the presence of Mn :÷. 
Maeno and Greengard [31] reported that a soluble phosphoprotein phospha- 
tase f rom brain was stimulated by Mn 2÷ and inhibited by Zn 2÷, Co 2÷, and Cu 2÷. 
Kato and Bishop [28] found that glycogen synthase phosphatase from skeletal 
muscle was also activated by Mn :÷. Mn 2÷ activation and inhibition by other 
divalent cations may turn out  to be a common proper ty  of phosphoprotein  
phosphatases. 

The adrenal phosphoprotein phosphatase has an apparent molecular 
weight of about  75 000, as estimated by sucrose gradient centrifugation. Using 
the same methods,  Nakai and Thomas [29] have estimated the molecular 
weight of glycogen synthase phosphatase from bovine heart to be 
65 000--70 000. In contrast, the molecular weight of liver phosphoprotein 
phosphatase was estimated by gel exclusion chromatography to be approx~ 
190 000 [301. 

We have focused our at tention on the substrate specificity of  the adrenal 
cortical phosphoprotein phosphatase. This enzyme hydrolyzes p-nitrophenyl 
phosphate, but  the rate of this reaction is small compared to that of phospho- 
protamine dephosphorylat ion.  Other low molecular weight compounds,  includ- 
ing nucleotides, sugar phosphates, and phosphorylated amino acids are not  
substrates for the phosphatase. It is no tewor thy  that the phosphatase does not  
hydrolyze phosphoserine, since it catalyzes the release of Pi from phosphoseryl 
residues in phosphoprotamine.  Apparently, the enzyme is only active against 
protein-bound phosphoseryl  residues. The phosphoprotein phosphatase prepa- 
ration catalyzes the release of  Pi from phosphoseryl  residues in phosphorylated 
calf thymus  histone flIb. The properties of  histone and protamine dephos- 
phorylat ion are similar. Phosphoprotamine inhibits the hydrolysis of  phospho- 
histone. It  is likely that the same enzyme dephosphorylates both phospho- 
protamine and phosphohistone.  

The adrenal cortex contains the enzymes necessary for glycogen synthesis 
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and breakdown. Haynes found that ACTH increased cyclic AMP levels in 
adrenal slices [10] and activated adrenal phosphorylase [33]. The elevation of 
cyclic AMP levels presumably leads to the activation of phosphorylase, either 
by the stimulation of phosphorylase kinase or the inhibition of phosphorylase 
phosphatase [11]. If the purified phosphoprotein phosphatase possessed 
phosphorylase phosphatase activity, it should catalyze the inactivation of phos- 
phorylase. We found that the adrenal phosphoprotein phosphatase inactivated 
both the adrenal-like liver phosphorylase and the less similar muscle phosphory- 
lase. We chose to study the inactivation of liver and muscle phosphorylase, 
since they are both well-characterized enzymes. Riley and Haynes [11] have 
shown that phosphorylase kinase and phosphorylase phosphatase from liver, 
respectively, activated and inactivated adrenal phosphorylase, and that the 
adrenal modifying enzymes also modified liver phosphorylase. 

Although the phosphoprotein phosphatase preparation that possessed 
both phosphorylase phosphatase activity and phosphoprotamine phosphatase 
activity had been purified several hundred-fold, the preparation was not homo- 
geneous. It was important to determine whether or not the same phosphatase 
catalyzed the dephosphorylation of phosphoprotamine and the inactivation of 
phosphorylase. Two types of experiments provided evidence that one enzyme 
catalyzed both reactions. First, we observed a similar increase in specific activ- 
ity of both muscle phosphorylase phosphatase and phosphoprotamine phospha- 
tase activities through the last three purification procedures. The second type 
of evidence for the one enzyme-multi-substrate hypothesis was provided by a 
series of complementary competition experiments in which phosphorylase 
inhibited phosphoprotamine hydrolysis and phosphoprotamine inhibited phos- 
phorylase phosphatase. A quantitative comparison of the apparent Ki values for 
phosphoprotamine and for phosphorylase a with the apparent K m values for 
the hydrolysis of these compounds is difficult, since the assays are performed 
under somewhat different conditions. Although we have not eliminated the 
possibility that the purified phosphoprotein phosphatase preparation contains 
several separate phosphatase enzymes, the copurification of phosphoprotamine 
and muscle phosphorylase phosphatase activities, together with the competi- 
tion experiments, suggests that one enzyme possesses both of these activities. 

The adrenal phosphoprotein phosphatase preparation also catalyzes the 
inactivation of skeletal muscle phosphorylase b kinase. Phosphorylase b kinase 
activity has been detected in adrenal cortex, but it is not known whether this 
enzyme is distinct from the cyclic AMP-dependent protein kinase, as it is in 
skeletal muscle. Since the active forms of phosphorylase and phosphorylase b 
kinase both promote glycogen breakdown, the activity of the two enzymes 
might be regulated coordinately. We have been unable to demonstrate an 
activation of glycogen synthase from the D to I form by the adrenal phospho- 
protein phosphatase. This phosphatase inactivates both synthase D and syn- 
thase I from liver and muscle (not shown). We do not understand the action of 
phosphoprotein phosphatase on glycogen synthase. It is possible that the 
phosphoprotein phosphatase converts glycogen synthase D to a partially phos- 
phorylated inactive form, of the kind proposed by Rosell-Perez [34]. 

Several laboratories have reported that phosphoprotein phosphatases from 
other tissues have a broad substrate specificity. Zieve and Glinsmann [35] have 
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evidence that a single skeletal muscle enzyme dephosphorylates glycogen syn- 
thase and phosphorylase b kinase [35]. The glycogen synthase phosphatase 
isolated from skeletal muscle by Kato and Bishop [28] also dephosphorylates 
histone. A phosphoprotein phosphatase preparation from cardiac muscle cata- 
lyzes the activation of glycogen synthase, the inactivation of phosphorylase, 
and the dephosphorylation of glycogen synthase, phosphorylase a, phosphory- 
lase b kinase, casein, and histone [29,36]. 

We have attempted to determine whether the several activities of the 
adrenal phosphoprotein phosphatase are regulated separately or together. The 
adenine nucleotides inhibit both phosphoprotamine dephosphorylation and 
phosphorylase inactivation. Significant inhibition of phosphorylase inactivation 
occurs at a much lower nucleotide concentration than found for protamine 
dephosphorylation. A detailed comparison of the effects of nucleotides on 
phosphorylase inactivation and phosphoprotamine hydrolysis is not warranted, 
since the assays of these two activities are performed under somewhat different 
conditions. Other workers have also reported an inhibition of phosphorylase 
phosphatase from several tissues by adenine nucleotides [36--40]. However, 
these workers have concluded that the inhibition of phosphorylase phosphatase 
activity by AMP is due to an effect of the nucleotide on phosphorylase, and 
not on the phosphatase [38--40]. It is possible that the phosphoprotein phos- 
phatases from the adrenal and muscle differ in their sensitivity to inhibition by 
adenine nucleot~des. Pi, like the adenine nucleotides, inhibits both phosphoryl- 
ase phosphatase and phosphoprotamine phosphatase activities of the adrenal 
phosphoprotein phosphatase. Pi also inhibits phosphoprotein phosphatase 
activity in skeletal and cardiac muscle [28,34,38]. 

Glucose and its phosphorylated derivatives affect phosphorylase phospha- 
tase activity, but do not affect the phosphoprotamine phosphatase activity of 
the adrenal phosphoprotein phosphatase. The activation of phosphorylase 
phosphatase by glucose, and its inactivation by glucose-l-P and glucose-6-P, 
may result from changes in the conformation of the substrate (phosphorylase). 
De Barsy et al. [39] and Bailey and Wehlan [40] have reported a stimulation of 
phosphorylase inactivation by glucose, and have concluded that the sugar 
exerts its effect by altering the conformation of phosphorylase. A similar con- 
clusion was also reached by Martensen et al. [41], although in their experi- 
ments glucose-6-P appeared to stimulate muscle phosphorylase phosphatase 
activity. 

Previous experiments have indicated a stimulatory effect of methylxan- 
thines on liver phosphorylase phosphatase in vitro [42]. The phosphoprotein 
phosphatase from bovine adrenal cortex is also markedly stimulated by caffeine 
with liver phosphorylase as substrate. Methylxanthines may also stimulate 
phosphorylase phosphatase activity by binding to phosphorylase, since they 
have no effect on the hydrolysis of phosphoprotamine. If the hydrolysis of 
phosphoprotamine and the inactivation of phosphorylase are catalyzed by the 
same enzyme, then, in the presence of glucose derivatives and methylxanthines, 
the different activities of this enzyme appear to be regulated independently. 
The methylxanthines mimic and potentiate the effects of cyclic AMP in most 
tissues. However, theophylline antagonizes the effects of ACTH and of exo- 
genous cyclic AMP on steroidogenesis [43]. Haynes and Berthet [33] proposed 
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that phosphorylase activation played a prominent role in the control of  steroid- 
ogenesis by ACTH. It is possible that the methylxanthines exert their anti- 
cyclic AMP effects on steroidogenesis by promoting the inactivation of phos- 
phorylase. 

Merlevede and Riley [12] reported a reversible inactivation of adrenal 
phosphorylase phosphatase in the presence of ATP, Mg 2÷, and cyclic AMP. 
Using chemically phosphorylated protamine as a substrate for the phospho- 
protein phosphatase, we have been unable to duplicate their results. However, 
our enzyme may be distinct from the enzyme studied by these workers. 
Neither phosphoprotein phosphatase preparation is homogeneous,  although our 
phosphatase preparation is considerably more purified. The cyclic AMP-depen- 
dent inactivation of phosphorylase phosphatase they observed may reflect an 
interaction of  cyclic AMP with other components  n their partially purified 
extracts. 
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