
380 

Biochirnica et Biophysica Acta, 525 (1978) 380--391 
© Elsevier/North-Holland Biomedical Press 

BBA 68513 

PROTAMINE-AGAROSE AND NON-CHARGED ALKYL DERIVATIVES OF 
AGAROSE IN THE PURIFICATION OF RAT-LIVER PHOSPHOPROTEIN 
PHOSPHATASES 

VINCENT P.K. TITANJI a and SVEN P/~HLMAN b 

a Institute of  Medical and Physiological Chemistry, Box 575, Uppsala University, Uppsala, 
a n d  b Institute of  Biochemistry, Box 576, Uppsala University, Uppsala (Sweden) 

(Received January 23rd, 1978) 

Summary 

1. Protamine-agarose and hydrophobic  interaction chromatography were 
found to be effective in the purification of phosphoprotein phosphatase(s) 
(phosphoprotein phosphohydrolase,  EC 3.1.3.16) of  rat-liver. The phospho- 
protein phosphatases of  rat-liver cytosol  were first resolved into three fractions, 
termed A, B and C, in order of  elution from DEAE-cellulose. Whereas all frac- 
tions displayed activity towards [32P]phosphoprotamine, only fractions B and 
C displayed appreciable activity towards [32P]phosphopyruvate kinase. Since 
fraction B exhibited the most stable properties and the highest recovery of 
enzymatic activity towards [ 32P]phosphoprotamine and [ 3~p] phosphopyruvate  
kinase, it was selected for further purification. The method developed involves 
sequential chromatography of  fraction B on Sephadex G-200, protamine- 
agarose, histone-agarose and then again on Sephadex G-200 as a final step. A 
400-fold enrichment in the phosphoprotamine phosphatase activity of  fraction 
B was obtained. Purified fraction B also displayed substantial phosphatase 
activity towards [~P]phosphopyruva te  kinase and [32P]phosphohistones. An 
apparent molecular weight of about  250 000 was estimated for purified frac- 
tion B on a calibrated Sephadex G-200 column. The present data indicate that 
rat-liver cytosol  contains multiple forms of phosphoprotein phosphatases and 
suggest a technique which might be applied for the further purification of  at 
least fraction B. 

2. In a separate approach, a combinat ion of  pentyloagarose and protamine- 
agarose chromatography was shown to be a convenient method for the enrich- 
ment (up to 20-fold) of  phosphoprotein phosphatase activity from crude liver 
extracts. 
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Introduction 

In 1969 Meisler and Langan [1] demonstrated the existence in rat liver of 
two phosphoprotein phosphatases (phosphoprotein phosphohydrolase, EC 
3.1.3.16) which dephosphorylated phosphohistones and phosphoprotamines. 
Rat-liver phosphoprotein phosphatase preparations active on phosphohistones 
and phosphoprotamine have also been shown to dephosphorylate and reacti- 
vate phosphopyruvate kinase [2,3]. 

A persistent problem in elucidating the role of phosphoprotein phosphatases 
has been their purification. Whereas what are considered to be dissociated 
catalytic subunits of phosphoprotein phosphatase(s) (Mr = 30 000--35 000) 
have been obtained in homogeneous form from several tissues [4--6], higher 
molecular weight forms of the enzyme have only been purified to approx. 60- 
fold [1,7]. A greater understanding of the properties of phosphoprotein phos- 
phatases obviously requires the further purification of the higher molecular 
weight forms of the enzymes. However, purification of these forms has been 
difficult, partly due to the lack of suitable techniques and partly due to the 
instability of the enzyme forms. 

In the present investigation a procedure, involving DEAE-cellulose, Sephadex 
G-200, protamine-agarose and histone-agarose chromatography for the partial 
purification of a phosphoprotein phosphatase, termed fraction B, has been 
developed, resulting in a 400-fold enrichment of enzymatic activity. Some 
kinetic properties of this fraction have been investigated with phospho- 
protamine and phosphopyruvate kinase as substrates. "Data are presented 
showing that hydrophobic interaction chromatography on pentyl-agarose 
followed by protamine-agarose chromatography is convenient for the partial 
purification of phosphoprotein phosphatases from small samples of crude liver 
extracts. A preliminary report of these findings has appeared [8]. 

Experimental 

Protein was determined according to the me thod  of Lowry et al. [9] in 
crude extracts and from the absorbance at 280 nm in purified fractions assum- 
ing ~1¢m = 1.0. In the following description buffer A, containing 10 mM ~ 0 . 1 %  
imidazole. HC1, pH 7.5, 15 mM 2-mercaptoethanol and 2.5 mM MgCI2 was 
often used, unless otherwise stated. 

Alkyl-agarose was synthesized by a slight modification of the method of 
Rosengren et al. [10]. After exhaustive washing with deionized water on a glass 
funnel, the agarose was packed in a glass column with an inner diameter of 
5 cm. Excess water was removed from the top of the column and the volume of 
the settled gel was measured. In order to obtain reproducible coupling-yields, it 
was necessary to wash the agarose (Sepharose 4B, Pharmacia, Uppsala, Sweden) 
extensively with dioxane. Therefore, one volume of dioxane was passed 
through the gel and the water content in the effluent monitored according to a 
description of the method of Fischer [11]. Four volumes of dioxane proved 
sufficient to remove excess water. The gel was then removed and coupled as 
described previously [ 10]. 

Protamine sulphate (Sigma) was linked to CNBr-activated agarose (Sepharose 
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4B) according to standard descriptions [12]. 1 g CNBr, dissolved in water, was 
used for activation of  10 ml of  settled agarose. 5 or 10 mg of protamine dis- 
solved in 20 ml coupling buffer (0.1 M NaHCO3 in 0.5 M NaC1) were added to 
10 ml of  settled CNBr-activated agarose and allowed to react at 4°C for about  
14 h. The gel was washed extensively with the coupling buffer and then 
deionized water. Histone-agarose was prepared by a similar procedure except 
that 70 mg mixed calf-thymus histone (Sigma type  IIA) in 40 ml coupling 
buffer  were added to 20 ml packed CNBr-activated agarose [13]. 

Hydrophobic interaction chromatography. Alkyl-agarose columns (1 × 9 cm) 
were equilibrated with buffer A containing 3 M NaC1. The cell-sap (in amounts 
specified under the legend to Fig. 6 and Table III) was diluted 4-fold with 
buffer  A containing 4 M NaC1 and applied to the column at a f low rate of  20 
ml/h. Fractions of  3 ml were collected. The column was washed with the start- 
ing buffer until no absorbance at 280 nm was detectable. The column was then 
eluted with buffer A. 

Enzyme assays. Phosphoprotein phosphatase activity was assayed according 
to a method previously published [3]. The final reaction mixture (40 or 100 
pl) contained 50 mM Tris • HC1, pH 7.5, 1 mM dithiothreitol,  0.1 mg/ml bovine 
serum albumin, 2.5 mM MnC12 and the respective phosphoproteins:  5 pM [32p]. 
phosphopyruvate  kinase, 20 #M [a~P]phosphohistones or 60 pM [a2p]phospho- 
protamine. The reaction mixture for the dephosphorylat ion of  pyruvate kinase 
contained, in addition, 5% glycerol and 0.05 mM fructose 1,6<lisphosphate to 
stabilize the enzyme. The reaction was started by addition of the protein phos- 
phatase and was allowed to continue at 30°C for 5--10 min. The release of  
[a2P]orthophosphate was linear for at least 15 min at the enzyme concentra- 
tions used. One unit of  protein phosphatase is defined as the amount  of 
enzyme which catalyses the release of  I nmol of  or thophosphate  per min under 
these conditions. The substrate is expressed as the concentration of  the [a2p]_ 
phosphate moiety in the respective phosphoproteins.  The specific radioactivity 
of the [a:P]phosphoproteins varied between 20 and 100 cpm/pmol.  

Purification of phosphoprotein phosphatase fraction B. Freshly excised livers 
(71 g) from male Sprague-Dawley rats weighing 300--350 g were homogenized 
in 3 vols. of  250 mM sucrose containing 15 mM 2-mercaptoethanol,  1 mM 
EDTA (pH 7.0, NaOH) and 0.1 mM phenylmethylsulfonyl  fluoride. A Potter- 
Elvehjem glass-homogenizer, fit ted with a teflon pestle, was used and homoge- 
nization was performed with six strokes at 940 rev./min in 30 s. This and other  
steps were performed at 0--4 ° C. The homogenate  was centrifuged at 16 000 × g 
for 20 min and the supernatant obtained was further spun at 46 000 × g for 
2 h. The post-microsomal supernatant was filtered through glass wool to 
remove floating fat. The supernatant was applied to a DEAE-cellulose column 
(Whatman DE-52) (3.2 × 20 cm) equilibrated and eluted with buffer A contain- 
ing 40 mM NaC1. The column was washed at a flow rate of  200 ml/h for 5--6 h 
and the enzymes were eluted at a f low rate of  60 ml/h using a linear gradient 
from 40 to 350 mM NaC1 in buffer A (500 + 500 ml). Fractions of  10 ml were 
collected and assayed for protein phosphatase activity. Three phosphoprotein 
phosphatase fractions, termed A, B and C in order of  elution, were obtained, as 
shown in Fig. 1. 

Because of  its greater yield and stability, phosphoprotein phosphatase frac- 
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tion B was selected for further purification. In the following experiment the 
amount  of rat liver used was increased to 146 g in order to obtain a greater 
amount  of fraction B. Solid (NH4)~SO4, to a final concentration of 70%, was 
added slowly with constant stirring to 12 000 units of  pooled phosphoprotein 
phosphatase B from the DEAE-cellulose step. After stirring for another 15 min 
at 4°C, the solution was centrifuged at 16 000 × g  for 20 min. The precipitate 
was dissolved in buffer A containing 40 mM NaC1, dialysed against the same 
buffer then insoluble material was removed by centrifugation at 16 000 × g for 
20 min. The enzyme was further concentrated in a collodion bag to about 5 ml 
and then chromatographed on a Sephadex G-200 column (2.5 × 57 cm) equili- 
brated and eluted with buffer A containing 0.1 M NaCI at a flow rate of  16 
ml/h. Fractions of 2.7 ml were collected and those with a specific activity 
exceeding 20 units per mg protein were precipitated with (NH4)~SO~ (up to 
70%) as described above. The precipitate was collected by centrifugation at 
16 000 × g  for 20 min and chromatographed on the same Sephadex G-200 
column as described above. After Sephadex G-200 chromatography the activity 
emerged as a single well-defined peak (not illustrated). All fractions showing 
more than 50 units per mg protein were pooled and applied to a protamine- 
agarose column (2.5 × 5.3 cm) (Fig. 2). The column was equilibrated with 
buffer A and sequentially eluted with portions of the same buffer containing 
0.25, 0.5, and 1 M NaC1. Most of the activity was recovered in the fractions 
eluted with 0.5 M NaC1. The fractions eluted with 0.5 M were.pooled and solid 
(NH~)~SO~ was added as above. The mixture was then stirred on an ice-bath for 
another 15 min and subsequently centrifuged at 16 000 × g  for 30 min. The 
precipitate was carefully dissolved in 5 ml of buffer A containing 20% sucrose, 
dialysed against the same buffer, and chromatographed on a histone-agarose 
column (1.5 × 10 cm) equilibrated with buffer A containing 20% sucrose and 40 
mM NaC1. The column was washed with about  150 ml of  the starting buffer. 
The elution was continued with a 200 ml linear gradient of  40--500 mM NaC1 
in buffer A containing 20% sucrose. The flow rate was 16 ml/h and fractions of 
3.5 ml were collected and tested for enzymatic activity (Fig. 3). After this step, 
the protein concentration was very low and the fractions were kept immersed 
in an ice-bath. Samples were diluted and used for enzyme analysis. The frac- 
tions containing the highest specific activity were immediately concentrated at 
2°C in a collodion bag to about 0.5 ml. The enzyme was then chromatographed 
on a Sephadex G-~00 column (1.6 × 40 cm) equilibrated and eluted with buffer 
A containing 20% sucrose and 0.1 M NaC1 (Fig. 4). Although the enzyme seems 
to elute at the same volume as catalase the apparent molecular weight as esti- 
mated on a larger column (2.5 × 57 cm) is about 250 000 (results not  illus- 
trated). The pooled fractions were concentrated in a collodoin bag to 1 ml and 
stored in 0.1-ml portions at --25°C where activity was retained undiminished 
for at least 2 weeks. The entire procedure usually took about 14 days. The 
procedure up to and including the step of the first Sephadex G-200 chromatog- 
raphy could be used to partially purify phosphoprotein phosphatases fraction 
A and C approx. 14- and 4-fold, respectively. Attempts  to purify these frac- 
tions further were frustrated by their relative lability. Except where specifically 
mentioned these fractions were not  investigated further in this report. 
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Results 

Purification of phosphoprotein phosphatase fraction B 
The results presented in Fig. 1 show that rat-liver phosphoprotein phos- 

phatases could be resolved into three fractions termed A, B and C according to 
order of elution from DEAE-cellulose. Earlier, it was briefly reported [8] that 
phosphoprotein phosphatase fractions B and C represent the main activities 
towards pyruvate kinase, whereas the activity of phosphatase fraction A 
towards this substrate is negligible. The data of Fig. 1 are in agreement with 
those findings [8]. Furthermore it can be seen that [32P]phosphoprotamine 
and [32p]phosphohistones are good substrates for phosphoprotein phosphatase 
fraction A. Not shown on this figure, but repeatedly confirmed in separate 
experiments, was the observation that all three phosphoprotein phosphatase 
fractions could dephosphorylate rabbit skeletal muscle [nP]phosphorylase a 
[5] and furthermore, that [nP]phosphorylase a phosphatase roughly co-puri- 
fied with [nP]phosphoprotamine phosphatase through the step of DEAE-cellu- 
lose chromatography. No further attempts were made to characterize the phos- 
phorylase a phosphatase activity of the separated fractions in the present 
investigation. 

Under the conditions chosen for chromatography and upon storage at 2°C 
fraction B exhibited the most stable activity. Since it also represented the 
highest recovery of [nP]phosphoprotamine phosphatase activity and substan- 
tial recoveries of [nP]phosphopyruvate kinase phosphatase (Fig. 1), it was 
chosen for further studies. 

The results of a typical preparation of phosphatase fraction B are shown in 
Table I. Protamine-agarose chromatography was particularly effective, yielding 
a more than 3--4 fold purification (Fig. 2). This step could also be used 
immediately after the DEAE-cellulose chromatography (Fig. 1, Table I), in 
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Fig .  1.  Typica l  separat ion  o f  rat-liver p h o s p h o p r o t e i n  phosphatases  by c h r o m a t o g r a p h y  o n  D E A E - c e l l u l o s e .  
I n  cel l -sap o b t a i n e d  f r o m  71 g l ive r ,  th e  to ta l  recover ie s  o f  [ 3 2 p ] p h o s p h o p r o t a m i n e ,  [ 3 2 p ] p h o s p h o -  
pyruvate  k i n a s e  a n d  [ 3 2 p ] p h o s p h o h i s t o n e s  p h osp h atase  act iv i t ies  w e r e  1 3  9 0 0 ,  1 4 5 0 ,  a n d  2 4 6 0  u n i t s ,  
respect ive ly .  S a m p l e s  f r o m  the  fract ions  ind icated  w e r e  appropr ia te ly  d i luted  and t e s t ed  for  the  dephos-  
p h o z y l a t i o n  o f  the  substrates  ind ica ted .  Other  detai l s  are g iven u n d e r  E x p e r i m e n t a l  in  the  t ex t .  
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T A B L E  I 

P U R I F I C A T I O N  OF P H O S P H O P R O T E I N  PI - IOSPHATASE F R A C T I O N  B 

Cell-sap f r o m  146 g l iver  was f r ac t i ona t ed  by  DEAE-ce l lu lose  c h r o m a t o g r a p h y  as descr ibed  in the  legend  
of  Fig. 1 and u n d e r  E x p e r i m e n t a l .  The  a m o u n t  o f  p h o s p h a t a s e  f rac t ion  B used for  f u r t h e r  pu r i f i ca t ion  
was  12 000  un i t s  in t e r m s  o f  [ 3 2 p ] p h o s p h o p r o t a m i n e  phospha ta se  ac t iv i ty .  This  value was t a k e n  to  be  

100% in the  ca lcu la t ion  of  the  r ecove ry  of  e n z y m a t i c  ac t iv i ty .  A t  each step,  the  poo led  p e a k  fract ions ,  
were  assayed for  phospha t a s e  ac t iv i ty  t o w a r d s  20 pM [ 3 2 P ] p h o s p h o h i s t o n e s ,  or  5 pM [ ~ 2 p ] p h o s p h o -  
p y r u v a t e  kinase and the  ra tes  o b t a i n e d  c o m p a r e d  wi th  the  va lues  o b t a i n e d  wi th  60 pM [ 3 2 p ] P h o s p h o -  
p r o t a m i n e  as a subs t ra te .  It  has  b e e n  c he c ke d  in separa te  e x p e r i m e n t s  t h a t  at each step of  the  p r o c e d u r e  
phospha t a se  ac t iv i ty  t o w a r d s  all the  a f o r e m e n t i o n e d  subs t ra tes  is r ecove red  at  a p p r o x i m a t e l y  the  same 
a rea  of  the  c h r o m a t o g r a m  and  t h a t  no  f u r t h e r  p h o s p h a t a s e  peaks  are exh ib i t ed  e x c e p t  those  s h o w n  on the  
f igures descr ibed  in E xpe r ime n ta l .  Not  s hown  on  this tab le ,  is the  obse rva t ion  t h a t  the  ac t iv i ty  ra t ios  in 
phosp ha t a se  f r ac t ion  B, seen a f te r  the  Sephadex  G-200  I c h r o m a t o g r a p h y  (see E x p e r i m e n t a l ) ,  are  r o u g h ly  

equal  to those  show n  for  Sephadex  G-200  II  in this  table.  The  ac t iv i ty  ra t ios  for  p h o sp h a t a se  f rac t ions  A 
and  C, pur i f ied  t h r o u g h  the  stage o f  DEAE-cel lu lose ,  can  be ca lcu la ted  di rect ly  f r o m  the  d a t a  o f  Fig. 1. 
Add i t iona l  exp l ana t i ons  are given in the  t ex t .  

s tep [ 3 2 p ] 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  Act iv i ty  ra t ios  

ac t iv i ty  
[ 3 2 p ] .  [32p]_  

Uni t s  U n i t s / m g  Yield PhosPho-  Phospho-  
p ro t e in  (%) p r o t a m i n e  p r o t a m i n e  * 

[ 3 2 p ] .  [ 32P] -  

Phospho-  Phospho-  
p y r u v a t e  h i s tone  
kinase  

Cell-sap ( to ta l  p h o s p h a t a s e )  59 520 4.8 - -  12.2 2.1 

DE-52 ( p h o s p h a t a s e  B) 12 000  18 100 18.4 2.5 
S e p h a d e x  G-200  I I  4 797 83 39.9 30.~ 1.7 
P ro tamine -aga rose  4 039  260 33.6 20.9 1.6 
His tone-agarose  769 1922  6.4 49.4 3.9 
Sephadex  G-200  I I I  891 2158  7.4 22.6 2.1 

* This  rat io as d e t e r m i n e d  in cell sap var ied  f r o m  2 to 6 d e p e n d i n g  on the  b a t ch  of  [ 3 2 p ] p h o s p h o -  
h i s tones  used.  
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Fig. 2. C h r o m a t o g r a p h y  of  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  f r ac t ion  B on  p ro t amine -aga rose .  The  c o l u m n  
(2 .5  × 5.3 cm )  was  equ i l i b ra t ed  a nd  e lu ted  at  a f low ra te  o f  50 m l / h  wi th  b u f f e r  A; 15 -ml  f r ac t ions  w e r e  
col lec ted .  The  h o r i z o n t a l  ba r  ind ica tes  t he  f rac t ion  used  for  f u r t h e r  pur i f ica t ion .  Th e  m a t e r i a l  used  h a d  
b e e n  pur i f i ed  t h r o u g h  t h e  s t e p  of  S e p h a d e x  G-200  II  (see Table  I). For  f u r t h e r  exp l ana t i on ,  see Exper i -  
m e n t a l  and  Resul ts .  
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Fig. 3. His tone-agarose  c h r o m a t o g r a p h y  of  p h o s p h o p r o t e i n  phosPha tase  B. A h is tone-agarose  c o l u m n  
(1.5 X 10 c m )  was  equ i l ib ra ted  wi th  b u f f e r  A con ta in ing  40  m M  NaCl and  20% sucrose.  The  e n z y m e  pool  
f r o m  the  p r o t a m i n e - a g a r o s e  c o l u m n  was  appl ied  to the  h is tone-agarose  co lu mn .  F rac t ions  1 - -18  were  10 
ml  each,  the  o the r s  were  3.5 ml.  The  ho r i zon t a l  ba r  indica tes  the  f rac t ions  used for  f u r t h e r  pur i f ica t ion .  
Ac t iv i ty  was d e t e c t e d  wi th  [ 3 2 p ] p h o s p h o p r o t a m i n e  as a subs t ra te .  The  ma te r i a l  used had  been  pur i f ied  
t h r o u g h  the  s tep o f  p ro t a mine -a ga ros e  c h r o m a t o g r a p h y .  

which case, a more than 15-fold purification was obtained, usually with better 
than 50% recovery of the enzymatic activity. However, it was preferable to 
employ protamine-agarose chromatography after removal of some inert protein 
by the Sephadex G-200 chromatography. The performance of the protamine- 
agarose depends not only on the degree of substitution, but also on the phos- 
phoprotein phosphatase fraction used. Gels made by adding different amounts 
of protamine per ml CNBr-activated agarose were tested. The best purification 
and recovery of enzymatic activity was obtained with beds made by adding 0.5 
mg protamine per ml settled CNBr-activated agarose. With highly substituted 
protamine-agarose (made by adding 4 mg protamine per ml CNBr-activated 
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Fig. 4. C h r o m a t o g r a p h y  o f  p h o s p h o p r o t e i n  phos pha t a s e  B on S e p h a d e x  G-200.  Th e  e n z y m e  used was  the  
poo led  f~actions f ro ra  the  h is tone-agarose  c o l u m n  of  Fig. 3. The  void v o l u m e  (Vo)  o f  t h e  c o i n m  (as 
d e t e r m i n e d  wi th  b lue  d e x t r a n )  was  15.7 m l  a nd  the  to t a l  v o l u m e  ( l / t )  was  45  m L  The  e lu t ion  v o lu mes  
(Ve)  of  cata lase  (C) an d  bov ine  s e r u m  a l b u m i n  (BSA) d e t e r m i n e d  in  a separa te  e x p e r i m e n t  on  the  same 
c o l u m n  were  23 .2  and  28 .4  ml ,  respec t ive ly .  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  ac t iv i ty  (~- c )  had  a V e 

of  23.6 ml  on  this co l umn ,  o o, ab so rbance  a t  280  nra .  
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agarose) desorption was difficult and enzymatic activity was eluted with low 
recovery over a wide range of NaC1 concentrations. 

In order to obtain good recoveries of enzymatic activity, it was necessary to 
carry out the purification at 0--4°C and to include 20% sucrose in the buffers 
during the final steps of the procedure. As can be seen on Table I, a 400-fold 
enrichment of the activity towards [32P]phosphoprotamine was obtained. 

Fig. 4 shows that purified phosphatase B emerges from the column immedi- 
ately preceding catalase (240 000). This elution position is consistent with the 
apparent molecular weight of approx. 250 000 found for less purified material 
from DEAE-cellulose step. The apparent molecular weights of phosphatase 
fractions A and C were 250 000 and 140 000, respectively. 

The specific activity of about 2000 units per mg protein determined for 
purified phosphatase B is higher than the values reported previously [1,2]. The 
recovery of enzymatic activity was fairly low with most of the losses usually 
encountered during the concentration before gel chromatography and during 
the last ammonium sulphate precipitation (see Experimental). 

Hydrophobic interaction chromatography of rat-liver phosphoprotein phos- 
phatases 

Experiments were carried out to investigate the conditions for the use of 
hydrophobic interaction chromatography in the purification of rat-liver phos- 
phoprotein phosphatases. At high ionic strength (3 M NaC1 in buffer A) alkyl- 
agarose columns with four to seven carbon atoms in the alkyl groups were 
found to bind more than 80% of the phosphoprotein phosphatase activity of 
rat-liver cell-sap. Shorter carbon chains were not tested. 

Upon decreasing the ionic strength, 45--75% of the original activity could be 
desorbed from butyl-, pentyl- and hexyl-agarose (Fig. 5). The recovery of 
enzymatic activity from heptyl-agarose was about 10--20%, which was similar 
to the recovery from octyl-agarose. With dekyl-agarose, the adsorption was 
complete and irreversible (results not illustrated). Under similar starting condi- 
tions (Fig. 5), unsubstituted agarose did not retain phosphoprotein phosphatase 
activity. 

Optimal recovery of phosphoprotein phosphatase activity was obtained using 
butyl- and pentyl-agarose with a degree of substitution [ 10] in the range 50--110 
mmol alkyl residues per mol hexose (data not illustrated). It is also shown in Fig. 
5 that phosphoprotein phosphatase could be enriched 5-fold as compared with 
the specific activity in cell-sap, which was 3 units per mg protein in these 
experiments. These observations suggested an alternative approach for the puri- 
fication of the enzymes. Starting with cell-sap it was possible to obtain a prepa- 
ration with a specific activity of 60 units per mg protein by chromatography on 
pentyl-agarose followed by protamine-agarose (Table II). The amount of starting 
material was limited by the capacity of the pentyl-agarose, which was about 
5--6 mg protein per ml settled gel. 

We have so far been unable to employ pentyl-agarose chromatography at the 
latter stages of the purification of phosphatase fraction B. For example, 
although a 2-fold enrichment could be obtained by starting with phosphatase 
fraction B from the DEAE-cellulose step (Fig. 1), in most experiments, severe 
losses of enzymatic activity were observed, presumably because of sample dilu- 
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Fig. 5. C h r o m a t o g r a p h y  of  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 s  f r o m  rat- l iver  cell-sap on alkyl-agsxose.  Panels A, 
B, C a n d  D re fe r  to buty l - ,  pen ty l - ,  hexyl -  and  hep ty l -agarose ,  respec t ive ly .  264  uni t s  (95 .5  rag p ro te in )  
were  appl ied  in e x p e r i m e n t s  A, B and  C, while 200  uni t s  (70 .3  m g  p ro te in )  were  used  for  e x p e r i m e n t  D. 
The  recover ies  of  e n z y m a t i c  ac t iv i ty  e lu ted  wi th  b u f f e r  A (~) were ,  respec t ive ly ,  60, 70 and  45% for  
e x p e r i m e n t s  A, B and  C a nd  10% for  expe r i r aen t  D. The  degree  of  subs t i tu t ion  [10J of  the  gels used was 
sirailar, i.e. a b o u t  80 m m o l  res idues / rao l  hexose .  O the r  detai ls  are given u n d e r  E x p e r i m e n t a l  

T A B L E  II  

P U R I F I C A T I O N  OF P H O S P H O P R O T E I N  P H O P H A T A S E ( S )  OF  CELL-SAP BY C H R O M A T O G R A P H Y  
ON P E N T Y L - A G A R O S E  F O L L O W E D  BY P R O T A M I N E - A G A R O S E  

Cell-sap, con ta in ing  382  un i t s  o f  p h o s p h o p r o t e i n  phospha t a se s  and 127 mg  p ro t e in  was c h r o m a t o g r a p h e d  
o n  pen ty l - aga rose  c o l u m n s  as desc r ibed  in Expe r ime n ta l .  A f t e r  dialysis against  b u f f e r  A, the  e n z y m e  was  
f u r t h e r  pur i f ied  by  c h r o m a t o g r a p h y  on a p ro t a mine -a ga ro se  c o l u m n  (1.0 × 6.4 cra),  equi l ib ra ted  and  
e lu ted  as desc r ibed  for  the  pu r i f i ca t ion  o f  p h o s p h a t a s e  f rac t ion  B (see the  legend o f  Fig. 2 and Exper i -  
m e n t a l ) .  E n z y m a t i c  ac t iv i ty  was  d e t e c t e d  wi th  60  ~M [ 3 2 p ] p h o s p h o p r o t a m i n e  as subs t ra te .  Details are  
given in the  t ex t  and u n d e r  E x p e r i m e n t a l .  

Step 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  ac t iv i ty  

U n i t s / m g  Units  Yield 
p ro t e in  

Ceil-sap 3 382  100 
Penty l -agarose  16 132  34 
P ro t amine -aga ro  se 60 103 27 
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tion during elution. Evidently, it is more convenient to use this step with the 
crude extracts, as illustrated in Table II and Fig. 5. As illustrated in Table II the 
combinat ion of pentyl-agarose followed by protamine-agarose chromatography 
appears to be suitable for the rapid enrichment of samples of phosphoprotein  
phosphatase(s), since after these steps contaminants  such as ATPases and 
~-glycerophosphatases are essentially removed from the preparation. 

Kinetic studies 
Table I shows that the activity towards [32P]phosphopyruvate kinase, [32P]- 

phosphohistone and [~2P]phosphoprotamine were present at all stages of the 
purification of  phosphoprotein phosphatase fraction B. However the activity 
ratios were not  constant  during the purification and the reason for this observa- 
tion remains unclear. Some of the kinetic properties of  purified phosphatase 
fraction B were investigated. With [3:P]phosphoprotamine as a substrate the 
apparent Km value for the purified fraction B was about  0.01 raM, the value 
observed for pyruvate kinase was 0.02 mM. The apparent Km for the dephos- 
phorylation of [3:P]phosphohistones was about  0.05 mM. In all cases the Km 
determinations were carried out  under the condit ions of the standard assay 
(ref. 3 and Experimental). 

The effects of  selected ligands on the dephosphorylat ion of  [32P]phospho- 
pyruvate kinase is shown on Table III. As was observed earlier with another 
phosphoprotein phosphatase preparation [3] 2.5 mM MgCI: appeared to remove 
most of the inhibition induced by 1 mM ATP. Although 2.5 mM MgCI: or 2.5 
mM MnC12 stimulated the phosphatase activity from the DEAE-cellulose about  
2--3-fold, stimulation by  divalent cation appeared to be less pronounced with 
purified phosphatase fraction B. The reason for this apparent discrepancy 
remains to be determined. However,  as expected NaF and KH2PO4 were inhib- 
itory. The partial inhibition of phosphatase fraction B by  EDTA indicates that 
added divalent cations are not  absolutely required for enzymatic activity. Simi- 
lar effects of  the selected ligands (Table III) have been reported as being com- 
mon with respect to several preparations of phosphoprotein phosphatases [3,6, 
7]. 

T A B L E  III 

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

I n c u b a t i o n  was  car r ied  ou t  in the  s tandard  r e a c t i o n  m i x t u r e  c o n t a i n i n g  5 pM [ 3 2 p ] p h o s p h o p y r u v a t e  
kinase  as a substrate ,  and  0 . 0 4  ~zg pu r i f i ed  p h o s p h a t a s e  f rac t ion  B (see  Table  I). D iva len t  c a t i o n s  w e r e  n o t  
i n c l u d e d  in t h e  r e a c t i o n  m i x t u r e ,  e x c e p t  w h e r e  i n d i c a t e d .  The  m e a n  ± S.D. o f  f o u r  d e t e r m i n a t i o n s  are 
given.  Other  de ta i l s  are g iven  in the  t ex t .  

E f f e c t o r  P h o s p h a t a s e  B ac t i v i t y  

( p m o l  r e l ea sed /5  ra in)  

1. No a d d i t i o n s  16.1 ± 0.3 
2. 2 .5  m M  E D T A  11.0  ± 1 

3. 2.5 m M  MgC12 17.1 -~ 3.2 
4. 2.5 m M  MnC12 15.8  ± 1.7 
5. 5 m M  p o t a s s i u m  p h o s p h a t e ,  p H  7.5 8.8 -+ 0 
6. 25  m M  N a F  5.0 ± 0 .5  

7. 1 m M  A T P  5.9 ± 0.9 

8. 1 m M  A T P  + 2.5  m M  MgCI2 12 .5  ± 0.1 
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Discussion 

In the present investigation a procedure has been developed which permits a 
400-fold enrichment of  phosphatase fraction B. This fraction represents the 
main activity towards phosphoprotamine and displays phosphopyruvate  kinase 
phosphatase activity (Table I, Fig. 1). The further purification of the enzyme 
has proceeded beyond  the degree reported by others [1,7] and has been 
achieved without  converting the enzyme to a smaller form, as was the case with 
other phosphoprotein phosphatases of  similar specific activity [4--6]. One 
unique step in this procedure was the application of protamine-agarose chro- 
matography (Fig. 2). Another  effective step, used in a separate approach, was 
hydrophobic  interaction chromatography on non-charged derivatives of  agarose 
(Fig. 5 and Table II). The salt dependence observed (Fig. 5) is expected of  
hydrophobical ly interacting proteins [ 10,14,15 ]. The effectiveness of histone- 
agarose chromatography in the purification of fraction B (Table I, Fig. 4) 
confirms and extends the observation of  others [5,13],  that this method can be 
used in the purification of  phosphoprotein phosphatases from several sources. 
The procedures investigated seem to provide a foundation for the further puri- 
fication of, at least, phosphatase fraction B (Table I). 

The removal by Mg 2÷, of  the inhibition induced by ATP is in agreement with 
previous results [3] indicating that these ligands can modulate the dephos- 
phorylation of  phosphopyruvate  kinase in vitro. In fact the pattern of the 
regulation of  phosphatase fraction C from the DEAE-cellulose chromatography 
by the ligands listed in Table III was essentially similar to those seen with phos- 
phatase fraction B from the same step (results not  illustrated) and the apparent 
Km for the dephosphorylat ion of  phosphopyruvate  kinase fraction C was also 
about  0.02 mM. These observations support  the close similarity of  the regula- 
tory properties of  those phosphoprotein phosphatase preparations which use 
phosphopyruvate  kinase in vitro as a substrate. 

Others have suggested that multiple forms of  liver phosphoprotein phos- 
phatases can be produced by proteases which are released from lysosomes dur- 
ing vigorous homogenisation of  the tissue [16]. In the present investigation 
livers were homogenized gently to minimise lysosomal damage and in the 
presence of  phenylmethylsulfonyl  fluoride in an a t tempt  to inhibit proteolysis. 
Although complete  inhibition of  proteolyt ic  enzymes could not  be guaranteed, 
their effects were considered to be minimal since we could not  generate lower 
molecular weight forms of  the enzymes by storing the homogenates for more 
than 6 h before chromatography on DEAE-cellulose. Furthermore,  the pattern 
displayed on Fig. 1 was highly reproducible in repeated experiments. 

The multiple forms of  phosphoprotein phosphatases observed in this and 
other reports [1,7,18] are consistent with the diversity of the phosphopro- 
tein substrates. The finding that most of  the phosphopyruvate  kinase phos- 
phatase activity resides in fractions B and C supports the hypothesis that these 
fractions may be involved in vivo in the dephosphorylat ion of  phosphorylated 
pyruvate kinase. 
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