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Summary 

A phosphoprotein phosphatase (phosphoprotein phosphohydrolase, EC 
3.1.3.16) has been partially purified from rat liver homogenates by (NH4)2SO4 
and ethanol precipitations followed by DEAE-cellulose and Sepharose 6B 
chromatography. The phosphoprotein phosphatase is capable of cleaving 
[32p]phosphate from radiolabelled phosphopyruvate kinase (type L) (EC 
2.7.1.40), phosphohistones, and phosphoprotamine. However, it did not  
detectably dephosphorylate ATP, ADP, DL-phosphorylserine or fl-glycero- 
phosphate. 

Dephosphorylation of [a2p]phosphopyruvate kinase was stimulated by 
divalent cations and inhibited by ATP, ADP, Fru-l,6-P2, and orthophosphate.  
Divalent cations could reverse inhibition induced by ADP or ATP. At least one 
function of the phosphoprotein phosphatase may be to remove phosphate 
groups from the phosphorylated form of pyruvate kinase in the liver. 

Introduction 

Phosphoprotein phosphatases (phosphoprotein phosphohydrolases, EC 
3.1.3.16) are known to counteract the regulatory phosphorylation of enzymes 
[1,2]. For example, the phosphorylation of glycogen synthetase a (EC 
2.4.1.11), or phosphorylase b kinase (EC 2.7.1.37), by a cYclic AMP-dependent 
protein kinase is reversed by a phosphoprotein phosphatase-catalysed dephos- 
phorylation [2,3]. Phosphorylase a (EC 2.4.1.1) [4] and hormone-sensitive 
lipase [5] are inactivated by phosphoprotein phosphatase activity. 

Recently it was shown that the  inhibition of pyruvate kinase by phosphoryla- 
tion with MgATP in the presence of a cyclic AMP-dependent protein kinase 
[6] is removed by the action of a histone phosphatase [7]. However, little is 
known about the factors governing the reaction of the phosphatase with phos- 
phorylated pyruvate kinase. The aims of these investigations were to further 
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purify the phosphatase and to study the conditions optimal for the dephos- 
phorylation of pyruvate kinase. 

Experimental 

[3,-32P] ATP was synthesized according to the method of EngstrSm [8] and 
purified as described M~rdh [9]. Whatman DEAE-cellulose (DE-52) was used. 
Sepharose 6B from Pharmacia, Uppsala, was washed with 20 vols. of deionized 
water to remove material which otherwise inactivated the phosphatase. Sepha- 
dex G-100 was from Pharmacia. ATP, ADP, dithiothreitol, mixed calf thymus 
histones (type IIA), myoglobin, human serum albumin and protamine sulphate 
were from Sigma. MnC12, MgC12, CaC12,2-(N-morpholino)ethanesulphonic acid 
(MES), N-2-hydroxyethylpiperazineoN'-2-ethanesulfonic acid (HEPES) were 
reagent grade. Hen egg albumin and chymotrypsinogen were purchased from 
Boehringer-Mannheim. An Amicon ultrafiltration cell, Model 202, equipped 
with a Diaflo PM-10 membrane, or collodion bags from Sartorius GmbH, Got- 
tingen, were used for concentration of enzymes. Dialysis tubing from Union 
Carbide Corp., Ill., U.S.A., was soaked in 10% acetic acid and rinsed with 
deionized water and buffer before use. 

The catalytic subunit of the cyclic AMP-dependent protein kinase (peak I) 
from rabbit skeletal muscle was isolated as described under Method B by Beavo 
et al. [10]. 

Preparation of 32P-labelled proteins. 20 mg of protamine or histones were 
incubated at 37°C for 9 h in a 5 ml reaction medium containing 20 mM MES/ 
NaOH, pH 6.8, 10 mM MgC12, 1.2--1.4 mM [32p]ATP (30--40 cpm/pmol), 5 
mM /3-mercaptoethanol and 3 • l0  s units [10] of the catalytic subunit of the 
rabbit skeletal muscle cyclic AMP-dependent protein kinase. 32p-labelled 
phosphoprotamine and 32p-labelled phosphohistones were then isolated and 
their specific radioactivity determined [11]. 32p-labelled phosphoprotamine 
contained 230--250 nmol of alkali-labile phosphate per mg of protein and the 
batch of 32p-labelled phosphohistones used in this work contained 90 nmol of 
alkali-labile phosphate per mg of protein. Pyruvate kinase was phosphorylated 
using 750 units of rabbit muscle protein kinase per mg of pyruvate kinase at 
conditions described earlier [7]. The [32p]phosphopyruvate kinase, purified by 
chromatography on a hydroxyapatite column, was concentrated and stored 
at --25°C. Before use portions of 1 ml were chromatographed on a Sephadex 
G-25 column (1.5 X 15 cm) equilibrated and eluted with 5 mM imidazole • HC1 
buffer, pH 7.5, containing 0.1 mM fructose 1,6-diphosphate, 10% glycerol and 
1 mM dithiothreitol. 1 mol of phosphorylated pyruvate kinase contained about 
4 mol [32P]phosphate assuming the same specific radioactivity for the [32p]phos- 
phoenzyme as for the [3,-32P]ATP used [7]. It was assumed that the molecular 
weight of pyruvate kinase tetramer is 250 000 [6]. 

Assay of phosphoprotein phosphatase activity. The assay was based on the 
method described by Meisler and Langan [ 11 ]. The standard reaction mixture, 
40 or 100/~l, contained 60 pM [32p]phosphoprotamine, 2.5 mM MnC12, 1.0 mM 
dithiothreitol (or fl-mercaptoethanol), and 25 mM Tris • HC1, pH 7.5 (at 30°C). 
After warming the partial incubation medium (~ vol.) at 30°C for 5 min, the 
reaction was started by the addition of the phosphoprotein phosphatase (~ vol.) 
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which was suitably diluted with 5 mM imidazole • HC1, pH 7.5, containing 0.1 
mg bovine serum albumin per ml and 1 mM /~-mercaptoethanol or 1 mM 
dithiothreitol. All tests were performed in duplicate. The incubation was 
carried out  in 5 ml stopperd conical glass tubes for 5 rain and s topped by the 
addition of  1 ml of 5 mM silicotungstic acid in 5 mM H2SO4. The [32P]ortho- 
phosphate released was extracted as phosphomolybdate  by a modified proce- 
dure of  Martin and Doty  [12]:  0.2 ml of  a 5% solution of  (NH4)2MoO4 in 2 M 
H2SO4 and 1.5 ml isobutanol/benzene (1 : 1, v/v were added to each tube. The 
tubes were agitated for 20 s on a vortex mixer and centrifuged at 1000 × g for 
5 min. 1 ml of  the organic phase was mixed with 10 ml of  0.5 mM NaOH [9] in 
a polyethylene scintillation vial. The vials were swirled gently and their 
Cerenkov radiation measured in an Intertechnique SL liquid scintillation spec- 
trometer.  The amount  of  [32P]orthophosphate released was calculated by  com- 
parison with the specific radioactivity of 32P-labelled proteins (see above) sam- 
ples of  which were counted in parallel. In some experiments [3:P]phospho- 
histones, or [32P]phosphorylated pyruvate kinase, were used instead of  [32p]. 
phosphoprotamine.  The rate of  the release of [32p] or thophosphate was linear for 
at least 10 min at the enzyme concentrations used. 1 unit of  phosphoprotein 
phosphatase is defined as that  amount  of  enzyme which catalysed the release 
of  I nmol of  phosphate from [32p] phosphoprotamine per min at the conditions 
of  routine assay. 

Miscellaneous. Protein was determined according to the method of  Lowry 
et al. [13] with bovine serum albumin as a standard, or from the absorbance 
at 280 nm where 1 mg/ml of  protein was taken to have an absorbance of  1.0 
(l ight path = 1 cm). The K m for the dephosphorylat ion of  32P-labelled phospho- 
proteins was calculated from Lineweaver-Burk plots of  the data of  experiments 
conducted at the conditions of  standard assay. In these experiments the con- 
centrations of [32p] phosphoprotamine and [32p] phosphohistones varied from 
5 to 60 pM whereas that  of  [32P]phosphopyruvate kinase varied from 5 to 25 
pM. The substrate was expressed as the concentrat ion of  the phosphate moiety  
in the phosphoproteins.  Any endogenous phosphate present in pyruvate kinase 
before phosphorylat ion was not  considered. 

Purification of phosphoprotein phosphatase. The following buffers were 
used: 50 mM imidazole • HC1, pH 7.5, containing 15 mM fi-mercaptoethanol 
(buffer  A); 50 mM imidazole • HC1, pH 6.5, containing 2.5 mM MgC12, mM 
fi-mercaptoethanol and 22% glycerol (buffer B). Except  specified otherwise, 
centrifugations were done at 16 000 X g for 20 min in a Sorvall-RC-2B prepara- 
tive centrifuge. 

30--40 male Sprague-Dawley rats, weighing 300--350 g, were maintained on 
tap water  and ordinary laboratory chow R3 (Astra-Ewos AB, SSdert~lje, 
Sweden) for at least 1 week before the experiments. The rats were killed by 
cervical fracture and bled. Their livers were quickly excised, rinsed with cold 
homogenising solution containing 250 mM sucrose, 1 mM EDTA, pH 7.5 
(NaOH), and 15 mM ~-mercaptoethanol and 70--90 g protions of  the liver were 
homogenised in three volumes of  the homogenising solution for 1 min in a 
Waxing blender, set at maximum speed. Unless otherwise stated subsequent  
steps were performed at 0--4 ° C. The combined homogenates were centrifuged 
and the debris discarded. The supernatant was filtered through glass wool to 
remove fat. 
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Crystalline ammonium sulphate was added slowly (over a period of 15 min) 
to the enzyme solution (at 0°C) with constant stirring to a final concentration 
of 0.472 g per ml. The solution was maintained at pH 7.5 by intermittently 
titrating it with concentrated NH4OH. After stirring for an additional 20 min, 
the precipitates were collected by centrifugation. The supernatant was carefully 
decanted and discarded. Any loosely packed precipitates were recentrifuged so 
that the supernatant could be decanted without loss of sedimented material. 
This precaution was necessary to obtain good yields of the phosphatase activ- 
ity at the next step. The well packed precipitates were dissolved in 1 vol. of 
buffer A containing 5 mM EDTA and cooled to 0 ° C. 

To 80-ml portions of the enzyme solution at 0°C, 400 ml of 95% ethanol 
(20°C) were added with constant stirring. The addition of  the ethanol took 
about 20--30 s during which the temperature of the enzyme solution rose to 
about 15°C. The thick suspension was immediately poured into a 500 ml 
polyethylene centrifugation tube and plunged into an ice bath. After treatment 
of five portions the suspension was centrifuged in six tubes at 5000 × g and 
--10°C for 5 min. The precipitates were carefully drained and immediately 
suspended in a minimum volume of buffer A containing 5 mM EDTA. The time 
taken for the treatment of each 400 ml batch of the enzyme solution with 
ethanol, followed by centrifugation and suspension of the precipitates in 
buffer, was less than 30 min. The pooled suspensions were diluted with buffer 
A containing 5 mM EDTA such that a total volume of 1 ml of buffer A per g 
wet weight of liver was used. Portions of the pooled suspension were then 
homogenised at 100 rev./min with one stroke in a Potter-Elvehjem homogeniser 
fitted with a teflon pestle. The supernatant obtained after centrifugation was 
saved and the precipitate reextracted with 0.5 volume of buffer A. The com- 
bined extracts (about 1000 ml) were dialysed against 10 vols. of buffer A con- 
taining 5 mM EDTA, for 21 h. Three buffer changes were made at intervals of 
5--7 h. During dialysis the temperature was maintained at close to 0°C with the 
aid of an ice bath. 

The dialysed extract was clarified by centrifugation. DE-52 (0.33 ml per g of 
liver) equilibrated with buffer A was added and the mixture stirred for 2 h. 
More than 90% of the phosphoprotein phosphatase was bound to the ion- 
exchanger. The ion-exchanger with bound enzyme was poured into a column, 
6.5 cm in diameter, layered with 100 ml of packed DE-52, also equilibrated 
with buffer A. After packing the column was washed with 1000 ml of buffer A, 
followed by 2000 ml of the same buffer containing 50 mM NaC1 until the 
absorbance of the eluate at 280 nm was less than 0.2. Phosphoprotein phos- 
phatase was then eluted with 2000 ml of buffer A containing 200 mM NaC1 
and 2.5 MgC12 at a flow rate of 160 ml per h. Fractions of 15 ml were col- 
lected. Phosphoprotein phosphatase activity was tested in undiluted aliquots (25 
pl) of the fractions and those which contained more than 10 units/ml were 
pooled and cooled to 0°C. Solid (NH4)2SO4 was added with constant stirring 
over a period of 15 min to a final concentration of 0.516 g/ml. After 30 min 
the precipitates were collected by centrifugation, dissolved in about 20 ml of 
buffer B and dialysed for 7--10 h at 0--2°C; against 100 vols. of the same buf- 
fer. 

The dialysed extract was applied to a DE-52 column (2.5 X 20 cm) equilib- 
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rated with buffer B. After washing the column with 1 l of  buffer B or until the 
absorbance at 280 nm was less than 0.1, the enzyme was eluted with a 500 + 
500 ml linear gradient of  0--0.35 M NaC1 in buffer B at a f low rate of  48 ml per 
h. Fractions of 8 ml were collected. Phosphoprotein phosphatase activity 
usually eluted between 30 and 60% of  the gradinet volume (Fig. 1). A third 
chromatography was performed on a similar column if the specific activity 
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of the enzyme was less than 150 units per mg protein (A280nm). The pooled 
fractions (from the second DE-52 chromatogram) with phosphoprotein phos- 
phatase activity were concentrated to about 2 ml by successive ultrafiltration in 
an Amicon cell model 202 and a collodion bag. The phosphoprotein phos- 
phatase preparation was then chromatographed on a Sepharose 6B column (2.0 
× 46.5 cm), equilibrated and eluted with buffer B containing 200 mM NaC1 at 
a flow rate of 6 ml per h. Fractions of about 2 ml were collected. The phospho- 
protein phosphatase activity which was partially separated from the main pro- 
tein peak (Fig. 2A) was concentrated by ultrafiltration in a collodion bag to 
about 1 ml and rechromatographed on the Sepharose 6B column (Fig. 2B). 

The pooled enzyme from the second Sepharose 6B column was concen- 
trated to about 1--2 ml and stored at 4°C where phosphoprotein phosphatase 
activity remained stable for at least 4 weeks. Attempts to store the enzyme at 
--25°C met with variable results. One out of a total of  four preparations from 
the Sepharose 6B step lost 75% of its activity when stored at --25°C for 4 
weeks, the other three preparations were stable for at least 4 weeks at --25 ° C. 

Results 

Purification and properties of a rat liver phosphoprotein phosphatase 
The purification of a phosphoprotein phosphatase from rat liver is given in 

Table I. An early step in the procedure was based on the observation [14] that 
rat liver phosphoprotein phosphatase could withstand an ethanol precipitation 
step at 20°C without appreciable loss of enzymatic activity. Upon further 
purification on DEAE-cellulose the phosphoprotein phosphatase activity eluted 

T A B L E  I 

P U R I F I C A T I O N  OF R A T  L I V E R  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  

For a typica l  preparat ion from 678 g of  rat liver 187 000  units  of  32p-label led p h o s p h o p r o t a m i n e  phos-  
phatase act ivity were  obta ined in the  crude h o m o g e n a t e .  Prote in  was  determined  by  the m e t h o d  of 
L o w r y  et al. [13]  for all fract ions  preceding the first DEAE-ce l lu lose  step, and subsequent ly  from the ab- 
sorbance  at 2 8 0  nm.  

Fract ion Specif ic  activity Yield (%) Activi ty  ratio * * 
(units/rag prote in)  [32p] protamine  

[32p] pyruvate  kinase 

H o m o g e n a t e  2.2 100  n.d. 
16 OO0 X g s u p e r n a t a n t  2.7 65 n.d. 
0 - -70% (NH4)2SO 4 f rac t ion  3.7 86 n.d. 
Extract  of  e thanol  precipitate * 2.4 * 20 * 17.0 
DEAE-ce l lu lose  I 23 .4  34 n.d. 

0 - -75% (NH4)2SO 4 f rac t ion  32.7 37 21.8 
DEAE-ce l lu lose  I I  260  14.8  29.9 
Second  Sepharose  6B . 2277 7.7 22.1 

* This  yield probably  ref lects  an inact ivat ion of  the e n z y m e  during storage overnight  at 4°C,  s ince 
recoveries  o f  50--60% were  obta ined  in exper iments  where  the phosphatase  was  assayed imme-  
diately  after dialysis .  

** The  p o o l e d  fract ions  from the steps  indicated were s tored at - -25°C unti l  t h a w e d  once  and assayed 
in parallel  w i th  either [32 p]  p h o s p h o p r o t a m i n e  ( 6 0 / J M )  or  [ 3 2 p ]  p h o s p h o p y r u v a t e  kinase  (1 .5  ~M) 
as a substxate 
n.d. ,  no t  determined.  
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as a single peak (Fig. 1). It was verified that no additional activity was eluted 
from the DEAE-cellulose column when the NaC1 concentration in the gradient 
buffer was increased from 0'.35 to 0.5 M (not shown). 

After chromatography on a 8epharose 6B column (Fig. 2) the phosphopro- 
tein phosphatase was purified 1200-fold, with a yield of 7.7%; the specific 
activity of the purified enzyme averaged 3000 units/mg protein and ranged 
from 2000 to 4000  units. The studies reported below were performed with 
phosphoprotein phosphatases which had been purified through the stage of 
Sepharose 6B chromatography. 

The molecular weight of the enzyme as estimated by gel chromatography on 
a calibrated Sephadex G-100 was approx. 32 000 (with or without 22% glyc- 
erol in the elution buffer (Fig. 3.). A similar molecular weight of 32 000 was 
also determined for rat liver phosphorylase a phosphatase after purification 
through an ethanol precipitation step at 20°C [14]. 

With [32P]phosphoprotamine or [32P]phosphopyruvate kinase as a substrate, 
phosphoprotein phosphatase activity was optimal around pH 7.5--8.0 (results 
not illustrated). The phosphoprotein phosphatase also catalysed the dephos- 
phorylation of [32P]phosphohistones. However, it did not detectably dephos- 
phorylate ATP, ADP, fl-glycerophosphate or DL-phosphorylserine in the 
presence or absence of 5 mM MgC12 at the conditions of standard assay. As can 
be seen in Table I phosphoprotamine and phosphopyruvate kinase activities 
nearly co-purified during the last steps of the purification procedure, indicating 
that these activities had similar properties. It should be noted that the concen- 
tration of [32p]phosphopyruvate kinase in these tests (Table I) is far below the 
Km for its dephosphorylation (see below). When present at a concentration of 
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Fig.  3. Molecular  w e i g h t  e s t i m a t i o n  o f  pro te in  phosphatase .  The  S e p h a d e x  G - 1 0 0  c o l u m n  ( 2 . 5  × 4 7  c m )  
was  cal ibrated w i t h  (a)  h u m a n  serum a l b u m i n  ( 6 7  0 0 0 ) ,  (b )  h en  egg a l b u m i n  ( 4 5  0 0 0 ) ,  (c)  c h y m o t r y p -  
s inogen  (25  0 0 0 ) ,  (d)  m y o g o b i n  (17  500) .  Elut ion  pos i t ion  o f  c h y m o t r y p s i n o g e n  was  d e t e r m i n e d  in a sepa- 
rate e x p e r i m e n t  on  the  same  c o l u m n .  Th e  vo id  v o l u m e  was  d e t e r m i n e d  w i t h  blue  dextran.  The  prote ins  ( a ) - -  
(d )  w e r e  ident i f i ed  f r o m  the  absorbance  at  2 8 0  n m  and p h o s p h o p r o t e i n  phosphatase  (e)  b y  act iv i ty  
m e a s u r e m e n t s .  T he  c o l u m n  was  e lu ted  w i t h  5 0  m M  i m i d a o l e  • HCI,  p H  6 .5 ,  c o n t a i n i n g  1 5  m M  ~-mercap-  
t o e t h a n o l ,  2 . 5  m M  MgC12 a n d  1 0 0  m M  NaCI.  

Fig.  4. Inh ib i t ion  o f  the  d e p h o s p h o r y l a t i o n  o f  [ 3 2 ] p h o s p h o p y r u v a t e  kirmse b y  p h o s p h o e s t e r s .  The  
i n c u b a t i o n  m e d i u m ,  4 0  #1, c o n t a i n e d  25  #g  b o v i n e  serum a l b u m i n ,  0 . 0 4 3  uni t  p h o s p h o p r o t e i n  phospha-  
tase and 5 #M [ 3 2 P ] p h o s p h o p y r u v a t e  kinase  in the  absence  o f  d ivalent  cat ions .  Other  c o n d i t i o n s  are given 
under  E x p e r i m e n t a l .  1 0 0 %  was  th e  act iv i ty  m e a s u r e d  in  the  a bsence  o f  the  p h o s p h o e s t e r s ,  (e  --) 
phosphoenolpyruvate, (o o) Fru-l,6-p 2, (m u) ADP and (4 ~) ATP. 
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20 pM, [32P]phosphopyruvate kinase was dephosphorylated at a rate nearly 
equal to 50% of the rate of dephosphorylation of 60 pM [32P]phospho- 
protamine. 

Dephosphorylation of [32P]phosphopyruvate kinase 
Previous experiments had indicated that  [32P]phosphorylated pyruvate 

kinase is a substrate of the phosphoprotein phosphatase [7]. When the sub- 
strate was expressed as the concentration of the [32P]phosphate moiety, the 
apparent Km for the dephosphorylation of [32P]phosphopyruvate kinase was 
27 + 4 pM (mean + S.D. of five determinations). Assuming that 1 mol of [32p]. 
phosphopyruvate kinase contains 4 mol of [32P]phosphate (see Experimental), 
the apparent Km of 27 pM corresponds to about 7 pM pyruvate kinase, which is 
of the same order as 4--10 pM, the physiological concentration of pyruvate 
kinase in livers of rats given food rich in carbohydrates [7,15]. 

Fructose 1,6<liphosphate (Fru-l,6-P2) up to 25 pM stimulates the activity 
of the phosphorylated form of pyruvate kinase [6]. However, when present at 
concentrations of 25 pM (not shown), Fru-l,6-P2 had little effect (less than 
5%) on the dephosphorylation of [32P]phosphopyruvate kinase; 1 mM Fru- 
1,6-P2 inhibited the dephosphorylation of [32P]phosphopyruvate kinase by 
60% (Fig. 4). The substrates of pyruvate kinase, ADP and phosphoenolpyruvate, 
as well as ATP, also inhibited the phosphoprotein phosphatase (Fig. 4). The 
concentrations which caused half maximal inhibition were 0.25 mM for ATP 
and about 0.5 mM for ADP, phosphoenolpyruvate and Fru-l,6-P2. 

The concentration of alanine, an inhibitor of pyruvate kinase activity, is 
increased in the livers of rats during gluconeogenesis when pyruvate kinase 
(type L) is postulated to be in the phosphorylated form [6]. Thus the possible 
effects of alanine and pyruvate on the dephosphorylation of [32P]phospho- 
pyruvate kinase were studied in vitro. In Fig. 5, it is shown that  1 mM alanine 
or pyruvate inhibited the phosphatase activity by less than 20%. 

Further experiments indicated that 2.5 mM MgC12, MnC12 or CaC12 stimu- 
lated the dephosphorylation of pyruvate kinase 40--60% (Table II). Mg 2÷ is 

>_ 

o ~ ioo 
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"~ o 
~ 40 

0.625 1.25 2.5 5.0 
concentrotion (rnM) 

Fig.  5. The  ef fects  o f  alanlne  a n d  pyruvate  on  the d e p h o s p h o r y l a t i o n  of  [ 3 2 p ] p h o s p h o p y r u v a t e  kinase.  
The  cond i t i ons  were  described in the legend of  Fig.  4,  ~ - - - - - - - ~ ,  • A a lanine;  o o, e - -  e ,  

pyruvate .  Open  s y m b o l s  refer to  exper iments  per formed  in the absence  o f  F r u - l , 6 - P  2. Fi l led s y m b o l s  
represent  exper iments  per formed in the presence  of  25/~M F r u - l , 6 - P  2. 
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T A B L E  II 

A C T I V A T O R S  A N D  I N H I B I T O R S  OF T H E  D E P H O S P H O R Y L A T I O N  OF [ 3 2 p ] P H O S P H O P Y R U V A T E  
K I N A S E  

The  r eac t ion  m e d i u m  con ta ined  5 pM [32p ]  p h o s p h o p y r u v a t e  kinase and  0 .025 -mM Fru - l , 6 -P  2 in a final 
v o l u m e  of 40 pl. 100% represen t s  the  p h o s p h o p r o t e i n  phosPha tase  ac t iv i ty  in the  absence  of  the  com-  
pounds  ind ica ted .  For  edch e x p e r i m e n t  the  values  used for ca lcula t ing 100% agreed wi th in  5%. Th e  m e a n  
-+ S.D. of  da t a  f r o m  separa te  e x p e r i m e n t s  are given.  The  n u m b e r  of d e t e r m i n a t i o n s  are  s h o w n  in 
parentheses .  O t he r  Condit ions were  given in Expe r imen ta l .  

Add i t ions  P h o s p h o p r o t e i n  phospha ta se  ac t iv i ty  
(% of con t ro l )  

Con t ro l  100 
2 . 5 m M M g C I  2 1 4 2 +  8 ( 4 )  
2.5 m M  MnC12 177 +- 2 4 ( 4 )  
2.5 m M  CaCI 2 139 -+ 5 (4) 
100 m M  KC1 83 + 14 (4) 
1 mM ~-g lyce rophospha te  71 + 32 (4) 
1 mM ~-g lycerophospha te  + 2.5 mM MgC12 58 +- 2 (2) 
1 m M  o r t h o p h o s p h a t e  (pH 7.5)  52 + 9 (4) 

required for pyruvate kinase activity and Mn 2÷ is an activator of  phosphopro- 
tein phosphatases from other sources [16]. Therefore, the inhibition by the 
phosphoesters (Fig. 4) was reexamined in the presence of Mg 2÷ and Mn 2÷. As 
can be seen in Table III, Mg :÷ and Mn 2÷ removed the inhibition induced by the 
phosphoesters. Since the effective concentration of  Mg :÷ in liver (5--10 mM) 
is greater than those of the inhibitory phosphoesters [17], it is possible to 
speculate that Mg 2÷ probably promotes the dephosphorylation of pyruvate 
kinase in the liver. 

The dephosphorylation of [3~P]phosphoprotamine 
Some kinetic experiments were performed with [32p]phosphoprotamine as 

substrate of the phosphoprotein phosphatase. The apparent Km for the dephos- 

T A B L E  II I  

E F F E C T S  OF Mg 2+ A N D  Mn 2+ ON T H E  I N H I B I T I O N  OF T H E  D E P H O S P H O R Y L A T I O N  OF [ 3 2 ] .  

P H O S P H O P Y R U V A T E  K I N A S E  

The  c o n c e n t r a t i o n  of  [ 3 2 p ] p h o s p h o p y r u v a t e  kinase was 5 /~M in a final r eac t ion  v o l u m e  of 40  /~1. The  
results  are expressed  as p e r c e n t  of  c on t ro l  in which  the l igands tes ted  were  omi t t ed .  Th e  m e a n  -+ S.D. of  
da ta  f r o m  separa te  e x p e r i m e n t s  are  given. The  n u m b e r  of  d e t e r m i n a t i o n s  are  s h o w n  in paren theses .  O th e r  
detai ls  see the  legend to Fig. 2 and  Expe r ime n ta l .  

Inh ib i to r  ( I  mM)  Act iv i ty  of  p ro t e in  phospha ta se  in the  presence  of  e f f ec to r s  

Inh ib i to r  a lone Inh ib i to r  + In h ib i t o r  + 
2.5 m M  MgCl 2 2.5 m M  MnCI 2 

ATP 19 +- 4(4) 115-+ 9(4) 94-+ 9(4) 
ADP 22-+ 5(6) 91+- 16(4) I00+ 43(4) 
Fru - l , 6 -P  2 36 +- 17(6)  6 5 +  13(4)  9 5 +  0 (2 )  
Phosphoenolpyruvate 36 + 16(6)  71 +- 6(4)  80  -+ 3 0 (4 )  
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T A B L E  IV 

T H E  E F F E C T S  O F  S E L E C T E D  C O M P O U N D S  O N  T H E  D E P H O S P H O R Y L A T I O N  O F  [ 3 2 p ] P H O S P H O -  
P R O T A M I N E  

R e a c t i o n s  we re  r u n  in  d u p l i c a t e  in  a f ina l  v o l u m e  of  1 0 0  ~1. The  c o n c e n t r a t i o n  o f  [ 3 2 p ] p h o s p h o p r o t a m i n e  
w a s  6 0  ~M. 1 0 0 %  w a s  t h e  a c t i v i t y  m e a s u r e d  a t  t he  c o n d i t i o n s  o f  s t a n d a r d  a s say  in  t h e  a b s e n c e  o f  MnC12.  
T h e  m e a n  + S .D.  o f  d a t a  of  e x p e r i m e n t s  w i t h  t h r e e  s e p a t a t e  e n z y m e  p r e p a r a t i o n s  are  given.  T h e  f igure  in  
p a r e n t h e s e s  i n d i c a t e  t h e  n u m b e r  o f  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 p r o t e i n  p h o s p h a t a s e  ac t iv i ty  
(% o f  c o n t r o l )  

No  a d d i t i o n s  1 0 0  
2 .5  m M  MgC12 + 1 m M  A T P  1 3 9  + 3 7 ( 7 )  
2 .5  m M  MnC12 + 1 m M  A T P  1 6 2  + 5 4 ( 5 )  
2 .3  m M  MgC12 1 0 3  + 1 1 ( 7 )  
2 .3  m M  MnC12 2 1 6  + 6 2 ( 4 )  
2 .3  m M  CaC12 9 8  +- 8 (5 )  
1 r a M  A D P  88+-  8 ( 5 )  

5 m M  K H 2 P O 4 ,  p H  7 .5  3 5  + 1 0 ( 5 )  
0 .1  m M  F r u - l , 6 - P  2 9 2  + 9 (5 )  
2 .5  m M  13-g lycerophospha te  83 + 1 4 ( 5 )  
50  m M  KCI 9 0  +"  5(5)  
2 .5  m M  a l an ine  1 0 6  -+ 1 8 ( 5 )  

phorylation of [32p]phosphoprotamine was 34 + 14 pM (mean + S.D. of five 
determinations) as compared with 22 pM for phosphohistones. A similar Km 
was obtained for the dephosphorylation of [a2P]phosphohistones by rabbit liver 
phosphoprotein phosphatase [ 16]. 

The pattern of regulation of the phosphoprotein phosphatase activity on 
[ 32]3] phosphoprotamine was similar to that observed with [ 32p]phosphopyruvate 
kinase as substrate. ATP, orthophosphate were inhibitory; MnC12 stimulated 
the reaction, but KC1, Fru-l,6-P2, ADP, CaC12 and alanine had small effects, 
less than 20% (Table IV, Fig. 6). In the absence of MgC12, or MnCl2, ATP pre- 
cipitated phosphoprotamine. This precipitate could be solubilised with 0.25 
M KC1. Therefore, the effects of ATP and orthophosphate were studied in the 
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Fig.  6.  T h e  e f f e c t  o f  A T P  a n d  o r t h o p h o s p h a t e  o n  t h e  d e p h o s p h o r y l a t i o n  o f  [ 3 2 p ] p h o s p h o p r o t a m i n e .  
T h e  r e a c t i o n  m i x t u r e  ( 1 0 0  jul) c o n t a i n e d  6 0 / ~ M  [ 3 2 p ]  p h o s p h o p r o t a m i n e  a n d  0 . 2 5  M KCI.  10095 w a s  t h e  
a c t i v i t y  d e t e r m i n e d  in  t h e  a b s e n c e  o f  A T P  a n d  o r t h o p h o s p h a t e .  E x p l a n a t i o n s  a t e  g iven  in  t h e  t e x t  a n d  
u n d e r  E x p e r i m e n t a l .  • - ' ,  o r t h o p h o s p h a t e ;  o o ,  ATP.  
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presence of 0.25 M KC1 (Fig. 6). The concentrations of ATP and orhtophos- 
phate which caused half maximal inhibition of the dephosphorylation of 
[32P]phosphoprotamine were about 0.5 and 2 mM, respectively (Fig. 6). 

Discussion 

The partial purification and characterisation of phosphoprotamine and phos- 
phohistone phosphatase(s) from rat liver have been described earlier [7,11]. 
However, the present procedure gives material with a higher specific activity 
(Table I) than that determined for previous preparations [7,11]. The activity 
of the phosphoprotein phosphatase on [32P]phosphopyruvate kinase, [32p]. 
phosphoprotamine and [32P]phosphohistones is in agreement with the broad 
specificity observed for other phosphoprotein phosphatase preparations [ 1,2]. 
The molecular weight of 32 000 determined for the phosphoprotein phos- 
phatase (Fig. 3 )was  in agreement with previous reports [14,18] in which the 
treatment of liver extracts with 80% ethanol was shown to release the catalytic 
subunit from a phosphoprotein phosphatase complex. But it remains to be 
determined if the phosphoprotein phosphatase activity, described in this 
report, was released from the same complex as the catalytic subunit of phos- 
phorylase a phosphatase [14]. 

Previously, it was shown that the activity of pyruvate kinase (type L) can 
be regulated in vitro by a phosphoprotein phosphatase [7]. The kinetic studies 
reported on Fig. 4 showed that 1 mM ATP, ADP, Fru-l,6-P2 and phosphoenol- 
pyruvate all inhibited the dephosphorylation of [32P]phosphopyruvate kinase 
by at least 60% relative to the control. However, the inhibition, induced by 
these phosphoesters was removed by 2.5 mM MgC12 and 2.5 mM MnC12 (Table 
III). Besides, the apparent Km of 27 pM, determined for the dephosphorylation 
of [32P]phosphopyruvate kinase, approached the concentration of pyruvate 
kinase subunits in rat liver [15]. These results are consistent with the hypothe- 
sis [7], that a phosphoprotein phosphatase may act on the phosphorylated 
form of pyruvate kinase in the liver. 

Acknowledgements 

I thank Drs. Lorentz Engstrfm and Orjan Zetterqvist for critical reading of 
the manuscript. The skilful technical assistance of Miss Elvy Netzel and Mrs. 
Gunilla Pettersson is gratefully acknowledged. This research was supported by 
the Swedish Medical Research Council (Project No 13X-4485). 

References 

1 Rubin,  C.S. and Rosen,  O.M. (1975) Annu. Rev. Biochem. 44, 831 
2 Soderling, T.R., Park, C.R. (1974) in Advances in Cyclic Nueleot ide  Research (Greengard and 

Robison,  (eds.), Vol. 4, pp. 283- -333 , ,  Raven Press New York  Publishers,  
3 Cohen, P. (1974) in Calcium and cell  Regulat ion,  B iochemica l  Soc ie ty  S y m p o s i a  39,  pp.  51--73, 

The Biochemica l  Soc ie ty ,  L o n d o n ,  
4 Riley, W.D., Delange, R.J., Bratvold, G.E. Krebs, E.G. (1968) J. Biol. Chem. 243, 2209--2215 
5 Steinberg, D., Mayer, S.E., Khoo, J.C., Miller, E.A., Miller, R.E., Fredholm, B. and Eichner,  R. (1974) 

Advances  in Cycl ic  Nuc leot ide  Research (Drummond,  Greengard, Robison, eds.), Vol. 5, pp. 549--  
568, Raven Press N e w  York Publishers,  



151 

6 LjungstrSm, O., Hjelmquist, G, and EngstrSm, L. (1974) Biochim. Biophys. Acta 358, 289--298 
7 Titenji, P.V.K., Zetterqvist, ~), EngstrSm,'L. (1976) Bioehim. Biophys. Acta 422, 98--108 
8 EngstrOm, L. (1962) Ark. Kemi 19,129--140 

o 
9 Mardh, S. (1975) Biochim. Biophys. Acta 391,449--463 

10 Beavo, J.A., Bechtel, P.J. and Krebs, E.G. (1974) in Methods in Enzymology (Kaplan and Colowiek, 
eds.), pp. 299--308, Vol. 38, Academic Press, New York 

11 Meisler, M.H. and Langan, T.A. (1969) J. Biol. Chem. 244, 4961--4968 
12 Martin, J.B. and Doty, D.M. (1949) Anal. Chem. 21,965--967 
13 Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J. (1951) J. Biol. Chem. 193, 265--275 
14 Brandt, H., Killea, S.D. and Lee, E.Y.C. (1974) Biochem. Biophys. Res. Commun. 61, 598---604 
15 Tanaka, T., Harano, Y., Sue, and Morimura, H. (1967) J. Biochem. 62, 71---92 
16 Kobayashi, M., Kato, M. and Sato, S. (1975) Biochim. Biophys. Acta 377, 343---355 
17 Flory, W., Peczon, B.D., Koeppe, R.E. and Spivey, H.O. (1974) Biochem. J. 141, 127--131 
18 Brandt, H., Capulong, Z.L. and Lee, E.Y.C. (1975) J. Biol. Chem. 250, 8038---8044 


