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Summary 

1. Cyclic-AMP dependent  protein kinases, resolved by chromatography on 
DEAE-cellulose and hydroxylapati te ,  catalysed the phosphorylat ion of rat liver 
pyruvate kinase and calf thymus histones by [732p]ATP. [32p]phosphopep-  
tides, from acid hydrolysates of pyruvate kinase phosphorylated by the differ- 
ent protein kinase fractions, displayed identical electrophoretic patterns. Phos- 
phorylation inhibited pyruvate kinase activity. 

2. Full activity was restored when phosphorylated pyruvate kinase was 
dephosphorylated by a histone phosphatase from the soluble fraction of rat 
liver. These results are consistent with the hypothesis that pyruvate kinase is 
regulated by phosphorylat ion-dephosphorylat ion reactions. 

Introduct ion 

Previous communications from this laboratory [1,2] have shown that rat 
and pig liver pyruvate kinases ( type L) (E.C. 2.7.1.40) are phosphorylated by 
adenosine 3 ' ,5 ' -monophosphate dependent  protein kinase (E.C. 2.7.1.37). As 
this phosphorylat ion inhibited pyruvate kinase activity, it was proposed that 
the activity of  pyruvate kinase is regulated by phosphorylation-dephosphoryla- 
tion reactions. The proposed mechanism requires that the effect of cyclic-AMP 
dependent  phosphorylat ion can be reversed by a phosphoprotein phosphatase 
from the same source [3] .  The aim of the present investigation was to see if 
this condit ion would be fulfilled with respect to pyruvate kinase. Pyruvate 
kinase was also shown to be a substrate of the different protein kinase frac- 
tions. 
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Experimental 

[732p] ATP was prepared as described by EngstrSm [4] with the modifi- 
cations of  M~rdh [5] .  Whatman DEAE-cellulose (DE-52) and phosphocellulose 
were used. Hydroxyapat i te  was obtained from Bio-Rad and Sephadex G-25, 
G-50 and Sepharose 6B, from Pharmacia Fine Chemicals. Calf thymus histones 
( type II A) were bought  from Sigma. Ultrafiltration cell, model 202, and Diaflo 
PM-10 filters were from Amicon. 

Rabbit  muscle lactate dehydrogenase (E.C. 1.1.1.27) and yeast  hexokinase 
(E.C. 2.7.1.1} were bought  from Boehringer, Mannheim, and dialysed against 
25 mM imidazol/HC1, pH 7.5, containing 0.1 mM dithiothreitol before use. 

Enzyme preparations 
Rat liver pyruvate kinase was prepared by a modification of earlier pro- 

cedures [1,2] .  30 male Sprague-Dawley rats were fasted for 48 h and then fed 
with ordinary laboratory chow, Anticimex 210, supplemented with fructose: 2 
parts of  ground chow to 3 parts of fructose [6,7] for another 72 h. The relative 
concentrat ion (%, w/w) of  the ingredients in the supplemented chow was as 
follows: protein, 8.3; fat, 1.5; ash, 3.0; water 3.4; and carbohydrate  81.5. This 
t reatment  raised the level of  pyruvate kinase from 30 to 100 units/g wet  weight 
of liver. 

Pyruvate kinase was purified in potassium phosphate buffer containing 
30% glycerol (w/v) and 0.1 mM dithiothreitol. After the DEAE-cellulose step 
0.1 mM fructose 1,6-diphosphate was added to all buffers to stabilize the 
enzyme. Henceforth,  we shall only refer to the potassium phosphate concentra- 
tion since glycerol and fructose 1,6-diphosphate were routinely included in the 
buffers at the specified concentrations.  

The rats were killed by cervical fracture, bled and their livers excised. 
Subsequent  steps were at 0--4 ° C. The livers were rinsed, minced in cold homo- 
genizing solution containing 250 mM sucrose, 1 mM EDTA and 0.1 mM dithio- 
threitol. Within 1 0 - 1 5  min livers from 5 animals were successively removed, 
pooled and homogenized in 4 vol. (v/w) of  the homogenizing solution in a 
Waring blender at full speed for 20 s. The homogenates were centrifuged at 
12 000 X g for 10 min and the supernatant was recentrifuged at 100 000 X g 
for 1 h. 

Thereafter, DEAE-cellulose (2 ml packed bed/g of  liver), equilibrated 
with 20 mM potassium phosphate,  pH 7.2, was added to the supernatant  and 
stirred for 1--2 h until more than 90% of the pyruvate kinase activity was 
bound to the ion-exchanger. The ion-exchanger with bound enzyme was 
poured into a column, 5 cm in diameter, layered with 100 ml of packed 
DEAE-cellulose, also equilibrated with 20 mM potassium phosphate,  pH 7.2. 
After packing, the column was washed with 5--6 1 of the starting buffer, until 
the absorbance of the eluate at 280 nm was less than 0.4 (light path = 1 cm). 
The enzyme was eluted with 60 mM potassium phosphate, pH 6.0. The frac- 
tions, containing pyruvate kinase activity, were pooled and adjusted to pH 5.5 
with 1 M KH2 PO4 or, preferably, by dropwise addition of  cold concentrated 
H3 PO4 with constant  stirring. The enzyme solution was diluted threefold with 
30% glycerol in 0.1 mM dithiothreitol  and 0.1 mM fructose 1,6-diphosphate, 
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and applied to a phosphocellulose column (3.2 cm × 40 cm), previously equi- 
librated with 20 mM potassium phosphate, pH 5.5. Elution was performed at 
pH 5.5 with a 2000 ml linear potassium phosphate gradient (20--600 mM). 10 
ml fractions were collected every 10 min and those with pyruvate kinase activ- 
ity were concentrated with a Diaflo PM-10 filter to about 100 ml and chroma- 
tographed on a Sephadex G-50 column (3.2 cm × 40 cm), equilibrated with 
1 mM potassium phosphate, pH 7.0, in 50 mM KC1. The enzyme was then 
applied to a hydroxyapat i te  column (3.5 cm × 5 cm), equilibrated with the 
same buffer. The column was washed with 100 ml of 4 mM potassium phos- 
phate (pH 7.0) in 50 mM KC1 and the enzyme then eluted with 10 mM 
potassium phosphate buffer, also containing 50 mM KC1. 

After chromatography on Sepharose 6B [1],  the enzyme was essentially 
homogeneous when analysed by polyacrylamide gel electrophoresis in sodium 
dodecyl sulphate. The specific activity of pyruvate kinase was 5, 50, 250 and 
450 units per mg protein (A2 s0nm ) after the DEAE-cellulose, phosphocellu- 
lose, hydroxyapat i te  and Sepharose 6B chromatography, respectively. The 
overall yield, 25 mg of protein, represented 20% of the initial enzymic activity. 

Histone phosphatase was prepared from 150 g of liver from male Sprague- 
Dawley rats maintained on ordinary laboratory chow. 50 g portions of the liver 
were homogenised in 3 vol. of a buffer, containing 50 mM imidazol/HC1, pH 
7.5, 5 mM EDTA, 0.5 mM dithiothreitol and 0.1 M NaC1 in a Waring blender at 
full speed for 50 s. This and subsequent steps were performed at 0--4°C. The 
combined homogenates were centrifuged at 16 000 X g for 20 rain and the 
debris discarded. The supernatant, containing 2400 units was diluted twofold 
with the homogenising buffer and brought to 70% saturation by slow addition 
of solid ammonium sulphate with constant stirring. After 15 min the precipi- 
tate was collected by centrifugation at 16 000 X g for 20 min, dissolved in 150 
ml 50 mM imidazol/HC1, pH 6.0, containing 1 mM dithiothreitol and recentri- 
fuged at 50 000 × g for 2 h. The supernatant was frozen overnight at--25°C. 
After thawing at 4°C, the enzyme solution was centrifuged at 16 000 × g for 
20 min to remove precipitated protein, and the supernatant then dialysed for 
8 h against 50 mM imidazol/HC1, pH 6.0, containing 1 mM dithiothreitol. The 
dialysis was repeated once, and the sample was applied to a DEAE-cellulose 
column (2.5 cm X 30 cm) equilibrated with 50 mM imidazol/HC1, pH 6.0, 
1 mM dithiothreitol. The enzyme was eluted with a 1500 ml linear gradient 
(0--0.5 M NaC1) in the starting buffer. Fractions of 8 ml were collected every 
10 min. A minor histone phosphatase peak appeared with 20--40% of the 
gradient volume, whereas most of the activity was eluted with 42--86% of the 
gradient. The latter peak was pooled and precipitated with ammonium sulphate 
up to 70% saturation. The precipitate, collected by centrifugation at 50 000 X 
g for 20 min, was dissolved in 5 ml of 50 mM imidazol/HC1, pH 6.0, containing 
1 mM dithiothreitol and concentrated to 1 ml by ultrafiltration in a collodion 
bag (Sartorius-Membranfilter GmbH, G6ttingen). The enzyme was further chro- 
matographed on a Sepharose 6B column (2 cm × 40 cm) equilibrated and 
eluted with 50 mM imidazol/HC1, pH 6.0, 0.1 M NaC1, 0.5 mM dithiothreitol 
and 0.1 mM EDTA. Samples of 1 ml were collected every 20 rain. The enzyme 
which appeared with 0.8 column volume was dialysed against 50 mM imidazol / 
HC1, pH 6.0, 1 mM dithiothreitol and rechromatographed on a DEAE-cellulose 
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column (2.5 cm X 15 cm) equilibrated with the same buffer. The enzyme was 
eluted with an 800 ml linear gradient of 0--0.5 M NaCl in the starting buffer. 
Fractions of 5.5 ml were collected every 5 min. Histone phosphatase now 
appeared with 70--86% of the gradient. The enzyme fractions eluted between 
79--86% of the gradient had the highest specific activity. They were pooled, 
concentrated by collodion bag filtration, dialysed against 50 mM imidazol/HC1, 
pH 6.0, 1 mM dithiothreitol and stored at --25°C in 1-ml portions which were 
thawed once, suitably diluted and used. The enzyme was stable for at least 
1 week. The overall yields were 17, 8.8 and 5.3% of the initial activity (2400 
units) after the first DEAE-cellulose, Sepharose 6B and the second DEAE-cel- 
lulose chromatography respectively. The final preparation had a specific activ- 
ity of 20 units per mg protein (A ~ 80 n m ) when tested as described below. 

Cyclic-AMP dependent  protein-kinases were prepared from livers of male 
Sprague-Dawley rats fed with ordinary laboratory chow ad libitum. All manip- 
ulations were at 0--4°C. After excision, the livers were immediately homo- 
genised in 4 vols. of 250 mM sucrose, 1 mM EDTA and 1 mM dithiothreitol 
with four strokes at 960 rmp in a Potter Elvehjem glass homogeniser, fitted 
with a Teflon pestle. The homogenates of four livers were pooled and centri- 
fuged at 10 000 X g for 10 min. The supernatant was further centrifuged at 
100 000 X g for 60 min. Half of the 100 000 X g supernatant (i.e. 120 ml, 
corresponding to 30 g of liver) was passed through a Sephadex G-50 column 
(5 cm X 20 cm) equilibrated with 5 mM potassium phosphate buffer, pH 7.25, 
containing 30% glycerol and 0.5 mM dithiothreitol. The filtrate was applied to 
a DEAE-cellulose column (2.6 cm X 18 cm). The column was washed overnight 
with 1 1 of 5 mM potassium phosphate, pH 7.25, in 30% glycerol and 0.5 mM 
dithiothreitol.  The enzymes were eluted at pH 7.25 with a 1000 ml linear 
gradient of potassium phosphate buffer (5--500 mM) containing 30% glycerol 
and 0.5 mM dithiothreitol.  5-ml samples were collected every 15 min. 

The active fractions I--IV (see results Fig. 1A) were pooled separately and 
diluted with 30% glycerol and 0.5 mM dithiothreitol to give approximately the 
same conductance as that  of the starting buffer at 4°C. The enzyme solution 
(containing not  more than 20--30 mg of  protein) was loaded into a hydroxy- 
apatite column (2.5 cm X 5 cm), equilibrated with the same buffer as was the 
DEAE-cellulose, and eluted with a (200 ml + 200 ml) linear potassium phos- 
phate gradient (5--250 mM), pH 7.25, with the same additions as were used for 
DEAE-cellulose chromatography. 

Because of its apparently greater yield, protein kinase I (Fig. 1A) was 
chosen for further studies. Except when otherwise stated, all studies were 
performed with protein kinase I which had been purified through the hydroxy-  
apatite step. 

Enzyme activity measurements 
Pyruvate kinase activity was assayed as described earlier [1] ,  or using a 

Beckman DU spectrophotometer  with an Optilab multianalog-201, coupled to 
a Perkin-Elmer linear recorder. The reaction medium contained 20 mM 
imidazol, pH 7.5, 2 mM magnesium acetate, 33 mM KC1, 1 mM ADP, 0.15 mM 
NADH, 2 mM glucose, 2 units of lactate dehydrogenase and 1 unit  of hexo- 
kinase in a final volume of 1 ml. Pyruvate kinase was diluted in 50 mM imi- 
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Fig. 1. (A)  C h r o m a t o g r a p h y  of  cell sap on DEAE-cel lu lose .  The  c o l u m n  (2.6 c m  X 18 cm)  was  equilib- 
ra ted  and e lu ted  as descr ibed  u n d e r  Expe r imen ta l .  5-ml f ract ions  were  co l lec ted  every 15 rain. 25 #1 
a l iquots  were  assayed for  p ro t e in  kinase act iv i ty  wi th  histories as subs t ra te  in the  p resence  (o o) or  
absence  (e  --) of cycl ic  AMP. E n d o g e n o u s  p h o s p h o r y l a t i o n  (~. .a) was  measu red  in the  pres- 
ence of cycl ic  AMP. U n b r o k e n  line refers  to  u l t ra  violet  a b s o r b a n c e  at 280  rim. Broken  line r ep resen t s  the  
ca lcula ted  c o n c e n t r a t i o n  of  p h o s p h a t e  on  the top  of  the  c o l u m n  at  the  m o m e n t  the  ind ica ted  tube  was  
filled. (B) C h r o m a t o g r a p h y  of  p ro t e in  kinase I on  h y d r o x y a p a t i t e .  The  c o l u m n  (2.5 c m  X 5 cm)  was  
equi l ibra ted  as desc r ibed  u n d e r  Expe r imen ta l .  5-ml f rac t ions  were  col lec ted  every 30  min .  Pro te in  kinase  
was assayed wi th  histories as subs t ra te  in 25 #l  a l iquots  in the  p resence  (o o) or  absence  (e --e) 
of  cycl ic  AMP. U n b r o k e n  and b r o k e n  lines have  the  s ame  m e a n i n g  as above.  

dazol, pH 7.5, containing 5 mM magnesium acetate, 50 mM KC1 and 0.1 mM 
dithiothreitol. After preincubating the enzyme for 3 min at 30°C in the incuba- 
tion medium, phosphoenol pyruvate (50 pl) was added and the oxidation of  
NADH was followed by the decrease of absorbance at 340 nm. In the kinetic 
studies no fructose 1,6-diphosphate was added to the assays, although approxi- 
mately 0.25 X 10 -s M of the effector was present in the tests, since pyruvate 
kinase was stored in phosphate buffer containing 0.1 mM fructose 1,6-diphos- 
phate. 1 unit of pyruvate kinase is that amount of enzyme which converts 
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1 pmol of  phosphoenol  pyruvate per min at specified conditions [1] .  
Histone phosphatase was measured in the presence of 10 mM MgC12 as 

described by Meisler and Langan [8] ,  using [ 32P]phosphohis tone {mixed) pre- 
pared as described by them, with the exceptions that the protein kinase was 
peak I from the DEAE-cellulose step (see above) and 5 pM cyclic AMP was 
included in the histone phosphorylat ion medium. After extracting the [ 32p]_ 
phosphate released [8,10] an aliquot of  the organic phase was mixed with 10 
ml of 0.5 M NaOH and counted in an Intertechnique Liquid Scintillation Spec- 
t rometer  [ 5] .  1 unit of  phosphatase was that amount  of enzyme which released 
1 nmol [ a 2p] phosphate from [32 p] phosphohistone per min at 30°C (assuming 
the same specific radioactivity as that of  the [ 32p] ATP used in the preparation 
of  [ 32 p] phosphohistone).  

The dephosphorylat ion of pyruvate kinase was followed by measuring the 
release of  [ 32p] phosphate  from the phosphorylated enzyme prepared as fol- 
lows: 2 mg of pyruvate kinase were incubated with 0.5 mg of protein kinase I 
in a medium (5 ml) containing 0.1 mM [32P]ATP,  20 mM potassium phos- 
phate (pH 7.5), l 0  mM magnesium acetate, 4 pM cyclic AMP, 1 mM dithio- 
threitol, 7.5% glycerol (w/w) and 0.01 mM fructose-l ,6-diphosphate at 30°C 
for 1 h. 4.1 mol of  [a 2P]phosphat  e were incorporated per mol of pyruvate 
kinase. It was assumed that  pyruvate kinase has a mol. weight of  250 000 [1] ,  
and a specific activity of  450 units per mg (A2 s 0 nm ). The incubation mixture 
was chromatographed at 4°C on a Sephadex G-25 column (2.0 cm X 30 cm), 
equilibrated with I mM potassium phosphate buffer, pH 7.0, in 30% glycerol, 
50 mM KC1, 0.1 mM fructose 1,6-diphosphate and 1 mM dithiothreitol. The 
phosphorylated pyruvate kinase, which appeared with the void volume, was 
applied to a hydroxyapat i te  column, equilibrated with the same buffer. The 
phosphoenzyme was eluted with a linear gradient (100 ml + 100 ml) of potas- 
sium phosphate, pH 7.0, (5--50 mM) containing the same additions as the 
starting buffer. 1 ml fractions were collected every 5 min. The main radioactive 
peak coincided with pyruvate kinase activity (assayed with the colour test of  
ref. 1). This material was pooled,  dialysed against 500 vol. of  the starting 
buffer,  and stored at --25°C where the enzymic activity of phosphorylated 
pyruvate kinase (measured in the presence of fructose 1,6-diphosphate) was 
found to be stable. 50% of the original enzymatic activity was recovered. 

Protein kinase activity was tested according to the method of Kumon et 
al. [9] with slight modifications. The incubation medium, 150 pl, contained 20 
mM potassium phosphate  buffer  (pH 7.5), 20 mM magnesium acetate, 0.1 mM 
[32P]ATP (20 000--80 000 cpm/nmol) ,  4 pM cyclic AMP, 60 pg mixed calf 
thymus histones, or a suitable amount  of  pyruvate kinase. After stopping the 
phosphorylat ion of  pyruvate kinase with trichloroacetic acid, 100 pg of  bovine 
serum albumin were added within 10 sec before the isolation of  32P-labelled 
protein. The filters were washed with 10% trichloroacetic acid in 10 mM 
KH2 PO4, using a Millipore 3025 sampling manifold, folded into polyethylene 
scintillation vials and their Cerenkov radiation measured in an Intertechnique 
SL liquid scintillation spectrometer.  

Adenosine triphosphatase activity was estimated by analysing an aliquot 
of  the protein kinase test mixture for [32p] or thophosphate  released. After 
extraction by the method of  Martin and Doty  [10] as modified by Meisler and 
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Langan [8],  an aliquot of the organic phase was added to 10 ml of 0.5 M 
NaOH in a polyethylene scintillation vial and counted [ 5]. 

Other methods 
Partial acid hydrolysis of 32P.labelled protein was performed according to 

the method of EngstrSm [4]. 10 pg of pyruvate kinase were phosphorylated 
with 10 pg of each protein kinase fraction in the presence of 10 mM magne- 
sium acetate at 30 ° C for 30 min. All other conditions were as described above. 
Prior to termination of the reaction, 500 pg of bovine serum albumin were 
added to each reaction tube followed by trichloroacetic acid. The precipitates 
were collected by centrifugation at 2500 × g for 10 min and dissolved in 0.5 ml 
of a 0.5 M NaOH solution. This was followed immediately by trichloroacetic 
acid precipitation. The washing procedure was repeated once. The final pellet 
was dried in acetone and partial hydrolysis performed in 6 M HC1 on a boiling 
water bath for 30 min. The hydrolysis products, dried over KOH crystals in a 
vacuum dessicator, were dissolved in 0.1 ml of water and 0.025 ml aliquots 
were applied to Whatman-3 paper. Electrophoresis was then performed in 50 
mM pyridine acetate buffer, pH 3.5, at 1500 V for 2 h. The electrophoreto- 
gram was dried and placed on Kodak X-ray films for radioautography. 

Protein was determined according to Lowry et al. [11] with bovine serum 
albumin as standard, or from the absorbance at 280 nm where 1 mg/ml of 
protein was assumed to have an absorbance of 1.0 (light path = i cm). 

Results 

Purification and properties of cyclic-AMP dependent protein kinase 
On DEAE-cellulose the cyclic-AMP dependent  protein kinases were re- 

solved into four fractions, designated I--IV in order of elution (Fig. 1A). Peaks 
I and II appeared in repeated experiments, but the resolution of peak III from 
IV was variable. 

During elution from hydroxyapat i te ,  protein kinase I appeared after the 
main protein peak (Fig. 1B). Protein kinase II was similarly eluted but protein 
kinases III and IV were eluted over a broad range with low recovery. 

Protein kinases I and II, purified through the hydroxyapat i te  step, con- 
tained neither detectable adenosine triphosphatase, nor histone phosphatase 
activity; they were stable a t - -25°C for at least 2 months during which freezing 
and thawing were well tolerated with little loss in activity. As can be seen on 
Fig. 1A, all the kinase fractions were stimulated by cyclic AMP. 

Phosphorylation and inhibition of pyruvate kinase 
The experiments illustrated in Fig. 2A and B showed that, like calf thy- 

mus histones, pyruvate kinase was a substrate of the respective protein kinases 
I--IV. Generally up to 4 mol of [ 32p] phosphate were incorporated per tool of 
pyruvate kinase (see Experimental). To study the specificity of the protein 
kinases, the acid hydrolysis products of phosphorylated pyruvate kinase were 
analysed by paper electrophoresis (Fig. 3). Irrespective of the protein kinase 
used, these products displayed the same electrophoretic pattern. This suggested 
that  the protein kinases phosphorylate the same sites on pyruvate kinase. 
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Fig. 2. T i m e  c o u r s e  o f  p h o s p h o r y l a t i o n .  T h e  i n c u b a t i o n  m e d i u m  c o n t a i n e d  60/~g  o f  p y r u v a t e  k inase  (A)  
or  2 4 0  #g  of  m i x e d  calf  t h y m u s  h i s t o n e s  (B)  in a f inal  v o l u m e  o f  6 0 0  #1 ( fo r  o t h e r  de ta i l s  see E x p e r i m e n -  

tal).  I n c u b a t i o n s  w e r e  at  30°C .  100-~1 a l iquo t s  w e r e  w i t h d r a w n  at t i m e s  i n d i c a t e d  and  added  to 2 ml  of  

t r i ch l o r o ace t i c  acid for  d e t e r m i n a t i o n s  of  [ 3 2 p ]  p h o s p h a t e  i n c o r p o r a t i o n .  50, 20 and  21 pg  o f  p r o t e i n  

k inases  I, I[ and  I I I +  IV f r o m  the  DEAE-ce l lu lose  s tep  w e r e  used  in r e spec t ive  e x p e r i m e n t s .  • _-, 
p r o t e i n  k inase  I; A ~, p r o t e i n  k inase  II; ) ~ ) ,  p r o t e i n  k inase  I I I +  IV.  
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Fig.  3. R a d i o a u t o g r a p h  of  an e l e c t r o p h o r e t o g r a m  o f  paxtial  acid h y d r o l y s a t e s  of  p h o s p h o r y l a t e d  p y r u v a t e  
k inase .  P y r u v a t e  k inase  w a s  p h o s p h o r y l a t e d  (see  E x p e r i m e n t a l )  b y  (A)  P r o t e i n  k inase  I, (B) P r o t e i n  k inase  

II ,  (C)  P r o t e i n  k inases  I I I +  I V  f r o m  the  DEAE-ce l lu lose  s tep .  In  e x p e r i m e n t s  D, E and  F the  r e spec t ive  
k inases  w e r e  i n c u b a t e d  in the  absence  o f  p y r u v a t e  k inase .  
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Incorporation of 1.5--2 mol of phosphate per mol of pyruvate kinase was 
sufficient to inhibit over 90% of the enzymatic activity at 0.15 mM phospho- 
enol pyruvate (Fig. 4). This indicates that saturation of the available phos- 
phorylation sites was not  required for over 90% inhibition of the enzyme 
activity. 

In other experiments, not  illustrated, phosphorylation by protein kinase II 
was found to inhibit pyruvate kinase. However, the effect was less pronounced 
with protein kinases III + IV. Of interest is the finding that  protein kinases I 
and II, purified through hydroxyapati te ,  had no inhibitory effect on pyruvate 
kinase in the absence of ATP, in contrast to the crude fractions used earlier 
[1]. 

Dephosphorylation and reactivation of  pyruvate kinase 
The effect of dephosphorylation was studied using a histone phosphatase 

preparation from the soluble fraction of rat liver. Usually an aliquot of the 
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were  w i t h d r a w n  f r o m  one  of  the  r e a c t i o n  so lu t ions ,  d i lu t ed  10-fold  w i t h  ice-cold 40  mM imidazo l ,  pH  
7.5,  in 30% glycerol ,  0.1 m M  d i t h io th r e i t o l ,  20 m M  N a F ,  2 m M  E D T A  and  50 pg  of  b o v i n e  s e r u m  
a l b u m i n  per  ml,  i m m e d i a t e l y  sealed and  s to red  at  - - 15°C .  C o r r e s p o n d i n g  50-~1 a l iquo t s  f r o m  the  o t h e r  
2 r e a c t i o n  so lu t ions  were  p r e c i p i t a t e d  w i t h  2 ml  of  t r i ch lo roace t i c  acid and  k e p t  on  ice for  the  d e t e r m i n a -  

t i o n  of  [ 3 2 p ] p h o s p h a t e  i n c o r p o r a t i o n .  A f t e r  20 ra in  ( a r row) ,  200  pl  o f  each  i n c u b a t i o n  so lu t ion  w e r e  

c o m b i n e d  w i t h  6 0 0  pl  o f  40  m M  i m i d a z o l / H C l ,  pH 7.5,  c o n t a i n i n g  4 0 0  pg  of  b o v i n e  s e r u m  a l b u m i n ,  
5 mM m a g n e s i u m  ace ta te ,  3 mM glucose,  2 un i t s  o f  h e x o k i n a s e  and  20 pg  o f  p r o t e i n  p h o s p h a t a s e  at  30°C.  
At  i nd i ca t ed  t imes ,  100-#1 samples  were  w i t h d r a w n ,  d i lu t ed  5-fold and  s to red  or p r e c i p i t a t e d  w i t h  t r ichlo-  
roace t i e  acid,  as desc r ibed  above.  At  - - 1 5 ° C  p y r u v a t e  k inase  was  s table  for  a t  least  3 days ;  the  p r o t e i n  
k inase  and p h o s p h a t a s e  r e a c t i o n s  were  c o m p l e t e l y  s t o p p e d  a f t e r  t he  i ncuba t ion .  The  en t i re  e x p e r i m e n t  

was c o m p l e t e d  in a b o u t  6 - -8  h. P y r u v a t e  k inase  ac t iv i ty  was  a s sayed  at  0 .15  mM p h o s p h o e n o l  p y r u v a t e .  
The  ac t iv i ty  of  the  e n z y m e  b e f o r e  p h o s p h o r y l a t i o n  was  t a k e n  to  be  100%. 

Fig. 5. D e p h o s p h o r y l a t i o n  and r e a c t i v a t i o n  o f  p y r u v a t e  k inase .  29 un i t s  o f  p y r u v a t e  k inase  w e r e  phos-  
p h o r y l a t e d  for  20 ra in  (see Fig.  4A)  unt i l  1 tool o f  the  e n z y m e  c o n t a i n e d  3.1 tool  o f  [ 3 2 p ] p h o s p h a t e .  
200  pl  o f  th is  s ample  w e r e  s u b s e q u e n t l y  i n c u b a t e d  for  40  ra in  w i t h  20 pg  o f  the  p h o s p h a t a s e  un t i l  only  
0.9 tool o f  [ 3 2 p ]  p h o s p h a t e  r e m a i n e d  b o u n d  pe r  tool o f  p y r u v a t e  k inase .  Af t e r  20 and  60  m i n  i n c u b a t i o n  
s amp l e s  w e r e  d i l u t e d  and  s to red  fo r  p y r u v a t e  k inase  ac t iv i ty  m e a s u r e m e n t s  as d e s c r i b e d  in the  legend  o f  
Fig.  4. ~ a,  u n t r e a t e d  e n z y m e ;  ~ ~, d e p h o s p h o r y l a t e d  p y r u v a t e  k inase ;  • m, phos-  

p h o r y l a t e d  p y r u v a t e  k inase .  
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Fig. 6. D e p h o s p h o r y l a t i o n  of  p y r u v a t c  kinase.  The i ncuba t ion  m e d i u m  (0.8 ml)  con ta ined  222 p m o l  of  
pur i f ied  p h o s p h o p y r u v a t e  kinase,  50 mM imidazo l /HCl ,  pH 7.5, 50 mM KC1, 5 mM m a g n e s i u m  ace ta te ,  
0.1 mM d i th io th re i to l ,  50 ~zg bov ine  s e rum a lbumin ,  and 7.5% glycerol .  The  reac t ion  was  s ta r ted  by  
add i t ion  of  20 ~zg p ro t e in  phospha t a se .  Dup l i ca te  samples  were  i ncuba ted  in parallel.  100-pl  p o r t i o n s  were  
w i t h d r a w n  a t  d i f f e r en t  in tervals  and p rec ip i t a t ed  w i th  2 ml  of  5 mM si l ieotungst ie  acid in 5 m M  H2SO 4. 
O r t h o p h o s p h a t e  re leased was  e x t r a c t e d  [ 8 , 1 0 ]  a nd  an a l iquot  of  the  organic  phase  c o m b i n e d  wi th  10 ml  
of  0 .5  M NaOH [5]  and the  C e r e n k o v  r ad i a t i on  m e a s u r e d  (see Exper i raen ta l ) .  o - - - - - ~ ,  p h o s p h o p y -  
ruva t e  kinase + phospha ta se ;  a----u, p h o s p h o p y r u v a t e  kinase alone.  

phosphorylated pyruvate kinase was incubated with the histone phosphatase 
without  prior removal of other components  of the phosphorylation medium. 
After the reaction the protein kinase and protein phosphatase were inhibited 
respectively by 5--10 fold dilution with 2 mM EDTA and 20 mM NaF, pending 
the measurement of pyruvate kinase activity. The extent  of dephosphorylation 
was assumed to be the difference between the initial content  of 32p.labe 1 on 
pyruvate kinase and that  which remained after the phosphatase reaction. 

As can be seen in Fig. 4, the incubation of  the phosphorylated pyruvate 
kinase with the histone phosphatase resulted in both a loss of 32p_labe 1 and a 
reactivation of pyruvate kinase. However, the reactivation was not  perfectly 
parallel to the loss of 32P.label, suggesting that  the process of reactivation was 
complex. Since previous studies [1,2] had shown that  the kinetic differences 
between unphosphorylated and phosphorylated pyruvate kinase depend, in 
part, on the concentration of phosphoenol pyruvate, the activities of phos- 
phorylated and dephosphorylated pyruvate kinase were compared at different 
phosphoenol pyruvate concentrations. In Fig. 5 it is shown that  upon dephos- 
phorylat ion pyruvate kinase activity was fully restored. 

To rule out  the possibility that  the loss of  32P.labe 1 in the experiments of 
Figs. 4 and 5 could have resulted from the action of a protease in the phos- 
phatase or other enzymes used, an equivalent amount  of purified phospho- 
pyruvate kinase was incubated for 30 min in the same medium as was used in 
experiments of  Figs. 4 and 5. [ 3 ~p] phosphate released was determined after 
extraction according to Martin and Doty [10] or calculated from the amount  
of  32P_labe 1 which remained bound to pyruvate kinase. All the loss in 32P_labe 1 
(which was about  50% of the total radioactivity) could be accounted for by the 
isobutanol benzene extractable orthophosphate.  Therefore, it was assumed that 
the loss of 32P_labe 1 by phosphorylated pyruvate kinase was due to its dephos- 
phorylat ion and not  to proteolysis. Furthermore purified phospho-pyruvate 
kinase was a substrate of the histone phosphatase (Fig. 6). 
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Discussion 

The resolution of cyclic-AMP dependent  protein kinases into several frac- 
tions (Fig. 1A) is in agreement with published results [9,12,13],  suggesting the 
multiplicity of these kinases in rat liver cystosol. However, further resolution of 
the early peak into two fractions (Fig. 1A) has not  been described before. 

The present investigations revealed reversible changes in the activity of 
pyruvate kinase, caused by phosphorylation and dephosphorylation of the en- 
zyme. Earlier studies [1,2] demonstrated that the inhibition of pyruvate kinase 
by phosphorylation could be removed by fructose 1,6-diphosphate. Glycogen 
synthetase D, a well-studied phosphoenzyme [14] is physiologically inactive 
but regains full activity upon dephosphorylation, or in the presence of glucose 
6-phosphate [15].  Pyruvate kinase, like glycogen D synthetase, is inhibited in 
the phosphorylated form (Fig. 4). Upon dephosphorylation full enzymatic ac- 
tivity is regained (Fig. 5). 

The observation that only partial saturation of the phosphorylation sites is 
required to completely inhibit pyruvate kinase (Fig. 4) suggests cooperative 
response of these sites. However, conclusions about the extent  of phosphoryla- 
tion needed to cause complete inhibition of pyruvate kinase must be drawn 
cautiously, since the intrinsic phosphate content  of the enzyme was unknown. 

Protein kinases and a phosphatase, used in regulating pyruvate kinase, 
were isolated from the same cell fraction as pyruvate kinase. It is proposed that 
these enzymes may effect the regulation of pyruvate kinase activity in vivo by 
phosphorylation-dephosphorylation reactions. 
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