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Inorganic pyrophosphatases are important enzymes of phosphorus metabolism; nevertheless, in not one of these 
enzymes is the nature of the functional groups present in the active center known at the present time. 

One of the methods of investigating the active center which is widely used in the study of alkaline phosphates is 
the reaction of the enzyme with inorganic phosphorus labelled with p32. Under very mild conditions these enzymes 
covalently bind phosphoric acid residues. In the elucidation of the nature of the functional groups participating in the 
binding of the phosphoric acid, acid hydrolysis of the phosphorylated protein is generally carried out and the hydrolysis 
products containing the radioactive phosphorus are analyzed. In the case of a number of alkaline phosphatases, 
[32p]phosphoserine has been isolated from the acid hydrolysate, and this has permitted the conclusion that alkaline 
phosphates contain serine in their active centers [105]o 

Indirect information on the possibility of phosphorylating a pyrophosphatase has been obtained by M. Cohn [6] in 
a study of the exchange of inorganic phosphate with H2 O18 in the presence of the enzyme. The present paper gives the 
results of a study of the interaction of yeast inorganic pyrophosphatase with inorganic phsophate labelled with, p32. The 

enzyme was incubated at 0 ° C for i0 min with a large excess of monopotassium [p32] phosphate. It was found that the 
protein treated in this way contained labelled phosphate. Since the inclusion of label can take place both by means of 
covalent and adsorption bonds, it appeared necessary to study the phosphorylated protein further. When high-voltage 
electrophoresis (i000 V, 3 hr, pH 5.6) was carried out, the protein remaining at the starting line retained radio- 
activity, and the partially sorbed acid migrated 14-16 cm from the start (figure, a). This gave grounds for assuming 

that the enzyme was bound to the phosphoric acid residue by a covalent bond. For confirmation, the phosphorylated 

protein was treated with 8 M urea or a 1% solution of sodium dodecyl sulfate and was again subjected to eleetrophoresis. 
In this case, the labelled phosphoric acid again remained bound to the protein. The results of the experiments performed 
are in favor of the assumption of a covalent bonding of the phosphoric acid residue with the inorganic pyrophosphatase. 
It is a fundamental fact that when the electrophoretic investigation of the phosphorylated protein eluted from the paper 
with sodium dodecyl sulfate solution was repeated, no additional separation of phosphorus was observed, and all the 
label remained bound to the protein. The inclusion amounted to about 0.4 mole per mole of protein. 
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Distribution of the radioactivity in the electrophoresis 
of the protein (a), in the chromatography of a hydrolysate 
of this protein (2 N HCI) (b), and in the electrophoresis of 
a hydrolysate of the phosphorylated protein (6 N HCI) (c). 
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A confirmat ion of covalent  bonding was obtained in exper iments  where enzyme inactivated in 65% p - c h l o r o m e r -  
eur ibenzoate  was brought into reac t ion  with [p32] phosphate, whereupon the inclusion of the label in the protein  l ikewise 
decreased  by 65%. 

S. M. Avaeva and A. T. Mevkh have studied the action of yeast  in organic pyrophosphatase with the methylamide 
of [p32]_N_benzoyl_O_pyrophosphoserine [7]. In this case, l ikewise, a phosphorylated protein is formed. When enzymes 
with different  specific act iv i t ies  were used, the inclus ion of the label  in the protein  proved to be proport ional  to its 
specific activity, and a covalent bond of the enzyme with the subst ra te  was formed. 

What has been said above pe rmi t s  the conclusion that yeast  inorganic  pyrophosphatase binds f i rmly  with the phos- 
phate res idue.  The yield of phosphorylated enzyme does not vary when the t ime is increased  from 10 rain to 20 hr. The 
percentage inclusion r ema ins  constant  if magnes ium ions are added to the react ion mixture  in a rat io of enzyme to the 
subs t ra te  of 1 : 1. 

Since the react ion of inorganic  phosphate with the pyrophosphatase takes place under very mild conditions (0 ° C, 
10 rain), it was des i rab le  to a s sume  that in this case,  as in the case of alkal ine phosphatases,  one of the functional 
groups of the active center  of the enzyme is phosphorylated. In order  to de te rmine  the aminoacid that reacts  with the 
phosphate, acid hydrolysis  was ca r r i ed  out with 2 N hydrochloric  acid at 105 ° C for 20 hr. However, when the hydrol-  
lysate was chromatographed on Dowex 50 × 8 r e s i n  and on paper in the t r ichloroaeet ic  a e i d - i s o p r o p a n o l - a m m o n i a -  
water  sys tem,  no radioact ive phosphoserine was found, and the only radioact ive compound was phosphoric acid. When 
the t ime of hydrolysis  was decreased  to 10 hr ,  paper  chromatography in the same solvent sys tem showed that hydrol -  
ys is  had not taken place completely:  radioact ive phosphorylated protein or its h igh-molecular -weight  f ragments  r e -  
mained at the s tar t ing  line. Apart  f rom labelled phosphoric acid, the mixture  contained a whole s e r i e s  of radioactive 
compounds dis t r ibuted over the whole front of the chromatogram and apparently consis t ing of phosphorylated peptides 
(figure, b). 

An attempt was then made to hydrolyze the phosphorylated protein  eluted from an e lec t rophoregram with 6 N 
hydrochloric  acid at 37 ° C. High-voltage e lec t rophores i s  (1000 V, 1 hr ,  pH 5.6) showed that the amount of phosphoryl-  
ated protein at the s ta r t ing  line remained  considerable  even after hydrolysis  for 42 hr  (figure, c). 

The re su l t s  of the exper iments  performed confirmed once again that in the react ion of pyrophosphatase with in -  
organic phosphate a s t rong bonding a r i s e s ,  but they do not make it possible to de te rmine  the nature of the amino acid 
involved in the phosphorylat ion of the enzyme. It would appear that the unsuccessful  at tempt to isolate phosphoserine 
indicates  the absence of this acid f rom the active center  of the pyrophosphatase.  Nevertheless ,  example s are known in 
which the phosphoric e s t e r  bond in phosphoserine becomes unstable  under  the influence of basic  amino acids presen t  in 
a protein  molecule and is destroyed on acid hydrolys is  [8]. Consequently, the absence of labelled phosphoserine from 
the acid hydrolysate  s t i l l  cannot, by itself,  show that se r ine  is not p resen t  in the active center  of the enzyme.  So far 
as concerns  the phosphorylation of the carboxyl  group of the dicarboxylic  acids and the basic amino acids with the 
format ion of a P--N bond, the der iva t ives  obtained must  be ex t remely  unstable to acid. This contradicts  the exper i -  
ments  descr ibed above on the hydrolys is  of the phosphorylated protein with 6 N hydrochloric  acid and 10-hr  hydrolysis  
with 2 N hydrochloric  acid, dur ing which the protein  retained its radioactivi ty.  Apparently the probabil i ty  of the phos-  
phorylat ion of the enzyme at basic and acidic groups is ex t remely  low. So far as concerns  the thiol group of cysteine,  
it has been shown at Ber l in  Univers i ty  that it is not p resen t  in the active center  of pyrophosphatase. 

To answer the question of which amino acid in the enzyme is phosphorylated by the phosphate, it is proposed to 
pe r fo rm a f a r - r each lng  enzymat ic  hydrolysis ,  the isolat ion of the phosphorylated fragment ,  and the de terminat ion  of 
its s t ruc ture .  

E X P E R I M E N T A L  

The work was car r ied  out with a sample of yeas t  inorganic pyrQphosphatase with a specific activity of 2-10 units  
obtained by Kuni tz ' s  method [9]. The concentra t ion of protein was determined spect rophotometr ica l ly  by Warburg ' s  
method.[10]. The p32_labelled monopotass ium phosphate had a specific activity of 1.5 pCi /mM. 

Isolation of the phosphorylated protein (typical procedure) .  A) A mixture  of 3 ml of protein solution (4-50 nM of 
enzyme,  10 ~l (1200-15 000 nM) of monopotass ium [p32] phosphate, and 1 ml of 0.4 M acetate buffer, pH 5.0, was kept 
at 0 ° C for 10 rain, the enzyme was inactivated by the addition of 1 ml of 2 N HC1, and the protein was precipitated 
with 20 ml  of acetone, separated off by centrifuging,  washed with acetone (4 ~< 10 ml), and dried in the air .  
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B) In the experiments with magnesium, I00 pl (1800 nM) of magnesium sulfate, i0 pl (1800 nM) of monopotassium 
[P32]phosphate, and 1 ml of 0.4 M acetate buffer, pH 5.0, were added to the protein solution (6 nm of enzyme), and the 

solution was treated as described under A. 

C) In a study of the dependence of the inclusion process on the time, samples each containing 3 rn! of protein 
solution (4 nM of enzyme), 10 #I'(1200 nlVl) of monopotassium [P32]phosphate, and 1 ml of 0.4 M acetate buffer, pH 5.0, 
were kept at 0 ° C for i0 rain, 1 hr, 4 hr, and 20 hr, respectively, and were then treated as described under A. 

D) In a study of the dependence of inclusion on the activity of the enzyme,  720/zl of 5 x 10 .4 M p - c h l o r o m e r c u r i -  
benzoate solution, 10 pl  (1200 nM) of monopotass ium [P3~]phosphate, and 1 ml of 0.4 M acetate buffer, pH 5.0 were 
added to 3 ml of prote in  solution (4 nM of enzyme),  and the react ion was stopped as descr ibed under  A. In para l le l ,  an 
exper iment  was ca r r i ed  out without the addition of p -ch lo romercur ibenzoa te  and also an exper iment  in which the p ro -  
tein was kept with solut ions of p -ch lo romercur ibenzoa te  and sodium pyrophosphate, and the activity was measured  by 

Kuni tz ' s  method [11]. 

E) To purify the phosphorylated protein,  the a i r - d r i e d  protein  was dissolved in 50-200 # l  of 1% sodium dodeeyl 
sulfate solution, the solution was deposited on paper in the form of a band 2 cm wide, and ver t ica l  e lec t rophores i s  was 
ca r r i ed  out in a pyr id ine-ace ta te  buffer, pH 5.6, and 1000 V for 1-3  hr.  The dried e lec t rophoregram was cut: into 
s t r ips  2 cm high and the radioact iv i t ies  were measured  on a "SELO ~ counter (Italy). 

F) In a repeated e lect rophoret ic  study, the phosphorylated protein  was eluted f rom the paper with a 1% solution of 
of sodium dodecyl sulfate,  and e lec t rophores i s  was ca r r i ed  out as descr ibed under  E. 

Hydrolysis  of the phosphorylated protein.  1) The dried phosphorylated protein,  2 mg of phosphoserine,  and 3 ml 
of 2 N HC1 were kept in a sealed tube at 105 ° C for 10-20 hr. The hydrolysate  was dried over potass ium oxide and 
phosphorus pentoxide, and the res idue  was dissolved in 0.5 ml of water.  Pa r t  of the resu l t ing  solution was deposited 
on a chromatogram in the i sopropano l - t r i ch lo roace t i c  a c i d - a m m o n i a - w a t e r  sys tem,  and the phosphorylated substances  
were revealed and the chromatogram was cut up as under E. The r ema inde r  of the solution was deposited on a column 
of Dowex 50 × 8 r e s in  and was eluted with 0.01 N HC1, 2-ml  fract ions being collected. Thei r  radioact ivi t ies  were mea -  
sured in 50-pl  samples .  

2) In the case of hydrolys is  with 6 N HC1, the phosphorylated pro te in  was eluted from the paper  af ter  e tec-  
t rophores is  with 6 N HC1, and the solution was kept in a sealed tube at 37 ° C for 42 hr and was subjected to e l ec t ro -  
phores is  as descr ibed under  E. 

C O N C L U S I O N S  

The reaction of yeast inorganic pyrophosphatase with inorganic [P32]phosphate forms a phosphorylated enzyme. 

REFERENCES 

1. J. H. Schwartz and F. Lipmann, Proc. Nat. Acad. Sei. USA. 47, 1996, 1961. 
2. J. H. Schwartz, Proc. Nat. Aead. Sci. USA, 49, 871, 1963. 
3. L. EngstrSm,  Bioehim, Biophys. Aeta, 56, 606, 1962. 
4. L. Engs t rbm,  Bioehim. Biophys., Acta, 52, 49, 1961. 
5. J. H. Schwartz, A. M. Crestfeld,  and F. Lipmann, Proe. Nat. Acad. Sci. USA, 49, 722, 1963. 
6. M. Cohn, J. Biol. Chem., 230, 369, 1958. 
7. S. M. Avaeva and A. T. Mevkh, Biokhim., 34, 1088, 1969. 
8. C. J. Ingles and G. H. Dixon, I>roc. and Nat. Aead. Sci. USA, 58, 1011, 1967. 
9. M. Kunitz, Arch. Biochem. Biophys., 92, 270, 1961. 
10. O. Warburg and W. Chris t ian,  Biochem. Z . , 3 i 0 ,  400, 1941. 
11. M. Kunitz, J. Gen. Physiol . ,  35, 423, 1952. 

14 October 1969 

Moscow State Univers i ty  

239 


