
173 

Biochimica et Biophysica Acta, 482 (1977) 173--184 
© Elsevier/North-Holland Biomedical Press 

BBA 68120 

THE ESSENTIAL ACTIVATED CARBOXYL GROUP OF INORGANIC 
PYROPHOSPHATASE 

S.M. AVAEVA, N.P. BAKULEVA, L.A. BARATOVA, T.I. NAZAROVA and 
N.Yu. FINK 

A.N. Belozersky Laboratory of Bioorganic Chemistry and Molecular Biology, Moscow State 
University, Moscow 117234 (U.S.S.R.) 

(Received October 5th, 1976) 

Summary 

1. A carboxyl group of high reactivity has been found in inorganic pyrophos- 
phatase (pyrophosphate phosphohydrolase, EC 3.6.1.1) from yeast. This group 
interacts with agents which react neither with carboxyl groups of low 
molecular weight compounds nor with other carboxyl groups of the protein. 

2. The reaction of this activated carboxyl group with inorganic phosphate, 
hydroxylamine, N-methyl- and O-methylhydroxylamines, and glycine methyl 
ester has been studied. 

3. Homoserine and homoserine lactone were found in the hydrolyzate of 
phosphorylated and NaBH4-reduced pyrophosphatase, indicating that an 
aspartyl residue is phosphorylated. 

4. Hydroxylamine and other nucleophilic agents cause inactivation of pyro- 
phosphatase as a result of interaction with a carboxyl group. Both diamino- 
butyric and diaminopropionic acids were seen in the acid hydrolyzate of the 
protein treated with hydroxylamine and subjected to rearrangement in the 
presence of carbodiimide. 

5. The ways in which the activation of a carboxyl group in the enzyme is 
achieved and the presumed mechanism of action of inorganic pyrophosphatase 
are discussed. 

Introduction 

Inorganic pyrophosphatase (pyrophosphate phosphohydrolase, EC 3.6.1.1) 
was obtained from yeast in 1952 by Kunitz [1]. In the following 25 years con- 
siderable success has been achieved in the study of this enzyme: the subunit 
organization [2,3] and the regulatory role of metal ions in enzymatic activity 
[4--9] have been established, the primary structure [10--12] and X-ray analysis 
data [13] are under intensive study. The functional groups of the active site 
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have not yet been identified, and as a result the general mechanism of the 
enzyme action is not known. 

The enzyme possesses a broad specificity and catalyzes not only the 
hydrolysis of inorganic pyrophosphate, but also that of nucleoside di- and tri- 
phosphates [14,15] and pyrophosphate monoesters [16]. Pyrophosphatase 
is a handy model for elucidating major properties of a number of other 
enzymes utilizing polyphosphates. 

In this work, the presence of an activated carboxyl group in the yeast inor- 
ganic pyrophosphatase was ascertained. It was revealed by two independent 
methods, i.e. by the reaction of the enzyme with inorganic phosphate and 
several other nucleophilic agents. 

Materials and Methods 

Inorganic pyrophosphatase was prepared from bakers' yeast by the method 
of Braga et al. [17]. The specific activity of the enzyme was 750 I.U./mg (46 
Kunitz units/mg). The concentration of the enzyme solution was determined 
assuming an absorbance coefficient A °810~ m = 1.4 5 [ 1]. 

Pig pepsin with a specific activity of 52 units/mg, with hemoglobin as sub- 
strate, was obtained in Professor Stepanov's laboratory. 

32pi, [3H]NaBH4 and [G-3H]NH2OCH3 were obtained from Medradiopre- 
parat Company (U.S.S.R.); [14C]glycine methyl ester from Chemapol (Czecho- 
slovakia). Homoserine and imidazole were the products of Reanal (Hungary), 
dimethylsulfoxide, guanidine hydrochloride and 2(N-morpholino)ethane 
sulfonic acid (MES) from Sigma (U.S.A.). Urea and hydroxylamine hydro- 
chloride were used after three-fold crystallization. 

Synthesis of ~-amino-6-hydroxyvaleric acid was carried out by the method 
of Swallow and Abraham [18], that of CH3NHOH • HC1 and NH2OCH3 • HC1 
by the method of Semper and Lichtenstadt [19], that of 1-ethyl-3(3-dimethyl- 
aminopropyl)-carbodiimide hydrochloride by the method of Sheehan et al. 
[ 20 ] and of N(2-hydroxy-5-nitrobenzyl)-hydroxylamine hydrochloride accord- 
ing to Exner [21]. 1-Cyclohexyl-3(2-morpholinoethyl)-carbodiimide metho- 
p-toluene sulfonate was synthesized in the laboratory of Professor Knorre. 

For measurement of the inorganic pyrophosphatase activity the reaction 
mixture (6 ml) containing 1.6 mM sodium pyrophosphate, 1.6 mM magnesium 
sulphate, and 16 mM ammonia/acetate or 8 mM imidazole/HCl buffer (pH 
7.0) at 30°C was incubated with the enzyme (0.05--0.15 #g). 5--10 min later 
the enzymatic reaction was stopped by addition of 5% ammonium molybdate 
in 4 M sulfuric acid (1 ml) and the phosphate liberated was determined accord- 
ing to Weil-Malherbe and Green [22]. 

Results 

Stability of  the phosphate-protein bond in the phosphorylated enzyme 
Inorganic pyrophosphatase was phosphorylated with 32p i as described pre- 

viously; the reaction was stopped by dodecyl sulphate, and phosphoenzyme 
was isolated from the excess of reagent by gel filtration [23]. The lyophilized 
protein was incubated with a buffer at the required pH, and released Pi was 



1 7 5  

,I 

t~ o_ 
E 
o 

"o 

"6 

~C 

6C 

4C 

20 

I I I I I I I I 

i 

I I I I I l I 
4 8 12 

pH 

I01 

o 
A 

o 

i 

II 
II 

II 
II ] " ! | 
I I 
r ~ 

40 
ml 

i 

4 

3 

2 c 

[ 
1 L 

f£ 

' 0 
BO 

Fig. 1. pH stability profile of the phosphorylated yeast pyrophosphatase, 3 ~tM enzyme were incubated 

with 1.5 yaM 32p i in 0.2 M acetate buffer (pH 5.0) for 10 vain, at 5°C. Dodecyl sulphate was added to a 

0.1% concentration and the mixture was kept overnight. The phosphorylated protein was isolated by gel 

filtration on a 1.25 X 25 cm Sephadex G-50 column, eluted with water and lyophilized [23]. 32p-Labelled 

protein was incubated in buffer solutions for 2 h at 37°C~ the temperature was lowered to 0°C, the solu- 
tion was neutralized to pH 7 and the released phosphate was determined by the method of Suzuki et al. 
[ 2 4 ] .  

Fig. 2.  E l u t i on  prof i l e  o f  r e d u c e d  label led pept ides  o f  the  y ea s t  inorganic  p y r o p h o s p h a t a s e .  T h e  e n z y m e  
(6 ~M) w a s  i ncubated  w i t h  1.8  m M  s o l u t i o n  o f  labe l led  p h o s p h a t e  in  0 . 2  M a c e t a t e  b u f f e r  (pH 5 .0)  for 
1 0  vain at 3°C;  t h e n  it  was  d iges ted  w i t h  2 .2  ~tM p e p s i n  a t  p H  4 .0 ,  3 7 ° C  fo r  1 h and p h o s p h o r y l a t e d  
pept ides  w e r e  separated  by  gel f i l trat ion o n  a 1 .5  X 3 0  cva S e p h a d e x  G-10  coluvan.  L y o p h l l i z e d  pept ides  
w e r e  r e d u c e d  w i t h  2 5  m M  [ 3 H I  N a B H  4 ( 1 0 0  pCi /vavaol )  in  d i m e t h y l s u l f o x i d e  at 3 7 ° C  for  3 h ,  desa l ted  o n  
a 1 .5  × 3 0  cva S e p h a d e x  G-25  c o l u m n  and the  a m o u n t  of  3 2 p  ( _  _ _ )  a n d  3H ( ) w a s  d e t e r m i n e d  
in the  fract ions .  

determined. The pH dependence of  the dephosphorylation reaction is shown 
in Fig. 1. It was similar to those for low molecular weight acyl phosphates and 
other phosphoenzymes  with a phosphorylated carboxyl residue [24- -31] .  

Reduction of the phosphoryIated enzyme with sodium [3H] borohydride 
The enzyme was phosphorylated with 32P i and partially digested by pepsin. 

Fractions containing 32P-labelled peptides were lyophylized after gel filtration 
and treated with a solution of  sodium [3H]borohydride in dimethylsulfoxide.  
The reduction products were separated by gel filtration, 32p and 3H were 
determined in fractions. This gave us the ability to observe the tritium substitu- 
tion for phosphorus in the sample (Fig. 2). The fractions containing reduced 
peptides were hydrolyzed for 24 h with 6 M HC1 at l l 0 ° C .  An enzyme sample 
given similar treatment but without  phosphorylation served as a control. 

The hydrolyzate was examined by high voltage electrophoresis at pH 1.9 
as suggested by Degani and Boyer [32] .  Homoserine, its lactone, and s-amino- 
5-hydroxyvaleric acid were used as standards. To analyse the electrophoretog- 
rams, the latter were cut and extracted for 5 h in water at 37°C. Radioactivity 
was measured in a Nuclear Chicago model  Mark-I or Mark-II liquid scintillation 
counter in a dioxan scintillator. The results are presented in Fig. 3. The sample 
corresponding to  the phosphorylated enzyme was found to contain [3H]homo- 



176 

o 

A 
E 

v 

1 

I 
I 
I 
L I 

h o m o s e r l n e  l a c t o n e  

f l - a m l n o  a lcohols  

homoserine 

r 

% . 1 "  - -  L "I" J " I  

0 10 2 0  

cm 

Fig.  3.  H i g h - v o l t a g e  p a p e r  e l e c t r o p h o r e s i s  o f  t he  ac id  h y d r o l y z a t e  o f  t h e  r e d u c e d  p y r o p h o s p h a t a s e  
p e p t i d e s .  T h e  3 H - l a b e l l e d  p e p t i d e s  we re  h y d r o l y z e d  w i t h  6 M HCI a t  1 0 0 ° C  f o r  2 4  h a n d  the  e v a p o r a t e d  
h y d r o l y z a t e  was  a n a l y z e d  a t  p H  1.9  as d e s c r i b e d  e l s e w h e r e  [ 3 2 ] .  T r i t i u m  r a d i o a c t i v i t y  is p r e s e n t e d  f o r  
p h o s p h o r y l a t e d  ( ) a n d  c o n t r o l  ( - -  - -  --) s amples .  

serine, its lactone, a small amount  of  a-amino-6-hydroxyvaleric acid and amino 
alcohols. The latter compounds  can be removed easily from the reaction mix- 
ture by  using periodate oxidation [32];  under these conditions homoserine 
lactone converts into homoserine. 

The yield of  homoserine and its lactone was 40% with respect to the phos- 
phorylated enzyme. The acyl phosphate  bond is inaccessible to borohydride  in 
the intact and dodecyl  sulphate-treated protein. 

Inhibition of pyrophosphatase with hydroxylamine, alkylhydroxylamines and 
glycine methyl ester 

The enzyme was incubated with 0.1 M hydroxylamine at pH 7.0, 30 ° C, and 
assayed for activity (Fig. 4, curve 1). Fast inactivation took  place and after 3 
the enzymatic activity was less than 1% of  the initial value. Reactivation was 
not  observed after 500-fold dilution with 1 mM PPi in 16 mM acetate buffer 
(pH 7) and incubation for 1, 2 or 24 h. 

The substrate inorganic pyrophosphate  completely protected the enzyme 
from inactivation (Fig. 4, curve 2). Mg 2÷ also displayed a protective effect,  but  



177 

10C 

5c 

I I / /  I 

0 ~' 
2 0 o 

. I i / ~ 
30 60 120 

IO0 

o 

u 

20 40 

Fig.  4.  I n a c t i v a t i o n  o f  p y r o p h o s p h a t a s e  ( 0 . 1 4 / ~ M )  b y  0 . I  M h y d r o x y l a m i n e  a t  p H  7 .0  a n d  3 0 ° C  (curve  I ) ;  
a n a l o g o u s  r e a c t i o n  in  t h e  p r e s e n c e  of  1 m M  N a 4 P 2 0 7  ( cu rve  2)  o r  1 r a m  MgSO 4 ( cu rve  3) .  

Fig .  5. D e p e n d e n c e  o f  t h e  r a t e  of  i n a c t i v a t i o n  o f  p y r o p h o s p h a t a s e  ( 0 . 1 4  DM) w i t h  0 . 0 5  M h y d r o x y l -  
a m i n e  o n  t h e  ion ic  s t r e n g t h  a t  p H  7 .0 ,  3 0 ° C .  T h e  va lues  o f  t he  ion ic  s t r e n g t h  w e r e  o b t a i n e d  b y  a d d i t i o n  
of  NaCI: o 0.10; e, 0.19; ~, 0.39; ~, 0.58; o, 0.77; A 0.96. 

their action was weaker than that  of  pyrophosphate  (Fig. 4, curve 3). 
There exist two more factors affecting enzyme inactivation, i.e. ionic 

strength and protein concentration.  Activity of  pyrophosphatase,  in the 
absence of  inhibitors, strongly depends on the concentrat ion and the nature of  
the salt present in the reaction mixture [33]. At a fixed concentrat ion of  
NH2OH, an increase in ionic strength masks the effect  of  the inhibitor (Fig. 5). 
In experiments with different concentrations of  the inhibitor which was ob- 
tained by neutralization of  NH2OH • HC1 with alkali, the amounts  of  hydro- 
xylamine and the salt changed in parallel. Thus the change in the NH2OH con- 
centration from 0.02 to 0.1 M enhanced inhibition (Fig. 6); upon further 
increase of  the inhibitor concentrat ion the activity levelled off  and then 
decreased. A high hydroxylamine concentrat ion (e.g. 2 M) has no effect  on the 
activity. The inhibiton was also very sensitive to the enzyme concentration.  
The effect  of  hydroxylamine was maximal when the enzyme concentrat ion 
reached 1.5/~M and it was absent when the concentrat ion of  protein was higher 
than 10 pM, even when the concentrat ion of  NH2OH was increased. 

O-Methylhydroxylamine,  N-methylhydroxylamine,  N(2-hydroxy-5-nitroben- 
zyl)-hydroxylamine and glycine methyl  ester are also inhibitors of  inorganic 
pyrophosphatase.  The change in the enzymatic activity in the presence of  these 
compounds  is shown in Fig. 7. 

In the control  experiments the inhibitor was omitted.  

Interaction of pyrophosphatase with O-[3H]methylhydroxylamine and [14C]- 
glycine methyl ester 

To determine the inhibitor incorporation into the protein molecule, the 
enzyme was incubated with O-[3H]methylhydroxylamine or [14C]glycine- 
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Fig. 6. D e p e n d e n c e  of  i nac t i va t i on  of  p y r o p h o s p h a t a s e  on  h y d r o x y l a m i n e  concen t r a t i on .  0 .14  #M 
e n z y m e  was  i n c u b a t e d  for  20  rain at  p H  7.0,  in the  p resence  of  the  ind ica ted  c o n c e n t r a t i o n s  of h y d ro x y l -  
amine .  T he  ionic s t r eng th  of  0.1 was  ad jus t ed  b y  add i t i on  of  NaC1. 

Fig. 7. I n a c t i v a t i o n  of  p y r o p h o s p h a t a s e  (0 .15  #M) b y  h y d r o x y l a m i n e s .  1, 0.1 M C H 3 N H O H  in 0 .05  M 
M E S / N a O H  at  pH 7.0~ 2, 0.1 M N H 2 O C H  3 in 0 .05  M M E S / N a O H  at  pH 5.5; 3, 27 m M  N ( 2 - h y d r o x y - 5 -  
n i t r o b e n z y l ) - h y d r o x y l a m i n e  in 0 .05  M M E S / N a O H  at  pH 7.0;  4, 0 .5 M glycine m e t h y l  es ter  in 0 . 0 5  M 
M E S ] N a O H  at  pH 6 . 0 .  

methyl  ester and its activity was assayed. Parallel experiments were carried out  
in the presence of  pyrophosphate or with a high concentration of  the protein. 
The results are summarized in Table I. 

It may be inferred from these data that the loss of  enzymatic activity (Expts. 
1 and 3) corresponds with the incorporation of  the label into the protein. 
However, in Expts. 2 and 4, where no inhibition was observed, the binding of  
the reagents was insignificant. 

T A B L E  I 

R E A C T I O N  OF P Y R O F H O S P H A T A S E  WITH [ 3 H ]  N H 2 O C H  3 A N D  [14C]  N H 2 C H 2 C O 2 C H  3 

In  e x p e r i m e n t s  I and 2 t he  r e a c t i o n  m i x t u r e  (1 .5  ml)  con ta in ing  e n z y m e ,  0.1 M [ 3 H ] N H 2 O C H 3  (1 .75  
# C i / m m o l )  and 0.1 M a c e t a t e  b u f f e r  (pH 5 .5)  was  i n c u b a t e d  for  1 h. The  m i x t u r e  was  s epa ra t ed  on  a 
c o l u m n  ( 1 . 4  X 22 c m )  p a c k e d  w i t h  S e p h a d e x  G-50 and  2-ml  f rac t ions  were  col lec ted.  Th e  a m o u n t s  of  
p r o t e i n  and  r ad ioac t iv i ty  were  m e a s u r e d  in f rac t ions .  In  e x p e r i m e n t  2 sod ium p y r o p h o s p h a t e  was ad d ed  
to the  r e a c t i o n  m i x t u r e ,  In  e x p e r i m e n t s  3 a nd  4 the  r e a c t i o n  m i x t u r e  (1 .5  ml )  con ta in ing  e n z y m e ,  0.5 M 
[14C]  N H 2 C H 2 C O 2 C H  3 (1 p C i / m m o l )  a nd  0 .05  M M E S / N a O H  b u f f e r  (pH 6.0)  was  i n c u b a t e d  for  1.5 h. 
The  m i x t u r e  was d ia lyzed  against  0 .05  M Tris • HC1 b u f f e r  (pH 7.2) ,  t h e n  sepa ra t ed  on  a c o l u m n  (1.4 X 
22 era)  wi th  S e p h a d e x  G-50 and 1-ml f rac t ions  were  coBected .  In  the  f rac t ions  the  a m o u n t s  of  p r o t e i n  
and  r ad ioac t iv i ty  were  m e a s u r e d .  

Expt .  I nh i b i t o r  E n z y m e  N a 4 P 2 0 7  Inh ib i t ion  I n c o r p o r a t i o n / m o l  in- 
no. 0zM) (raM) (%) h ib i to r  p e r  tool p ro t e in  

subuni t )  

1 [ 3 H I  N H 2 O C H  3 2.0 - -  35 0 . 3 8 - - 0 . 4 2  
2 2.0 1.0 0 0 .07  

3 [ 14C] NH2CH2CO2CH3 1.1 - -  35 0 . 4 5 - - 0 . 5 0  
4 13 - -  0 0 .05  
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Rearrangement of inorganic pyrophosphatase hydroxamate in the presence of 
carbodiimides 

Our preliminary experiments on the rearrangement of acetylhydroxamic 
acid to methylamine by water-soluble carbodiimides showed that, in contrast 
to the literature data [34], the reaction is highly sensitive to the nature of car- 
bodiimide. Thus the reaction did not occur in the presence of  1-cyclohexyl-3- 
(2-morpholinoethyl)-carbodiimide metho-p-toluene sulfonate at 20°C or 50°C 
and at pH 4.0--6.0. 

At the same time the rearrangement of acetylhydroxamic acid with 1-ethyl- 
3(3-dimethylaminopropyl)-carbodiimide at pH 5.0, 20°C was completed within 
20 min. 
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Fig.  8.  (a) C o m p o s i t i o n  o f  a c id  h y d r o l y z a t e  o f  i n o r g a n i c  p y r o p h o s p h a t a s e  a f t e r  t he  r e a c t i o n  w i th  N H  2 O H  
a n d  c a r b o d i i m i d e .  T h e  r e a c t i o n  m i x t u r e  ( 8 0  ml )  c o n t a i n i n g  e n z y m e  (8  rag)  a n d  0 .1  M N H 2 O H  w a s  
i n c u b a t e d  f o r  3 h a t  p H  7 .0 ,  3 0 ° C ,  d i a l y z e d  f o r  4 0  h aga in s t  1 0  1 o f  d i s t i l l ed  w a t e r  a n d  l y o p h i l i z e d .  T h e  
r e s i d u e  w a s  d i s so lved  in  7 m l  o f  w a t e r  ( p H  5 .0 ) ,  1 - E t h y l ( 3 - d i m e t h y l a m i n o p r o p y l ) - c a r b o d i i m i d e  w a s  a d d e d  
t o  0 .1  M c o n c e n t r a t i o n  a n d  k e p t  f o r  2 h a t  2 0 ° C ,  p H  4 . 5 - - 5 . 0 ,  T h e  r e a c t i o n  m i x t u r e  w a s  d i a l y z e d  f o r  1 6  h 
a g a i n s t  5 1 o f  d i s t i l l ed  w a t e r  a n d  h y d r o l y z e d  f o r  2 4  h w i t h  6 M HCI a t  1 1 0 ° C .  (b)  C o m p o s i t i o n  o f  t h e  ac id  
p y r o p h o s p h a t a s e  h y c t r o l y z a t e  a f t e r  t h e  r e a c t i o n  w i t h  c a r b o d i i m i d e .  T h e  r e a c t i o n  m i x t u r e  c o n t a i n e d ,  
be s ide s  t h e  c o m p o n e n t s  i n d i c a t e d  in  e x p e r i m e n t  a,  1 m M  p y r o p h o s p h a t e .  T r e a t m e n t  o f  t h e  r e a c t i o n  
m i x t u r e  is s imi la r  t o  t h a t  in  a.  (c)  S e p a r a t i o n  o f  t h e  s t a n d a r d  m i x t u r e  c o n t a i n i n g  d i a m i n o  b u t y r i c  ac id  
( D A B ) ,  d i a m i n o p r o p i o n i c  ac id  ( D A P )  a n d  o r n i t h i n e  ( O r n )  (1 m M  each)  a n d  t h e  r e s t  o f  t h e  c o m p o n e n t s  
( 0 . 2 5  m M  each ) .  A m i n o  ac id  ana lys i s  w a s  c a r r i e d  o u t  as d e t a i l e d  in  t h e  Resu l t s .  
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T A B L E  n 

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

T h e  r e a c t i o n  m i x t u r e  (0.6 ml)  con ta in ing  e n z y m e  (0 . 55  rag),  u rea  or  guan id ine  hyd roch lo r ide ,  0.1 M 
c a r b o d i i m i d e  and  0.5 M g lyc ine  m e t h y l  es ter  h y d r o c h l o r i d e  was  i ncuba ted  for  2 .5  h at  20°C,  pH 4.75.  
Glyc inc  m e t h y l  es ter  was  c o m p l e t e l y  r e m o v e d  b y  dialysis an d  p r o t e i n  was h y d r o l y z e d  wi th  6 M HCI at  
105°C fo r  24  h. 

Carbod i imide  Dena tu r ing  agen t  A m i n o  acid residues Increase  
pe r  tool of  e n z y m e  of 

glycine * 
Gly Asp Glu 

1 -Cyc l ohexy l -3 - (2 -m orpho l i noe thy l ) -  
c a r b o d i i m i d e  m e t h o - p - t o l u e n e  
su l fona te  

1 - E t h y l - 3 ( S - d i m e t h y l a m i n o p r o p y l ) -  
c a r b o d i i m i d e  h y d r o c h l o r i d e  

7.5 M urea  72 .0  74 .0  53.0 38,6 

5 M guanid ine  • HC1 72.6 78 .0  58.8 39,2 

7.5 M u rea  127 .4  74.2 52.0 94 .0  

* The  increase  in g lyc ine  was ca lcu la ted  using the  k n o w n  a m i n o  acid c o m p o s i t i o n  of  the  yeas t  
inorganic  p y r o p h o s p h a t a s e  [ 2 ] .  

Inorganic pyrophosphatase was incubated for 3 h with hydroxylamine,  the 
protein was separated from the excess inhibitor and lyophilized. 1-Ethyl- 
3(3-dimethylaminopropyl)-carbodiimide at 0.1 M concentrat ion was added to 
a water solution of  protein and kept  for  2 h at pH 4.5--5.0. After  dialysis the 
protein was hydrolyzed and analyzed in an amino acid analyzer. In a control 
experiment,  pyrophosphatase was treated with hydroxylamine in the presence 
of I mM PPi. 

Amino acid analysis was carried out  in a 22-cm column packed with A-5 
Aminex resin. Elution was performed with 0.38 M citrate buffer  (pH 3.65} at 
35°C, with a flow rate of  45 ml/h. In the protein hydrolyzate  treated with 
hydroxylamine and carbodiimide (Fig. 8A) two new basic compounds  were 
found,  viz. diamino propionic (DAP) and diamino butyric (DAB) acids. In a 
control  experiment,  the rearrangement products  were absent (Fig. 8B). 

Determination o f  the amount o f  carboxyl groups in the yeast inorganic pyro- 
phosphatase 

The method  of  Koshland was used for this purpose [35].  The protein was 
incubated with glycine methyl  ester and water-soluble carbodiimide in the 
presence of  urea or guanidine hydrochloride.  The hydrolysis of  the protein was 
carried out  after complete  removal of  the glycine methyl  ester. 

As can be seen in Table II, with 1-cyclohexyl-3(2-morpholinoethyl)-carbo- 
diimide metho-p-toluene sulfonate, 39 aspartyl and glutamyl residues per  mol 
of  the enzyme were modified independent  of  the nature of  the denaturant,  
whereas the use of  1-ethyl-3(3-dimethylaminopropyl)-carbodiimide resulted in 
the modification of  94 residues. This value seems to be close to the total 
amount  of  carboxyl groups in the protein. On this basis an approximate evalua- 
tion of  the pyrophosphatase  isoelectric point  gives a value close to 5, which 
agrees well with the experimental data of  Kunitz [1]. Thus less than 30% of 
protein carboxyl groups are present as amides. 
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Discussion 

Cohn was the first (in 1958) to suggest the possibility of phosphorylation of 
the yeast inorganic pyrophosphatase in terms of incorporation of 180 from 
water into phosphate in the presence of the enzyme [36]. However, the 
attempt of Butler et al. to obtain the phosphorylated enzyme in a reaction 
with inorganic pyrophosphate ended in failure [37]. Doubts about the possi- 
bility of phosphorylation of inorganic pyrophosphatase were expressed by 
Rapoport et al. [12]. Phosphorylated enzyme was first obtained in 1973 by 
some of the authors of this paper [23]. The study of the stability of the 
phosphate-protein bond (Fig. 1) allowed us to suggest that phosphate was 
accepted by a protein carboxyl group. 

The direct proof of formation of the acyl phosphate has been given by 
reduction of phosphorylated protein with sodium borohydride. Recently, 
Degani and Boyer [32] introduced the borohydride reduction method to 
detect an acyl phosphate intermediate of ATPase from sarcoplasmic reticulum, 
and this method also has been applied to other enzymes [38,39]. 

Analysis of the experimental results leads us to the following conclusions. 
(1) The reaction of inorganic phosphate with the enzyme results in a covalent 
bond which has been formed between phosphate and the protein. (2) The 
product of the enzyme-phosphate interaction is an aspartyl phosphate. (3) 
Since it was previously shown that phosphate competes with the substrate in 
the phosphorylation reaction [ 23], it is quite possible that the aspartyl residue 
is located in the active center of pyrophosphatase. (4) Formation upon reduc- 
tion of a small amount of a-amino-5-hydroxyvaleric acid demonstrates partial 
formation of glutamyl phosphate. This fact deserves special attention and will 
be discussed below. (5) Formation of an energy-rich acyl phosphate bond 
indicates that an activated carboxyl group of the protein takes part in this 
reaction. 

It was found thad such compounds as hydroxylamine and its N- and O-alkyl 
derivatives inhibited the activity of the yeast inorganic pyrophosphatase. 

All the inhibitors are characterized by numerous common features. Inhibi- 
tion is prevented by pyrophosphate, higher ionic strength or concentration of 
protein. Reaction of the enzyme with hydroxylamine and N-methylhydroxyl- 
amine leads to the complete loss of activity. The rest of the compounds are less 
active. The enzymatic activity drops sharply within 10--15 min and reaches a 
certain steady level which does not change afterwards. The fact is still far from 
being understood, but among possible explanations, special attention should be 
paid to the suggestion about the enzyme having two nonequivalent active sites. 

More knowledge about inhibition processes was gained in the study of the 
labelled compounds and rearrangement of inactive enzyme into diamino acids. 
Since the rearrangement carried out with pyrophosphatase treated with hy- 
droxylamine had led to the formation of diamino propionic and diamino 
butyric acids, the conclusion was made that hydroxylamine binds with the 
enzyme covalently and the site of attack, as in the reaction with phosphate, is a 
carboxyl group of the enzyme. 

It should be emphasized that the total amount of carboxyl groups in 
inorganic pyrophosphatase is large, since it has been determined with glycine 
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methyl ester and carbodiimide in the presence of denaturing agents. It was 
found that out of 130 aspartyl and glutamyl residues and their amides per mol 
of enzyme, about 100 residues are carboxyl groups. Thus both phosphate and 
hydroxylamine in the reaction with carboxyl groups prove to be strictly selective. 

So far there have been no direct experimental data proving that inorganic 
phosphate and hydroxylamine react with the same enzyme group, but this is 
quite possible, because the incorporation of 32p into the protein molecule, by 
treatment of the enzyme simultaneously with 32p i and NH:OH, decreases to 
30% as compared to the control containing no hydroxylamine [40]. 

The appearance of an activated carboxyl group in the enzyme undoubtedly 
calls for further investigation. However, the available results allow certain 
assumptions to be made. 

The formation of the high-energy bond between the enzyme and phosphate 
may be explained in thermodynamic terms. In 1975 Kanazawa [41] deter- 
mined the changes in free energy, enthalpy and entropy associated with the 
binding of inorganic phosphate with sarcoplasmic reticulum ATPase. It turned 
out that it is the entropy alteration reflecting the changes in the enzyme con- 
formation or hydration that contributes most to the reaction energetics. It 
is not quite clear, though, how such different compounds as phosphate, hydro- 
xylamine and glycine methyl ester, on binding with the enzyme, cause struc- 
tural changes leading to the same result, i.e. activation of the carboxyl group. 

Another assumption for activation may be the existence in the protein 
molecule of an active carboxyl group derivative arising from chemical inter- 
action of this carboxyl group with some functional protein groups, e.g. with 
another carboxyl, imidazole or SH-group. The most plausible is formation of 
an anhydride between aspartyl and glutamyl residues. In fact, after treatment 
of the protein with hydroxylamine and carbodiimide, two diamino acids are 
revealed at the same time. Upon reduction of the phosphorylated protein with 
borohydride,!in addition to homoserine, a certain quantity of a-amino-5-hy- 
droxyvaleric acid is formed. However, in the former reaction almost equal 
amounts of diamino acids are formed, whereas the reaction of phosphate pro- 
ceeds mainly with the aspartyl residue, apparently due to the affinity of the 
reagent. As described in ref. 42, the reaction with the substrate is more specific 
and results in the only product being formed by the aspartyl residue. 

It should be emphasized that the mechanisms of both reactions are the same, 
since not only hydroxylamine, but also phosphate acts as a nucleophile which 
attacks the anhydride carbonyl atom. The reaction with phosphate is, in this 
case, similar to the preparation of acyl phosphates from carbonic anhydrides 
and phosphate [43]. 

With the suggestion of the existence in protein of anhydride, one may 
propose the following mechanism of action of inorganic pyrophosphatase: 

(4~, ~(2) 

/CO\ (1) /COO- _ _ /COO- _ /COO- / M\ 

E\ CO/0 C-43--P--O--P--O- C - 4 ) - - P - - O - - P - - O -  
II Jl II II Ir II Wf II 
0 0 0 0 0 0 0 0 
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According to this scheme, pyrophosphate reacts with the enzyme similarly 
to phosphate, i.e. the protein anhydride is attacked by the pyrophosphate 
oxygen atom (step 1). Support for the covalent intermediate with PPi can be 
found in ref. 42. Further binding of  the metal ion with pyrophosphate (step 
2) makes hydrolysis of  the pyrophosphate bond possible (step 3). It is essential 
that dephosphorylation of the phosphorylated intermediate {step 4) does not 
require water and proceeds under the action of a nucleophilic carboxyl group 
of the protein. It should be noted that E refers, in fact, to the complex of  the 
enzyme with the metal activator in the above scheme. 

Maintenance of the enzyme activity requires that both the anhydride and 
acyl phosphate should be buried in the enzyme and be inaccessible to water 
and other "accidental" nucleophiles. It is for this reason, apparently, that acyl 
phosphate does not react with borohydride in the intact enzyme. 

It is evident that the presence in the enzyme of a labile, highly reactive bond 
makes it impossible to detect it by a standard primary structure study and calls 
for special experiments. 

It should be stressed that inorganic pyrophosphatase is the first enzyme in 
which an activated carboxyl group has been revealed. However, one may 
believe that the existence of an activated carboxyl group is typical of  a number 
of enzymes of  phosphorus metabolism. 
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