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In a study of the mechanism of the action of yeas t  inorganic pyrophosphatase,  it was found [1] that 
during the enzymatic  react ion a phosphorylated enzyme is formed in which a phosphoric acid residue is 
covalently bound to one of the functional groups of the active cen te r .  On the basis  of the resul ts  of hydrol-  
ys i s  of the phosphorylated prote in  under  var ious conditions [2], the hypothesis was put forward that this 
group is a glutamic or  aspar t ic  acid carboxy group. In the presen t  work we discuss  how cer ta in  reagents  
interact ing with carboxy groups affect the enzymatic  activity of inorganic pyrophosphatase .  

The react ion with 0.5-1.0 M glycine methyl e s t e r  in the p resence  of water -so luble  carbodi imides  at 
pH4.75 is widely used for  the exhaustive modification of carboxy groups in prote ins  [3]. We used conditions 
close to the standard conditions. The inorganic pyrophosphatase was t rea ted  with 0.5 M glycine methyl 
e s t e r  and 0.05 M N-cyclohexyl-N'-[f l-(4-methylmorpholinto)ethyl]carbodiimide p-toluenesulfonate (CMEC) 
at pH 5.0 and 30°C. The number  o f f r eeca rboxy  groups in the inorganic pyrophosphatase was not known ac-  
curate ly ,  but the pro te in  molecule contained about 100 aspar t ic  acid and glutamtc acid res idues  [4]. Under 
the optimum condition, the react ion took place rapidly, and the prote in  molecule,  undergoing f a r - r each ing  
changes, lost  its enzymat ic  activity, as was to be expected (Fig. la) .  

Since inorganic pyrophosphatase is ex t r eme ly  rapidly denatured at pH 5.0, the react ion was pe r fo rmed  
in the p resence  of inorganic pyrophosphate,  which considerably stabi l izes the enzyme.  This made it pos -  
sible to follow the course  of the modificat ion with t ime.  

When only 0.05 M CMEC was used, the enzymat ic  activity fell rapidly (see Fig. lb). As is wellknown, 
carbodi tmides  can react  with carboxy groups giving der ivat ives  of O-acy lu reas  which, apparently,  was also 
observed in the p resen t  case .  Inorganic pyrophosphatase  is ex t remely  sensit ive to carbodi imide even at a 
concentra t ion of CMEC of 5 • 10 -4 M, i.e., two o rde r s  of magnitude lower  than in the exper iment  descr ibed 
above; in 30 minutes the enzymatic  activity had fallen by 15%. 

However,  at pH 5.0 i r r eve r s i b l e  inhibition of the enzyme took place even without CMEC, when the 
reac t ion  mixture  contained only glyeine methyl  e s t e r  (see Fig. lc) .  This phenomenon is possibly due to 
the p resence  in the molecule of inorganic pyrophosphatase of, at it were ,  a special  fo rm of activated c a r -  
boxy group which does not need additional act ivat ion by carbodiimide for  the reac t ion  with glycine methyl 
e s t e r .  The presence  of such an activated carboxy group in the pro te in  would also enable us to explain the 
format ion of a mac roe rg i c  acyl phosphate bond which probably takes place in the phosphorylat ion of the 
enzyme by inorganic phosphate [5]. 

Calcium pyrophosphate (0.001 M), which is a competi t ive inhibitor of inorganic pyrosphosphatase,  
p ro tec t s  the enzyme f rom the influence of glycine methyl e s t e r  to a considerable  extent (see Fig. ld). This 
shows that the action of the glycine methyl e s t e r  is directed to one of the groups of the active center ,  since 
ca l c ium pyrophosphate is bound to the same sect ion of the enzyme as the substra te  - magnes iumpyrophos-  
phate.  

Compounds containing activated carboxy groups,  such as e s t e r s  or  acyl phosphates,  readily react  with 
hydroxylamine forming hydroxamic acids [6]. Consequently, x,'e then determined how hydroxylamine affects  
the p roper t i e s  of the inorganic pyrophosphatase,  above aU in the p rocess  of phosphorylat ing the enzyme 
with inorganic phosphate.  For  this purpose we pe r fo rmed  two para l le l  exper iments  in which phosphoryla-  
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Fig. 1. Inhibition of the enzyme 
by the methyl  e s t e r  of glycine and 
by N-cyc lohexyl -  N ' -  [fl- (4-methyl -  
morpholinio)et  hyl]carbodi imide p-  
toluenesulfonate ,  pH 5.0, 30°C: 1) 
0.5 M glycine methyl  e s t e r ,  0.05 M 
CMEC, 0.001 M Na4P20?; 2) 0.05 M 
CMEC, 0.001 M Na4P2OT; 3) 0.5 M 
glycine methyl  e s t e r ;  4) 0.5 M gly-  
cine methyl  e s t e r ,  0.001 M ca lc ium 
pyrophosphate .  
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Fig. 2. Isola t ion of phosphoryla ted  
inorganic pyrophospha tase  by gel 
f i l t ra t ion  on Sephadex G-50: 1) ex-  
pe r imen t  with 1 M NH2OH; 2) e x p e r i -  
ment  with 1 M NaC1. 

t ion by radioact ive  inorganic phosphate was p e r f o r m e d  at pH 5.0 
by a method developed prev ious ly  [5]. In one exper iment ,  the r e -  
act ion mix ture  contained 1 M hydroxylamine and in the o t h e r  1 M 
sodium chlor ide .  Af te r  the isolat ion of the phosphoryla ted  p r o -  
te in  it was found that in the expe r imen t  with hydroxylamine the 
inclusion of the phosphorus  label  in the p ro te in  amounted to only 
31~ of its inclusion in the pa ra l l e l  expe r imen t s  (Fig. 2). This  
is in ha rmony  with the hypothesis  that hydroxylamine in te rac ts  
with the group of the act ive cen te r  that binds the phosphate r e s i -  
due in the fo rmat ion  of a phosphoryla ted  pro te in .  

In subsequent  expe r imen t s  we found how hydroxylamine 
af fec ts  the enzymat ic  act ivi ty of inorganic pyrophospha tase .  
F igure  3 shows the dependence of the act ivi ty  on the concen t ra -  
t ion of the agent at pH 7.0. As can  be seen  f r o m  the graph, at a 
concent ra t ion  of hydroxylamine of 0.01-0.2 M some act ivat ion of 
the enzyme is observed,  and then the act ivi ty rapidly fal ls  and 
even at a concent ra t ion  of hydroxylamine of 0.15 M it is only 50% 
of the act ivi ty  in a control  exper iment .  Under  these  conditions, 
the depth of inhibition depends on the t ime of incubation of the 
enzyme with the hydroxylamine,  and when the reac t ion  mix ture  
is diluted the enzymat ic  activity is comple te ly  r e s to red .  Although 
this cont rad ic t s  the theore t ica l  scheme of the reac t ion  (the f o r m a -  
t ion of hydroxamic  acid should be i r r e v e r s i b l e ) ,  neve r the le s s  
this  resu l t  is not unexpected.  

It has been  shown prev ious ly  that at high concentra t ions  
(0.8-2.0 M) hydroxylamine r e v e r s i b l y  s u p p r e s s e s  the act ivi ty of 
a number  of A T P a s e s  [7], for  which the p r e sence  of ca rboxy  
groups  in the act ive cen te r s  has also been suggested.  It may be 
a s sumed  that  in inorganic pyrophospha tase  and some other  en-  
zymes  a specia l  m e c h a n i s m  ex is t s  which constantly " l ibe ra tes"  
the carboxy group of the act ive cen te r  and the phosphate res idue 
or  inhibi tor  molecule  binding with it. Such a role may be played 
by, for  example ,  one of the functional groups  of the prote in .  

The behav ior  of the enzyme in the p r e s e n c e  of the colored 
N- (2-hydroxy-5-n i t robenzy l )hydroxy lamine  (HNBH) at pH 7.0 has 
a lso  been  cons idered .  For  this reagent  we found the same  c h a r -  
a c t e r i s t i c s  as for  hydroxylamine ( revers ib i l i ty  of the inhibition 
and independence f r o m  the t ime) .  However,  this  reagent  had a 
cons iderable  effect  at f a r  lower  concentra t ions  (Fig. 4). Thus, 
50% suppress ion  of act ivi ty was achieved even at a concentra t ion 
of the HNBH of 1.6- 10 -4 M, i.e.,  three o rde r s  of magnitude lower  
than for  the unsubsti tuted hydroxylamine (see Fig. 3). The r e -  
sul ts  of a study of the inhibiting action of HNBH at different pH 
values have shownthat  its m a x i m u m  ef fec t iveness  is p r ec i s e ly  at 
pH 7.0 (Fig. 5) -- the pH opt imum of the action of inorganic p y r o -  
phosphatase .  

With the s imul taneous  action on the enzyme of hydroxyl-  
amine and CMEC, a gradual  i r r e v e r s i b l e  loss  of enzymat ic  ac -  

t ivi ty took p lace  which amounted to 55% af te r  an hour (Fig. 6, curve  1). The reac t ion  was p e r f o r m e d  under  
mild conditions at pH 7.0 and 30°C. Hydroxylamine in a concentra t ion  of 0.01 M not only did not inhibit the 
enzyme but even somewhat  act ivated it (see Fig. 3), and at a concentra t ion  of CMEC of 4" 10 -1° M the ac-  
t ivi ty  had fa l len by only 15-20% (see Fig. 6, curve  2). But the addition to the reac t ion  mix ture  of 0.001 M 

pyrophosphate  led to the complete  p ro tec t ion  of the enzyme f r o m  the action of the hydroxylamine while 
s c a r c e l y  decreas ing  the degree  of inact ivat ion due to the p r e sence  of CMEC i tse l f  (see Fig. 6, cu rves  3 and 
4). The act ion of hydroxylamine is apparent ly  d i rec ted  a lmos t  comple te ly  to a group of the act ive center ,  
while the  carbodi imide  modif ies  the access ib le  carboxy groups  nonspecif ical ly .  
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Dependence of the activity of the enzyme on the 
concentrat ion of NH2OH, pH 7.0, 30°C. 
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Fig. 4. Dependence of the activity of the enzyme on the concen-  
t ra t ion of N-(2-hydroxy-5-ni t robenzyl)hydroxylamine,  pH 7.0, 30°C. 

Fig. 5. Dependence of the degree of inhibition of the enzyme by N- 
(2-hydroxy-5-ni t robenzyl)hydroxylamine on the pH, 2.0" 10 -5 M HNBH, 
30°C. 

In a study of the react ion described above at other pH values, it was found that at pH 6.5 inhibition 
is accelera ted  and takes place to the extent of 70~0 in an hour. However, with a fur ther  decrease  in the 
pH a rapid denaturation of the prote in  begins. The addition of inorganic pyrophosphate to the react ion mix-  
ture to stabilize the enzyme leads to its protect ion f rom inhibition. 

The effect observed in the combined action of hydroxylamine and CMEC is possible due to a Lossen 
rea r rangement .  D . E .  Koshland et al. [8] have established that hydroxamic acids undergo this r ea r r ange -  
ment under the influence of water-soluble  carbodiimides at pH 5.0 and room tempera ture .  The inhibition 
of the enzyme by HNBH in the presence  of CMEC remains  revers ible ,  which is in harmony with the p ro -  
posed explanation, since an unsubstituted ni trogen atom in a hydroxylamine is necessa ry  for  the r ea r r ange -  
ment. In the course  of the rear rangement ,  the hydroxamic acid residue formed by the react ion of the hy- 
droxylamine with the carboxy group of the enzyme is converted into an amino group. However, aspar t ic  
and glutamic acid residues are  converted,  respect ively,  into diaminopropionic and diaminobutyric acid 
res idues .  
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Fig. 6. React ion of the enzyme with hydroxyl-  
amine and N-cyc lohexy l -N ' - [ f l - (4 -methy lmor -  
pholinio)ethyl] carbodiimide p-toluenesulfonate,  
pH 7.0, 30°C; 1) 0.01 M NI-I2OH, 4.3" 10 -4 M 
CMEC; 2) 4.3" I0 -4 M CMEC; 3) 0.01 M NH2OH, 
4.3" 10 -4 M CM~C, 0.001 M Na4P207; 4) 4.3" 
I0 -4 M CMEC, 0.001 M Na4P207. 

If in the inhibition of inorganic pyrophosphatase 
by hydroxylamine and CMEC the p rocess  described 
above does actually take place, the possibil i ty a r i ses  
for  the subsequent acquisition of a direct  proof of the 
presence  of a carboxy group in the active center  of 
the enzyme.  

E X P E R I M E N T A L  M E T H O D  

Inorganic pyrophosphatase was isolated f rom 
yeas t  by the method of Braga and Avaeva [9]. The 
concentrat ion of protein was determined spec t ro-  
photometr ical ly  at 280 mp on the basis  that protein 
in a concentrat ion of 1 m g / m l  has an absorption of 
1.45 optical density units. The molecular  weight was 
taken as 70,000 [10]. Prepara t ions  of the enzyme 
with specific activit ies of 650 and 970 units, expressed 
in pmoles of inorganic phosphate l iberated by 1 mg of 
protein pe r  minute at 30°C, were used. The incubation 
mixture for determining activit ies contained 1 ml of 
0.01 M of Na4P207, 1 ml of 0.01 M MgSO 4, and 4 ml of 
0.1 M a c e t a t e - a m m o n i a  buffer, pH 7.0. The time of 

incubation with the enzyme was 10 minutes.  The amount of phosphate formed was found by a modification 
of F i ske ' s  method [11]. The CMEC, synthesized in the Institute of Organic Chemis t ry  of the Siberian Branch 
of the Academy of Sciences of the USSR, was kindly given to us by V. M. Stepanov. The HNBH was synthe- 
sized f rom 2-hydroxy-5-n i t robenzyl  chloride [12] and acetoxime by a method s imi lar  to that of Exner [13]. 
The concentrat ion of HNBH was determined spectrophotometr ical ly  at 410 rap, taking the mola r  absorption 
as 1.7" 104 at alkaline pH values [14]. Grade ch. d. a. [Wpure for analysis  w] HC1-NH2OH was used after  
two recrys ta l l i za t ions  f rom ethanol. In the prepara t ion  of the solutions, the pH was brought to the required 
value with 1 M NaOH. All the inhibition exper iments  were pe r fo rmed  at 30°C. 

Inhibition of Inorganic l~rophosphatase  by Glycine Methyl Es te r .  The experiments  were per formed 
in 0.03 M v e r o n a l - a c e t a t e  buffers,  pH 5.0 and 7.0. The concentrat ion of the enzyme was 2- 10 -7 M. of the 
hydrochloride of glycine methyl e s t e r  0.5 M, of CMEC 0.05 or  0.0005 M, and of CaCI~ and Na4P207 0.001 M. 
The volume of the react ion mixture was 1 ml. To determine the enzymatic  activity, af ter  predetermined 
intervals  of t ime 15- to 25-pl samples were taken. The residual activity was re fe r red  to the activity in 
control  exper iments .  

React ion of the Enzyme with Radioactive Inorganic Phosphate in the Presence  of NH2OH. The reac-  
tion was per formed in 0.2 M acetate buffer, pH 5.0, at room tempera ture .  In a volume of 0.4 ml. the re-  
action mixture included 0.21 rag of enzyme, 1.25 • 10 -3 M Na2HP Q containing 32p, and 1.0 M NH2OH, pH 5.0, 
or  1.0 M NaC1. After  3 h, a solution of sodium dodecyl sulfate was added to give a concentrat ion of 0.1%. 
After  20 h, the react ion mixture was deposited on a column (1.5 x 25 cm) of Sephadex G-50 and was eluted 
with 0.05 M t r i s -HClbuf fe r ,  pH 7.2. Fract ions with a volume of 1.5 ml were collected, and the radioac-  
tivities were counted in a Nuclear-Chicago scintil lation counter  (USA). 

The inclusion of 32p amounted to 0.39 mole of phosphate/mole of protein in the experiment with NaC1 
and 0.12 in the experiment  with NH2OH. 

Inhibition of the Inorganic Pyrophosphatase  by NH2OH and HNBH, o The react ion mixture with a volume 
of 5 mI contained NH2OH or  HNBH of the given concentration, 2 .10  -3 M Na4P207, and 0.1 M acetate buffer, 
pH 7.0. Ei ther  immediately or  af ter  predetermined intervals  of t ime, 1 ml of 0.01 M MgSQ was added to 
it and the activity of the enzyme was determined.  In a study of the i r revers ib i l i ty  of inhibition, 15- to 25- 
pl samples were taken f rom the react ion mixture and added to a solution for the determinat ion of activity. 
In control  exper iments  the react ion mixtures  contained, in place of NH2OH, NaC1 of the corresponding con- 
centrat ion.  

To investigate the i r  dependence on the pH, the experiments  were per formed in 0.03 M v e r o n a l - a c e t a t e  
buffers,  pH 5.0-8.5. The concentrat ion of HNBH was 2 • 10 -5 M and of NacP207 2 " 10 -3 M. The activity was 
determined in the react ion mixture by adding MgSO 4 and was re fe r red  to the activity in a control exper i -  
ment without HNBtt measured  at the same pH. 
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Reaction of the Enzyme with NH2OH and HNBH in the P resence  of CMEC. In a volume of 5 nil, the 
react ion mixture  contained 0.01 M NH2OH or  2" 10 .3 M HNBH, 4 .3 .10  -4 M CMEC, the prote in  in a concen- 
t ra t ion  of 0 .7 '  10 "7 M, and 0.1 M acetate  buffer  with pH 7.0 or  0.03 M v e r o n a l - a c e t a t e  buffer  with pH 5.0- 
6.5, and also, where shown, 2" 10 -3 M Na4P207. After  p rede te rmined  intervals  of t ime, samples  were taken 
for  activity measu remen t s .  

S U M M A R Y  

1. Glycine methyl e s t e r  is an inhibitor of yeas t  inorganic pyrophosphatase at pH 5.0 both in the 
p resence  and in the absence of N-cyclohexyl-N'- [ f l - (4-methylmorphol inio)ethyl]carbodt imtde p- to luene-  
sulfonate (C ME C). Calcium pyrophosphateprotec ts  the enzyme f rom inhibition. 

2. Hydroxylamine and N-(2-hydroxy-5-ni t robenzyl)hydroxylamine are  revers ib le  inhibitors of inor-  
ganic pyrophosphatase .  

3. In the p resence  of CMEC hydroxylamine is an i r r eve r s ib l e  inhibitor of the enzyme.  Inorganic 
pyrosphosphate  p ro tec t s  the enzyme f rom inactivation. 

4. The resu l t s  obtained conf i rm the hypothesis that there  is an activated carboxy group in the active 
cen te r  of yeas t  inorganic pyrophosphatase .  
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