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Information is given in many publications on the investigation of the state of the cysteine residues in 
yeast inorganic pyrophosphatase, but questions relating to the disulfide bonds, the number of free SH groups 
and their role in the manifestation of the activity of the enzyme have not so far been answered. Eifler et al. 
[i], have found three hemicystine residues in an acid hydrolyzate of the protein (tool. wt. 60,000); two of 
themform anS-S bond, and there is one free SH group which is essential for activity [2]. Negi and Irie [3, 4], 
have shown that in the presence of denaturing agents all free SH groups axe modified by sulfhydryl reagents 
without preliminary reduction, which indicates the absence of S-S bonds in the protein. However, in Buffer's 
opinion [5], the protein does contain an S-S bond which is important for activity. Hansen et al. [6] have es- 
tablished that the enzyme has two free SH groups which react with 5,5'-dithiodi-2-nitrobenzoic acid (DTNB) 
in the presence of 8 M urea; S-S bonds are absent, since after reduction the number of reactive SH groups 
does not change. 

The p resen t  pape r  gives ~ew expe r imen ta l  r e su l t s  which enable the proceeding resu l t s  to be gene r -  
a l ized and the exis t ing contradic t ions  to be explained. 

The study of the react ion  of inorganic pyrophosphatase  with p - ch lo romercu r ibenzoa t e  and DTNB have 
shown that no modif icat ion of the SH group takes  place in the absence of denaturing agents .  When a S H - r e -  
agent and u r e a  or  sodium dodecyl sulfate  a re  added s imul taneous ly  to the protein,  the ra te  of the reac t ion  
is  again ve ry  low. 

F o r  the prolonged t r ea tmen t  of the  protein,  a suitable SH reagent  is iodoacetic acid, which f o r m s  a 
s table  compound with cysteine - ca rboxymethy lcys te ine  (CM-cysteine)  which may  then be isolated f r o m  an 
acid hydrolyza te  of the modif ied prote in .  F o r  the p resen t  work  we used iodoacetic acid labelled with 14C 
and the s ame  acid in the nonradioact ive  fo rm.  

To answer  the question of the exis tence  of S - S  bonds, expe r imen t s  were  p e r f o r m e d  to modify the en-  
zyme  with label led iodoacetic  acid in the absence  and in the p resence  of a reducing agent. In exper iment  a, 
[14C]iodoacetic acid in a denaturing buffer  was added to the enzyme and the reac t ion  was p e r f o r m e d  as de-  
sc r ibed  above in the absence  of a reducing agent.  In exper iment  b, the prote in  was prev ious ly  reduced  with 
dithiothreitol ,  and then the label led iodoacetic acid was added to it. In expe r imen t  c, nonradioact ive iodo- 
acet ic  acid was added to the protein,  and then, success ive ly ,  dithiotheitol and [i4C]iodoacetie acid. In all  
the exper iments ,  the method of denaturat ion was the same .  

Below we give informat ion on the carboxymethyla t ion  of inorganic pyrophosphatase  in the p r e sence  
and in the absence of di thiothrei tol  (pH 8.6, 10 -s M EDTA, concentrat ion of the enzyme 5 .10  -6 M, concen-  
t ra t ion  of [llC]iodoacetic acid 0.01 M). 

Sequence of addition of the 
reagents to the protein 

~t4c]iodoacetic acid (a) 
Dithiothreit01; [t4C]iodoacCtic acid (b) 
Iodoacetic acid, dithiothreitol 

[t4C]iodoacetic acid (c) 

No, of [t4C]-CM-cysteine 
residues per mole of protein 

3.4 
3.7 

0.25 
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Fig. 1. Change in the activity of 
the pyrophosphatase on the modi-  
fication of the SH groups by DTNB 
(pH 8.3, 0.01 M EDTA), 25°C, con- 
centrat ions of enzyme and inhibitor, 
respect ively,  5 • 10 -6 and 5 • 10 -5 M. 

As can be seen f rom a compar ison of experiments a and b, 
the number of res idues  of CM-cysteine did not increase  af ter  the 
reduction of the enzyme with dithiothreitol.  The absence of [14C]- 
CM-cysteine under  the conditions of experiment c also shows that 
no new SH groups appear after  the reduction of the enzyme. The 
resul ts  obtained show that there are no disulfide bonds in inorganic 
pyrophosphatase and that the question of the number  of cysteine 
residues in the protein can be discussed.  F r o m  the large number 
of experiments  per formed in the manner  of experiment  a using 
iodoacetic acid preparat ions  with different specific radioactivi t ies  
it can be seen that the number  of CM-cysteine residues formed 
per  mole of protein averages  3.12, while when the percentage de- 
composit ion of the CM-cysteine during acid hydrolysis  is taken 
into account [7] it amounts to 3.5. Since the modified protein was 
not separated f rom the unchanged protein, this value is somewhat 
low, and the total number of f ree  SH groups in yeast  inorganic 

pyrophosphatase must  be considered to be not less than four.  The resul ts  we have obtained, and those given 
in the l i terature,  show the s te r ic  inaccessibi l i ty  of the SH groups.  Another reason  for the lack of the ac- 
t ivity of the SH groups of the native enzyme may be their  part icipation in complex formation with metal  
atoms strongly bound to the enzyme [8]. 

The complexone ethylenediaminetetraacet ic  acid (EDTA) causes the inactivation of the enzyme, its 
rate increasing with a rise in t empera ture  and a fall  in the concentrat ion of the protein. At 20-25°C in the 
presence  of 10 .2 M EDTA the enzyme retains  its activity for severa l  hours, and at 37°C using 5 .10  -6 M, 
4 • 10-6M, and - 1  • 10 -6 M of protein its residual  activity after  1 h amountedto 66%, 60%, and 30-40%, r e spec -  
tively. 

However, it is important that in the presence  of reagents causing modification of SH groups the rate 
of inactivation of the enzyme is considerably increased.  The residual  activity in the presence  of 10 -2 M 
EDTA with 5 • 10 -6 M p-ch loromercur ibenzoa te  is 16% (60%),* and with 1.7 • 10tM iodoacetic acid and iodo- 
acetamide it is 20% (95%) and 40% (95%), respect ively.  The concentration of enzyme was 0.5 • 10 .6 M, pH 
8.3, 37°C, 1 h. 

In o rder  to increase the specifici ty of the inactivation process ,  the react ion with SH reagents  in the 
presence  of 10 .2 M EDTA was per formed at 25°C for  20-24 h at pH 8.3. Then DTNB was added and the de- 
gree  of modification was determined spectrophotometr ical ly ,  using e~i 2 = 13,600. These experiments  showed 
that at 25°C, just as at 37°C, react ion of the SH groups leads to a decrease  in reactive o f theenzyme  (Fig. 1}. 

The inactivation of the enzyme in the presence  of a tenfold excess  of DTNB is kinetically of the pseudo-- 
f i r s t  o rde r  with a rate constant of 1 • 10 -2 min -1. After  the addition of the DTN-B, a react ion with the SH 
groups of the proteins begins, and the modification react ion has pseudo-f i r s t  o rder  at a rate constant of 
7 • 1 0  - 2  min -1. The increase  in absorption at 412 nm in 45-60 rain corresponds  to the modification of 2 SH 
groups.  At this time the activity of the enzyme amounts to 60% of the initial activity. During a day, the ac-  
t ivity falls to zero.  In this case, modification is per formed not with DTNB but with iodoacetic acid. 

The protein was kept in a buffer  containing 10 .2 M EDTA for  12-15 h, and then iodoacetate was added 
and the react ion mixture was incubated at 37°C for 3 h. The react ion of the iodoaoetate with the protein de- 
natured with 8 M u rea  and 1% sodium dodecyl sulfate, but in the absence of EDTA, was per formed in paral lel .  
After the addition of the EDTA to the protein, one to two reactive SH groups appeared. The denaturation of 
the enzyme to which no EDTA had been added caused the appearance of 2.5 SH groups.  However, as stated 
above, the total number of SH groups react ing with iodoacetate in the presence  of both EDTA and denaturing 
agents is 3.5. The resul ts  obtained permit ted the conclusion that the SH groups of inorganic pyrophosphatase 
can be separated into two c lasses .  The f i r s t  c lass  includes groups showing react ivi ty only in the presence  
of EDTA. Their  number  is apparently two. The other groups react  only af ter  the f a r - r each ing  degradation 
of the protein success ive ly  with 8 M urea  and 1% sodium dodecyl sulfate. Their  amount can be determined 
f rom the difference between the total number of SH groups and the number of SH groups l iberated in the 
presence  of EDTA. 

• The f igures  obtained in the absence of EDTA are given in parentheses .  
t As in Russian original - Publisher .  
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Fig. 2. Influence o5 f ree  concentrat ions of Mg 2+ on the ac -  
t ivi ty  of inorganic pyrophosphatase  modified with DTNB at 
a f ree  concentra t ion  of pyrophosphate  of 0.015 M (pH 5.6, 
25°C) (a) and the r e su l t s  "A" e x p r e s s e d  in Hi l l ' s  coord ina te s  
(b). 

It has been shown prev ious ly  that the enzyme molectfle contains four  to s ix meta l  a toms  [8]. The max i -  
m u m  value of Hill ts  coefficient fo r  Mg 2+ found f r o m  the dependence of the ra te  of hydro lys i s  of pyrophos-  
phate on the concentra t ion of the f ree  f o r m  of Mg 2+ is 2.7 [9]. We de termined  Hi l l ' s  coefficient for  the en-  
zyme in which two sul ihydryl  groups  had been modified by DTNB (Fig. 2). Hill ts copfficient did not change 
a f t e r  the modif icat ion of the enzyme with DTNB. Thus,  modificat ion of the SH groups  in the p re sence  of 
EDTA does not cause a change in the number  of cen te r s  of binding of meta l  a toms  par t ic ipat ing in th~ f o r -  
mat ion  of the act ive complex.  This  conclusion is in ha rmony  with the resu l t s  obtained previously:  the in-  
act ivat ion of the enzyme caused by the reac t ion  of the SH groups  in the p resence  of EDTA takes place con- 
s iderab ly  more  slowly than modification.  The avai lable  expe r imen ta l  r e su l t s  do not make it possible  ac -  
cu ra te ly  to de t e rmine  the function of the SH groups,  but there  is no doubt that in the p resence  of EDTA the 
SH groups  of the enzyme become reac t ive  and the i r  modif icat ion leads to the inactivat ion of the enzyme.  
One of the r ea sons  fo r  this is, poss ibly ,  a change in the active s t ruc tu re  of the enzyme when the SH groups  
a re  modified, which leads t o  cons iderable  acce le ra t ion  of inactivation under  the action of EDTA. 

On the bas i s  of the r e su l t s  obtained, we have a t tempted  t o g e n e r a l i z e  l i t e ra tu re  informat ion  on the 
number  of SH groups  and the i r  role  in the act ivi ty of the enzyme.  The total  number  of hemicys t ine  r e s idues ,  
namely  three ,  was de te rmined  e a r l i e r  by the oxidation of the prote in  with p e r f o r m i c  acid [1, 3, 4] o r  by r e -  
action with DTNB and p - c h l o r o m e r c u r i b e n z o a t e  in the p resence  of a reducing agent [1, 4], while the molec -  
u la r  weight of the pro te in  was taken as 60,000. At the p resn t  t ime,  it has  been es tabl ished that the mo lec -  
u l a r  weight of yeas t  inorganic pyrophosphatase  is 70,000 [6]. In this case,  the number  of hemicys t ine  r e s i -  
dues become 3.5. The resu l t s  given by Hansen et al.  [6], showing the de terminat ion  of only two SH groups 
in the react ion  of the enzyme with DTNB in the p resence  of 10 -3 M EDTA rema in  unclear .  Never the less ,  
the t ime  of contact of the enzyme with a denaturing buffer  was too b r ie f  to show all the reac t ive  SH groups.  

On the bas i s  of l i t e ra tu re  sou rces  it is imposs ible  to draw any conclusions re la t ing to the role of the 
SH groups in the enzymat ic  act ivi ty of inorganic pyrophosphatase ,  since in some cases  the modif icat ion of 
the SH groups  was p e r f o r m e d  in the p re sence  of denaturing agents [3, 4, 6] and in o thers  only indirect  in for -  
mat ion  on the influence of SH reagents  on the act ivi ty of the enzyme with no determinat ion of the degree  of 
modif icat ion of the SH groups  was obtained [1, 2, 10]. 

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

Pur i f ica t ion  of the Reagents .  The iodoacet ic  acid was purif ied by repeated  r ec rys t a l l i za t ion  f r o m  
CC14, mp 80-82°C. The [2-14C]iodoacettc acid was a product  of the Radiochemical  Centre ,  Amersham,  with 
a spec i f ic  radioac t iv i ty  of 34 m C i / m o l e .  Before  the beginning of the exper iment ,  this m a t e r i a l  was diluted 
by the addition to 0.75 # m o l e  of [2-14C]iodoacetic acid of 34-43 moles  o fnonrad ioac t ive iodoace t i c  acid neu- 
t r a l i zed  with NaOH. The p - c h l o r o m e r c u r i b e n z o a t e  was a Chemapol p repa ra t ion  which was reprec ip i t a t ed  
th ree  t imes  with 1 N HCI f r o m  solution in 1 N NaOH and, a f t e r  being washed with wate r ,  was dr ied in a v a c -  
uum des i cca to r  over  P205. The 5 ,5 ' -d i th iod i -2 -n i t robenzo ic  acid, a p repa ra t ion  of the f i r m  Calbiochem, 
was used without additional purif icat ion.  The u r e a  and the t r i s  were  purif ied by r ec rys t a l l i za t ion  f r o m  60% 
ethanol.  

The inorganic  pyrophospha tase  was isolated f rom mother  b a k e r ' s  yeas t  by KunitzVs method [11]. The 
amino-ac id  composi t ion of the e l ec t rophore t i ca l ly  homogeneous prote in  cor responded  to l i t e ra tu re  data [1, 3 ]. 
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The enzymat ic  act ivi ty  was de te rmined  f r o m  the ra te  of cleavage of sodium pyrophosphate  to or thophosphate  
in 0.2 M ammonium aceta te  buffer ,  pH 7.0, at 30°C at concentra t ions  of pyrophosphate  and Mg 2+ of 0.01 and 
0.03 M, respec t ive ly .  Inorganic  phosphate was de te rmined  by the method of Wei l -Malherbe  and Green [12] 
or  by using a s emiau toma t i c  inorganic  phosphate ana lyze r  [9]. The act ivi ty of the enzyme was 900-1200 
uni ts .  

Synthesis  of [14C]Carboxymethylcysteine. Cysteine hydrochlor ide  (~ 10 rag) was dissolved in 0.3 ml  
of water ,  and t r i s  was added to pH 8-9. Ni t rogen was pas sed  fo r  30 min  in o rde r  to e l iminate  oxygen f r o m  
the solution, and then 0.03-0.05 ml  (3-4/~mole)  of dilute [14C]iodoacetic acid was added and the mix ture  was 
left  at room t e m p e r a t u r e  fo r  2-3 days.  Then an equal volume of 12 N HCI was added and hydrolys is  was 
p e r f o r m e d  at 105°C in vacuum for  22 h. Af te r  the usual  working up, the hydrolyzate  was deposited on the 
column of an amino-ac id  ana lyzer .  The f rac t ions  were  col lected f r o m  the column and the specif ic  radio-  
act ivi ty  of the ca roxymethy lcys te ine  was de te rmined ,  its amount being calculated f r o m  the ninhydrin peak 
and by measu r ing  the total r eac t iv i ty  in the CM-cys te ine  peak. 

React ion of Inorganic  Pyrophospha tase  with [14C]Iodoacetic Acid. A_ Without P r e l i m i n a r y  Reduction. 
Nitrogen was pa s sed  through 0.2-0.4 ml  of a buffer  solution, pH 8.6, containing 0.1 M tr is-HC1 8 M urea ,  
10 -3 M EDTA and 10 -2 M [14C]iodoacetic acid for  30 min.  Then the enzyme was  added (1.10 -6 to 5 • 10 -6 M) 
and the reac t ion  mix tu re  was left  in the dark  at r o o m  t e m p e r a t u r e .  After  24-26 h, sodium dodecyl sulfate 
was added to a concentra t ion of 1.0-1.5% and the reac t ion  mix tu re  was incubated at 37°C for  3-4 h. Then 
the pro te in  was sepa ra ted  f r o m  the low-molecu la r -we igh t  products  by gel f i l t ra t ion in a column (1 × 30 cm) 
of Sephadex G-25 equi l ibrated with 0.005 M t r i s -HC1 buffer  having pH 8.6. The f rac t ions  containing prote in  
were  t r ea ted  with an equal volume of 12 N HC1 and hydrolyzed in vacuum at 105°C fo r  22 h. 

B. After  Reduction with Dithiothreitol .  Nitrogen was pas sed  fo r  30 min through a buffer  solution, 
pH 8.6,-"-containing 0.1 M tris-HC1, 8 M urea ,  and 10 -3 M EDTA, and then the pro te in  was added (5.10 -6 M) 
and the reac t ion  mix tu re  was left at r oom t e m p e r a t u r e  in the dark.  After  24-36 H, sodium dodecyl sulfate 
was added to a concentra t ion of 1.0-1.5% and the mix ture  was incubated at 37°C for  1 h. Then di thiothrei tol  
was added (3.10 -s M) and the mix tu re  was incubated fu r the r  at 37°C fo r  two h, a f t e r  which [14C]iodoacetic 
acid was added to a concentra t ion of 0.02 M and the reac t ion  mix ture  was kept at room t e m p e r a t u r e  for  3 h. 
The modif ied prote in  was sepa ra ted  by gel f i l t ra t ion  on Sephadex G-25, and the prote in  f rac t ion  was hydro-  
lyzed as desc r ibed  in exper iment  A. 

C_._.:. After  P r e l i m i n a r y  T r e a t m e n t  of ~ e  P ro te in  with Unlabeled Iodoacet ic  Acid. Thep ro t e in  (5- 10-6M) 
was t r ea t ed  with nonradioact ive iodoacetic acid (2 • 10 -4 M) in 0.1 M tr is-HC1 buffer,  pH 8.6, with 10 -3 M 
EDTA, fo r  36 h at r oom t e m p e r a t u r e ,  and then sodium dodecyl  sulfate was added and the mix tu re  was in- 
cubated at 37°C for  another  1 h. The subsequent t r ea tmen t  was the same as fo r  exper iment  B. 

Dete rmina t ion  of [14C]-CM-Cysteine in a Hydrolyzate  of the Labeled Prote in .  A hydrolyzate  of the 
pro te in  modif ied with [14C]iodoacetic acid was evapora ted  to dryness ,  d issolved in c i t ra te  buffs.r, pH 2.2, 
and deposi ted on the 50 -cm column of a Beckman  Unichrom automat ic  amino-ac id  analyzer .  Simultaneously,  
0.03-0.05 #mole  of nonradioact ive CM-cyste ine  was deposited on the column as a m a r k e r .  Analysis  was 
p e r f o r m e d  in the usual  way, and a f t e r  being mixed with ninhydrin, the elutate  was collected for  analysis  fo r  
radioact ivi ty:  f rac t ions  with a volume of 1.8-2.0 m l  were  taken by means  of a co l lec tor  and the rad ioac t iv-  
ity of each  f rac t ion  was m e a s u r e d .  The f rac t ions  containing the CM-cys te ine  were  combined and the amount 
of [14C]-CM-cysteine was de te rmined  as the ra t io  of the total  radioact iv i ty  in the CM-cyste ine  peak to the 
speci f ic  radioact iv i ty  of the ini t ial  [14C]-iodoacetic acid. 

Dete rmina t ion  of the Radioact ivi ty  of Compounds Containing 14C. To 0.05-0.50 ml  of the solution were  
added 10 ml  ofdioxane sc in t i l l a to r  (60 g of naphthalene, 4 g of 2,5-diphenyloxazole,  0.2 g of diphenyloxazolyl-  
benzene,  200 m l  of ethanol, and dioxane to a to ta l  volume of 1 l i ter)  and counting was p e r f o r m e d  in a Mark  
II  counter  (USA) for  4-8  rain. 

Modification of the SH Groups of Inorganic l~¢rophosphatase with DTNB. The enzyme (6.10 -6 M) was 
kept at r oom t e m p e r a t u r e  for  12 h in 0.1 M t r i s -HC1 buffer ,  pH 8.3, containing 10 -2 M EDTA, and then DTNB 
was added (4 • 10 -4 M). The modif ied prote in  was sepa ra ted  f r o m  the excess  of reagent  a f te r  3-4 h by gel 
f i l t ra t ion  on Sephadex G - 2 5 ,  the pro te in  being eluted with wate r .  

Determina t ion  of the Enzymat ic  Activi ty of the Inorganic Pyrophospha tase  Modifi~t with DTNB in the 
P r e s e n c e  of Varying Concentrat ions of Mg2+: The enzymat ic  reac t ion  with the modified enzyme was c a r -  
r ied out at 25°C in 0.025 M morphol inoethane sulfone buffer ,  pH 5.6, at a constant f roe  concentra t ion of py-  
rophosphate  of 0.015 M with va r i a t ion  in the concentra t ion of the f o r m s  of Mg 2+ f r o m  0.08 to 0.8~m._M. The 
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initial concentrations of pyrophosphate and Mg 2+ were calculated by using the stability complex of the mag- 
nesium pyrophosphate complex which is 1950 M -1 [9]. The enzymatic reaction was begun by adding the en- 
zyme to the solution of Mg 2+ and pyrophosphate in buffer (total volume 2 ml) and was stopped after 5 min 
by the addition of 0.15 ml of 6 N H2SO 4. The amount of phosphate formed was determined on a semiauto- 
matic phosphate analyzer [9]. 

C O N C L U S I O N S  

1. The total number of sulfhydryl groups in yeast inorganic pyrophosphatase has been determined. 

2. The absence of disulfide bonds in the molecule of the protein has been shown by the reaction with 
[14C]iodoacetic acid before and after the reduction of the enzyme with dithiothreitol. 

3. It has been shown that the modification of two of the SH groups of inorganic pyrophosphatase in the 
presence of EDTA is accompanied by the inactivation of the enzyme. 
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