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A nece s sa ry  step in the study of the fundamental  s t ruc ture  of pro te ins  is the select ive cleavage of a l imi ted 
number  of peptide l inks,  if enzymes are  employed for this purpose,  especial ly  t ryps in ,  it is very  convenient to 
modify the e-amino groups of lysine and to hydrolyze only those bonds which are  formed with the carboxyl groups of 
a rg in ine .  The e-amino groups a re  most  often acylated with t r i f ho roace t i c  anhydride [1] or succinic  anhydride [2-4] ,  
and of late the use of maleic  anhydride has been proposed for  this purpose [5-7] .  

This paper  p re sen t s  the resu l t s  of r e s e a r c h  on the react ion of maleic  anhydride with yeast  inorganic 
pyrophosphatase.  

The f i r s t  stages in the isolat ion of yeast  inorganic pyrophosphatase were per formed according to Kunitzts 
procedure  [8]. Subsequently the pro te in  was purified on diethylaminoethylcel lulose (DEAE-cellulose).  However, the 
pro te in  obtained contained sorbed amino acids.  They were removed by dissolving the pro te in  in the min imum quantity 
of water  and then precipi ta t ing it with t r ich loroace t ic  acid, followed by dialysis  against  a weak t r ichloroacet ic  acid 
solution and against  water .  Then the yeast  inorganic pyrophosphatase was made to react  with male ic  anhydride.  

CH--CO 

protein--NH~-~- I] ~ O ~  protein N H - - C O - - C H = C H - - C O O H  
/ 

CH--CO 

The optimum conditions for this react ion were found by analyt ical  exper iments .  A weighed sample of prote in  was 
dissolved in water  and treated with a 30- or 60- or 120-fold excess  of maleic  anhydride at pH 8.5-9.5 and 2* C. The 
course  of the react ion was followed by the decrease  in the in tensi ty  of the ninhydrin  colorat ion.  Table 1 p resen t s  the 
resu l t s  of the exper iments  (the in tensi ty  of the ninhydrin  react ion of the or iginal  solution was taken as unity}. 

Table 1. Reaction of Yeast Inorganic 
Pyrophosphatase with Maleic Anhydride 

o~ 
~ Molar ratio of 

,~'r" maleic anhydride 
Z ~ ~ to protein 

l 30 
2 60 
3 120 
4* 120 

Variation of the relative intensity of 
the ninhydrin reaction with time, in 

min 
5 10 

0.39 0.40 
0.36 0.23 
0.23 0.24 
0. t2 -- 

15 30 

0.26 0 .23  
0.20 0. ~5 
0.16 0.12 
0.13 0.12 

*The protein was previously oxidized with performic acid. 

The table shows that with a 120-fold excess  of maleic  anhydride the reac t ion  is p rac t ica l ly  completed in 5 min.  
With a sma l l e r  excess of anhydride,  the reac t ion  is  somewhat s lower,  but approximately the same degree of 
acylat ion of the pro te in  was attained.  

The maleic  anhydride react ion was also car r ied  out on prote in  which had been previous ly  oxidized with 
pe r fo rmic  acid (see Table 1, exper iment  4). In this case the reac t ion  proceeded sti l l  fas te r  and led to the same degree 
of modificat ion.  

In the production of p repara t ive  quanti t ies  of acylated prote in ,  the reac t ion  was ca r r i ed  for  30 min,  using a 
1000-fold excess  of maleic  anhydride.  The use of a large excess of maleic  anhydride is related to its very  great  
labi l i ty [9]. 
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The dinitrophenyl method served to de termine  the degree to which the pro te in  had been acylated. The 
dini trophenylat ion of the acylated protein  was conducted by the usual  procedure  [10], then hydrolyzed and the quanti t ies 
of e -DNP-lys ine  and lysine determined in an amino acid analyzer .  The analys is  of the hydrolysate showed the complete 
absence of e -DNP-lys ine  (Table 2, exper iment  2). These resu l t s  prove that, under  the conditions described above, 
quantitative acylation of the e-amino groups of lysine took place. 

Table 2. Determinat ion  of the Quantity of e -DNP-lys ine  
in Hydrolysates  of Dinitrophenylated Pro te in  

Num- 
ber of  
the ex- 
peri- 
ment  

1 
2 

3 
4 

aeyl_ation 

1000-fo ld  excess, 
30 rain pH 8 .5-9 .0  ~ 

Protein 

condi t ions  

deaeyla t ion 

37 °, 24 hr pH 3.5 
37 °, 24 hr 
60 °, 10 hr pH 3.5 
60 °, 16 hr pH 3.5 

Quani ty  o f  
i ~-DNP~lysine, 

% 

9l 

o 
35 

85 
91 

Then i t  was neces sa ry  to find optimum conditions for deacylation. Again the dinitrophenyl method was used to 
es tabl ish  the degree of deacylation.  The data obtained by dinitrophenylat ing the or iginal  prote in  served as control .  In 
this connection the prote in  was dinitrophenylated,  then hydrolyzed, and the per  cent yield of ~-DNP-lysine  determined,  
taking the sum of e -DNP-lys ine  and lysine as 100%; 86% a-DNP-lys ine  was found in the hydrolysate.  The p resence  of 
lysine in the hydrolysate might be due ei ther  to incomplete dini trophenylat ion of the prote in  due to its poor solubili ty,  
or to the par t ia l  decomposit ion of e -DNP-lys ine  during hydrolysis .  A se r ies  of exper iments  was undertaken to test  
this last  hypothesis.  The DNP-prote in  obtained was hydrolyzed for  12, 24, and 48 hr  with 6 N HC1 at 105 ° C. Only 
5~ of the e -DNP-lys ine  was decomposed after  12 hr ,  in agreement  with l i t e ra ture  data [10]. Thus 91% 
dinitrophenylat ion of the protein  had taken place (Table 2, experiment  1). 

To remove the protect ive groups f rom the acylated protein  it was t reated for  24 hr at 37 ° C with a p y r i d i n e -  
acetate pH 3.5 buffer, again dinitrophenylated,  and hydrolyzed. Analysis  of the hydrolysate revealed only 35% of 
e -DNP-lys ine  (see Table 2, exper iment  3). A supplementary holding of the acylated prote in  solution for 10 hr at 60 ° 
C ra ised  the yield of e-DNP-lys ine  to 85% (see Table 2, exper iment  4). Trea tment  of the acylated prote in  with 
pyr id ine-ace ta te  buffer during 16 hr  at 60 ° C and dini trophenylat ion led to the format ion of 91% of e -DNP- lys ine  (see 
Table 2, experiment  5), i . e . ,  the same quantity as for the original  protein.  This justified the conclusion that under 
such conditions deacylation was complete.  

The acylated prote in  becomes much more  soluble, which is ext remely  important  for its subsequent hydrolysis  by 
t ryps in .  

An increased absorption at 250 mp charac ter ized  the UV-spectrum of the acylated protein.  

Trea tment  of yeast inorganic pyrophosphatase with maleic  anhydride lowered i ts  sedimentat ion coefficient f rom 
4.05 to 1.75 S. It has been previous ly  shown that the sedimentat ion coefficient is also lowered by t rea t ing yeast  
inorganic pyrophosphatase with a large excess  of dodecyl sulfate [11]. Our resu l t s  also show the existence of 
subunits in the molecule of the enzyme. It should be remarked that dissociat ion into subunits is observed even when the 
protein  is  t reated with smal l  quanti t ies (5- or 10-fold excess) of maleic  anhydride.  The smal l  chemical  changes a r i s ing  
from the molecule of yeast inorganic pyrophosphatase after  t rea tment  with a smal l  excess  of maleic  anhydride 
facil i tate the de terminat ion  of the physicochemical  constants  of the subunits .  

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

1. Yeast inorganic pyrophosphatase.  Kunitz~s procedure  [8] was followed in the f i r s t  stages of prote in  separat ion 
f rom stock bakers  I yeast  (Moscow yeast factory).  P lasmolys i s  of the yeast  and fract ionat ion was car r ied  out with 
ammonium sulfate,  followed by autolysis and fract ionat ion by alcohol. The prote in  obtained af ter  alcohol 
f ract ionat ion was submitted to fur ther  purif icat ion.  

The prote in  (100 rag) dissolved in 5 ml of water  was introduced into a column (3 x 20 cm) filled with DEAE- 
cel lulose.  Elution was car r ied  out with a sodium chloride gradient  ranging f rom a 0.01 M tr is-HC1 solution, pH 7.5, 
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containing no sodium chlor ide  to a 0.3 M sodium chlor ide  solution in the same buffer.  The volume of the mixing v e s s e l  
was 1 l ;  the ra te  of elution, 20 m l / h r ;  and the f rac t ion  volume,  5 - 6  ml.  The f i r s t  100 ml of eluate was discarded,  and 
the remaining  f rac t ions  were  analyzed for  pro te in  content and act ivi ty .  The f rac t ions  that contained ac t ive  enzyme were  
combined, lyophil ized,  dissolved in the min imum quantity of wa te r  and dialyzed at 4 ° C for 20 hr  against  water ,  and 
again dried by lyophil ization to yield 40-50  mg of enzyme.  

The pro te in  (100 mg) was suspended in 4 ml of water ,  the insoluble res idue  removed by centrifuging,  and 2 ml  of 
a 30% solution of t r i ch lo roace t i c  acid was added to the solution. After  3 hr  the prec ip i ta te  was separated by 
centr ifuging,  suspended in water ,  and dialyzed at 4 ° C against  a 0.01% solution of t r i ch lo roace t i c  acid for  15 hr  and 
against  wa te r  fo r  20 hr,  and was then dr ied by lyophil izing.  

2. Oxidation of pyrophosphatase  with p e r f o r m i c  acid.  Exact ly  0.25 ml  of 30% hydrogen peroxide  was added to 
2.5 ml  of fo rmic  acid. The mix ture  was kept fo r  0.5 hr  at room t empera tu r e  in the dark.  Then, 2 ml of this solution 
was added to 20 mg of the prote in .  Af ter  standing for  30 min at room t em pe ra tu r e ,  the reac t ion  mix ture  was 
evaporated and the excess  of p e r f o r m i c  acid removed .  The yield of oxidized pro te in  was quanti tat ive.  

3. Acylat ion of the p ro te in  with male ic  anhydr ide . .  A} 92 mg of the prote in ,  p rev ious ly  oxidized with p e r f o r m i c  
acid,  was dissolved in 5 ml of N NaOH at 0 ° C, and a suspension of 7.72 g of male ic  anhydride in water  was added 
under intensive s t i r r ing .  The pH of the solution was kept at 8 . 5 - 9 . 0  by adding 2 N NaOH. The reac t ion  mixture  was 
dialyzed against  water  for 48 hr at 4 ° C and was then dried by lyophil ization.  The yield of acylated prote in  was 
quanti t i ta t ive.  

B) The acylat ion of analyt ical  quanti t ies of p ro te in  (~1 mg) with a 30-, 60-, or  120-fold excess  of male ic  
anhydride was ca r r i ed  out under s i m i l a r  conditions.  The course  of the react ion was followed by a dec rea se  in the 
intensi ty of the ninhydrin colorat ion.  F o r  this purpose  samples  were  taken af ter  5, 10, 15, and 30 rain and 
t r a n s f e r r e d  to a solution containing 0.5 ml  of pH 5°0 aceta te  buffer and 0.5 ml  of the ninhydrin reagent .  The mix ture  
was heated for  15 min on a boiling water  bath, and then cooled. After  the addition of 2 ml of 50% ethanol, the co lor  
intensi ty was measured  with an SF-4 spee t rophotomete r  at 570 mp. 

4. Dini trophenylat ion of the pro te in .  Twelve m i l l i g r a m s  of yeast  inorganic pyrophosphatase  was dinitrophenylated 
by Sanger ' s  method [10]. The DNP-pro te in  obtained was hydrolyzed for  12, 24, and 48 hr  with 6 N HC1 at 105 ° C. The 
hydro lysa tes  were  evaporated,  the excess  of HC1 was r emoved ,  and the quanti t ies of e -DNP- lys ine  and lysine were  
de termined .  The acylated prote in  (see sect ion 3A) was s imi l a r ly  dini trophenylated,  hydrolyzed for  12 hr ,  and 
analyzed.  

5. Removal  of p ro tec t ive  groups f r o m  the acyla ted  prote in .  Ten m i l l i g r a m s  of pro te in  was d isso lved  in pyr id ine-  
aceta te  buffer ,  pH 3.5, and kept e i ther  fo r  24 hr  at 37 ° C, or  for  24 hr at 37 ° C and 10 hr  at 60 ° C, or for  16 hr  at 60 ° C. 
The prote in  was then dini trophenylated,  hydrolyzed,  and analyzed fo r  its e -DNP- lys ine  and lysine contents.  

e -DNP- lys ine  and lys ine  were  analyzed in a Hitschi  amino acid analyzer ,  with a column (10 x 0.9 cm) f i l led with 
spher ica l  r e s in  No. 3105. Table 2 p resen t s  the analyt ical  r e su l t s ,  as  ave rages  of 3 -5  exper iments .  

6. Sedimentat ion analysis  of the acylated yeast  inorganic pyrophosphatase .  Ten m i l l i g r a m s  of the acylated 
prote in  was dissolved in 1 ml  of 0.1 M tr is-HC1 buffer  at pH 8.0. The sedimentat ion of the protein was studied with a 
~Spinco E" analyt ica l  u l t racent r i fuge  at a ve loc i ty  of 59,700 rpm.  

CONCLUSIONS 

The reac t ion  of yeas t  inorganic pyrophosphatase with an excess  of male ic  anhydride at 2 ° C for 5 min leads to 
the acylat ion of a l l  e -amino  groups of lysine r e s idues .  

The p ro tec t ive  groups a re  comple te ly  removed  at pH 3.5 for  16 hr  at 60 ° C. Acylation with male ic  anhydride is 
accompanied by the d issocia t ion  of the yeas t  inorganic pyrophosphatase into its subunits.  
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