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SUMMARY 

Allantoate amidohydrolase from Streptococcus allantoicus has been purified 5o- 
fold by  acetone fractionation, DEAE-cellulose chromatography and gel filtration. 
Mn 2+ was essential for catalytic activity; optimal activity was obtained at l O  - 4  M 

Mn 2+. The purified enzyme could be activated by pretreatment at pH values below 
4.3 or by pretreatment with 2. lO -5 M EDTA at pH 6.0. Optimal enzymic activity was 
measured at pH 8.5. Activated enzyme could be inactivated completely by 2. Io -4 M 
Mn 2+ at pH 6.0. This inactivation was not observed below pH 4.3 or above pH 8. 
Activation and inactivation were probably the result of a reversible dissociation of the 
Mn2+-protein complex. 

INTRODUCTION 

The metabolism of allantoin and allantoate in several microorganisms has been 
communicated previously 1 a. Allantoinase (allantoin amidohydrolase, EC 3.5.2.5) 
transformed allantoin to allantoate4, 5. In Pseudomonas fluorescess, Pseudomonas 
aeruginosa, Penicillium notatum and Penicillium citreo-viride allantoate was degraded 
to urea and ureidoglycolate by the action of allantoicase a (allantoate amidinohydro- 
lase, EC 3-5.3-4)- In Streptococcus allantoicus, Arthrobacter allantoicus, Escherichia coli, 
Escherichia coli var. acidilactici, Escherichia freundii and Pseudomo•as acidovorass 
allantoate amidohydrolase produced CO2, NHa and ureidoglycine from allantoate, 
and ureidoglycine in turn was converted to ammonia and ureidoglycolate 1. In both 
groups of organisms ureidoglycolate was degraded to glyoxylate and urea by the 
enzyme ureidoglycolase (ureidoglycolate amidinohydrolase) ~& 

Allantoate amidohydrolase could be activated by pretreatment  at low pH 
values and the activated enzyme could be inactivated by subsequent t reatment  at a 
pH of about 6 (ref. I). The present report deals with the purification of the enzyme 
and the effect of Mn 2+ on its activation and inactivation at various pH values. 
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EXPERIMENTAL 

Materials and methods 
The preparation of sodium allantoate and ureidoglycolate and of cell-free extracts 

from S. allantoicus and A. allantoicus were described earlier x,2. Glutamate dehydro- 
genase was obtained from C. F. Boehringer. GSH was purchased from Sigma. 

Ammonia was determined by dehydrogenation of NADH with glutamate de- 
hydrogenase in the presence of a-ketoghitarate 1. Allantoate, glyoxylate and the sum of 
ureidoglycine and ureidoglycolate were determined by differential glyoxylate analysis ~. 
Protein was measured according to LOWRY et al. 7 using bovine serum albumin as stan- 
dard and nucleic acids were determined from the absorbances at 280 and 260 m#. 

Purification of allantoate amidohydrolase 
Acetone was added dropwise to the crude cell-flee extract at - - lO°--15 °. The 

protein fractions obtained between 0-53 % and between 53-58 % final acetone concen- 
tration were separated at IO ooo × g for 25 rain at --20 °. The latter fraction was com- 
bined with the protein fraction obtained between 48-53 % final acetone concentration 
by reprecipitation of the former fraction dissolved in 0.05 M Tris-HC1 buffer (pH 7.5)- 
The Tris-HC1 buffer (pH 7.5) used in this and other purification steps contained 
1.7. lO-4 M EDTA. The combined protein fractions, dissolved in the Tris buffer, were 
applied to a DEAE-cellulose column (32 cm × 1.8 cm), thoroughly equilibrated with 
0.05 M Tris-HC1 buffer (pH 7.5). The adsorbed material was ehited stepwise with the 
same buffer containing an increasing NaC1 concentration. The fraction containing the 
allantoate amidohydrolase activity was ehited with 0.35 M NaC1 in the buffer and was 
dialyzed overnight against 0.05 M Tris-HC1 buffer (pH 7.5), lyophilized and dissolved 
in 2.5 ml of the same buffer. This solution was applied to a column (78 cm × 2.1 cm) 
of Sephadex G-2oo, packed according to ROTHSTEIN s, and the protein was eluted with 
0.05 M Tris-HCl buffer (pH 7.5). The active fractions were pooled and designated as 
purified enzyme. 

Measurement of enzymic activity 
Allantoate amidohydrolase activity was determined according to a modification 

of the method previously described 1. To measure enzymic activity of activated en- 
zyme I vol. of enzyme solution was mixed with 3 vol. o.o5 M sodium citrate-HC1 
buffer (pH 3.5); the pH of the mixture was 3.9- After 3o sec at o ° IO vol. o.13 M 
diethanolamine-HC1 buffer (pH 8.6) were added containing per ml 23/zmoles sodi- 
um allantoate, o.15 /,mole MnSO 4 and 5.9 /~moles neutralized GSH. The resulting 
mixture, with a final pH of 8.6, was incubated at 3 °° and the amount of allantoate 
degraded was measured by differential, glyoxylate analysis (Method D) 2. Activation of 
purified enzyme was mostly performed by pretreatment of the enzyme solution with 
3 vol. o.I M KH2PQ-Na2HPO 4 buffer (pH 6.o) for 3o rain at 3 o°. 

The spontaneous activity of the untreated enzyme preparation was measured 
on addition of the buffered substrate solution to the enzyme followed by the citrate 
or phosphate buffer. 

One unit of enzyme activity was defined as the amount which will catalyze the 
conversion of I ,umole allantoate per min. The specific activity was expressed in units 
per mg protein. 
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RESULTS 

Purification 
Table I shows a typical result of the purification procedure for the enzyme from 

S. allantoicus. This enzyme was purified 5o-fold (recovery 28%). The same procedure 
resulted in a 4o-fold purification of the enzyme from A. allantoicus, but the recovery 
was only lO% . The amount of nucleic acid in the purified material was less than 0.5 ~o, 

T A B L E  I 

P U R I F I C A T I O N  OF ALLANTOATE AMIDOHYDROLANE FROM S .  allantoicus 

Total Total Spec. Recovery Times 
protein activity activity (%) purified 
(rag) (units) 

Crude cell-free ex t r ac t  455" 191o 4.2 ioo  - -  
Acetone f r ac t iona t ion  51.3 I189 23.2 62 5.5 
DEAE-ce l lu lose  c h r o m a t o g r a p h y  9.65 753 78 39 t8.6 
Sephadex  G-2oo gel f i l t ra t ion  2.56 536 21o 28 50 

" F rom S. allanloicus cells grown in 14 1 a l l a n t o i n - y e a s t  e x t r a c t  m e d i u m  1 for 24 h a t  3 o°. 

whereas crude enzyme preparations contained more than 2o0/0 . The purified allantoate 
amidohydrolase preparations were found to be devoid of ureidoglycolase activity 
when tested with racemic ureidoglycolate as substrate. 

pH-dependent activation of the enzyme 
Cell-free extracts from S. allantoicus, A. allantoicus, E. coli, E. coli var. acidilac- 

tici and E. freundii showed only a slight allantoate amidohydrolase activity, when 
measured at pH 8. 5, which is in the optimal pH region for enzymic activity; the speci- 
fic spontaneous activities amounted to values between o.oi and o.i unit per mg pro- 
tein. These specific activities could be enhanced up to values between 2 and 4 by pre- 
treatment of the enzyme preparations at pH values below 4.3 for 30 sec at o ° (refs. 1,9). 
The spontaneous activity was not a result of the presence of allantoicase in S. allan- 
toicus as supposed by VALENTINE et al. 1°, since our crude and purified allantoate 
amidohydrolase preparations incubated with allantoate yielded always 2 moles NH 3 
together with I mole ureidoglycolate from I mole allantoate. NH a was not formed 
via urea as S. allantoicus was urease-negative 9. 

Fig. I shows the effect of pretreatment of crude cell-free extract from A. allan- 
toicus at pH 3.9 and pH 6.0. At both pH values the enzyme was activated and the 
maximal activation obtained was the same; at pH 6.0 the enhancement of activity 
was a slow process. Similar results were obtained with the crude enzyme from S. allan- 
toicus. The purified enzyme preparations from both bacteria could also be activated 
at pH's  3.9 and 6.0. At pH 3-9 denaturation of the enzyme took place during activa- 
tion, especially when the protein content of the sample was low. At pH 6.0 the acti- 
vated enzyme was rather stable; therefore activation of purified enzyme was mostly 
performed at this pH. 

In earlier I experiments no activation was found at pH values above 4.3 and, in 
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contrast to tile results presented now, the enzyme activated at pH 2.6 was inactivated 
during subsequent treatment at pH 6.0. However, previously Mn ~+ and in most cases 
GSH were present during pretreatment while in the present experiments both sub- 
stances, which stimulate the enzymic activity measured at pH 8.5, were added to- 
gether with the substrate after the acid treatment. In order to elucidate this apparent 
contrast we investigated the effect exhibited by Mn 2÷ added before or during the 
pretreatment of the enzyme at several pH values. 

i ! 
o 

/ , 

O - -  
o ;~ e'o #o 4'o so 

T i m e  o f  p r e ~ r e Q t m e n t  ( r n i r ~ )  

Fig. I. Ac t iva t i on  of a l l a n t o a t e  amidohydro la se  in cell-free e x t r a c t  f rom A. allantoicus by pre- 
t r e a t m e n t  a t  p H  3.9 a t  o ° (Curve I) or a t  p H  6.0 a t  3 °0 (Curve 2). Cell-free e x t r a c t  (0.8 ml) con- 
t a in ing  0.82 mg pro te in  in 0.05 M Tris-HC1 buffer (pH 7.5), which was 1. 7 • lO -4 M wi th  respect  
to  EDTA,  was mixed  wi th  2. 4 ml  0.05 M sod ium c i t ra te -HC1 buffer (pH 3.5) or wi th  2. 4 ml  o . i  M 
K H , P O  4 Na2HPO , buffer (pH 6.0). At  the  ind ica ted  t ime  in t e rva l s  o.2-ml a l iquo t s  of the  mix-  
tures  were added  to  2 ml  o.13 M d ie thano lamine -HC1 buffer (pH 8.6), which conta ined  per ml  
23 / ,moles  sod ium a l lan toa te ,  o.15/*mole MnSO 4 and 5.9/~moles GSH. The resu l t ing  m i x t u r e s  
were i ncuba t ed  for 30 min  a t  3 o°. F rom the  a m o u n t s  of a l l an toa t e  degraded  the  specific ac t iv i t i e s  
of the a c t i v a t e d  enzyme  were ca lcula ted .  

Effect of M n  2+ and other bivalent cations 
Fig. 2 shows the effect of Mn 2+ added during activation of the enzyme at pH 6.o. 

All spontaneous activity present disappeared within IO sec at o °, when Mn 2+ was 
added at the start of the activation period. Addition of Mn 2÷ at different time inter- 
vals during the activation process resulted in a very rapid decrease in the specific 
activity of the activated enzyme. The effects of 2. lO -4 M Co 2÷, Cd 2+, Ca z+ or Zn 2+, 
added during enzyme activation at pH 6.0, are presented in Fig. 3- Co2÷, Cd 2÷ and 
Zn 2÷ exhibited a similar effect to Mn 2+, but Ca 2+ inhibited further activation without 
inactivating already activated enzyme. At pH values below 4-3, in contrast to the 
results obtained at pH 6.0, 2. lO -4 M Mn 2+ did not influence the extent and rate of 
activation. At pH 7.5, Mn2+ abolished rapidly the spontaneous activity (Fig. 4a), but 
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a t  p H  8.5, t h e  p H  o p t i m u m  of  t h e  e n z y m e ,  M n  2+ p r o t e c t e d  t h e  e n z y m e  a g a i n s t  in-  
a c t i v a t i o n  o b s e r v e d  in  t h e  a b s e n c e  of  M n  2+ (Fig. 4b).  

A l t h o u g h  M n  2+ i n a c t i v a t e d  t h e  e n z y m e  a t  p H  va lues  b e t w e e n  4 a n d  8, t h i s  ion 

was  e s s e n t i a l  for  t h e  c a t a l y t i c  a c t i o n  of  t h e  e n z y m e  a t  p H  8.5. Cd 2+, Ca 2+ a n d  Z n  2+ 

cou ld  n o t  r ep l ace  M n  2+, b u t  Co ~+ s h o w e d  a s t i m u l a t i n g  effect  on  t h e  e n z y m i c  a c t i v i t y ,  

w h i c h  was  1 6 %  of  t h a t  e x h i b i t e d  b y  t h e  s a m e  c o n c e n t r a t i o n  of  M n  2+. T h e  a c t i v a t i n g  
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Fig. 2. Effect of Mn 2. on the activity of purified allantoatc amidohydrolase from S. allanloicus 
activated at  p t t  6.o. In order to activate o.63 ml purified enzyme containing 17/,g protein and 
o.o 5 #mole EDTA in o.o 5 M Tris HC1 buffer (pH 7-5) were mixed with 1.8 ml o.1 M KHzP() a 
Na2HPO ~ buffer (pH 6.o). At the indicated time intervals the enzymic activity in o.2-ml aliquots 
of the mixture was tested as given in Fig. i. In the inactivation experiments o.6 ml purified 
enzyme containing 17/~g protein and o.o 5 pmole EDTA in o.o 5 M Tris -HC1 buffer (pH 7.5) were 
mixed with 1.8 ml of the o.i M phosphate buffer . At t -- Io min or t = 25 min of the preincuba- 
tion period o.o 3 ml water containing o.46i~mole MnSOa was added. At the indicated time 
intervals o.2 ml of the mixtures were tested for activity as given in Fig. i. Mn 2+ was added in 
such an amount  tha t  the final concentration in all incubation mixtures was equal. 

Fig. 3. Effect of bivalent  cations on the activity of allantoate amidohydrolase from S. allantoicus 
activated at  pH 6.o. The same procedure was followed as described in Fig. 2. The inactivation 
curves, starting at  t io min were obtained on addition of o.o 3 ml water containing o.46/,mole 
of the cation tested. 

effect  o n  t h e  e n z y m i c  a c t i v i t y  was  o p t i m a l  a t  IO ~ M Mn2+; t h e  s a m e  r e s u l t  was  f l m n d  

p r e v i o u s l y  w i t h  c r u d e  cel l-free e x t r a c t  z,9. 

T h e  pu r i f i ed  e n z y m e  was  d i a l y z e d  o v e r n i g h t  a g a i n s t  o.o5 M T r i s - H C 1  bu f fe r  

( pH  7.5) to  r e m o v e  E D T A ,  w h i c h  w as  n o r m a l l y  p r e s e n t  a t  a concn ,  of  1. 7 • IO -4 M in 

al l  bu f fe r s  u s e d  in  t h e  p u r i f i c a t i o n  p r o c e d u r e .  A f t e r  d i a ly s i s  t h e  e n z y m e  cou ld  b e  

a c t i v a t e d  b y  p r e t r e a t m e n t  b e l o w  p H  4.3, b u t  n o t  a t  p H  6.o. On  a d d i t i o n  of  o . I  7 # m o l e  

E D T A  p e r  m l  of  d i a l y z e d  e n z y m e  p r e p a r a t i o n  t h e  e n z y m e  c o u l d  b e  a c t i v a t e d  a t  p H  6.o 

a g a i n  a n d  to  t h e  s a m e  level  as b e f o r e  d ia lys is .  A p p a r e n t l y  E D T A  was  i m p o r t a n t  in  

t h e  a c t i v a t i n g  p h e n o m e n o n  o b s e r v e d  a t  p H  6.o. T h i s  r e s u l t  s t r o n g l y  s u g g e s t s  t h a t  
a c t i v a t i o n  was  d u e  to  r e m o v a l  of  M n  2+ f r o m  a n  i n c o r r e c t  p o s i t i o n  in  t h e  a c t i v e  c e n t e r  

of  t h e  e n z y m e .  I n  pu r i f i ed  e n z y m e  p r e p a r a t i o n s  t h e  p r e s e n c e  of  m a n g a n e s e  cou ld  b e  

d e m o n s t r a t e d  b y  t h e  f o r m a l d o x i m e  m e t h o d  n .  

Biochim. liioph3,s..4cla, 139 ([9()7) [62- I68 



ALLANTOATE AMIDOHYDROLASE 

1 -I+,  a + 

\ 
I 

÷ b i ~ a  * 

i ?  r ] 5  

i ;  

i 

xo7 

o ~o 
~q M 4 n  ~* 

p ~  = 8,5 

: . i n  a+ 

i L 

T i ,~ le  ©[  p r e t r e a t m e m t  ' ~ . r ~  ~ , ~ t r e c l t m e l s t  t /~ i~,  

Fig. 4. Effect of p re t rea tment  at p H  7-5 (a) and pH 8. 5 (b) on the activity of al lantoate amido- 
hydrolase from S. allantoicus in the presence and absence of Mn 2+. The same procedure was 
followed as given in Fig. 2, except tha t  Mn ~+ was added at the s ta r t  of the pre t rea tment  period 
and tha t  o.I M phosphate  buffer (pH 6.o) was replaced by  o.o 5 M Tris-HC1 buffer (pH 7.5) or 
o.13 ]V]] diethanolamine-HC1 buffer (pH 8.6), both  wi thout  EDTA. 

DISCUSSION 

Allantoate amidohydrolase catalyzes the conversion of allantoate to ureido- 
glycine, C Q  and NH 3. It could be activated by pretreatment at pH values below 4.3 
for 30 sec at o ° (refs. 1,9). Activated enzyme was inactivated at a pH of about 6, and 
both activation and inactivation were reversible processes 1. In order to study these 
processes in more detail, purification of the enzyme was attempted. The specific 
activity could be enhanced 5o-fold by acetone fractionation, DEAE-cellulose chroma- 
tography and gel filtration. 

Mn ~+ has found to be essential for the catalytic activity of allantoate amido- 
hydrolase, which was always tested at pH 8.5, the pH optimum of the enzyme. The 
presence of this ion in purified enzyme preparations could be demonstrated by the 
formaldoxime reaction. 

The purified material could be activated at pH values below 4.3 at o °, or at pH 6 
in the presence of EDTA ; the latter process was complete after 30 rain at 3 o°. Since 
the extent of activation was the same in both cases, it seems likely that both treat- 
ments resulted in the same alteration of the enzymic configuration. The effect of EDTA 
suggests the involvement of a bivalent cation in the activation reaction. 

Activated enzyme could be inactivated by 2. lO -4 M Mn 2+ at pH 6 and 7.5 ; the 
enzyme was inactivated almost completely within 2 min at pH 6. It  seems reasonable to 
assume that in this process Mn 2+ was bound to the enzyme. Since this binding did not 
result in a catalytically active enzyme, Mn 2+ was apparently bound in an incorrect po- 
sition. 

Three distinct pH regions for activation and inactivation of allantoate amido- 
hydrolase can be distinguished. At pH values below 4.3 activation occurred and the 
presence of Mn 2+ did not affect this process. In the pH range between about 5 and 7 
the enzyme could be activated in the presence of EDTA, whereas addition of Mn 2+ 
to activated enzyme resulted in a rapid disappearance of the enzymic activity. Above 
pH 8 the enzyme could not be activated and Mn 2+ had no inactivating effect. 
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The activation and inactivation reactions observed with allantoate amido- 
hydrolase were clearly distinguished from those observed with some proteolytic 
enzymes. In the latter, activation appears to consist of the cleavage of peptide links, 
with or without removal of free peptides. Some other enzymes can be activated at low 
or high pH values: 4,5-dihydropyrimidine amidohydrolase 12 (EC y5.2.2), latent 
phenolase la (o-quinol:oxygen oxidoreductase, EC I.IO.3.I), 3-hydroxyanthranilate:  
oxygen oxidoreductase 14 (EC I.I3.I.6),  allantoin amidohydrolase 4 (EC 3.5.2.5) from 
higher plants and mitochondrial ATP phosphohydrolase 15 (EC 3.6.1.3). These enzymes 
contain bivalent cations or are strongly activated by them, and therefore the activa- 
tion processes of these enzymes could be a result of an alteration in the metal-protein 
interaction. The phenomena observed with allantoate amidohydrolase may occur also 
among other enzymes, whose catalytic activity depends on the presence of bivalent 
cations. 
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