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SUMMARY 

02-dependent oxaiate decarboxylase (oxalate carboxy-lyase, EC 4.1.1.2) is 
isolated of a higher degree of purity. During the decarboxylation reaction, in addition 
to formate and CO 2, traces of H202 and oxidation products of aromatic amines and 
phenols are formed; these aromatic compounds are added with the purpose of stimulat- 
ing and protecting the enzyme during its catalytic action. When the partial pressure 
of 02 is increased the enzyme is denatured at an increasing rate ; the amount of H20 ~ 
and oxidation products formed are also increased. The results suggest that  the oxalate 
decarboxylation proceeds with a single electron transfer. 

INTRODUCTION 

Oxalate decarboxylase (oxalate carboxy-lyase, EC 4.1.1.2) has been discovered 
by SHIMAZONO 1 in Collybia velutipes. SHIMAZONO AND HAYAISHI 2 cultivated this 
xylophagous fungus during 27 days adding oxalic acid to the medium to induce the 
formation of decarboxylase. EMILIANI AND BEKES 3 obtained the same enzyme from 
Aspergillus niger strains which produce a considerable amount of citric acid. Asper- 
gillus grows so rapidly, that  3 days after inoculation it is possible to extract the enzyme 
from the mycelium. When the pH of the medium is very low (pH i - i .5)  the mold cells 
contain the oxalate decarboxylase and the liquid medium citric acid only; but when 
the pH is higher (pH > 2), the enzyme is not produced and besides citric acid, oxalic 
acid is present in the medium. More recently LILLEHOJ AND SMITH 4 extracted a 
decarboxylase of the same type from Myrothecium verrucaria, which is a wood- 
destroying mold as C. velutipes. 

The enzymes obtained from all 3 molds have the same fundamental  feature, i.e. 
they decalboxylate the oxalate to produce formate and C02 and are inactive in absence 
of 02, but they differ in optimal  pH, sensitivity to oxygen, Kin, etc. 

The present work deals with some new properties of Aspergillus niger decar- 
boxylase which has now been obtained in a higher degree of purity. 
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MATERIALS AND METHODS 

Organism used and culture conditions 
The Aspergillus strain and the culture conditions have been described previ- 

ously a. 

Manometric method 
Enzyme activity was determined by  measuring the amount of CO s produced 

in 30-60 rain in the Warburg apparatus 6. This analysis was carried out in an atmos- 
phere of air or a mixture of N~ and 03. The main cavity of the flask contained : 0.6 ml 
(12o/zmoles) of 0.2 M sodium oxalate (pH 5.2); o.i  ml (I mg) of Tween 80; 0.2 ml 
(4/zmoles) of o-phenylenediamine and 2.1 ml of 0.2 M acetate buffer (pH 5.2). Side 
arm: 0.4 ml of acetate buffer and o.I ml of the enzyme diluted so as to yield 15o-3oo/~1 
of CO2 in I h. The temperature was 3 o°. 

Determination of HzO 2 
To determine the amount of H202 produced during oxalate decarboxylation, 

the property of peroxidase of oxidizing the o-phenylenediamine was used. The intensity o// 
0.5 
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0 0.5 1.0 
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Fig. I. Determinat ion  of H202. 0.6 ml (12o #moles) of oxalate (pH 5.2); 0.2 ml (4 #moles) of o- 
phenylenediamine;  o.I ml (i mg) of Tween 80; different amoun t s  of H202 as indicated in the  
figure; acetate buffer 0.2 M (pH 5.2) to complete 3 ml. Temperature ,  3 o°. To this mixture  o.i ml 
( io #g) of peroxidase and, after I min, 4 ml of 0.2 M HC1 were added. Readings at  45 ° m# with  
a Coleman Model 14 spectrophotometer .  

of the yellow color formed was proportional to the amount of H202. Fig. i shows the 
results obtained by  addition of H202 to the mixture used in the manometric method 
for determination of decarboxylase activity, but  without this enzyme. 

Preparation of crude extract 
Crude extract  preparation was performed using 3-day-old mycelium, according 

to the method mentioned before 8 with the difference that  the washing of mycelium 
was carried out with running tap water for 30 min. 

Purification of the enzyme 
All operations were performed at 2-3 °. 2 1 of cold methanol were added to 2 1 

of crude extract with continuous stirring, and then were allowed to stand for 30-60 min. 
The precipitate was separated by centrifugation (IO ooo × g, IO rain) and suspended 
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in 2oo ml of o.2 M acetate buffer (pH 5.6). After 5-6 h the suspension was clarified by  
centrifugation at 30 ooo × g for 15 rain and the supernatant  filtered through a glass 
filter with the purpose of eliminating some floating lipids. The precipitation with 
methanol, redissolution in the acetate buffer and clarification were repeated again 
3 times, each time reducing the volumes (see Table I). After this procedure, most of 
the enzyme was in the fraction precipitated between 15 and 30% of methanol (v/v). 
The precipitate was dissolved in 4 ml of 0.2 M acetate buffer (pH 5.6) and the solution 
was centrifuged at 3o ooo × g for 15 rain; the clear supernatant had a light yellow 
color and under ultraviolet light gave an intense purple fluorescence. 

The final purification was performed on a DEAE-cellulose column (2 cm × 6 cm) 
prepared according to PETERSON AND SOBER 7 and equilibrated with 0.o2 M acetate 
buffer (pH 5.6). The enzyme solution was diluted with water to lower the buffer 

T A B L E  I 

P U R I F I C A T I O N  OF O X A L A T E  D ] E C A R B O X Y L A S E  

Fraction Total Total Protein Specific 
vol. units* (mg/ml) activity" 
( ml ) (units/rag 

protein) 

Crude e x t r a c t  2000 125o 2. 5 o.2 
I s t  p rec ip i t a t i on  (50 ~o methanol )  20o i 190 3.o 1.9 
2nd p rec ip i t a t i on  (5 ° ~o methanol )  4 ° i I io  3.0 9. i 
3rd p rec ip i t a t i on  (5Oyo methanol)  16 992 4.3 14.4 
F rac t iona l  p rec ip i t a t ion  

(15-35% methanol)  4 880 4.8 45.4 
DEAE-ce l lu lose  i o  400 0. 5 8o.0 

* A un i t  is the  a m o u n t  of enzyme  t h a t  ca ta lyzes  the  deca rboxy l a t i on  of I mole of oxa la t e  
per  rain. 

concentration to 0.02 M, applied to the column and washed successively with 5 ° ml 
of 0.04, o.Io and o.13 M acetate buffer (pH 5.6). The o.I M effuent contained a purple 
fluorescent substance. The decarboxylase was eluted with 0.2 M acetate (pH 5.6). 
The flow rate was I ml/min and the volume collected in each tube was 5 ml. Fractions 3 
and 4 had the highest specific activity. The enzyme solution purified in this manner 
was colorless and did not fluorescence under ultraviolet light. All determinations 
performed to establish the presence of catalase s, peroxidase 9 or polyphenol-oxidase 1° 
gave negative results. Negative results were also obtained for the analysis of iron with 
a,a'-dipyridy111 and copper with diphenyl-dithiocarbazonO 2. 

Reagents 
Cat alase was obtained from Boehringer; peroxidase, bovine albumin and Tween 8o 

from Sigma: p-phenylenediamine, hydroxyquinone, pyrogallol and Triton X from 
British Drug Houses Ltd. ; o-phenylenediamine and catechol from Aldrich; DEAE- 
cellulose from Eastman. All other chemicals used were of reagent quality. 
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RESULTS 

Stability of the enzyme 
Decarboxylase dissolved in acetate 0.2 M buffer (pH 5.6) did not lose its activity 

for several months when kept at o-3 ° (freezing of this solution caused a partial inac- 
tivation of the enzyme). 

During analysis in the Warburg apparatus the enzyme underwent a denatu- 
ration. However, when the procedure was carried out at a temperature not higher than 
3 °0 and in the presence of air, it was possible to protect the enzyme by adding albumin 
and o-phenylenediamine 3; under these conditions the reaction was practically of zero 
order for 30-60 rain. 

Albumin could be replaced by  gelatin or by surface-active non-ionic substances 
like Tween 80, Tween 20 or Triton X. On the contrary, surface-active ionic substances, 
either anionic (sulfonated alcohols) or cationic (quaternary bases) inactivated the 
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Fig. 2. Influence of the part ial  pressure of oxygen on the enzyme activity. Gas phase, mixture  of 
N 2 and 02. Other  conditions see Manometric method. 

Fig. 3. Influence of  the part ial  pressure of 02 on the H20 . format ion during the decarboxylation.  
Determinat ion  of the enzyme act ivi ty as in Fig. 2 and H202 as in Fig. I. 

enzyme very rapidly, o-Phenylenediamine could be replaced, though with less efficiency, 
by reducing reagents such as o- and p-diphenols, o- and p-aromatic diamines, etc. 
Strongly reducing substances (hydroxylamine, sulfite, dithionite, etc.) in 5" 10-4 M 
concentration inhibited the decarboxylase immediately and completely. 

Influence of the partial pressure of oxygen 
The influence of the partial pressure of 0 i on the activity of the enzyme was 

studied by replacing the air by mixtures of 02 and N 2 in the Warburg apparatus. As 
shown in Fig. 2, in the absence of o-phenylenediamine the activity was maximal with 
a partial pressure of 0.04 arm of Oz. With o-phenylenediamine the maximum was 
obtained at 0.2 atm. When the oxygen pressure was lower than the optimal, the enzyme 
showed a decreased activity and it became totally inactive in anaerobiosis. On the 
other hand, 02 pressures higher than optimal accelerated the denaturation of the 
decarboxylase even in the presence of o-phenylenediamine. 

Oxidation of the o-phenylenediamine and other reducing substances during decarboxylation 
When the analysis was carried out in presence of air (Po2, 0.2I atm) using 
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o-phenylenediamine and sufficient enzyme to produce more than 3oo #1 of CO 2 in I h, 
the color of the liquid in the Warburg flask turned faintly yellow because of a slight 
o-phenylenediamine oxidation. Other substances (such as benzidine, tetramethyl-p- 
phenylenediamine, NADI reagent, etc.) which had the property of protecting the en- 
zyme during oxalate decarboxylation were also oxidized under these conditions. The 
degree of oxidation of o-phenylenediamine and of the other compounds increased with 
the activity of the enzyme. 

Formation of hydrogen peroxide 
The formation of H20 ~ during decarboxylation was proved by the following 

experiments. 
(a) The decarboxylation reaction was carried out under standard conditions, 

but without the addition of o-phenylenediamine. After I h, o-phenylenediamine or 
one of the above mentioned substances, that  had the property of stimulating and 
protecting decarboxylase (and that  at the same time were substrate for peroxidase), 
was added. Color did not appear, but on addition of peroxidase an immediate positive 
reaction was obtained; the color developed depended on the oxidable substance 
aggregated, with o-phenylenediamine it is deep yellow-orange. 

(b) The decarboxylation reaction was carried out as in (a). After I h the reaction 
mixture was dialyzed. When one of the oxidizable compounds and peroxidase were 
added to the diffused fraction, a positive reaction was obtained. 

(c) In every case, if catalase was added to destroy H202 before the addition of 
peroxidase, the reaction was negative. 

The formation of traces of H202 could involve a consumption of 02. We at tempted 
to determine these trace amounts with the respirometer of Warburg;  however with 
our apparatus the data obtained were not significant. 

Amount of hydrogen peroxide produced during the decarboxylation 
Influence of some factors. Determination of the H202 formed during the oxalate 

decarboxylation was accomplished in the following manner:  at the end of the enzyme 
activity determination, in the presence of o-phenylenediamine, the side arm of the 
Warburg flask was opened to introduce o.I ml (io #g) of peroxidase and after I rain, 
4 ml of 0.2 M HC1. The mixture (which turned yellow after the addition of peroxidase) 
was transferred to a spectrophotometric tube for absorbance determination (see Fig. i). 
Under standard conditions the amount of H202 produced, fluctuated between 1.5 
and 3.0% of the decarboxylated oxalate (mole/mole); for example, with a production 
of 270 #1 of CO2 (12.3/zmoles), an average of 0.2/,mole of H202 was obtained. 

In order to be sure that  the amount of H202 produced was related to the amount 
of decarboxylated oxalate, several assays were performed: in one case the amount 
of enzyme was varied from 2.5 to o.4 #g of protein; in another case the reaction time 
was varied (from IO to 60 rain), so that  a production of CO2 of 5o-3oo #l/h was obtained. 
In every case the amount of H202 formed was 1.5 to 3% of the CO2 produced (mole/ 
mole). These assays indicated tha t  the formation of H202 was related to the decar- 
boxylation of oxalate, although it could not definitively be ascertained that  it was not 
due to a contaminant.  Experiments were performed, therefore, in which the amount 
of enzyme was maintained constant and its activity varied by modifying the pH (from 
4.6 to 5.8) and the concentration of oxalate (from IO to 12o #moles). Under these 
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conditions the amount  of H202 fluctuated also between 1. 5 and 3.o% of the decar- 
boxylated oxalate. Thus, it was concluded tha t  the formation of H,02 was a conse- 
quence of the decarboxylation. 

Since 03 was necessary and, at the same time, injurious for decarboxylase, it 
was likely that  the partial pressure of 03 would be important  for H202 formation*. 
In fact, it can be seen in Fig. 3 tha t  the amount  of peroxide formed (referred to CO 2, 
i.e. to decarboxylated oxalate), increases on raising the Po~. I t  does not increase 
in an absolute manner, because, as shown before (Fig. 2), an increase in the percentage 
of 03 in the mixture N2-O 2 produces a more rapid loss of enzymatic activity during 
the analysis. 

In conclusion it can be affirmed that  the amount of H202 formed depends on the 
activity of the decarboxylase and the partial pressure of oxygen. 

Influence of the hydrogen peroxide. I t  was indicated before that  when the amount  
of CO 2 produced in the standard analytical conditions was more than 300/,l/h, the 
liquid became faintly yellow due to oxidation of the o-phenylenediamine. With 300 #1 
of COs, 0.20/ ,mole of H202 accumulated during I h in the flask of the Warburg 
apparatus.  In order to investigate whether this quanti ty of H202 was important,  as 
far as the oxidation of o-phenylenediamine was concerned, I #mole of H202 was added 
to the standard mixture but  without decarboxylase. Under these conditions no color 
appeared during a I-h period at 3 °0 in the presence of air (P02 ~ 0.21 atm). 

Another possibility was that  H~02 could be harmful to the enzyme. To clarify 
this, the activity of the decarboxylase was determined with addition of 0.2-0.3/,mole 
of H202 to the mixture. There was no difference to the control. However higher 
amounts were inhibitory; e.g. by adding I /~mole of H202 the enzyme showed an 
activity about 10°/0 less than the control. 

On the other hand it was possible that  the presence of H~O 2 was necessary for 
decarboxylase activity. An experiment was performed in which peroxidase (I0 #g) 
was added to the mixture, at the beginning, with the purpose of consuming the H202 
simultaneously with its formation by  o-phenylenediamine oxidation. Under these 
conditions the liquid turned yellow, although decarboxylase activity was not different 
from that  of a control without peroxidase. There was no difference in the activity of 
the enzyme, either when the analysis was performed in the presence of an excess of 
catalase (i0 #g). 

In conclusion, these experiments could not prove any effect of the H202 formed 
under standard conditions of analysis. 

DISCUSSION 

By bubbling air, or even pure 02, through the solution of decarboxylase for I h, 
no inactivation was observed; but  in the presence of oxalate the enzyme was denatured. 
Evidently, in the presence of oxalate the decarboxylase is more susceptible to at tack 
by  02. Antioxidants, which have an E ° between 0.7 and 0.8 V, protect and stimulate 

* I t  had  p rev ious ly  been i n v e s t i g a t e d  whether ,  in s t a n d a r d  ana ly t i ca l  condi t ions ,  the  o- 
p h e n y l e n e d i a m i n e  was  ox id ized  unde r  h igher  t h a n  no rma l  Po2 w i t h o u t  a d d i t i o n  of enzyme.  After  
an hour  of  shak ing  in  the  W a r b u r g  appa ra tu s ,  the  A450 ml, was de t e rmined  as ind ica t ed  in Fig. i .  
Up to  Po2 -- 0.5 a r m  no yello~v color appeared .  B y  increas ing  O 8 concen t r a t ion  a f a in t  color 
could be observed ;  e.g., w i t h  pure  Oe the  A450 lnU was  o.05. The va lues  ob ta ined  w i t h o u t  add ing  
deca rboxy la se  were  used to  correct  the  va lues  of Fig. 3 ob t a ined  w i t h  enzyme.  
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the enzyme. On the contrary more reducing substances inhibit the enzyme probably 
by interfering with or destroying a complex enzyme-O2-oxalate. Likewise the low 
activity of enzyme at lowp02 (see Fig. 2) is possibly due to a difficulty in the formation 
of this complex; in anaerobiosis the enzyme is completely inactive. 

During decarboxylation traces of H202 are formed in amounts approximately 
proportional to the enzyme activity and to the P02. On the other hand, the H202 is 
not necessary for the decarboxylation reaction and cannot replace 02. Therefore we 
can conclude that  these trace amounts of H202 originate from a secondary reaction. 

At present, further studies are required to elucidate the mechanism of oxalate 
decarboxylation. However, the 02-dependence, the formation of traces of H~02 and 
the slight oxidation of phenols and aromatic amines indicate that  this reaction proceeds 
with a single electron transfer. An hypothetical model for the reaction mechanism 
can be formulated such as that  shown in Fig. 4; this model is in harmony with our results 
and is consistent with all other information mentioned in the literature. 

We suppose that  the decarboxylase forms a complex with the 02, indicated in 
reaction A of Fig. 4. In this complex the 02 is activated, although the decarboxylase 

Main pat, hway 
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Fig. 4- Tentative mechanism for oxalate decarboxylation. 

does not possess any metallic cation. I t  has been shown by  CILENTO AND ZINNER 13-1a, 
however, that  organic compounds can transfer or accept one electron, thus activating 
the 02. We can formulate the association of enzyme with 02 as a transfer of one 02- 
electron to anelectron reservoir (such as t ryptophan or tyrosine, present in the decar- 
boxylase) rather like a charge transfer complex; this is shown in Fig. 4 as l~nz,,,,~02; 
thus, a peroxide and an oxalate radical can be formed (reaction B) and the latter can 

~-0 
decompose into C02 and the radical ~ shownin (C). DRUMMOND AND WATERS 17 

proved the formation of these two radicals by  oxidation of oxalate with manganic 
ions. The last radical can now receive an electron from the peroxide complex and, in 
the presence of H +, rearrange to formate ion (reaction D). 

On the other hand the trace amounts of H202 formed as byproduct may  arise 
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from a competition between complex radicals and 02 as electron acceptors. An example 
is shown in (E) and (F). This phenomenon increases with the increase of 02 partial 
pressure. 

Interpretation of the mechanism by which the o-phenylenediamine stimulates 
and protects the enzyme during its catalytic action is more difficult. It is known that 
this and other analogous compounds give and receive electrons easily; therefore it is 
possible that they collaborate with the enzyme in the activation of the 02 . 

We have not been able to verify the formation of free radicals by electron 
paramagnetic resonance spectroscopy; however, it can be foreseen that it will not be 
easy to obtain this direct physical evidence. According to our hypothesis, the radicals 
would form complexes with the enzyme and would not be free in the solution as has 
been shown in the case of peroxidase TM. On the other hand, in order to detect radicals 
joined to the decarboxylase it would be necessary to use an enzyme concentration 
300-500 times higher than those used in the present work. In such a case it would be 
necessary to overcome difficulties due to pH buffering, rapidity of operation, etc. 
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