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SUMMARY 

I. Some properties of Arthrobacter pascens urate oxidase (urate :oxygen oxido- 
reductase, EC 1.7.3.3 ) were investigated in regard to its active site. 

The addition of Fe 3+ can partially protect the enzyme from inactivation at low 
pH or at low ionic strength and stimulate reactivation. 

2. The addition of Cu e+ inactivated the enzyme, but this inactivation was 
counteracted by the presence of uric acid, the substrate. 

3. The inhibitory and inactivating actions of Cu 2+ on the enzyme were counter- 
acted by the addition of Fe ~÷. 

4. Cyanide inhibited the enzyme activity. The binding site of cyanide to the 
enzyme was the site to which the oxygen was supposed to bind. 

5. The iron and copper contents of the enzyme were less than 0.2 mole per mole 
of enzyme protein. But many observations made it possible to consider that the iron, 
not the copper, may act as one of the prosthetic groups of the enzyme. 

6. The kinetic data suggested the existence of a ternary complex consisting of 
the enzyme and the two substrates, uric acid and oxygen. 

INTRODUCTION 

With urate oxidase (urate :oxygen oxidoreductase, EC 1.7.3.3. ), studies on the 
enzyme chemistry of the active site have progressed following purification of the 
enzyme 1-7. In 1955, MAHLER, H/JBSCHER AND BAUM6, 7 proposed a cuproprotein theory 
of pork liver urate oxidase from the following observations. The copper content per 
specific activity of the enzyme was approximately constant in various enzyme prepa- 
rations at different stages of purification and, moreover, I mole copper per mole of the 
enzyme protein was found. Nonenzymatic oxidation of uric acid catalysed by in- 

* Present  address; Central Research Laboratories, Sankyo Co., Ltd., Shinagawa-ku, 
Tokyo, Japan.  
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organic copper ion supported this cuproprotein theory 7. Contrary to our expectation, 
in the bacterial urate oxidase, we found that it might have Fe *+ rather than Cu 2+ as a 
prosthetic metal. 

In this report some properties and components of the active site of the enzyme 
were investigated. 

M E T H O D S  

I .  Enzyme assay 
Two methods were followed. The first was the spectrophotometric measurement 

of the disappearance of uric acid described in the previous paper. The second was the 
polarographic measurement of the disappearance of oxygen. The dissolved oxygen 
in the semi-closed reaction mixture vessel was measured by oxygen electrode (Yana- 
gimoto Co. Ltd., Japan). The oxygen concentration was calculated from Bunsen's 
absorption coefficient at 20 ° to be o.o313 (for details see Figs. 6 and 7). 

2. Metal analysis 
Quantitative determination of metals was carried out by atomic absorption 

spectrophotometry (Hitachi-Perkin Elmer, Tokyo, Japan), Reference experiments 
showed that 0.035 #g/ml of iron and o.o15 #g/ml of copper could be detected as the 
lowest limit levels, and no interference of buffer ions was confirmed in our experiment 
systems. Wavelengths of light sources were 372 m# for iron and 325 m# for copper, 
respectively. In all experiments, water deionized by ion-exchange resin was used which 
was ascertained not to contain detectable amounts of metals by the method mentioned 
above. 

RESULTS AND DISCUSSION 

z. Effect of ionic strength and Fe 3+ on the inactivation and the reactivation of the enzyme 
As shown in Fig. I, at low pH the enzyme was inactivated as mentioned pre- 

viously, but the addition of ammonium sulfate protected the enzyme from inactiva- 
tion and the addition of Fe a+ also partially protected it. The inactivated enzyme was 
reactivated by incubation with 0.5 M ammonium sulfate in borate buffer (Fig. 2). In 
this process, Fe 3+ by itself had no ability to reactivate the enzyme but could stimulate 
the reactivation process which was caused by ammonium sulfate. During this inactiva- 
tion process, chelating agents showed little or no protective effect and had no inter- 
acting effect on the protection by ammonium sulfate (Fig. 3). On the inactivation of 
the enzyme at low ionic strength, the protective effect of Fe 3+ was observed too. 

From these results it is considered that Fe 3+ assists in reversible conformational 
change of the enzyme protein. 

2 .  Effect of Cu ~+ and Fe 3+ on the stability and activity of the enzyme 
With Cu 2+ the enzyme was not only inhibited but also gradually inactivated at 

low temperature. But if uric acid (the substrate of the enzyme) were present together 
with Cu 2+, the inactivation process was completely prevented (Fig. 4). 

These results seemed to show the following: (i) Inhibitory Cu 2+ interacts with 
the enzyme protein, not with the substrate. (2) The site of interaction between the 
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Fig. i. Protective effect of a m m o n i u m  sulfate and Fe 8+ against  inactivation of A. pascens ura te  
oxidase by  t r ea tmen t  at  .low pH. The enzyme prepara t ions  were dissolved in the solutions des- 
cribed below and incubated at  3 o°. At  intervals, 0.2 ml was taken and the enzyme activity was 
measured and expressed as percent  of the initial activity (incubation t ime o). Curve A, 0.05 M 
phospha te  buffer (pH 6.7); Curve B, the same buffer containing 1.8. lO -4 M Fe3+; Curve C, the 
same buffer containing o.2 M a m m o n i u m  sulfate (pH 6. 7, adjusted). 

Fig. 2. React ivat ion of A. pascens urate oxidase by  a m m o n i u m  sulfate and Fe 3+. The enzyme 
solution part ial ly inactivated at  low p H  (see Fig. I) was dissolved in the solutions described 
below and incubated at  3 o°. Periodically the enzyme activity was assayed as described in the 
legend to Fig. I. Curve A, 0.2 M borate  buffer (pH 9.0) ; Curve B, the same buffer containing 
1.8 • lO -4 M Fe3+; Curve C, the same buffer containing 0. 5 M a m m o n i u m  sulfate (pH 9.0) ; Curve D, 
the same buffer containing 1.8- lO -4 M Fe 3+ and 0. 5 M a m m o n i u m  sulfate (pH 9.0). 

Fig. 3. Effect of  chelating agents on the inacLivation of the A. pascens urate  oxidase a t  low pH.  
The enzyme prepara t ions  which were dissolved in the solutions described below were incubated 
at  3 o°. See Fig. i for conditions of periodical enzyme assay. Solutions were 0.05 M phospha te  
buffer (pH 6.9) which contained: no additions (Curve A); lO -8 M o-phenanthroline (Curve B); 
lO -3 M diethyldi thiocarbamate  (Curve C) ; 0.2 M a m m o n i u m  sulfate (Curve D) ; lO -8 M o-phenan- 
throline plus 0.2 M a m m o n i u m  sulfate (Curve B'); and lO -3 M diethyldi thiocarbamate plus 
o.2 M a m m o n i u m  sulfate (Curve C'). 

enzyme and Cu 2+ is the active site (or sites) of the enzyme which is influenced during 
enzyme catalysis. We then examined the relationship between the inhibitory Cu 2+ 
and Fe 3+. As shown in Fig. 5, the inhibitory action of Cu 2+ on the enzyme competed 
with Fe ~+, and the inactivating effect of Cu 2+ on the enzyme was observed to be de- 
creased by  the addition of Fe 3+. 

From these results, it is supposed that  Fe 3+ can interact with or relate to the 
active sites of the enzyme, This idea seemed to be supported by  the following observa- 
tions. The stimulative action of Fe a+ on the enzyme became larger at low pH or at 
low ionic strength, that  is, by  adding 1.2-lO -5 M Fe a+, the activity increased lOO% 
at pH 8.0 and 6% at  pH 9.0, and 12o% at 6.7 mM borate buffer concentration and 
5 % at 133 mM of the same buffer. That  is, when the pH value or the ionic strength of 
the enzyme solution decreased, the enzyme protein seemed to change its conformation 
or its components and the extent of the effects of Fe a+ seemed to parallel these changes. 

3. Effects of cyanide and chelating agents on the enzyme activity 
I t  was reported that  the liver urate oxidase was inhibited sharply by cyanide. 
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Fig .  4. E f f e c t  o f  Cu  ~+ a n d  u r i c  a c i d  o n  t h e  i n a c t i v a t i o n  o f  A. pascens u r a t e  o x i d a s e .  T h e  e n z y m e  
p r e p a r a t i o n s ,  w h i c h  w e r e  d i s s o l v e d  in  t h e  s o l u t i o n s  m e n t i o n e d  b e l o w ,  w e r e  i n c u b a t e d  a t  o - 2  °. 
P e r i o d i c a l  e n z y m e  a s s a y s  w e r e  m a d e  as  d e s c r i b e d  in  t h e  l e g e n d  o f  F ig .  i .  S o l u t i o n s  w e r e  o . i  M 
b o r a t e  b u f f e r s  ( p H  9.o) c o n t a i n i n g  4 . 6 .  lO .6  M C u  2- ( C u r v e  A) a n d  4 . 6 .  lO .6  M Cu ~+ plus 4"  lO-4  M 
u r i c  a c i d  ( C u r v e  B).  

F ig .  5. P r o t e c t i o n  o f  d.  pascens u r a t e  o x i d a s e  f r o m  i n h i b i t i o n  b y  Cu  2+ b y  F e  a+. T h e  e n z y m e  
a c t i v i t y  w i t h  t h e  v a r i o u s  c o n c e n t r a t i o n s  o f  Cu  2+ a n d  F e  3+ w a s  m e a s u r e d  in  o .o2  M b o r a t e  b u f f e r  
( p H  9.o) .  T h e  L i n e w e a v e r - B u r k  p l o t s  ( i / v  a g a i n s t  i / [ F e  ~+] ) w e r e  d r a w n  a t  v a r i o u s  c o n c e n t r a t i o n s  
o f  Cu~+: n o n e  ( C u r v e  A) ;  2 . 6 .  lO -7 M ( C u r v e  B) a n d  5.1 - IO 7 M ( C u r v e  C). 

The Arthrobacter pascens urate oxidase was inhibited by  cyanide, too (Table I). In  
liver enzyme6, 9, the synergistic effect of the inhibition of  a reducing agent and a 
chelating agent was observed, and M A H L E R ,  HOBSCHER AND BAUM concluded tha t  
cyanide inhibited the liver urate oxidase by  acting as both  a reducing and a chelating 
agent. But  in the A. pascens enzyme, tha t  effect was not  observed. (Table I). 

T A B L E  I 

E F F E C T  O F  C Y A N I D E ,  C H E L A T I N G  A G E N T S ,  C A R B O N Y L  R E A G E N T S  A N D  R E D U C I N G  R E A G E N T S  O N  

A. pascens U R A T E  O X I D A S E  A C T I V I T Y  

T h e  e n z y m e  a c t i v i t y  w h e n  s o m e  r e a g e n t s  w e r e  a d d e d  w a s  m e a s u r e d  in  o .13  M b o r a t e  b u f f e r  
( p H  8.6) w i t h  o r  w i t h o u t  s o m e  p r e i n c u b a t i o n  ( e n z y m e  -}- r e a g e n t s )  a t  3 °0 a n d  e x p r e s s e d  as  t h e  
p e r c e n t  i n h i b i t i o n .  T h e  a d d i t i v e  e f f ec t  o f  c h e l a t i n g  a g e n t s  is s h o w n  in  p a r e n t h e s e s .  

Reagent Concentration 
(M) 

C y a n i d e  3.3 " lO-6  
1. 7 • i o - 6  
1. 7 • lO-6 

D i t h i o n i t e  I .O.  I o - a  
Su l f i de  3 .3"  I ° -3  

3-3 ' lO-8 
Su l f i de  + n e o c u p r o i n  3-3"  lO-3 
Su l f i de  + o - p h e n a n t h r o l i n e  3 . 3 '  lO-3 
Su l f ide  + d i e t h y l d i t h i o c a r b a m a t e  3 . 3 '  lO-3 
A s c o r b a t e  I.O • IO -8 

I . O  • 1 0  - 3  

A s c o r b a t e  + f l u o r i d e  
H y d r o x y l a m i n e  

H y d r o x y l a m i n e  + f l u o r i d e  
S e m i c a r b a z i d e  

+ 3 .3"  1° -4  
+ 3.3 " IO-4 
+ 3.3 " 1° -4  

I . O  • I O  - a  + I . O  • 1 0  - 3  

I . O  • 1 0  . 3  

I .O ' 1 0  . 3  

I ,O • I O  - 3  + I . O  " I O  - 8  

I . O  " 1 0  - 3  
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Preincubation Inhibtion 
time (min) (%) 

o 7 ° 
o 55 
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TABLE II 

E F F E C T  OF U R I C  A C I D  C O N C E N T R A T I O N  ON T H E  I N H I B I T I O N  OF A .  pascens U R A T E  O X I D A S E  B Y  

C Y A N I D E  A N D  0-PHENANTHROLINE 

The enzyme activities with or without cyanide (1. 7. io -e M) or o-phenanthroline (3.3" IO-4 M) 
were measured at three concentrations of uric acid and expressed as the percent inhibition, 

Reagent Substrate Inhibition 
conch. (%) 
(M)  

Cyanide 3.3" IO-S 22 
6.6. IO -s 3 ° 

13.2 "1°-5 44 
o-Phenanthroline 3.3 "i o -s -- 7 

6.6.1o -5 i i  
13.2 • lO-5 25 

W e  e x a m i n e d  t h e  b i n d i n g  s i te  o f  c y a n i d e  on  t h e  e n z y m e ,  t o g e t h e r  w i t h  t h e  

c h e l a t i n g  agen t s .  As  seen  in  T a b l e  I I ,  an  i n h i b i t i o n  p e r c e n t  o f  t h e  e n z y m e  a c t i v i t y  a t  

a g i v e n  c o n c e n t r a t i o n  of  c y a n i d e  b e c a m e  l a rge r  pa ra l l e l i ng  t h e  c o n c e n t r a t i o n  o f  ur ic  

ac id  in t h e  r e a c t i o n  m i x t u r e .  F o r  0 - p h e n a n t h r o l i n e  t h e  s a m e  t e n d e n c y  was  o b s e r v e d .  

T h e s e  r e su l t s  d r e w  our  a t t e n t i o n  to  t h e  r e l a t i o n s h ! p  b e t w e e n  t h e  i n h i b i t i o n  b y  c y a n i d e  

a n d  t h e  c o n c e n t r a t i o n  o f  oxygen ,  a n o t h e r  s u b s t r a t e .  The  r e a c t i o n  ve loc i t ies  o f  t h e  u r a t e  

ox ida se  a t  va r i ous  c o n c e n t r a t i o n s  of  o x y g e n  were  ch eck ed .  As  seen  in  t h e  L i n e w e a v e r -  

B u r k  p l o t  in  Fig .  6, t h e  l ine w a s  n o t  s imp le  or s t r a i g h t ,  b u t  c u r v e d  u p w a r d  w h i c h  
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Fig. 6. Effect of oxygen concentrations on A. pascens urate oxidase. The reaction mixture con- 
sisted of 2. lO -3 M uric acid solution i ml, enzyme solution o.i ml (o.16 unit) and 0.2 M borate 
buffer containing o.15 M ammonium sulfate 1.6 ml (pH 7.2 and 8.5). The reaction was started by 
the addition of uric acid and incubated at  room temperature (16-18°). The oxygen content of 
the reaction vessels was set by bubbling the nitrogen gas into the reaction mixture. The enzyme 
activity at various oxygen concentrations was represented as the initial velocities of oxygen 
consumption and plotted in the Lineweaver-Burk plot. 
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Fig. 7. Effect of cyanide on the A. pascens urate oxidase. The reaction mixture  consisted of 
2. lO -3 M uric acid solution, I ml, enzyme solution, o.i ml (o.16 unit), and 0.2 M borate buffer 
containing o.15 M am m on i um  sulfate (pH 9.o), 1.4 m], with or wi thout  cyanide. The oxygen con- 
sumpt ion  of each reaction mixture  by  t ime was shown (A), and from this chart,  i/v was plotted 
against  i/[O2] (Lineweaver-Burk plot) (B). Dissolved oxygen was 0.28 mM, which was equilibrated 
wi th  oxygen in air at  20 ° . 

seemed to show the existence of te rnary  complex consisting of the enzyme, uric acid 
and oxygen (cf. ref. IO). Then the reaction of the enzyme in the presence or absence 
of  cyanide in a semi-closed reaction vessel, in which only the oxygen content was a 
limiting factor, was observed (Fig. 7a). This result was converted to a Lineweaver-  
Burk plot (Fig. 7b). I t  was supposed that  cyanide was competing with one substrate,  
oxygen, on the enzyme. 

As mentioned above, some chelating agents have the same action as cyanide, 
so it is considered that ,  for example, a metal which can combine with chelating agents 
acts as a cofactor in relation to binding site of oxygen to the enzyme. 

4. Quantitative determination of iron and copper in the urate oxidase 
In  contrast  to the liver enzyme, in A. pascens urate oxidase the possibility tha t  

the enzyme contained iron was considered. Therefore four samples of the urate oxidase 
each of which was at a different stage of the purification procedure, were subjected to 
quant i ta t ive atomic absorption spectrophotometr ic  analyses of iron and copper. 

In  order to separate the contaminat ing metals, all samples were dialysed against 
the buffer containing E D T A  and their specific act ivi ty was rechecked just before metal  
analysis. As shown in Table III ,  iron and copper contents of the urate oxidase, which 
was ascertained to have the same specific act ivi ty as tha t  before dialysis, were very  
low, contrary  to our expectations. Assuming the molecular weight of the A. pascens 
enzyme to be approx. IOO ooo, then, by  analogy with the sedimentation constant  of 
the liver enzyme, there are o.I mole iron and 0.2 mole copper per mole enzyme protein. 

Biochim. Biophys. Acta, 151 (1968) 63-69 
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T A B L E  I I I  

IRON AND COPPER ANALYSIS OF THE A .  pascens URATE OXIDASE 

F o u r  e n z y m e  p r e p a r a t i o n s  ( 0 . 5 - 2  ml)  w e r e  d i a l y s e d  a g a i n s t  o . I  M b o r a t e  b u f f e r  c o n t a i n i n g  
o . i  M a m m o n i u m  s u l f a t e  a n d  3 . 3 - I o - 4 M  E D T A  ( p H  8.0) f o r  4 8 h  a t  4 ° . A n  a l i q u o t  o f  e a c h  
d i a l y s a t e  w a s  t a k e n  a n d  t h e  a c t i v i t y  m e a s u r e d .  T h e  r e m a i n d e r  w a s  s u b j e c t e d  t o  m e t a l  a n a l y s i s  
b y  a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o m e t r y  (see METHODS). 

Prepa- Activity Specific Fe content Cu content 
ration (units/ml) activity 

(units/g (t~g/ml) (Izg/units) (izg/ml) (fig/units) 
protein) 

A 66.  3 21 IOO o . 1 7 5  2 .6 -  lO -3 0 .33  5 . 0 .  IO -a  
B 181 18 IOO o . 4 9 o  2. 7 • lO -3 o .25  1. 4 • lO _3 
C 42 .3  I I IOO o. lO 5 2. 5 • lO -3 0 . 0 3 5  0 .8  • lO -3 
D 72.2  6 9 0 0  1.Ol 5 14. I - lO -8 o. 13 1 .8 .  lO -3 

From these metal contents A. pascens urate oxidase is clearly seen to be different 
from the liver enzyme. While iron content per specific activity was approx, constant 
in the four samples, this was not true of the copper content. These results seem to 
support the hypothesis that iron, which binds loosely to the enzyme, plays some part 
in catalysis of A. pascens urate oxidase. 

In summary, the inhibitory action of chelating agents or cyanide makes us 
suppose that there must be a metal in the catalytic site. The metal seems to be iron 
from the iron content per enzyme and other behavior of Fe 8+ on the enzyme. However, 
the discrepancy remains that chelating agents, except neo-cuproin, do not have 
strong inhibitory or inactivating effects on the enzyme. 
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