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SUMMARY 

The overall kinetic study of the inhibition by superoxide dismutase (superoxide : 
superoxide oxidoreductase, EC 1.15.1.1 ) of the oxygen-mediated reduction of 
cytochrome c in the xanthine oxidase reaction showed that  the catalytic reaction of 
superoxide dismutase was first order with respect to enzyme and to substrate. The 
present value for ka/ke 2 was found to be much different from the results obtained in 
the experiments of pulse radiolysis while the ratio of ksoa/ke seemed to be similar 
regardless of experimental conditions, where kd, ke and ksoa were the rate constants 
of the noncatalytic dismutation of superoxide radicals and of reactions of the 
radical with cytochrome c and superoxide dismutase, respectively. 

Superoxide dismutase inhibited the formation of oxyperoxidase in the 
peroxidase-oxidase reaction. I t  was found that  the superoxide radical reacted with 
ferric peroxidase and superoxide dismutase at similar rates. 

INTRODUCTION 

Superoxide radicals were suggested to participate in the reduction of 
cytochrome c by xanthine oxidase 1 and in the peroxidase-oxidase reactions 2. The 
generation of the radicals has been shown by direct demonstration with the use of 
ESR spectroscopy in the reactions of oxidase 3 and peroxidase a. The finding of an 
enzyme, called superoxide dismutase (superoxide:suFeroxide oxidoreductase, EC 
1.15.1.1 ), which catalytically scavenges these radicals 5, has developed a method 
suitable for dealing with the kinetics of the radical reactions 6-s. Rate constants of 
reactions of superoxide radicals with cytoehrome c and superoxide dismutase have 
been measured. In these experiments the radicals were formed by autoxidation of 
reduced flavin 6 and pulse radiolysisT, 8 and the concentration of the radical reached 
the level measurable by  optical or ESR spectroscopy. 

Using superoxide dismutase several reactions have been found to involve the 
superoxide radical as an active intermediate. I t  seems likely that  the steady-state 
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concent ra t ion  of the  radical  is ve ry  low in most  of these reactions.  Al though the 
absolute  values for the ra te  cons tants  m a y  not  be given i t  would be of impor tance  to 
s tudy  the kinet ics  of the  overal l  react ions of superoxide  radicals  under  the  
physiological  condi t ions in which the radical  is cont inuously  suppl ied in small  
amounts .  

MATERIALS AND METHODS 

Milk xan th ine  oxidase was p repa red  b y  the me thod  of H a r t  and Bray  9. The 
concent ra t ion  of the  enzyme was ca lcula ted  using the value of E45 o nm = 37.8 
mM -1. cm -1 per  molecule of enzyme-bound  FAD.  Superoxide  d ismutase  was p repared  
from d ry  seeds of green pea (P i sum sativum) and the concent ra t ion  of tile enzyme was 
ca lcula ted  from E6s 0 nm = o.29 mM - l ' c m  -1 (ref. IO). Peroxidase  was p repared  from 
horseradish roots  according to Shannon et al. n and the RZ value (E40 a nm to E2s 0 h i )  
of the  enzyme was 3.2. The enzyme p repara t ion  used was a mix ture  of isoenzymes 
B and C according to Paul  12 and the concent ra t ion  was ca lcula ted  from E4o a nm - -  
IOO mM 1. cm-1  Cytochrome c was ob ta ined  from Boehringer.  The ra te  of cy tochrome 
c reduct ion was ca lcula ted  assuming tha t  zlEsa o nm between the oxidized and reduced 
s ta tes  is 19,6 mM -1'  cm -1. 

Absorbance  measurements  were carr ied out  wi th  a Hi tach i  recording spectro-  
photometer ,  Model I24, equ ipped  with  a the rmos ta t i ca l ly  control led cell compar t -  
ment .  The react ion t empe ra tu r e  was 25 °C. 

RESULTS AND DISCUSSION 

Reaction of  superoxide with cytochrome c 
I t  has been confirmed tha t  xan th ine  oxidase reduces 02 and p-benzoquinone  

b y  a mixed  mechanism of one-electron and two-electron t ransfers  la,14,15. When  02 is 
reduced by  the enzyme sys tem in solutions equi l ib ra ted  with  air, the  react ions would 

be:  

xanthine  + O 2 + H20 -~  uric acid + H202 (i) 

xanthine  + 2 02 + H20 ~ uric acid + 2 0 ~ -  + 2 H * (2) 

According to Fr idov ich  13 React ions  I and 2 occur at  a ra t io  depending on the pH 
and the concent ra t ions  of xan th ine  and 02. The superoxide  anions thus  generated,  
d i smuta t e  spontaneous ly  as follows, 

ka 
2 02 + (2 H ~) 902 • H202 (3) 

or a l t e rna te ly  act to reduce cytochrome c, 

()~- + cytochrome c 3. dee 02 + cytochrome c °-~ (4) 

Fig. x shows the re la t ionship  between the ini t ia l  ra te  of reduct ion of 
cy tochrome c and its concentra t ion.  Then the following equat ion is ob ta ined  at  the  
s t eady  s ta te ,  

v = 1% + Va (5) 
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Fig. I. Dependence of the reduction rate  of ferricytochrome c on its concentration. The initial 
rate of format ion  of ferrocytochrome c was observed at  55 ° n m .  Cuvettes contained 4o/~M 
xanthine,  9 nM xanthine  oxidase and var ious amoun t s  of ferr icytochrome c in o.05 M potass ium 
phospha te  buffer at  pH 7.8 with o.I mM EDTA. The reaction was s ta r ted  by  the addition of  
xanth ine  oxidase. 

where V is the rate of superoxide generation by xanthine oxidase and Ve and Vd 
can he formulated as follows, 

Vc = kc[c3+][Oz -] (6) 

Vo = ka[02-22 (7) 

V is equal to the initial rate of reduction of cytochrome c (Vc) at the saturating level 
of its concentration (Fig. I). From Eqns 5, 6 and 7, the following equation is obtained, 

V kd Vc 
- ~ + (8)  

V c  he  2 [c8*] 2 

The relationship between V/Vc  and Vc/[C~-I 2 is shown in Fig. 2. From the slope of the 
straight line the ratio kd/kc 2 was measured to be 5.0" lO -4 M.s. 

v 
Vc 

i i i 

0 1 2 3 
Vc xlO_ 3 

[c3.]2 

Fig. 2. Proport ional i ty  of V/Vc and Vc/[c3+] 2. The data of Fig. i were plotted according to Eqn  8. 
Abbreviat ions : [c~+], the concentrat ion of ferricytochrome c ; Vc, reduction rate of ferricytochrome. 
c; V, sa tura t ing  level of Vc. 
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At a saturating level of cytochrome c, Va becomes negligible compared with 
Vc. Under such a condition the effect of superoxide dismutase was investigated. The 
rate of reduction of cytochrome c decreased when superoxide dismutase increased as 
shown in Fig. 3. 

x l  

o 1 i 
[SOD] xlO 8 (M) 

Fig. 3. Inh ib i t ive  effect of  superoxide  d i smu t a se  on the  reduc t ion  ra te  of  f e r r i cy tochrome  c. The  
reac t ion  m i x t u r e  con ta ined  17 ~M fe r r i cy tochrome c, 9 nM x a n t h i n e  oxidase,  5 ° /~M x a n t h i n e  
and  va r ious  a m o u n t s  of  superoxide  d i smu t a se  in o.o 5 M p o t a s s i u m  p h o s p h a t e  buffer  a t  p H  7.8 
wi th  o. i  mM E D T A .  

In this case the generated superoxide anions decay mostly through Reaction 4 
and the enzyme-catalyzed dismutation reaction. 

ksod > 
2 0 2 -  + (2 H +) O~ + H202 (9) 

(SOD) 

Therefore, the following equation is made at the steady state, 

V = V e -~- Vso a (IO) 

where Vsod represents the rate of enzymic decay of superoxide anions. I f  Vsoa is 
assumed to be represented as 

Vsod = ksod[SOD] [O2-] (II) 

the following relation can be derived from Eqns 6, IO and I I ,  

V ksod 
- i + ( I 2 )  V~ ~ ESOD] 

The plot shown in Fig. 4 indicates that  the above postulates are reasonable. The 
assumption that  the enzyme catalyzes the decay by a second-order process for the 
superoxide was graphically proved to be not applicable to this case. The angular 
coefficient gave the value of 7.1. lO 3 for the ratio ksoa/ke. 

Rotilio et al.S, studying the dependence of Vsoa on the concentration of substrate, 
superoxide, have concluded that  the overall rate is governed by a second-order rate 
constant for reaction between enzyme and superoxide. A similar result was also 
reported by Klug et al. 7. The concentration of superoxide, generated by pulse 
radiolysis was around lO .5 M in both experiments. 

Although it was almost impossible to directly measure the superoxide concen- 
tration in the present experiment, Vsoa could be plotted against the superoxide 
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Fig. 4. Relationship between V/Ve and [SOD]. The data  of Fig. 3 were  plot ted according to Eqn  
12. Abbreviat ions are as described in Fig. 2. 

concentration calculated as follows. The concentration of superoxide could be 
calculated from Ve with use of the known value of ke. At a given V in Eqn IO, Vsod 
was obtained by subtracting Ve from V. Fig. 5 shows a plot of Vsod against the 
concentration (below/zM) of superoxide. The reaction of superoxide dismutase was 
thus found to be first order with respect to superoxide under the physiological 
conditions where the substrate was generated gradually in small amounts. 
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Fig. 5. Relationship between the reaction rate  of  superoxide dismutase (Vsod) and the concentra- 
t ion of superoxide anion. The initial rate  of formation of ferrocytochrome c was measured at every 
level of xanthine  oxidase concentration. Vsod and the concentra t ion of  superoxide anion were 
calculated as described in the text.  Reactions were carried ou t  in o.o 5 M phosphate  buffer at pH 
7.8, containing 16 ~M ferricytochrome c, o. 5 nM superoxide dismutase,  5o #M xanthine  and o.i 
mM EDTA. The concentrat ion of xanthine  oxidase ranged f rom I to 37 nM. 

The values of kd/ke 2 and ksoa/ke were measured at various pH values and the 
results are listed in Table I. These values are similar to those calculated from the 
replots of the results obtained in the xanthine oxidase system by Fridovich and 
Handler 1 and Fridovich 13 but are quite different from those calculated from individual 
rate constants obtained directly in the reaction system in which superoxide anions 
are generated by  pulse radiolysis. The discrepancy cannot yet be explained. Our 
values of ke and ksod should be tentative since these are calculated with use of the 
ka values obtained in the reaction system of pulse radiolysis. 
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T A B L E  I 

R A T E  C O N S T A N T S  O F  R E A C T I O N S  O F  S U P E R O X I D E  A N D  T H E I R  R A T I O S  

Y. SAWADA, I. YAMAZAKI 

pH ha/he ~ ha" hc Method of 0 2- Ref. 
(]~I. s) (M -1. s -i) (M 1. s 1) generation 

5.0 2.8. io 2 1.9. IO~ 8.2. io* X a n t h i n e  This  paper  
5.5 i . I  • IO -a I.I  ' IO ~ 9.8" lO 4 oxidase 
7 .0 7 .1" IO-~ 4.5" lO5 2.5" lO 4 
7 .8 5 .o. 1°-4 7.I" lO 4 1.2- lO 4 
8-5 3.5" IO-~ 1.5" 1°4 2.1- lO 4 
7.8 1.5' IO-4"* X a n t h i n e  i 

oxidase 
Pulse  17 
radiolysis  
A u t o x i d a t i o n  of  6 
reduced  flavin 

8 .  5 1 . 2  • 1 0  - 6 * * *  I . I  " l O  5 

8. 4 1.6. lO 5 

pH ksoa/kc ksoa Method of 0~- Ref. 
(M- l . s  1) generation 

7.0 4.1. lO 3 I.O. lO s X a n t h i n e  This  paper  
8. 5 5.6. lO 3 1.2. lO s oxidase 
7.° 3" 103* X a n t h i n e  13 

oxidase  
8. 5 1.6. lO4'* 1.8. IO ~ Pulse  7, 17 

radiolysis  
5-3 ~ 9.5 (I.6 ~ o.3). lO 9 Pulse  8 

radiolysis  

* Direct  m e a s u r e m e n t s .  Superoxide  was genera ted  by  pulse  radiolysis  ~6. 
"" Calcula ted  f rom the  replot  of  the  d a t a  of  Fr idovich  and  Hand l e r  1. 

*** Ob ta ined  f rom t he  va lues  of  ha (ref. 16) and  he (ref. 17). 
* Calcula ted f rom the  replot  of  Fr idov ich ' s  da t a  la. 

** Obta ined  f rom the  va lues  of  ksoa (ref. 7) and  ke (ref. 17). 

Reaction of  superoxide with horseradish peroxidase 
O x y p e r o x i d a s e  w a s  f o u n d  t o  b e  f o r m e d  w h e n  a s m a l l  a m o u n t  o f  H 2 0 2  w a s  

a d d e d  t o  a n  a e r o b i c  s o l u t i o n  o f  d i h y d r o x y f u m a r a t e  2 o r  N A D H  is w h i c h  is  t h e  

s u b s t r a t e  o f  t h e  p e r o x i d a s e - o x i d a s e  r e a c t i o n .  T h e  s t o i c h i o m e t r y  o f  t h e  r e a c t i o n  h a s  

l e d  t o  f o l l o w i n g  e q u a t i o n s  2. 

peroxidase  
2 Y H  2 + H20  ~ -  ) 2 Y H .  + 2 H20  (13) 

Y H .  + 02 + Y + 02-  + H + (14) 

kl 
peroxidase  + 02-  - > oxype rox idase  (15) 

A s  s h o w n  in  F i g .  6, w h e n  s u p e r o x i d e  d i s m u t a s e  w a s  a d d e d  a f t e r  o x y p e r o x i d a s e  h a d  

b e e n  f o r m e d  i t  d e c o m p o s e d  i n t o  t h e  f e r r i c  e n z y m e  w i t h  a h a l f  d e c a y  t i m e  o f  a b o u t  3 

m i n  i n  a g r e e m e n t  w i t h  t h e  r e s u l t  p r e v i o u s l y  r e p o r t e d  fo r  t h e  a u t o d e c o m p o s i t i o n  o f  

o x y p e r o x i d a s e l g , 2 0 .  

F i g .  7 s h o w s  t h e  t i m e  c o u r s e  o f  t h e  a b s o r b a n c e  c h a n g e  a t  418  n m  w h e n  

s u p e r o x i d e  d i s m u t a s e  w a s  a d d e d  b e f o r e  t h e  r e a c t i o n  s t a r t e d .  T r a n s i e n t  a b s o r p t i o n  

w h i c h  w a s  n o t  a f f e c t e d  b y  s u p e r o x i d e  d i s m u t a s e  w o u l d  b e  a s c r i b e d  t o  p e r o x i d a s e  

C o m p o u n d  I I ,  a n  o b l i g a t i v e  i n t e r m e d i a t e  o f  t h e  e n z y m e  in  t h e  p e r o x i d a s e  

c a t a l y s i s .  T h e  d i f f e r e n c e  b e t w e e n  t h e  t i m e  c o u r s e  i n  t h e  p r e s e n c e  o f  a s a t u r a t i n g  
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Fig. 6. Effect of superoxide dismutase on the apparent  decay t ime of oxyperoxidase. Oxyperoxi- 
dase was formed by the addition of I. 5 #M H,O, into a reaction mixture composed of 8/~M 
horseradish peroxidase, o.I mM NADH and o.i M acetate buffer at  pH 5.o. Superoxide dismutase 
was added i min after H202 was added. The decrease of oxyperoxidase was measured as a decrease 
in absorbance at  418 nm. In the absence of superoxide dismutase the gradual increase of oxy- 
peroxidase was observed as shown in Fig. 7. 

a m o u n t  of  s u p e r o x i d e  d i s m u t a s e  a n d  o t h e r s  w o u l d  r o u g h l y  s h o w  r e a c t i o n  c u r v e s  of  

o x y p e r o x i d a s e  f o r m a t i o n  due  to  t h e  r e a c t i o n  of  fe r r i c  p e r o x i d a s e  a n d  s u p e r o x i d e .  

T h e  a m o u n t  o f  o x y p e r o x i d a s e  r e a c h e d  i t s  m a x i m a l  v a l u e  a b o u t  20 s a f t e r  H 2 0  ~ was  

a d d e d .  J u d g i n g  f r o m  t h e  v i s ib l e  s p e c t r a  s h o w n  in  Fig.  8 i t  cou ld  b e  c o n c l u d e d  t h a t  

t h e  e n z y m e  c o n s i s t e d  of  fe r r i c  a n d  o x y  f o r m s  a n d  n o  a p p r e c i a b l e  a m o u n t  of  

Q Q" 

¢5 d C" 

1 rain 1 min 

Fig. 7- Effect of superoxide dismutase on the formation of oxyperoxidase. The left figure shows 
increases in absorbance at  418 nm when i. 5 #M H,O, was added to a solution containing 8. 4/~M 
horseradish peroxidase, o.I mM NADH and various amounts  of superoxide dismutase in o.i M 
acetate buffer at  pH 5.0. The concentrations of superoxide dismutase were o(a), o.64(b), 1.9(c) 
and I3(d ) ~tM. The right  figure shows the approximate t ime courses of oxyperoxidase formation, 
calculated by assuming tha t  the transient  formation of Compound I[ of horseradish peroxidase 
was shown by the typical curve of d and was similarly involved in other reaction curves. Conse- 
quently, curves a', b" and c' were obtained as a-d, b -d  and c-d, respectivlely. 

C o m p o u n d  I I  was  p r e s e n t  a f t e r  t h a t  t ime .  I n  t h e  a b s e n c e  of  s u p e r o x i d e  

d i s m u t a s e  a s low i n c r e a s e  of  o x y p e r o x i d a s e  c o u l d  be  seen  a f t e r  t h e  r a p i d  r e a c t i o n  as 
r e p o r t e d  p r e v i o u s l y  18. 

I f  t h e  c o n c e n t r a t i o n  of  H202  a d d e d  is low e n o u g h  a n d  t h e  c o n c e n t r a t i o n  of  

f e r r i c  p e r o x i d a s e  is a s s u m e d  to  r e m a i n  c o n s t a n t  t h e  fo l lowing  r e l a t i o n  c a n  be  d e d u c e d ,  

[total superoxide generated] -- [formed oxyperoxidase] 

[formed oxyperoxidase] 

.[ksoa [SOD] [superoxide] dt 
= 

J'ki[ferric peroxidase][superoxide] dt 

ksoa [SOD] 
= ( ~ 6 )  

hi[ferric peroxidase] 
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Fig. 8. identification of the intermediates of Fig. 7 as oxyperoxidase. Spectra were scanned from 
6oo nm in the t ime range between 2o and 55 s after i .5/~M H202 was added into solutions containing 
8. 5/~M horseradish peroxidase, o.I mM NADH and indicated amounts of superoxide dismutase 
in o.i M acetate buffer at  pH 5.o. No appreciable peroxidase Compound II was observed in these 
spectra. 

A c c o r d i n g  to  t h e  m e c h a n i s m  s h o w n  in  R e a c t i o n s  13 a n d  14 t h e  t o t a l  m o l a r  a m o u n t  

of  s u p e r o x i d e  g e n e r a t e d  s h o u l d  be  t w i c e  t h e  a d d e d  Hz02  a n d  w o u l d  e q u a l  t h e  a m o u n t  

of  o x y p e r o x i d a s e  f o r m e d  in  t h e  a b s e n c e  of  s u p e r o x i d e  d i s m u t a s e .  F r o m  t h e  r e s u l t s  

of  Fig.  7 t h e  r a t i o  ksoa/ki w as  c a l c u l a t e d  to  b e  a b o u t  4. T h e  r e s u l t s  a re  s u m m a r i z e d  

in  T a b l e  I I .  T h o u g h  t h e  v a l u e  of  ki is n o t  c o n f i r m a t i v e  i t  c a n  b e  s a id  t h a t  t h e  

r e a c t i o n s  o f  t h e  s u p e r o x i d e  a n i o n  w i t h  fe r r ic  p e r o x i d a s e  a n d  w i t h  s u p e r o x i d e  d i s m u t a s e  

TABLE II 

R E A C T I O N  OF S U P E R O X I D E  A N I O N  W I T H  P E R O X I D A S E  

pH SOD oxyperoxidase ksoa/ki* ks 
(ktM) formed (M-l . s  -1, × •o 7) 

(aM) 

5.0 o 2. 3 
0.64 1.6 4 .6 3.5** 35"** 
1.9 o.9 4.7 3.4** 34*** 

5.5 o 2.2 
0.64 1.2 6.8 3.1"* 24*** 
1.9 0.7 6.4 3.3*" 25"** 

* The ratio was calculated according to Equat ion 16. The concentration of ferric peroxidase 
was tentat ively calculated as 1/2 (Etotal peroxidase~ + [final ferric peroxidase]). 

** Calculated with use of the ksod values of 1.6. lO 8 M 1.s-1 (pH 5.o) and of 2.I.  lO 8 M -~. s -~ 
(pH 5.5). 

*** Calculated with use of the ksoa values of 1.6. lO 9 M-l . s  -1 (ref. 8). 

o c c u r  a t  s i m i l a r  r a t e s .  I f  H202 is f o r m e d  in  t h e  r e a c t i o n  b e t w e e n  s u p e r o x i d e  a n d  

s u p e r o x i d e  d i s m u t a s e ,  p e r o x i d a s e  s h o u l d  r e m a i n  in  t h e  f o r m  of  C o m p o u n d  I I  in  t h e  

p r e s e n c e  a suf f ic ien t  a m o u n t  of  N A D H .  T h u s ,  t h e  r e s u l t s  of  F ig s  7 a n d  8 m i g h t  

s u g g e s t  t h a t  t h e  r e a c t i o n  of  s u p e r o x i d e  a n d  s u p e r o x i d e  d i s m u t a s e  in  a s t o i c h i o m e t r i c  

a m o u n t  does  n o t  p r o d u c e  H202  b u t  f o r m s  a n  i n t e r m e d i a t e  p r o d u c t  of  t h e  e n z y m e .  

T h e  d e t a i l s  o f  t h e  r e a c t i o n  a re  n o w  u n d e r  i n v e s t i g a t i o n .  
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