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Summary 

Xanthine oxidase suffers autoinactivation in the course of  catalyzing the 
oxidation of  acetaldehyde. When no special efforts were made to maintain a 
high pO2 in these reaction mixtures catalase protected the xanthine oxidase, 
but  superoxide dismutase did not. However,  when oxygen depletion was 
slowed or prevented by working at lower concentrations of xanthine oxidase, 
at lower temperatures or by vigorous agitation under an atmosphere of 100% 
oxygen, superoxide dismutase or catalase protected markedly when added 
separately and protected almost completely when added together. This result 
correlates with the greater production of  O~, relative to H202, by xanthine 
oxidase, at elevated pO2. Since histidine also provided some protect ion and the 
high levels of  acetaldehyde used would have precluded any significant effect  of  
OH', we conclude that singlet oxygen, or something with similar reactivity, was 
generated from O~ plus H202 and contr ibuted significantly to the observed 
autoinactivation. 

The toxici ty of  molecular 02 is mediated largely by intermediates of  its 
reduction. The first .of these, O~, damages certain biological molecules and 
structures and is scavenged by superoxide dismutases. These enzymes are essen- 
tial components  of  the defense against the toxicity of  O2. The data which 
support  some portions of  this view of the role of  O~ in the toxici ty of  dioxygen 
are firm. Thus, superoxide is produced during the autoxidations of  many 
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biologic compounds,  including leucoflavins [ 1,2 ], hydroquinones [ 2], catechol- 
amines [3,4],  tetrahydropterins [5], cytochrome [6], ferredoxins [7] and 
hemoglobins [8,9] as well as during the action of several oxidases and flavin 
containing dehydrogenases [10]. Furthermore,  certain organelles and even 
whole cells, including respiring submitochondrial particles [11,12],  illuminated 
chloroplast fragments [13--15] and activated granulocytes [16] have been 
shown to release O~. In a soluble extract of  Streptococcus faecalis, 17% of the 
total oxygen uptake could be accounted for in terms of  OF generated [17]. 
Clearly the biological production of O~ is a reality. Cells, in which the activity 
of  superoxide dismutase has been increased, resist both killing by hyperbaric 
oxygen and the oxygen-enhancements of  the toxicity of streptonigrin and of 
methyl  viologen [18--21].  Furthermore,  mutants with defects in superoxide 
dismutase exhibited the expected intolerance for oxygen [22].  

The deleterious effects of OF have been partially explored. Fluxes of  O~, 
generated photochemically or enzymatically, have been shown to oxidize 
linolenate [23],  lyse erythrocytes  [24] and vesicles formed of erythrocyte  
stroma [25],  depolymerize hyaluronate [26] inactive virus [27],  kill bacteria 
[27,28] and damage mammalian cells in culture [29]. There has been little 
dy of the effects of O~ on enzymes beyond reports of the inactivation of  
papain [30] and of  glyceraldehyde-3-phosphate dehydrogenase [31] by a radio- 
chemical source of  these radicals. During investigations of  the effects of an 
enzymatic source of O~ upon human erythrocytes,  it was noted that xanthine 
oxidase was subject to a self-inactivation which was partially prevented by 
superoxide dismutase [24,25].  The effect of  O~ upon xanthine oxidase may be 
taken as a model for its potential effects upon diverse enzymes and thus 
seemed wor thy  of  more thorough study. 

Materials and Methods 

Acetaldehyde, from Eastman Organic Chemicals, was stored at --20°C and 
was freshly distilled prior to use. Xanthine (Sigma), bovine erythrocyte  super- 
oxide dismutase (Truett),  bovine liver catalase (Boehringer or Calbiochem), 
EDTA, mannitol and histidine (Sigma) were obtained from the indicated 
sources and were used without  special purification. Xanthine oxidase was 
prepared from raw cream [32] and was stored at --20°C in 50 mM potassium 
phosphate, 0.1 mM EDTA at pH 7.8. 

Xanthine oxidase activity was estimated spectrophotometrically in terms of 
the rate of  conversion of  xanthine to urate followed by the increase in 
absorbance at 295 nm [33]. OF produced during the xanthine oxidase reaction 
was also measured spectrophotometrically in terms of the superoxide 
dismutase-inhibitable reduction of cytochrome c at 550 nm [34]. The inactiva- 
tion of  xanthine oxidase during its action upon acetaldehyde was assessed by 
removing samples at intervals and diluting them into buffered xanthine and 
following the rate of  increase in absorbance at 295 nm at 25°C. 

Results 

Autoinactivation o f  xanthine oxidase 
Xanthine oxidase (1.5 pM) was progressively inactivated when allowed to act 
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upon 10 mM acetaldehyde in 50 mM potassium phosphate,  0.1 mM EDTA (pH 
7.8) and at 25°C. Superoxide dismutase did not  provide significant protection,  
but  did increase the substantial protect ion offered by catalase. These results, 
shown in Fig. 1A, were obtained in reaction mixtures which were open to the 
air, but  not  agitated or bubbled. Since the initial oxygen concentration in solu- 
tion (0.24 mM) was only 2.5% of the initial acetaldehyde concentration and 
since diffusion across a still air-water interface is a slow process, we must 
expect  that  the pO2 declined rapidly in these reaction mixtures. Xanthine 
oxidase can cause both  univalent and divalent oxygen reduction but  the uni- 
valent process is favored by high pO2 [35].  It follows that the rate of O~ 
production,  relative to the rate of  H202 production,  must have declined rapidly 
with the declining pO2 in these reaction mixtures. It seemed likely that  the 
small effect  of  superoxide dismutase may have been due to this circumstance. 

Protection by superoxide dismutase 
The rapid decline in pO2, and hence in O~ production,  might be avoided by 

slowing the rate of  the xanthine oxidase reaction or by increasing the aeration. 
Both approaches were tested. The rate of oxidation of  xanthine was reduced 
10-fold by an equivalent reduction in the concentration of  xanthine oxidase 
(Fig. 1B) or by lowering the temperature to 5°C (Fig. 2). In both  cases super- 
oxide dismutase or catalase, added separately, afforded significant protect ion 
and added together protected almost completely.  Furthermore,  in accord with 
the expected gradual decrease in O~ product ion relative to H202 production,  
due to gradually decreasing pO2, superoxide dismutase protect ion was most  
evident during the early part of  the reaction and catalase protect ion was most  
effective during the late phase. 

A high concentration of  dissolved oxygen was also maintained, in spite of  a 
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Fig. 1. A u t o i n a c t i v a t i o n  of  xan th ine  oxidase  at  25°C in air. R e a c t i o n  m i x t u r e s  co n t a in ed  10 mM 
C H 3 C H O ,  50 m M  po t a s s ium p h o s p h a t e ,  0.1 m M  E D T A  an d  w h e r e  ind ieed  10 p g / m l  of  superox ide  
d i smutase  (SOD) a n d / o r  o f  catalase (CAT)  at  pH 7.8 and  at 25°C.  The c o n c e n t r a t i o n  o f  xanth ine  ox idase  
was 1.5 ~M in A and  0 .15  pM in B. A l t h o u g h  r eac t i on  m i x t u r e s  were  open  to the  air, no a t t e m p t  was  
m a d e  to agitate  during the  r eac t ion .  

Fig. 2. A u t o i n a c t i v a t i o n  of  x a n t h i n e  oxidase  in air a t  5°C.  R e a c t i o n  m i x t u r e s  co n t a in ed  10 mM C H 3 C H O  , 
50 mM p o t a s s i u m  p h o s p h a t e ,  0.1 m M  E D T A ,  0 .36  ~M xan th ine  oxidase ,  a t  pH 7.8,  and  w h e r e  ind icated  
10 /~g /ml  of  catalase (C AT)  a n d & o r  s u p e r o x i d e  d i sm u tase  (SOD).  No ag i ta t ion  was appl ied .  
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rapid xanthine oxidase reaction, by agitating the reaction mixture under an 
atmosphere of 100% oxygen. In this case superoxide dismutase was more 
protective than catalase and the combined presence of both of these enzymes 
afforded full protection (Fig. 3). 

Effects of scavengers of OH" and of 02(lAg) 
There have been numerous reports in which O~ and H20~ appeared to 

collaborate in causing an effect. In the first report of this phenomenon, the 
effect was the generation of ethylene from methional [36] and either super- 
oxide dismutase or catalase prevented the reaction. Since compounds which 
scavenge OH" or O2(1Ag), but which do not react with either O~ or H202, have 
also been seen to inhibit in these cases [6,23,24]; we have supposed that O~ 
and H202 can conspire in the production of these very reactive species. Iron 
compounds have recently been reported to facilitate this process [37]. Since 
the autoinactivation o f  xanthine oxidase was prevented by superoxide 
dismutase and catalase a similar cooperative effect was supposed and the effects 
of mannitol, a scavenger for OH', and of histidine, a scavenger for O2('Ag) were 
investigated. Because the reaction mixtures already contained 10 mM CH3CHO, 
which would effectively scavenge OH', we could not expect mannitol to exert 
much effect. As shown in Fig. 4, mannitol did not  protect but histidine did. In 
these reaction mixtures the relative extent of O~ production was optimized by 
allowing the xanthine oxidase to act upon acetaldehyde at 5°C and under 100% 
oxygen and superoxide dismutase was seen to offer pronounced protection. 

100 - -  • - 

80 

E 
,~- 60 

AT OD 

E z 
40 

20 

0 

i I i 
e 

SOD AND CAT 

I00 , ~ , , , 

/~ • SOD + :T,,. 

MAN N I T O L " ~ , . , , i  ""0 

2'o ~o 6'0 4c 2o . . . . .  4o oo oo ~o 
MINUTES MINUTES 

Fig. 3. A u t o i n a e t i v a t i o n  o f  x a n t h i n e  oxidase  in 100% o x y g e n  at  25°C.  Reac t i on  m i x t u r e s  co n t a in ed  10 
m M  C H 3 C H O ,  5 0  m M  potass ium phosphate ,  0.1  m M  E D T A  a n d  1 . 3  ~uM xanthine  ox idase  a n d  w h e r e  
ind ica ted  10 #g / m l  of  catalase (CAT)  a n d / o r  superox ide  d i smutase  (SOD).  R e a c t i o n  m i x t u r e s  w e r e  con-  
t inuous ly  a g i t a t e d  u n d e r  100% 0 2  at  25°C a t  pH 7.8.  

Fig. 4. A u t o i n a c t i v a t i o n  of  xan th ine  oxidase  in 100% 0 2  at  5°C. Reac t ion  mix tu re s  co n t a in ed  10 m M  

CH3C H O ,  50 mM p o t a s s i u m  p h o s p h a t e ,  0.1 m M  E D T A ,  0 .33  #M xan th ine  oxidase  and where  ind ica ted  
10 ~g /ml  superox ide  d i smutase  (SOD),  10 ~ug/ml catalase (CAT)  5 mM hist idine or  100 mM man n i to l .  
R e a c t i o n  m i x t u r e s  w e r e  con t inuous ly  ag i t t a ted  unde r  100% 02  at  5°C and  at  pH 7.8. 
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Discussion 

Xanthine oxidase suffers a syncatalytic inactivation by mercurials [38,39] 
and by H202 [40].  This suggests that  a reactive sulfur center is transiently 
generated during the catalytic cycle. Massey and Edmondson [41] presented 
data supporting the essentiality of  a persulfide group for the activity of  this 
enzyme. We have now seen that the aerobic action of this enzyme on acetal- 
dehyde results in an autoinactivation which can be due primarily to H202 or to 
O~, depending upon their relative rates of  production;  which in turn is a func- 
tion of the pO2. When the pO2 was maximized, by working at 5°C with agita- 
tion under an atmosphere of 100% 02, superoxide dismutase was more protec- 
tive than was catalase (Fig. 4), but  the combination of  superoxide dismutase 
plus catalase was most effective. This is yet  another instance in which OF and 
H202 interact to generate potent  oxidants, which have tentatively been identi- 
fied as OH" and O2(1Ag) [23,24,36].  In the present case the high level of  
CH3CHO present in the reaction mixture would effectively scavenge OH', so 
the inactivation could not  have been due to this radical. Indeed, mannitol was 
not  able to protect  and even slightly augmented the rate of  autoinactivation. 
Histidine did protect  significantly and this suggests that  O2(~Ag), generated 
from O~ plus H202, may have played a role in the autoinactivation of  xanthine 
oxidase. Another  dimension has now been added to considerations of oxygen 
toxicity.  Enzymes, which like xanthine oxidase have a readily oxidized essen- 
tial component ,  whether exposed transiently during their catalytic cycles or 
present at all times, can be inactivated by the oxidant,  possibly singlet oxygen, 
which is generated by the interaction of  OF and H202. 
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