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SUMMARY 

I. The cupric copper at the active site of bovine superoxide dismutase is reduced 
at a relatively fast rate by ferrocyanide and sulfide in the ratio of one molecule ot 
reducing agent per copper atom. 

2. The ferrocyanide-reduced product is stable in air, and is reoxidized by ferri- 
cyanide at approximately the same rate as the reduction reaction. Reoxidation by 
ferricyanide is much faster if anions such as CN- and N% are added to the ferrocyanide- 
reduced protein. 

3. The addition of HyO 2 leads to an almost complete disappearance of absor- 
bance and of the electron paramagnetic resonance spectra of the enzyme copper. Evi- 
dence is presented that  this is a true reduction by the H202/02 couple, and not a 
coupling between two Cu 2+. The rate of reduction is comparable to that  by ferro- 
cyanide and sulfide, as it is the rate of reoxidation of the H2Oe-reduced protein by 
ferricyanide. On the other hand, reoxidation by oxygen is very slow, as in the case of 
the sulfide-reduced protein. 

4- From these data, E '  o for the enzyme copper is approximately calculated at 
+o.4o V, which is appropriate for a dismutation mechanism involving alternate 
reduction and reoxidation of copper for the 0-2/02 and O-JH202 couples. The 
kinetics of these reactions indicate stability of the reduced protein toward oxygen 
and facilitation of reoxidation by anion binding. These results support the same type 
of mechanism. 

INTRODUCTION 

Superoxide anion radicals (O-z), produced by univalent reduction of oxygen 
during biological oxidations, dismutate spontaneously according to the following 
reaction : 

02-  _t_ 0~ -  + 2H + ~ H202 + 02 
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This reaction is catalyzed by the enzyme superoxide dismutase. The mammalian 
enzyme contains two zinc ions and two cupric ions per molecule of protein (tool. wt 
33 ooo). Copper appears to be directly involved in the dismutase reaction on the basis 
of recombination studies l& However, in certain experimental conditions removal oi 
zinc causes irreversible denaturation 2. This could be due to a structural role of the 
Zn e+ in maintaining the protein conformation necessary for enzyme activity. This 
active conformation seems to be related to a peculiar geometry of the copper site, 
which is significantly distorted from tile square-planar coordination usually found in 
Cu(II) complexes and in copper proteins 3. Most recently, pulse radiolysis studies of the 
bovine superoxide dismutase4, 5 gave extensive information on the steady state para- 
meters of the reaction ; moreover, experiments performed at high enzyme concentra- 
tions in the presence of approximately stoichiometric amounts of O- 2 showed a 
significant decrease of the absorption band of the enzyme copper without any apparent 
recovery within I ms. Since this time exceeds the expected turnover time, the bleach- 
ing seemed unrelated to the catalytic mechanism unless it is assumed that a stable 
reduced intermediate is formed under those conditions. In such a case a plausible 
reaction mechanism would be 

Cu 2+ + O 2 - - ~  Cu~ + O 3 

Cu + @ (i) 2 - + 2 H ÷ - + C u 2 +  + H20~ 

It can be envisaged as a ping-pong mechanism where the Cu2+-enzyme is reduced by 
substrate acting as a reductant, and the Cu+-enzyme is oxidized by substrate acting 
as an oxidant. In this case both copper sites would be equivalent. While further pulse 
radiolysis work is in progress to definitely prove this mechanism, it seemed to us to be 
interesting to investigate in detail the oxidation-reduction reactions of the enzyme 
copper, as an independent approach to the understanding of a dismutase reaction 
mediated by a valence change of the one-electron acceptor metal ion. 

MATERIALS AND METHODS 

All chemicals used were reagent grade. Bovine superoxidase dismutase wa~ 
purified according to McCord and Fridovich 1 . Protein concentrations were determined 
from the absorbance at 680 nm (see ref. i) or from the intensity of the electron 
paramagnetic resonance (EPR) signal of copper (protein concentration is half the copper 
concentration). Absorbance and EPR spectra were recorded as previously described 6. 

RES U L T S 

Reaction with ferrocyanide 
Fig. I shows a spectrophotometric titration of superoxide dismutase (wate~ 

solution, 25 °C) with ferrocyanide. The copper optical absorption band, with a 
maximum at 680 nm, decreases on addition of ferrocyanide, with concomitant absor- 
bance increase at 420 nm due to the ferricyanide formed. A parallel decrease in the 
intensity of the Cu 2+ EPR signal of the frozen solutions was also observed. No appre- 
ciable differences were found in the absence of oxygen. Overnight dialysis against 
water did not reverse the spectral change completely, whereas dialysis against 
phosphate buffer resulted in a complete restoration of the original absorbance. This 
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Fig. I. Absorbance  spec t ra  of  the  r eac t ion  of  bov ine  superox ide  d i s m u t a s e  w i t h  fer rocyanide .  
The isosbest ic  series of curves  refers to  the  r eac t ion  of  5 '  1o-4 M enzyme  w i t h  6. lO -4, 9" 1 °-4 and  
12. lO -4 M KiEFe(CN)e ] in w a t e r  so lu t ion  a t  25 °C. In  the  inse t  • refers to  t he  same  series, [] to  
a n o t h e r  s imi la r  exper iment .  

could be due to the fact that raising of the ionic strength facilitates dialysis of anions 
through the dialysis membranes, which usually bear negative charges. However, the 
possibility that  buffer anions displace ferricyanide from a ferricyanide binding site on 
the protein can not be ruled out. 

From the optical t i tration K ~_ 5 was calculated for the equilibrium [Fe3+ l [Cu+]/ 
[Fe~+jECu~+ 1 (Fig. I, inset), assuming identical extinction coefficients for free and 
protein-bound ferricyanide. The same approximate value was obtained by adding 
ferricyanide to the enzyme + ferrocyanide reaction mixture and observing the 
resulting optical changes. 

Kinetic measurements carried out in the standard spectrophotometer used for 
optical spectra gave comparable rates for reduction and reoxidation with half times of 
a few seconds in pseudo-first-order conditions in the presence of lO -3 M enzyme. 

Effects of azide and cyanide on ferrocyanide-reduced protein 
Figs 2A and 2B show the effects of the addition of azide and cyanide respec- 

tively to ferrocyanide-reduced samples. They cause reoxidation of the copper moiety 
at the expense of the ferricyanide present at equilibrium, as demonstrated by the 
reappearance of the absorbance bands of the oxidized protein between 50o and 75 ° 
nm, with a parallel decrease of the ferricyanide peak. I t  is interesting to note that,  
while the absorbance band which arises on addition of cyanide corresponds to that of 
the cyanide complex previously described3, s, the absorbance maximum of the azide- 
treated protein moves, on standing, toward shorter wavelengths. Nevertherless the 
low temperature EPR spectrum of this sample (Fig. 2C) is typical of the azide complex 
of the protein copper 3. 
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Fig .  2. T h e  r e a c t i o n  of  f e r r o c y a n i d e - r e d u c e d  s u p e r o x i d e  d i s m u t a s e  w i t h  c y a n i d e  a n d  az ide  11: 
w a t e r  s o l u t i o n  a t  25 °C. (A) a b s o r b a n c e  s p e c t r a  of  4" I ° - 4  M e n z y m e ,  t r e a t e d  w i t h  a 2-fold exces~ 
of  f e r r o c y a n i d e  (a) a n d  t h e n  r e a c t e d  w i t h  2- IO -a M (b) a n d  4" I ° - 3  M (c) N a C N .  (B). A b s o r b a n c (  
s p e c t r a  of  5" lO 4 M e n z y m e ,  t r e a t e d  w i t h  a 2-fold exces s  of  f e r r o c y a n i d e  (a) a n d  t h e n  r e a c t e d  witt- 
2. IO -2 M N a N  3 (b). C u r v e s  c a n d  d re fe r  t o  t h e  s a m e  s a m p l e  as  in  b, a f t e i  3 ° m i n  a n d  4 h, respec-  
t i v e l y .  (C). E P R  s p e c t r u m  a t  9.15 G H z  of  t h e  s a m p l e  of  C u r v e  B, d. M o d u l a t i o n  a m p l i t u d e ,  i o  G 
m i c r o w a v e  p o w e r ;  2o m W ;  t e m p e r a t u r e ,  15o °C. 

The rate of reoxidation by ferricyanide in the presence of anions is much highei 
than that of reduction by ferrocyanide, and is not measurable by standard spectro- 
photometric techniques. 

Reaction with hydrogen peroxide 
When stoichiometrie amounts of hydrogen peroxide are added to superoxid~ 

dismutase in tile absence of oxygen, the EPR signal decreases in a linear fashion t( 
reach a minimum which cannot be abolished by excess peroxide. The stoichiometry oJ 
this reaction did not change in experiments performed in diluted buffer at pH 7.4 and 
pH io.I.  The signal decrease is complete within 2 rain after each addition. The residual 
signal appears to be slightly different from the original one and could be attributed tc 
a different copper species, possibly from denatured molecules. When the anaerobic 
EPR cell is open to air, the signal intensity slowly increases to a value very near to the 
original. The original signal shape is substantially recovered when nearly stoichio 
metric amounts of H202 are used, while in the presence of higher excesses the shape ol 
the recovered signal is slightly modified. Fig. 3 illustrates some of these results. 

The copper absorbance around 680 nm is bleached by the addition of increasin~ 
amounts of H~O2, with a titration curve completely superimposable to correspondin~ 
EPR experiments. 

Kinetic measurements, carried out by following the optical changes at 680 nm 
after the addition of a 3-fold excess of reactant with respect to the protein copper 
showed that the HzO2 bleaching occurs at approximately the same rate as the ferro- 
cyanide reaction, and that it is partially reversed (about 60%) by the addition of ferri- 
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Fig. 3 - E P R  spec t ra  a t  9 . I5  GHz of the  reac t ion  of bov ine  superox ide  d i s m u t a s e  wi th  H=O 2. 
To an anaerob ic  E P R  cell w i th  5" lO-4 M enzyme  in o.o 5 M ca rbona t e  buffer, p H  io . I  (I), 
2. 5 • lO .4 M (2), 7.5" lO-4 M (3), IO-3 M (4), 1.5' IO-Z M (5) HzO2 was  added.  The cell was  then  
open to  the  air  for 3 ° min  (6). To an  anaerob ic  E P R  cell wi th  5" IO-* M enzyme  in o.o 3 M phos- 
p h a t e  buffer p H  7.4 (7), 5" l ° -4  M (8), io  -s M (9), and  8. lO .3 M (io) HzO 2 was added.  The cell 
was then  open to the  air  for I h ( i i ) .  I n s t r u m e n t  se t t ings  as in Fig. 2C. 

cyanide at the same rate as in the ferri-ferrocyanide redox reactions. On the other 
hand only 3o% recovery of the original absorbance is obtained after 2 h incubation in 
the presence of air. 

Effect of cyanide on the HzOz-treated enzyme 
I t  has already been reported that  HzO 2 has no effect on the cyanide complex of 

the enzyme 3. Similarly, cyanide added to the HzOz-treated enzyme (Fig. 4) reacts only 
with that  part  of the copper which is detectable by EPR. In fact, double integration 
of the E P R  signals recorded before and after cyanide addition (Fig. 4, Curves c and d) 
gave 4.5" 1o-4 and 4.8. lO -4 M Cu 2+ respectively. 

2;~o 3&o ~o 
Magnetic field (gauss) 

Fig. 4. E P R  spec t ra  a t  9.15 GHz of bov ine  superox ide  d i s m u t a s e  t r e a t e d  w i t h  HzO * and  cyanide.  
To 5 '  lO-4 M enzyme  (water  solut ion,  Curve  a) was  a d d e d  lO -8 M HzO ~ (Curve b). The sample 
was then  exposed  to  f luxing  oxygen  for 5 min  (Curve c) and  t r e a t e d  w i t h  2. IO -3 M NaCN (Curvc 
d). The las t  s p e c t r u m  does no t  change  on pro longed incuba t ion .  I n s t r u m e n t  se t t ings  as in Fig. 2C 
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Reac t ion  wi th  s o d i u m  sul f ide 

On the addition of sodium sulfide in the absence of oxygen, the optical and E P R  
signals of the protein copper disappear at a rate which is comparable to that  of the 
ferrocyanide reaction. Reoxidation by air or oxygen is as slow as after t reatment  with 

H202. 

D I S C U S S I O N  

The results presented above show that  the copper of superoxide dismutase, 
which is part  of the active site of the enzyme 1 5, reacts with ferrocyanide, hydrogen 
peroxide and sulfide. All these reactions produce a decrease in the intensity of the 
copper E P R  signal and a bleaching of the copper optical absorption. We want to 
stress and discuss here some points which may  be relevant to the catalytic mechanism. 

(a) These are the first data reported in detail on the redox activity of the super- 
oxide dismutase copper. Ferrocyanide reduces the copper, as indicated by the forma- 
tion of ferricyanide. The effects of sulfide can only be interpreted in terms of reduction. 
I t  is our belief that  the hydrogen peroxide reaction is also a true reduction. However 
this s tatement deserves some comment,  since it ensues from considerations which are 
not as straightforward as in the other two cases. In fact, the enzyme contains two 
copper atoms per molecule. On the basis of the spectral properties they are considered 
independent and equivalent. However, it cannot be a p r i o r i  ruled out that  they might 
be sufficiently close to each other so as to permit the formation of a peroxo-bridge 
between them. In this case, one molecule of hydrogen peroxide could react with both 
copper atoms and bring about a superexchange coupling 7 through the O-O bridge. 
This possibility could be explored by magnetic susceptibility techniques and if it 
exists it would permit speculation on the distance between the two copper sites in the 
protein. Nevertherless, some facts seem to conflict with this hypothesis. The bleaching 
of optical absorption which occurs on the addition of hydrogen peroxide points to a 
reduction of copper rather than to a coupling, as the optical spectrum of copper 
complexes is not bleached by coupling 7. Reversal of bleaching by ferricyanide and 
oxygen also favors a redox reaction. 

(b) All the reducing agents tested reacted in the ratio of one molecule of 
reductant per atom of copper. Such a stoichiometry fits in with one-electron oxidation 
reduction in the case of ferri-ferrocyanide couple, but is rather intriguing for H202. It 
tile peroxide gives one electron per copper atom, the product is superoxide anion (O 2)- 
However, a peroxide-superoxide couple has too high an E '  o (+o.98 V; see ref. 8) to 
be reasonably involved in copper reduction as it is, for instance, in the case of periodate 
or permanganate.  In the case of two-electron donation, the product will be 02; this 
redox couple has E '  o ~ +o.27 V (see ref. 8), near to the ferri-ferrocyanide value oI 
+o.36 V (see ref. 9), as should be expected from the similar behavior of the two redox 
systems. On the other hand, it is evident that  two-electron donation by hydrogen 
peroxide per copper a tom implies the presence of another one-electron acceptor of 
sufficiently high redox potential in the protein. The nature of such an acceptor chal- 
lenges future investigation. 

(c) The assumed redox potentials of the systems involved in ferrocyanide and 
hydrogen peroxide reactions, and the low value of the calculated equilibrium constant 
in the case of ferrocyanide, gives a preliminary E '  o for the superoxide dismutase 
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copper  near  + o . 4 o  V. Such a value  is well  su i ted  for effective invo lvemen t  in a dis- 
m u t a t i o n  reac t ion  requi r ing  a l t e rna te  reduct ions  and  reoxida t ions ,  being in t e rmed ia te  
be tween  the 0 - 2 / 0  2 couple (E'  o ---- - -0 .45 V; see ref. 8) and  the O-~/H20 2 couple 
(E' o = + 0 . 9 8  V). However ,  i t  should  be po in ted  out  t ha t  E '  0 for fe r r i - fe r rocyanide  
could change on b inding  to  t h e  prote in ,  so t h a t  the  E '  o for the  enzyme becomes a 
ve ry  a p p r o x i m a t e  value.  

(d) Reox ida t i on  b y  oxygen  of  the  samples  p rev ious ly  reduced  b y  peroxide  or 
sulfide is ve ry  slow, bu t  i t  occurs wi th  a half  t ime  of a few seconds in the  presence of 
fer r icyanide .  This confirms the suppos i t ion  t h a t  the  reduced enzyme is k inet ica l ly  
s table  t o w a r d  oxygen,  as a l r eady  suggested b y  pulse radiolys is  expe r imen t s  4. Oxygen  
seems to escape from the  equi l ib r ium wi th  H202, otherwise it would reoxidize copper,  
no m a t t e r  how slowly, in the  presence of  cyanide ,  as fer r icyanide  does when the ferro- 
cyan ide- reduced  p ro te in  is r eac ted  wi th  cyanide  (see Fig.  4). This could mean  t ha t  
the  p ro te in  does not  b ind  oxygen  with  an apprec iab le  affinity, whereas it b inds  ferri- 
cyanide .  

F a s t  r eox ida t ion  of the  fe r rocyan ide- reduced  p ro te in  by  the add i t ion  of  anions 
is ano the r  suggest ive resul t ,  as an "a l t e rna t e  r educ t i on - r eox ida t i on  mechan i sm"  of 
the  superoxide  d i smutase  a c t i v i t y  involves,  as the  second step,  b ind ing  of an  anion 
(0-2) to the  reduced  copper,  besides r eox ida t ion  by  the same molecule.  I t  has been 
shown s t h a t  anions br ing abou t  a dras t ic  s y m m e t r y  change of  the  enzyme copper  site ; 
th is  change m a y  affect the  redox proper t ies  of the  enzyme copper ,  s tabi l iz ing the 
oxid ized  s ta te .  

The resul ts  descr ibed in th is  paper  s t rong ly  suppor t  the  idea t ha t  anions m a y  
s ignif icant ly  affect the  mechan i sm of  ac t ion of  superoxide  d ismutase .  
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