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REQUIREMENTS FOR SOD MIMICS OPERATING 
IN VITRO TO WORK ALSO IN VIVO 
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91904, Israel 

When an efficient SOD mimic operating in vitro is introduced into cells, the following requirements are 
needed in order that this compound will catalyze 0; dismutation efficiently: it should be non toxic, stable, 
has a long metabolic half life, does not form ternary complexes with the cell components, its reduced form 
reacts slowly with molecular oxygen. should be able to cross cell membranes and also to reach lipophilic 
or hydrophobic regions. Thus, i t  seems that finding an efficient compound that has high SOD-like activity 
in vivo will not be easily achieved. 
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INTRODUCTION 

The toxicity of 0; and its role in many deleterious processes in biological systems is 
not questioned any more, and the proceeding of this conference includes many 
examples. The ability of superoxide dismutase (SOD) to catalyze 0; dismutation was 
first discovered by McCord and Fridovich in 1969,’ and it is believed that it protects 
the cells from superoxide toxicity.’.’ 

Native SOD has a few drawbacks in its use as a drug in those cases where it is 
believed to protect against 0; toxicity. The main problems arising with the use of this 
enzyme as a drug are due to its short metabolic half life, which is about 10 minutes, 
and its inability to penetrate into the cells and also to reach lipophilic regions.‘ 

There are numerous copper complexes including Cuil ,  which were found to be 
almost as eficient as SOD in catalyzing 0; dismutation in a pulse radiolysis system.’ 
However, many of these compounds lose their activity in vivo, and some of them even 
enhance 0; toxicity.’ 

It is the purpose of this communication to point out the requirements needed from 
a compound so that i t  will be able to mimic SOD efficiently in vivo. 

DISCUSSION 

A )  Mechanism of SOD and SOD Mimics 

The mechanism of SOD as well as many other copper complexes is assumed to 
proceed via the so called the ‘ping-pong’ mechanism, where copper oscillates between 
Cu(I1) and Cu(1):’ 

Cu(I1) + 0; -+ CU(1) + 0, ( 1 4  
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CU(I) + 0; + 2H+ + Cu(I1) + H 2 0 2  ( 2 4  
Other alternative mechanisms have been also suggested for the catalysis of 0; 
dismutation by copper compounds were, 

CU(II) + 0; + 2H+ + Cu(II1) + H202 

Cu(II1) + 0; + Cu(I1) + 0, 
(Ib) 

(2b) 
or 

or 

CU(I1) + 0; e cuo; 
cuo: tG Cu(1) + 02 

CUO: + CU(I) + 2H+ + 2Cu(II) + H 2 0 2  

(Id) 

(3) 

(4) 
The various schemes describe the dismutation of 0; yielding hydrogen-peroxide and 
molecular oxygen: 

20; + 2H+ -+ 0, + H 2 0 2  ( 5 )  
The first three mechanisms, provided back reaction ( I )  is negligible, cannot be 
distinguished kinetically and they all yield the following rate equation: 

- 40; I/dt = k,, [cu(rI)lo[o; 1 (6)  
where 

k,, = 2 k,k,/(k, + k J  
The higher the values of k, and k, are, the better the catalyst is. If k, and k, differ 
substantially, k,, approaches the value of the slower of the rate constants. When 
k, = k2, the catalyst is more efficient and k,, = k, = k2. Provided k, = k, = (2-3) 
x 109 M-1s-1 , k,, reaches the values determined for the enzyme.6 

If however, reaction ( I )  is also going backwards, rate equation (7) is obtained: 

- d[O;]/dr = k,[Cu(II)],[O; 1 . (7) 
where 

k, = 2ki k2/(ki + kz + k-1 [ozl/[orl) 
Thus, if k-, [O,]/[O;] 9 (k, + k,), then k,,, > k,. In  other words, the faster the 
reoxidation of Cu(1) by oxygen, the poorer is the SOD mimic. I t  turns out that most 
SOD mimics that have similiar k, and k2 values to that of the enzyme are reoxidized 
quite fast by oxygen while the reduced enzyme reacts extremely slowly with oxygen 
(k-, = 0.44 M-l s-”). In air-saturated living cells the steady state concentration of 
0; is lower by about 5-6 orders of magnitude than that generated initially in the pulse 
radiolysis experiments. This explains part of the uniqueness of SOD as compared to 
SOD-mimics, which have a high SOD-like activity in the pulse radiolysis system but 
are not effective in vivo. Table I demonstrates the relative values of k,,, for SOD and 
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TABLE I 
Relative SOD activity of metal compounds as a function of [O;] and k - ,  in air-saturated solutions 

~ 

k-,, M - ' s - l  
sys. P;I. M I 10 102 I 0' I 0' 10' 

SOD most SOD mimics 
~~ 

p.r. lo-' I I I I 1 I 
y.r .  lo-' I I I I 0.9 0.5 
x/xod I O - ~  I I I 0.9 0.5 0. I 
cell I I 0.9 0.5 0. I 0.0 I3 
cell l o - "  I 0.9 0.5 0. I 0.013 0.00 I 3  

p.r. - pulse radiolysis 
y.r .  - gamma radiolysis 
x/xod - xanthine/xanthine oxidase 

SOD-mimics for which k, = k, = 2 x 109M-' s - '  as a function of k-, and [O;] in  
air-saturated solutions. The table shows why in vivo, as well as in the xanthine/xant- 
hine oxidase system, k,, for SOD-mimics is much lower as compared to the native 
enzyme, and why in pulse radiolysis system both SOD and its mimics may have 
comparable efficiency. 

B )  Superoxide Scavengers and Dismutation Catalysts 

In order to protect the biological target (T) against 0; toxicity, one can either use an 
0; scavenger ( S )  or a catalyst for its dismutation reaction (cat). In both cases the 
scavenger or the catalyst compete with the deleterious reaction (8) through reactions 
(5) and (9). 

0; + T damage (8) 

o ; + s - + p  (9) 

20; + 2H+ 0, + H 2 0 ,  ( 5 )  

None of the above processes are necessarily single step processes. In  order to acheive 
protection against 0; toxicity, k,[S]  or k,,, [cat] should exceed k,[T] .  

What is the difference between an 0; scavenger and a catalyst for its destruction? 
The definition of a reactant's scavenger is clear and unambiguous - i t  is a substance 
reacting with it stoichiometrically. The definition and common accepted meaning of 
a catalyst are not as unique. In 1836, Berzelius defined a catalyst as a substance 
influencing the reaction rate and remaining unchanged at the end of the reaction.' 
Bell's definition was different.9 He defined a catalyst as a substance whose concentra- 
tion appearing in the reaction rate equation is in  a higher power than it  does in the 
stoichiometric equation. This definition seems to discriminate between an 0; scaven- 
ger and a catalyst for its destruction. Generally, a scavenger, present in excess 
concentrations as compared to the reactant, is capable of reacting with it fast enough 
to prevent alternative processes where the reactant may participate. A catalyst is 
generally regenerated in contrast to a scavenger, and is present at much lower 
concentration than that of the reactant. 

I t  is not necessary that the concentration of the catalyst should be lower than that 
of the reactant, but it should be lower than the total amount of the reactant reacting 
over the time, otherwise the 'catalyst' practically will operate only through reaction 
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( I )  and it will serve as a scavenger. Thus, for superoxide, which is present in living cells 
at  very low steady state concentrations of about - lo-" M,I0 the concentration 
of SOD exceeds that of 0; sometimes by several orders of magnitude. Still, i t  is not 
required that [SOD] < [O;],,. but rather that [SOD] < [O;], were [O;], = flux x 
t ( t  is the reaction time). 

The lower the value of k,,, is, one needs higher concentration of the catalyst in order 
that k,,,[cat] > ka[Tl. For the typical experiments where 0; is generated by the 
xanthinelxanthine oxidase with a flux of about 1 pM/min in the presence of a detector 
molecule,"*12 lo-' M SOD should be sufficient to compete with the detector molecule 
for 0;. In such systems, if one would replace SOD with SOD mimics for which 
k,,, = lo' - lo4 M-ls- ' ,  as in the case of the nonmetal SOD mimic OXANO found 
by Samuni e t  ~ 1 1 . ~ ~ '  one would require a catalyst concentration of the order of 6 mM. 
Even after an hour less than 0.1 mM of 0; would be formed, and if it would react 
with OXANO, assuming k ,  = k,, paractically all 0; will react via reaction ( I ) ,  and 
thus the OXANO would in reality serve as a scavenger, rather than a catalyst. 

c )  Additional Problems Arising With the Use of SOD-Mimics in Vivo 

When an efficient SOD mimic operating in vitro is introduced into the cells, the metal 
may be sequestered out of the complex by the cell components, which are present a t  
relatively high concentrations. The new formed complexes may not be able to catalyze 
0; dismutation or may even be toxic. If the stability constant is high, so that 
sequestering of the metal will not occur, still the possibility that this compound can 
form ternary complexes with the cell components, which do not have SOD-like 
activity exist. 

Several mimics, which were found to be very efficient in catalyzing 0; dismutation 
in the pulse radiolysis system, e.g., phenanthroline: Cu(II)," failed to show this 
activity in vivo." On the contrary, this complex was shown to enhance 0; toxicity. 
The reason for this behaviour cannot be attributed to reaction ( - I ) ,  but to the fact that 
the cupric as well as the cuprous complexes form ternary complexes with DNA, which 
react extremely slowly with O;, and lose their SOD-like activity.16 Furthermore, the 
ternary cuprous complex reacts with H2 01, which is present at relatively higher 
concentration than superoxide in living cells,1° to yield oxidizing species which can be 
either OH. radicals or the metal at its higher valence state (CU(III)).'~ Either of these 
entities can subsequently react with DNA causing its degradation at the binding site. 

CONCLUSIONS 

Modified enzyme overcomes the short metabolic half life of the native enzyme, but it 
is not superior to SOD in the ability to penetrate into the cells. Synthetic low 
molecular weight SOD-mimics may have the advantage in this direction, and with 
appropriate ligands they may also be directed to lipophilic or hydrophobic regions. 

In order that a compound with a high SOD-like activity in v i m  would be able to 
mimic SOD in vivo, it is required that: 
(i) I t  should be non toxic. 
(ii) It should have a long metabolic half life. 
(iii) It should have a high cell permeability. 
(iv) It  should have a high stability constant. 
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(v) Its reduced form should not be reoxidized fast by oxygen or H202. 
(vi) I t  should not form ternary complexes with the cell components, or alternatively,, 
the ternary complexes should retain most o f  the above mentioned properties. 
(vii) it should be able to be directed preferentially either to a lipophilic or hydrophobic 
regions according to the demand. 

These reqirements suggest that finding a SOD mimic to operate in vivo will not be 
an easy task. 

Acknowledgements 

This study was supported by the Council of Tobacco Research and by The Israel Academy of Sciences. 

References 

I .  J.M. McCord and I .  Fridovich (1969) Superoxide dismutase: an enzymatic function for eryth- 
rocuprein (hemocuprein). Journal of Biology and Chemistry, 244, 1581-1588. 

2. I .  Fridovich (1972) Superoxide radical and superoxide dismutase. Accounrs of Chemical Research, 5, 

3. G .  Czapski. S .  Goldstein and D. Meyerstein (1987) What is unique about 0; toxicity as  compared 
to other biological reductants? Free Radical Research Communications. 4, 23 1-236. 

4. W.A. Bannister. A. Anastasi and J.V. Bannister (1977) In Supero.ride and Supero.ride Ditmurase (eds 
A. M. Michelson, J. M. McCord and I .  Fiidovich). Academic Press, New York. pp. 107-1 12. 

5. S. Goldstein and G .  Czapski (1986) The role and mechanism of metal ions and their complexes in 
enhancing damage in biological systems or in protecting these systems against 0; toxicity. Journal 
of Free Radical Biological Medicine, 2 ,  3-1 I ,  and references cited therein. 
E M .  Fielden, P.B. Roberts, R.C. Bray, D.J. Lowe. G.N.  Mautner, G. Rotilio and L. Calabrese(l973) 
The mechanism of action of superoxide dismutase from pulse radiolysis and electron paramagnetic 
resonance. Biochemical Jourtial, 139. 49-60. 
D. Klug-Roth, I. Fridovich and J.  Rabani (1973) Pulse radiolytic investigation of superoxide cat- 
alyzed dispropornation. Mechanism for bovine superoxide dismutase. Journal of the American 
Chemical Society, 95, 2786-2790. 

8. J.J. Berzelius (1836) Jahressher. Chem., 15. 237. 
9. R.P. Bell (1941) Acid Base Catalysis. Clarendon Press, Oxford. 

10. A. Boveries (1977) Mitochondria1 production of 0; and H,02. Advances in €.vperinienral Journal q/ 
Biology, 78,  67-70. 

I I .  T.W. Kirby and I. Fridovich (1982) A pico-molar spectrophotometric assay of superoxide radical. 
Analyrical Biochemisrry, 127. 435-440. 

12. C. Beauchamp and I .  Fridovich (1971) Superoxide dismutase: improved assays and an assay applic- 
able to acrylamide gels. Analyrical Biochemitrry, 44. 276-286. 

13. A. Samuni. C. Murali Krishna, P. Riesz, E. Finkelstein and A. Russo (1988) A novel metal-free low 
molecular weight superoxide dismutase mimic. Journal of Biological Cheniisrr.v, 263. 17921 -19924. 

14 S. Goldstein and G. Czapski (1985) Kinetics of oxidation of cuprous complexes of substituted 
phenanthrolines and 2,2’-bipyridyI by molecular oxygen and hydrogen peroxide in aqueous solutions. 
Inorgonic Chenrisiry, 24, 1087-1092. 

15. D.R. Graham. L.E. Marshall. K.A. Reich and D.S. Sigman (1980) Cleavage of DNA by coordination 
complexes. Superoxide formation in the oxidation of I .  10-phenanthroline~uprous complexes by 
oxygen relevance to DNA-cleavage reaction. Journal of the American Chemicnl Society, 102, 54 19- 
542 I .  
S .  Goldstein and G. Czapski (1986) Mechanisms of the reactions of some copper complexes with O;, 
H2 0, and molecular oxygen on the presence of DNA, Journd ufthe Americuti Chenricol Sociery. 108. 

321-322. 

6. 

7. 

16. 

2244-2250. 

Accepted by Prof B. Halliwell 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/0
8/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


