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A quanti ta t ive method of de te rmina t ion  of the act ivi ty  of  mult iple  f o r m s  of superoxide d i smutase  
(SOD), based on separa t ion  of the f o r m s  of the enzyme of gel e l ec t ropho re s i s ,  elution f rom the 
gel, and de termina t ion  of inhibition of the reduct ion of n i t r o - B T  in a s y s t e m  of NADH and phena-  
zine metasu l fa te ,  is desc r ibed .  Pa r t i a l ly  purif ied bovine e ry th rocy te  SOD was shown to s epa ra t e  
into th ree  f o r m s ;  the act ivi ty  of  fo rm 2 is much lower than the deg ree  of its s taining for  prote in .  
KEY WORDS: superoxide  d i smutase ;  mul t ip le  fo rms ;  method of de te rmina t ion  of activity.  

Many worke r s  have shown that  mult iple  f o r m s  of the enzyme superoxide  d i smutase  (SOD, EC 1.15.1.1) 
exis t  and can be sepa ra ted  by column ch roma tog raphy  and e l ee t rophores i s  in po lyac ry lamide  gel (PAG). In 
pa r t i cu l a r ,  SOD i s o z y m e s  have  been found in the t i s sue s  of  man [2], bovine l iver  [5], plants [8], and m i c r o -  
o r g a n i s m s  [11]. In the modern  view the function of SOD is na tura l  protect ion of the o rgan i sm against  oxygen 
an ion- rad ica l s  [6]; quanti tat ive de te rmina t ion  of the re la t ive  act ivi ty  of  the di f ferent  f o r m s  of this enzyme is 
t h e r e f o r e  v e r y  in teres t ing .  

Bohnenkamp and W e s e r  [3] e s t ima ted  SOD act ivi ty  by dens i tome t ry  of ach romat i c  zones on gel columns 
a f te r  s taining in a l i g h t - r i b o f l a v i n - n i t r o - B T  sys t em.  Beckman e t a l .  [2] used a v isua l  method of a s s e s m e n t  
a f t e r  e l ec t rophore t i c  separa t ion  of the f o r m s  of  SOD and staining for  act ivi ty.  The disadvantages  of the den- 
s i t o m e t r i c  method and, even m o r e ,  of  the v isual  method a re  well  known and a re  fully d iscussed  in the spec ia l -  
ized l i t e r a tu re  [1]. 

A method of de te rmin ing  re la t ive  act ivi ty  of the f o r m s  of SOD, based on fraot ionat ion of the enzyme by 
e l ec t ropho re s i s  in PAG, followed by elution of the s epa ra t e  f rac t ions  and spec t ropho tomet r i c  de terminat ion  
of the act ivi ty  of  the e luates ,  is desc r ibed  below. 

E X P E R I M E N T A L  M E T H O D  

E l ec t rophore s i s  in PAG was c a r r i e d  out by Davis ts method [4] in a "Reanal"  appara tus  with a voltage of 
400 V and cu r r en t  of  4 mA applied to the tube for 7 h. 

The method of Nishikimi  et al. [10], with minor  modif icat ions ,  was used to stain the gels in o r d e r  to de -  
tec t  SOD activi ty,  and also for  the spec t ropho tomet r i c  de te rmina t ion  of the enzyme activity.  After e l e c t ro -  
phores i s  the gels were  incubated for  20 min in 0.17 M pyrophosphate  buffer,  pH 8.3, containing 1.2 mM n i t ro -  
BT and 28 mM phenazine metasu l fa te  (PMS); the gels were  then washed with water  and kept in 150 mM NADH, 
dissolved in the s a m e  buffer,  until the pale bands of SOD act iv i ty  were  c l ea r ly  developed (1-1.5 h). 

Regions  cor responding  to the pale bands on the stained gel were  cut out of the unstained gels.  The pieces  
of gel  thus cut out were  homogenized in 1.90 ml  0.017 M pyrophosphate  buffer ,  pH 8.3 (total volume together  
with gel 2.25 ml).  The homogenates  were  kept for  12 h at 40~ then centr i fuged for  30 rain at 800g. The 
resu l t ing  t r ans lucen t  eluate was used for de te rmina t ion  of SOD activi ty.  
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Fig. 1. Elect rophores is  of dismutase in poly- 
acrylamide gel (scheme). A) Staining for SOD 
activity; B) staining for protein, 
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Fig. 2. Comparison of inhibitory activity of 
dismutase before and after e lec t rophores is  
in PAG: 1) dismutase activity after elution 
from gel; 2) dismutase activity without e lec-  
t rophores is ;  3) "inhibitory" activity of eluates 
of control  gel. Abscissa ,  quantity of SOD (in 
gl) ; ordinate,  react ion velocity (in %-~ �9 1000). 

The activity both of the original  solution of SOD and of the eluates after e lect rophores is  was measured 
with a Hitachi-356 record ing  spect rophotometer  as the degree of slowing by SOD of the rate of reduction of 
n i t ro -BT by the superoxide radica l  generated in the NADH-PMS system.  The react ion mixture (3 ml) con- 
tained 150 nmoles n i t ro-BT,  234 nmoles NADH, 0.7 nmole PMS, and 0.017 M pyrophosphate buffer, pH 8.3. 
With these concentrat ions of components the change in optical density at 560 nm was 0.030 unit /min in the ab- 
sence of inhibitor. After a short  latent period the course  of the react ion was linear for 4-5 rain. Inhibition 
of the react ion by SOD was determined on the addition of 20, 30, 50, 75, 100, and 150 t~l of the test  solution, 
and from a graph plotted from these values the quantity of solution required to give 50% inhibition was caIcu-  
luted. The determination was car r ied  out twice on each sample from one column of gel. The dilution of the 
sample was chosen so that 50% inhibition followed the addition of 30-60 #l of the solution, for with this level 
of activity the graphic construct ions are  most  accura te  and convenient. The measurements  were made at 
20~ The quantity of enzyme required for 50% inhibition of the rate  of n i t ro -BT reduction under the condi- 
tions descr ibed above was taken as the unit of SOD activity. Comparison showed that this unit of SOD was 
equal to 0.142 uni t  of enzyme activity determined by the method of McCord and Fridovich [9] with xanthine 
oxidase and eytoehrome c. The protein content was determined by Lowry ' s  method [7]. 
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TABLE i. 

Fig. 3. Dismutase activity before and after 
e lec t rophores is  in PAG as a function of quan- 
tity of enzyme applied: 1) before e lectropho-  
res i s ;  2) after e lec t rophores is .  Abscissa,  
quantity of SOD (in #l); ordinate,  SOD activity 
(in units). 

Activity of Electrophoret ie  Fract ions of Bovine Erythroeyte  SOD ( M ' m )  

S O D  f r a c t i o n  

SODx+SOD2+SOD 3 
SOD1 
SOD2 
SODa 

96 units applied to gel 
a c t i v i t y  r e m o v e d  
f r o m  g M ,  u n i t s  

133,1• 19,7 
7,2• 1,4 

29,6+3,1 
96,3~ 15,2 

% of total 
activity 

100 
5,0• 1 

23,0 + 5 
72,0• 5 

288 units applied to gel 
a c t i v i t y  r e m o v e d  ~ o f  t o t a l  
f r o m  g e l ,  u n i t s  a c t i v i t y  

327,8• 25,0 I00 
9,3--+0,1 3+-0  

54,5+--8,8 1 7 •  
2 6 4 , 0 •  22 ,5  8 0 •  7 

A par t ly  purified preparat ion of SOD isolated from bovine ery throcytes  by McCord and Fridovich 's  
method [9] to the acetone precipitat ion stage was used as the tes t  ma te r i a l .  The precipitate obtained was 
dissolved in water and used as the original  enzyme solution. 

E X P E R I M E N T A L  R E S U L T S  

After e lec t rophores is  in PAG and staining, three pale bands appeared onthe gel columns andwere  described 
as SOD1, SOD2, and SOD 3 counting from the anode end of the gel. The corresponding dark  bands were obtained 
b3 staining the gel for protein with Amido Black 10B (Fig. 1). 

After fractionation of 44.6 units SOD on gel followed by elution of that par t  of the gel which contained all 
three bands of d ismutase  activity, it was found that vir tually all the SOD had been removed from the gel and 
even the total activity of the eluate was a little higher than the activity of the SOD applied to the gel. This is 
par t ly  due to the fact that eluates of the control gel (i.e., gel subjected to e lec t rophores is  without application 
of SOD) has a weak inhibitory action on the reduction of n i t ro -BT (Fig. 2). Since the ammonium persulfate 
used for polymerizat ion of the gel was found to inhibit the reduction of n i t ro -BT completely in a concent ra-  
tion of 2.5 mg/ml ,  the inhibitory effect of the gel could be due to t race  amounts of persulfate remaining in 
the gel after  e lec t rophores is  and coming out with the eluates.  Nevertheless ,  the activity of eluates containing 
all forms of SOD was higher,  although not significantly (-< 15%), than the sum of activities of eluates of the 
control gel and the activity of the same quantity of SOD before application to the gel. The mechanism of this 
phenomenon remains  unexplained. Since the ratio between the activities of the SOD applied and of the eluate 
was unchanged with a change in the quantity of enzyme applied to the gel (Fig. 3), this can evidently be d i s r e -  
garded when the rat io between the activities of the forms of SOD is determined.  As Fig. 3 shows, activity of 
the eluate (less the activity of the control gel) is d i rect ly  proport ional  to the quantity of enzyme applied to the 
gel and, consequently, the completeness of elution is unchanged by a change in the SOD concentration in the gel. 
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On this basis  the act ivi ty of each SOD fract ion was de te rmined  sepa ra te ly  by cutting out and homogeniz-  
ing the regions of the gel cor responding  to the bands of act ivi ty.  The r e su l t s  for two different  SOD concen-  
t ra t ions  a re  given in Table 1. 

The r e su l t s ,  it mus t  be noted, re f lec t  the ra t io  between act ivi t ies  of SOD1, SOD2, and SOD 3 only in the 
pa r t i cu la r  sample  of the enzyme,  for  the ra t io  va r i e s  for eve ry  p repa ra t ion  of the enzyme isolated.  

During the e laborat ion of the method it was found that  the act ivi ty of the f o r m s  of bovine e ry th rocy te  
SOD does not c o r r e l a t e  with the intensi ty of staining of the bands for  protein (Fig. 1). On visual  es t imat ion 
the SOD 2 f rac t ion  contains m o r e  prote in  than fract ion SOD3, which is m o r e  active as r ega rds  dismutat ion of 
oxygen an ion - rad ica l s .  Severa lexp lana t ions  of this phenomenon can be put forward:  1) Pa r t  of the staining 
for prote in  in the location of SOD 2 depends on foreign prote in  with e lec t rophore t i c  p rope r t i e s  ve ry  s imi l a r  to 
those of SOD2; 2) SOD 2 ls pa r t i a l ly  inact ivated during isolation; 3) the specif ic  act ivi ty of SOD 2 is less  than 
that  of SOD 3. 
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