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% ABSTRACT 

i F r e e  r a d i c a l  f o r m s  o f  c x y g e n l a r e  known t o  c a u s e . , d a m a g o  t o  
' F A  

1ivi2q ce l l s  and tissues, a n d  o x y g e n  p l a y s  a n  a b t i v & n t  

r c le  5n both s n h 3 c c i n g  o r  r e t a r d i n g  c e l l u l a r  free r a d i c a l  

p r o c e s s e s ,  A s ? u d y  c f  f r e e - r a d i c a l  d a m a g e ~ o p l a s m a  

m ~ m h r a n ~ s  wzs u n g o r t a k e n  t o  o b t a i n  a  b e t t e r  u n d e z s t a n d i n q  of 

the m e q h a n i s m s  of  f r e e - r a d i c a l  damags  t c  l i v i n g  c e l l s  
-- 

i n v o l v i n g  (1) the relative e f f e c t i v e n l s s  of H202,  .CH, 0 2 -  

a n d  e- ; ( 2 )  i n t e r a c t i o n s  b ~ t w e e n  t h e s e  r a d i c a l s ,  ; a n d  (3 )  

t h e  effects of o x y g e n .  

& 

Momkranes  wero  i s c l a t ~ d   fro^ human - e r y t h r o c y t e s  i n  t h e  form 

gf r e s e & l e d  g h o s t s  xhich a r s  impermeable t o  polar,--low- - - - - -  - 

m o l e c u l 3 r  w e l g h t  n c n - e l e c t r o l y t e s .  Damage was  estimated 

from (1) the p e r m e a b i l i t y  of membran-es to 

glyceraldchydo-3-phosphate (G3P) a n d  NAD, a n d  (2) 

t h e  i n a c t i v a c t i o n  cf membrane-bound G 3 P  d e h y d r c g e n a s e  
- 

(G3PDH) . T h e  r a d i c l p s l s  o f  water b y  g a m m a - i r r a d i a t i o n  was 

u s ~ d  a s  t h e  scurce  cf f r e e  rad5cals:  H202, .OH, 02- and e-. 

- - - - - - - 

G h o s t s  were more  s u s c e p t i b l e  t o  i r r a d i a t i o n  t h a n  
- - - - - 

e r y t h r o c y t e s  by a r  c r d e r  of m a g n i t u d e .  



U s i n g  a p p r o p i a t e  m i x t u r e s  o f  s c a v s n g e r s  s u c h  a s  c a t a l a s e ,  

s u p e r o x i d e  d i s m u t a s e  and  f o r m a t e ,  5hl rates of  increase i n  

permeabili+p (R (mb)) a n d  ' l o s s  o f  a c t i v i t y  of G3PCH ( d ( e n z ) )  

p e r  m o l e c u l e  of e a c h  k i n d  of free r a d i c a l s  were measurfi.  -. 4 

- - R ( e n z )  of-02- anKLH2C2 were _1_2-fold, a d  of  , O H  1 7 - f a l d - t h ~  

of e-. Hence  w i t h  r+specc t o  R ( e g z ) :  . O H  > 02- = 8 2 0 2  > 

e-. R(mb) of s- a n d  H202 were a b o u t  1 . 5 - f o l d  a n d  o f  . O H  

3 - f o l d  t h a t  o f  02- .  H e n c e ,  w i t h  r e s p e c /  to R (mb):  .OH > 

H202 = e- > 02-.  C c m p a r i s o n  between B202 a d d e d  a s  a  

c h e m i c a l  r e a g e n t  a n d  R202 f c r m s d  by i r r a d i a t i o n  s h o w e d  t h a t  

membranes  cr G3PDB were r e l a t i v e l y  i n e r t  t o  r e a g e n t  H202 b u t  
I 

markedly s u s c e p t i b l e  to the l a t t e r .  

- - - - -  - 
- - - - -- - - 

4 + 
The I n t e r a c t i o n s  between f r e e  r a d i c s l s  a n d  o x y g e n  were 

s t u d i e d ,  a n d  t h e  fc l lowicq mixtures were f o u n d  t c  i n d u c e  

greater damage  t h a n  that w h i c h  c c u l d  be  a c c c a n L e d  fcr b y  t h e  

i n d e p a n d e r t  a c t i o n s  of  t h e  c o n s t i t u e n t  free r a d i c a l s :  ( 1 )  
- 

-- - - - 
- - -  - 

. O H  + H202, a n d  (2 )  .08 + ~ 2 0 2  + 02-. I n  c o n + r a = t , - t h e  
-J 

fcllowing mixtures'v~re f o u n d  t o  i n d u c e  less damage: ( 1 )  

H202 + 0 2 - ,  a n d  (2)  c x i d i z i n g  r a d i c a l s  ( . O H ,  -H202)  . + 
- --- -- -- --- -- 

r e d u c i n g  r a d i c a l s  ( e - ,  H . )  . The  r e s u l t s  s u g g e s t  t h a t  a  
- - - -- - - - - - 

~eber- i7e i i s  l i k e  Interaction occurs between H202 a n d  0 2 -  a n d  



a l s o  b e t w e e n  H202 a n d  .OH t o  p r o d u c e  a s p e c i e s  mcrs p o t e n t  

t h a n  e i t h e r  i n  c a u s i n g  i n c r e a s e d  p e r m e a b i l i t y .  The d e c r e a s e  
r'  

i n  damage c k s e r v e d  i n  the s i m u l t a n e o u s  prssence cf c x i d i z l n q  

a n d  r e d u c i n g  r a d i c a l s  r e v e a l s  ac a n t 2 g o n l s t i c  s f  f e c t  by . fl- 

which  e a c h  t ~ n d s  t o  m o d e r a t e  t h e  damage by the o t h e r .  4 
f 

a -- - - - i 
-t 

P e r m s a b t l i t y  was 10- f o l d  mor; r e s i s t a n t  t o  f r e e - r a d i c a l  

demage t h a n  G3PDH i n  s i r - s a t u r a t e d  media .  However,  f u r t h ~ r  
- - _  --- - _  _ -_ --- - 

i n c r e a s e s  i n  oxygen c o n c e n t r a t i o n s  from 234 uM t o  1150 uH i n  

media  c o n t a i n i n g  ( i  n c  s c a v e n g e r s , :  (ti) f c r m a t e ,  (iii) - 

c a t a l a s e  p l u s  d i s m u t a s e ,  h c r e a s e d  +he a e r o b i c  rates o f  

i n c r e a s e  i n  p s r m s a b i l i t y  by 60-, 7.5- a n d  9 . 5 - f o l d  
ax 

I !  r e s p e c t i v e l y ,  b u t  i n c r e a s e d  t h e  a ~ r o b i c  r a t e s  o f  e n z y m i c  I 

5 n a c t i v a t Z a n - b y  2.7-,  4 .2- -and  5. 5-fold, _ T h ~ o g h  _enzymic -- - . -  - - - - 

1 

i n a c t i v a t  icr! is mcre s e n s i t i v e  than permaa bility t o  t h e  I 

p r e s e n c e  of  s m a l l  amcunt  o f  oxygen  (less t h a n  230 ud)  t h e  

l s t t e r  i s  mgre s e n s i t i v s  a t  h i g h e r  c o n c l n t r a t i o n s  o f  oxygen  

( above  230 uM). T h e s c  d i f f e r e n c e s  i n  s e n s i t i v i t y  t o  o x y q m  

- - _ _ - _ a r ~ i n d e p ~ - n d e n t  o f  t h e  n a t u r e  o f  free r a d i c a l s  c a u s i n g  t h e  

damage. A mechanism i s  t h e r e f o r e  p r o p c s e d  f o r  t h e  ncxggen 

effect1I i n  r a d i a t i o n  damage i n  which 0 2  ( 1 )  i n t e r a c t s  w i t h  . 
- - -- - - - - - - - - - -- 

e- a n d  H . ,  p r o d u c i n g  02-,  t h u s  a l l o w i n g  a H a b e r - U e i s s  l i k e  
- -- 

r e a c t i o n  w i t h  H202, a n d  (2)  the f u r t h e r  i n c r e a s e s  i n  damage . 



- -- -- 

D 

c o n c e n t r a t i o n s  

- 

s i t e s  o f  i n i t i a l .  damage.  

o x y g e n  a r e  p r i m a r i l y  d u e  to a t  i n c r e a s e d  

i ~ t e r a c t i o n s  

~h'e  o r d e r  o f  

of o x y g e n  w i t h  

e f f e c t i v e n e s s  cf free r a d i c a l  s c a v e n g e r s  i n  

i n h i b i t i n q  t h e  i n c r e a s e  i n  p e r m e a b i l i t ?  c a u s e d  by 

q s m m a - i r r a d f  a t i o n  was: 

f o r m a t e  (90%)  > n i t r c g e n  (65gj > c a + a l a s o  

respect tc e n z y m i c  i n a c t i v a t i o n ,  

n i t r o g e n  (100%) > f o r m a t e  (77%) > d f s m u t a s e  ( 4 8 % )  = c a t a l a s e  

E v i d e n t l y ,  f r e e - r a d i c a l  damage  t o  t i s s u s s  i s  3 n l p  ~ a r t l y  d u e  

t o  the d i r e c t  s c t i o c s  of i n d i v i d u a l  free r a d i c a l s ,  a 

s u b s t a n t i a l  f r a c t l c n  b € i n q  b c t h  t h e  r e s u l t  of i n t e r a c t i o n s  

b ~ t w e e n  t h e  r a d i c a l s  a n d ' o f  the p r o p a g a t i o n  of  i n i t i a l  

d a a a g e  i n  f r e e  r a d i c a l  c h a i n  r e a c t i o n s ,  w i t * &  oxygen 

a m p l i f y i n g  t h e  c h a i n  p r o p a g a t i o n  by increasing b r a n c h i n g .  
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GENERAL I N S R O C U C T  ION 

A l l  r e s p i r i n g  organisms a re  c a u g h t  i n  a c r u e l  c o n f l i c t ' i n  

t h a t  t h e  o x y g e n  which s u p p o r t s  t h e l r  s x l s t e n c s  is a toxic 

s u b s t a ~ c g  i n  w h o s e  p r e s e n c e  they s u r v i v a  o n l y  by v i r t u 9  of 

-- - 

af: e la l jora to  system c f  d e f e n c e s  (P r Idov ich- -197%.  Ths t o x i c  

e f fec t s  o f  oxygen a r e  c a u s e d  by t h s  i n f e r m e d L a t e s  formed i n  

the u ~ l i v a l e n t  p a t h w a y s  of  r e d u c t i o n  t o  water. I n t e r m e d i a t e s  

s u c h  as  0 2 9 ,  . O H ,  a n d  H202 are f o r m e d  a s  e l e c t r o n s  a r e  a d d e d  

cne by o n e  a s  shcwn i n  t h e  f o l l o w i n g  scheme:  4 
C ' 

T h e s s  i n t e r m e d i a t e s  a r c  f r ee  r a d i c a l s ,  w h i c h  a r e  c h e m i c a l  

s p e c i e s  h a v i n g  a l c ~ e  u n p a i r e d  e l e c t r o n  in an  o u t s r  _o_rbit-al,-- 

T h e  strong t e ~ d e n c y  t o  p a l r  t h i s  lone  e l e c t r o n  makes f r e e  
- p--pp----p- -- - 

r a d i c a l s  v e r y  r e a c t i v e .  U n d o u b t e d l y ,  t h e  a c c u m u l a t i ~ n  o f  



s u c h  species i n  a l i v i n g  c e l l  wculd  r e s u l t  Lr: damage t o  t h e  
L 

m o l e c u l a r  f a b r i c  o f  t h o  c e l l .  I n  f a c t ,  t h e s e  r a d i c a l s  a r e  
2 

c o n t i n u a l l y  p r o d u c e d  i n  l ow  c o n c e n t r a t i o n s  d u r i n g  c e l l u l a r  

m e t a b o l i s m .  S u b s t a n t i a l  q u a n t i t i o s  o f  c a t a l a s e ,  s u p e r o x i d e  
'3 1 

d l s r n u t a s e ,  g l u t a t h i o ' n e  p e r o x i d a s e ,  and s u l p h y d r y l  c c m ~ c u n d s  
0 . 

i r  c e l l s  o f  a c r o h i c  crganLsms h a v e  e v o l v e d  to_prc_oi&----_--- 
* 1, 

,T 
J t 

a d e a u a t e  p r o t e c t i o n  u n d e r  o r d i n a r y  c o n d i t i o n s ,  but 
~ ' 

p a t h o l o g i c a l  s i t u a t i c n s  a r i s e  i n  which s u c h  d s f e n c e s  are 
- 

o v e r p o w e r e d ,  f o r  i n s t a r c e ,  i n  i r r 3 d i a t i o n  o r  c h e m c t h e r a p y .  4 

E v i d e n c e  of ' t o x F c i t y  o f  t h o s e  f ree  r a d i c a l s  i n  b i o l o g i c a l  

s y s t e m s  is abundant:  g l u c o s s - 6 - p h o s p h a t e  d e h y d r o g e n a s e  

d e f i c i e n t  h a e m o l y t l c  acaemia,  e r y t h r o p r c i e t i c  

p r o t o p o r p h y r l a ,  c a r c i n o g e n o s i s ,  a g i n g ,  r a d i a t i o n  s i c k n e s s ,  

- - ~ n d  brain a?ld ions damago by-pr_o:oxidant- drugs ekc. - -  - -- -;- - -7-- 
P. 

- However, l i t f l o  i s  kcown o f  t h e  wags b y  which  t h e  r a d i c a l s  

produce '  t h e i r  t o x i c  e f f e c t s .  S i n c e  t h e  f u n c t i o n a l  i n t e g r  i t y  , ,  

sf t h e  plasma memkrane  o f  a  cell '  is v i t a l  f o r  i t s  e x i s t e n c e ,  " 

d 

a n d  since t h o  u n s a t u r a t e d  f a t t y  a c i d s  o f  membranes  a r e  known ' i 

tc be s u s c e p + i b l e  t o  dsmaqo by free r a d i c a l s ,  t h e  memhrane 

c o n s t i t u t r 3 s  o n e  o f  t h e  i m p o r t a n t  s i t e s  i n  t h e  c e l l  o f  which' 

damaqe by f r e o  r a d i c a l s  may e x p l a i n  t h e  t o x i c  e f f ec t s  cf 
- - - -- - -- - - --- --- 

tkese r a d i c a l s .  T h e r e f o r e  we c h o o s e  membranes t o  be  t h e  - 

- - - - - - - - -- -- 

+ a r g e t  t o  s t u d y  t h s  t o x i c i t y  o f  cxygen  free r a d i c a l s .  The! 



1 

g o a l  o f  c u r  s t u d y  is  t c  ans,wsr t h o  f o l l o w i n g  q u e s t i o n s :  i 

To what extent a r e  membranes v u l n z r a b l e  t c  a t t a c k  by free 

r a d i c a l s  a s  compared  t o  t h e  c e l l s  from which they arE 

d e r i v e d  ? "  

R h a t  i s  the relative effectiveness cf  t h e  i n d i v i d u a l  

r a d i c a l s  5s prodnci-Rq d a q a q o  to memlzanes? 

By what mechanlsrns do 'hey p r o d u c e  damage? 

Does o x y g t n  a f f o c t  t h e  damage te membranes c a u s c d  by free 

What are t h e  i n t e r a c t i c n s  between, d i f . f e r e n 5  t y p e s  of  
r 

- 

r a d i c a l s  when t h e y  arc p r o d u c e d  # i n  a  m i x t u r e ?  

H m  d o  s u c h  i n t e r a c t i o n s  modify t h e  damage ? + 

i - r  ' 

As w i t h  c t h e r  diseases, a d v a n c e s  i n  u n d e r s t a n d i n g  of  

of  t h e  d i s c r d e r s .  The a n s w e r s  t o  t h e s e  q u e s t i o n s  may e n a b l e  



il. J
 



- 
i 

Organe l l e s  l i k s  n u c l e l  and m&tocchondria are not' f cund  i n  

ghosts ; mature o r y t h r c c y t e s  l a c k  s u c h  o r g a n e l l e s .  As 

c r i t e r i a  fcr 3anrage VP s e l e c 5 e d  ( 1 )  the a c t i v i t y  cf ' 

- 
q l y c e r a l d e h y d s - 3 -  p h c s ~ h a t e  dehydrogenasa  ( G 3 P D H ) -  a s  an 

, 
o x i d a t i o n  z ~ n s i t i  ve SH-enzyme and (2) t h e  p e r m e a b i l i t y  o f  

- - - - - A  - - -  - - -  -- - 9 

t h e  memkrane to relatively l o v  m o l e c u l a r  weight s u b s t r a t e s  

a s  an index of  its . f n n c i i o n a l  inteqr'ity. Permeatil i&y can + 

which i s  bounll 3n t h e  c y t o p l a s m i c  side cf the m e r t r a n e s .  

HAD and G3P sf  this enzyme, . d e & c ~ i o n . o f  t h e  a c t i v i t y  ok ? h e  

enzyme tcwards s u b s t r a t e s  added e x t e r n a l l y  i n d i c a t e s  an 

i n c r e a s e  o f  mcmbrace s perr~eabi - l i e -y  , and t h e r e f a r e  daarag~  

\- 
Ir. examining e k e  a c t i c n s  c f -  free r a d i c a l s ,  i t  was necersa;y  

to make a choics  among th4 various a v a i l a b l b m e t h c d s '  cf 

p r ~ d u c i n g ~ f r e e  r a d i c a l s .  Methods o f  produ=ing  . C H ,  02- and 
. .  

HZ02 are d i s c u s s e d  In detail i n  a r e c e n t  symposium ( S i n q h  

1378)  . O f  those methods, g a m m a - i r r a d i a t i o n  p r c v i d e s  the 

gaatrna r a d i a t l c n  p r c d n c e s  ' . O H ,  H202, .H and e- a s  the majcs 
P 



e -  ~ - a c h  ~f these f ~3 r a d i c a l s  c a n  be , s e l e c % v e l g  p r o d u c ~ d  - .. . - 3 4 
= i ~  a n  aqueous s o l u t i c n  by u s i n g  r a d i c a l  s c a v e n g e r s  t o  rewove -$' 

Y 

t h e  B ' h ~ r  fres r a d i c a l s .  Alternativaf  y ,  all the-ee radicals 4 2 
c 

can be pcdnced s i m n l t a n e o u s l y .  Therefore, effects of  + 
I 

Z . . 

i n d f ~ % u &  r t~&5e&s end b a r i ~ ~ s l a l x t u r e s o f  free ~a&ic&s---- -- ' n 

c a n  bo s t u d i 9 3 .  G a m m a - i r r a d i a t i c n  i n  c c m b i n a t i o n  w i t h  f r e e  
. . 

,radical scaven<g$rs was t h u s  c h o s e n  i n  cu r  s t u d y  for its 
, r  - -  - 

S i P p l i c i t y  I n  a p p l ' i c a + _ i o n  a n d  v e r s a t i l i t p  i n  p r o d u c i n g  f ree  

e , r s d i c a l s :  Fu r thezmore ,  i t  is t h e  most e x h a u s t i v ~ l p  studied 

s y s r e m  ard ?+s mc jcr free.  r a d i c a l ' , p r c d u c t s  are w e l l  
. - 

i n  p r e p a r a t i o n  f c r  o r  submi . t t ed  f o r  p u b l i c a t i o n .  
- 

i 

.I-- 
?= IT scc t ioc  1 we show an. am2t iva l en t  r o l e  cf oxygen  i n  e i t h e r  

e n h a r c i n q  c r  p r o t e c t i n q  against f r e e  r a d i c a l  damage, and  
f 

shcw membranes.  3s cne cf ?he. s t r u c t u r e s  mos t  s e n s i t i v e  t o  

p n b l i c a t i d n  as a short note, reviewing our p r e s e n t  knowlsdge  
- -  -- - - - - - - - - -- 

. of t h o  c o n t r a d i c t o r y  effects of cxpgen cn . f r e s - r a d i c a l  



Baaage to biological s y s t e m s .  De'allad _ a c c o u n t s  c f  . 
''* , I 

m@?bodologg a& 'herefcre d e f e r r e d  t o  section 2 ,  a n d  k 
/ 

xcferences L _ c  the o r i g i n a l .  papers  a r e  p r o v i d e d .  The , 

aOtEorls c o n + r L b u t i o n s  t o  t h i s  s e c t i o n  a r e  t h e  d a t a  cn 

.dbutage to s r f t h r o c y t c  q h o s t s  by i r r a 3 i a t i o n  a n d  e d i t i n g  o f  

Xt? section 2 we'summatize the m e t h o d s  used  f c r  p r e ~ a r i n g  

tesealed ghosts f r c w  erfthrocytes an& f o r  p r o d u c f n g  f r e e  

t a d i c d l s  by g a m m a - i r r z d i a t i c n  u n d e r  d i f f e r e n t  c o n c e n t r a t i o n s  

,of oxygefi. A3rb we present e v i d e n c e  t h a t  o x y g e n  

uhatobSquously p o t e n t i a t e s  damage to p la sma  membranes b y  t h p  

?SEE? ra65cals s t u d i e d ,  a n d  t h a t  e r y t h r o c y t e  ghost cel ls  a r s  

a suitabls target f o r  , t h e  s t u d y  cf f r e e - r a d i c a l  i n d u c e d  
- - -- -- - -  

?b ~ e d % i on 3 we dsscr lE5 t h e  m e t h o d s  fcr i s o l a t i n g  v a r i o u s  

FTBV r a d i c a l  forms of cxygen ,  a n d  c'ompare t h e  relative 

effact lveness  of  each i n  r e g a r d  t o  two d i f X e r e n t  c r i t e r i a  

Fcr t z d l a t 5 o n  damage, namoly t h e  a c t i v i t y  o f  memtrank-hound 

G3PbB and p e r m k a b i l i t g .  



I n  s e c t i o n  4 we present r e s u l t s  cf a n  i n v e s t i g a t i o n  of  
/ 

i n t e r a c t i o ~ s  among the v a r i c u s  r a d i c a l s  when p r e s e n t  in a  
; 

m i x t u r e .  HE show t h a t  s u c h  i n t e r a c t i o n s  m o d i f y  t h e  damage i I 

s o m e t i m e s  s y n s r g i s t i c a l l y ,  and  s o m e t i m e s  b y  m u t u a l  
i 

q u e n c h i n g .  The relative ef f e c t i v ~ n e s s  of c a t a l a s e ,  

s u p e r o x i d e  d i s m u t a s e ,  f o r m a t e  and m i x t u r e s  of  
- s .  

r a d i o p r o t 5 c t i v e  a g e n t s  are a l s o  compared .  
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b o o n  and b a n s .  % 
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f n t r o d u c t l o n :  hterconversion o f  singlet o x y g e n  a n d  r e l a t e d  
s ~ e c i e s .  The I n  t e r n a t  i o n a l  c o n f e r e n c e  cn s i n g l e t  c x y g e n  a n d  
related sp~cies I n  c h e m i s t r y  and biology. 
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ABSTRACT 

Oxygen I s  kncwn tc m e d i a t e  v a r i o u s  k i n d s  cf  f r e e - r a d i c a l  

damage  i n  biological s y s t e m s .  Howev%r,  I n  a t t e m p t i n g  t o  

i n v e s t i g a ? e  I N  VITRO 5% c e l l u l a r  r o l e  i n  f r ee  r a d i c a l  

damage, saversl instances w E r e  found i n  which t h e  F r e s e n c e  

of oxygen p r o t e c t s  a g a S n s t  f r e e  r a d i c a l  d a m a g e ,  a n d  o n l y  p n e  

i n s t a n c e  i n  which  i t  i c c r e a s e d  damage ,  The free r a d i c a l  

dsmaqe +o c a t s l a s s  i n i t i a t e d  by a s c o r b a t e  _was e x a m i n e d  u n d e r  

a ? m o s p h e r a s  c f  100% c x y g e n ,  a i r ,  o r  n i t r o g e n ,  Either i n  t h e  

p r e s e n c e  o r  a b s e n c e  c f  a c a t a l y % i c  c o p p e r ( T 1 )  c c a p l e x ,  
4 

damage  was g r e a t e s r .  a n a e r o b i c a l l y ,  l e a s +  u n d e r  o x y g e n ,  a n d  

i c t ~ r m a d i a + e  i n  + h e  Frssence of a i r .  C a n s l s t e n t  with t h i s  
, . 

f t n d i n q ,  s u p r - r o x i d e  was no+ i m p l i c a t a d  i n  thl- d e s t r u c t i v s  

p r o c e s s ,  u s i n g  s u p e r c x i d e  d i s m u t a s e  a s  a  p r o b e  o f  i t s  
'1 

i c v o l v e m e ~ t .  S i m i l a r l y ,  t h e  r a t e  of h a e m o l y s i c  i n d u c e d  b y  

p r o - o x i d a n t  d r u g s  was C e c r e a s e d  by t h e  p r e s s n c e  cf c x y g e n .  

D?mage t c  c y t o c h r o m e  c b y  g a m m a - i r r a d i a t i o n  was s t u d i e d  a t  

d o s a q e s  r s n g F n g  f r o m  9 to 1 6 0  k r a d s  i n  t h e  p r e s e n c e  a n d  

a b s e n c e  of  k o r m s t e  (SmN), l e c i t h i n  ( e g g  y o l k )  ( 5 m g / 1 0 0 m l ) ,  

a n d  s u p e r o x i d e  d i s m u t 3 s c  ( I  nB) a t  v a r i o u s  p a r t i a l  F r e s s u r o s  
6" --- - 

of o x y g e n .  B c o n s i s t e r ?  phenomenon i n  t h e s e  studies was a n  
- 



l n c r e a s e  h damag o 50% a f t e r  t 

u n d e r  e a c h  of t h e  r e a c t i o n  c o n d i t i o n s  s t u d i e d ,  except i n  t h e  

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

t h e  p r c t e c t i v e  e f f ec t  of o x y g e n .  I n  c o n t r a s t  t o  t h e s e  three 

p r o t e c t i v e  a c t l c n s  cf c x y g e n ,  t h e  only i n s t a n c e  i n  w h i c h  i t  

wzs f o u n d  tc - h a v e  a d e s t r u c t i v e  a c t i o n  was i n  t h e  damage  t o  
----- - 

e r y t h r o c y t e  q h c s t  cells i n d u c e d  b y  g a m m a - i r r a d i a t i c n .  Ue 

i n t e r p r e t  these  f i n d i n g s ,  t o q e f  h e r  w i t h  s u p p o r t i n g  d a t a  from 

a n a l z q o u s  c h e m i c a l  s y s + s m s  a s  e v i d e c c s  t h a t  o x y g e n ,  l i k e  - 

other f r e e  r a d i c a l  r e a g e n t s ,  may play an a m b i v a l e n t  role i n  
C 

b o t h  i n i t i a t i n g  o r  i n h i b i t i n g ,  e n h a n c i n g  o r  r e t a r d i n g  

c o l l u l a r  free r a d i c a l  p r o c e s s e s .  



- - - - - - - - -- - 

F U N C T I O N S  OF OXYGEN I N  PBEE RADICAL C A H A G E  TO BICLCGICAL 
. 3 =  

S Y ~ T E H S :  E V I C E ~ C E  F O R  II D U A L  R O L E  A S  B O T H  
. - ", 

S E N S I T I Z E R  AND PROTECTOR 

A l l a n  J .  ~ a v i s o n  a n d  S p " n c ? r  Kong 

P i o e n e r g e t i c - s  R e s e a r c h  L a b c r a t o r y  ~ i n e s i o l o g y  b o ~ a r t m s n t  

Simcn F r a s e r  U n i v e r s i t y ,  British C o l u m b i a ,  C a n a d a .  V 5 A  1  S 6 ,  

The wel l  e s t a b l i s h e d  r c l e  of o x y g e n  i n  free r a d i c a l  damage  

t o  l i v i n g  o r g a ~ i s m s  h a s  b e e n  e m p h a s i z e d  r e c e n t l y  i n  reviews 
-- - - - 

of  o x y g e n  t o x i c i t y  ( 1 )  ( 2 ) ,  cf free r a d i c a l  ~ a t h c l c g y  (3) 

( 4 )  ( 5 ) ,  of r a d i a t i o n  damage  ( 6 )  (71, of  d r u g  i n d u c e d  

h a e m o l y t i c  anaomias (8)  (9), a n 3  of • ’re2 r a d i c a l  damage  t o  

e c z y m o s  i n i t i a t e d  by p r o - o x i d a n t s  ( 1 0 )  ( 1  1 )  (12 )  . i 
F v o l u t i o c a r y  $ p l i c a t i o n s  o f - t h e  h a z a r d s  of a t m o s p h e r i c  

o x y g e n  h a v e  b o e n  reviewed ( 1 3 ) ,  also the p r e 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  i n  a l l  a e r o b i c  c e l l s  a n d   it^ a b s e n c e  i 
i m p o r t a n c e  of  protective mechanisms in l i n i n g  orqanism~, I 



- 

Oxygen con cent ratio^ i n  a t a r g e ?  tissue is a  ma jcr f a c t o r  

d e t e r m i n i n q  the s e v e r i t y  of t h e  damage  p r o d u c s d , k y  r a d i a t i o n  

( 1  6 )  . P c s t u l a t e d  i n t 2 r m e d i a t e s  i n  r a d i a t i o n  e f f e c t s  i n c l u d e  

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

o x y g e n  w i t h  h y d r o g e n  a t o m s ,  h y d r a t s d  e l e c t r o n s ,  ~ e r h y d r o x y l  

r a d i c a l s  e t c .  (17). Some r a d i o p r o t e c t i v e  a g e n t s  a r e  

t h u u g h t  +a  a c t  a s  s c a v e ~ g e r s  o f  t h e s e  r a d i c a l  i n t e r m e d i a t e s  

J (7) w h i l e  o t h e r s  a c t  y d e c r e a s i n g  l o c a l  o x y g e n  

c o n c e n t r a ? i o n ,  e i t h e r  t h r o u g h  d i r e c t  r e a c t i o n  w i t h  c x y g e n  

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

c x y g e n  ( 1 8 )  . T h e  e n h a n c e m e n t  o f  r a d i a t i o n  d a m a g e  b y  t h e  

p r e s e n c e  o f  o x y g 2 n  h a s  b e e n  e x t e n s i v s l y  d o c u m e n t e d  i 3  

s y s t e m s  of v a r i o u s  d e g r ~ e s  o f  o r g a n i z a t i c n ,  f c r  e x a m p l e :  

p u r i f i e d  d r y  t r y p s i n  ( 1 9 ) ,  t h e  b r o a k a g e  o f  D N A  s i n g l e  
--- - 

s e r a n d s  i n  m=mmallan c e l l s  ( 2 0 ) ,  t h e  s u r v i v a l  cf c u l t u r e d  

mammal ian  cs l l s  ( 2 1 )  o r  E r l i c h  a s c i t s s  t u m o u r  c e l l s  ( l 6 ) ,  

a n d  t h e  p r o d u c t i o n  s f  r a d i a t i o n  m y e l 3 p a t h y  ( 2 2 )  (23). 

Ic a t t e m p t i n g  t o  d e f i n e  + h e  ro le  o f  o x y g e n  a n d  t h e  

s u p e r o x i d s  r a d l c a l  I n  free r a d i c a l  damage,  We f o u n d  

curselves f o r c e d  t o  d o c u m e n t  a n d  e x p l a i n  a  c o n t r a s t i n g  

p r o t e c t i v e  a c t i o n  o f  o x y g e n  when we f o u n d  t h a t  t h s  amcmrt 
* - - 

damage was s u b s t a n t i a l l y  q r e a t e r  i n  t h e  a b s e n c e  o f  o x y g e n  
- - ---- - 

- 



t h a n  i n  r t s  p r e s o n c e .  This was c b s e r v a d  i n  s e v e r a l  o n l y  

r e m o t e l y  related s y s t e m s :  g a m m a - i r r a d i a t i o n  o f  c y t o c h r o m e  

c, a s c o r b a t e  i n d u c e d  d e s t r u c t i o n  o f  c a t a l a s e ,  a n d  

p r o - o x i d a n t  i n d u c e d  E a c m o l y s i s .  ~i s c u s s i o n  w i t h  c t h e r  

w o r k 2 r s  r e v e a l e d  t h a t  protective a c t i o n s  o f  oxygen a g a i n s t  
- - 

f r e e  r g d i c a l  damage  p r o b a b l y  occur more o f t e n  than 

d e s t r u c t i v e  e f f e c t s  I N  JITRO. However ,  i n h i b i t i o n  of f rse  

r a d i c a l  r e a c t i o n s  b y  o x y g e n  h a v e  b e e n  r e p o r t e d  much l e s s  

f r e g u o n t l y ,  s i n c e  t h s s s  t n e g a t i v e l  r e s u l t s  a r c  often l e f t  

Raymond a n d  U e L n t r a u b  h a v e  r e p o r t e d  t h a ?  , 

c x y g s n  i c h i b i t s  the p c l y m e r i z a t i o n  o f  a c r y l a m i d e  i n i t i a t e d  

by  f r e e  r a d i c a l s  (24). a n d  F o l k m a n  a n d  c o - w o r k e r s  h a v s  

con f i r m e d  ? h e r e  f i n a i ~ q s  a ~ d  u t i l i z e d  them in a c l i n i c a l  
- 

assay for oxygen in k l o o d  
- - - - - -  

- 

The i n h i b i t i c n  o f  

h a e m o g l o b i n  a u t o x i d a t i o n  by s a t u r a t i . o r .  w i t h  o x y q o n  i s  

a n o t h e r  e x a m p l e  
I 

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

role) w h i c h  may b e  c l i n i c a l l y  e x p l a i t a d  i n  t h e  p r o p o s t d  u s n  

of h y o e r b a r i c  oxygen i n  t h e  t r e a t m e n t  cf m e t h a e m c g l c t i n a s m l a  

L i k e w i s e ,  r a d i a t i o n  damage is  n o t  a l w a y s  i n c r e a s e d  by- 

tho p r e s e n c e  o f  o x y g e n  ( 2 8 ) .  D e s ~ i t s  t h 5  p r e v a l e n c e  of t h e  

w e l l  e s t a b l i s h e d  radios.nsik-tlzinq ef f ee t r  of oxyqerr-IN -VIVD- 

+ h e  e f f e c t s  I N  V I T R O  are not so cSar c u t ,  

a t  l e a s t  two r e p o r t s  o f  protection IN VITPO by t h e  p r e s e n c e  



of o x y g e n  in i r r a d i a t a i  e n z y m e s ,  n a m e l y  ? r y p s i n  ( 2 9 )  a n d  
?L/: 

c 5 y m o t r y p s i n  (30)  , a n d  s e v e r a l  r e p o r t s  t h a t  n o  effecy *of 

, o x y g e n  c o u l d  b ~  d e t e c t e d ,  c.q. i n  the- cases of c a + a l a a ~  b a - i 
j. 

(31), c a r b o x y p e p t i d a s e  ( 3 2 )  , o r  r l b o n u v J e a s e  (33).  T h e s e  

i f i c o n s i s t c n t  e f f ec t s  o f  o x y g e n  wers 9 x ~ l a i n e d  (28)  o n  t h e  4 

b z s i s  t h a t x r d i a t i o n - a c 5 i v a t a d  oxygen d e s t r c r y s  =me onzf-mes---  

b u t  no+ o t h e r s ,  a n d  frcm the r e s u l t s  cf H u t c h i n s c n  ( 3 4 ) ,  o n  

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

e n z y m e  p r e p a r a t i o n s  may be " r e q u i r z d  f o r  oxygen damaqe  t o  

o c c u r . ,  

Orr (10) h a s  s u q g e s t ~ d  t h a t  t h e  d e s t r u c t i o n  o f  c a t a l a s e  b y  

a s c o r b a  te i s  m e d i a t e d  by t h e  s u p e r o x i d e  r a d i c a l .  WP 

t h e r e f o r e  =ara ined the, d e s t r - u c t i o ~ :  o f  c a % l a s s  - i ~  -*he- --- 

6 

p r e s e n c e  a• ’  a s c o r b a t  e at v a r i o u s  o x y g e n  ' c o n c o n t r a t i c n s  a n d  

in t h e  p r a s e n c e  an8  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 .  I n  

1 0 0 %  o x y g e n ,  19% o x y g e n  a n d  under a n a e r o b i c  c o n d i t i c n s  ths 

a c c e l e r a f l o n  cf d e s t r u c t i o n  due t o  piesence of  a s c c r b a t e  was 
1' 

4 0 ,  2 4 0 ,  a n d  720% respect-!vely i n  the absence cf c o p p e r ( 1 I )  t 

( F i g u r e  1 )  a n d  1 1 0 ,  320 ,  a n d  1 1 0 0 %  i n  t h e  p r e s e n c e  of 

c o p p e r  (11) ace ta t e  ( F i g u r e  2 ) .  Taken t o g e t - h e r  w i t h  f a i l u r e  
* 

- - - - - - - - -- 

m 

o f  s u p e r o x i d e  d i s a u t a s e  t o  i n h i b i t  t h e  damage ,  the r e s u 1 . x ~  
- - - - - - - -  - - - - - - - 

- 

a p p e a r  t o  e x c l u d e  t h e  p o s t u l a t e d  role cf s u p e r o x i d e  (10)  a s  



17 

- 
+ -- - -- 

a m e d i a t o r  o f  the damage w h i l e  i m p l i c a t i n g  o x y g e n  a s  a  

s c a v s n g e r  o f  a t  l e a s t  some o f  t h e  r a d i c a l s  a c t u a l l ?  

r e s p o n s i b l e  for t h e  damage.  

Ir, an a t t a m p t  t o  a s s e s s  t h e  r o l e  cf g x y g e n  r a d i c a l s  i n  

damage  t o  h i o l o q i c a l  n s b b r a n e s  i n d u c e d  by p r o - o x i d k n t  

s u b s t a n c e s ,  a s t u d y  was made of h a e m o l y s i s  i n d u c e d  b y  
t 

e n e d i o l  a n d  p h e n o l i c  p r o - o x i d a n t s .  T h e  ra tes  of h a e m o l y s i s  

6 n d  m e t h a e u t o l a g l o h i n  f a r m a t i o r  i n d u c e $  b y  D'OPA were cc -mpared  

i n  a i r  a n d  u n d e r  an s t ~ o s p h e r e  of n i t r o g e n .  Neither 

h a e m o l y s i s  (Figure 3 )  n o r  m ~ t h a e m o g l o b i n  f c rmat ' cn  ( F i q u r e  

4 )  was slowed by t h e  r e m o v a l  o f  o x y g s n ,  r a t h s r  a c c e l e r a t i c r .  

of b o t h  was n o t e d ,  h a l m o l y s i s  b e i n g  a b c u t  250% f a s t s r  u n d e r  

a n a e r c b i c  c o n d i t i o n s  t h a n  i n  t h e  p r e s e n c e  o f  o x y g e r ,  a n d  +he - - -  - 
- - - -  - - - - -L - - - - - - --- 

- 

f c r m a t i o n  of m e t h a e m c g l o b i n  a b o u t  300% f a s t e r .  I n  c o 3 t r a s t  

t k e  a d d i t i c n  o f  ~ 0 ' t c  th$ g a s  m i x t u r e  t o  a c o n c e n t r a t i o n  cf  

8% s u b s t a n i l a l l y  i n h i b i t e d  t h e  m e + h a e m o g l o b i n  f o r m a t i o n ,  b u t  

w i t h o u t  i n h i b i t i n g  h a e m o l y s i s .  E v i d e n t l y ,  d e - s p i t e  t h e  

p r o t e c t i v e  r o l e  of  o x y g e n ,  t h e  i n t e r a c t i o n  o f  some CO 

b 5 n d i n g  p r o t e i n  with o x y g e n  is a p r e r e q u i s i t s  t o  t h e  

a c c e l e r a t i o n  o f  h a e m o g l o b i n  a u t o x i d a t i o n  b y  the 
- --- - - -- -- ---- - 

p r o - o x i d a n t s .  T6Zs p r o t e i n  m i g h t  b e  h a s m o g l o b i n  o r  t h e  



d u a l  r o l e  f o r  oxyger! a s  b o t h  p r o m o t s r  and  S n h i b i t o r  o f  the 

f o r m a t i o n  o f  me thaemog lob ln  may be  i n f e r - r e d  from the 

r e s u l t s .  

Damage t c  c y t a c h r o m e  c a n d  t o  h o r s e r a d i s h  ~ e r o x i d a ~ e  by  
.2 

gcntma-irr&ia&n was studi;e& a- t  d o s a g e s  r a n g k n q  f rcm- 6- +xr-ll_f_-:- 

160 k r a d s  ( F i g u r e  5) , i n  t h e  p r e s o n c e  and absence cf +- = 

L, 

f o r m a t e ,  l e c i t h i n ,  and  s u p e r o x i d e .  d i s m u t a s e '  a t  v a r i o u s  

p a r t i a l  F c e s s u r e s  o f  oxygen .  T y p i c a l  r e s u l t s  a t  60 .5  r a d s  

d o s a g e  a r e  giver!  i n  T a k l W . .  The p r e s e n c e  cf c x g g e n  d i d  n o t  

e n h a c c e  d e s t r u c t i o n ,  w h e t h e r  i n  the p r e s e n c ?  o r  a b s e n c e  o f  

e i t h e r  f o r m a t e  o r  l e c i t h i n .  I n s t e a d ,  damage was 

c o n s i s t e n t l y  g rea te r  i n  t h e  a b s e n c e  o f  oxygen  eFcept w h e r e  

- l n c r e a s e  t h e  s u p e r o x i d e  y i e l d  p r o v i d e d  a further i n c r e a s e  i n  

- t h e  p r o t e c t i v 9  effect o f  oxygen ,  whP1* - the a n a e r c b i c  am3 . , 

d e l a y e d  damage were- b o t h  e n h a n c e d  b y  t h e  presence cf' 
3 
I 

fermate. Th9 a d d i t i c n  o f  l e c i t h i n  h a d  no  effect c n  t h e  
f 

d e s t r u c t L o n  o c c u t r i n g  d u r i n & ? r a d i a t l o n ,  b u t  increased t h e  

d e l a y e d  damage 200  t c  300%. T h e  p r e s e n c e  -o f  s n p e r c x i d e  I 
d t s m u t a s a  i n c r e a s e d  the amount  of a e r o b i c  damage,  a n d  i n  

- - - - - - - - - - - - - - - -- - ----- -- - -- 

f a c t  removed the a b i l i t y  of oxygen  t o  p r o t e c t .  
- - --- - 
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/ 5 1 p r 0 5 e c ' t i v e  agsr?-:s by reac? i~ lg  with h y d r c x y l  r a d i c a l s :  OH + 8 
F- --> O H - .  The s i a p l c s <  e x p l a n a t i o n  of  b u r  d a t a  i s  that 

the s a p e r o x i d a  radical p r o t e c t s  again$? damage b y  h p d r c x y l  
.- * , . * 

. r a d i c a l s  I n  an analagous manner:  .. 

02- + . QB, ---- 2 0 2  + OH- t .-- - - -- 

T h i s  r e a c + l o n . h a s  b e &  p r o p o s e d  t o  a c c o u n t  f o r  a  s u p r ~ s s i c n  
- .+ 

cf t h e  g i o l ' a  of s u p e r o x i d k  u n d e r  c o n d i t i o n s  i n  which  
% 

f c r m a c i o r  ).of ' h y d k o x y l ,  r a d i c a l s  i s  i n c r e a s e d  (37) d u r i n g  t h e  
. . 

. i r r a d i a t i o c  o f  ox-pgenated watsr. The r e s u l t s p r r s c n t e d  h e r e  

suggest .the converse: - i.~. u r d e r  t h e  c o n d i t l c n s  of our  

experiments,  t h e  p r e s o n c s  of s u p e r o x i d e  r a d i c a l s  s u p p r e s s e d  . . 
- . :- 

r '  

i . the p r o d u c t b n  and action- of h y r o r p l  rad-lcals. --T-B4= - + - - i s  - - - :------ 

3 s u p p o r r s d  by t h e  f i n d i n g  t h a +  oet f o r m a t i o n  of h g d m x y l  
& I 

r a d i c a l s  i n  t h e  qresence of 6-hydroxydopamine  may be -4 
7 
L d e c r e a s e d  b y  t h e  F r e s e n c e  cf su@eroxide r a d i c a l s  (38) . 3 

d 
* 4 

S i m i l a r l y .  HcCord and P r i d o v i c h  r e p o r t e a  thaf s u p c r c x i d e  
d 

dSsmn*ase i n c r e a s e d  t h e  o x i d a t i o n  of  f e r r o c g t o c h r o m e  c by 5 - 

1 

t g d r o x y l  k a d i c c l s  i n  p h o t o l y s e d  w a t e r ,  and-they tcc c o n c l p d e  

+ T a t  t h e -  s o p e r o x i d e  r a d i c a l '  acts a s  a s c a v e n g e r  ci h y d r o x y l  , 
- - - - -- _ t - -  ------ 

- P. - - - - 

r a d - i c a l ~  (39)  . 
' I  

- -----p - 

P 

- 
8 ' 

1 

, . 1 

- - 

J - 



- 
I n  t h e  i r r a d i a t i o n  o f  c u l t u r e d  c e l l s ,  a  d u a l  r o l e  f o r  c x y g e n  - 

a n d  r a d i o p r o t  ect ive  a g e n t  d e p e n d i n g  on 

the i r r a d i a t i 3 n  t e c h n i q u e ,  h a s  b e e n  d e s c r i b e d  b y  R e v e s z  ( 4 0 )  , 
* 

a r d  e x p l a i n e d  5n terms of  a r e q u i r e m e n t  f o r  o x y g e n  by  t h e  

r a d i a t i o n  r % p a i r  m e c h z n i s m s ,  a n  e x p l a n a t i o n  n o t  t e n a b l e  f o r  
-. 

the p r o t e c t i v e  a c t i o n  o f  o x y g e n  i n  h i g h l y  p u r i f i f d  s y s t e m s .  ./ - - 

C l 2 a r l y  t h e  r ~ l e s  of o x y g e n  r a d i c a l s  i n  r a d i a t i o n  damage 

v e r y  d r a m a t i c a l l y ,  d e p e n d i n g  o n  r a d i a t i . c n  dose a n d  its 

ac?a in i s t r a t i cn ,  t h e  n a t u r e  of t h e  d a m a g s  being m e a s u r e d ,  the 

t d e n t i t y  o f  the t a r g e t  s u b s t m c e ,  a n d  t h e  d e g r e e  o f  
3 

o r g a n i z a t l c n  o f  the s y s t e m  b s i n g  s t u d i e d .  

- 
Fcr e x a m p l e ,  o x y g e n  mag a c t  a s  a p r o t e c t i v e  a g e n t  i n  t h o s 9  < 
s y s t e m s  wh ich  a r e  s u s c ~ p t i b l e  t c  damage by r s d u c i n g  a g e n t s  

- - - - - - -  

by v i r t u e  o f  5's ability t o  s c a v e n g e  r e d u c i n g  f r e e  r a d i c a l s  

s u c h  a s  e ~ e c t r o n g  o r  h y d r o g e n  a t o m s .  I n  other systems which  

a r e  p a r t  i c u l a t l y  s u s c e p t i b l e  t o  o x i d a t i v e  o r  r e d u c t i v e  - damage b y  h y d r o x y l  r a d i c a l s ,  o x y g e n  may i n c r e a s e  the p i e i d  . 

o f  s n p e r c x i d ?  r a d i c a l s ,  w h i c h  I n  t u r n  a f f o r d  p r o t e c t i o n  

a g a i n s t  b y d r o x p l  r a d i c a l s .  On t h e  o t h e r  h a n d ,  i n  s y s t e m s  

w h i c h  a r e  s n s c e ? t i b l e  t o  l i p i d  a u t o x i d a t i o n ,  p'erhaps 



b . I 7  4 
- + 

fcrm an i n t o g r a l  p a r t  of  t h e  free r a d t c a l  c h a i n  propagation 

, m e c h a n i s m ,  a n d  o x y g e n  is r e q u i r e &  f o r  *he  maximum d a m a g i n g  I .  
fi 

effect ,  * 
. . 

z 
3 

3 

C o n s e q u e n t l y ,  when o x y g e n  i s  r a d i o s s n s i t i z i n g  I N  V I V O ,  t h e  

commonly o b s e r v e d  o x y g e n  e n h a n c e m e n t  r a t i o s  of 2 t c  3 may 
- - -* - A 

r e p r e s e n t  a baia2ce ketwenn r a d i o p r o t e c t i v e  ,and 
9 .  , 

r a d i o s e n s i t i z l r g  effects, w i t h  scme o r  a l l  of + h e  l a t t e r  

b e i n g  a c c o u n t e d  f o r  b y  ~ f f o c t s  m e d i a t e d  by damage t o  - - 
membranes  a n d  memkrane b o u n d  p r o t e i n s .  

8 

It is p e r h a p s  no: s u r p r i s i n g  t h a t  r e l a t i v e l y  s t a b l e  6ree 

r a d i c a l s  s u c h  a s  cxygsn o r  t h e  s u p g r o x i d e  r a d i c a l  s h c u l d  a c t  

a s  i n h i b i t o r s  of p r o c e s s e s  w h i c h  d e p e n d  on more reactive 
- - -- - - - - - -  - - -- 

I ; a d i c a l  i n t e r m e d i a t e s  and i n  somecases  o n  c h a i n  

p r o p a g a t i o n .  F r e e  r a d i c a l s  commonly p l a y  t h e  d u a l  roles  cf 

c h a i n -  i n i t i a t o r s  a n d  c h a i n '  t e r m i n a t o r s  and t h i s  ~ r c p e r t y  of  

o x y g e n  i s  well known t o  p o l y m e r  c h e m i s t s .  w h a t  *is 

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

r e m a i n s  m o r e  o r  less u n d o c u m e n t e d  i n  t h e  b i o l o g i c a l  a n d  

b i o c h e m i c a l  l i t e r a t u r e s .  I n  t h e  l i g h t  of the e x p e r i m a n t a l  
-..- 

d a  td reporte&&eze,a . ro le - - fo r  o x ~ g e ~ i n  -cells&----- 

p o t e n t i a l  f r e e  r a d i c a l  p r o t e c t i v e a ~ e ~ l t o z e v e n  a F  an 



- - -  
- -- - - 

a n t i o x i d a n t  u n d e r  some circumstances s h o u l d  hs cons idered ,  

ui - th  the superox ide  r a d i c a l  as .a mradiator  of t h i s  ro le  in 

some cases. 
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F I G U R E  1 .  EFFECT O F . T H E  CONCENTRATION O F  OXYGEN O N  fHE * t 

I - D E S T R U C T I O N  OF CATALASE BY ASCORBATE. C o n d i t i o n s  were: 0 . 1  t 
I '  

tl p h o s p h a t e  b u f f e r  pH 7 .0 ,  t q m p e r a t u r e  25 d e g  C, c a t a l a s e  . J -  

t 
concentration 10ulI ,  a s c o r b a  te c o n c e n t r a t i o n  10 mH. I n  e a c h  1 

c a s e ,  a t r s o s p h e r e s  of ni_t , rogen ( L i n d e  h i g h - p u r i t y  grade ,  Isss - - 

t h a n  5 parL-s  p e r  mil l im o x y g e n ) , '  o r  o x y g e n  ( L i n d e  

h i g h - p u r i t y  g r a d e )  were i n d u c e d  i~ r u b b e r  c a p p e d  v i a l s  u s i n g  r" 
a v i r f i s  g a s  m a n i f o l d ,  b y  f i v e  cgcles cf r e p e a t e d  e v a c u a t i c n  

t o  b o i l i n q ,  and r e i n t r o d u c t i o n  o f  -+_he d e s i r e d  gas  tc a 

s l i g h t  p o s i t i v e  ~ T O S E U ~ S .  f 
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Air I3 
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F I G U R E  1 .  EFFECT OF THE C O N C E N T R R T I O N  OF OXYGEN 

D E S T F U C P I O N  OF C A T A L A S E  B Y  A S C O R B A T E .  
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FIGURE 2 .  EFFECT OF THE CONCENTRATION O F  OXYGEN ON T E E  f t 
DESTRUCTION OF CATALASP BY ASCORBATE IN THE PRESENCE OF 

COPPER. C ~ n d i t i o n s  YBI?: 0 . 1  H pbosbha ta  b u f < l x  pH 7 . 0 ,  
.- 

t e m p e r a t u r e  25  deg C ,  c a t a l a s e  c o n c e n t r a t i o n  1.0 ull ,  
i 

a s c o r b a t e  c o n c e n t r a t i c q  1 0  m l l ,  c o p p a r ( I 1 )  a c e t a t e  

- - - -  --- 
' c o n c e n t t a t i o n  5, m f l .  
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CONCENTRATION OF OXYGEN ON TBF RATE FIGURE 3. EFFECT OF TIE 

BASHED ERYTHROCYTES BY THE PRESENCE HAEMOLYSIS I N D U C E C  

O F  5 nM DOPA. Conditions were: 0 . 0 1  H p h o s p h z t e  k u f f e r  pH 4 . 
7 . 0  rendered  i s o t c n i c  by the a d d i ? i o n  of NaCl to 3 0 0  mOsM, 

4 
f 

- - --A- -- L 
t 9mpera tu re  25 d e g  C ,  c o n c e n t r a t i c n  of c e l l s  5 X v / v .  

.r 1 * 

Symbols  - 
Nitroger ,  
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Ox  y ge? 



OF HAEMOLYSIS I N D U C E D  IN 

OF 5 nM DOPA. 
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FORMATION OF B E T f f A E M G G & O B I N ,  INDUCED I N  U A S R E D  I I T B C ' f  i 
EPYTHROCYTES BY THE PRESENCE 5 108 DOPA. c o n d i t i o n s  were: i 

1 

I * 4 

0 . 0 1  # p b o s p h a t a  kuffor pH 7 . 0  rendered i s o t c n i c  _by t h e  . 4  * 

. e d d i t i c n  of AaCl fc7300 m O s f f .  temperature 25 d e g  C. 
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F I G U R E  4.. E F F E C T  OF T H E  C O N C E N T R A T I O N  O F  O X Y G E N  O N  THE 

- ' F O R H A T I O N  O F  M E T H A E M O G ~ O B ~ N ,  INDUCED I N  H A S H E D  I N T A C T  - 
-. , 



FIGURE 5. EFFECT OF TBE CONCENTRATION OF OXYGEN d~ 
I 

DESTRUCTION OF CYTOCBRCPlE C BY GAHMA-IRRBDIATLON, 

Conditions wsre: 0. 1 I phosphate buffer p B  7-0, 
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6 0  EFFFCT OF THE CONCENTRATION CF OXYGEN C N  TEE 

D E S ' I R U C T ~ Q N  OF THE PLASMA i H ~ ~ ~ ~ ~ ~ ~  OF RESEALED EEYTHROCYTE 

C o n d i t i o n s  were: 0.01 iY p h o s p h a t e  buffer pH 7.4 rendered 
/ 

isotonic b y  +he addi'ion of N a C l  to 300 m O s M ,  temperature 25 

deg C, concentration of ghosts 10 % v/v .  - A -- 

C o n t r o l  

Ni t rogsn  

Air 
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P I G U Z E  6 .  E F F E C T  OF THE C O N C E N T n A T I O N  OF OXYGEN ON THE 
4 

D E S T R U C T I O N  OF T H E  P L A S M A  H E H B R A N E  OF R E S E A L E D  E R Y T H R O C Y T E  

G H O S T  C E L L S  BY G A H & A - I R R A D i A T I O N  AT A  R A T E  OP 0.5  K R A D / H I N .  



2 
F I G U R E  7 .  EFFECT OF THE CONCENTRATTON .OF OXYGEN O N  THE Y 

4 

DESTRUCTION OF HEHERANE-BOUNC G L Y C E R A L D E H Y D e - 3 - P H O S P B A T E  

D E H Y D R O G E N A S E  OF RESEALED E R Y T H R O C Y T E  GHOST CELLS E Y  

GAflflA-IRRADIATION AT A RATE OF 0 . 5  K R A D  PER M I N .  C o n d i t i c n s  
/ 

r 0 . 0 1  M p h o s p h a t e  b u f f e r  pH 7.4 rendered isotcnic b y  i 

i 

t h e  a d d i t l o n  of NaCl t o  300  mOsM,  t empera tu re  2 5  d'eg C, 
- -  =A 

I 

c o n c e n t r a t i o n  of ghosts 1 0  I v/v. 
- A  

Symbols 

C c l t r o l  Q n 
Nitrog?rt  ' + 
A i r  A + 
Oxygen Z 



D E S T R U C T I O N  O F  f Y E H B R A N E - B O U Y D  GLYCERALDEHYDe-3-PHOSPHATE 

DEBYDROGENASE O F  R E S E A L E D  E R Y T H R O C Y T E  G H O S T  CELLS B Y  

G A f i t l A - I R R A D I A T I O N  AT A  R A T E  OF 0 . 5  K R A D  PER M I N .  



T A B L E  1 .  EFFPCTS OF OXYGEN CONCENTRATION ON THE RATE OF 

DESTRUCTICN OF CYTCCBRCflE C DURING GAMMA-IFRADIATION, I N  THE 
2 

PRESENCE -OF PORMATE, S U P E R O X I D E  DISMUTASE, O R  L E C I T H I N .  

V a l u e s  given a r e  ufl c y t o c h r o m e  c d e s t r c y e d  p e r  m i n u t s  during 

r 6 0 . 5  k r a d  of  z i l d i a t i c n  given over a p e r i o d  of one h o u r ,  I - - -  -- 

b a s e d  o n  the o x i d i s e d / r e d u c e d  dlfferencc s p e c t r u m  s t  550 nm. 

Conditions wsro: 0. 1 I p h o s p h a t e  b u f f ~ r  pH 7 .0 ,  t & p e r a t u r a  

2 3 . 5  d e g  C ,  c y t o c h r o m e  c c o n c e n t r a t i o n  30  uN. Fcrmate when 

p r e s e n t  was a' 5 mn, s u ~ e r o x i d e  d i s r n u t a s s  a t  0 . 8 2  n n ,  a n d  

l e c i t h i n  a t  0.005% f i n a l  c o n c e n t r a t i o n  i n  the r e a c t i c n  

m i x t u r e .  



Cytoch rome c - 
- 

Cy tochrore c + - 
superoxi de di smutase 

C y t o c h r m  c 
i n  formatee+ 
superoxi de d i  smutase 

Cy tochrome c 
+ l e c i t h i n -  

Oxygen A i  r N , 
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EFFECTS OF O X Y G E N  

, by 

S p e n c e r  Konq a n d  A l l a n  J. C a v i s o n  

B i o e n e r g e t  l c s  R e s e a r c h  L a b o r a t o r y ,  K i n e s i o l c g y  D e p a r t m e n t  
S i m c n  Fraser U n i v e r s i t y ,  B r i t i s h  C o l u m b i a ,  C a n a d a .  V5A IS6 

and 

J e f f r e y  B l a n d  

Chemistry D e p a r t m e n t ,  -ty o f  Puget S o u n d ,  Tacoma,  
-un ivT Wash ing ton ,  U.S. A .  

D r a f t  p r e p a r e d  f o r  p c s s i b l e  p u b l i c a t i o n  in ' ~ n t e r n a t i o n a l  
J o u r n a l  o f  R a d i a t i c c  B i ~ l o g y .  

Punning tltle "Effec ts  o f  free r a d i c a l s  a n d  o x y q e n  c n  
membranes~ - - -- - - - - - 

J" 
- 

A d d r e s s  -cor respo_nda ,nce  t o  A .  J . D a v i s o n  
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r e s e a r c h  f u n d ,  a n d  the B,  C. D e p a r t m e n t  of L a b o u r ,  



ABS lR ACT 

'\ 

i 
R e s e a l e d  e r y t 5 r o c y t e  qhos's p r o v e d  a c o n v e n i e n t  t , i c l o g i c a l  

t a r g e t  f o r  i n v e s t i g a t i o n  of t h e  effects of v a r i o u s  f ree 

r a d i c a l  f o r m s  of o x y g c n  o n  p l a s m a  membranes .  T h e  a c t i v i t y  

of umrtbrs&e-bound 6 3 P D H  p r o v i d e d  a means  for a s s e s z i n g  P1 
-3 

p e r m e a b i l i t y  o f  g h o s t s  a s  well a s  f o r  p r o v i d i n q  a d d i t i o n a l  

i n f o r m a t i o n  on d a m a g e  t o  membrane-bound  p r o t a i n s .  R i t h  

r ~ s p s c t  t o  p e r m e a b i l i t y  a c d  i n a c t i v a t i o n  of  membrane-bcund  

GSPDH, ghosts were ncre s u s c e p t i b l e  t h a n  e r y t h r o c y t e s  t o  

free r a d i c a l s  p r o d u c e d  - i n  t h e  g a m m a - i r r a d i a t i o n  cf  a q u e o u s  

s o l u t i o n s .  The p a r m e a b i l i t y  'cf i r r a d i a t e d  g h o s t s  was 

i m m e a s u r a b l y  g r e a t e r  t h a n  t h a t  o f  i r r a d i a t e d  e r y t h r o c y t e s ,  

- - ' w h i l e  i n a c t l v b t i o n  o f  G3PDH was 2-?-fo ld  g r e a t e r ,  - The - - - 

s o n s i t S v i t y  o f  g h a s t s  t o  r a d i a t i o n  damage was a f f e c t e  

s t r o n g l y  by  t h e  p r e s e n c e  of oxygen d u r i n g  i r r s d i a t i o n .  I n  

t h e  p r e s e n c s  o f  sir, + h e  r a t t s  o f  i n c r e a s e  i n  p e r m e a b i l i t y  
J 

a n d  i n a c t i v a t i o n  cf G3PDH were 2.8- 2 n d  1 . 5 - f o l d  t h e s e  i n  

- . t h o  p r e s s n c e  o f  N 2 .  The u s e  of buffer s a t u r a t e d  w i t h  o x y g e n ,  

a c c s l e r a t e d  t h e  a s r o k i c  r a t e s  of  i n c r e a s e  i n  p e r m e a b i l i t y  

m d  i c a c t i v e t l o n  of  G3PDH by 6 0 -  2nd 2 . 7 - f o l d  r e s p e c t i v e l y .  
- 2  - - - --- -- - - - - 

T h e s e  r e s u l t s  i n d i c a t e  t h a t  i n a c t i v a t i o n  of G3PDB i s  

r e l a t i v e l y  i n s e n s i t i v e  t o  o x y g e n ,  w h i l e  p e r m e a b i l i t y  i s  v e r y  
f 
t 
/f 



s e n s i t i v e  to oxygen ,  p a r t i c u l a r l y  et high c o n c e n t r a t i o n s  of 

o x y g e n .  Hcwevsr, the r a t e  of i n a c t i v a t i o n  of G 3 P D R  was an 
' , 

i 
order o f  m a g n i t u d e  g r e a t e r -  t h a n  t h a t  o f  the  i n c r e a s e  i n  

p e r m e a b i l i t y ,  i n d i c a t i n g  t h a t  t h e  former  is much more 

s e n s i t i v e  t o  i r r a d i a t i c n .  The sensitivity cf i r r a d i a t e d  I , 

4 - - - -- - 
ghosts t o  pxygen l n d i c a F e s  t h a t  p I a s @ a  rnombranes a r e  a t p  

l e a s t  one cf t h e  l o c i  a+ which oxygen e n b a n c s s  r -ad . ia t icn  

damage t o  l i v i n g  c s l l s .  The m a j o r  mlchsn i sm o f  t h i s  t foxygen 

effec?" i s  t h a  a b i l i t y ,  o f  oxygen t o . i n c z e a s e  the b r a n c h i n g  
+ 

of f r e e  r l d i c a l  c h a i n  r e a c t i o c s  p r o p a g a t i n g  damage a f t e r  

t h e i r  i n i t i a t i o n  w i t b i r  t h e  membrans. 



t i s s u e s  (Koch, Kruuv aad P r e y  1973, Ewing 1978)  a r e  

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

s y s t e m .  In addition, +he p r o t e c t i v e  e f f e c t s  of c a t a l a z e  - 
- -- 

-- - - -- - ---.-- 

(Fee a n d  E e r g s m i c i  1375, R a p o p o r t  1 9 7 4 ) ,  s u p e r o x i d e  

d t s m u t a s e  (Zimmermar , Plohc ,' Wesar and 1973, Pet kau  

and C B e l a c k  1376, Petkau, Kelly, € h e l a c k  a& B a ~ r f o a t  197 6 ,  - -  - - 

a Fee and  T a i t e l b a n m  1 9 7 2 ) ,  q l u t a t h i o n e  ( Q u i t i l i a n i  1977)  and 

q l u t a t h i c n e  p c r o x i d a s a  ( B i c h a l l s  1972)  in t h e  c y t o p l a s m  

further c o m p i i c a t e  f n t o r p r e t a t i o n  o f  t h e  r e s u l t s .  Since t h e  
/ - - y  

c y C o t o x i c  effects o f  i z r a d i a t i o d r e  l a r g e l y  d u s  to f 

s u b s t r a t e s  of  ' J h e s e  erizymas ( H i c h a e l s  and  Hunt  1 9 7 8 ) ,  t h e s s  
- -- -- - - - - -  - -  --- - 

- - -- - - - - 

c c ~ p o u n d s  p m t s c t  t h e  c e l l  by r e m o v i n g  t h e  free r a d i c a l s  

which arE p r o d u c e d  i n  the r a d i o l y s i s  o f  water. T h e  f r e e  

r a d i c a l s  p r c d u c e d  are e-, .OH, H202, a n d  H .  IF t h e  p r e s e n c e  

of o x y g e n ,  ,s- a n d  .H w i l l  b e  c o n v e r t ~ d  t o  0 2 -  ( D r a g a n i c , ,  

N m a d o v i c  and  Draganic 7 3 6 9 )  . Tn a p r e v i o u s  paper  i n  this 

s e r i e s  we d e s c r i b e d  s e v e r a l  i ~ v e s t i g a t i o n s  of the effects of 
t 

oxygen  o n  i s o l a t e d  b 5 o x o g i c a l  s y s t e m s  i n  which,  f e r  from 
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damage tc membranes has. a l s o  b e e n  d e m ' o n s t r a t e d  by E l a n d  

.(1375, 1978)  , b y  ~ o p m s  ( 1  3 7 4 )  and Daviscn a n d ,  Popma ( 1578) . 
r D 

t 
# 

T h e s e  studies showed t h a t - f r e e  r a d i c a l s  c a u s e d  o x i d a t i c n  of  

l i p i d  u h i q h  was r e l a t o - d  t o  t h e  l y s i s  of the  membranes. 
I 

d- 

i 

r a d i c a l  ' f o r p s  of  o x y g s n e  has been o f  p a r t i c u l a r  i n  t o r e s t ,  .- 

b e c a u s e  o f  t h 4  e x i s t e n c e '  o f  v a r i c u ~  h a e o o l g t i c  a n a e m i a s  
/ 

i n d u c e d - b y  p r c - o x i d a n t  d r u q s ,  v i t a m i n  E d e f 5 c i e n c y r  o r  
* .. 

d e f i c i e n c y  o f  one cr  ct'her cf the a n t i o x i d a n t  enzymes, ( J a c o b  

(/+Ed 1962a. w 6 a .  s ~ l e n  a n d  a a n d i  i i s r ,  p e e ,  n G r g r m i r i  
. 

a n d  E r i g g s  1 3 7 5 ) .  I n  e a c h  c a s e  t h e  haemolgs is  i s  t h o u g h t  tc . . 
d 

> - 
be d u e  t o ,  a t t a c k  on t h e  pEasma membrane by one or mare of 
- > 

t h e  f r ~ e  r a d i c a l  f o r m s  of oxygen, b u t  particularly by 
- - -- -- - - - - - 

s u p 4 r o x i d e , -  hydroge'f l  p e r o x i d e  a n d  hydroxyl r a d i c a l s  
-d 

r e s u l t i n g  f rom an .  i n t e r q L . i o r ?  b e t w e e n  the f i r s t  two. 

~ h e ~ t s '  p r e p a r e d  from a r y t h r o c y t e s  offer a Qear ideal 
- .  

memgrane system which  c o n t a i n s  l i t t l e  c r  s o  c g t o ~ l a s m i c  

c o n t 4 n t d  a n d  the b i o c h e m i c a l  a n d  s < r u c t u r a l  c h a r a c t e r i s t i c s  





g h o g t s  , a r e  a s u i t a b l e  membrane sys tem-  t o  i n v e s t i g a t e  
- 

- ,  f r e e - r a d i c a l  damage, especially the c y t o t o x i c  effect 

oxygen. I n  s u b s e q u e n t - s t u d i e s  wa have  f u r t h e r  i n v e s t i g a t e d  

the rolq of oxyqen I n  promoting r a 6 i a t i a n  damage i n  t h i s  

s y s t e m  w i t h  r e s p e c t  t o  both  t h e  r e l a t i v e  e f f e c + i v e n e s s  

i n d i v i d u a l  frse  r a d i c a l s  and t h e  r o l e  of i n t e r a c  t i ~ n s  

b e t w e e n  t h e m  i n  the mechanism o f  t h e  "oxygen ef f ec*".  



2. E x p e r i m e n t a l  

2 . 1  Mater ia l s  

~ l y c e r a l d e h y d e - 3 -  p h o s p h a t e  (G3P) , d i t h i c t h r e i t o l  (DTT) , 
f 

-? 
T r i t o n  X-100 and beta-HAD were s u p p l i e d  b y  Sigmq ~hemica l s  

6 1 

L t d s  S o d i u m  a r s c n a t c ,  s ~ d i u m  p y r c p h o s p h a t e , '  of A s C s  S. -- 

s t a n d a r d  were s u p p l i e d  by F i s h e r  C h e m i c a l s  Ltd. - - 

2 . 2 .  M e t h o d s  

2 . 2 . 1 .  G h c s t  p r e ~ a r a t l o n .  

-- - - - - - - - - 

R e c e n c y  ou+cTa+_ed human b l o o d  was o b t - a i n e d  f r o m  t h e  

V a n c o u v e r  Bed C r o s s  k l c o d  bank, s t o r e d  i n  

c i t r a t e - p h o s p h a t  e-dextross  b u f f e r .  R e s e a l e d  g h o s t s  were 

p r e p a r s d  a c c o r d i n g  t o  t h e  m e t h o d  of Steck a n d  K a n t  (1974)  

w i t h  t h e  f o l l c w i n g  m c d i f i c a t i o n s :  0 . 0  1 m i  l l i m o l a r  C a ~ 1 2  a n d  

4  m i l l i m c l a r  HgC12 were i n c J u d e d  i n  t h e  hy p o t c n i c  b u f f e r  

w h i c h  had a f i n a l  ' t o n i c i t y  of 4 0  milliosmolar (pH 7 . 4 )  . 
E r y t h r o c y t e s  - u e r  5 h a o m c l y s e d -  i n  h y p o t o n i c  buffer a t  4  d e u .  

during w h i c h  m o s t  of t h e  c y t o p l a s m i c  - -  c o n t e n t s  - were r e l e a s e d  

f r o m  t h e  ~ $ 1 1 ~ .  The  membranes  were t h e n  r e s s a l e d  by 



i n c u b a t i o n  i n  i s o t c c i c  b u f f e r  a t  37 deg C f o r  60 m i n u t e s .  

S u c h  r e s e a l i n g  r a s t o r e d  t h e  c h a r a c t e r i s t i c  p e r m e a b i l i t y  t o  

a l k a l i  i o n s .  Tt was f o u n d  .that g h o s t s    re pared i~ t h e  

p r e s e n c e  of these l o w  c o n c e n t r a t i c n s  o f  Ca2+ a n d  Rg2+ 

r e t a i n e d  a s m c o t h  a n d  b i c o n c a v e  - s u r f a c e  and were more 

r e s i s t a n t  to f r q m e n t a t i o n  t B r a m l s y  a n d  Colman 1 9 7 2 ,  Dochon 

a n d  C o l l i e r  1971) . Also, w h ~ n  g h o s t s  wGre p r e p a r e d  a t  40 - 

m i l  l i o s m c l a r  c o n c ~ n t r a t i o r , ~ ,  m o s t  o f  them w c u l d  r e m a i n  

i n t a c r .  A t  l o w e r  o s m c l a r i t y ,  f r a g m e n t a t i o n  t a k e s  € lace  
* A 4.. *. 

( B r a m l e y ,  Colsman a n d  F i n e a n  197 1 )  . Therafore, the 

m o a i f l c a t i o n  e n s u r e d  a  hlqher y i e l d  o f  r e s e a l e d  g h c s t s .  

Ghosts prepared u n d e r  these c o n d i t i o n s ,  h o w e v e r ,  r e t a i n e d  

more h e m o g l o b i r  (Dodge, M i t c h e l l  a n d  Hanahan  1 9 6 3 ) .  We have 

- - -  -- 

estiutsted t h e  c o n c e n t r a t i o n  of  r e s i d u e 1  h a e m o p l o t i a  t c be  

10% +/- 5% mean c c r p u a c u l a r  h a e a o g l c b i n  (Popma 1574) . The  

a c t i v i t i e s  of  r s s i d u a l  c a t a l a s e  and d i s m u t a s e  were e s t i m a t e d  
. 

yo b e  10*4 u n i t s  a n d  37  u n i t s  p e r  m l  o f  p a c k e d  ghosts which 

a r e  12% aqd 8 .7% of  t h e  a c t i v i t i e s  i n  r e d  b l o o d  c e l l s ;  . 



54 
- - 

2.2.2. D e t e r m i n a t i o n  of p e r m e a b i l i t y  of t h e  p l a s m a  m e m b r a n ~  

flembrane p e r m a a b i l i t y  was d e t e r m i c e d  by m e a s u r i n g  t h e  

a c c e s s i b i l i t y  o f  t h e  membrane-bound 

q l y c e r a l d e h y d s - 3 -  pho s p h 3 t c  d e h y d r o g e n a s e  (G3PDH) , f o u n d  o n  

t h e  c y t o p l a s m i c  s 5 l e  of  g h o s t s  t c  i t s  e x t e r n a l l y  a d d e d  
0 

s u b s t r a t e s .  T h e  r ~ s e a l e d  g h o s t s  were n o r m a l l y  i m p e r m e a b l e  

t o  t h e  s u b s t r a t e  G3P a n d  NAD. T h e r e f c r e  when t h ~ s e  were 

a d d e d  e x t e r n a l l y ,  an i n c r e a s e  i n  t o t a l  G3PDH a c t i v i t y  of t h e  

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

p e r m e a b i l i t y .  U s i n g  T r i t o n  X- 100 t o  s o l u b i l i s e  t h e  

membrane, t h e  t o t a l  G3PDE a c t i v i t y  of the s u s p e n s i o n  c a n  be 

measu red  f r o m  t h e  r a t e  of i n c r e a s e  i n  a b s o r b a n c e  a t  3 4 0  nm. 

T h e  p e r c e n t a g e  o f  ghcst s u s p o n s i o n  which  Ls p e r m e a b l e - t o  G 3 P  

\*t 
i s  g i v e n  by the r a t i o  o f  G3PDH a c t i v i t y  i n  t h e  a k s e n c e  ok 

T r i t o n  X-100 to t h a t  i n  t h e  presence!  o f . 9 r i t o n  X-,900, t h u s :  

G3PDH a c t i v i t y  ( + T r i + c n )  

X intact ghos's = 100% - % p e r m e a b l e  g h o s t s  - 



2 .2 .3 .  D e t e r m i n a t i o n  cf  t h e  a c t i v i t y  .cf membrane-bound  

G3PDH was a s s a y e d  a c c o r d i n g  t o  t h e  m e t h o d  o f  S t e c k  a n d  K a n t  

(7974) e x c e p t  t h a t  D T T  was u s e d  i n s t e a d  o f  c y s t e i n e  H C 1 .  
- 

T h e .  a s s a y  made u s e  of  t h e  r e d u c t i o n  of N A D  t o  N A D H  b y  G3P 

c a t a ' l y s e d  by G ~ P D H .  Ths r e a c t i o n  w a s  f o l l o w e d "  by  t h e  

irrcrease i n  a t s a r b a n c e  ( A )  a t  340 nm w h i c h  i s  d u e  t o  N A D H .  

T h e  a s s a y s  weze p e r f o r m 2 d  o n  a Beckman DB s p e c t r c p h c t o r n s t e r  

a t  2 5  deg C , ~  m d  t h e  c o u r s e  o f  r e a c t i o n  w a s  r e c o r d e d  on a 

Beckman 10 F n c h  s t r i p  c h a r t  r e c o r d e r .  T h e  a c t i v i t y  o f  ths 

e n z y m e  was  c a l c u l a t e d  f r o m  the r a t e  of i n c r e a s e  cf 

a b s o r b a n c e  betwee2 t h e  f i r s t  a n d  s e c o n d  m i n u t e  o f  the 
- - - - - 

r e a c t i o n .  The p e r c e n t a g e  of  a c t i v e  enzyme o f  the i r r a d i a t e d  

s ample s  was o b t a i n e d  f r o m  t h e  r a t i o  of  the r e m a i n i c g  e n z y m i c  

z c t i v F t y  of t h e  s o l u k i l i s s d  membranes  a t  a n y  g i v e n  d c s z  t o  

t h a t  at z e r o  d o s e .  

G 3 F D H  a c t i v i t y  ( + T r i t o n )  a t  acp dcse 



T h e  r a d i a t i o n  s o u r c e  was a GAEIHACELL 200 (Atcmic E n e r g y  o f  
i 

Canada L t d . j .  T h e  d c s e  r a t e  was 0.5 krad/min.  (3.13 x i 

1 0 * 1 9  e v . 1 - l m i n -  1 ) .  I r r a d i a t i o n  was p e r f o r m e d  a t  25  d e g  C. 
- - - - - - - 

G h o s t  su-enTions  c o n t a i n i n g  10%v/v g h o s t s  w E r e  s t o r e d  in' 40 a- - 

m l  g l a s s  t u b e s  c o n t a i n i n g  4 0  m l  i s o t c n i c  b u f f e r  and  r a d i c a l  

s c a v e n g e r s .  - 

2.2.5 .  I n d u c t i o n  of a t m o s p h e r e s  o t h e r  t h a n  a i r  

Fcr a t m o s p h e r ~ s  o t h e r  t h a n  a i r ,  tho f o l l o w i n g  p r c c e d u r e  w 8 s  
A 

u s e d  t o  s a t u r a t e  s a m p l e s  with N2 o r  02  f o r  i r r a d i a t i o n :  40 
- ~ - - - - - -  - 

a1 s a m p l e s  o f  i s o t o n i c  b u f f e r  c o n t a i n i n g  d i s s o l v e d  f r e e  

r a d i c a l  s c a v e n g e r s  were s e a l e d  i n  g l a s s  t u b e s  w i t h  r u b h e r  

caps. n e m b r i l n ~ s  were added  o n l y  a f t e r  f l u s h i n g  was f i n i s h e d  

t c  a v o i d  frothing. Although c a t a l a s e  o r  s u p e r a x i d e  

d i s m u t a s e  was p r e s e n t  i n  t h e  b u f f e r ,  f r c t h i n g  was 
'a. 

~ o g l i g i b l e ,  due  to t h e  low c o n c e n t r a t i o n s  o f  tf;eee p r o t e i n s .  

1 A - s h o r t  n a r r c v  b o r e  n e e d l e  was i n s e r t e d  t h r o u g h  t h e  r u b b e r  

P e a e r a t i o n  of t h e  b u f f e r  was carried o u t . u n t i 1  n c  more 



b u b b l i n g  was c b s e r v 6 d . -  T h e  t u b i n g  was t h e n  rgmoved  a n d  a 

s e c o n d  l o n g  n e e d l e  was i n s e r t e d  u n t i l  i t s   ti^ was j u s t  a b o v e  

+ h e  b c t t o m  o f  t h e  g l a s s  t u b s .  N i t r o g e n  o r  o x y g e n  was  

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

f o r  20-30  min.  At t h e  end of s u c h  f l u s h i n g ,  t h e  s h o r t  
- -- 

n e e d l e  was w i t h d r a w n  b e f o r e  t h e  g a s  was  t u r n e d  o f f  t o ' l e a v s  

a s l i g Q t  positive F r e s s u r e  i n s i d e  t h e  t u b e .  After  t h e  

7 - 

s e c o n d  n e e d l e  was w i t h d r a w n ,  membranes  were a d d e d  by a  7 
s y r i n q e  a n d  t h e  t u b e  was s h a k e n  t o  mix -TiJ-' t e s u s p e n s i o n .  The  

s a m p l e  was t h e n  r e a d y  f o r  irradiation. L e a k a g e  c o u l d  be zb 

d e t e c t e d  i f  b u b b l h g  was  o b s e r v e d  when t h e  c a p  was wet w i t h  

e small q u a n t i t y  of w8ter. The n ' t r o g e n  u s s d  was  

' u l t r a - h i q b  purity' from L i r d e ,  a n d  c o n t a i n e d  l e s s  t h a n  2  

ppm o x y g e n .  However ,  s i n c e  t h e  m e m t r a n ~ s  w e r ~  

a 5 r - e q u l i t r a t e d  b e f o r e  i n t r c d u c t i o n  l n t c  t h e  a n a e r o b i c  

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

cxygen c o n c e n t r a t ? o n  o f  a b o u t  2 5  m i c r o m o l a r .  Oxygen 

c o n c e n t r a t i o n  d i m i n i s h e s  p r o q r e s s i v e l p  d u r i n g  i r r a d i a t i o n ,  

a n d  s o l u t l a n s  c o n t a i n i n g  o x y g e n  i n i t i a l l y  a t  2 5  ( a n a e r o b i c ) ,  

2 3 0  ( ~ e r a t e d )  a n d  1 1  50 ( o x y g e n a t e d )  m i c r o m o l a r  wculd r e a c h  





E r y t h r o c y t e s  I r r a d i a  t s d  i n  a i r - s a t u r a t e d  b u f f e r  s h c w e d  no  

c h a n g e  In ~ermeabiZFty  up  t o  a d c s e  of 150 k r a d s .  . T h e y  wero 

a s  stable a s  u n i r r a d i a t e d  e r y t h r c c y t e s  o r  g h o s t s  ( F i g u r e  1) 
A- A h 

-- 

w h i c h  were i n c u b a t e d  i~ a i r - s a t u r a t e d  b u f f s r  a t  25 deg C .  

I n  c o n t r a s t ,  ghosts i r r a d i a t e d  i n  a i r - s a t u r a t e d  kuffer 

showed a markod i n c r e a s e  i n  p e r m e a b i l i t y .  This greater - - 

s e n s i t i v i t y  of g h o s t s  t o  i r r a d i a t i o n  t h a n  e r y t h r d c y t e s  is  

r e f l e c t e d  I n  t h a t  t h e  r a t e  of i n c r e a s e  i n  t h e i r  - 
p e r m e a b i l 5 t y  times t h a t  cf u n i r r a d i a t e d  g h o s t s  

( T a b l e  1 )  . E r y t h r o c y t e s  a r e  r e s i s t a n t  t o  i r r a d i a t i c n  a l s o  

w i t h  r e s p e c t  t o  i n a c t i v a t i o n  of G 3 P D H .  T h e r e  was o n l y  a  
- - - t- - - - 

s l i g h t  less  o f  a c t i v i t y  of7G3PDH i n  c c m D a r s o n  w i t  -q 
u n i r r a d i a t e d  g h o s t s  ( F i q u r e  2 ) .  The  r a t e  o f  i n a c t i v a t i o n  o f  

G 3 P D H  w a s  2 2 - f o l d  g r G a t e r  i n  g h o s t s  (84.3x10*-3 p e r  hour-)  

t h a n  in e r y t h r o c y t e s  (3.9x10*-3 p e r  h o u r )  i r r a d i a t e d  u n d e r  

t h o  same = a e r o b i c  c o n d i t i o n s ,  (Tab l e  1 )  . 

G h o s t s  exposed t o  d i f f e r e n t  c o n c e n t  r a t i c n s  of o x y g e n  d u r i n g  l 

irrad-ia t i o n  showed y r k e d -  d - i - r f e ~ e x z s  %E ba t b - p e r ~ * k l & t ~ - - -  --- a 
&n 8 e n z y m i c  i n ~ c  fiva+'cn Wquras I a& 4L+--- -- 

dcmaqe  was o b s e r v e d  u n d e r  a n a e r ~ h l c  c o n d i t i o n s  wbile t h e  





- - -- 

P # 
% 

c x y g e n  compared t c  p e r w a b i l i t y  but  more sensit i  v& t o  

i r r a d i a t i o n .  An a u t c c a t a l y t i c  c o m p o n e n t  i n  damage to  

p e r m e a b i l i t y  is apparent  i n  t h e  p r e s e n c e  cf c x y g e n ,  a s  

i n $ i c a t e d  by t h e n i n c i p i e n t  c u r v a t u r e ' o f  t h e  p l o t  i n  F i g u r e  

3, " ~ h e  a b s e n c e  o f  s u c h  a phenomenon. i n  t h e  presence of a i r  
9 

r a q u i r e d  t o  p r x i p i t  *n a u t o c a t a l y t i c  broakdorn  cf  The  

s 5 r u c t u r a l  i n t e g r i t y  cf membranes. 

\ 

TEE sffec': of  o x y g e r . - c n  ghosts i n  t h e  a b s e n c e  of  r a d i a t i o n  

was f u r t h e r  i n v e s t i g q t e d  I r !  a con'ro l  s t u d y  i n  w h t c h  g h o s t s  

were i n c u b a t e d  in i~ o x y g e n - s a t u r a t e d  b u f f e r  a t  25 d e s ,  

P e r m e a b i l i t y  and loss cf s n z y n i c  a c t i v i t y  o T" 5 h e s e  ghcsts - 

' p r e s e n c e  of a i r )  ( F i g u r e s  3 and 4). . Thus, the s i s n l t a n e o u s  
i 

presence o f  b e t h  oxygen  and g a ~ m a - i r r z d i a t i o n  a r e  r e q u i r e d  

f a r  t h e  s y n e r g i s m  a i s p l a p e d .  

. 



3 

. Discussion. 3 

Q. 1.  Conparlson of ~ r y t h r o c y t s s  and  g h c s t s  

13 a d d i t i c n  t o  t h o  s o b s t a n t i a l  amaunt of enzymes ( c a t a l a s e ,  r 
- - -- -- - - - -  -- -PA 

* - *--- 

~ ~ p e r o x i d e  disrnntase, g l n t a t h i o n e  p ~ f o x i d a s e  a n d  

aetbaeraoqlobin rednctase) that protect t h e ,  r e d  blood cells 
WA 

. *  * ,  
- - 

fr-cst oxi ,hevo ~ Z ; I T ~ - E ~  ?h9 a B u ~ & a n c x  o f o r g a r i c  i i o ~ ~ c ; l l e s  i n  -- 

+ h e  cel ls  3lsc a i d s  i n  scavenging f r e e  r a d i c a l s  in a - 

r 6 ~ s ~ e c i f  ic manner, thereby protecting the membranes. The 
I 
dhosts have  l o s t  ~ o s f  cf their c y ~ o p l a s m i c  content s  d u r i n g  
t - 

sy p o t e ~ i c  heac l  y s i s  an3 
'I 

fartheracre the a l t 3 r a t i c n  o f  the 

i n t e r a c t i o n s  i n  the membrane ,, 

(aocduerd and Zraal 1 9 7 2 ) .  Beth of these could c c n t r i t u t o  
C 

- 

to ?be greatez s u s c e F t i b i l i t $ c f  g h c s t s  towards radiat ion . 
damage. IB VIVO, r e d  blood cells p o s t  last o v e r  100 days, 

sc even slow rates of danage may be quite unacceptitle, The 
i 

1 

f 

kigh conclntra+ion of catalase and superoxide d i s m u t a e e  i n  - 

t h e  r e d  blcod ce l l s  are  y necessary for p r c t s c t i o n  
-- 

ag a i ~st ~ ~ - i - ~ ~ c - i ~ e  
-- ------p- 

&A resses, smce Fho low concentrations of 

* .  
E Y  iu O U L  qhus s aia n6tppras 

complete pro5octicn against  radiation. -err i n  t h e  ; 
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t o  l l m i  t s p r e a d i n g  o f  c h a i n  r e a c t i o n s  w i t h i n  t h e  mcntkrane i s  

p r o b a b l y  - q ~ i : a  i m p o r t a n t  i n  p r e s e r v i n g  t h e  membrane u n d e r  

-. meaerate o x i d a t i v e  stressss (DemopouloS 1973b)  . P r o t e i n s  

a r e  among the i m p o r t a n t  c o m p o n e n t s  i n  t h i s  p r o t e c t i v e  
% 

m e c h a n i s m ,  Thz p r o t e i n s  i n t e r r u p t  t h e  m i d z c n e  o f  t h e  l i p i d  
t 

b i l a y e r s  a n d  3% a r o m s t i c  a m i n o  a t 5 8  r e s i d u e s ,  w h i c h  a r e  

a b u n d a n t  i n  t h i s  region, c a n  d e l o c a l i s e  t h e  unpGaired 

e l e c t r o n s  r e s u l t i n g  f r cm a b s t r a c t i o n  o r  a d d i t i o n  i n  c h a i n  

\(- p r o p z g a t i n g  s e q u e n c e s  cf r e a c t i o n s .  T h u s  the c h a i n  

r e a c t i o n s  t h a t  p r o p a g a t e  damage d e e p  i n t o  t h e  m e n k r a n e  may 

b e  slewed o r  + e r m i n a t l d .  H y d r o g e n  b o n d i n g  w i t h i r  t h e  

memkrane a l s o  l n d i r e c t l p  protects some m o l e c u l a r  sites 1 = 

- - 
egsi ,nst  h y d r c g e 2  a b s t r a c t i o n  by  f r e e  r a d i c a l s .  G h o s t -  - 

- - - - - - - 

rncmBranes, u ~ l 2 X e  m l t o c h o n d r i a l  m e m b S n e s ,  a r e  d e f c 5 d  of 

i r o n - s u l p h u r  proteins w h i c h  a r e  p o t e n t  c a t a l y s t s  f o r  l i p i d  

a u t o x i d a t i o n  ( R a n s t e i n  a n d  H a t e f i ,  1970)  . R e s u l t s  f rom 

studias u s i n g  c h a p t r c p i c  agents s u g g e s ?  t h a t  t h e . l i p c p h i l i c  

r e g i o n  cf -the memtranas is p r o t e c t e d  f r o m  a t t a c k  .by o x y g e n  ..- 
\ - 

i n  s o l u t i o n  (H35efi a n d  H a n s t e i n  1 9 7 0 ) ,  I n  a d d i + i c n ,  'I 
s 

v i + a $ i n  E i n  t h e  n e a k r a n e s  a c t s  as-an a n t i o x i d a n t  ( T a p ~ e l  ' 

1 3 7 3 ) .  The a b o v e  e x ~ l a n a t i c n s  a r e  r q a s o n a b l e  i n  v i ew  cf t h e  y 
- - - -- - - - - 

'i,-- . 
. O H ,  02- a n d  H202 a re  kncwn- to  cause l i p i d  

- - - - - - - - - - - - - -- L 

p c - r o x i d a t  l c n  ir! aembrazls ( S t o c k  a n d  Dormandy 1971,  B i l l s  



and W i l k i c s o n  1 3 6 7 ,  ~ i l l s  a n d  R o t b l a t  1965)  aid that the 

p a r a l l e l  , i n c r a a s e  ir! l i p i d  ~ s r o x i d a t i c r n  a n d  ~ e r m e a b i l i t y  o f  

ghosts r e p o r - t e d  b y  o u r  l a b o r a t o r y  (Popma 1974 ,  Davison a n d  

Pcpma 1.378) s u g g e s t e d  a d i r e c t  r e l a t i o n s h i p  b e t w . r e n  l i ~ i d  

- p o r o k i d a t F o n  a n d ,  tho I n c r e a s s  i n  permeability of g h o s t s .  
/ 

T h a t  a u t o c a t a l y s i s  Is c b s e r v e d  o n l y  i n  the damage  t b  
a 

p e r m e a b i l i . t , y  a n d  co? t c  G3PDH may r e f l e c t  t h o  k o n t i n u c u s  

r a t u r e  of %&rat rane  arid t h e  i n t i m a t i  f e l a t i c n  bet w e n  t h e  
-=+ 

l F p i d s  b e i n g  n e c e s s a r y  for the d e v e l c p m e n t  o f  t h e  o x y g e n ,  

effect. I n  c o n t r a s t ,  '._he i s o l a t e d  n a t u - r e - c f  m o l e c u l e s  o f  
' 

G3PDH I~ the membrane h3s p a r t l y  p r e v e ~ t e d '  a u t o c a t a l y s l s .  
0 

. 9 

. I? was f u r t h e r  s u p p o r t &  by t h e  o b s e t v a t i - o n s  t h a t  t h s  

a u % c a t a l y t i c  i$czeasa i n  permeabIfity was l s b s e r v o d  a l s o  i n  - - - 

- 
c x y g e n a t e d  buffets c c n t a i n i n g  s c a v e n g e r s -  W o n q  1 3 7 3 )  , h u t  

-3 
aga in  it wag not o b s e r v e d  i n  e n z y t d s  inac&==& The A 

r* 

a m 5 i v a l e r t  rols cf t h e  m o l e c u l a r  a r c h i t e c t u r e  cf thb, 

tnemkrane Ir. p r o v i d i n g  an a q t i o x i d a n t  e f fec t  a t  Icw 
b. 

c c s c e n t r z t l o n  of c x y g e 2  a n d  a f a c i l i t a t o r y  effect t o  

o x i d a t i v e  damage a t  h i g h  c o n c e n t r a t i c n  cf  o x y g e n  can t h u s  



Chain r e a c t i o n :  

\ 

C h a i n  b r a n c h h g :  

LO. + LB ------ > LOB + L, 

S i r ? ~ €  the r a ? e  of  reaction ( 1 )  b ~ + w e s n  t h e  r a d i c a l  f o r m e d  i n  

t h e  l i p i d s  a n d  dissolved 0 2  d e p e n d s  m the c o n c e n t r a t i o n  o f  

02  I n  'lie memtrane,  a h i g h  c c n c e n t r a t i c n  of 02  m a r k e d l y  

increases the o v e r a l l  rate.  In o x y g e n - s a t u r a t e d  s c l n t i c r i s ,  , 

the concentration of 0 2  ir the membrane waul'd be h i g h e r  t h a n  - 
in t h e  aqueous phase ,  since t h e - s c l u b i l l t y  of 02 is 7-8 

t i a e s  h l g h e r  i n  n o n p o l a r  t h a n  i n  p o l a r  media .  F u r t h e r m o r e ,  
- - - -- - - - - - - - -- -- -- - 

b r a n c h i n g  i n  the chain reaction due t o  spontaneouz  
- - - - -- 

~ e c o a ~ o s i t i 6 n  ef 'be u n s t a b l e  LOOH produced would a u l t i p l g  



t h e  n u m b e r  o f  free r a d i c a l s  d r a m a t i & a l l y ,  t h u s  i n c r e a s i n q  

t h e  numbe'r of c h a - n s  ( J l emopoulos  1 9 7 3 a ) .  O f  t h e  t w o  r 

r a d i c a l s  formed i ? l  ( 3 ) ,  L O ,  c o u l d  o n l y  p r o p a g a t e  l a t e r a l l y  

w i e h i n  each l i p i d  la ye^, ( T a p p e l  1 9 7 3 ) ,  b u t  .OH k i n g  
a .  

m c b i l e ,  c o u l d  i n i t i a t s  c h a i n s  i n  a n y  d i r s c t i o n ,  t h u s  

effectively s p r a b d i n g  p e r o x i d a i l o n  t h r o u g h o u t  t h e  membrane, a - - A 

T h e  e x t r e a e  v u l n e r a b i l i t y  o f  b i o l o g i c a l  systems t o  . O H  may 

be  e x p l a i n e d  i n  terms of t h o  f a i l u r e  of  t h e  p r o t e c t i v e  

systsas b u i l t  into t h a  m e r n b r a ~ e ' s  architecture, s i n c e  .OH 

b c 5 n g  m o b i l e  can F r o p a g a e e  c h a i n  r e a c t i o n $  l o n g i  t u d i n a l l y  . 
From t h e  f c r ~ g o i n g ,  it c a n  be  seen th3t 02 a c c e l e r a t e s  l i p i d  

o x i d a t l o r !  by a l l c w i n g  and a c c e l e r a t i n g  t h e  f c r m a t i c n  of 

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

J .  
t e r m i n z t i o n  o f  t h e  c h a i n s  map c o m p e t e  more 2 f f e c t i v e l y  w i t h  t 

-. 
r c a c t i o n  ( 1 ) .  Ths c c c c m t r a t i o n  of LOCH w o u l d  b e  low d u s  

bcth 50 1sck.cf  a v a 1 1 3 b i l i t y  of  0 2 ,  a s  well a s  t o  the 

i c c r e s s e d  chain termination. Thus i n  a n a e r o b i c  s o l n t i d n s ,  

t h e  p r c p a g a e i c n -  o f  p e r c x i d a t i o r  d u e  '_o L. w c n l d  s t i l l  

cp%rt+e but c h a i n  t r a n c h i c g  would  n o t  o c c u r .  Hence tke 

d l f f e r o n c e  Ir, dastage b e t w e e n  o x y g e n - s a t u r a t e d  s o l u t i c n s  a2d .. 
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f q u n d  t h a t  t h ~  major p r o d u c t s  f o r m e d  i n  the p r e s e n c e  of 

( P u r d i e  1371)  which o x y g e n  were s u l f i n i c  a n d  s u l k p i c  a c i d s  

w?re r e s p o n s i b l e  far t h e  i ~ a c t i v a t i o n  o f  s u l p h y d r y l  en'zymes 
Z 

(Buchalian 1978,  L i n  1378)  . ~ h e r k f o r e  oxygen m i g h t  i n c r e a s e ,  ' 

damage t o  i a m t r a n & b c u n d  G 3 P D H  b y  increasing !he f c ~ r n a t i o n  

of these a c i d s ;  , - , .- + 

These r e s u l t s  d e m c n s t r a t e  n o t  o n l y  t h a t  g h o s t s  c c n s t i t u t e  a , . 
e 

c c n v e n i a n t  a n d  s e n s i t i v e  system for i n r e s t i g a t l o e  ef e-i&ets 

cf r a d 5 a t i c n  on p l a s m a  m e m b r a ~ e s ,  b u t  m,ore i m p o r t a n t l y ,  t - h a t  

membranes a r e  o n e  of the few i d e n t i f i e d  loc i  f c r  t h e  * o r i g i n  
i 

o f  t h e  l l o x y g l n  effectf' observed  i n  i r r a d i a t e d  cell's. 



--- - -- 

TABLE I. EFFECTS CP CONCENTSATICNS OF OXYGEN ON RATES OF 

DAMAGE TO MEHERARE-BCUND G3PDH AND MEHEBANE OF EEYTBROCYTES 

AND GHOSTS, The r a t e s  of i n c r e a s e  i n  p e r m e a b i l i t y  a r e  

o b t a i n e d  from the s l o p e s  i n  F i g u r e  1. T h e  r a t e s  ware 

exp;essed i n  log p e r  cent of i n t a c t  g h o ~ t s  r s m a i n i n g  a f t e r  

each h o u r  cf i r r a d i a t i o n .  The r a t e s  of i n a c t i v a t i o n  of 
- - t 2- 

G3PDH were c a l c u l a t e d  from t !  s l o p e s  i n  F i g u r e  2. The . 
\ 

/ 
r a t e s  were e x p r e s s e d  i n  l o g  :per c e n t  a c t i v i t y  r e m a i n i n g  

f 

a f t e r  each hour o$ I r r a d i a t i o n .  C o n d i t i o n s  were: 0.01 B. 

p h o s p h a t e  b u f f e r  pH 7 .4  r e n d s r e d  isotonic by t h e  a d d i t i o n  of /---'. 
N a C l  t c  3 0 0  m O s H . ,  t e m p e r a t u r e  25 deg C,  c o n c e n t r a t i o n  of 

ghosts o r  e r y t h r o c y t e s  1 0 ~ / v ,  d c s e  r a t e  of 
\, 
f 

gamma-irradiation 0 .5  krad/mln. I r r a d i a t i o n  was c a r r i e d  out 

I n  b u f f e r  s o l u t ~ o n s  a l r - s a t u r a t e d  by a t m o s p h a t i c  a i r  u n l e s s  
- - - - - - - - -- 

oxygen  o r  p i t r o g e r  I s  specified. 

i n d i c a t e d  no s i g n i f i c a n t  damage. d he s l o p e s  3 n d  t h e i r  
f 

s t a n d a r d  errors wgro o t t a i c s d  by  regression a n a l p a i s  (see 
0 

f i e  . The s t a n d s r d  e r r c r s  of  + h 1  r a t e s  of i n c r e a s e  i n  

perm, 2 a b i l i t y  a n a  s n z p a i c  i n a c t i v a t i o n  a re  on  tht a v e r a g e  

less t h a n  +/-30% and +/-20% r e s p e c t i v e l y ,  



D 

- 

7 1 

TABLE 1 .  EFFECTS €-Off€ ENTRAII O W  8f B~P~E-G~EF-R#~-E-~~-~F--- 
D ~ ~ A G E  TO H E H E R A N  D G 3 P D H  AND M E H E R A N E  OP ERYTHROCYTES 
A N D  GHOSTS. I 

u n i r r a d i a t e d  ghosts 
. i n b u f f e r s :  

o x y g e n a t e d  

i r r a d i z t e d  ghosts 
Fn buffer: 

o x y g e n a t e d  2.75+/-3.23 ( i n i t i a l )  119.5+/-16.5 (initial) 

986+/-'223 ( f i n a l )  229.8+/-11.6  (final) 



FIGUPE 1. COMPARISON OF THE EXTENT OF R A D I A T I O N  CAB-AGP TO 

P E R H E A B I L I T Y  OF ERYTHROCYTES AND GHOSTS I# THE PBESEN'CE O F  
I 

A I R .  Log p e r  cent g h o s t s  o f  e r y t h r o c y t e s  r e m a i n i c g  n t a c t  f 
a f t e r  e a c h  h o u r  of i r r a d i a t i o n  was p l o t t e d  a g a i n s t  dime i n  

i h o u r .  C c n d i t i o n s  were: 0 .01  M .  p h o s p h a t e  b u f f e r  pH 7.4 . 
*I - - - - -- 

r e n d e r e d  isotonic by the a d d i t i o n  of N a C l - t o - 3 0 0  ~OEM-. . 
t e m p e r a t u r e  25 d e g  C ,  c o n c e n t r a t  p q  of ghosts cr 

e r y t h r o c y t e s  10%v/v,  dcse rate o f  g a m m a - i r r a d i a t  i o n  0 . 5  
- - - 

krad /min .  d o s e  r a t e  o f  g i m m a - i r r a d i a t i c n  0 . 5  krad/min .  
f 

I r r a d i a t i o n  was c a r r i e d  o u t  i n  b u f f e r  s o l u t i o n s  

a i r - s a t u r a t e d  by a t m c s p h e r i c  a i r  u n l e s s  cxyqen o r  n i t r c g e n  

i s  s p e c i f i e d .  T h e  s l o p e s  a n d  t h e i r  s t a n d a r d  e r r c r s  wsre 

o b t a i n e d  by r e g r e s s j . c n  a n a l y s i s  (see Methods)  . +) 
Symbols  

)I 

U n i r r a d i a t e d  ghosts @ !?I 
B 

U n i r r a d l $ t e d  ghosts + 0 2  8, + 
. * 

. Irradiated g h o s t s  X , *  



@ 
F I G U R E  f .  C O M P A R I S O N  O P ~ ,  THE E X T E N T  O F  R A D I A T I O N  D B ~ A G E  TO 

i 

P E R f l E A B l t I T Y  OF EPYTHROCYTES A N D  P O S T S  IN THE PRESENCE OF 



F I G U R E  2. C O H P B F I S O N  OF THE EXTENT OF RADI'ATIOH' C A N A G E  If0 

ACTIVITY O F  G3PDH CF EF$YTHROCYTES A I D  G'HOSTS I R  THE PRESENCE 

O F  A I R .  Log p e r  c e n t  6 3 P D E  r e m a i n i n g  a t t i r e  a f t e r  eacb hdu; .- 

of f r r a d i a t i o n  was plotted against time i n  h o u r .  C o n d i t i o n ~  

d e s c r i b e d  in were a s  

U n i r r a d i a t e d  ghosts '. . 

I r r a d i s ' e d  g h c s t s  

I r r a d - i a t e d  ez y t h r o c y t e s  



FIGURE 2 .  C O H P A R I S O N  OF THE EXTENT OF E A D I A T I O N  D A f l A G E  TO \ 

ACTIVITY OF G3PDff OF EEYTHROCYTES AND GHOSTS -IN THE PBESEHCE 

OF A I R .  



3. EXTENT OF FIGURE 

GHOSTS 

R A D I A T I O N  D A M A G E  TO PERMEABILITY OF 

ghosts 

p l c t t e d  a g a i n s t  tiae i n  hour .  C o n d i t i o n s  were a s  dsscribde 

ir? -Figure 1. ~nirradiatqd ghosts i n c u b a t e d  a t  25 deg C i n  

a l r - s a t u r a t e d  buffer were used a s  contrcl. U c i r r a d i a t e d  

ghosts were also ?ncuba*ed i n  o x y g e n - s a t u r a t e d  buffer to  

Symbols 

-- 

Air 

Oxygen 



F I G U R E  3 .  EXTENT OF R A D I A T I O B l  DAMAGE TO P E R A E A B I L I T Y  OF' - 



PIGUFE 4. EXTERT OF RADIATIOII  D A B A G E  A C T I V I T Y  

OF GHOSTS AT rIFFEREIT CONCEBTR A T I O N S  O X Y G E N .  Lcg per 

c + ~ t  G 3 F D H  rema'niog active after each hour of i r r a d i a t i o n  

was plottsd against t i ~ q  i'n hour .  C o n d i t f  ons were a s  

d e s c r i b e d  i n  Figure 3.  

S y m b o l s  

Air 



f 
f IGURE 4. EXTENT OF R A D I A T I O N  - D A H A G E  TO A C T I V I T Y  OF 

OF GHOSTS AT DIFFERENT CONCENTEATIONS OF OXYGEN. 

I 
10 1.00 4.00 5 

I 
2.00 

I 
3.00 

I 

T I M E  (HBURSI 
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ABSTRACT 

ambivalent (02-1 and the r e q u c i n g  free ' k d i c a l s :  (e- apd 
- - i f: * 

C02-), in causing damage to s e ~ b r a n e s  and asabrane-bo~+n8 -4 " 
-- 

G3PDEf of' resealed erp.+brofyto ghosts 6 a s  been determiflab. 

Rates of damage tc m~mfran&boond G 3 P D H  (8 (enz) ) were 
# 

assessed -by heasor lng  changes i n  p e r m p a b i l i t y .  of t h e  

r e s e a l e d  g h o s t - s  tc t h e  r e i a t i v e f y  lcw molecular weigh3 

substrates of this enzyme. Each of +he radica l s  was 
- * selectively i s c l a t e d  from the aix?nre ~ r o d u c e d  d u r i n g  

gaapa- irradiat ion ,  u s i n g  appropiato  ~ixtnres of scavsrtggzs 
'1 

02- and H202 were ap~rcxiraate ly  equally ef fec+ive in . . 
1 - 

- 

i z a c t f v a t i n g  membrane-bonn3 G3PBH while, e- and C 0 2 -  W Y + ?  - 
the l e a s t  effective.. R ( e g z )  •’.or 02- and H202 were 10-l$o~d' 

C P r 

ard for . OH 15- fo ld ,  rh3t a f  e-: ' +(.b) r e  g@&s 
F - - 

s i ~ i l a r  f o r  e- a n d  8-202; about' twlce that of 02- vhiie tbi% 

f o r  .OH is 3 - f o l d  that of 027 .  Henc3, .wLth respect tc 
t 

, 
P (mb) : .OH > e r  = B202 > '02-,* an3 v l t h  .respect tc R : 

- - -- - -- -- -- - -- -- 

OH>. > 02- * A202 >z c-. The difference between >he - , 
\ 

effectiveness of tho i o s t  da.aging and the least 
- d , 



. . free rzdicals was so& than 10-•’ole g r e a t e r  in damagB ,to . . 4 

e r z p o  t h a ~  tc mestrare. .Cc r spa r i son  between H202 added as a i -, 
c k e a l c a l  reagent sn6 H202 fozred by i q r a d i a t i o n  showed  that. 

i 
f 

~ e i k r a n c s  and aestrzne-bound G3 PDH we=& relatively i n e r t  to 
A * 1 

rezgen? .R2p2 t n t  a a r k ~ d l y  s u s c e p t i b l e  ta t5e I z t t e r .  - 



. 1 

Of a l l  t h e '  f r p a  r a d i c a l s  pr-oduced  i n  t h e  r a d i o l y s i s  o f  

water,  e- a n d  .OH havq &en t h e  m o s t  e x t e n s i v e l y  s t u d i e d ;  

Many r e a c ' / i o n s  o f  $ydr-3+,ed e l e c t r o n s  ( e - )  a n d  h y d r o x y l  .' _ - 
r a d i c a l s  ( . O H )  w i t h  ~ r c t e i n s  a n d  snzymes h a v e  b e n  - - -- - -- --- - - 

d c c u m e r , t e 3 .  ( I l d a a s  et a l .  1969 ,  197 1, 1973 ,  f l a s u d a ,  O v a d i a  

and G r o s s w o i c s r  1 9 7 1 ,  L l c h t l n ,  O g d a n  and Ste'n 1 9 7 2 )  . P u l s e  , -, 
i - 

radiolysis s + u a l e s  cf s u c h  r e a c t i o n s  h a v e  revea led  c e r t a i n  

a m i n o  a c 5 d  r2s idnes  which  are p a r t i c u l a r l y  r o a c t i  v e  t o w a r d s  

' t h e s e  r a d l c a l c .  T h e  r a t e  c o n s t a n t s  of  r e a c t i ' o n s  cf free 

radicals 'with b i a l o g l c a l l y  i m p o r t a n t  m o l e c u l e s  ' havs  b e e n  

well  d c c u r a e n + e d  b y  Anbar a n d  Neta ( 1 9 6 7 ) .  H o w e v e r ,  t he re  '? 

1 a=" few s t u d i t s  of  t h e i r  interactions w i t h  b i o l o g i c a l  - 
- - - - - - - - - - - -  - - - -- 

- - -  - 

membran E a r l y  s t u d i s s  o f  r a d i a t i o n  e f f e c t s  on 
1 

h o s t s  d i d  n o t  p r d v i d a  . i n f c r m a t i o n  o n  t h e  

r e a c t i o n s  .cf free r a d i c a l s  with mombranns ( G o l d s t e i n  1974 ,  

KotPr and Loyko 1 9 7 3 ) .  R s c e n t  s t u d i o s  by Bisby et a l .  
- .  

(3975) h a v e  a t t e m p t e d  ' t o  investigats ' t hev  react icns cf e- a n d  

.OH with e r y t h r o c y t e  g h o s t  membranes. T h e y  f6und t h a t  e- 
/ 

r e a c t e d  r a p i d l y  wi th  membranss a t  a r a t e  greater  t h a n ' - l d t l 0  



e x p o s e d  d i s u l p h i d e  bonds-on t h ~  s u r f a c e s  of +he plasma 

membrane. The fow r e z c t i v i t i e s  of  N - a c e t y l  n e u r a m i n i c  a c i d  
1 

a n d  N - a c e t y l  g l u c a s a m i r e  which are  09 t h e  e x t e r i c r  s u r f a c e  3 
3' 
i 

o f  e r y t h r o c y t e  membrane, canno? a c c o u n t  for t h e  c b s e r v e d  

r e a c t 5 v i t y  o f  e-. T h u s ,  t h p  s 4 t e s  of r e a c t i o n s  cf e- r ema in  + 

a n  k m m t  , one p o s s i  ?xi l%%y being t h e  p s p t i d e  b o n d s -  ef- surf-ace------- 

p r o t e i n s .  The c a r b o n y l  carbor .  cf p 9 p t i d e  l i n k a g e  o f  
* 

p r o t e i n s  h a s  been  kncwr. t o  b e  q u i t e  r s a c t i v e  t o w a r d s  e- 
- -- 

( F a r a g g i  and E e t t l e h e i m  1 3 7 7 ) ,  b u t  t h ?  p o s s i b l e  r e a c t i c n s  a 

~ 5 t h  p s p t i d e  l i n k a g e s  wore n o t  i n v e s t i g a t e d .  A t t a c k  .by . O H  

on a r o m a t i c  amFno acids o f  p r c t e i n  components  cf the 

membrane was n o t  d e t s c t e d .  However, t r a n s i s n t  s ~ s c i e s  

, produced  by the r e a c t i c n s  of .OR w i t h  c a r b c h y d r a t e  r e s i d y e s  

of the me mkrane s u r f  a c f  were obsssv-ed.  

B a r b e r  e t  a l e  ( 1 9 7 8 )  found 'ha t  l e c i ' h i n  r e a c t e d  

efficiently w i t h  .OH a n d  competed w i t h  c t h e r  i n t r a a e m b r a n e  
\ 

s c l u t e s .  T h i s  may e x p l z i n  t h e  a b s e n c s  o f  p r o d u c t s  f rom t h e  
L 

r e a c t i o n s  b l t w e ~ n  . O H  and a r o m a t i c  amino a c i d s  o t s e r v e d  i n  

B i s b y t s  ( I  975) study, Also ,  r e a c t i o n s  k e t w p n  .OH and  
/ 

s o l u t e s  i n c o r p o r a t e d  i n t o  t h e  s y n t h e t i c  l i p i  



i n c r e a s s d  f l u i d i t y  of  the p o l a r  h e a d  g r o u p  

r e g i o n ,  i n c r e a s e d  v i s c e s i t y  of h y d r o p h c b i c  r e g i o n  cf t h e  

l e c i t h i n  b i l a y e r s  a n d  a p p e a r a n c e  o f  water i n  the b i l a y e r s .  

I n  c o n t r a s ? ,  s- r e a c t e d  vclry s l o w l y  w i t h  l e c i t h i n ,  t h e  r a t e  

c c n s t a n ?  b e i n g  a b o u t  10+7 4- 1.s- 1. The  r a t p  c o n s t a n t s  cf 
1 

t h e . r ~ a c t i o n s  o f  e- with s o l u t e s ~ a e r e  -decreased cne  - - 

& A- 

t h o u s a n d - f o l d  wher! t h e  s o l u t e s  were s o l u b i l i s e d  I n  t h e  l i p i d -  

b l l a p s r s .  The  result i n d i c a ' e d  l o w  reactivity o f  e- t c w a r d s  

l F p i d s  a n d  t h o  r e s t r i c t s d  d i f f u s i c n  i m F c s e d  on  9- b y  t h s  - 

l i p i d  l zyers .  

S u p e r o x i d s  a n i o n s  were r e p o r t e d  t o  p e r m e a t e  s t r o a a l  

membranes cf erythrocyte v e s l c l e s  w i t h  surprising o a s e ,  a n 3  

which i s  F n h F b i t e d  b y  ~ ~ p e r o x i d e  d i s m u t a s e .  L i p i d  

p o r o x i d a t i c n  c a u s ~ d  b y  0 2 -  i s  c a t a l y s e d  by metal c c m p l e x e s  

( S v i n g e n  1 9 7 8 ) ,  a n d  both 02- a n d  s i n g l e t  o,xygen have b e e n  e 
shown t o  p r o p a g a t e  t h e  r e s u l t i n g  c h a i n  r e a c t i o n s .  S i n g l e t  

oxygen h a s  been F m p l l c a t e d  in c a u s i n g  l y s i +  o f  e r y t h r o c y t e  

memkranes  (Bl?r?d et a1 1 3 7 8 ,  Kelloq o n d  F r i d o v i c h  1 9 7 5 ,  

1977 ,  L y n c h  a n d  F r i d c v i c h  1978b)  . A d i r e c t  r ~ l a t i c n f h i p  
- -- - - - - - -- - - - - 

betwoer l i ~ i d  _ p e r o x i d a t i o n  a n d  l y s i s  o f  e r y t h r o c y t e  g h o s t s  
- - -- - - 

h s s  been  d e m c n s t r a t e d  i n  o u r  l a b o r a t o r y  (Popma 1 9 7 4 ,  D a v i s o n  



The r e a c t t c n s  of f r e e  r a d i c a l s  w i t h  t h e  SH-enzymes G 3 P D H  a n d  

p a p a i n ,  h a v e  b e e n  s t u d i e d  ( B u c h a n a n  a n d  A r m s t r o n g  1 9 7 8 ,  Lin 7 
1 

a n d  Armsc-tong 1 9 7 8 ) .  These s t u d i e s  s u g g e s t  t h a t  o l t i d a t i c n  

. of  tho SH g r o u p s  a t  t h e  c e t a l y t i c  s i t e s  were r e s ~ c f i ~ i b l e  f o r  

t h e  i n a c t i v a t i o n  of f b 2  e n z y m e s .  These SH g r o u p s ,  w h i c h  a r e  

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

s n b s t r a t e s  p o s s e s s  marksd  r e a c t i v i t y  t o w a r d s  e l e c t r c p h i l i c  

r e a g e ~ t s  ( F r i t d m s n  1.373) . T h u s ,  t h e i r  r e a c t i o n s  w i t h  

o x i d i z i n g  r a d i c a l s  w c u l d  b e  much f a s t e r  t h a n  t h o s e  o f  l e s s  

r r s c t i v e  SH g r n u p s .  0 2 -  was f o u n d  t o  b e  &ne of t h o  most f l  

e f fec t ive  r a d i c a l s  i n  c s u s i n g  ir r e v s r s i b l e  i n a c t i v a t i o n  o n  

t h e  enzyme,  w h i l e  H2C2 o x i d i z e d  t h s  S H  g r o u p s  t o  s u l p h o n i c  

r e s t c r i n g  t h e  e n z y m i c  a c t i v i t y .  I n a c t i v a t i o n  b y  t h e  . 
r e d u c i n g  r a 3 L c a l s  .H a n d  9- d i d  n o t  a p p e a r  t o  be  

a p p r e c i s b l e .  

Ir! a p r e v F o u s  s C u d y  (Kong 19791 ,  r e s e a l e d  g h o s t s  were shown 

t c  be s u i t a b l e  ' , a r g e t s  for9 s t u d y i n g  t h e  r o l e  o f  o x y g e n  i n  

f r e e - r a d i c a l  damage  i n  h a t  t h e y  ape s e n s i 5 i m  t c  r a d i a t '  2 . 0 - ~ -  - -- 

damage and a t s p l a y  a p r o n o u n c e d  - " o x y g e n  - - - - -- e f f ec tw ,  - - - - w i t h  --- oxygen -- - -  

e r h a r c e ~ e n +  r a t i o s  well  o v e r  o n e .  The p r e s e n t  s t u d y  i s  a n  



i n v s s t i g , a t i c o  of t h e  e f f e c t s  o f  02-,  H202 a n d  e- i n  

p r o d u c i n g  damage to t h e  p l a s m a  membranes  o f  e r y t h r o c y t e  

g h o s t s ,  a s  a s s e s s e d  by the c h a n g e  i n  p e r m c ? a b i l i t y  cf  t h e  

r e s e a l e d  g h o s t s  a n d  +he i n a c t i v a t i o n  o f  membrane-bound 

G3PDH. T h e  i n a c t F v a t i c n  cf membrane-bcund G3PDH ~ ~ o ~ i d e d  

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

tc a n  i n t r a c e l l u l a r  p r o t e i n  w h i c h  i s  a d s c r b s d  o n  t h e  

memkrane a n d  an SH-enzyme of e r y t h r o c y t e s .  G h o s t s  were 

s u b j e c t e d  t o  t h e  a c t i ~ n  o f  t h e s e  frea r a d i c a l s ,  to a s s e s s  
\ f 

t h e i r  r e l a t i v e  e f f e c t i v e n e s s  i n  i n d u c i n g  damage  to 

mcmkranes .  A f t e r  h i t i a l  e x p 5 r i m a n t s  u s i n g  c h e m i c a l  s c u r c s s  

of f r e e  r a d i c 3 l s ,  G a m m a - i r r a d i a t e d  a q u e o u s  s c l u t i c n  w a s  

c h o s s r ~  a s  t h e  s o u r c e  of thes? f r e s *  r 3 d i c a l s ,  which a r e  
@- 

f c r m e d  from the r a d i c l y s i s  o f  w a t e r .  R a d i o l y s i s  o f  water i n  
-\ 

t h e  a b s e n c e  o f  0 2  p r o d u c e s  ' t h e  f o l l o w i n g  p r i m a r y  f r e s  

r 3 d i c a l s  ( D r a g a n i c  a n d  D r a g a n i c  197 1, Swal low 13735..  

a n d  t h e i r  i n i + i a l  y l e l d s  a r e  : G ( e - ) = 2 . , 8 ,  ~ ( ~ . ) = 0 . 6 ,  

G( .OH)=2 .8  a n d  G(H202)=0 .6  ( ~ r a ~ a n i c  et a l .  1 9 6 9 a ,  1969b ,  
- - - - - - - - 

1 9 7 1 ,  1 9 7 2 ,  1973)  . G is t h e  nuiber o f  m o l e c u l e s  c r  i o n s  - 

f o r m e d  p e r  100 ev. e n e r g y  absorbed. 

t 



- 

t 
9 5 

- - -  - - -- & 
2 

Ia the presence of oxygen, the fol lowing subsequent 

r e a c t i o n s  occur, r e s u l t i n g  i n  a varisty of ssccndary 1 
9 

r a d i c a l s ,  

pK = 4.8 (Behar 1970) (4 

HCOO- + .OH ---> COO- + H20 k = 2.5 x 10*9 M-1. S-1 (5) 

COO- + 02 ---> C02 + 02-  k = 2.4 x lO*9 J!l-1.~1 (6) 

T h e  above r a t s  c o n s t a n t s  were taken  frcm Anbar and Neta 

Some of these r a d l c a l s  can be s e l e c t i v e l y  i s o l a t e d  frcm tbe 

mixture  by using a p p r c p r i a t e  r a d i c a l  scavengsrs  t o  remove 

o t h e r  r a d i c a l s .  'Thus,, the affects of a single typ.  of 

r a d i c a l s  o r  a  combination of ra ,d ica l s  can be s t u d i e d  
- - pp --L --- * 

- +-- 
iadependent ly.  The  f u r t h e r  quest ion of  the results of 

- - - - - - - - - - - - - - - - - 

* 5nr"eractions between these free rad ica  f o ~ m s  of o x y g e n , '  



whether c o o p e r a t i d  c r  i n h i b i t o r y  

C i ~ v e s t i g a t e d  and the results will 

subsequent p u b l i c a t i c n  (Ksng 1 9 7 9 )  . 

h a v e  a l s o p g e n  < 
-* 

b o  p r e s e n t e d  r n  a 



2 .  E x p e r i m e n t a l  

I 
2.1  M a t e r i a l s  

. . 

~ l ~ c e r a ' l d ~ h ~ d e - 3 - ~ h o s ~ h a t ~ 3  (G3P) , d i t h i c t h r e l t o l  ( D T T )  , 
- - --% 

c a t a l a s e ,  T r i t o n  5-100 a n d  beta-BAD were s u p p l i e d  k y  f i g m a  

Chemicals L t d .  ' Sodium a r s e n a t e ,  s o d i u m  ~ y  r o ~ h o s ~ h a t e ,  

sor l ium f o r m a t e  of A.C.S .  s t a n d a r d  were s u p p l i e d  b y  F i s h a r  

C h e m i c a l s  L t d .  S u p e r o x i d e  d i s m u t a s s  was p r e p a r e d  i n  o u r  

l a b o r a t o r y  a c c o r d i n g  t o  t h e  method o f  n c c o r d  a n d  F r i d o v i c h  

( 1 9 6 9 ) .  The  p r e p a r a t F o n  has a n  a c t i v i t y  of 2301 u n i t s / m g  

p r o t e i n ,  Catalase was o b t a i n e d  from Sigma C h e m i c e l o  w i t h  a n  

a c t i v i t y  o f  2500 u n i t s / m g  of p r o t e i n .  B o t h  o n z y m e s  were . 
- 

a d d e d  t o  a f i n a i  c o n c e n $ r a t i o n - c f  2 0  ug,ml (i . e .  20Tw u n i t s  
- 

s u p e r o x i d e  d i s m u t a s e  an8 50 u n i t s  c a t a l a s e  p e r  m l  s o l u t i o n )  

i n  the b u f f e r  s o l u t i c n s ,  T h e s e  c o n c e n t r a t i o n s  w w e  - 

c ~ n f i r m s d  + o  b e  s u f f  i c l s n t  t o  s c a v e n g e  s u b s t a n t i a l l y  i n  
- 

excess o f  90% of  t h e  s u p e r o x i d e  a n i o n s  a n d  8 2 0 2  c p n e r a t e d  

d u r i n g  l r r a d i a t l o n  ( S u t t o n ,  R o b e r t s  a n d  W i n t e r b o u r n  1376, 

D a v i s o n  a n d  Ka.minsky 1 9 7 4 )  . 

See s e c t i o n  2. 
1 



2 .3 .1 .  P r o d u c t i ~ n  of s u p e r o x i d e  r a d i c a l s  

e- a n d  .H p r ~ d u c o d  i n  ( 1 )  - r e a c t  w i t h  0 2  r e a d i l y ,  a n d  are 

c o n v e r t e d  t o  02-. by the r e a c t i o n s  ( 2 )  a n d  (3 )  . Hence t h e  

i r r a d i a t i o n  of a i r - s a t w ~ a t e d  s o l w t i c n  w i l l  p r o d u c e  a n  m o u n t  - 

o f  02- e q u a l  t o  t h a t  o f  e- a n d  .H Catalase was u s e d  a s  

s c a v e n g e r  f o r  H202. I t  catalysas t h e  d e c o m p o s i t i c n  c f  H202 

as  ir, (7)  . wormat+ i s  an  effective s c a v e n g e r  of . O H  

( D r a g a n i c  1369b)  3nd i t  i s  used i n  o u r  s t u d y  b e c a u s e  o f  t h e  

i n c r e a s e  i n  y i e l d  of 02-  due t o  r e a c t i c n  ( 6 ) .  hus2- 
a i r - s a t u r a t e d  a q u e o u s  c o n t a i n i n g  

m i l l i m o l a r  f o r m a t e  a n d  c a t a l a s e  (50 u n i t s / h l )  d i l l  p r o d u c e  

p ~ d ~ m i n a n t l y  02 - .  The t o t a l  y i e l d  o f  0 2 -  will-he-given-by- - 

( H e r b e r t  2nd  Pinssnt 1 3 4 8 )  



I f  s u p e r o x i d e  d i s m u t a s c  420.4 u n i t s / m l )  was u s e d  i n s t e a d  of 

catalase i n  t h e  a b o v e  s o l u t i o n ,  02- p roduced  w i l l  be 

c o n v e r t e d .  t o  H202 a c c o r d i n g  t o  ( 8 ) .  i 

( R a b a n i ,  K-luq and  Fr l d o v i c h  1972)  

T h e r e f o r e  G (H202) =G(R202) + O m  5xG (02-) = O  .6+3.1=3.7 

I 

2.3.3. P r o d u c t i o n  cf h y d r a t e d  9- 2 .  
- - - - -- - -  - - - - -  - i- 

i 

In n i t r o g e n  s a t u r a t e d  s o l u t i o n ,  t h e  r a d i c a l s  formed a re  % t 
I 

giver! i n  (1) , I t  folXows fron the above d i s c u s s i o n  t h a t  -? 'ij 

f o r m a t e  i n  t h 3  i r r a d i a t e d  s o l n t i c n  w i l l  removs . O H  a s  well 

a s  .H Forma to  i s  not r e a c t i v e  towsrds e- (k(HCO0- + e - )  < 
3 
3 

lo*-6) b u t  very r e a c t i v e  t o w a r d s  .H 



P 5 a c t i o n  (6)  will not proceed i n  the a b s e n c e  of C 2 .  i 

- Therefore, c a r b o x y l  r a d i c a l s  w i l l  b e  produce& frcm r e a c t i o n s .  

(5 )  and ( 9 ) .  T h s  majcr r a d i c a l s  produced anaorokicallg are 
.., 

C02- (G=3,4) and H202 (G=0.6)  . 

2.3.4, Product ion  o f  . O H  

.OH radicals can b e  i s c l a t e d  in a i r - s a t u r a t e d  b u f g e r  by 

adding bo?h catalaso and d i s n u t a s e  t o  the medium. 



3. R e s u l t s  

3.1.  C a l c u l a t i o n  o f  R (mb) and R (enz) . - 

- 
F i g u r e  1 i s  a g r a p h  o f  t h e  p e r m e a b i l i t y  of m e a b r a n e s  m, 

r e p r e s s n t  t h s  r a t e  a t  which 02-, 'H202, and e- p l u s  C 0 2 -  

r e s p e c t i v e l y ,  c a u s s  damage t o  t h e  membrane. I n  c r d e r  t o  
- 

compare  t h e  e f f e c t i v e z l o s s  o f  e a c h  k i n d  gfr r a d i c a l  i p  c a u s i n g  
G ,  

t k e  damage, e a c h  s l o ~ e  is i l i v i d e d  by  t h e  y i e l d  G of t4e 

c c r r e s p o o d i n g  k i n d  of r a d l c a l  psr 100 e v .  T h e  ratic was 

d e n o t e d  by R (mb) . S i m i l a r l y ,  P-(enz) is c a l c u l a t e d  f o r -  e a c h  

k i n d  of r a d i c a l .  The R v a l u e s  are  l i s t e d  i n  T a b l e  2 .  R(ab)- - 
a n d  R-(enzj* wbre c a l c u L a t e d  a s s u - m i n g - t h a t - a l l  o f - t h o r a d i c a - l s  

f3rmed c o n t r i b u t e d  tc t h e  o k s e r v e d  damage.. - T h i s  is o f  - 

course nct l i k e l y  s f n c e  i n  a d d i t i o n  t o  d i s p r o p o r t i o n a t i o n  o f  

the free r a d i c a l s ,  a  c ~ r t a i n  f r a c t i o n  cf t h e  r ' a d i c a l s  r s a c t s  

with t h e  membrane t o  p r o d u c e  danage  t o  t h e  memlxa~e; w h l l s  
J - 

a n o t h e r  f r a c t i o r  r e a c t s  w i t h  mesikane-bcund G3PDB. c a u s i n g  

the i n a c t i v a t i o n .  Bssuming ,$  to b9 t h e  f r a c t i o n  o f  r a d i c a l  

t h a t  reacts  with t he ,membrane ;  D b e  t h e  o b s e r v e d  r a t e  o f  
- - - - - -- - - - - -- 

damage t o  a e m t r a n e ;  r and R be t h e  r ea l  and  a p p a r e n t  v a l u e  

55= r a t e s  c f d a m a g e ~ r a d i c a l  , then 



The same relstion c z n  ke o b t a i h e d  foz  damage t c  

membrane-bound G 3 P D H .  S i n c e  w =  cannot  estimate if t h e  t rue 

r v a l u e s  c o u l d  n o +  -kc o b t a i n s d .  Henco the R v a l u e s  

calculated in o u r  s t u d y  were a p p a r e n t  v a l t f e s .  f is 
-- 

proport i o n a  1 to the r sz tc t - i~ i t~of  eke- r 4 d  b~f$-z-Ls---- 

p r o p o r t i c n a l  tc + _ h i  t h e  p r o b a b i l i t y  t h a t  one hit o f  t h e  

characteristics o r  t h e  e f f sc t ive  d e s t r u c t i v e  power of t h e  
- - 

. - 
r a d i c a l .  

SLnce H202 was p r c d n c e d  together  w i t h  e- and  C02- i n  t h e  
-- -- -- -7 ---- -- f 

i r r a d i a t e 3  f o r q t e  s c I n t i o n  saturated w i t h  n i t r ~ g e n ,  t h e  B 
. . / 

v a l u e s  c a l c o l a t e d  may te a f f e c t e d  b y  8202. T h e  V g h  y i e l d  
. - 

C - - 



- I r 
1 

. - f cf .urrreac5ve C02- (+Adaas, Redpath, BFsby and C u n d a l l  1972 ) + 

" ' . ,, azv cause a ?aia f r a c t i o n  of H202 t c  be r e & c e d .  The 
' ,  - - 7- 

I 

_ + _  - - p r o b a b i l i + f  9f e- r e 3 c t i n g  " i t h  8 2 0 2  w c u l d  be  v e r y  l c u  owing - 
- , -  tq t h e  Ciqh r a a c ' i v i t y  of e- with the m+mbrane. T h e  removal 

, . I '  - 

- ' G ( e - )  -w%uld b3 2 . 8 .  R{mb) u c a l d  then t o  0[i7x10*-3. This 

- - * .  ucnld reprosen? t h e  m a x i ~ n n  B(ab)  . On c" z h s  o ~ h e r  . e x t r e m e ,  i f  
- -- "L-3 

'tkere were no in . t s rac? ians  between t h e  r a d i c a l s ,  i . e .  
4% 

I 3 

,' dhm'ags .by i h d i v i d o a l  z a d i c a l s  uern a d d i t i v e ,  then 8 (mb) 
3 

w 9 u l d  be 0 .73x10* -3 .  R+nce the aciual E ( n h )  f o r  the. 
d C 

. * - 
A 

S i a $ l a r l g , .  f h ?  upper acd l o v s r  baundsl f o r  R(enz)  can be 

s5cwrr to b e  > . 
&- 

p ,  
?.14x10*-3 > 3-(enz) > 0.25~10*-3 

1 

', r 
3202 or 0 2 -  F s  prodaced- a s  the ~ x l y  free radical in ''_he 

* -- 
~ o p e r o x i 6 c  d i s i n t 3 s e ,  cr formate and catalass respcctivel  y . 



-- -- 

Bcwcv@r ,  cxygon  p r e s G n t  a t  230 m i c r o m o l a r  i n  t h e  

a i r - s a t u r a t e d  s o l u t i c n s  may f u r t h e r  e n h a n c e  a n y  damage 

p r o  6uced  b y  these r a d i c a l s ,  J i t  may i n c r e a s e  t h e i r  R 
. -+-- 

v a l u e ' s .  U n f o r t a n a t e l y ,  s u c h  o x y g e n  e f f e c t s  c a n n c ?  b e  

d l s t l e q u i s h e d  i n  o u r  s t u d y ,  b u t  i f  t h e y  were p r e s e n t  t h e y  - 
migh4 b e  e x p e c t s d  to shgw u p  i n  a n  a u t o c a t a l y t i c  c h a r a c t e r  

- 
--ALL -- - 

cf t h e  k i ~ e t i c s  o f  d a t r u c t i m .  S u c h  effects were n c t e d  

c n l y  f c r  m i x t u r e s  of r a d i c a l s  i n  t h e  p r e s e n c e  cf 100% 

o x y g e n .  . 4 

3.2. P f f o c t s  of f r e e  r a d i c ' a l s  o n  a c t i v i t y  of  membrane-bound 

G3PDH a n d  ors, p e r m e a b i l i t y  o f  membranes  
, 

* 

TEE l o g a r F t h m s  of t h ~  p e r c e n t a g e  cf i n t a c t  g h o s t s  r e m a i n i n g  
- - - - - - 

- - - - - -- -- -- - - - 

a f t e r  a p e r i o d  o f  i r r a d i a t i o n  are  p l d t t s d  i n  P i g u r o  1 w h i c h  . - 
s h o w s  t h e  e f f e c t s  of c c m b i n a t i o n s  o f  s c a v e n g e r s  c n  membrane 

p e r m e a b i l i t y ,  e a c h  c o r n t i n s t i o n  c h o s 9 n  t o  y i e l d  . ~ s e l f c t i v e l y  

020, H202, . O H  o r  e- ( T a b l e  1 ) .  S i m i l a r l y  t h e  l c s s  cf 

a c t i v i t y  of membrane-bound G 3 P D H ,  e x p r e s s e d  a s  a  p f r c e n t a g e  

cf a c ' i v l t y  a+ z e r o  d c s e ,  i s  p l o t t e d  a g a i n s t  time i n  F i g u r 2  - 
2 ,  I n  b o t k  f i g u r e s ,  n n i r r a d l a t e d  ghosts were u s e d  - a s  a  



n 
T z b l r  1 summarizes t h e  y i e i d s  o f  frss r a d i c a l s  p r o d u c e d  3 

f 
u c d s r  d i f f e r e n t  c o n d i t i o n s  a n d  ths' g r a d i e n t s  o f  t h e  . 3 

Y 

c o r r e s p o n d i n g  c u r v e s   lotted i n  F i g u r e s  1 a n d  2.  The R,, 
? 

v a l u e s  f o r  i n d i v > d u a l  r a d i c a l s  a r e  c o m p a r e d  i n  T a b l e  2. 

Bs shown i n  F i g u r e s  1 and  2 ,  t h e  l o g a r i t h m s  o f  l c s s  o f  

~ n z y m i c  a c t i v i t y  a n d  o f  i n c r e a s e  i n  p e r m e a b i l i t y  o f  i n t a c t  

g h o s t s  were l i n e a r  w i t h  dose ( o r  t i m ~ )  ( t h e  a v e r a g e  

c o r r e l a t F o n  c 3 e f f 2 c i e n t  I s  0.85), except for  t k e  i n c r s a s e  of - 

p e r m e a b i l i t y  d u e  t o  .OH (i.e. a i r - s a t u r a t e d  s o l u t i p p ,  
't 

c c n t a l n i ~ g  b o t h  c a t a ' l a s e  a n d  s u p s r o x i d e  d i s m u t a s e )  . I n  

g e n e r a l ,  the r a t e s  o f  damage t o  membrane-bouga G 3 P D H  wfr? 

a b o u t  t e n - f o l d  g r e a t e r  t h a ~  ,zo p e r m e a b i l i t y .  I n  o t h e r  

w c r d s ,  t h e  membrane p e r m e a b i l i t y  i s  @ore r e s i s t a c t  t o  damage 
- - -- - -- - - -  - -  - 

by r a d i c a l s  %ban I s  membrane-bound G 3 P D B .  I r r a d i a t i o n  o f  
\ 

a i r - s a t u r a t e d  s o l u t i c c s  c o n t a i n i n g  i o f m a t e  i n  t h e  p r e s e n c e  
- 

o f  etther c a t a l a s e  o r  s u p e r c x i . d e  d i s m u t a s e ,  p r o d u c e d  t h e  

same c h a n g e  i n  p e r m e a b i l i t y  Jt d i f f e r e n t  rates c i  

i n a c t i v a t i o n  o f  G 3 P D B .  A n a e r o b i c  s o l u t i c n s  p r c v i d e d  

si g n i f i c a n t  p r o t e e t i c n  t o  membrane-bound G 3 P D A .  C o m p a r i s o n  
I 

o f  t h e  rates  o b t a i n e d  from M l o p e s  - of the g r a p h s  d o  n o t  

ir i n d u c i n g  damage,  d u e  . t o  t h e  different q u a n t i t i e s  o f  - -- 

3 



-- 

r a d i c a l s  p r o d u c e d  un d l r  the d i f f e r e n t  c o n d i t i o o s .  T h e  R 

v a l u e s  i n  T a b l e  2  o f f e r  a more  a c c u r a t e  c a m p a r l s c n  o f  t h e s e  

r a d i c a l s .  . G H ,  0 2 -  a n d  H202 were a b o u t  e q u a l l y  e f f e c t i v e  i n  

i n a c ' i v a t i n g  membrane-kound G3PDH w h i l e  e- a n d  C C 2 -  were t h e  
- t 

l e a s t  e f f e c t i v e .  1 R ( e n z )  f o r  0 2 -  a n d  H202 were 1 2 - f o l d  a n d  
u 

for . O H  was 1 7 - f o l d ' t h a t  o f  e-. B(mb) o f  e- a c d  H202 were 
- - - - - - - -- 

a b o u ?  1 . 5 - f o l d  a n d  o f  .OH 3 - f o l d  o f  t h a t  o f  02-. Therefor~, 

t h e  d i f  f a r a n c o  b e t w e e ?  t h e  e f f e c t i v e n e s s  o f  the mcst 

d a m a g i n g  a n d  tho l e a s t  d a m a g i n g  • ’ r o c  r a d i c a l s  was  g r ea t e r  i n  

damage  t o  enzyme r h a n  t o  membrane;  a t  l e a s t  1 0  t i m ~ s  the 

l a t t e r ,  Henco,  i r  t h o  o r d e r  o f  d e c r e a s i n g  R (mb) : . O R  > j  e- 

= H202 > 0 2 -  and in c r d e r  o f  d e c r o a s 5 n . g  R(enz): ,OH >> 02- 
I: 

= H202 >> e-\ Jc' T h u s  .OH was  the m o s t  p o w e r f u l  z a d i c a l  i n  
k, / 

i c ~ n ~ l n g b a m a g c  t o  both membrsce  a n d  membrane-bound G3PDH. 
1 

3 . 3 .  C c m p a r i s o n  c f  r e a g e c t  8202.  ~ 5 t h  H202 p r o d u c e d  b y  

R e z q e n t  H202 was a d d e d  t o  a g h o s t  s u s p e n s i c n  t o  a  f i n a l  
x 

c o n c e n t r a t i o n  o f 2 1 2 0  m i c r o m o l a r .  C o m p a r i s o n  o f  , t h e  damaga 
C 

due t o  r e 3 g e n t  H202 w i t h  t ,$gt d u e  t o  E202 p r c d u c e d  by  

i r r a d i a t i o n  i n  t h e  presence of f o r m a t e  p l u s  s u p e r c x i d e  
- --- - -- -- - -  - 



Even though R v a l u e  
& 

can be c a l c u l a t e d  for r e a g e n t  H202, 4 
4 * 

5 5  is o b v i o u s  t h a t  radiolyt!fcal ly  p r o d u c e d  HZ02 is f a r  more 
3 
4 
pl 

d e s t r u c t i v e .  



4 .  D i s c u s s i c n .  

E a c h  o f  t h  r a d i c z l s ,  . O H ,  H202, 02-  a n d  e- ( p l u s  C02-) 

ra 4 o l y s i s  o f  w a t e r  was mor$ d e s t r u c t i v e  t o  produced pi 
membr ine+bound  G3PDH t h a n  t o  t h g  membrane p e r m e a b i l i t y ,  by a n  

o r d e r  of raagnitudr, dcspi+@ the re la t ive  i n a c c e s s i b i l i t y  crf 

G3PDH. T h i s  s t r i k i ~ l g  d i f f e r e n c e  may b e  a t t r i b u t e d  l a r g e l y  
9 

t o  t h e  h y d r a p h i l i c  c h a z a c t e r  of . t h e s e  r a d i c a l s  w h i c h ,  &en 

c o m b i n e d  w i t h  t h e  l a c k  o f  wa'er i n s i d e  t h 2  l i p i d  b i l a y e r s ,  

effectively e x c l u d e s  ths p r o d u c t i o n  ?f t h e s e  d a m a g i n g  

, r a d i c a l s  i n  t h e  midst cf v u l n e r a b l e  l i p F d s ,  s i n c e  s i t 2 s  o f  

u n s a t u r a t s d  f 3 t t y  a c i d s  a r e  known t o  o c c u r  d o e p  w i t h i n  t h e  

h y d r o p h o b i c  r e g i o n  c f  the membrane,  B l t e r n z $ i v e l y ,  s e v e r s 1  

n e i g h b o u r l n g  s i t e s  o f  dsmage may b-e r e q u l r e d  t o  produc9-  an - 

o b s e r v a b l e  i n c r e a s e  I n  p e r m e a b i l i t y .  

-r 

The g r e a t s r  i n a c + i v a + i o n  of G3PDH by r a d i c a l s  w l t h  h i g h  

, r s d u c t i o ~  p o t e n t i a l s  i n 3 i c a t e s  that oxidative damage may be 

t h e  major mems o f  I n a c t i v a t i o n .  T h i s  s u p p o r t s  t h e  f i n d i n g s  

t h a t  t h e  c x i d a 5 o n  cf t h e  snlfhydryl g r o u p  a t  t h r  enzyme 

c a t a l y t i c  s i5e  w a s  f c a ~ d  t o  be r e l a t e d  t o "  t k e  i n a c t i v a t i o n  

- - -- 

Aznstrcng 1378 ) .  The linear r e 1 a c : o r i s h i ~  b e t  ween The 



l c g d r b + h m  o f  enzyme s c t i v i t y  a n d  dgso, a s  f o u n d  i n  most 

. .  z r r a d i a t e d  %anzymes ( S w a l l o w  l 3 7 3 ) ,  i n d i c a t e s  that a c o c s t a ~ . ?  

f r a c z i o n  of enzyme was i n a c t i v a t e d  by  a  g i v o n  s 'mcunt  cf. -' 

r a d i a t i o n .  T h i s  k e h a v i o n r  was e x p e c t e d  since t h e  

p r o b a b i l i t y  o f  t h e  r a d i c a l s  r e a c t i n g  w i t h  t h e  active a n d  
- 

i n a c t i v a t e d  egzyrne s h o u l d  b e  s imi la r .  

S 5 n c e  f o r m a t e  is the o n l y  s c a v e n g e r  among t h o s e  u s e d  t h a z  - 

c s n  d i f f u s e  ' h r o u g h  t h e  n n m k r a n e  cf erythrocytes. (Whi t t am 

l 3 6 4 ) ,  s u p ~ r o x i d r  d i s m u t a s e  a ~ d  c a t a l a s e  c a n  o n l y  remcve 02- 
0 

3 r d  Hz02 f o r m e d  o n  t h e  o u t s i d e  05 that d L f f u s i n g  t o  t h e  

t n t s i d ~  o f  r t s o a l e d  ghosts, Howsver ,  t h e  q u a n t i t y  cf free 

r a d $ c a l s  fcrmed or! t k a  o u t s i d e  of t h e  g h o s t s  i s  b .  
\ d 

t h e  much smaller vo lumc  of t h e  g h o s t s  c o m p a r ~ d  t c  t h e  b u l k  

o f  t h ~ .  s c l u t i c n .  IYczeover, t h e  ghost Beinbrano i s  p e r m e a b l e  

to H202 ( z s t a k l i s h e d  i n  bur e x p o r i m o n t s )  a n d  (32- ( L y c c h  an3  

- F r l d o v i c h  1978a)  , hencc '_he& r a d i c a l s  can e s t a b l i ~ h  a n  

e q n i l F b r S n m  ccncertration o n  b o t h  s i d e s  cf t h e  m€mkrane, 

T t n s ,  the e f f % c t s  cf Y h e s e  two g c a v e n g e r s  w i l l  be l ess  

a f f c c r e d  by the  perme?kLlltp b a r r i e r  o f  the ghcsts t h a n  

m i g h t  a t  f i r s ?  be e x p c t s 3 .  T h i s  is s u p p o r t s d  by f i n d i n g s  
- - - -p - - - - - ---- - - 

thzt e x t e r 3 a l l y  addeE superox ide  3ismutase c a n  e - f f e c t l v e l p  .< 

- " 
1 

- " 



FnhFfi i?  i y s i s  of  e r y t h r o c y t e  v e s i c l e s  by  0 2 -  g e n e r a t e d  

inside t h e  ve.sFcl?s (Lynch and F r i d c v i c h  l 9 7 8 b )  . 
F u r t h e r m o r e ,  r e s i d u a l  c a t a l a s e  a n d  d l s m u t a s e  i n  t h ~  g h o s t s  

w c u l d  r e m o v e  mos t  o f  +he f r e o  r a d i c a l s  f c r m e d  i n  + h e  - 
cy+--0~1asmic  spaco of L h s  g h o s t s .  

4 .  I E f f e c t s  o f  s u p e r o x i d e  a n i o n s  

Ir! c o m p a r l s o ~  w i t h t h e  other f ree  r a d i c a l s *  s t u d i e d ,  02- i s  

t h e  leas? sffec'ive in c a u s i n g  l y s i s  cf the g h c s t  membranes .  

E much more  e f f e c t i v e  damage t o  e r y t h r o c y t e  v s s i c l s s  by  02-  

was r e p o r t e d  b y  Lynch ( l 9 7 8 b ) .  Howevsr ,  t h e  presence cf 

complexed m s t a l s  I n  ?heir r e a c t i o n  medium may h a t e  c a t a l y s , e d  

.th+ l i p i d  p e r o x i d a t i o n  by 0 2 -  ( S v i n g e n  1978) a s  well a? by  
- - - 

.OH formed i n  the x a n - h i n s - x a n t h i ~ e  o x i d a s e  s y s t e m  (Buet tner  

1378) . The mechan i sm by w h i c h  0 2 -  i n c r e a s e s  permeability - 5 s  

r.c? e s t a b l i s h e d  i~?. t h e  p r e s e n t  s e u d y .  I? may be t h a t  02- 

causes o x i d a t i c n  of l i ~ i d s  i n  m e m b r a n ~  by reacting w i t h  

- '.heir u c s a t u r l t e d  tatty a c i d s .  Alt houqh  i t s  r e a c t i v i t y  

? o w ~ r d s  olef ines  i s  l cu  ( P r i m e r  a n d  R c s e n t h a l  1 9 7 8 ,  B i e l s k i  
f 

a r  i! F i c h t a r  1977,- K a s c h n i t z  arid Hate f i  1975) , c o ~ p l e x e d  



- - -- - - - - -- - 
6 

Ir. view o f  the r e s i d u a l  c b n t e n t  o f  r e s e a l e d  g h o s t s ,  r e a c t i o n  : 
cf 02- w i t h  d o u b l e  b o n d s  o f  l i p i d s  may ts p o s s i b l e .  A more 

p l a u s i b l e  mechan i sm is the r e a c t i c n  n f  02- w i t h  membrane SH 

g r o u p s ,  s i n c e  i+ is  kaown t o  b e  r e a c t i v e  t o w a r d s  SA g r o u p s  

( d i s c u s s e d  b e l o w )  . The o b s e r v a t i o n s  t h a t  l i p i d  p e r o x i d a t i o n  f f 
i n c r e a s e s  t h e  c o n e e n t  of r e a c t i v e  SH g r o u p s  the m e m t r a n e ,  - -  A --- 

w h e r e a s  a g e n t s  b i c d i n g  SH q r o u p s  acceler e t h e  c n s e t  cf "f i 1 

l i p i d  p e r o x i d c t i o n  ( ~ o b i n s o n  1965,  1 9 6 6 ) ,  s u g g e s t  t h a t  02- , 

- 

m i g h t  i n c r c a s s  p e r m e a b i l i t y  by  o x i d i z i n g  t h e  mem t r a n e  SH A 

g r o u p s .  T h a t  t h e  r ~ d n c s d  s t a t e  of t h e  membrane SH g r o u p s  i s  1 

v i t a l  t o  t h o  s t r u c t u r a l  i n t e g r i t y  of m e m b r a n ~  is f u r t h e r  

d e m o n s t r a t e d  by t h e  l y s i s  of membranes  a s  a r e s u l t  cf t h e  

r = a c t i c n  3f SH g roups  w l t h  SH a g e n t s  (Car ter  1973, Z i p u r s k f ,  
4 

S t e p h e n s ,  Brown a n d  L a r s e n  1 3 7 4 ) .  Some of t h e s e  SH g r o u p s  
- - --- - - - 

a r e  shcwn t o  te a c c e s s i b l e  t o  water s o l u b l e  a g e n t s  

( Z i ~ u r s k y ,  S ' _ e p h ? n s ,  Brown a n d  L a r s e n  1974)  . T h e  low R (mb) 

may be  d u e  t o  t h e  n e g a t i v e  c h a r g e  of  02-. T h e  c h a r g e  cn 
t 

t h i s  r a d i c a l  would  h a v e  h i n d e r e d  i t s  d i f f u s i o n  i n t c  t h e  

h y d r o p h o b i c  r o g i o n  o f  t h e  p l a s m a  membrane,  t h u s  F r e v e n + i n g  
2 

ii from r o a c t i n g  w i t h  th5 u n s a t u r 2 t e d  b o n d s  o f  t h s  f a t t y  € 

a c i d s  i n  t h e  l i p i d  l a y e r s .  Its r e a c t i o n  w i t h  t h e  - c o m p o n s n t s  



- - - - pp - 

t h e  more r e a c t i v o  1 4 p i d  r e g i o n  o f  + h e  membrane p r c b a b l g  

p r e v e n t e d  the r a d i c a l  f rom p r o d u c i n g  a  s i g n i f i c a n t  a m c u n t  of 

damage t o  the m e m t r a n e ' s  p e r m e a b i l i t y .  

I n  c o n t r a s t ,  02-  was o n e  of t h e  most s t r o n g l y  i r a c t i v a t i n g  

r a d i c a l s  t c w a r d s  memkrane-bound G3PDH. This c c n t r a d i c t c r  g  
- - 

b e h a v i o u r  of 0 2 -  c a n  b e  e x p l a i n e d  by i t s  r e a c t i v i t y  t o w a r d s  

SH g r o u p s .  I t  was  sbown t h a t  0 2 -  was  r e a c t i v e  t o w a r d s  SH 
e 

g r o u p s  i n  the a c t i v e  sites o f  p u r e  G3PDH i . e .  the 'SE g r o u p s  

S e l o ~ g i n g  t o  c y s  1 4 9  i n  the f o u r  s u b u n i t s  (Conwag a n d  

K o s h l a n d  1968 ,  T o i p e l  a n d  K o s h l a n d  1 3 7 0 ) .  Thc l c w  pK o f  5 .4  

o b s e r v e d  i n  the h o l o c n z y m e  ( B u c h a n a n  a n d  A r m s t r o n g  1 9 7 8 ) '  

s u q g e s t e d  t h a t  F c n i s a t i o n  of SH p r o b a b l y  f a c i l i t a t e s  t h e  

i n i t i a l  damage to G3FDH by 02- i n  reaction ( 1 0 ) .  L i n  (1978)  
/ 

- 

s u g g e s t e d  th? s e q u e n c c  o f  r e a c t T Z n s  ( 13) - (1 8 )  to a c c o u n t p f o r  

the inactivation of SH- lnzymss  b y  02-. 

E-S. + 02 ---> E-SOO. ( 1 4 )  

d 



- - 

113 - 
- -  

- 

E-SOOH + H20 ---> E-SOH + H202 ( 1 6 )  

E-SOH + 02.- + H+ ----- > E-SO. + H202 ( 1 7 )  

i_ 

E-SO. --- > i n a c t i v e  enzyme 
L ( 1 8 )  

I n  s p i t s  of t h e  f a c t s  t h a t  t h e  a m o u n t  cf 0 2 -  p r o d u c e d  i n  t h e  

b u l k  o f  the medium is s i g n l f i c a > t l y  g r e a t e r  t h a n  t h a t  

p r o d u c e d  I n s i d e  f h s  g h c s t s ,  t h a t  tt i s  h y d r o p h i l i c ,  a n d  t h z t  

r e s i d u a l  s u p e r o x i d e  d i s m u t a s r )  i s   resent i n  the g h o s t s ,  0 2 -  

i s  e f f e c t i v e  I n  i n a c t i v a t i n p  G3PDA f o r  t h r e e  r e a s o n s ,  *- 
F i r s t l y ,  r e s 2 a l e d  ghosts 3re p e r m e a b l e  t o  02-  (Lynch a n d  

F r i d o v i c h  1978a)  . T h u s  02-  p r o d u c e d  outside g h o s t s  c a n  

react w i t h  G3PDH o n  the c y t o p l a s a e i c  s ide , - -Th i s  ~ e r a e a b i - l h t ~  --- 

of membranes t o  02-  i m F l i ? s  e x i s t a n c e  o f  a n i o n  c h a n n e l s  

b e c a u s e  t h p  n e g a t i v e  charge on 0 2 -  would  o t h e r w i s e  h i n d e r  y 

i t s  d i f f u s i o n  t h r o u g h  the l i p i d  b l l a y e r s .  S e c o n d l y ,  i ts l o w  i 

i 
* 

r e a c t i v i t y  t o w a r d s  membranes  a l l c w s d  .mcst o f  02-  t c  p e r m e a t e  > 

1 

t h s  membrane a n d  reac t  with G3PDE. O t h e r  membranous  SH 

g r o u p s ,  T n c l u d i n g  t h c s e  o f  r e s i d u a l  h e m o g l o b i n  i n  the g h o s t s  

a r e  p r o b a b l y  secondary sites o f  a t t a c k  by  02- .  T h i s  i s  d u e  i 

- - - - - -- - - -- - - - -- 
I 

t o  t h e  l o w e r  reactivity of i n t r a m e m b r a n o u s  SH than t h e  
- - - - - - - - - - - 

a q u e o u s  catalytic SH g r o u p s .  Thirdly, + h e  r e s i d u a l  -7 r 
- 
i 4 
ff 
3 



s u p e r o x i d e  d i s m u t a s e  i n  o u r  g h o s t s  r e m o v e s  some ck 02- on  - >; ,.+ 1 
+ - 

t h e  c y t o p l a s m i c  s i d e  of  the membrane. However ,  C2- r e a c h i n g  

& - e l e m e n i  o f  v o l u m e  a d j a c e n t  t o  the . c y t c p l a s m l c  s i d e  cf t h e  

membrane  w o u l 3  n o t  be  e f f e c t i v e l y  r e m o v e d  by t h e  r e s i d u a l  

enzyme d u e  t o  the e l e c t r o s t a t i c  r e p u l s i o n  b e t w e e n  t h e  

memkraxie a n d  dismutase b e c a u s e  most of ?he  enzyme woul_d-bo - 

n e g a t i v e l y  c h a r g e d  (Lynch  a n d  F r i d o v i c h  1978b) , i t s  

i soelect r lc  p o i n t  b e i n g  4 . 9 5  ( B a n n i s t e r ,  B a n n i s t e r  a n d  Wood 
- - 

1 7 1 )  . T h i s  wonld  meay, a d i m i n i s h e d  c o n c s n t r a t i c o  o f  

d l s m u t a s e  i n  'he e l e m e n t  of vo lume  a d j a c e n t  t o  the i n t e r n 3 1  

s u r f a c e  o f  the m e m k r a n ~  w h e r e  G3PDH i s  l o c a t e d .  T h e r e f o r e  

t h e  small  amcunt  of r e s i d u a l  d i s m u t a s e  would n o t  a f f e c t  t h e  

R (mb) ar R (enz) of. 02- s i g n i f i c a n t l y .  
. -% -. 

- - - - -  - -  - - 

a 

4 . 2 .  E f f ec t s  of h y d r a t e d  e l e c t r s n s  

F r c m  o u r  d a t a ,  we c a n n o t  s e p a r a t e  t h e  effects cf e- a n d  C02- 

S ~ C C P  t h e y  wsre p r o d u c e d  t o g e t h e r ,  Howsver ,  wost c f  the 
2 

damage1 i n  t h e  p r e s e n c e  of 8 2  p l u s  f o r m a t e  c a n  b e  a t t r i b u t e d  

t c  e- i n  v i c w  of t h e  r c l a t i v s l y  low r e a c t i v i t y  o f  the C02- 

( A d a e s ,  R o d p a t h ,  B i s k y  a n d  C u n d a l l  1 3 7 2 ) ,  a n d  t h e  r s l a t i v o l y  
-- - - -- -- - - - -- 

s k l l  a m o u n t s  of H202 + p r o d u c e d  ( T a b l e  1 ) .  The s p h e r e  cf 
-1 - 

- - 

.. r 
- - --- -- 

water ~ ~ O F T  ?lie BWra5eTG i m p e d e s  i t s  f r e a - t o  t r a v e r s e '  
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However, Q u r  <data r e v e a l e d  ocly t h e  a d d i t i o n a l  i r r e v a r s i b l t  , 
. - - -1 

3 

enzyme activity. Reversible damage, If  pr,esent, would not 
, - 

h2v2  5 e m  d e t p c t e d  i n  t h e  c u r r e n t .  s t u d y  sjnce DTI was 
S 

- * - -  - . .< 
5 - 

rcutinely present in '.he assay medium. Che p o q s i b l e L  
- 

- 
tor*+-zibution of .OH and 02-  Fn t h e  p r e s + n c e  o f  ' b o t h  format2 - ' c.r 

.-I 

2r.d s u p e i o x i c l e  d l s m u t a s e  is n e g l i g i b l e  due to-  t h e  . 

s f f e e i v e n e s s  of "_hsse  s c a v e n g e r s .  Singlet 02 may howev9,r 

a when t h ~  ! isau?ation was c a t a l y s e d  by s u p e r o x i d e  d i s m u t a s e '  
i 

(Foppenol  arrd Butler 1377, ~ e t k a u  a n 4  Chelack 1976) . - 

P u - r t h e r w r c ,  the residual c a t q l a s e  f a u n a  i n  o u r  ghosts is 
k 3 + 

12% of t h a t  cf r e d  blood cells, and. u a l i t e  s u p e r c x k d e  d - :  I 

. ." 
d F s a u t a s e ,  has a higher isoelectr9c p c i n t  (pH 5 . 7 ) - .  This 

$ 
mezns t h a t  the r a s i e n a l  c a t a l a s o  i s - ~ o r s  effective i n  

< 
react ire  specles, perhaps l i p i d  p r o x i d e s ,  a r i s i n g  from t h e  

\ 

'2 
4 

+ I 
i 
< 
P 
f 

I 
$ 
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A 4 

i r t e r a c t i o n  c f  A202 with the membranes  c o u l d  n o t  he remcve,d 
- 

by cat-alasc.  ~ a ? & l a s s  a d d e d  externally p r o t e c t s  b o t h  

membrane  a n d  membrane-bound G3PDH ( m o r e  d e t a i l e d  s t u d y  h a s  

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

e x t e r n a l  c a t a l a s e  e f f e c t i v e l y  remov.?d H202 p r o d u c e d  I n  t h e  - 
I 

b n l k  of t h e  aqmzow medium, T h e  RCmb) arid 'R (anzb  cf B202 

are t h e  s u m s  of damagea d u e  t o  H202 and 'he r e a c t i v e  s p e c i e s .  

- . 1 

 he; d l • ’  fgrercs  i n  r e a c t i v i t y  t o  w a r d s  c e l l u l a r  c o ~ s t i t u e n t  s 

P .between r e a g e n t  H202, a n d  H202 p r o d u c e d  by r a d i a t i c n  was 

o b s e r v e d  by Klebanoff  (1958.) .  It was f o u n d  t h a t  ~ u c h  higher , 

concentrations of r e a g ~ n t  8 2 0 2  h a d  t o  b @ u s e d  t o  ~ r c d u c a  

effeczs e q u a l  i n  m a g a i t u d o  t o  t h e  ~ f f e c t s  of r a d , i a + i o n .  

a l d e r  (196.31 f o u n d  that 820) w h i c h  had been g e n e r a t e d  - - - 

e n z y m i c a l l p ,  p r o d u c a d  damage t o  c e l l s  c o m p a r a b l e  5 c  t h a t  of 

HZ02 p r o d u c e d  by r a d i a t i o n .  ' ~ h l s  s u g g e s t s  t h a t  a  c c n t i n u o u s  

l o w  l e v e l  of 4 2  is :are d a m a g i n g  t h a n  a maxi*mua d o s e ,  o r  
0 

that free r d d i c a l s  m e d i a t i n g  o r  a c c o m p a n y i n g  i t s  F r c d n c t i o n '  

were , x s p g n s i b l e  f c r  m o s t  o f  t h e  damage. 



A 

, .f 

4.4. Effects  of .OH 4 a 
r 

* f 

7 
~ h o . . h i ~ h  R(mb) f o r  .C$ c o u l d  b e  ~ x p l a i n e d  b y  t h e  h i g h  3 

7 

r - e a c t l v i t y  of . O H  t o w a r d s  p h o s p h a t i d y l  c ' h o l i n e  ( r a t e  
7 

c o n s t a n t  i s  5 . 1 x 1 0 * 8  - 1 s -  1 ( B a r b e r  a n d  Thomas 1978),, a n d  
I 

the lack of r e s t r i c t i o n  by the k y d r o a h o b i c  r c g i o ~  cf th+ 

membranes  upon F t s  mcvement . S i n c e  e r y t h r o c y t e  memkranes  

c c g t a i ~ ?  a p p r o x i m a t l y  30 mole% of p b o s p h a t i d y l  c h o l i n e ,  t h e y  

. a r e  p a r t i c u l a r l y  s u s c o p t l b l e  t o  a t t a c k  b y ,  . O H  . T h e  ,I 

c r ~ s s l i n k i n g  be5ween l i p i d s  a n d  t h e  i ~ c r e a s e  i n  f l u i d i t y  of* 

t h e  p c l a r  h s a d  r e g i o n  q b s s r v e d  i n  l e c i t h i n  b i l a y e r s  a t t a c k e d  
8 

by .OH may also o c c u r  i n  g h c s t  membranes ,  l e a d i n g  t c  

p e n e t r e t i o n  of water c h a n n e l s  i n t o  the h y d r o p h o b i c  r e g i o n  of  

t h e  membrane. A l s o ,  c h o l e s t a r o l -  whi-ch e x i s t s  T n - e q u l r n o l a r -  
- - 

- -- - -  

c c n c e n t r a t i o n  t o  ~ h o s ~ h o l i p i d s  i n  t h s  ~ r y t h r o c y t e  m s m k r a r e ,  

i s  known t o  fo rm h y d r o p e r o x i d e s  w i t h  . O H  ( A l l e n ,  A.O. 

1 9 6 1 ) .  T h e  h y d r o p e r c x i d e s  d i s r u p t  p a c k i n g  of l I g i , d s  i n  t h e  

nemkrare, l + a l y A a  1 ~ a k ? n e s s  of the ~ e r n b r a n e  ( L a n o l a ,  ' 
Yamane a n d  T r o z z o l o  1373, B l a n d ,  Hadden a n d  Herbert 1975) , 
i n  a d d i t i o n  t o  t r i g g e r i n g  a u t o c a t a l y t i c  l i p i d  a u t o x i d a t i o n .  

T h e  a c c e l e r a t i o n  of t h e  damage t o  membranes  i n  t h e  p r e s e n c e  
- -  

- - - - - - - - - - -- - - 

62 o x y g e n  o b s e r v e d  may be d u e  t o  f ree r a d i c a l  c h a i n  



, , 

u n s a t u r z t s d  f a t t y  a c i d s  p r e d o m i n a t e .  The o r g a ~ i c  r a d i c a l s  

f o r m e d  b y  the e d d i t i c n  cf . O H  o r  a b s t r a c t i o n  cf .H frcm 

c r g a n i c  m o l e c u l e s  by  .OH, a r e  m a i n l y  c o n s u m e 3  by a d d i t i o z  

r e a c t i o n s  o r  b y  d ~ p r o p o r t i o n a t i o n .  A o v e v ~ r ,  i n  t h e  

p r e s e n c e  of 0 2 ,  t h e y  reac t  a t  d i f f u s i c n  c o n t r o l l e d  r a t e s  - 
with 0 2  +o prcldace 0 2 -  or h y d r o p e r o x i d s s .  T h e  presence of - -- 

- 

i += 
1 

wa?er  c h a n n e l s  i n  the h y d r o ~ h o b i c  r ~ g i c n  a s  3 .  r e ~ u l t  o f  2 

damags  L_cqe th?r  w j r h  w a t e r  f o r m e d  i n  r e a c t i o n -  (25)  f u r t h e r  
C 

f a c Z l F t a t o s  t h e  p r o d u c t i o n  a n d  m o b i l i t y  of 02-. Thus 02- 
1- 

r a d i c a l s  F r o b a b l y  a? d in p r o p a g a t i n g  t h e  c h a i n  r e a c t i o n s  

w i t h i n  t h e  msmbrane,  ,arid i n  this l o c a t i c n  a r e  u n l i k e l y  t o  b e  
* 

s c a v e n g e d  by s u p e r o x l d e  d i s m u t a s r  o u t s i d e  t h e  memkranas .  

P a d i o l y s i s  of  w a t e r  p r e v i o u s l y  e x c l u d e d  f r o m  +be m i d z o n e  of 

a e m b i a n e s  d u e  t o  tehs h y d r o p h o b i c  n a t u r e  of t h i s  r e g i o n  c o u l d  -- - - 

t h e n  o c c u r ,  a n d  s c  a c c e l e r a t e s  damage  t c  membranes ,  The 

c u r v a t u r e  cf t h e  p l o t  cf damzige t o  memkranes  i n  t h c  p r e s e n c e  

of c a t a l a s e  a n d  d i smu 'ase  c o u l d  b e  p a r t l y  d u e  t o  t h i s  e f fec t  

( F i g u r e  1) . The w a t e r  c h a n n s l s  cbserved  b y  B a r b e r  ( 1  978) 

may b e  p a r t l y  d u e  t o  this r e a c t i o n .  



-- 

The commcc feature o f  02-, .H202 a n d  . O H  t h a t  e n a k l e s  them t o  ' 1 
3 

p r o d u c e  damag? t o  membrane-boucd G 3 P D H  i s  t h e  u e r r n e a b i l i t y  f 
2 

of  the rnemkraces  t o  these r a d i c a l s ,  T h e  h i g h e r  B(enz )  fc r  3 
+ 

A 

. O H  was a t t r i b u t e d  t c  i ts  h i g h e r  r e d u c t i o n  p o t e n t i a l .  B r a y  2 
Z 
z 

(1970) r e p o r t e d  a  v a l u o  o f  + 2 . 3  V .  f o r  .OH/H20 ~ a i t ,  T h i s  

- -- -- - - 
V a l u e  c o m p a r o a  50  + l . T  a n d  +0.4 V .  f o r - 0 2 -  a n d  HZ02 

' - A  - 
r e s p e c t i v e l y  ( G e o r g e  1965,  f l a son  1965) . This is in 

a g r e e m a ~ t  with  the o r d e r  o f  R(onz) of t h e s e  r a d i c a l s .  
a 

T h e  f a c t c r s  g o v e r n i n g  +he  e f f e c t i v e n e s s  of  a free r a a i c a l  i n  

c a u s i n g  damage t o  membrane p e r m e a b l l l t y  a n d  membrane-bcund 
, i 

G3PDH are  many a n d  c o m p l e x .  However ,  o u r  s t u d y  t a k e n  with 
I 

+ h e  r e s u l t s  of  o t h e r s ,  a l l o w s  u s  t o  d e f i n e  some cf these 

f a c t o r s :  (a) t h e  reactivit-fr-of t h e  r a d i c a l .  t o w a ~ d s  s p e c L f 4 c  

c o m p o n e n t s  o f  membrane ( o r  c o m p o n e n t s  o f  membrane-bcund 

G 3 P D H )  t h ~  a l t e r a t i o n  o f  which  would  e f f e c t i v e l y  a f f e c t  t h e  

I n t e g r i t y  o f  the m e m t r a n e  (or  membrane-bour,d G 3 P D H ) ;  f o r  

i n s t a n c e ,  'he e f fec t  l v e n e s s  o f  t h e  o x i d a t i v e  f ree  r a d i c a l s  

zgree w i t h  t h e i r  known r e a c t i v i t y  t o w a r d s  S H  groups a t  t h e  

ac".ive site o f  membrane-bound G Y D H  a n d  the r e a c t i v i t y  of 
r 

r d s  l e c i t h i n  of membran . (b)  A c c e s s i b i l i t y  cf s u c h  
- - - - - - - - - - - - - P - - - - - - - -7- - - - - -- -- - - - 

t s  t o  t h e  r a d i c a l .  ~ h i s k n c l u d e s  p e r m e a b i l i t y  
- - - - - - - - - - - - - -- - - - - 

r is t ics o f  +_he membrane t o  t h e  r a d i c a l  a s  well a s  





- 

m o C e r a t e  damage b y  e- 50 membranes a s  c c m p a r e d  tc i t s  h i g b  

r e a c t i v i t y  illustrates t h f s .  most of the e- which a t t e m p t s  

t o  d i f f u s e  t h r o u g h  +h? membrane v i a  a q u e o u s  c h a n n ~ l s  f c r m e d  

by  p r 3 t n i n s '  = € a c t s  w i ~ h  thesl- p r o t e i n s  and v e r y  little t h u s  

reaches t h e  c y t o p l a s m i c  s i d e .  ( d )  ~ ~ d r c ~ h i l i c  character o f  

t h e  r a d i c a l .  All f ~ u r  t a d i c 3 l s  szudied a r e  ~ 5 t h ~ ~  chargrd 

o r  polar .  Tb? h i g l d y  u n f z v o u r a b l s  o n t r o p i c  f a c t c r  i n  
L 

i n t e r a c t i 3 n s  of these r a d i c a l s  with t h e  lipid$ i s  probab ly  

one of t h e  n b s t  F ~ p c r t a 2 t  d o t e r m i n a n t s  of  t h e  r e l a t i v e l y  low 

damago 50 t h s  memkranes  c a u s e d  b y  these r a d i c a l s .  

Be c c a c l u d e  t h a t  t h e  L n t e r z c t i o n  of f ree  r a d i c a l s  with th? 

memtrane c a u s ~ d  d e s t r n c % - F o n  of membrane p r b ? ? h s  and l i p i d ,  

r e s u l t F n g  i n  3n t n c r e a s s  i n  p e r m e l b i l i t y .  T h e  f a c t  t h a t  +_he 
- - - - - 

damage d u e  t o  f o u r  d l f f e r s n t  k i n d s  of r a d i c a l s ,  c f  d i f f e r l n t  

i - redox  potentials end r ~ a c r i v i t i e s , ' w s r e  cf a s imilar  crder  ' 

of  m a g r i t u d e  4emons t r a t e s  ~ h 3 . t  a w i d e  v a r i e t y  of reactions 

c o n t r i b u t l s  e f f e c e f v e l y  to the breakdcwn o f  t h e  g e r a e a b i l i t y  

b a r r i e r .  F n r f h e z m o r e ,  'he p r c t e i n s  a s s o c i a t e d  w i t h  t h e  

membranes were p r c t e c t e d  a g a i n s t  free r a d l c a l s  by t h e  l i p i d s  
.I 

cf the eemtrzne, e x c e p t  in the case of those r a d i c a l s  t o  

tc h z v s  beet of + v c l u ~ i ~ n a r y  a d v a n t a g z .  



- - - -  - - - - 

TkSLE I ,  f F F E C T S  UP FREE R A C f C B L S  ON P E R H E A B I L I T Y  AND - 

?.CTIVZTY OF Y E R E 3 B 8 E - E C U H D  G3PDH.  T ~ c  y i e l d s  of ire+ 

r e d i c a l s  v o r t  gFver! ir s o l ~ c u l e s  cr i o n s  per t o 0  ov-. cf 

r a i ! l s ' _ i o~ .  The zztf o f  dzmage t o  p e r r u e a b i l i t y  and  a c t i v i t y  

R1Z1 to 330 mosB., t e a c c r a t u r e  25 deg  C, c o n c o ~ t r a t i c n  cf 

qkosrs  c r  e ry?Erccy te s  10%v/v, dcsa  rats ~f 

a s a a z - l  r r s d i z c i ~ n ,  0. 5 kzza/fnF~. . T r r a d i a t i o r .  was carried out 

a y q o n  o r  n i f  = w e n  I s  s p e c i f i e d .  ~ a t a l a s e ;  s u p o r c x i d e  

'Ihs S u f f e r  s c l n i l c n s ,  T h e  s l o p e s  3 r . d - t h e i r  s t a r d a r d  errors 

s?and3rd  errcrs  of acs? of t h e  s lcpes  cf t h o  p l o t s  of 

p l r a e a b t i i t y  3 2 d  e n z y k i c  i r a c t i v a t i c n  a r e  less than +/-301 



TABL3 1. EFFECTS CF PFEE R A D I C A L S  ON P E R n E A B I L I T Y  AND 

ACTIVITY OF I I E I B E A N E - B C U A D  G 3 P D H .  

, 

scavengers  r a d i c a l s  produced r a t e  of rate cf 

H202 0 2 -  e- C02- increase  inactivation 
A - -- - A - - P -----a 

permeabil it  g 

formate 3 . 7  

di smu',s se 



TABLE 2 .  T H E  EFFECTIVENESS ,OF 8202,  0 2 - ,  e- AND . 
C A U S I N G  DALAGE TO PL ASUA MEMBRANE AND I E U B R A N E - B C U N D  

R ( m b )  and R ( o m )  were c b t a i n e d  b y  d i v i d i n g  ths 

Table 1 by the y i ~ l d  cf t h e  c o r r e s p o n d i n g  free 

m o l e c u l e s  c r  i o n s  p e r  100 e v .  C o n d i t i o n s  were 

T a b l e  1 .  

r a t e s  

radical i n  

a s  d e s c r i b s d  ' 

- - - - - -- - 



TABLE 2. THE EFFECTIVENESS OF H202, 02-, 0,- A N D  ;CLI IU . 
C A U S I N G  G A H A G E  T'O P L A S H A  H E H B R A N E  A N D  MEMBBAHE-BCUND G3PDH. 

F 

radical R (mb) x ?0*-3 R (enz) "x l o * - 3  



FIGURE 1. ,f COHPARISOB OF THE EFFECTS OF 020, 8202 ,  ' .0B AND 
I 

c e n t  g h o s t s  remaining l n t a c t  a f t e r  each h o u r  of i r r a d i a t i o n  

were plotted a g a i n s t  time i n  h o u r .  Conditions were: 0 . 0 1  

M. p h o s p h a t e  b u f f e r  pH 7.Y rendered i s o t o n i c  by t h e  
-- - -  - --- 

i 
-u 

a a d i t i o n  3f NaC1 t o  3 0 0  mosn. ,  t e m p ? r a t u r e  2 5  d e g  C,  4 

c c n c e n t r a t l o n  of ghosts o r  e r y t h r o c y t e s  10Xv/v, .dcse  r a t e  o f  

qzsea- i r radia t i9n 0,s krad/min, Irradiat ion  was carried out 

fr, b u f f e r  s o l u t l c n s  s a t u r a t e d  b y  a+mosphsric a i r  u n l l s s  . 

c x y g e n  o r  n i t r o g e ~ l  i s  s p e c i f i e d .  C a t a l a s e ,  s u p e r o x i d e  
? '- 

d i s m n t a s e  a r  f o r m a t ~  wben'prosent wers a t  final 

c ~ ~ c e n ? r a + _ i c n c  of  50 uc i+ . s / i a l ,  20 .4  u n i t s / m l ,  and  10rn?l. i n  

?ke b u f f e r  - s o l u t l c n s .  The slopes 2nd t h b i r  s t a n d a r d  

iz Methods. 



" .. - - -  129 
- - - - 

d 
1 
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FIGURE 1. OF 02-, H202, .,OH A N D  
\ 

r 
e- ON P E P H E A B I L I T Y  OF PtAStlA H E H B R A N E S  OP GHOSTS. j 

1 



CoHPAR1,SOE CP THE EBPECTS 
.. . 

e.- ON B C T I V I T Y  OF HEBEFABE-BCUAD G3PDH OF GHOSTS. Loq per 
-. . . *  . - 

cect a c t i v i t y  remaining titer each hour cf i r r z d i a t i o n  mere. , 

plotted a q a i n s t  t i n s  i n  hoar. C o n d i t i o n s  were as d e s c r i b e d  , , 
L 

In. Figure I .  + 
I 

- - - - - - - 
-- - a - - - 

Con, trol 



' F I G U E E  2 .  C O H P A B I S O H  Of THE EFFEqTS OF 020, H202, .OH AND I ?  

& 
C 

e- OW B C T I V I T Y  OF HE!!BPAHE-BOUHD'G3PDH OF GHOSTS. 

3,OO U.. 00 



FIGURE 3. C O I P A R I S O R  CF THE EFFECT OF REAGENT ~ 2 ~ 2  A N D  

R A D I A T I O N  INCUCED R2C2 ON PERMEABILITY OF H E f l E R A N E S .  Log 

p e r  cent ghosts remaining L n t a c t  a f t e r  e a c h  hour cf . . 

i r r ad i a t i on .  were plc t t e d  a g a i n s t  tims i n  h&r.  Condi t i o n o  
4, 

were as  d e s c r i b e d  in ~ i g u r e  1. 

Symbols 
7 

C o n t r o l  

Reagent H202 



FIGUEE 3 .  COMPARISON OF THE EFFECT OF R E A G E N T  H202 A N D  
0 

R A D I A P I O N  I N D U C E D  Hz02 ON P E R M E A B I L I T Y  OF H E H B R A N E S .  



FIGURE 4 .  C O M P A R I S O N  OF THE EFFECT O F  R E A G E N T  H2C2 AHD 
-- i 

PADIATION INDUCED B 2 C 2  O N  A C T I V I T Y  OF HEHBRANE-BCUND G 3 P D B .  ', 
L.og per cent a c t i v i t y  r e m a i n i n g  a f t e r  e a c h  h o u r  cf  I 

4- 

i r r a d i a t i o n  wire p l o t t e d  against time i n  hour. C o n d i t i o n s  

42 were a s  d e s c r i b e d  i n  F igure  1 .  

Symbols 

Ccntrol + 
R a d i a t i o n - i n d u c e d  A202 Q 

R e a g e n t  H 2 0 2  53 
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d 
T h e  occnrenck of ?he ~ a b e r - ~ e i s s -  roaction and o t h o z  

f n t e r s c t i ~ n s  betweer free radicals has k e e n  i n v e s t i g a t e d  i n  r b  
r j 

i '.,he effects  cf B ~ X ~ U K ~ E  of free radicals on p e r l a e a k i l i t y  of 

e r y t h r o c y t e  ghosts. T5e f o l l c w i n q  mixtures - were f c u n d  - t o  
F -- 

- - - 
7 -- 

i n h n c e  damage greate: t h a "  t h a t  which  cauls be a c c c u n t e d  for 

bv the independan:  a c t t m s  of t h e  c o n s t i t u e n t  f r ~ e  r a d i c z l s :  

( 1 )  .OH + H202, and  ( 2 )  .OB + 8 2 0 2  + 0 2 - .  In contrast, the 
* 

f o l l o w L n q  mix?nros were f o u n d  t o  induce less d a a a g z ' t h a n  

thst p r e d l c f e d  on zke basFs ef i n d e p e n d e n t  a c t i o n s  cf  

o x t d i z i c g  r a d i c a l s  ( . O H ,  H202) + r e d u c i n g  a r a d i c a l s  - ( e - ,  8.) 

T k e s e  r e s a l t s  suggest 3 Baber-Ueiss l i k e  i n t e r a c t i c n  be twssn  - 

E202 acd 02- scd an In te rac t ion  between H202 a c d  *OH t o  

produce a speciss mora p c t e n t  thag either i n  c a n s i d g  
. z  5 

i n c r e a s e d  p e r s e a b i f i t y .  The decrease in damage cbserved in 

9 )_he s F ~ n l % e n ~ c n s  presence of  ox id i - z i2g  and reducing radiczils 

f cnad  i,o be .or+ s s r s i ~ i v e  tc r a d i a t - i o n .  than p e r m e a b i l i t y  b y  



an o r d e r  of magn i tude ,  while p e r m e a b i l i t y  was more s e n s i t i v e  

tc t h e  enhancement o f  damage *oxygen. Compar i son  o f  t h e  

e f f e c t i v e n e s s -  o f  free r a d i c a l  s c a v e n g e r s  i n  i n h i b i t i n g  the 
cia* 

increase i n  p s r m e a b i l i t y  c a u s e d  by f ree  r a d i c a l s  showed t h e  
- z. 
P" f o l l c w i n g  c r d e r  o f  ef f ~ c t l v e n e s s  exp res s>ed  i n  terms o f  
F- = 

- - - L A  -- -- - 
p e r c e n t a g e  o f  p ro tec  t i c n :  % 

P c r m a t l  (30%) > n i t r c g e n  (65%) - .  > c a t a l a s e  (60%) > d i s m u t a s e  

en5 with respect ? o  enzymic  i n a c t i v a t i c n ,  

The f i n d i n g s  cf 

( 4 8 % )  = c a t a l a s e  

t h - r e s e ~ t  s t u d y  a l l o w  u s  t o  propose a  
< 

mechanism f c r  t h e  noxygen e f f e c t t s  i n  r a d i a t i o n  danage .  T h e  

"oxyger! e f fec tm is due t o  t h e  i n t o r a c t i o n .  o f  oxygen  w i t h  e- 

a n d  H . ,  p roduc ing ,  027, A s  a  result, a  Haber-Weiss  l i k e  

reaction can c c c u r .  The  further i n c r e a s o  i n  damage a t  

i ~ c r e a s e d  c o n c e n t r a t i c n s  ef oxygen  is d u e  t o  the i n t e r a c t i o n  . 
-- - - - - - --- -- -- 

P 
af oxygen wfth s l t e s  of  i n i t i a l  



1. I n t r c d u c t i o n .  t2 
\ 

- u 

O h t h e  i n t e r a c t f a n s  between f r e e  r a d i c a l s ,  - two i m p c r t a n t  

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

m e d i a t e d  b y  o x y g e n  ax2 : ( 1 )  t h e  i n t e r a c t i o n  b s t w e e n  Hz02 
CI 

a&-02- azd $24 &n--wiex-pbinsd  i-nferactica betwea-tAe - - - - - -  

c o n c e n t r a t i o c  of cxy gen a n d  t h e  extent o f  r a d i a t i c n  damags ,  

the s o  c a l l e d  " o i y g e n  efTect". The  3 f f e c t  o f  oxpqen on -3 
- - - 

- - 
r a d i a t i o n  damage t o  c o l l s  h a s  b e a n  well d o c u m e n t e d  (Koch, - ?  

J 

Kruuv a n d  F r e y  1 9 7 3 ,  H o w a r d - F l a c d e r s  1960,   wing 1 9 7 8 ,  Van 

Hemmen, n e u l i n g  a n d  E l e i c h r o d t  1978, Yuhas a'nd Li 1 9 7 8 ) .  

The  e f fec t  o f  o x y g e n  i n  e n h a n c i n g  c e l l u l a r  damage w h i l e  

i n v a r i a b l y  observed, is s'ill u n e x p l a i n e d  ( B l p e r  1956 ,  Adams t 
3 

1972)-, A t t e m p ~ s  to e l u c i d a t e  tke mechan i sm o _ f _ t h e c ~ y g e n  ------ - - i- 

e f f e c t  h a v e  been made i n  s t u d i e s  o f  r a d i a t i o n  damage t o  t 

c e l l u l a r  c & n p c n e n t s  s u c h  a s  s u l - p h g d r y l  compounhs  
a + 

( ~ u i n t i l i s n i ,  B a d i e l l o ,  Tamba, E s f a n d i  a q d  G c r i n  1 9 7 7 ,  
L 

a 

P u r d i e  197 1) , n u c l e o  t i d e s  ( M i c h a e l s  a n d  H u n t  1977, 2 

1 
i 

S r i v a s t a v a  1 9 7 4 ,  Van d e f  S c h a n s  a n d  B l o k  1969), and  l i p i d s  i 

( W i l l s  a n d  U i  l k i n s o n  1967, R a l e i g h ,  K r e m b e r s  a n d  G a b o u r y  

1 3 7 7 )  . B i o l c g i c a l  membranes  h a v e  been c o n s i d e r e d  t o  $be 



1 9 7 1 ) .  I n  . p r e v i o u s  s t u d i e s  (Kong 1979 ,  D a v i s o n  a n d  Kong 

1977 ) ,  we have  shown t h a t  w h e r e a s  tha p r e s e n c e  o f  o x y g e n  

u s u a l l y  c c n f e r s  p r o t e c t i o n  a g a i n s t  r a d i a t i o n  damage  t o  

purified proteins i n  a.queous s o l u t i o n  ( D a v i s o n  a n d  Kaminskg 

1974), t h e  p e r m e a b i l l t p  a n d  a c t i v i t y  o f  membrane-bound 

p r e s e n c e  of o x y g e n .  Hence, r e s e a l e d  g h c s t s  c c n s t i t u t e  o n e  

of a  smal l  number of radiation t a r g ; t s  which  can be  u s e d  t o  

F n v o s t i q a t e  t h e  lvoxygen  effect" i n  a r e l a t i v e l y  sell 

c h a r a c t e r i z e d  'medium. 
* 

were p r o p o s e d  o r f g i n a l l y  by Haber a n d  H i l l s t a t t e r  i n  1931 a s  

c h a i n  r e a c t i o n s  i n  a m~chanism f o r  t h e  d e c o m p a s i t f c n  cf H202 

i n i t i a t e d  by l r o n  i o n s .  These r e a c t i o n s  became l a t e r  ,known 

- - -- - - - 

( 2 )  h a s  f r e q u e n t l y  b€en invoked (Beauchamp a n d  F r i d o v i c h  



1 9 7 0 ,  G o s c i n  a n d  P r i d o v i c h  1 9 7 2 ,  Hodgson a n d  P r i d o v i c h  

1976a ,  Hodgson a n d  F r i d o v i c h  1976b,  McCord 1 9 7 4 ,  Fee a n d  

T e i t e l b a u m  1972,  Zimmermann, F l o h e ,  Weeer a n d  H a r t m a n n  1973)  

t o  f x p l a l n  t h e  f a c t  that c a t a l a s e  and d i s m u t a s e  ~ r o t e c t  

biological systsms a g a i n s t  damage  much more  t h a n  the $ 
3 

i Lrdixidwl r e a c t - i v - i t 5 4 r - o f  02-  or 8 2 0 2  would  suggests -Si-rice--7- -?- 

a t t e m p t s  t o  d e m o n s t r a t e  r e a c t i o n  (2)  h a v e  f a i l e d  ( A a l l i w e l i  
i 

1976 ,  McClune a n d  Fee l 9 7 6 ) ,  a n d  s e v e r a l  authors h a v e  
- - - 

r e p o r t e d  a smal l  r a t s  c o n s t a n t  ( l e s s  t h a n  2 n - 1 , s - 1 )  f o r  
i. 

t h i s  r e z c t i o n  ( F e r r a d i n i ,  F o o s ,  Houee a n d  P u c h e a u l t  1978 ,  ' f  

1 * 
+., a 

K o p p f n o l ,  B u t l e r  a n d  van Leeuwen 1978,  D a i n t o n  a n d  Rowbottom 

1 9 5 3 ,  C z a p s k i  a n d  A l l e n  1 9 6 2 ) ,  t h e  v a l i d i t y  of u s i n g  

r e a c t i o n  ( 2 )  t o  s x p l a i r !  p r e v i o u s  c b s e r v a t i o n s  was t h e r e f o r e  

q u e s t i o n e d .  Howev-er, i t  was _fQund- tha_t_c_a_plexed _metals - - - ----- -- -- 
- - - 

c a t a l ~ s e  r e a c t i o n  (2 )  ( F o l g ,  HcCay, P a y e r ,  Hisra a n d  Keele 

1973,  1 9 7 6 ,  HcCord a n d  Day 1 3 7 8 ,  Aall iwell  1 9 7 8 )  i n  a 

t ' ~ e n + - o n t f  t y p e  r e a c t i o n .  I n  t h i s  mechanism,  02- r e d u c e s  a n  

i r o n  (111) ( o r  o t h e r  t r a n s i t i o n  m e t a l )  chelate. The r e d u c e d  

a r t a l  may t h e n  r e a c t  w i t h  ~ 2 0 2  t c  p r o d u c e  .OH, t h u s :  
' I  

T [ N H q j ' j  H202--=* - - - - > B(N)+ 4 .OH + OH- (4) 



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

m e t a l s  i n  b i o l o g i c a l  t i s s u e s ,  r e a c t i o n s  (3)  a n d  ( 4 )  may w c r l l  
*. 

o c c u r  i n  p r o c e s s e s  c a u s i n g  damage t o  b i c l o g i c a l  s y s t s m s .  

I n  some S y s t 3 m s ,  a p r ~ 5 e c t i v e  r o l e  f o r  0 2 -  bas &en i n f _ e r r p P b  

from a  d e - s t r u c t i v e  a c t  i cn  o f  s u p e r o x i d e  d l s m u t a s e  i n  

r a d i a t i o n  i n d u c e d  damage t o  c y t o c h r o m e  c ( D a v i s o n  a n d  

~ a r n i n s k ~  1 9 7 4 )  a n d  f r c m  a d e c r e a s e d  p r o d u c t i o n  o f  e t h y l e n e  
- 

i n  t h e  r e a c f 5 o n  o f  6 T h p d r ~ x y d o p a m i ' n e  w i t h  o x y g e n  (Cohec a n d  
, ? 

H f I k k s l a  4 9 7 4 ) .  I n  c o n t r a s t , , H 2 0 2  was f o u n d  t o  e n h a n c e  

demage +o b a c t e r i a l  s ~ c r e s  c a u s e d  b y  . O H  -(Powers 1 9 7 2 ) .  

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

i s  t h u s  p r e r e q u i s i t e  to a b e t t e r  u n d e r s t a n d i n g  of  t h e  

b e h a v i o u r  cf m i x t u r e s  cf f ree  r a d i c a l s  i n ,  a n d  t h e i r  t o x i c  

effects  o n ,  b - l o l o g i c a l  s y s t e m s .  The t e c h n i q u ~  P B F ~ C Y ~ ~  i n  

o u r  p r e v i o u s  s t u d y  (Kong 1379)  f o r  i s o l a t i n g  i n d i v i d u a l  f r e e  

r a d i c a l s  p r o v e d  to b e  a u s e f u l  tocl f o r  ~ r o d u c t i c n  cf well 

c h a r a c t e r i z e d  a n d  r e l a t i v e l y  c l e a n  m i x t u r e s  o f  free 

r a d i c a l s .  t l a k i n g  u s e  o f  t h e  k n o w l e d g e  of k i n a t i c s  o f  damage 
--- - - - - - - - -- - 

t o  g h o s t s  b j  dif f ererit free radf cals (Kong 1979)  , we vill 
" s ~ ~ e 7 7 c c u r e n c e  of  the H a b e r - U e i s s  r e a c t i o n  a n d  c t h e r  



i n t s r z c t i o n s  betweep free r a d i c a l s  i n c l u d i n g  o x y g e n .  Re 

will also c o n s i d e r  the i m p l i c a t i o n s  of these f i n d i n g s  for 

s e l e c t i n g  amcng varicus p c s s i b l e  mschanisms  f c r  t h e  noxpgen 



2. Exper imenta l  

2.1 H a t e r i a l s  

~ l ~ c e r a l d ~ h ~ d e - 3 - ~ h o s p h a i e  ( G 3 P )  , d i t h i o t h r e i t o l  (DTT) , 
- - -- - -- -- -- 

catalase, Triton X-100 a n d  bqta-RAD were supplled b y  Sigma 

Chemicals Ltd. S c d i u m  s r s e n a t e ,  sodium ~ y r o p h o s ~ h a t e ,  

s c d i n m  farmate of  AsCeS, s t a n d a r d  were s u p p l i e d  b y  F i s h e r  

C h e m i c a l s  L t d .  S u p e r o x i d 2  d i s ~ n t a s e  was p r e p a r e d  i n  cur 

1 2 b o r a t o r y  a c c o r d r n g  t c  t h e  method of HcCord a n d  F r i d c v i c h  

(1969). The  p r c ' p s r a t i c n  h a s  a n  a c t i v i t y  of 2301 u n i t s / m g ,  

p r o t c i r . .  C a t a l a s e  v 3 s  o b t a i n e d  f r o m  Sigma Chemicals w i t h  , a r .  

a c t i v i t y  of 2500 on?ts/mg of p r o t e i n .  90th snzymes were 

s u p e r o x i d e  dismutasc a n d  50 units c a t z l a s e  p e r  m l  s c l u t i o n )  

in :he buffer solnticns, these c o n c e n t r a t i o n s  are sufficient 

t o  s c a v e s g e  v i r t u a l l y  a l l  the s u p e r o x i d s  a n i o n s  a n d  H202 

g e n e r a t e d  d u r i n g  i r r a 3 i a t i o n  (Su.f+on, R o b e r t s  and 

W i n t e r b e u r n  ,1376, D l v l s o n  a n d   ami in sky 1374)  . 



2 . 2 .  I ,  a n a l y s i s  o f  d a t a  

E a c h  o f  the s l o p e s  of  the g r a p h s  i n  F i g u r e s  1 t o  6 were 

o b t a i n e d  by r s g r e s s i c n  a n a l y s i s  o f  18 e x p e r i m s n t a l  
A- - - - - -  - L A  L u  - A - - - 

o b s e r v c t i o n s  r e p r e s e n t i n g  o n  the a v e r a g e  3 s b p a r a t e  

e x p e r i m e n t s .  The  r e g r e s s i o n  a n a l y s i s  was c a r r i e d  o u t  t y  

linear r e g r e s s i o n  u s i n g  t h e  U n i v e r s i t y  of  A l b e r t a  BPL 

s + _ a t i s t l c a l  p a c k a g e  11STP211. T h e  r e s u l t s ,  i n c l u d i l n q  

c o m p a r i s o n  o f  i n i t l a l  a n d  f i n a l  s l o p e s ,  were f u r t h e r  

c o n f i r m e d  u s i n g  t h e  APL program l t A N C O V A I M  b a s e d .  on  t h e  

m e t h o d s  d f s c r l b e d  i n  S c k a l  a n d  R s h l f  (1969)  for a n a l y ~ i s  o f  

c o v a r i a n c e .  The s t a n d a r d  errors  o f  t h e  s l o p e s  o f  g r a p h s  o f  
- - 

permeability a s  a f u x c ? C o n  03 €511-2 a r e o n  i t h e - z v r ~ r a g e e l e s s  

t h a n  +/-30% w h i l e  t h c s c  o f  e n z y m i c  l n a c t i v a t i c n  a r e  l ees  

t h a n  +/-20%. The r a t i o s  i n  Tables 3 a n d  4 are a n a l y s e d  by t 
1 

test for d e v i a t i o n s  f rcm u n i t y .  De ta i l s  a r e  d i s c u s s e d  i n  

t h e  d ~ s c r i p t i o n s  o f  t h e  c o r r e s p o n d i n g  t a b l e s .  S t a n d a r d  

e r r o r s  of r a d i o c h e r n L c a 1  y i e l d s  ( G )  a re  of ths order of 4% 

(Draganfc  et. a l .  1969a, 1969b, 1971 ,  1973)  . T h e  a s y m m e t r y  

c y t o p l z s m i c  c c n t e n t s  a n d  + - o c o p h e r c l  content o f  t h e '  n e n t r a n e  

p r e p a r a t i o n s  are  p ' r o t a b l y  t h e  m a j o r  sources of e r r o r s -  t h a t  



a c c o u n t  for + h e  s t a n d a r d  d e v i a t i o n s  ~f o u r  d a t a .  However,  

t 8ese  effects would  t e  s m a l l  i n  c o m p a r i s o n  t o  the effects of 

. free r a d i c a l s  s i n c e  i r r a d i a t i c n  i n  t h e  a b s e n c e  o f  externally 

a d d e d  scaoeng6rs p r o d u c e d  s i g n i f i c a n t  damage to t h e  

membranes.  



L 

3. R e s u l t s .  

2 

F i g u r e s  1 t o  6 r e p r e s e n t  p l o t s  o f  p e r m e a b i l i t y  a n d  a c t i v i t y  

o f  G 3 P D H  a s  f u n c t i c n  o f  i . r r a d i a t i . c n  d o s a g e  ( t i ~ e )  i n  t h o  

p r e s e n c e  of d i f f e r s n t  c o m b i n a t i o n s  o f  s c a v e n g e r s .  T a b l e s  1 

and 2 summasLzs C h e s l c p e s  af t h e s e -  plots toge-t-Bg- -~&+A~t-he---- 

n y i e l d s  cf f r e ~  r a d i c a l s  u n d e r  t h e  s t a t e d  c o n d 5 t i c n s .  T h e s e a  

1 s l o p e s  r e p L e s e n t  t h e  r a t e s  of damage t o  t h e  membrane a n d  t o  
- 

G3PDH by +he v a r i o u s  m i x t u r e s  o f  free r a d i c a l s .  From the 
A 

R (mb) a n d  R ( s n z )  v a l u r l s  f o r  t h e  i n d i v i d u a l  free r a d i c a l s  
v 

e s t a b l i s h e d  i n  a p c e v l c u s  s t u d y  (Kong 1 379), t h e  t h e o r e t i c a l  

r a t e s  of damage by- e a c h  m i x t u r e  cf  free r a d l c a l s  c a n  be  3 

c a l c u l a t e d ,  These c a l c u l a t e d  oalaes  a r ?  t o  b e  c o m p a r e d  t o  
' - 

t h e  s l o p e s  o f  t h e  p l c t s  i n - t h e  last col_umns i n - t a b l e s  3 land 

,. 4.  ~ a t i o s  much g r e a t e r  t h a n  o r  less  t h a n  1 i n d i c a t e s  
r' , 

d i s a g r e e m e n t  between t h e  c a l c u l a t e d  a n d  e x p e r i m e n t a l  r a t e s ,  
'3 - 

a n d  t h e r e f o r e  s y n e r g i s t i c  c c o p e r a t i o n  b e t w e e n .  o r  mutual , 

~ n n i h i l a t i c n  o f ,  t h e  free, r a d i c a l s  c a u s i n g  t h e  b i o l o g i c a i  

C daatage, '  The i n i t i a l  a n d  f i n a l  s l o p e s  o f  t h e  p l o t s  o f  . 

p e r m e a b i l i t y  a n d  e n z y m i c  i n a c t i v a t i o n  i n  a e r a t e d ,  a n a e r o b i c  
= 

a n d  o x y g e n a t e d  buffers a r e  compared  i n  Tables 5 a n d  6 .  
- -- - - - - - --- -- 

T h e s e  r a t i o s  express t h e  o x y g e n  e n h a n c e m e n t  o f  p e r m e a b i l i t y  
- - - -  an-enzymic  i n a c t f v a t i o n .  



C o o p e r a t i o n  i n  i n d u c i n g  damage was n o t e d  among c a n s t i t k n t s  
B 

of t h e  f o l l o w i n g  m i x t u r s s  o f  f r e e  r a d i c a l s :  (1) H202 + . O H  
. , 

+ 02- ,  ( 2 )  .OH + 8202.  and L n t e r a c t i c n s  decreasing d a m a q ~  

w e r P  n o t e d  i n  (3) H2C2 + 02- i n  t h e  p r e s e n c e  of f o r m a t e ,  ( 4 )  

o x i d i z i n g  r a d i c a l s  (.OH + H202) + r e d u c i n g  r a d i c a l s  r a d k c a l s  

3.1. M i x t u r e s  of  .OF!, 8202  and 0 2 - f  . 

- - - - - - - - - -- 

The o b s e r v e d  -rates o f  damage t o  t h e  p e r m e a b i l i t y  o f  

membranes and  t o  memkrane-bound G3PDH by H202 a n d  C2- when - 

s l m n l t a n e o u s l y  p r e s e n t  ( i .  i r r a d i a t i o n  I n  t h e  p r e s e n c e  o f  

formete) were o n l y  38% a n d  33% o f  t h e  r a t e s  p r e d i c t e d  from 

the sum o f  ths effects of t h e s e  r a d i c a l s  ' i n d i v i d u a l l y  ( T a b l e  
- -  - -  - - - - -- -- 

3) . These r e s u l t s .  t h e r e f o r e  i n d i c a t e  t h a t  i n t e r a c t i o n s  

be tween  t h e s e  r a d i c a l s  i n t e r f e r e  with t h e  d e s t r u c t i v e  

ef f c c t s  of ths i n d i v i d u a l  f r=se r a d i c a l s .  I n  c o n t r a s t ,  i n  
i 

the a b s e n c e  gf s c a v e n g e r s ,  i r r a d i a t i o n  of a i r - s a t u r a t e d  

a q u e o u s  b u f f e r  p r o d u c e s  , OH, A202 and  02- s i m u l t a n e o u s l y  

( T a b l e s  1 a n d  2) and  this a i x t u r e  p roduced  damage a t  rates 

g r e a t e r  than t h e  c a l c u l a t e d  r a t e s ,  i n d i c a t i n g  c o c p e r a t i v e  

- i r ; ' ; e ~ c t i o n - s ~ ~ ~ ~ - ~ f ! e - f r e e - r ~ s . B ~ i r t f o r r ~ - -  
C-g 

- sgeeze-d-' t c  * a f x t a r e  -, - t h c  ra t- 



- - e r z y m i c  i n a c - i v a t i o n  tc t h e  c a l c u l a t e d  r a r t e , * 5 n d i c a t i n g  t h a t  & 
- 

. no i n t e r a c t i c n  a f f e c t i n g  t h e  r a t e  of t h i s  damage o c c u r s  

be*ween H202 and . O H  ( T a b l e  4 ) .  However,. the r e t e  cf  

i n c r e a s e 3 n  p o r a e a b i l i t y  is s t i l l  50% g r e a t e r  t h a n  t h e  . 
c a l c u l a t e d  v a l u e  ( T a k l e  3 ) .  T h e s e  r e s u l t s  s u g g e s t  t h a t  .OH 

- 

a n d  H202 p r o b a b l p  i n t e r a c t  in an i n d i r e c t  manner t o w a r d s  t h e  
- - - - - - - - - - - A- - -- - 

I " 

msmbrane and t h a t  compcnents of t h e  membrane itself a re  
9 s 

i n v o l v e d  I n  the i c t e r ac5 ions  which p r o d u c e  ths o b s e r v e d  

3.2.  R i x t u r e  of oxidizing free r a d i c a l s  (.OH and  820&) + 

r e d u c i n g  r a t 3 i c s l s  (e- and 8 . )  

1 

1 

T h e  damage t o  p e r m e a k i l i t p  I n  a n a e r o b i c  s o l u t i c n s  is q u i t s  - i \ 
- - - - -- - -- - - - --- - 

c o n s i d e r a b l e  a s  shown i n  T a b l e  1. It i s  i n t e r e s t i n g  tc n o t e  
f 

t h a t  damage i n  a n a e r c b l c  s o l u t i c n s  i s  g r e a t e r  t h a n  i n  - 
a i r - s a t u r a t e d  s o l n t i c c s  c o n t a i n i n g  f o r m a t e .  T h i s  i s  n o t  1 

s u r p r i s i n g  i n  v i e w  o f  t h e  h i g h  B(mb) o f  r e d u c i n g  r a d i c a l s  1 
2 

(Rang 1979) . As shown i n  T a b l e  3, we found no s i g n i f i c a n t  
? 
' 

Effsrence  between t h e  o b s e r v e d  a n d  c a l c u l a t e d  r a t e s  cf i z 
- -_ 

damage t o  permeability. The r a t e  of i n a c t i v a t i o n  cf G 3 P D B  

i.atkedlyde-crclaseLaftenf+ar+Hc-d h c n r  of i r r a i l i a t i o ~  i 
5 1) 10 a  c o n s t a n t  172% o f  i n i t L a l  rate). I n  

- . 
J 

1 



. a *  G 

t . \ 

c. - a c; - 

co- t r a s t ,  .when pure  G3PDH was' irr .adizt ,ed ,  no such effect was e +  

cbserved  (Euchanan and Armstrong -1978) .. The rate  'cf loss of  
, - 

& 

onzymlc a c t i v i t y  was ~ r o p o r t i o n a l *  t o  dese and reached 60% of 
P .  

its z e r c - d o s e  a c t i v i t y  after 100 k r p d s  of i r r a d i a t i c n .  I q  . 
p o i ~ t o d  out in sectior! 2 ,  a n a e r o b i c  media conta --, 

oxygen in the first few ntinn$es. The i n i t i a l  
-- A -- - - ---- - - - 

damage may thus. b? a f f o c t g d  by. t h e  small  amount cf 0 2 -  

present. ThLs say  p a r t l y  e x p l a i n  thr high i n i t i a l  r a t e  of  

[Table 4) , t a k i n g  into accou~lt  the h l g h  R(enz) of 02-  and 
4 

I 

'.he occutr4nc-& of the ~ a b e r - l l e i s r  reacticn (see d l  scussion) . - 

Tkerefore t h e ' r z t ~  o f  Inactivat-iop 'after two h c u r s  cf * 
- Y  irra i a t i o n  was taken a s  t h e  anaerobic r.ate. Doring t h i s  

- 
p e r i o d ,  a l l  3f the ,cx~gen free r a d i c a l s  would have been - 

- - - - - - - - - 
- -- -- - - -- - -- - 

ccnsuaed .  Hoforthelsss, 02- would rrot a f fec t  t h e  r a t e  of 

tncrease in p ~ r m e a b i l i + , y  .signific~ntly~ owing to its low 
- i 

P (Ib). 
- 7 R 

, . 

* .  

3.3. E f f e c t s  cf oxygen on t h e  a c t i o n s  of free r-adicals  

&+ fO r- 

+ 
S . . - ,&.. 

ccmaan f ea ture  cf tho damage in oxygeqsted s a l n t i a n s  is 

p e z m e a b l l 5 t y  and, to s smaller ex'eet, to membrane - bound 



Y 

6 
G 3 P D H .  T k i s  F ~ 3 i c a t e d  ac acce le ra t ion  ~f damage which  is 

, . 

a b s e n t  ic a i r - s a 5 n r a L e d  and qnasrcbic  scluticns, e x c e p t -  i n  4 
F 

. t h e  case of damage &y-.0EILt8 ntenbranes 'in a ir - sa tura ted  

4 
only To ths i n i t i a l  

f crpgenated s c l n t i c n s  was 1 5 a e ~ :  Bates- cf .damage to 

t 

' c c r r e r ~ p o n d f  3 g  a i  r-satnra'ed solutions (Tables 5 and 6), P .  
t , 

- cs'talcse and d f s ~ n t a r e ,  +,he in5 ti a 1  rates are increased by 
,-= 

peric3 of h r a d i a t i o n .  The r a t i c s  cf 
f . -  



f t h l  l o  i i c i t i e l  r a t e s  o f  lncreass i n  p e r m e a b i l i t y  . a r e  an . 

order of magni tude  greater t h a n  t h e  c o r r e s p o n d i n g  rat ios  for 

eszymlc i n a c ? i v a t i c n ,  a s  can b e  s e e n  by a* c o m ~ a r i s c n  of t h e  

lest c o l u m n s  of T a b l e s  5 ard 6 .  T h i s  damage t o  p e r m e a b i l i t y  

h a s  an overwheliaing a u t o c a t a l y t i c  compcnent  w h i l e  
- - -- - - - - A - - 

C 

a u t o c a * a l y s i s ,  i s  3 b s ~ n t  or c o n t r i b u t e s  much less w i t h  

respect  tc damage to t h e  enzyme. 

a n d  o x y g e n ,  V i r t u a l l y  a l l  o f  the r a d i c a l s  f crmed i n  

r a d i o l y s i s  of water,  wcul6 b e  removed.  Under t h a s e  

~ L r c n m s t z n c e s ,  most of t h e  damage t o  the ghosts r c u l d  be 3ue 

to ths d i r r c +  effect c f  r e i l i a t i o n ,  toge+_her with the 

i r eac t  ghcsts. O r g t s i c  r a d i c z l s  would be formed i n  t h e  

l i p l d  acE ~ r o r e l n s  o f  t h e  membranes. The effect of o x y g e n  

c~ the r e ~ c t i v i t i e s  o f  g h e s s  radicals is show3 i n  F i g u r e s  1 

and 2 -  The r s ~ a ? i ? e I y  saall amount of damage in c c m ~ a r i s o n  

y!-eld of r a d i c a l s  fos~ed by d i r e c t  e f fec t s  of i r r a d i a t i o n ,  
r 



3 , 4 .  Comparison of t h a  p r o t e c t i v e  e f fects  

r a d i c a l  scavengers i n d i v i d u a l l y  

The r e l a t i v e  effectioensss cf free r a d i c a l  

of various 

scavengers 

free 

p r o t e c t i n g  mearbraces a n d  G3PDH i s  l i s t e d  i n  d e s c e n d i n g  o r d e r  
- - - - -- -- - -- - - -- - 

I n  Tables  1 a n d  2 ,  Bs sh=own by a c o m p a r i s o n  cf F i g u r e s  1 

and 3 and a s  r e f l e c t e d  i n  the v a l u e s  o f  s l o p e s  i n  T a b l e  1 ,  

t h e  s*v~nger s vary i n  thei-r prot2c - t i  v e  effe&_tc m a n + -  - - -  - 

'. 
p e r ~ e a h h i * . y  i n  d e s c e n d i n g  crder of  effectiveness a s  

follows: 

scavenger docreasss the r a t e  of damage i n  coeparlson with 

media c c n + a i n i n g  nc scavengers, by t h a t  p e r c e n t a g e .  Pcr 

i c s tance ,  +he rate in the presenc9 of formate is 10% a$-that 

I n  -.he ahseace of scavEngers. C o ~ p a r i ~ o n  of Figures 2 and , 
4 ,  and a s  shown by d a t a  in Table 2, t h e  order of 

effectiveness w i t h  respect  to inactivationof G3FD3 3 s: -. 

n i t r c g ~ n ,  (1001)j > foraate (77%) > Bismntase f 4 8 X )  = cata lase  



F o r  reasons 

o f \ ~ 2  was estima'ed frcm 
\ / 

Fiqure  4. Compzrison of 

L 3 

section 3.2, the p r q t e c t i v e  effect L1 

4 

t h e  f i n a i  slops of the curve i f i  

damage in o x p g s m t e d  b u f f e r s  also 

shows that formate is protect ive.  



4. D i s c u s s i o n  

4 . 1 .  I n t s r a e t i o n s  among free r a d i c a l s  that enhance damage 

The  mixture c o n t a i n i n g  H202 and .OH was f o u n d  t c  p r o d u c e  
i 

?am age C-o e ; r e a b i l i t r _  a+ a r a t e  C_uaf o l d  g+ea t e r - tha  -a t-&G 

a c c o u n t e d  f o r  by the i n d e p e n d e n t  , a c t i o n s  of t h e  constituent 
- 

free r a d i c a l s .  Since .OH is h i g h l y  r e a c t i v e  a n d  r o a c t s  a t  
- - - - -  - 

o r  close t o  t h ~  site 3t w h i c h  i t  I s  f o r m e d ,  i t s  interaction 

with 8202 is not l i k e l y .  Therefcre t h e  e n h a n c e d  r a t e  would 

c o t  b e  d u e  t o  d i r e c t  interaction between .OH and  B202. 

Powers (1372)  h a s  c b s e r v s d  similar s y n e r g i s t i c  effects o f  
f 

R202 and .OH in_ h i s  study of  r a d i a t i o n  d a m a g l  t o  cells. He 

- - - -  - 

s u g g e s t e d  t h a t  orgaric r a d i c a l s  were u r o d u c o d - i n  t h e  c c u r s ~  , 
-- - - - pp - - --A 

of abs'_rzct ion of R ky .OH i n  r e a c t i o n  - ( 5 ) . ,  with . O H  then 

f r E f ,  + 8202 -----.--- > B + .OH ' +  OH- + H+ 

 lace - A L A  cel l  ~ ~ ~ L r a s e s .  S i n c e  the organic r a d i c a l s  



d 
* 

formed a r e  probab ly  l 5 p i d  or p r o t e i n  r a d i c a l s  f i x e d  i n  t h e  

membranes, th? r e s c + i v e  s p e c i e s  formed i n  r e a c t i c n  ( 6 )  would  

be  c o n f i n s d  t o  t h e  merntrane, r e a c t i n g  a t  t h e  sites cf t h e i r  

fermazFon, thus +he a b s e n c e  of s imi la r  enhancement in damage 

- - - 
- - -  -- 

The mixture  con ta in f  nq . O H ,  H2O2, and 0 2 -  was also f o u n d  t o  

produce damage to b o t h  p e r m e a b i l i t y  3nd  G 3 P D H  a t  rates 

greater  t h a n  t b ~ - c a l c u i ~ t o ~  rates. The enhanced r a t e  of  

i r c r e a s e  i n  p a r s e a b i l i t y  &k - e x p l i c a b l e  i n  'eras cf t h e  

s y n e r g i s t i c  I n t e r a c t i 9 n s  both b e t w e e n  R202 and . C H  a ~ d  

b ~ t w e e n  H202 a ~ d  0 2 - ,  The synergistic effect cf .OH and 

H202 aloke came', acccunt for t h e  enhancement i n  damage 

produce ap e n h a ~ c e l ~ e r ; ' _  ~f t h e  r z t e  so groat (Table 1) t h z t  

0 2 -  would h a v e  t.0 sccfrun? Sor 30% of t h e  aahanced r a t e  i f  

there was n o  s y n e r g f  stic e f f e c t  between  02- and .OH. It has 

 bee.^ shcwn '>at 0 2 -  a lone ,  c o u l d  c o n t r i b u t e  o n l y  1 3 1  (Kcnq~ - 
1 3 7 3 ) .  Moreover, tho k o n c e n t r e t i o n  of H202 i n  t h i s  mixture 

(G=0.6) i s  less than t h a t  p r e s e n t  i n  the mixture e e n t i c n e d  

ir the provians c a s f l  f 6 = 2 . 3 ) ,  an3 0 2 -  and  .OB do not Eesm to 

- i ~ e r a c t  -sprq%tti-c ~ ? % y - [ - i ~ z t - f c Z n ~ l ~ 3 ~ f  3 s  c at a 1  E s e i s 
-- 

- -  ---- r r r  + b  W r B e f .  U - 4 - -  - ' " l - r  '-ye XJU I-LJS V @ 



r e a c t i c n  must be i n v ~ k e d  -t;C a c c o u ~ t  + f o r  u a z t  o f  t h o  

e r b a n c e m e ? t ,  S i n c e  t h e  ~ v n e r g i s t l c  o f f e c t  o f  .OH and B202 

i s  ~ b s e n t  i n  I n a c t i v a s l i ~ n  o f  G3PDH, t h e  enhanced  r a t s  cf e ? 

enzymic  i c a c + i v a t l o n  i s  due mainly t o  t h e  Haber-Reiss ! 4 
4 

, i 
r e a c t i o n ,  c o n s i s t e n t  w 5th t h e  s m a l l e r  enhancemep t  t h a n  i r i  

+.he & of p e r m e a b i l i t y  (Tab le  - 4 ) .  I l d d i t i o n  of ' c a t a l a s e  a r  
- * - - - - - - -- -- 

d 

s u p e r o x i d e  d i s m u t a s e  t o  a b o l i s h  t h e  Habe r -Re i s s  r e a c t i c n  and 

thus +he accompany ing  ~ n h a n c e m e n t ,  y i e l d s  r a t s s  c l o s e  t o  t h e  - 
calcalated rztes far changes both Fn p e ~ i a e a b i l 5 t y  am3 - 

e ~ z y m l c  i n a c t i v a t i o n  (Tables 3 snd - 4 ) .  E v i d ~ n t l g ,  i n  this 

czse  the Haber -Re i s s  r o a c t i o n  p l a y s  i t s  c o n v p n + i c n a l  

d e s t r u c t i v e  r o l e  i n  damage t o  b i c l o g i c a l  s y s t e m s .  I n  the 

next s ~ c t i c n ,  in contrast, a  s i t u a t i o n  i s  d e s c r i b e d  i n  w h i c h  

+ h e  H a b e r - B e i s s  r a a c t i c n  p a r a d o x i c a l l y  p l a y s  a p r o t e c t i v e  
1 

- - 

role, 

4.2.  H a k e r - B l i s s  l5kr i n t e r a c t i o n s  among f r a e  r a d i c a l s  

vkich d e c r e a s e  damage . 
b v 

I The s i x t n r s  of H202 2nd 0 2 -  was f o u n d  t o  i n d u c e  damage .i,o 

bath permeabi l t ty  and G3PDH by 6016 lsss t h a n  the c a l c n l a t o d "  

7 w I i between 02- a k 2 0 2 .  I n t e r a c t i o n s  between ' ~ 2 0 2  and 0 2 -  



F -- 

h a v e  l o n q  b?cn known ?a o c c u r  i n  b i o l o g i c a l  systems a n d  t h e  

R a b e r - U e i s s  r e a i m  h a s  b e e n  i n v o k e d  t c  explain it.  If the 
/' 

A z b e r - W s i s s  r s a c t i o c  d i d  o c c u r  i n  o u r  c a s e ,  02- a n d  8 2 0 2  

w o u l d  b e  r e m c v e d  by . r e a c t i o n  (2)  a n d  r e p l a c e d  by . O H ,  and 

s i n c e  f o r m a t s  i n  the me3inm removes . O H ,  the n e t  r o s y l t  
il 

C 

would be decroase in 'Ihs c o n c e o t r a t l o n s  o f  02-  a n d  R202. 
- -  - - - --- 

Such d e c r e a s ~ s  i n  3 s  cf  free r a d i c a l s  

have a p r c t e c t i v e  e f f e c t  on '$e 'changes i n  permeability a n d  

cf 02-  i n  i ~ a c t i v a + i n g  G3PDH (Kanq 1979)  . The p r f  s e n t  
r- 

resulzs t h u s  s u p p c r t  t h e  o c c u r e n c e  cf a  ~ a b e r - ~ e i s s  l i k e  

r ? a c + i c n  in this case, which p a r a d o x i c a l l p  p r o d u c e s  a 

- p r o t e c L i v e  e f f ec t ,  sirrce t h e  p o t e n t  e n d  products of  t h e  
- - - - -- - - - - - - - -- -- 

r e a c t i c n  were r e m o v e d  by f o r m a t e .  Cons i s5enr  w i t h  this 

~ x p l z % a % o n  ?he r o a c v s l  cf a i t h e r  0 2 -  cr  HZ02 from t h e  
d 3  

- 
mixture by s u p e r o x i d f  d l s m n t a s e  cr c a t a l a s e  zes tcrcs  +he  

s f  fcc",lveness of t h e  renaining free r a d i c a l  i n  the medium, 

a s  r e f l e c t e d  by zn increase ic dpmage i n  the p r e s e n c e  of 

either of these s c a v e n g s r s  (Ffgures 1 a n d  2, Tables 1 a n d  



d&i? - -- - 3 
* 

I+ is + A e r m o d y n a a i c z l l  f e a s i b l e  t c  p r c d u c e  singlet oxygen 1 
by t h e  H a b e r - R e i s s  r e a c k i o n  ' ( ~ o p p s n o l - a n d  Butler l 9 7 7 ) ,  and  

- l i p i d  p o r o x i d a t i o n  d u e  to this r e a c t i o n  h a s  b e e n  p c s t u l a t o d  

tc b e  due t o  s i n g l e +  oxygen ( K e l l o g g  and  FridovLch 1975) .  

However, t h e  p r o t e c t i v e  effect o f  ~ a b e r - ~ e i s s  r e a c t i o n  i n  

our case suggests t h a t  t h ~ -  c o n " , r i b u t i o n  of s i n g l e t  oxygen t o  i i 
- -  - - -- - pa-- - - - -- - 

the damage of m e n b r a n ~ s  i s  s r n a l l  i n  c o m p a r i s o n  w i t h  t h e  
@ 

o'her f ree  r a d i c a l s    re senti 

4.3. I n t e r a c  ; o n ~  between 3 x F d i z i n g  and r e d u c i n g  iree t P 

r a d i c a l s  which moderate damage 

Fates  o f  i n c r e a s e  iz p e r n i e a b t l i t y  i n  a n a e r o b i c  media  i n  t h e  

aSsEcct of formate az? m o d e r a t e d  by i n t e r a c t i o n s  between - 

H , )  when both a r e  s imnl '_anecus lp  p r e s e n t  ( T a b l e  1) .  The 
a? 

c a l c n l ~ t e d  r a t a s  a r e  clase  t o  t h e - o b s e r v e d  r a t e s  ( T a b l e  3 ) .  

T k F s  migk? rear! that the free r a d i c a l s  i n  t h e  mixt- d o  ~ o t  

interact. However i n  v i e w  o f  t h e  e n h a n c e d  damage t c  

p e r s c a b i l f t y  due  t o  th? n i x t n r c  (.OD + 8202)  i n  aerobic 
Q 

~ e d i a ,  we would e x ~ e c t  t h i s  synergism t o  be e v i d e n t  
f 

-pp-- 

d 
l e a s t ,  that t h o  s i ~ n ~ ~ a n s o n s  presence of r e d u c i n g  free - I 



r a d i c a l s  inhibits the c o o p e r a t i o n  be tween  Hz02 and  .OH.  The 

c e s s a t i o n  of damage t o  membrane-bound G3PDH a f t e r  2 h o u r s  is - 
r e l a t e d  t o  t h e  p r c s e n c e  of  membranes o r  t h e  r e s i d u a l  

1 

contents ~f ths g h o s t s ,  since d e s t r u c t i o n  o f  t h e  p u r i f i e d  
-. 

enzyme i s  c o n t i n u o u s  (Buchan'm and Armstrong 1.978) . Its 

s t e ~ d y  s t a t e  be tween  d e s t r u c t i o n  a n d  r e a c t i v a t i o n .  T h e  

r e s i d u a l  c o n + e n t s  of  q h o s t s  would both l i m i t  d e s t r n c t i c n  ( b y  

v i r t u e  of c a ' a l a s e  a n d  d i s m u t z s e )  a n d  p romot s  r e r e d u c t i o n  of  

c x i d i z e d '  SH groups  ( t y  v i r t u e  o f  educing enzymes  and  SB 

compounds) ,  o r  by ?he reducing r a d i c a l s  themselves. Me h a v e  

t h u s  shown t h a t  tht r s d u c i n g '  a n d  o x i d i z i n g  f ree  r a d i c a l s  may 

exer t  a n  a n t a g o n i s t i c  e f f & t  on each  c t h e r ' s  a c t i o n s ,  t h 4 s  

s n p p o r t e d  by t h e  c b s e r v a t i c n  t h a t  ?ha  r ~ m o v a l  o f  . O H  from 
* 

t b f s  mixture by f o r ~ a f f  increased i n a c t i v a t i o n  of G3PDE 

4 . 4 ,  C o n p a r i s o n  c f  the s e n s i t i v i t y  of enzymic  i ~ a c t i v a t i o n  

It was p o i r r o d  OUT i n  a p r e v i o n s  study (Kong 1979) that 
-- -- 

permeabi l i ty  was more secsitive t o  oxygen t h a n  i n a c t i v a t i o n  
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--- -- -- - 

of G3PDX i n  t h e  a b s e n c e  of  s c a v s n g e r s .  It was shown t h a t  

+he a n a e r o b i c  r a t e  o f  i n c r e a s e  i n  p e r m e a b i l i t y  was i n c r e a s e d  

2 . 8 - f o l d  by  t h e  a ? n i e s i o n  o f  air, b u t  170- fo ld  by s a t u r a t i o n  
- 

with p u r e  oxyqen. The- c o r r e s p o n d i n g  i n c r e a s e s  i n  r a t e s  of 

, enzymic  i n ' a c " _ l v a t f o n  were 1.5- a n d  4 . 1 - f o l d .  T h i s  

- p r e s e n t s ,  a 6 0 - f o l d  i n c r s a s e  $n the a e r o b i c  r a t e  of c h a n g e  
-- -- -- -- - - -- - ---- - - -- - pa--- 

of p e r m e a b i l i t y  but cnly 3 2.7-fcld i n c z e a s e  i n  the c a s e  cf 

enzymic  I n a c t i v a t i o n  d u e  t o  t h e  further i n c r e a s e  i n  

c o n c e n t r a i i o n  o f  cxygen in t h e  axready 3 - h - s a m r a T e a  midrlar-- - -  pp 7- 
 ate i n  t h o  present - s t u d y  further s u p p c r t  t h i s  d i f f e r e n c e  i n  i 

2 

s e n s i t f v i t y .  I n  the prssence o f  f o r l a a G ,  the a n a e r c b i c  r a t e  

k f 
o f  i c c r e 3 s ~  i n  perm - 1 i t y  is i n c r e a s e d  2 . 5 - f o l d  and  t h e  

3 
7 

a e r o b i c  r a t e  by 7 .3 - fo ld  by the a d m i s s i o n  of pure crygsn, 
3 

: 
I 

% v h i l e  t h e  corrospondlng i n c r e a s e s  i n  3nzpmic  inactivation . 
-- -- - - -- - - - - -- - - -- -- - - -- - - -- -- - - - -- - - - 

a r e  13- a n d  4.2-fold raspectiv*. S i m i l a r l y .  3.5- a n d  t 

- 5 . 5 - f o l d  i n c r e a s e s  i n  a e r o b i c  rates of c h a n g e  i n  
A -  

p e r a e a b i l l t y  and enzymic  i ~ a c t i v a t i o n ,  due t o  oxygen a r e  
s 

o b s~rved i n  ibs m ~ d i a  c m t e i n i n g  both c a b a l a s e  a n d - %  
3 di san+ase .  These corparisons between perreabil i  t y  a n 4  

e n z y n i c  i n a c t i v a t f  on a s  concentratf  on cf oxygen increases 
1 

i r d i c a t e  t h a t  e n z y s i c  i n a c t i v a t i c c  5s a s  sensftiwe to cxygen 



Ic c o n t r a s t ,  v e r m e a b i l i ? y  is  more s s n s i t i v e  a+ hi-gher  - 
c o n c e n t r z t i o n s  o f  o x y g e n .  T h i s  d i ' f  f e r e n c e  i n  s e n s i t i v i t y  i s  - 
c o n f i r m e d  by t h e  c o m ~ a r l s o n  of t h e  last c o l u m n s  cf T a b l e  5 

w i t h  t h o s e  of T a b l e  6. It c a n  be seen t h a t  i n  relaticn t o  

p e r m e a b i l i t y  the g r e a t e r  t h e  a e r o b i c  r a t e  of damage  t h e  

g r e a t e r  i s  t h e  enhancsment b y  o x y g e n ,  while t h e  c o n v e r s e  i s  
- - -  - -  - - -- -- - - - - - - - - - -La- 

t r u e  for s n z y m i c  i n a c t i v a t i o n .  T h i s  lower s e n s i t i v i t y  o f  

e n z y m i c  i r a c t i v a t l o n  a t  high c o n c e n ? r a t i o n s  of o x y g e n  see_ms 

to suq_ge_st +,Eat ths a e m b i c  r a i a  aze dc30 -- - --- - 

p o s s i b l e  a c c e l e r a t i o g  cf i c a c t i v a t i o n  w h i c h  o x y g ~ c  can ' 
L 

p r o d u c e , .  T h u s  f u r t h e r  i n c r e a s e s  ir! +he c o n c e n t r a t i o n  cf 

o x y g e n  m h a n c e s  t h e  lower a e r o b i c  iates s i g n i f i c a n t l y  t u t  
J 

r o t  t h e  a l r e z d y  h i g h  a e r o b i c  r a t e s .  E v i d e n t l y ,  t h e  

differences i n  sensitivity to  o x y g e i  a r e  i n d a ~ e n d e n t  of' t h e  

scavengers +a a l t e r  t h e  c a t u r e  af t h e  fr%e r a d i c a l s  pres+nt 

does no t  s i g n i f i c a n t l y  a l t e r A  t h e  a b o v e  m e n t i o n e d  

d 5 f f s r ~ n t i a l  s e n s i % i v 5 t y .  The a c k e l e r a t i o ~ s r  by o x y g e n  cf t h e  

rzf ~s of inczease  in p e r m e a b i l i t y  * i d  the absencc cf such 
\ 

h +, 

effects 93 enzymic i n ~ c t f  v a t i o n  fc o u t y g e ~ a t e d  buffers ( i n  I* 

311 3 cases in Tables 5 and 6 )  cffer - fur ther  e v i d e n c e  for - 
t b e _ ~ h ~ s a s  'nmked to e x p l a h  +he onhanccrsen+ hp orygan 

-- cf damage to permzabfl i ty  i n  the seccnd p a p e r  i n  t h i s  series 
8 



( ~ o ~ q  l 9 7 9 ) ,  in which the increased b r a n c h i n g  of c h a i n  

r e e c t i o n s  i n  t h e  msmtraces is  c o n s i d e r e d  tL be t h e  major 

ctnse of  t h e  a c c e l e r a t i o n  of t h e  r a t e  cf damage caused.by 
n oxygen. , F u r t h e r m o r e  the f ~ l l o w i n g  roles of oxygen in the 

4 . 5 .  fleclianism o f  enhancement  by oxfgen of damags to 

. T h o  c o n v c r s i c n  frcm ar! a n a s r o b i c  t o  an aerobic 
... 

(air-saturated ) mcdinm r n v o l v e s  t h s  replacement cf t h e  3 
\ 3 

r . d u c i c g  r a d i c a l s .  (e-, 9.) b y  02-. T h i s  results &I a chscge 

B from a mixtnr; of oxidizL2g (,OH, 202) aad reduciag I+ 1 
- -  - - - - - -  

- - - - - - - -- - - - - - - - -- - -- - A 

r a d i c a l s  t o  on? of predoaiaant ly  o x i d f  zing r a d i c a l s  (.OH, 

~ 2 0 2 ;  02-) . Such a change i n  t h e  n a t u r e  of the free ' 
- - 

. {  

1 
r a d i c a l s  h& a effect on damage to t h e  system, in 3 * 
three main rerpec+_s, F i r s t l y ,  t h e  removal of r s d n c i n g  a 

i 

1 
radicals abol i s@s  t h e i r  .oderating a c t i o n s  on t h e  i 

/ 
1 

s y n e r g i s t i c e f f e c t s  tetween H202 and .OH, Secondlyt the j 
r 

4 

presence of 02- a l l o u s  thc E s b e r ~ V e i s s  like csac t i cnz  t o  
* 

t 

* 
- ~ p ~ ~ ~ f k r ~ ~ c h  h 4 g h . r - R m z )  - than e - 

, 
- &  ..A13 4 .. . 4 
U L 1 A A 1  A F 

er!zymic - i o a c t i k a t i o n .  The above consideratiolrs e x F l a i n  l o s t  
t 

9 



0 "  

. of t h e  differences i n  damage betugen adaercbic and aercb ic  

s a s p l e s  l ~ s t e d  i n  Tables 5 ane 6 .  I n  t h e  /prssence o f  

formate t h e  damage t c  permeability i s  l a s s  in-aegcbii than 

il? anaerobic kuffer kacnnse -- t h e  r e p l a c e m e n t  o f c e -  b y  02- 

r l l o v s  t h e  R a k e r - R ~ i s s  reac t i cn  ,to take place, resu l t ing  i n  
- - - - - - - - - - - 

' a decrease i n  damage ~ i n c e  t h e *  . O H  pqoduce& i s  scavenged by %+8 a 

formate. P o r t h e r ~ o r ~ ,  g(mb) of 02- is 0.7.foI$ that of e- 
0 

+ .& decrease  i n  damage bnL, obviously a n l y  t c  a - a m o r  e x t e n t ,  
* 

-r 

Hcwever, i n  t h e  case cf damage t o  G3PDA, since I! (enz) of 02- -C 

% 
* I  

Is g r e a t e r  than thzt of  e-, this 2s a t  l e a s t  a  p a r t i a l  c a u s e  
* 

~ - 

f 
aerobic buffer t h a n  ic anaerobic buffer i n - t h e  a h - n c e  of 

scavengers, both because- of t h e  occurrence of t . 8 ~  , .  
' - 7 

,Haber-Weiss reacgim and the reaoval of t h e  res tra int  on the 
(i 

, -  

cooperative' i ~ t e r a c t i o n  b e t w e n  8202 and .OH. - - .  , 
4 

p .f 

Tke e f i a e t  of any j fnrtkr increase -in thee concentrazion of 
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that .OH i s  the mcst d e s t r u c t i v e  @lic%l prodocGa d u r i n g  
- 

i r r a d i a t i o n ,  f o r m a t e  o f f e r s  t h e  g r e a t e s t  p r o t e c t i o n  ' t o  t h e  - I S  

the &rradCated  s y s i e r s .  c a t l a l a s e  and  d i s m u t a s e ,  t h o u g h  less f 
- e f f e c t L v e  t h % n  PQrnete, p r o t e c t ,  by p v e n t i n g  the 

> Habar-Wef ss (or stme s i r i b a r )  r e a c t i o n .  The r e l a t i v e  
. > 

,- e i * S r ~ - o . ~ ~ a - s e -  depend-s-bn 
f 

relative s a s c e p t i b L 1 i t p  of the s y s t e m  tc 02- a n d  H202. I n  
; 
i 

I 
f 
f 

oar casg, c a t a l a s e  p r o t e c t e d  meakra es to  a  g r e a t e r  extent 2 
I 

- - 
- - -- -- - - - - - - - - - - - - - - - - -- 1 

t h a n  d i s m n t a s e ,  w h i l e  d i s m n t a s e  o f f e r e d  g r e a t e r  ~ r o t e c t i o n  B 
F 4 

L 50 6 3 P D H  (a SH-enzyme) t h a n  c a t a l a s e .  In c o m p a r i s c n  wi th  4 

f o r m a t e ,  n i t r o g e n  is  n c t  a s  p r o t e c t i v e  a s  c o m m c n ~ y  b e l i e v e d .  

It is shown i n  T a b l e s  1 a n d  2 t h a t  1 2  i s  less p r c t e c t i v e  d 
f 

thtn f o r m a t e  . i n  a e r c t i c  media.  Also ,  c c r b i n a t i o n a  of 
f 
t 

- -  - - 
I 

- - scauenger-=do no ~ a 1 - ~ y ~ r c ~ i 4 e ~ r e p ~ o t s c ~ i ~ b ~ - - - - - - - - - ~  
t T 

* s i n g l e  s c a v e n g e r  a s  e v i d e n c e d  b y  t h e  d i c c u s s i c n  in s e c t i o n  g I( 

4 .2 .  Pormate d o e s  ~ l c t  p r o v i d e  a d d i t i o n a l  p r o t e c t i o n  to  

p e r m s a b f l l t y  u n d e r  a n a e r o b i c  c o n d i t i o n s .  I n  t h e  c a s e  cf 

damage tc p e r m e a b i l i t y ,  f a r m a t e  a b o l i s h e s  the s y n e r g i s t i c  

effects  be twesn  .OH and  H202 a s  well a s  p r e v e n t i n g  the 1 
damage doe t o  .OH. Cn t h e  o t h e r  hpnd,  any d e c r e a s e  i n  

c c n c e n t r a t i o n  o f  o x i d i z i n q  r a d i c a l s  a t t e n u a t e s  t h e i r  
3 

m a d e r a t i n c f e f f e c t  on r e d n c i n g  r a d i c a l s  which are r e l a t i v e l y  I 



The r e s n l ? a n t  damage t c  aeabranes t h u s  repressnta a balance a i 

bat wee^ these oppcsing effects so t h a t  fo r sa t e  may prevent 
- 

or enhance damage, However, in t h e  case of enzyr ic  
d 

f n a c t l v a t i o n ,  the l a t t e r  ef f ~ c t  is i n s i g n i f i c a n t  because 

Rfenz )  of reducing r a d i p l s  is re1at ive l .y  small in 

always protective towards G3PDH. 



- 
b 

- a- * J 

a .  

T B B L E  I .  EPPECPS OF SCAVENGERS CN-THE YULDS OF JNCIVIDOAL 
FREE R A E I C A L S  A H D  08  T E E  RATES OF Il?fZRE.BSE IIPERIIEABIIITP. 

3 
* ; 

The y i e l d s  cf f ree  r ~ d i c a l s  are gFvea i n  aa1ec&les or ions - * 

per 106 e v .  o f  r a d i a t i o n . '  The r a t e s '  o f  i n c r e a s e  o f -  

permeabilbtp.  were c a l c u i a t e d  from t h e  s l o p e s  bf  lat to g i v e n  - 
I) I - - 

% - ~ % q - s t t o 6 . * f  a t  G s w e k - ~ x ~ r ~ s S i i - a s - t  Ii'iFu---- - ,, 

l o g a r i t h m  cf percentage 6f g h o s t s  r e m a i n i n g  i n t a c t ,  a f t e r  

, 

phosphate  t u f F e r  pfi 7 . 4  r e n d e r e d  i s o t o n i c ,  by thcl a d d i t i o n  of 

' ' ~ a c 1  to 300 m o s M . , - t o ~ ~ e r a t u r e  25  d e g  C, c o n c s n t r a t i c n  of 

g h o s t s "  OQv/v, dose r a t e  of g a m m a - l r r a d i a c i o n  " 0 . 5  k ~ a d / m i n .  

I r r a d i a t i a n  was c a r r i e d  o u t  i n  buffer s o ~ u t i o n s  satnrazed by 

atmospheric  air unless 3xygen or n i t r o g e n  is s p e c i ' f i e d .  . 

1 0 m M  i n  t h e  b u f f e r  s d u t i e n s .  j ~ r g a n i c  r a d i c a l s t  means - 
t h o s e  formed i n  t h e  membranes d u e  t o  d i r e c t  i n t e r a c t i o n  of  

mankrane c c m p c n e n t s  with r a d i a t i o n .  The s l o p e s  *and their 

s + a n d a r d  errors were. o k t a i n e d  by regression a n a l y s i s  (seo 

Methods) T h e  standard errors cf most  o f  '-the s l c ~ e s  are 
i 

less t h a n  ;/-30%. The standard error o f  G values a r e  cf the 

o r d e r  of Y5 f ~ r a g a n i c ,  Benadovic and Draganic  1969). 



TABLE 1 .  
- 

irj 

EFFECTS OF SCAVEHGERS- 08 TRE YIELDS OF XNDIVTDUAL 
FREE FADICBLS A H D  OR TEE RATES OF THCEEBSE IB 'PERHEEEILITPm 

f oraate 0.6  6 . 2  1.70+/-0.53 t 2  

"formate, 3.7 3.50+/-1.6 
f i s ~ u t a s e  . 

- - - - * --I~-c&-LY-yfIyyC-h~-- 
- ---- U-- 

forsate ,  6 . 2  - 3.33+/-1 ,07 
ca t  alase ----------------------------------------------.------------- 
02, c a t a l a s e  ' farga;hic r ad i ca l s )  - 4.17+/-1.24 
d L s a ~ t a s ~ - -  - - - -  -- -- - - -- -- - - -  - - 

formate t 

------------------------------------------------ ---.*------- 



P 

T A B L E  2 .  EPFECTS OF SCaVEHGEFS OH RATES OF I I l C l I V A T I O N  OF 
r 

HEMBRAHE-SCORD G3PDB.  The yields of free r a d i c a l s  are g i v e n  

in m o l e c u l ~ s  cr l c n s  per  100 ev, of r a d i a t i o n .  ~he'-ra$p,s 
3 

of damage t o  a c t i v i t y  cf G3PDB were c a l c u l q t e d '  from the 
- - - - - - - - - 

s l cp es  of € 1 ~ 5 ~  g i v e n  i n  Figures 7 to 6 .  The rates were 

expressed in logarithm of percentage of s c t i v i t y  remain ing  

after  - each  hour of i r r ~ d i a t i o p .  - ' ~ o n d i t i o n s  - - - - - wore - - a s  - ! 
described i n '  Table  1 ,  slcpes and  their standard e r r o r s  weke 

o b t a i n e d  by r sgres s im a n a l y s i s  (see UCthods).  The standard 
7. 

errors  c f  most o f  t h e  slopes a r e  less than  + / - 2 0 5 ,  





TABLE 3. SUERARY,OF EFFECTS OF INTERACTIONS BETREEB FREE 

RADICALS C1 THE RATES OF IICREASE O F  PERHEABILITY. R a t e s  

from Table 1 are listed i n  co lumns  2. V a l u e s  i n  column 3 
Z e 

2re c a l c u l a t e d  by summing tho p r o d u c t s  o f  R(mb) and  G' of r, 

e a c h  k i n d  cf free radicals in- t h e  mixture. R r e ~ r e s e n t s  t h e  
- - - - - ---A- A a - A - - L - - i 

rz?e of damags p e r  m c l n c u l e  or  i o n  o f  free r a d i c a l  and  G ,is 
I 

1 
I 

t h e  r a d i c a l  y i e l d  i n  m o l e c u l e s  o r  i o n  p e r  100 ev.  of 
- i 

i 
&er- I?nmb_ers fn c d a m n 4  a re  obtained b y  d i v i a i n g  - -A 

number s  o f  c o l u m  2 by t h o s e  o f  column 3. c o n d i t i o n s  were . - 1 % 

1 
a s  d e s c r i b e d  i n  T a b l e  1 .  The r a t e s  in co lumns  2 a n d  3 wer% 

compared  by S t u d e n t 1  s t test f o r  equality. The test showed 
3 

t h a t  the r a t i o s  w i t h  (*) (i. 3. buffers c o n t a i n i n g  formaf  - e, 4 1 

o r  dismut c e ,  or no s c a v e n g e r s )  a r e  different f r c m  u n i t y  at F 1 1 

s i g n i f i c a n t l y  d i f f e r e n t  f rom u n i t y  w i t h i n  t h e  same 

c o n f i d e n c e  limits. !The r e l a t i v e l y  l a r g e  s t a n d a r d  e r r o r s  f o r  

t h e  r a t i o  r e s u l t  i n e v i t 3 b l y  f rom the summat ion  o f  t h e  

r e l a t i v e  errcrs o f  the CIvo v a l u e s  f rom which the rafio was 

d e r i v e d .  
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S U H B A R Y  OF EFFECTS OF IFJTERBCTIOIS B E T U E E I  FREEL 
t 

- 
F I I D I C ~ \ ~ S  CB T R E  R A T E S  OF I A C R E A S E  OF P E R H E A B I L I T Y .  
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1 
T A B L E  4 .  EFFECTS XF TBTERACTIOIIS BETWEER FREE B ~ D I C A L S  OH 

THE RBTES OF C A B A G E  TC f l E f l E R A R E - B O U N D  G3PDH. Bates from 
r 

4 
T a b l e  2 are listed A n  column 2 . lumbers i n  colamn 3 are 

c a l c u l a t e d  by suaming t h e  p r o d u c t s  of ~ ( n b )  and G of zach 

k - h d  cf free r a d i c a l s  in  t h e  mixture. B r e p r e s e n t s  the rate 
- - -- - 

of  damage p e r  molecule or i o n  of frec r a d i c a l  and G i s  t h e  
* 

r a d i c a l  y i e l d  ic s o l e c n l e s  or t o n  per 100 ev. o f  e n e r g r .  

~ a l u e s  i n  column 4 a r e - o b t a i n e d  by d i v i d i n g  values i n  c q l n n n  - 
- - - - - -- -ppp --- - 

-pp-pp-p 

2 by those cf c o l n m  3 .  Cond/ctions were a s  d e s c r i b e d  i n  

i 
k 

r 
T a b l e  1 .  T ~ s  r a t e s  were compared a s  i n  T a b l e  3. Elt the 3 5 %  

i 3 

- 

c o n f i d e n c e  l s v ~ l ,  t h ~  ratios w i t h  (*) are s i g n i f i c a n t l y  
- I . i 

3 

different from 1 while t h e  rhaaining two a r e  n o t  
/ 

s i g n i f i c a n t l y  d i f f e r e n t  fxoa u n i t y .  
I 

3 



ZABLE 4 ,  SUMMARY O f  TEE EFFECTS OF INTERACTIOBS BETBEEH 

TSEE RADICALS OH THE BBTES OF IIZLCTIV1TIOFI OF B E B E B 1 B E - B O U R D  

irradiation x lo*-3 hour-1 



TABL? 5 .  - FBE EFPECT.S OF OXPGEB'O~ THE RATES RATES-OF 

IRC'REIIS'E IN PEBEEABIITTY~ OF GHOSTS. ?  PO^ noriliapar $ l o t s  the . 
initisk and f i n a l  rates are g i v e n  with the final-rhtes 

i m m e d i a t e l y  below the i n i t i a l  s a t e s .  U n f o r - t u n a t e l y  ,- 'no data 
were o b t a i n e d  for catalase i n  ansaerob$c'  b u f f e r  f c r  bot'h . 

* - perare7itZT%tp land enzymla ~namvati'on.-"-The initial rates  in 
% 

+ &  air-saturated and oxygsnated buffers were a n a l y s e d  by 

AHCOVILI t o  ' t e s t .  for e q u a l i t y .  ,&t,.F. h e  35% c o n f i d e n c e  l e v e l ,  
- - - - -- - - - -- - - -- -- - -- -- 

5'. was f o u n d  t h a t  the ratios with (*) are s i g a i f i c a n t l y  

d i f f e r e n t  frsm 1 .  



/ - 
TZlBLE 5 ,  iTBS OF OXPGEE CR THE BBTES PIITEq OF z - 

3 

' 1  

7. "-4 * 

, INCREASE IR OF GH&TS . . 

. . 
sca-irengers rates gf increase o f  c o ~ ~ a k i s o n  ,of r a t e s  - 

p s m e a b i l i t p  x lo+-3  prssent J -4 

d u r i n g  under the s p e c i f i e d  A 

irradiatfcrm a+auspheros in irradiat ion 
+ - < 

i - 

a l r  

- F3,50 2,5*/~?.6 ?.9+/-5.5 
L 

f f f n a l f  (fiqsf) ' (final) I 

5.Q 47.50 
( T ~ f t i a l )  ( I n i t i a l )  

1 5 . 3 2  1577 
(final) (final) . 

39+/-32 * + 

( f i n a l )  
1 
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TBBLE 6. ' TEE E%HB%CEUFNT BY OXYGEN OB THE A B A E R C E I C  BBD 

? &EBOBIC EgTES OF I H A C T I V A T I O I  OF HEHBRANE-BOUED G 3 P D H .  ' 

A r a l y s i s  of data is, d i s c u s s e d  I n  l e g e n d  of ~ a b l k  5 ,  A t  35% 

c o n f i d e n c e  level, it was found that the r a t i o s  of initial * 

r a t e s  in a i r - s a t n r s t e d  and oxygenated b u f f e r s  were similar 
.L 



-- -- 
T A B ~ ~  6. THE ZFFECTS OF O X Y G E N  ON THE RBTES OF I N A C T I V R T I O B  
OF REHBRAIE-BCUND G3PDB. 

-. 
A 2  air 02 air 

- ----. ~~ - ~ - 

P 
.. / 

82 

02 
----- 

air 

------------------------------..---------------------------- 
formate  6.40 1 9 . 2 4  34,3 3.0+/-1.8 5.4+/-3,3 I.%+/-0.9 

- w + $ a & p  +&&%A?A+- A *ia-L) 

81.30 13.0+/-6.8 4.2+/-1.8 
f f i n a l )  ( f i n a l )  - ( f i n a l )  

r, e 

no 55.5 8tr.28 119.5 1.5+/-4.3 2.2+/-0.6 1.4+/-0.3 
. ( i n i t i a l )  . 6 5 n i t i a l )  ( i n i t i a l )  



F I G U R E  1. EFFECTS OP HIXTURES OF . O R I  A 2 D 2 - - A N D  C2- OW THE 

, JEPflEABILITY OF RESEALZD ERYTHROCYTE GHOSTS. ~ o g a r i t h m  o f  

9 
p e r c e n t a g e  of g h o s t s  r e m a i n i n g  i n t a c t  a f t e r  e ach  hcuz cf 

i r r a d i a t i o n  i s  p l c t t e d  a s  a  f u n c t i o n  of t F m ~  i n  h o u r .  

C o n d i t i o n s  were: 0.01 I•÷. p h o s p h a t e '  b u f f e r  pH 7.4 r e n d e r e d  
-- LpL -- - -- -A 

i s o t o n i c  b y  t h e  a d d i t i o n  o f  ~ a ~ l  +o 3 0 0  mosn., t e m p e r a t u r e  

25  deg C, c o n c e n t r a t i o n  of  g h o s t s  IO%v/v, d o s e  r a t e  of 
9 

g a m m a - i r r a d l a t i ~ n  0.5 k rad /min .  I r r a d i a t i o n  was c a r r i e d  o u t  
f - - 

ir! b u f f e r  s o l n t i c n s  s a t u r a t e d  b y  a t m o s p h e r i c  a i r  unless 

o x y g e n  o r  n l t r o g e r  i s  s p e c i f i e d ,  C a t a l a s e ,  s u p e r o x i d e  
e - 

i d i s m u t a s e  o r  f o r s a t e  when p r s s e n t  were a t  f i n a l  

c o n c e n t r a t i o n s  o f  50 n n ~ t s / m l ,  20.4 u n i t s / a l ,  . a n d  lOmH i n  

t h e  b u f f e r  s o l u t i c n s .  The s lopes  a n d  ' t h e l r  s t a n d a r d  e r r o r s  

were 0 b t a i n e a - b ~  t = g r = s s i o n - = ~ l ~ i s p & ~  aescr-ibea - - p - p p p -  -ppp- - -pp  

ir t h e  Methods .  

S y m b o l s  

O r g a n i c  r a d i c a l s  + 02 



F I G U R E  1 .  JPFECTS O F  M I X T U R E S  OF . O H ,  H 2 0 2  AND C 2 -  O N  THE 

PEP.PlEABILITY OF E E S E A L E D  ERPTHR.OCYTE G H O S T S .  

T I M E  (HOURS) 



t 
FIGURE 2 .  EFFECTS OF H I X T U R E S  OF . OH, 8202 AND C 2 -  ON THE 3 

ACTIVITY OF HEMBRARE-BCUND G 3 P D H  OF RESEBLED ERYIHROCYTE 

G H O S T S ,  Lcgarithm of percentage of a c t i v i t y  of C 3 P D H  

r e h a i n i n s  a f t e r  each h o u r  cf irradiation i s  p lo t t ed  a s  a 

I n  hour.  c o n d i t i o n s  were a s  described 5n f u n c t i o n  of  

Figure 1; 

time 

Symbols  

O r q a n i c  r a d i c a l s  + 02 



F I G U R Z  2 .  EFFECTS OF Y I X T U R E S  OF .OH, A202 AND C 2 -  ON TiiE 

A C T I V I T Y  OF H E U B R A N E - B C U N D  G3PDH OF R E S E A L E D  ERYTH3OCYTE 

- - - -  

T I H E  [HOURS) 



FIGURE 3. EFFECTS OF BIX'IURES OF O X I D I Z I N G  FREE R A D I C I L S :  
rr 

.OR AID H202 ARC REDUCIRG FREE RADICALS: e-, .H AID CC2- OM 

THE PERIEAEIIITY OF EESEALED ERYTHROCYTE GHOSTS. Logarithm 

of percentage  of ghcsts.remaining i n t a c t  after each hear of 

S r r a d i a t z o n  4s p l c t t e d  as a function of time 
- - - - 

c o ~ d i t f  ons were as WCPl'b~X-,.fr P?qure 1 .  

in hour. 



FIGUBE 3 .  EFFECTS OF XIXTURZS OF O X I D I Z I N G  FREE RADICALS:  

.CH AND H202 AND EEDUCING F 2 E E  R A D I C A L S :  e-, .H AND C 0 2 -  ON 

THE P E E H E A B I L I T Y  OF RESEALED ERYIHROCYTE G ~ O S T S .  



.OH BUD H202 AND REDUCIHG FFEE RADICALS: e-, .H AND C 0 2 -  ON 

THE B C T I V I T Y  OF HERBFABE-BOUND G3PDH OF RESEALED EFYTHROCYTE 
- 

GHOSTS.  L o g a r i t h m  of ~ e r c e n t a g e  of a c t i v i t y  cf G 3 P D H  

remain ing  a f t e r  each hour of i r r a d i a t i o n  is p l o t t e d  a s  a 

Symbols 



FIGURE 4 .  E F F E C T S  O F  3IXTURES OF O X I D I Z I N G  P E E E  R A D I C A L S :  + 

. O H  A N D  H202 A N D  R E D U C I N G  FREE RADICRLS: e-, . .H AND C 0 2 -  O N  

THE ACTIVITY OF tlEH@E?ANE-BOUND G3PDH O P  R E S E A L E D  EEYTHROCYTE 

G H O S T S .  



FIGURE 5 .  EFFECTS O F  O X Y G E N  ON THE DAHAGE BY . O H ,  H2C2, 02- 

AND HIXTUFES OF THESE R A D I C A L S  O N  THE PERMEABILITY OF 

RESEALED ERYTHROCYTE GHOSTS. Logarithm of p e r c e n t a g e  cf 

q h o s t s  r ema in ing  intact af ter  each hour  of i r r a d i a t i o n  is 

p l o t t e d  as  a f unc ' i on  cf ti&e in hour. c o n d i t i o n s  were a s  
A - - - A - LL - - - -- - f + 

3 e s c r i b e d  In  Figure 1 .  f 



F I G U R E  5. EFFECTS OF OXYGEN ON THE D A f l A G E  FjY .OH, 

A N D  Y G T U R E S  OP THESE- RADICALS ON" THE P E R M E A B I L I T Y  OF 
d 

EESEALED ERYTHROCYTE GHOSTS. 



EPPECTS'OP O X Y G E B  01 THE DhMlGE BY .0@, 82&, 02- 

A H D  ffIXTUPl!S OF T ~ E S E  RADICBLS CN THE BCTIVITY'OF 

B E B E R ~ ~ E - B O U N D  G ~ P D E .  i a g & i t  ha  0-f percentage c i  a c t i r i t  y 
- 

I * 
cf mewkraas-bound G3PDH remaining a f t e r  each hour cf 

i r r a d i a t i o n .  is p l s t L ~ d  a s  a fnnctioncof *time i n  h o u r .  
* P 

Condit ions ware a s  described in -Piqu.ore 1 
- -F s 

- - - 7  3 
w I 



F I G U R E  6 .  EFFECTS OF 3 X Y G E H  OH TdE DA5AGE BY .OH, B2C2, 0 2 -  

BND HIXTURES OF THESE R A D I C A L S  O H  THE ACTIVITY OF 
4- 

HE!iBRANE-EOURD G 3 P D H .  4 

I 
1 

D 

r.00 
I 

1.00 2: 00 3.00 / U.OO 
1 
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1 
TEis ' h e s J ~  w2s d i v i d e ?  l n t o  fon; major. s e c t i o n s .  In 

s~c:ior, 3 ,  5': was shcw t h a t  oxygsn may o i t h s r  enhance  o r  . - ] 
3-ecre3se ? y e  damage caused  by free r a d i c a l s .  d e p e n d i n g  on 1 

- - - - - - 
- -- 

i 

the n a t n l q  of  'be s p s t e ~ .  In sectLon 2 ,  we found t h a t  

' B C V C I T % ~ ~ S S ' S ,  th5 ~ t h e z  r a d i c a l s ,  though  d i f @ r t  i n  r e d o x  

p3+sn?Fa ls  and r e a c t i v i t 5 3 s ,  were n o t  s i g n i f  i c a n t l p  

' 84 
con?= ibor rb  TO. the S r e a k d ~ r n  of t h e  me.kranegs p e r m e a b i l i t y  

barrFer. bahaga -c G ? P D H  was aiecst s x c l u s i v ~ l y  caused by 

t h e  oxLidi2iqg z a 3 i c a l s ,  .GH, 02- and H202 and t h e  extent of I 
dzaage ~ a 2 j a d  accard igq  tc the r e d n c t i c n  p o t e n t i a l s  of t h e s e  

3 



were o b s e r v e d  : (i) H a b e r - R e i s s  l i k e  r e a c t i o n s  be t w e e n  02- 

aad R202, (ii) synergistic i n t e r a c t i o n s  b e t w e e n  H202 a n d  

. OB, a n d  (lii) a n t a g o n i s t i c  in t ' e rac  t i g n s  b e t  ween t h e  

c x l d l z i n q  a n d  r e d u c i n g  r a d i c a l s .  Hence f r e e  r a d i c a l  

s c a v e n g e r s  mzy b e  p r o t e c t i v e  o r  d e s t r u c t i v e  d o p e n d i n g  on 
- - - - - a- - - - - -- - 

t h e i r  effect on t h e s e  i c t e r a c t i o n s .  Formate was most  

p r c t e c t i v 5  hocause i t  removed  t h e  m o s t  d e s t r u c t i v e  . O H ,  

w h l l e  c a t a l a s 2  a n d  d i s m n t a s e  p r o t e c t e d  t h e  membranes  b y  

p roh ib :  ting the E a b e r -  Beiss l i k e -  r e a c t i o n s .  

From t h e s e  c o m b i n e d  r e s u l t s ,  it c a n  b e  c o n c l u d e d  t h a t  when " 

o x y g e n  e n h a n c e s  damage ,  i t  does s o  b y  m o d i f y i n g  the i n i t i a l  

dzmage a i f l i c t e d  by free r a . d i c a l s ,  i n d e p e n d e n t  o f  the n a t u r e  

o f  the r a a l c a l s  a r d  a l s o  by  c o n v e r t - i n q  r e d u c i n g r a d t c a l s  Lo -- - - -- -* 
- 

f% 
0 2 - ,  thus a l l o w i n g  H a b c r - U e i s s  l i k e  r e a c t i o n s  t o  t a k e  p l a c e .  
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APPENDICES 4 

Appendix  1 

PREPARATION OF RESEALED H U M A N  ERYTHR0CYT.E GHOSTS 4 
- - A A- 

I t 
2 

- -r a 
-150 m l  of b l o o d  was c e r t r i f u g e d  i n  s i x  4Oml c e n t r i f u g e  1 

-i 
i t u b e s .  Tho se rum and  b u f f y  coa t  wore a s p i r e d  o f f  a n d  45 m l  ; 
i 

o f  s p i n n e d  b l o o d  was t h e n  t r a n s f e r r e d  t o  a 250  m l  c e n t r i f u g e  3 
i 

b o t t l e  c o n t a i n i n g  2 0 0  m l  9 f  i s o t o n i c  b u f f e r  (5mM s c d i u m  4 
1 

p h o s p h a t e  made i s o t o n i c  with 155mH NaC1 ,  pH 7.4)  . It was - 

twice i n  this way. 

1 .2 .  H e m o l y s i s . o f  r e d  blo6d cells 

s u p e r n a t a n t  was d e c a n t e d .  - The r e d  b l o o d  c e l l s  were washed ; 
r 
4 

1 
1 

d 
1 

3 + 
r' 
3 
i 
d 

Wzshed b l o o d  was addnd  t o  1 ,  lr l i t r e s  o f h y p o t o n i c  b u f f e r  a t  ! 
i 1 

4 d e g  - C (-U) mLsodiuaa phosoha'-.n,Q,BI~rr*~Und4rEngC1:2-,~- I 

i 
ph 7 . 4 )  i n  a 2 l i t res  k e a k e r ,  s t i r r e d  g s n t l y  f o r  1 0  min. - -- 

i 
f 

a n d  c e n t r i f u g e d  a t  12 ,000  rpm f o r  15 min. 
i" 
4 

- 



1.3.  R e s e a l i n g  

T h e  membranes  o b t a i n e d  f r o m  h e ~ o l y s e d  b l o o d  c e l l s  were. ( 
r t n s e d  i n t o  a 2 litres b e a k e r  w i t h  1 . 4  l i t res  o f  3 7  d e g  C 

- - - - - - -- I- 

i s o t o n i c  b u f f e r  and i n c u b a t e d  f o r  60  min. The r e s u l t i n g  \:, 

r e s e a l e d  q h o s t s  were t h e n  c e n t r i f u g e d  a t  16,000 rpm f o r  . \ 

t0- 75 min .  I n  2 5 G  m l  b o t t k e s .  The  s p i n n e d  t tmn  membranes  -- -- 

were c o l l e c t e d  i n  a 40 m 1  c e n t r i f u g e  t u b e  a n d  c o n t r i f u g o d  i n  . 

i s o t o ~ i c  b u f f o r .  This served a s  t h e  last wash. T h i s  would 

n o r m a l l y  y i e l d  a  maximum o f  16 m l  p a c k e d  membranes. 

b u f f e r  i n  a  4 0  m l  g l a s s  t u b e .  This w c u l d  m a k ~  40 m l  o f  ;, 

. -- 10lv/v membrane s u s p e n s i o n  f o r  i r r a d i a t i o n ,  



Xanthinc  o x i d a s s  i n  t u f f e r  sufficient t o  cause a  r a t e  of j 
- - - - - -- - - - - - - -- - - - -- -- - - -- - - 

reduction of c y t o c h r c n ~  C at 550 nm of 0.025 A/efn. 3 
> 
i 

0 

Method i 
i 

I 
$ 

The saethod of assay depends on t h ~  a b i l i t y  of s n ~ e r o x i d e  
d a 

d i s m n t a s e  tc compEte wi+h ferr icytochrome C f o r .  C 2 -  

generated by a e r o b i c  x a n t h i n e  oxidase s y s t e m ,  t h u s  



0,% EL rrantbine ~xit l 'scse  - - 

1 
. 

-7 
I 

~ c c o r d  t h o  i nc rease  i n  a b s o r b a n c s  a t  550  nm for  3 min a t  25 
" I 

b 

deg -C. R e p e a t  -wi"_h d i f f e r e n t  d i l u t i o n s  of x a n t h i r k  o x i d a s o  

u n t i l  a. r a t e  of 0,02 5 A/mFn Ls obtained. Then- r e p a t  the 

' assay usicg 0 . 1  m l  o f  t h i s  d i l u t i o n  of x a n t h i n e  o x i d a s e ,  2 . 6  
*I 

- -  - - - - -- -- -- - -- - -- - - -- - . ZP m l  b u f f e r  and 0 . 1  l r t l  cf d i f f e r e n t  d i l u t i c n s  o f  s u p e r o x i d e  

d i s a u t a s e  u n t i l  a rate of 0 . 0 1 2 5  A/min i s , o b t a i n e d .  Start 

the r e a c t l c n  by a d d i n g  x a n t h i n o  o x i & s e , l a s t .  

- 
The a c t i v L t y  o f  s o p y a x i d t  d i s m o t a s r  (SOD), is  calculated by: 



ppendix 3 i 

ASSAY OF CBTALASE 

s; 
0 . 0 5  U potassium phosphate b u f f e r ,  pH 7<.O 

so that absorbance 3t 240 nm is 0.5-0.55. 3 
c a t a l a s e ,  5- 10 ug /n l  i n  b n f f e r .  

Procedure 

Record the rate of decrease of absorbance  at 240 ns against 

b n f f e r  and use t h e  l i n e a r  p o r t i o n  of 'the r e a c t i o n  f o r  t h e  

- -- =a- - -- - -2 ---- - - 

\- 



follows, 

rate of decrease 

The molar ccef f i c i e n t  f o r -  8202  is 0.043 



EFFECTS OF T R I T O I  X -  100 AND DITHIOTHREITOL O N  THE 

DEHY CROGEB AS E. 

50 ensure complete accessibility of LG3PDH in t h e  assessment-  

cf t o t a l  s n z y ~ i c  activity of the ghost s u s p e n s i o n  i n  our  

experiments. I: h a s  been known t h a t  i t  a f fec t s  t h e  a c t i v i t y  

of G3PDH. T h e r e f o r e  i'. is necessary f o r  u s  to d e t e r m i n e  t h e  

opt imal  c o n c e n t r z t i o n  cf T r i t o n  X-100 t h a t  would c a u s e  t h e  
- - - -  - -- - - - - - - - - - - - -- - - - - - -- - - - 

l e a s t  i n h i b i t i o n  cn the enzyme and yet s u f f i c i e n t  to 

s c l n b i l i s e  a l l  o f  the ghosts i n  t h e  s u s p e n s i o n ,  

fl 

7 
It is ccnaonly observed in a s s a y  cf t i s s u e  G3PDH t h a t  t h e  

a c t i v i t y  of t h e  enzyte i s  o f t e n  l o s t  due  t o  oxidat ion of its 
4 

enz jirc SH groups ( T j i c e  q ~ a o g a a r d  1972) . Cysteine-HC1 
i 

i s  ccmtorlp used  to restore the a c t i v i t y  (Cori ,  Sle in  and 



agent f o r  SB g r o n F s  b e c a u s e  of i ts low r e d o x  p o t e ~ t i a l  

(-0,33 v .  a t  pH 7 ) .  It is capable o f  a a i n t a i n i n g  

m o n o t h i o l s  c c m p l e t e l ~  i n  t h s  reduced s t a t e  a n d  .of reducing 

d i s n l p h i d e s  q u a n t i t a t i v e l y .  B e s i d e s ,  i t  is  h i g h l y  s o l u b l e  

5n water and h a s  l i t t l e  t e n d e n c y  t o  be o x i d i s o d  t y  a i r ,  
- - - - -  - A A A A -- - -- - - - - - - - LA - - -- -- - 

Therefcre we p re fe r  t o  uss DTT i n  o u r  G 3 P D H  a s s a y .  I n  t h e  

p r e s E n t  study we w i l l  a l s o  e s t a b l i s h  t h e  o p t i m a l  

c o n c e n t r a t i o n  o f  DTT t o  produce t h e  maximum re-s2craticm o f  --- 

enzymic  a c t i v i t y .  



-4 

G l y c e r a l d e h y d e - 3 - p h o s p h a t e  ( G 3 P ) ,  d i t h i o t h r e i t o l '  (DTT) a n d  

a r s e n a t e ,  sodium p y r e p h o s p h a t e ,  s o d i u m  f o r m a t e  a n d  T r i t o n  

X-700 were s u p p l i e d  by Fisher C h e m i c a l s "  Ltd.  
- 

2 . 2 . 1 .  Assay  

t h e  a s s a y  reage?? excEp? G 3 P .  0.1  mI of G3P was added  a n d  

the s o l u t i c n  ms  mixed r a p i d l y .  The r e a c t i o n  was f o I l o w e d  

s p e c t r o p h o t o m ~ t r i c a l ~ ~  a t  340 EE. at 2 5  deg C. .- 
TakFng the a d d i t i o n  of G3P a s  t h e  s t a r t i n g  p o i n t  o f  t h e  

r e a c t i c n ,  - t h e  i n c r e a s e  I n  a b s o r b a n c e  between t h e  f i r s t  a n d  

s e c o n d  m i n u t e  of r e a c t i o n  was t a k e r !  a s  a measure. of enzymic 

a c t i v i t y .  T h i s  i n c r e m e n t  i s  n o t  l i n e a r  with time b u t  is 

l i n e a z  w i t h  r e s p e c t  t o  enzyme c o n c e n t r a t i o n  i n  t h e  r a n q e  

( i n d i c a t e d .  P y r o p h o s p h z t e  is known t o  i n a c t i v a t e  the enzyme 

which c a n  be r e a c t i v a t e d  by-BTT, I 



Assay r e s g e n t s  

i s c t ~ n i c  b u f f e r  pH 7 . 4  
C 

s o d i u m  py r o p h o s p h a t e  3 0  ' ~ i l l i m o l a r ,  a d j u s t e d  
-- - 

- ---- - 

t o  pH 8 .4  w i t h  HC1. 

s o d i u m  a r s e n a t e .  ' 0.4 r a d l a r  

DTT 12 m i l l i m o l a r  

membrane s u s p e n s i o n  10%v/v , 

G3P 20  r n i l l l m o l a r ,  p r e p a r e d  

from b a r i u m  d i e t h y l a c e t a l  
- - - -- - - - - - -  - -  - 

. s a l t  of G3P a c c o r d i n g  t o  t h e  - 

mathod b y  Sigma C h e m i c a l s  'L td ,  

4- 

X-100 a n d  DTT 

D e t l r m i n a t i o n  o f  o p t i m a l  c o n c e n t r a t i o n s  of T r i t o n  

Different c o n c e n t r a t l d n s  of T r i t o n  X-100 were made up  i n  

activity. DTT a t  12 ailllaolar v l s  used. After the o p t B a a l  



x 

2 18 3 
- --- -- 

c o n c s c t r a i i o n  o f  T r i  tor. X-100 w+s d e t e r m i n e d ,  t h i s  $ 
f 
2 

. c o r r c e n t r a t i o n  of Triton X-  100  v o u l d  be u s e d  i n  a s s a y '  c f  1 
i 

G3PDE a c t i v i t y  a? d i f f e r e n t  c o n c e n t r z t i o n s  of DTT w h i c h  was  4 
; 

msde up i n  d i s t i l l e d  w a t e r .  i 

3 .  Results. 

2/ T h e  r 3 L e  o f 1  r e d u c t i c r !  of H A D  c a t a l y s e d  by G 3 P D H  is n o t  - 

l i n e a r  w i t h  t ime  b e c a u s e  ,of i n h i b l t i c n  by p r o d u c t s  of  t h e  

- r r z c t i o n ,  N A D H  a n d  g l y c e r o y l  p , h o s p h a t e  ( F u r f i n e  a n d  V e l i c k  
- 

1965) .  The i n i t i a l  rs'e of  t h e  r e a c t i o n  i s  t h e r e f o r e  

t?e  first a n d  the s e c o n d  m i n u t e .  P i t h * i n  t h i s  r a 9 g e  t h e  rate - 
L 

d 

i s  p r o p o r t i o n a l  tc t h e  c o n c e n t r a t L o n  o f -  enzyme.  T h e  e f f e c t s  

af T r i t o n  X-100 o n  the i n i t i a l  r a t e  k n d  on the r a t g  cf - 

I n h i b i t i c n  by p r o d u c t s  of G3PDH were' shown i n  Figures 1 and 

2 r e s ~ s c t 5 v e l y .  ?he d ~ c r s a s ~  i n  i n i t i a l  r a t e s  of reaction 
- 

a' c o n c e n t r a t i o n s  o f  T r i t o n  X-100 g r e a t e r  t h a n  0 . 2 %  

f ~ e x & z + s & + + s % i - V i ~ + b y  T r i t o n  FEiLicatsd--ish*i t i o n  e --- I 
X-100. A% thlse h i g h  c o e c ~ n t r a t i o = ? s ~ ~ - & l  + h e  ma1acnl_ _ - 

1. 

es of 

G3PDB Ln t h e  g h o s t  s u s p e n s i o n  e re  accessrble t o  e x t e r n a l l y  I 



a d d e d  s n b s + r a ' e s  because t h e  ~ e ~ b r a n e s  would be c o m p l e t s l y  

s o l u b i l i s e d .  T h e  ,wln t i l i sa t ion  cf membranes c o u l d  be 

c o n f i r m e d  v f s u a l l p  a s  the aopearance cf t h e  ghcst s u s ~ e n s i o n ,  

' n r ~ e d  f r o m  tnrb ic?  5c  c l e a r  when 'he nemkranes were 

d F s s u l v e d .  T h e  r a t e  of i n h i b i t i c n  by t h e  p r c d u c t s  c c u l d  b e  

e s t i n e e d  frm Cbz s l f c p  -31% p f o t  in Figurs  1 a t  F a E g o L o f  

0.2% ic 5%. The ra?E w3s 0.05 per minute p e r  u n i t  p e r  ce2+ 

iccrease  I n  c c a c e n t r a t i o n  of  T r i t o c  X- 100. The r a p i d  

ircrease i n  i n i t i a l  ra'es when c o n c e n t r a t i o n  of  T r i t o n  

X-100 u a s  i n c r s a s c d  towards 0.2% was m a i n l y  due t o  t h 3  

i n c r e a s e  i n  a c c e s s i b l ~  enzyme u r i ' s  a s  g r e a t e r  a n c u n t  of 

aeabranes  was d i s s o l v ~ 3 .  I n  t h i ~  range  of c o n c o n t r a t i c n s ,  

t h e  suspension r e m a l ~ ~ d  t u r b i d  i n d i c a t i n g  scnc u n d i s s o l v e 3  

~embraces, The-shape of +be p?&% i n  -Figore -t wbs t h e n  4tt+ -- 

t~ t h e  ef fec+ of two ~ ~ p o s i n g  f a c t o r s :  ( 1 )  decrease i n  

initia1 r a ' _ e s  dus to f n h i b i r i o h  b y  T r i t o n  X-100, and ( 2 )  

eczyme urits. At detergent  c o n c e n t r a t i o n s  greater than 0 .2% 

T r i t o n  X-100, o n l y  the first f a c t o r  would be p r e s e n t .  
=? 



DTT v3s i n c r e a s e d  frca 50 t c  6 0  micraaclar ( F i g u r e  3 ) .  
- -- -- - 

~ a x i n n ~ r ~ ~ c ~ a ~ ~ c n  of  a c t i v i t y  was r e a c h e d  a b o u t  80 

a i c r o ~ o l a r .  Uc s i g n l f i c z n t  i n c r e a s e  was o b s e r v e d  u p  t c  1 

e i l l i a o l a r .  Therefor2 a n y  c o n c e n t r a t i o n  o f  DTT g r e a t e r  t h a n  
- - 

80 m i c r c a o l z r  wonLd ke s u f f i c i e r t  t o  res tore  most of t h e  

e c t i v l t y  of the enzyme. B e s i d e s  r ~ s t c r i n g  t h ~  enzymlc : 
$ 

~ c t i v i t y ,  DTT a l s o  s u p p r e s s e d  t h e  r a t e s  of p r o d u c t  

T I r i h l b i t i o n .  T h i s  vas  show9 by, t h e  change i n  g r a d i e n t s  of 

tho p l o t s  dn+ Fa dif f e r s n t  c o n c e n t r a t i o n s  of DTT i n  F i g u r e  

P c o ~ c  c t r a t i o n s  o f  DTI  fro^ 6 0  t o  100 uM s u p p r e s s e d  t h e  r a t e  

of p r o d u c t  F n h F b i t i o n  by 0 8 % .  By i n c r e a s i n g  t h e  i n i t i a l  

Iccreased the sensitivity of t h e  a s s a y ' d n e  t o  the i n c r e a s e  
1 

i~ t h e  increment of a k s o r b a n c e  between t h e  first- and second  

r a t e  a n d  s u p p r e s s i n g  p r o d u c t  i c h i b i  t i o n ,  DTT 

i 
i 

i 



= 

T r i t o n  was f o u n d  t o  dec rease  t h e  initial r a t e  o f  r e a c t i o n  

b u t  d i d  no+ a f f e c t  tHe produc t  i n h i b i t i o n  of G 3 P D H .    he '. 
- optimal c o n c e n t r a t i o n  o f  T r i t o n  X-100 recommended f o r  the 

- -- - - 
---- - - 

a s s a y  was  0.25%. DTI  n o t  o n l y  r e s t o r e d  t h e  enzymic  activity 

b u t  a l s c  suppressed p r o d u c t  i n h i b i t i o n ,  t h e r e b y  i n c r e a s i n g  

t h e  s e n s i t i v i t y  of ?he assay. 



+ - - - - - - - -- 

F I G U R E  1 .  E F F E C T  OF T R I T P N  ON THE I N I T I A L  R A T E S  OF 

REDUCTION OF NAD CATALYSED B Y  MEMBRANE-BOUND G3PCH. 1 
A b s o r b a n c e  per  m i n u t e  was plotted 

c o n c e n t r a t i o n s  o f -  Triton X-100 in 

- were a s  d e s c r i b e d  i n  t l e t h o d s .  

as a f u n c t i o n  ,cf 1 
! 

V / V .  - The c o n d i t i o n s  f 



F I G U R E  1 .  EFFECT OF T R I T O N  ON THE I N I T I A L  RATES OF 

R E D U C T I O N  OF N A D  CBTAL YSED BY f l E H B R A N E - a O U N D  G 3 P C H .  



F I G U R E  2.. E F F E C T  O F  TFITON ON T H E  RATE O F  P R O D U C T .  " r, 
I N H I B I T I O N  O N  H E M E R A B E - B O U N D  G 3 P D H .  (Amax-B) / t  was p l c t t e d  

a g a i n s t  (Amax-A) f o r  v a r i o u s  concentrations of T r i t o n  X- 100.  

Amzx is  the a t  w h i c h  N A D  i n  t h e  r e a c t i o n  , 

i 
s t x t u r e  was exha&+ted .  d is the absorbance a t  : h e  t .  

ConaitTFons wereaSXescrl3ea I n  Kethods .  -CoTceI!tTations o f  

T r l t o n  X-100 were 0.0896, 0.1%, 0.296, 0 .3% 0,596, 191, 2 5 ,  5%, 

Symbols  



I N H I B I T I O N  ON HEHBRANE-SOUND G3PDH. 
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was plotted a s  a function of c o n c e 3 t r a t i o n s  o f  DTT ' in  

m i c r o s o l a r  . conditicns were a s  d e s c r i b e  ethcds ,  



REDUCTION OF, '' 

CATALPSED BY H E M B R A H E - B O U H D  ~ 3 p e .  

CONCENTRAT I ON OF TR I TON IN %/v 



FIGUPE 4. EFFECT OF DTT ON THE RATE OF PRODUCT I N H I B I T I O N  

ON H E ! l E R B ~ U I D  G 3 P D B .  (Aaax-A)/t was p l c t t e d  against 

[Amzx-8) for  v a r i o u s  c o n c e n t r a t i o n s  of DTT. Amax and A were 
- 

a s l d e f i n e d  i n  pigure 2 .  C o n d i t i o n s  were a s  d e s c r i b e d  in 
i: 

* - Methods. Concent ra t lo9s  o f  DTT were 2 0 ,  30, QO, 5C, 60, 80 
1 
$ 
3 

-- - - - - - a-& toe & x m - m x r .  - -- -PA - A- - - - -+ 
6 a 
Z 
1 



F I G U R E  4 .  EFFECT OF D T T  ON THE R A T E  OF P R O D U C T  I N H I B I T I O N  

' ON BEtlBh A N E - B O U N D  G 3 P D H .  



TABLE 1. EFFECT OF DTT ON THE R A T E  OF PRODUCT IBRIEITICN 

BELIBRARE-BCUND G 3 P D H .  (Amax-8) /t was p l o t t e d  a g a i n s t  

(Bmsx-8) for v a r i o u s  c o n c e n t r a t i o n s  of DTT. Amax is  t h e  

maximum a b s o r b a n c e  a t  which NAD i n  t h e  r e a c t i c n  m i x t u r e  was 

e x h a u s t e d .  A is  t h e  a k s o r b a n c e  a t  t i ~ e  t .  C o n d i t i o n s  were 
A - -a - -- - A - - -- -- - - - -- -- - - - - - - - - - - -- A 

a s  d e s c r i k e d  in H e t h c d s .  The s l o p e s  and their s t a n d a r d  

errors were 

stati-f -3 

o b t a i n e d  by r e g r e s s i o n  a n a l y s i s  u s i n g  t h e  BPL 



TABLE 1 .  EFFECT OF D T T  ON 

HEHERBWE-BOUND G3PDH. * 
, 

OF PRODUCT. I#BIEITION ON 
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