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The o n e - e l e c t r o n  r e d u c t i o n  p r o d u c t  of 1 - m e t h y l - 4 - p h e n y l - 2 , 3 - d i h y d r o p y r i d i n i u m  
ion has  been  g e n e r a t e d  by  pu l se  r a d i o l y s i s  a nd  i t s  a b s o r p t i o n  s p e c t r u m  re_ 
co rded .  This  r ad i ca l  was found  to decay  by  s e c o n d - o r d e r  k i n e t i c s  (2k=9.5x108 
M - i s  -1) to 1 - m e t h y l - 4 - p h e n y l - l , 2 , 3 , 6 - t e t r a h y d r o p y r i d i n e  a nd  1 - m e t h y l - 4 - p h e n y l -  
2 , 3 - d i h y d r o p y r i d i n i u m  ion. React ions  of the  above  rad ica l  spec ies  a nd  t h a t  
formed by  o n e - e l e c t r o n  r e d u c t i o n  of 1 - m e t h y l - 4 - p h e n y l p y r i d i n i u m  ion, which can  
also be g e n e r a t e d  by  o n e - e l e c t r o n  oxida t ion  of 1 - m e t h y l - 4 - p h e n y l - l , 2 - d i h y d r o _  
p y r i d i n e ,  with a n u m b e r  of molecules  of biochemical  i n t e r e s t  have  b e e n  s tud i ed .  
The o n e - e l e c t r o n  r e d u c t i o n  p r o d u c t  of oxidised n ico t inamide  a d e n i n e  d i n u c l e o t i d e  
e f f i c i en t l y  r e d u c e d  1 - m e t h y l - 4 - p h e n y l - 2 , 3 - d i h y d r o p y r i d i n i u m  ion (k=2.2x10 s 
M - i s - l } .  The r e l e v a n c e  of t he se  r e s u l t s  in  r e l a t i on  to redox cyc l ing ,  a poss ib le  
mechanism for  1 - m e t h y l - 4 - p h e n y l - l , 2 , 3 , 6 - t e t r a h y d r o p y r i d i n e  n e u r o t o x i c i t y ,  is 
discussed. © 1989 Academlc Press, Inc. 

INTRODUCTION. I t  is e s t a b l i s h e d  t h a t  1 - m e t h y l - 4 - p h e n y l - l , 2 , 3 , 6 - t e t r a h y d r o _  

p y r i d i n e  (MPTP(H3}) c a u s e s  P a r k i n s o n ' s  d i s ease  in  h u m a n s  a nd  some animals  

(1-5). I t  is a ccep t ed  t h a t  the  c o n v e r s i o n  of MPTP(H 3} to 1 - m e t h y l - 4 - p h e n y l p y _  

r i d i n i u m  ion (MPP +} v ia  1 - m e t h y l - 4 - p h e n y l - 2 , 3 - d i h y d r o p y r i d i n i u m  ion (MPDP(H2} +) 

i n i t i a t ed  by  the  enzyme  monoamine oxidase,  is of p ivo ta l  impor t ance  for  the  

neu ro tox i c  effect .  A scheme for  the  m e t a l - c a t a l y s e d  c o n v e r s i o n  of MPTP(H 3} to 

MPP + i n v o l v e s  the  c o n v e r s i o n  of MPTP(H 3} to MPDP(H2} + via  two s e p a r a t e  one - _  

e l e c t r o n  ( l - e )  ox ida t ion  s t e p s  and  s u b s e q u e n t  f u r t h e r  oxida t ion  v ia  MPP' to 

MPP + {6). We d e s c r i b e d  (7} the  u se  of p u l s e d  r a d i a t i o n  t e c h n i q u e s  to g e n e r a t e  

+Par t  I of th i s  s e r i e s  is Biochem. Biophys .  Res. Comms., (1987), 144, 957-964. 

A b b r e v i a t i o n s ;  DA, dopamine; DASQ, dopamine semiquinone ;  DAQ, dopamine qu inone ;  
, extinction coefficient; GSH, reduced glutathione; GSSG, oxidised gluta- 

thione; ifp, laser flash photolysis; MPTP(H3), l-methyl-4-phenyl-l,2,3,6- 
tetrahydropyridine; MPDP(H2) +, l-methyl-4-phenyl-2,3-dihydropyridinium ion; 
MPDP(H), l-methyl-4-phenyl-l,2-dihydropyridine; MPP +, l-methyl-4-phenyl- 
pyridinium ion; NAD +, oxidised nicotinamide adenine dinucleotide; pQ2+, 
paraquat; pr, pulse radiolysis; l-e, one-electron. 
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and  c h a r a c t e r i s e  the  r ad i ca l  spec ies  i nvo lved  in th i s  ox ida t ive  s e q u e n c e  a nd  to 

s t u d y ,  by  k ine t i c  s p e c t r o p h o t o m e t r y ,  the  r a t e s  of r eac t i on  of t hese  r ad ica l s  with 

spec ies  of biological  i n t e r e s t .  Thus  we r e p o r t e d  the  a b s o r p t i o n  s p e c t r u m  of MPP' 

and  also t ha t  of the  p r o d u c t  of MPTP(H 3) 1-e oxidat ion.  This  l a t t e r  spec ies  was 

a t t r i b u t e d  to e i t h e r  MPTP(H3) "+ or i ts  d e p r o t o n a t e d  form. Also, we r e p o r t e d  a 

k ine t i c  s t u d y  of the  r e a c t i v i t y  of th i s  l a t t e r  spec ies ,  a nd  of MPP" with dopamine  

(DA) and  of MPP' with o x y g e n  (Oz). We now d i s c u s s  a f u r t h e r  c h a r a c t e r i s a t i o n  

of the  o x i d a t i o n / r e d u c t i o n  i n t e r m e d i a t e s  in  the  MPTP(H3)/MPP + scheme ba se d  on  

pu l se  r a d i o l y s i s  s t u d i e s  of the  MPDP(H2) + ion. We r e p o r t ,  for  the  f i r s t  time, 

what  we now be l ieve  to be the  a u t h e n t i c  the  a b s o r p t i o n  s p e c t r u m  of MPDP(H2). 

( termed X" by  Po i r i e r  et  al  (6)) and  also the  d i r e c t  m e a s u r e m e n t  of the  

r e a c t i v i t y  of th i s  r ad ica l  a n d  the  spec ies  MPP" ( termed Y. by  Po i r i e r  e t  a l  (6)) 

with s e v e r a l  molecules  of biological  r e l evance .  

METHODS. The p e r c h l o r a t e  sal t  of MPDP(H2) + was o b t a i n e d  from Resea rch  Bio_ 
chemicals  Inc .  Reduced  g l u t a t h i o n e  (GSH) a nd  the  sodium sal t  of l inoleic  acid 
were  from Sigma Chem. Co., oxidised g l u t a t h i o n e  (GSSG), a sco rb i c  acid,  dopamine  
a n d  c y s t e i n e  were  from Aldr ich Chemical Co., a nd  oxidised n ico t inamide  a d e n i n e  
d inuc l eo t i de  (NAD+), sodium azide and  sodium formate  were  from BDH Chemicals  
Ltd. The pu l s e  r a d i o l y s i s  (pr)  a p p a r a t u s  has  b e e n  d e s c r i b e d  p r e v i o u s l y  (8) a nd  
t yp i ca l l y  20ns p u l s e s  of 10-12Mev e l e c t r o n s  a nd  q u a r t z  cap i l l a ry  cel ls  of opt ica l  
p a t h  2.5cm were used .  In  water  NzO f l u s h e d  so lu t i ons  of sodium azide  were  u s e d  
to ach ieve  an  ox id i s ing  e n v i r o n m e n t  and  sodium formate  to ach ieve  r e d u c i n g  
c o n d i t i o n s  as d e s c r i b e d  in  p a r t  I (7) and  in  more de ta i l  in  r e f e r e n c e  (9). The 
ex t i nc t i on  coe f f i c i en t s  ( ~ )  were  ca l cu la t ed  v ia  KCNS d o s i m e t r y  u s i n g  the  
a p p r o p r i a t e  p r i m a r y  yie ld  of OH' and  ~ (CNS)2'- (10). The l a s e r  f l a sh  photo_ 
ly s i s  (lfp) sy s t em u s e s  a neodymium YAG la se r  which g i ve s  lZns  p u l s e s  of the  
f r e q u e n c y  q u a d r u p l e d  266nm l igh t  and  a r u b y  l a se r  which g ives  20ns  p u l s e s  of 
f r e q u e n c y  doub l ed  347nm l ight .  This  e q u i p m e n t  has  also b e e n  d e s c r i b e d  
p r e v i o u s l y  (11). For  some e x p e r i m e n t s  i t  was n e c e s s a r y  to exc lude  r i g o r o u s l y  
the  p r e s e n c e  of t r a ce  a m o u n t s  of 02 and  th i s  was ach i eved  with an  0 2 f i l t e r  
p u r c h a s e d  from Chrompack.  

RE~I/L%~S. In  the  p r e s e n t  work  we have  c o n s i d e r e d  bo th  the  ox ida t ive  a nd  

r e d u c t i v e  r e a c t i o n s  of MPDP(H2) + ( f igu re  1). 

(i) Reduc t ion  of MPDP(H2) +. MPDP(H2) + was r e d u c e d  b y  both  e~q a nd  the  CO2"- 

r ad ica l  with r a t e  c o n s t a n t s  of 2.4x101° an d  5.8x109 M - i s  -~ r e s p e c t i v e l y ,  to g ive  

the  spec ies  wi th  the  a b s o r p t i o n  prof i le  g i v e n  in  F i g u r e  2. This  spec ies  formed 

b y  (1) and  (2) below, was a s s i g n e d  to t h a t  t e rmed  X' b y  Po i r i e r  e t  al  (6) 

MPDP(H2)++ e~q -~ MPDP(H 2 )" . . ( 1 )  MPDP(H 2 )++ (30 2 "- -* MPDP(H z )" + (30 2 . . ( 2 )  

As can  be s e e n  from f i g u r e  2 the  Amax of the  d i f f e r e n c e  s p e c t r u m  is a t  390nm 

( ~ = 1 2 3 0 0 M - l c m  -1) with a much weaker  b a n d  at  = 520nm ~ = A ~ = 8 0 0  M-lcm -1.  

After  c o r r e c t i o n  for  MPDP(H2) + a b s o r p t i o n ,  the  Amax for  MPDP(H2)' is  a t  370nm 

with an  ex t i nc t i on  coef f i c ien t  of 17300 M-lcm -1,  This  spec ies  was f ound  to de c a y  

with s e c o n d - o r d e r  k i n e t i c s  (2k=9.5x108 M - i s  -1) p r o b a b l y  to MPDP(H2) + a nd  

MPTP{H3), v ia  the  d i s p r o p o r t i o n a t i o n :  

2 MPDP(H2)' H+, MPDP(H2) + + MFI~(H3) . . ( 3 )  
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F i g u r e  1. 
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React ion  scheme s u m m a r i s i n g  l a s e r  f l a sh  p h o t o l y s i s  and  pu l se  
r a d i o l y s i s  r e s u l t s .  

E v i d e n c e  i n  f a v o u r  o f  t h i s  r e a c t i o n  w a s  o b t a i n e d  b y  c a r e f u l  m e a s u r e m e n t  o f  t h e  

s t o i c h i o m e t r y  o f  t h e  d e c a y  o f  MPDP(H2) '  (o r  X ' ) .  MPDP(H2) + w a s  f i r s t  r e d u c e d  to  

X" a n d  t h e  a m o u n t  o f  MPDP(H2)  + t h e n  r e f o r m e d  b y  t h e  s u b s e q u e n t  d e c a y  o f  X" 

w a s  e s t i m a t e d  a t  350nm.  T h i s  w a s  a c h i e v e d  b y  m e a s u r i n g  t h e  b l e a c h i n g  a t  3 5 0 n m  

( ~ = 1 7 0 0 0  M -1  cm -1  (12))  o n  a l o n g  t i m e  s c a l e  s u c h  t h a t  a l l  o f  X' h a d  d e c a y e d .  

On a s h o r t e r  t i m e  s c a l e  we  e s t i m a t e d  t h e  a m o u n t  o f  X" f o r m e d  ( a t  3 9 0 n m  u s i n g  

t h e  e x t i n c t i o n  c o e f f i c i e n t  a s  g i v e n  a b o v e ) .  T h e  r a t i o  o f  MPDP(H2) + l o s t ,  a s  

m e a s u r e d  b y  t h e  b l e a c h i n g ,  t o  X" f o r m e d  w a s  f o u n d  to  b e  1 / 1 . 9 ,  c o n s i s t e n t  w i t h  

a d i s p r o p o r t i o n a t i o n .  As  MPDP(H2) + w a s  f o u n d  t o  b e  p h o t o s e n s i t i v e  i n  t h e s e  

e x p e r i m e n t s  a n  i n t e r f e r e n c e  f i l t e r  w a s  u s e d  to  m i n i m i s e  u n w a n t e d  r e a c t i o n s .  

(ii) O x i d a t i o n  R e a c t i o n s .  MPDP(H2) + e x i s t s  i n  e q u i l i b r i u m  w i t h  i t s  d e p r o t o n a t e d  

f o r m  1 - m e t h y l - 4 - p h e n y l - l , 2 - d i h y d r o p y r i d i n e  (MPDP(H)) .  We h a v e  a t t e m p t e d  to  

d e t e r m i n e  t h e  pK a  f o r  t h i s  e q u i l i b r i u m .  H o w e v e r ,  b o t h  f o r m s  a r e  r a t h e r  u n s t a b l e  

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

s p e c t r o p h o t o m e t r i c  t i t r a t i o n s  we  o b t a i n e d  a pKa  v a l u e  o f  a b o u t  11 f o r  t h i s  
p r o c e s s :  pKa= 11 

MPDP(H~) + ~ • MPDP(H) + H + ..... (4) 
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V~VELENGTH/nm 

. . . .  Di f fe rence  s p e c t r u m  (~MPDP(H2)" - ~MPDP(H2)+),  
- -  c o r r e c t e d  a b s o r p t i o n  s p e c t r u m  of MPDP(H2)' m e a s u r e d  44 /~s 
a f t e r  pu l se  r a d i o l y s i s  of an  a r g o n - s a t u r a t e d  so lu t ion  of 2.2xt0 - s  M 
MPDP{H2) + c o n t a i n i n g  10 - I  hi sodium fo rmate  and  10 -1 l~I 
p h o s p h a t e  b u f f e r  (pH 7.0). 

S t u d i e s  o f  t h e  a c i d  f o r m  b y  b o t h  p u l s e  r a d i o l y s i s  u s i n g  N 3" o r  B r 2 " -  r a d i c a l s  a s  

o x i d a n t s  a n d  I f p  w i t h  347 nm e x c i t a t i o n  s h o w e d  t h a t  t h i s  s p e c i e s  c o u l d  n o t  b e  

e a s i l y  o x i d i s e d .  H o w e v e r ,  t h e  d e p r o t o n a t e d  f o r m  MPDP(HI i s  r e a d i l y  o x i d i s e d  b o t h  

b y  p r  a n d  I fp  a l t h o u g h  we h a v e  o n l y  s t u d i e d  i n  d e t a i l  o x i d a t i o n  b y  p r .  N 3" a n d  

B r 2 " -  r a d i c a l s  w e r e  f o u n d  to  o x i d i s e  MPDP(H) { k - - l . 2 x l 0 9  a n d  7 . 6 x i 0 8  M - I  s - I  

r e s p e c t i v e l y )  to  a s p e c i e s  w h i c h  s h o w e d  a b s o r p t i o n  b a n d s  a t  360 a n d  5 4 0 n m  

c o n s i s t e n t  w i t h  t h o s e  we h a v e  p r e v i o u s l y  r e p o r t e d  f o r  MPP" (7) ,  b u t  a l s o  to  a 

s p e c i e s  a b s o r b i n g  a t  2 9 0 n m .  Wi th  i n c r e a s i n g  t i m e  a f t e r  t h e  p u l s e  t h e  MPP" b a n d s  

a t  360 a n d  5 4 0 n m  d e c r e a s e  i n  i n t e n s i t y  a n d  t h a t  a t  2 9 0 n m  i n c r e a s e s  a s  s h o w n  i n  

f i g u r e  3. T h e  b a n d  a t  2 9 0 n m  i s  a s s i g n e d  to  MPP + f o r m e d  f r o m  MPP ' .  H o w e v e r ,  

we  p r e v i o u s l y  f o u n d  MPP '  to  b e  s t a b l e  o v e r  s e c o n d s  w h e n  f o r m e d  b y  l - e  r e d u c _  

t i o n  o f  MPP + (7),  t h u s  a n  a p p a r e n t  k i n e t i c  i n c o n s i s t e n c y  a r i s e s  i n  t h a t  MPP" 

p r o d u c e d  f r o m  o x i d a t i o n  o f  MPDP(H) d e c a y s  o v e r  a f ew  m i l l i s e c o n d s  w h e r e a s  t h a t  

p r o d u c e d  f r o m  r e d u c t i o n  o f  MPP + i s  q u i t e  s t a b l e  o n  t h i s  t ime  s c a l e .  T h e  

p o s s i b i l i t y  t h a t  t h i s  a p p a r e n t  d i f f e r e n c e  i n  b e h a v i o u r  w a s  d u e  to  d i f f e r e n t  

a m o u n t s  o f  O 2 i m p u r i t i e s  i n  t h e  n i t r o u s  o x i d e  a n d  a r g o n  g a s e s  u s e d  f o r  t h e  
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F i g u r e  3. A b s o r p t i o n  s p e c t r u m  of  t h e  s p e c i e s  o b t a i n e d  b y  o n e - e l e c t r o n  
o x i d a t i o n  of  MPDP(H). T h e  b a n d  a t  290nm i s  a s s i g n e d  £o MPP + 
a n d  t h o s e  a t  360 a n d  540nm to MPP' .  S p e c t r u m  m e a s u r e d :  - , 
120 ~s;  . . . .  , 1.01 ms  a f t e r  p u l s e  r a d i o l y s i s  of  a n i t r o u s  ox ide  
s a t u r a t e d  s o l u t i o n  o f  3 . 3x i0  - s  M MPDP(H2) + c o n t a i n i n g  5x10 -2  M 
s o d i u m  a z i d e  a n d  10 - z  M s o d i u m  h y d r o x i d e  (pH 13). 

~00 

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

0 2 f i l t e r .  T h e  a p p a r e n t  v a r i a t i o n  i n  k i n e t i c  d e c a y  o f  M P P '  w a s  f o u n d  t o  b e  d u e  

£o a r e a c t i o n  b e t w e e n  M P D P ( H 2 )  + a n d  MPP"  p r o d u c i n g  M P P  + a n d  M P D P ( H 2 ) '  i e .  

MPDP(H2) + + MPP. ~ MPDP(H2). + MPP + .... (5). 

We estimated the second-order rate constant for (5) at pH 7.0 by adding known 

amounts of MPDP(H2 )+ to MPP" formed from MPP + and obtained a k of 2.1x10 s 

M-is -1. We have also measured this rate constant when MPP" is obtained by 

oxidation of MPDP(H) at pH II.0. At this pH we were able to estimate the 

residual MPDP(H2) + and hence evaluate k for the above reaction, k=l.9xl09 

M-Is -I, in good agreement with the above value. The reactivity towards 0 2 of 

the species formed on l-e oxidation of MPDP(H) (k=5.8x10 s M-Is -I, at pH 13) was 

consistent with that we have found previously for MPP' (7). At pH 7 MPDP(H2) + 

was found to react with hydroxyl radicals and several products such as 

adducts as well as MPP' may be formed (k=9.2x10 s M-is-l). 

(iii) Reactivity of the Radicals MPDP(H?)' and MPP'. We have studied the 

interaction of MPDP(H2)" and MPP" with a number of antioxidants of biochemical 

relevance (reactions 6-11), and the sodium salt of ]inoleic acid (reactions 12 and 

13), and the reactivity of MPDP(H2)', with DA (reaction 14) and with O 2 (MPP' 

reaction with 0 2 has been reported in part I.) 

67 



VoI. 158, No. 1, 1989 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

MPP. + GSSG ~ products ............. (6) 

~DP(Hz)" + GSH ~ products ......... (8) 

MPDP(H2)' + cysteine ~ products...(10) 

MPP. + Na linoleate ~ products .... (12) 

~DP(H2). + DA ~ products ......... (14) 

MPP" + GSH ~ products ................ (7) 

MPP" + cysteine ~ products ........... (9) 

MPP. + Ascorbic acid ~ products ..... (Ii) 

MPDP(H2)' + Na linoleate ~ products.(13) 

MPDP(Hz)' + O z ~ MPDP{Hz) + + O2.-...(15) 

Our r e s u l t s  show t h a t  none  of  the  r e a c t i o n s  (6-14) o c c u r  in an  e f f i c i e n t  man_ 

her ,  t h u s  we could  on ly  m e a s u r e  u p p e r  l imits  fo r  t he  r e a c t i o n  r a t e  c o n s t a n t s ;  

t h e s e  a r e  g i v e n  in the  Di scuss ion  sec t ion .  The s e c o n d - o r d e r  r a t e  c o n s t a n t  fo r  

r e a c t i o n  (15) was o b t a i n e d  as  1.8x10 s M - i s  -1. We h a v e  also s t u d i e d  the  r e a c t i o n  

of  the  1-e  r e d u c t i o n  p r o d u c t  of  NAD +, ie the  r ad i ca l  NAD', wi th  MPDP(Hz) + t h a t  

is: NAD" + MPDP(H2) + -~ NAD + + MPDP{H2)" . ....... (16) 

For  th i s  i n t e r a c t i o n  we h a v e  o b t a i n e d  a s e c o n d - o r d e r  r a t e  c o n s t a n t  of  2.2x109 

M - i s  -1. The  r e l e v a n c e  of t h i s  r e s u l t  in r e l a t i o n  to r edox  c y c l i n g  as  a pos s ib l e  

mechanism of MPTP(Hs) tox ic i ty  is d i s c u s s e d  below. Some l i t e r a t u r e  r e p o r t s  h a v e  

a lso  s u g g e s t e d  the  i n t e r a c t i o n  of MPP + with  dopamine  s e m i q u i n o n e  ( r eac t i on  

(17}) to be i n v o l v e d  in t he  n e u r o t o x i c i t y  of  MPTP(H 3) (13). We also t e s t e d  the  

e q u i v a l e n t  r e a c t i o n  when  MPDP(H2)+ is u s e d  i n s t e a d  of  MPP + ( r e a c t i o n  {18)). 

MPP + + DASQ" -~ MPP" + DAQ ..(17) MPDP(H2) + + DASQ" -~ MPDP(H2}" + DAQ ..(18) 

At n e u t r a l  pH no i n t e r a c t i o n  of  e i t h e r  MPP + or  MPDP(H2) + wi th  dopamine  

s e m i q u i n o n e  could  be d e t e c t e d  (for  bo th  r e a c t i o n s ,  k-~lxl0 s M - l s - 1 ) .  

DISCUSSION. We will d i s c u s s  o u r  p r  s t u d i e s  and  the  i n t e r m e d i a t e s  in t h e  o v e r a l l  

NPTP(H3)/MPP + i n t e r c o n v e r s i o n  in t e rms  of  t he  scheme  g i v e n  in F i g u r e  1 as  o u r  

c u r r e n t  " w o r k i n g  model"  fo r  t h i s  r e a c t i o n  s e q u e n c e .  In  p a r t  I (7) we r e p o r t e d  

the  1-e  oxidaLion of  MPTP(H 3) and  a s s i g n e d  the  p r o d u c t  as  e i t h e r  the  r ad i ca l  

ca t ion  MPTP(H3) '+ o r  t he  d e p r o t o n a t e d  s p e c i e s  MPDP(Hz)" . We h a v e  now 

u n a m b i g u o u s l y  g e n e r a t e d  MPDP(H2)" by  1-e  r e d u c t i o n  of  MPDP(H2) +. The 

s p e c t r u m  of  MPDP(Hz)' is g i v e n  in F i g u r e  2, and  is  qu i t e  d i f f e r e n t  f rom t h a t  we 

r e p o r t e d  e a r l i e r  fo r  t he  ox ida t ion  p r o d u c t  of MPTP(H3). Clear ly ,  t h i s  ox ida t ion  

does  not  lead to X" bu t  p e r h a p s  to t he  r ad i ca l  ca t ion  and  the  s e c o n d - o r d e r  

d e c a y  of  t h i s  r a d i c a l  ca t ion  also does  not  lead  to MPDP(Hz) + and  mus t  t h e r e f o r e  

lead to some o t h e r  s p e c i e s  (maybe a dimer)  which  may no t  be of  b iochemica l  

r e l e v a n c e .  The fo rma t ion  of  X" f rom MPDP(H2) + l e ads  to a s u b s e q u e n t  d i s p r o p o r _  

t i ona t ion  of X" which  p r o d u c e s  MPTP(H 3) and  MPDP(H2) + as shown in f i g u r e  1. 

Thus  if enzymic  c o n v e r s i o n  of  MPTP(H 3) to MPDP(H2)" o c c u r s ,  a s u b s e q u e n t  

( n o n - e n z y m i c )  d i s p r o p o r t i o n a t i o n  to g i v e  MPDP(H2) + is l i ke ly  to follow. The 

c o n v e r s i o n  of  MPDP(Hz) + to MPP + also r e q u i r e s  f u r t h e r  oxidat ion .  However ,  i t  

was not  pos s ib l e  to r e a d i l y  ox id ise  the  s p e c i e s  MPDP(H2) + b u t  i t  was p o s s i b l e  to 

ox id ise  i ts  c o n j u g a t e  base  MPDP(H). As no ted  p r e v i o u s l y  t he  p r o d u c t  of  t h i s  

ox ida t ion  was i d e n t i c a l  to t h a t  f o u n d  f rom the  r e d u c t i o n  of  MPP + ( F i g u r e  3). 
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This  s p e c i e s  (MPP') f o rmed  f rom e i t h e r  r o u t e ,  was  f o u n d  to r e a c t  wi th  

MPDP(H2) + to g i v e  MPP + and  MPDP(H2}" . T h u s  whi le  t he  c o n v e r s i o n  of  MPP" to 

MPP + could  s imply  i n v o l v e  r e a c t i o n  wi th  02, t he  " r e c y c l i n g "  s e c o n d - o r d e r  

p r o c e s s  (5) c a n n o t  be r u l e d  out .  F u r t h e r m o r e  MPDP(H2)' i t s e l f  (bu t  not  MPP'} 

could  be i n v o l v e d  in f u r t h e r  " r e c y c l i n g  p r o c e s s e s "  wi th  02 as d i s c u s s e d  below. 

S e v e r a l  r e p o r t s  h a v e  s u g g e s t e d  a r e l a t i o n  b e t w e e n ,  P a r k i n s o n ' s  d i s e a s e  and  

d e c r e a s e d  l e v e l s  of  n a t u r a l  a n t i o x i d a n t s  (14-17), and  l ipid p e r o x i d a t i o n  has  b e e n  

c o n s i d e r e d  as one  of  t he  pos s ib l e  mechan i sms  of  MPTP(H3) n e u r o t o x i c i t y  (18-19). 

T h u s  u s i n g  p r  we h a v e  u n d e r t a k e n  the  d i r e c t  s t u d y  of t he  i n t e r a c t i o n s  6-13. 

U n d e r  o u r  e x p e r i m e n t a l  c o n d i t i o n s ,  we could  not  moni tor  a n y  r e a c t i o n  of  MPP" 

wi th  e i t h e r  ox id i sed  o r  r e d u c e d  g l u t a t h i o n e  ( r e a c t i o n  6 and  7, k-~lxl04 M - i s  -1 

and  k-~5xl03 M - i s  - I  r e s p e c t i v e l y ) .  S imi lar ly  no r e a c t i o n  of  MPDP(H2)" wi th  

r e d u c e d  g l u t a t h i o n e  could  be d e t e c t e d  ( r e a c t i o n  8, k-~lxl0 s M - i s - l ) .  No 

i n t e r a c t i o n  of  e i t h e r  MPP' or  MPDP(Hz}" wi th  c y s t e i n e  could  be mon i to red  

( r e a c t i o n s  9 and  10, k-~Sxl03 M -1 s -1 and  k-~8xl0 s M - i s  -1 r e s p e c t i v e l y ) .  T h e s e  

r e s u l t s  s u g g e s t  t h a t  i f  s u c h  i n t e r a c t i o n s  o c c u r  in e i t h e r  c h e m i c a l l y - i n d u c e d  or  

i d iopa th i c  P a r k i n s o n ' s  d i sease ,  t h e i r  r a t e s  a r e  too slow to exp la in  t he  r e p o r t e d  

d e p l e t i o n  of  r e d u c e d  g l u t a t h i o n e  l eve l s .  The  o b s e r v e d  d e c r e a s e  in g l u t a t h i o n e  

l e v e l s  in the  subs tan~ia  n igra  r e g i o n  may be  due  to e x c e s s i v e  c o n s u m p t i o n  of  

g l u t a t h i o n e  in o t h e r  de tox i f i c a t i on  p r o c e s s e s  as s u g g e s t e d  by  Yong e t  al (17). 

Asco rb i c  acid  has  b e e n  r e p o r t e d  to a t t e n u a t e  t he  n e u r o t o x i c  e f f e c t s  of  MPTP(H 3) 

(20-22). Our r e s u l t s  { reac t ion  11, k-~104 M - i s  -1) show t h a t  t he  d i r e c t  i n t e r a c t i o n  

of  MPP" wi th  a s c o r b i c  ac id  is u n l i k e l y  to be i n v o l v e d  in s u c h  a p r o t e c t i v e  

p r o c e s s .  The  r e s u l t s  o b t a i n e d  fo r  r e a c t i o n s  (12) and  (13) a r e  c o n s i s t e n t  wi th  t he  

r e c e n t  f i n d i n g s  of  C o r o n g u i  e t  al (23), and  E ks t rom  et  al (24), t h a t  is  l ipid 

p e r o x i d a t i o n  does  not  p l ay  a major  ro le  in t he  c y t o t o x i c i t y  of  t h e s e  n e u r o t o x i n s .  

Redox c y c l i n g  has  b e e n  d i s c u s s e d  as a pos s ib l e  mechan ism of ac t ion  of  MPTP(H 3) 

{25-29). In  t h i s  h y p o t h e s i s  an  i n t e r m e d i a t e  of  MPTP(H3)/MPP + ox ida t ion  would  be 

seen  to ac t  in  a s imilar  way  as  has  b e e n  p r o p o s e d  to exp la in  the  c y t o t o x i c i t y  of  

p a r a q u a t  (pQ2+) in animals  (30, 31). T h u s  s u c h  i n t e r m e d i a t e s  mus t  be r e d u c e d  a t  

p h y s i o l o g i c a l  pH to a s u f f i c i e n t l y  s t ab le  r ad i ca l  which  can  t h e n  r e a c t  wi th  O 2 to 

g e n e r a t e  s u p e r o x i d e  r ad ica l .  Cy to tox i c i t y  t h e n  r e s u l t s  f rom t h e  p r o d u c t i o n  of  

O2"-, "OH and  H202 s p e c i e s  coup l ed  with  the  d e p l e t i o n  of  NADH/NADPH leve l s ,  the  

c o e n z y m e s  a c t i n g  as  b i o r e d u c t a n t s .  The  fo l lowing  s chem es  can  be e n v i s a g e d :  

NAD. ~/~ MPDP(H 2 ) + or 

NAD + ~  MPDP(H 2 ) • or 

We now h a v e  shown t h a t  NAD' does  r e a c t  v e r y  e f f i c i e n t l y  wi th  MPDP(H2) + to 

y ie ld  MPDP(H2)" wh ich  in  t u r n  can  r e a c t  e f f i c i e n t l y  wi th  oxygen .  While t h i s  does  

not  p r o v e  t h e  b iochemica l  i m p o r t a n c e  of  t he  a b o v e  c y c l i n g  r e a c t i o n s ,  is  a t  l ea s t  
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c o n s i s t e n t  with such  p r o c e s s e s ,  and  shows a pa ra l l e l  to the  poss ib le  ha rmfu l  

e f fec t s  of p a r a q u a t .  For  the  r eac t i on  b e t w e e n  NAD' a nd  pQ2+ we o b t a i n e d  a 

s e c o n d - o r d e r  r a t e  c o n s t a n t  of 1.6x109 M - i s  -1 which is v e r y  s imilar  to t ha t  we 

have found  for  the  NAD'/MPDP(H2) + reac t ion .  However,  in  a s s e s s i n g  the  

s ign i f i cance  of the  poss ib l e  role t h a t  MPDP(H2) + may p l ay  in  redox cyc l ing ,  O 2 

s e n s i t i v i t y  and  the  l ifet ime of the  compound  in  the  t i s s u e  mus t  be t a k e n  in  

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

R e g a r d i n g  r e a c t i o n s  (14), (17) and  (18); the  lack of r e a c t i v i t y  o b s e r v e d  does  no t  

s u p p o r t  the  i n v o l v e m e n t  of such  i n t e r a c t i o n s  in  the  n e u r o t o x i c i t y  of MPTP(H3) 

as p roposed  by  Kopin {13). This  is not  s u r p r i s i n g  in  view of the  r e l a t i ve  redox  

po t en t i a l s  i nvo lved .  

In  conc lus ion ,  we have  d e m o n s t r a t e d  t h a t  (i) The MPDP(H2)" r ad ica l  can  be 

g e n e r a t e d  by  pr ,  d i s p r o p o r t i o n a t e s  to MPTP(H 3) a nd  MPDP(H2) +, and  shows l i t t le  

r e a c t i v i t y  with b i o s u b s t r a t e s  such  as  r e d u c e d  g l u t a t h i o n e ,  c y s t e i e n ,  l inolic acid 

and  dopamine,  e v e n  t h o u g h  some such  i n t e r a c t i o n s  have  been  s u g g e s t e d  in  the  

l i t e r a t u r e  in  r e l a t i on  to MPTP(H3) toxici ty .  (ii) If  the  r ad ica l  NAD' were  to be 

g e n e r a t e d  in vivo, ou r  in v l t ro  r e s u l t s  s u g g e s t  t h a t  such  spec ies  would r e a c t  

v e r y  e f f i c i en t ly  with MPDP(H2) + to g e n e r a t e  MPDP(H2)', which we have  now 

shown r e a c t s  with 02 p r e s u m a b l y  to p r o d u c e  0~-. Thus  redox c y c l i n g  i n v o l v i n g  

blPDP(H2)' could p lay  a role in  MPTP(H 3) cy to tox ic i ty .  (iii) The 1-e ox ida t ion  of 

MPDP(H) y ie lds  the  r ad ica l  MPP" which we have  p r e v i o u s l y  c h a r a c t e r i s e d  (7). 

(iv) I n  view of the  marked  02 and  in  some cases  l i gh t  s e n s i t i v i t y  of the  spec ies  

MPDP(H2) +, MPDP(H2)" and  MPDP(H), ext reme care  shou ld  be t aken ,  p a r t i c u l a r l y  

in  s t e a d y  s t a t e  s t u d i e s ,  to avoid  excess ive  e x p o s u r e  to l igh t  a nd  air .  
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