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SUMMARY: Optical data have shown that the neurotoxin metabolite 1-methyl-4- 
phenyl-2,3-dihydropyridinium undergoes one-electron oxidation/reduction in the 
presence of iron chelates. The act ivat ion energy for one-electron oxidation of 
1-methyl-4-phenyl-2,3-dihydropyridinium is less than that for two-electron 
oxidation. Horseradish peroxidase catalyzes the oxidation of 1-methyl-4-phenyl- 
2,3-dihydropyridinium. React iv i ty of 1-methyl-4-phenylpyridinyl radical is 
discussed in re lat ion to the well-known pyridinyl radicals.  ,~, ~987 A~ademio ~ . . . . . .  ~ o .  

Studies dealing with the metabolism of 1-methyl-4-phenyl- l ,2,3,6-tetrahydro- 

pyridine (MPTP) are now an active area of research [1-5] .  Interest in th is area 

has grown pr imar i ly  because of a recent discovery l ink ing MPTP to the occurrence 

of Parkinsonian symptoms in users of an i l l i c i t  narcotic contaminated with MPTP 

[6-8] .  Subsequently, MPTP also has been shown to produce Parkinsonian-like 

symptoms in laboratory animals [9,10].  The pathological effects that are most 

consistent ly found following treatment of laboratory animals with MPTP appears 

to be selective destruction of dopaminergic neurons in the substantia nigra of 

the brain [9] .  Recently i t  has been shown that biotransformation of MPTP to 

reactive metabolites, v iz.  l-methyl-4-phenyl-2,3-dihydropyridinium (MPDP +) and 

1-methyl-4-phenylpyridinium (MPP+), species by brain monamine oxidase-B (MAO-B) 

is crucial for the expression of neurotoxic i ty  of MPTP [11,12]. 
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There is now a widespread be l i e f  m~ong invest igators in th is  area that tox ic  

oxy-radical  intermediates are formed during bis biotransformation of MPTP 

[13-20].  The metabol i te MPP + is s t r u c t u r a l l y  re lated to the bipyr idinium 

pest ic ide paraquat, and by analogy with known redox chemistry of paraquat, MPP + 

was proposed to undergo one-electron reduction to form MPP., with subsequent 

formation of superoxide and hydrogen peroxide as a resu l t  of reoxidat ion of MPP- 

by molecular oxygen [13,14]. However, th is  hypothesis has not been supported by 

data. Neither MPP. nor superoxide radica ls  have been reported during chemical 

and enzymatic oxidat ion of MPTP or i t s  metabolites and, in a recent comparison 

of the a b i l i t y  of paraquat and MPP + to undergo redox act ivat ion by rat  l i v e r  

microsomes and NADPH, the extent of one-electron reduction of MPP + was found to 

be neg l ig ib le  [21].  These f indings are in keeping with the extremely negative 

redox potent ia l  for  MPP + [22]~ as compared to paraquat. 

The second major metabolite MPDP + has been suggested to undergo spontaneous 

d ispropor t ionat ion to MPP + and MPTP at physiological  pH values [2 ] .  Recently, 

th is  decomposition react ion has been shown to be catalyzed by metal chelates 

[17,23].  

In th is  communication, we present evidence for ( i )  the one-electron oxidat ion 

of MPDP + in the presence of i ron-chelates,  and ( i i )  the oxidat ion of MPDP + 

by the horseradish peroxidase (HRP)/H202 system. The s t ructure and r e a c t i v i t y  

of the one-electron oxidat ion product MPP. are discussed. 

MATERIALS AND METHODS 

MPDP + perchlorate was obtained from Research Biochemicals Inc. Catalase 
(40,000 Sigma units/mg protein)  and superoxide dismutase (from bovine blood) 
were obtained from Sigma Chemical Company. Ferr ic chlor ide (Sigma Chemical 
Company) and 1,10-phenanthroline (Aldr ich Chemical Copmpany) were used as 
received. 

HRP (Type VI) was purchased from Sigma Chemical Company. The enzyme was 
denatured by heating in bo i l ing phosphate bufer (pH 8.0, 100 mM) for  30-40 min. 
[24],  Optical absorbance measurements were made using a Perkin-Elmer 320 
spectrophotometer. I n i t i a l  rates of formation and deplet ion of i~PP + and MPDP + + were monitored using the fo l lowing parameters: MPP : ~max = 290 nm, • = 18,000 
M-icm-l; MPDP+: ~max = 345 nm, ~= 17,400 M -1 cm -1 [25'I'. The iron-EDTA complex 

i 3+ was added as a pre-formed complex prepared by add'ng one equivalent of Fe to 
two equivalents of EDTA in acidic media. The production of FeZ+-phenanthroline 
complex was monitored op t i ca l l~  at 510 nm The amount for  Fe 2+ released was 
calculated using ~=  11,500 M -± cm -1 for  the Fe2+-phenanthroline complex [26] .  
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RESULTS 

Upon anerobic incubat ion of MPDP + and Fe(I I I ) -EDTA in the presence of or tho-  

-phenanthro l ine,  we noticed a decrease in absorbance at 345 nm and an increase 

in absorbance at 510 nm (Fig.  1) cons is tent  with ox idat ion  of MPDP + and format ion 

of  Fe 2+. Analysis of time-dependent changes (F ig.  2) in the opt ica l  absorpt ion 

spectrum indicated that  the i n i t i a l  ra te  of deplet ion of  MPDP + approximately 

equals the i n i t i a l  ra te  of production of  Fe ( l l ) -phenan th ro l i ne  complex (-d[MPDP+]/c 

= 0.46 ± 0.02 NM/min; d [ F e ( l l ) - p h e n a n t h r o l i n e ] / d t  = 0.38 ± 0.02 pM/min). Thus 

the s to ich iomet ry  between MPDP + disappearance and Fe( l l ) -phenan th ro l i ne  production 

is  estimated to be ca. 1:0.8 for  up to 60 minutes [F ig .  2 ] .  A f te r  t h i s  t ime 

production of Fe ( l l ) - phenan th ro l i ne  plateaus even though decomposition of MPDP + 

continues to occur (F ig.  2).  

The ra te  of formation of Fe ( l l ) - phenan th ro l i ne  complex increased l i n e a r l y  

with increasing concentrat ion of  F e ( l l l )  chelate un t i l  an approximate 1:1 

s to ich iomet ry  between MPDP + and Fe(II)-EDTA was reached (F ig .  3).  These resu l t s  
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Optical changes occurring during the oxidation of MPDP + by Fe( I I I ) -  
EDTA. The oxidation was carried out anerobica]]y in a phosphate 
bufer (pH 8.0) at 37°C containing 30 BM MPDP +, 50 ~M Fe(III)-EDTA, 
and 2 mM 1,10-phenanthroline. Tile maxima at 345 and 510 nm belong to 
MPDP + and Fe(II)-phenanthro]ine, respectively. 
The stoichiometric relat ionship between the rate of depletion of 
MPDP + and the rate of production of Fe(II)-phenanthro]ine complex 
under conditions identical to Fig. 1. Depletion of MPDP + and 
formation of Fe(II)-phenanthro]ine complex were monitored at 345 and 
510 nm, respectively. 
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Figure 4. 

The rate of production of Fe(l l ) -phenanthrol ine complex as a function 
of Fe(III)-EDTA concentrations during the oxidation of 30 NM MPDP + in 
a phosphate buffer (pH 8.0) at 37°C containing 2 mM 1,10-phenanthroline. 
Variation of reaction rate with temperature: a, oxidation of 30 BM 
MPDP + in a phosphate buffer (pH 8.0, 100 mM) containing 10 NM 
Fe(III)-EDTA, and b, oxidation of 30 NM MPDP + in a phosphate buffer 
(pH 8.0, 100 mM) containing 30 BM desferrioxamine, The rate of 
reaction was monitored at 345 nm. 
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are cons is ten t  w i th  a one-e lec t ron o x i d a t i o n / r e d u c t i o n  mechanism fo r  o x i d a t i o n  

of MPDP + by i ron  che la tes .  

We monitored the ra te  of dep le t ion  of MPDP +, w i th  and w i thou t  the added 

i r o n - c h e l a t e s ,  as a f unc t i on  of  temperature.  In Fig.  4 are shown Arrhenius 

p lo ts  of  the apparent f i r s t  order ra te  constant ,  k ' ,  vs. 1/T. From these l i n e a r  

p l o t s ,  the energy a c t i v a t i o n ,  Ea, f o r  decomposit ion of  MPDP + in the presence and 

in the absence of Fe( I I I ) -EDTA was ca l cu l a t ed .  We obta ined E a fo r  the MPDP + 

decomposit ion ( i n  the absence of Fe( I I I ) -EDTA)  to be 36,640 cal mole -1 and f o r  

the iron-EDTA cata lyzed reac t ion  to be 18,320 cal mole -1.  Thus, the add i t i on  of  

Fe( I I I ) -EDTA chelates lowers the a c t i v a t i o n  energy fo r  the o x i d a t i o n ;  one- 

e lec t ron  ox i da t i on  of  MPDP + ( to  a f ree  rad ica l  in te rmed ia te  MPP.) is  e n e r g e t i c a l l y  

favored over the two-e lec t ron  o x i d a t i o n  under the present experimental  c o n d i t i o n s .  

Since most pe rox i da t i c  ox ida t i ons  also invo lve  f ree  rad i ca l  in termedia tes 

[ 27 ] ,  we studied the ox ida t i on  of MPDP + by HRP. We found tha t  add i t i on  of  HRP 

to an aerobic s o l u t i o n  of MPDP + enhanced i t s  ox i da t i on  by a f ac to r  of  f i v e  or so 

(F ig .  5).  Note tha t  extraneous add i t i on  of  hydrogen peroxide was not necessary, 

s ince au tox ida t i on  of  MPDP + alone generates hydrogen peroxide [23 ] .  Add i t i on  of  

cata lase i n h i b i t s  the HRP-catalyzed ox i da t i on  of  MPDP + (F ig .  5) .  Heat-denatured HRP 

did not enhance the au tox ida t i on  of  MPOP +. 
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Figure 5. 
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Horseradish peroxidase-catalyzed oxidation of MPDP +. 
using 30 BM MPDP + and b, 30 ~M MPDP + plus 10 Ng/mL HRP. 
was carried out in a phosphate bufer (pH 8.0) in a i r .  
~g/mL) was added at the point marked ~. 

a, control 
The oxidation 

Catalase (5 

DISCUSSION 

MPP. has been proposed as a key t ox i c  f ree rad ica l  intermediate in the 

metabolism of MPTP [14] .  Our data suggest that  one-electron ox idat ion of MPDP + 

can occur, whereas one-electron reduct ion of MPP + seems u n l i k e l y  based on 

reduct ion po ten t i a l s  and recent data [22,28] .  

The enzymes responsib le fo r  the production of rad i ca l s  from MPP +, i f  t h i s  

indeed occurs, are not known. The substant ia  n igra ,  the locus of MPTP t o x i c i t y ,  

repor ted ly  contains high leve ls  of metal ions [29,30] .  This nucleus also 

exh ib i t s  high peroxidase a c t i v i t y  which is  decreased in Parkinson's disease 

[30] .  Since most perox ida t i c  ox idat ions invo lve rad ica l  in termediates,  the 

production of MPP. rad i ca l s  v ia  ox idat ion  of MPDP + seems l i k e l y .  I t  is  conceivabl~ 

that  the mammalian peroxidase prostaglandin hydroperoxidase that  is present in 

the brain also can ox id ize  MPDP + to MPP.. 

The MPP. r a d i c a l ,  l i k e  paraquat and NAD r a d i c a l s ,  is  a py r i d i ny l  rad ica l  

[31] ,  i . e .  species formed during one-electron reduct ion of pyr id in ium ion or 

one-electron ox idat ion  of d ihydropyr id ine .  Pyr id iny l  r ad i ca l s  react f a i r l y  

r a p i d l y  with oxygen [31] .  Consistent wi th  t h i s  MPP" generated from pulse 

r a d i o l y s i s  of MPP + has been shown to react  r a p i d l y  with oxygen [32].  Unl ike 
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paraquat radical which is mono-positively charged, MPP" is a neutral radica l .  In 

th is  respect, MPP" resembles NAD. Neutral pyr idinyl  radicals such as NAD, 

have previously been shown to react with molecular oxygen to form superoxide 

[33]. Thus the Scheme shown below for the oxidation of MPDP + to MPP + appears 

plausible.  In the absence of oxygen, MPP-, l ike PQ~ and NAD, probably 

decays via disproport ionation or dimerizat ion. 

C 
peroxidaSeFe 3+ ~ ~ '  

> > > -te-[~13 -,e-1~.~ 
c ~  CH3 

MpI 5 Mpp + 

Scheme. One-electron oxidation of MPDP + 

CH3 

MPDP + 

Most pyr id inyl  radicals have h i ther to been observed only by pulse radio- 

l ys is .  A search for ident i f i ca t ion  of the radical metabolite MPP. by electron 

spin resonance is in progress. 
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