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ABSTRACT ¢

The neurotogicity of 6-hydroxydopamine (6-OHDA) can be attributed to free
radicals resulting from its oxidation by 02, while ;he specificity of its target
is determined by its affinity for the catecholamine uptake systems. Studies of
the reaction pathways of the 6-OHDA/O2 redox couple were undertaken to
further our understanding of the mechanisms involved in cellular damage caused
by free radicals. Because of the electronic configuration of 02, single electron
transfers to it inevitably lead to the forﬁation of free rqdiéa} species which
can attack cellular components, rendering theni irreversibly nqn-functibna]. We
report that despite favourable thermodyna}mic considerations, O2 does not oxidise
6-OHDA directly but requires a co-oxidant. Instead, the initiation reaction
involves a termary reductant-metal-oxygen transition state. When the major
oxidising species (the superoxiae-metal cor;lplex) is removed, the autoxidation
can be resolved into initiation and propagation phases. These represent
respectively, the time required for the accumulation of secon-drary catalytic

species; and a steady'étate in which the free radical chain is propagated.

"~ To identify and separate the catalytic roles of various co-oxidants or

co-reductants in each phase, we determined the effects of combinations of the
following scavengers: superoxide dismutase (SOD), diethylenetriaminepentaacetate
(DTPA), desferrioxamine, catalase, formate, mannitol, benzoate and glucose.
Oxidation of 6-OHDA by 1—1202 in the absence of air was three orders of
magnitude slower. This latter peroxidatic oxidation had an-absolute requirement
for metal ions so that anaerobic oxidation by H202 was completely prevented

by the simultaneous presence of DTPA and desferrioxamine, In the aerobic
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oxidation, SOD and DTPA each provided 96% and 66% inhibition of \maximal
rates respectively, while‘the simultaneous preseﬁce of DTPA+catalase+SODv
inhibited virtually completely. No other combinations of the scavengers were
completely effective in preventing the autoxidation. Thus the accumulation
of ény of several intermediate spec‘ies éllowed molecular oxygen to oxidise
6-OHDA. The following species were capable of playing this catalytic role:
Oi > Me™ > H2O2 > *MH = CO% in order of effectjveness. Neit};eri'
molecular oxygen itself nor ‘OH was however effective, The hydroxyl
scavengers studied, includingz glucose, could reactivate the DTPA+cata1ase+SOD
inhibited reaction, It is proposed that the products of hydroxyl scavengers
react with metal ion chelatesv to reinitiate the free radical chain. Thus
seemingly innocuous and ‘bene’ficial cellular substances become part of and
propagate the free radical ch;\in and therefore can contribur_e\to the
cytotoxicity of 6-OHDA, On the other hand, cytochrome c, a more complex
cellulér component than glucose, undergoes reversible redox changes during

oxidation of 6-OHDA by O2 without losing its functional integrity.
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PREFACE

The thesis comprises a general introduction oiltlining the context and

goals"of the study, followed by fbur manuscripts containing"most of the o /
substance of the thesis, with a final concluding stétement. Only |
studies which were particularly salient to the mechanisms of the

oxidation reaction of 6-OHDA and its generation of free radiéals are

summarised in the introductory statement and it does not reflect the

volume of literature concerned with in vivo and behavioural effects

related to 6-OHDA toxicity. At the time of writing one of the -
manuscripts was at the proof stage (Section Iﬁ), another had been

accepted for publication (Section V), while the remaining two (Sections

I and IV) have been submitted for publication. :Axlthbugh a detailed

description of experimental procedures typical of the studies may be

found in the .first manuscript (Section II), we have restrictedr

repetition of introductﬁqry and experimental material to the minimum

necessary for each, éeparately published study to be understood and

evaluated autonomously.

In the first manuscript (Section II), we tested all possible
combinations of the scavengers studied to separate out participation of

oxidising and reducing species, individually and in combination. The

following species were found to contribute to the overall rate in

decreasing order of effectiveness: Oé > Me™ > H,0, > CO; = *MH =

glucose radical = benzoate radical. Many of the effects observed under

s

the above (aerobic) conditions cohcerned the initial step of the
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autoxidation and the behaviour of the resultant autocatalytic species,

O; or its metal-ion complex.

In the second manuscript (Section III), we describe a combination of
scavengers which completely blocked the thermodynamically favourable
autoxidation of 6OHDA by 02. Furthefmore we found that the hydroxyl
scavengers, formate, benzoate glucose and mannitol were effective
equally in reactivating the DTPA+catalase+SOD (DTPA:
diethylenetriaminetetraacetate; SOD: superoxide dismutase) inhibited
reaction. These observations indicate that harmless cellular
components can interact with free radical species to completely abol‘i"sh
free radical production.in the presence of strongly cytotoxic
combinations of free radical generators on the one hand, or to increase
the toxicity of the free radical generating system on the other.

The third manuscript (Section IV) arises from observations that most
free radical damage to living cells has been shown to be due to
hydroxyl radicals, and the major sourcé of these is the reduction of

‘ hydrogen peroxide in the s%;gzglled Fenton reaction., (The better known
Haber-Weiss reaction is a ?b&ial case of the Fenton reaction in which
superoxide is the reducing agent). Such damage was inhibited to a
variable extent by scavengers of superoxide, hydrogen peroxide, or
hydroxyl radicals, Surprisingly we found that hydroxyl scavengers

could also reactivate free radical production in the presence of
combinations of scavengers (e.g. DTPA+catalase+SOD) gfhich had

comf:letely inhibited free radical production. We therefore examined
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» the reduction of H202 by 6-OHDA in the absence, and in the presence of
various concentrations of 02.‘ As expected, Fenton-type interactions
dominate tﬁe system anaerobically, and the "OH contributes
substantially to the formation of p-quinone product, Whereas metal
fons play a major role in thé aerobic reaction, they are an absolute
requirement for the anaerobic oxidation by H202,
/

’I‘hu_s in the final study, (Sectlon‘ V) we consider interactions of the
ES-OHDA/O2 redox system with an important intracellular redox enzyme,
cytochrome ¢, adapted by evolution to accept electrons from and donate
to other redox enzymes, It also undergoes redox reactions with
superoxide, hydrogen peroxide, and hydroxyl radicals. We describe a
series of fluctuations in the steady state of cytochrome c, alternating
between oxidised and reduced as a result of changes in th}e
pseudo-steady state concentrations of 6-OHDA, 05, and H202.
If there is a unifying theme in this compendium, it is ;thfat not only
free radical damage, but also free radical yield are influenced by
synergistic and moderating interactions, These occur among a complex
matrix of competing reactions between the freé radical species which
propagate in the steady state, The actions of free radical scavengers
cannot be interpreted simply in terms of the removal of their\ target
species, but in terms of the consequent modification of the rates of
formation of a variety of radicals. In some cases these include the

target itself, while in others, species apparently only distantly

related to those scavenged. -

. -



GENERAL INTRODUCTION

Interest in 6-hydroxydopamine (6-OHDA:2,4,5-trihydroxyphenylethylamine)
arose from chemical studies of melanin, a naturally occuring pigment
found in most organisms. 6-OHDA was one of the synthetic 71ntermediates
found to\‘p'rﬁailce a high yield of 5,6-dihydroxyindole when oxidised by
ferricyanide [1]. 5,6-Dihydroxyindole is a common key intermediate in
the bioiogical synthes!s of melanin from several catechols inciuding

dopamine and noradrenaline,

For the past 15 yeérs neurobiologists have used 6-OHDA as a tool in
"chemical surgery" to destroy "selectively catecholaminergic neurones.
Unlike cholinergic’ transmission, where acetylcﬁoline is hydrolysed by
acetylcholinesterase to terminate Jstimulation, the catechol@iriés are
removed from synapses primarly by reuptake systems situated on the
neurones which release them. Since 6-OHDA is a structural analogue of
endogenous catecholamines, it is transported and concentrated into
;atecholaminergic neurons, specifically destroying them while leaving
others morphologically an(d functionally intact. Thus it became a useful
tool in studying the phys’iological role of the sympathetic nervous
system, in mapping neuronal tracts in the brain, as well as in

unravelling the complex mechanisms of pro-oxidant neurotoxins,

CELLULAR DAMAGE DUE TO AUTOXIDATION OF 6-OHDA

Whereas its neurotoxic specificity is determined by its affinity for the
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catecholamine uptake systems, the toxicity of 6-OHDA is directly related J
to its ease of 6xidation. It is generally agreed that 6-OHDA exérts its
cytotoxic effects through the generation of free radicals of both oxygen
and its quinone derivatives but there are several schools ;)f thought as

to the mechanism of damage,

One theory states that the primary ‘avenue of damage is the covalent
cross-linking of important macromolecules, Since the quinone products

of the autoxidation of 6-OHDA are electrophilic, substances with

acess‘iblé nucleophilic groups such as sulfhydryl groups are likely

targets {2]. A 2-adduct of glutathione covalently bound to the

p-quinone of 6-OHDA ([3] has been isolated, although less than 0.2% of
the bound 6-OHDA was found attached to glutathione and only 8-20% -of
labelled 6-OHDA .taken up by catecholaminergic cells was covalently bound

[4,5].

‘However, others have proposed that hydrogen peroxide, an intermediate of
the reduction of molecular oxvgen, is the primary species mediating
damage caused by free radical species of oxygen generated in the
autoxidation of 6-OHDA [6]. In suppport of this hypothesis, catalase
protected cultures of neurobﬁstoma cells while scavengers specific for
other intermediétes of oxvgen reduction were not as effective {7]. Much
of the damage by free radicals is nonspecific {such as peroxidation of
the lipid membrane of the axon [8]) and is similiar to that induced by
other ene-diol reductants such as ascorbate [9], The relative

contributions of these two overall mechanisms to damage remain unclear,



although both most certainly are involved,
ONE ELECTRON TRANSFERS TO OXYGEN

Some of the most interesting features of the autoxidation of 6-OHDA lie
in the paradox surrounding molecular oxygen. The benefits of aérobic
existence are enormous in terms of energy production when compared to
anaerobic existence; however oxygen is also a potentia! threat. to all
living systems. Molecular oxygen in its triplet state is remérkably
stable, because it has two unpaired electrons of parallel spin. This
precludes a direct divalent reduction since insertion of a pair of-
electrons would result in two electrons sharing the the same orbital
with parallel spins, To overcome thfs spin restriction, oxygen can be
bound to a transition metal ion which has its own unpaired electronic
spin and it can then undergo a 2 electron reduction to hydrogen
peroxide. To eliminate the spin restriction one of the electrons can be

raised to a more energetic orbital and its spin inverted, bug“this
’ii"ad‘»

involves a very reactive singlet state.

The alternative, a univalent reduction, inevitably leaves one electron
unpaired, and thus single electron transfers resu.lt in potentially
cytotoxic free radical intermediates which are also capable of
interacting with other related free radicals in a variety of
"incestuous" reactions as follows., The product of the first univalent
reduction, the superoxide zanion, is fairly unreactive in aqueous

environments, however (particularly in the presence of traces of
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transition metal ions) it undergoes dismutation to yield hydrogen
_peroxide and perhaps singlet state oxygen [10], while enzymic
dismutation gives hydrogen peroxide and triplet stéte oxygen (ground
state). The superoxide anion also reacts with hydrogen peroxide in the
presence of metal ions to produce the hydroxyl radical, whose reactivity
is so great that it, produces widespread and indiscriminant oxidation of
‘biological molecules. Appendix 1 contains a collation of these
elementary reactions of which combinations may or may not‘f occur in
rea(‘;tion pathways depending on environmentai conditions (for a
comprehensive review, see [11]).

<

o
M

ONE ELECTRON TRANSFERS FROM 6-OHDA

Some quinone intermediates resulting from the autoxidation of 6-OHDA
(Appendix 2) have been deirloﬁstrated. A few seconds of exposure to air
at_ipH 12-13 produced a quinone species identified by ESR spectrum as a
;he semiquinone anion [12], found also during anaerobic oxidation by
ferric ions [13], The p-quinone (pKa1 = 4,5-5,0; pKa, = 9.0) exists in
equilibrium with its zwitterion at neutral pH's [12,14]. Whereas the

fwo electron oxidation product of the endogenous catecholamine, dopamine
is the open chain o-quinone, in the case of 6-OHDA the p-quinone is
favoured thermodynamically due to resonance stablisation of its

sii*ucturel In situ, 6-OHDA exists in redox equilibrium with its
p-quinone énd was estimated to maintain its integrity for the high

affinity uptake pumps of adrenergic neurons for 1.9 h [14]. Endogenous

catecholamines undergo 1,4-addition of the Michael type (via a

-



5
leucochrome intermediate) to form the adrenochrome with an o&erall loss
of 4 electrons [15]. In contrast, the p-quinone df 6-OHDA is relatively
stable and only slowly undergoes 1,2 side chain closure to the
aminochrome with elimination of water. The half time of this ;
intracyclisation was estimated to be 38 fnin [16] and the aminochrome is

thought to rearrange to the 5,6-dihydroxyindole or become reduced to

5,6-dihydroxyindoline [17].

Clearly, when a very strong reducing agent (such as 6-OHDA) donates
electrons in a univalent pathway to the universal biological electron

- sink, molecular oxygen, the yield of free radiqal species s

substantial. Any combination of possible radical interactions (Appendix
3) can react with many different cellular constituengg‘, causing
indiscriminant da;nage:

N

SCAVENGERS OF OXYGEN FREE RADICALS

To untangle the corriplex interactions resulting from the autoxidation of
6-OHDA, scavengers specific for each free radical species of oxygen were
used to study the effects of each on the rates of p-quinone formation
and oxygen consumption. Superoxide dismutase (SOD) was used to remove
O, in the following reaction:
- + N
2 02 + 2 H -—> HQOQ, (1)
In turn, catalase removes H202 produced either from SOD activity or

diréctly from the autoxidation of 6-OHDA by the following reaction:



2 HyOy -=-> 2 Hy0 + Oq. (2)

-

Since there are no known enzymes to remove specifically the hydroxyl

radical, various scavengers were used, Formate reacts with hydroxyl

radicals (k2 = 2.7 x 10° w7 s-l, [18]) to form a carboxylate radical

which, in the presence of excess oxygen, produces the superbxide anion
in the following sequence of reactions [19]:

HCO, + "OH ---> H,0 + COg' (3)

CO. + Oy —> 602 + 02. {4}

2
Other scavengers such as mannitol and benzoate were used when production

of Oé was not desirable. Glucose, although not traditionally used, has

been shown to have hvdroxyl scavenging effects [2Q]. #

While diethylenetriaminepentaacetate (DTPA), a general chelating agent,

was used ‘to eiimina:;a most catalysis involving reduction of transition

metal ions [21], the alreadv-reduced DTP‘A-Fezq' chelate remains active in

catalysing Fenton-type reactions [22]: s
DTPA-Fe** 4 H,0, —> "OH + OH™ + DTPA-Fe**, 5)

L]

When these interactions were not desirable, desférrioxamine was added.

This chelating agent, specific for iron, is not known to allow bound

o :

iron to participate in redox reactions. A drawback to its use however is
that at concentrations above 300 pM it can scavenge hydroxyl radicals

:23L
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INTERMEDIATES OF UNIVALENT REDUCTION OF OXYGEN BY 6-OHDA
L The Intermediate: H202

The production of H,0, by 68-OHDA and molecular oxygen was demonstrated
by the regeneration of oxygen from disproportionation of H2O2 product
upon addition of catalase at a given time in the reaction sequence and
the following reaction was proposed [6]:

6-OHDA + O, ---> p-quinone + HyO,. (6) -

P

However, closer scrutiny revealed that the yield of I—I2O2 was much less
than that predicted by the above stoichiometry [24]. Concommitantly,
the final amount of p-quinone produced far exceeded that of oxygen
consumed and this could be exaggerated under conditions where 02 becomes
limiting [25]. Thus in the absence of 02,' H,0, can oxidize 6-OHDA,
although at a much slower rate:

6-OHDA + H,O

50y <~—-—> p-quinone + 2H,0.(7)

Since catalase of hjgh purity did not inhibit the autoxidation of
8-OHDA, H202 is not invalved in the rate determining steps instrumental
to propagation of the free radical chain. Also part of the O2 or H2O2
deficit may be due to the Haber-Weiss interactions producing "OH

(Appendix 1) which may react in the manner described above,

Liang let al. {24] made no attempt to quantify the steady state

concentrations of I—I2O2 and perhaps for this reason most workers (e.g.
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[6]) ha\;e routinely assumed the incorrect stoichiometry as stated in
Reaction 6. However we have found that the quantitative contribution of
H202 is not constant but intimately dependent on’ the OZ:G-OHDA ratio. A
typical stoichiometry of a reaction under standard conditions -
air—siturated phosphate buffer (234 pM 02) at 25°C, pH. 7.00, ionic
strength 0,01 - may be:

1.46 6-OHDA + O, —--»

1.46 p-quinone + 0.67 H,0, + 0.66 H,O + 0.26 H* (8)

Under 1 atm 02, the B-quinone:HZOZ ratio is 1.2 suggesting that the
ratio increases as the O2 tension decreases. Both the stoichiometry of
H202 production during the progress of the authidationv and lthe rate of
I—I202 cénsumption under anaerobic, metal ion free conditioﬂs require
further quanitification, [t is important to investigate the kinetics of
6-OHDA:H,O, redox couple and the nature 6f metal ion catalysis under

272
anaerobic or low O2 atmospheres.

I. The Intermediate: O,
—
The involvement of O; wg; demonstrated by the inhibition of the initial
rate of autoxidation by SOD [27]: ‘
6-OHDA + O, —-> semiquinone + O; + H (9)
6-OHDA + Oé + HY —> semiquinone + H,0, (10)

semiquinone + O2 —-> p-quinone + 05 + HY (11)

semiquinone + O; + HY —> p-quinone + H2027(12) ‘



Reactions 10 and 11 constitute a self—propagating sequence where O2
consumed is regenerated. In the absence of 05, Reactions 10 and 12 no
longer proceed and the initial rate is inhibited in a dose aependent
manner by SOD, This inhibition, however is not simple, since SOD
actually induces a latent period after which the rate increases as the

reaction progresses, indicating that there is an accumulation of some

other intermediate which drives the reaction faster as it progresses.

This is characteristic of autocatalytic reactions and O2 must be‘ a

~ primary catalytic species or involved in the synthesis of the catalytic

species, In the presence of SOD some other, more slowly accumulating, )
catalytic species comes to dominate the reaction mechanism. However, i't
is unlikely that Reaction 11 actually proceeds since molecular‘ oxygen
alone could not oxidize 6-OHDA to the extent of the p-quinone [28].
This is supported by ESR spectral data which failed to show chemical

reactivity between’O2 and semiquinone [29]. _
The presence of p-quinona and other mixtures available at redox
equilibrium eliminated the' lag period [30] suggesting that the

; A
accumulation of p-quinone products is causing acceleration of the rate

near the end of the SOD-inhibited reactions. Perhaps reversal of the

dismutation of the semiquinone:
2 semiquinone <-—> p-quinone + 6-OHDA (13)

yields autocatalytic conscentrations of the semiquinone, Non-enzymic

disproportionation of semiquinone is a major pathway for its elimination
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in many reactions such as peroxidase and phenolic subtrates [31], thus
Reaction 13 contributes to the high ylelds of p-quinone not attributable

to oxidation by I—I202 or 02.

Ill. The Production of Singlet Oxygen.

Ct;emiluminescence observed from the autoxidation of 6-OHDA, was ‘
inhibitable by SOD, catalase, ethanol or thiourea [32]. '02 may result
from spontaneous dismutation of Oé or from the I—Iabé;"-Weiss reaction,
however all detectors of 'O2 react with *OH at a much faster rate,
therefore the chemiluminescence could be due to the ‘OH. At present
there are no specific scavengers which conclusively suggest the presence

.of '0 We did not pursue the role of singlet state oxygen in the =

2l
% )
. autoxidatfon of 6-OHDA.

ROLES OF METAL IONS

With exception of a very few studies, [13,26] the question of metal ion
catalysis from trace contaminations has been largely ignored and data
must be interpreted with this in mind, The nature of metal ions in the
interactions among O2 species has been well characterized

[18,23,33-35]., The addition of Cuz+ accelerated the rate of

autoxidation of 6-OHDA in a dose dependent fashion and this was
completely prevented by ethylenedlaminetetraacetic acid (EDTA) {36].

Fe2+’ was not as efficient as EDTA-Fe2+ in acceleratifig the

H

autoxidation, It also caused a bleaching of the p-quinone which could
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be prevented by catalase or ethanol [30]. This enhanced rate was not
inhibitable by SOD which implies that the ferrous complex is a better
catalyst than 05. Substituting DTPA for EDTA resulted in acceleration
but only by 20% of the EDTA—Fe2+ rate, In the absence of added metal
lons, both EDTA 'and DTPA were necessary to confer sensitivity to SOD
inhibition when no other precautions to eliminate contaminating
transition metal ions [30], however in assay systems using rdeiqni’sed
distilled or Chelex treated water, metal chelating agents were not

necessary for strong inhibition by SOD [26]. The most profound

consequence of metal ion catalysis seems to be the generation of °OH,
IV. The Generation of *OH.,

The p‘roduction of hydroxyl radicals was demonstrated by the evolution of
ethylene gas from methional [37] which could be inhibited by other
hydroxyl scavengers, Neither }-1202 ﬁor Oé alone could generate et'hylene
gas, However, either SOD or catalase was able to partially inhibit the
rate of ethylene production so it was thought that both H202 and Oi

were involved in the production of "OH via a Haber-Weiss or Fenton type

reaction:
<2+ . - 3+
H202 + Fe -—> 'OH + OH + Fe {14)
Oi + Fe:3+ — 02 + Fe2+ (15)
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Hydroxyl scavengers do not inhibit the rate of autoxidation but appears
to slightly accelerate the overall rate under certain conditions [28]
probably because they prevent bleaching of the p-quinone.  Thus the *OH
is not involved prior to the rate limiting steps 1“n the initial
autoxidation. However if it promotes polymerisation or intracyclisation
of the p-quinone products it may shift the redox equilibrium even
further in favour of 6-OHDA oxidation. More importantly, the high
reactivity of the hydroxyl radical itself is responsible in causing

damage to the cell,

It is generally accepted that some organically chelated metals such as

EDTA-Fe*

are more efficient catalysts than free metal ions in
generating "OH. However the following evidence suggests that the
nascent radicals resulting from °'OH propagate the chain by facilitating
the transition of the ;netal fon through its redox states, In the
simultaneous presence of DTPA, catalase and SOD, the autoxidation was
completely inhibited despite the presence of molecular oxygen [28].
Howéver addition of either mannitol or formate for the purposes of
scavenging of °‘OH restarted the reaction. Therefore we postulate that
either the semidehydro-mannitol or the carboxylate radical can reduce
the DT?A—Fe3+ and thus allow iron to cycle through its redox states.
Since this revived oxidation exhibited a latent perioq, Oé is probably
not involved. Morerer, since the yield of p-quinone reflected
utilisation of of recycled molecular oxygen only, H202 was probably not
involved either, We do not know the source of "OH in this system, but

presumably a small portion of 6-OHDA oxidized in the aliquot before
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addition to the reaction chamber was enough to allow recycling of the
chelated iron., Moreover we do not know if these hydroxyl scavengers act
in.a catglytic or stoichiometric manner since both were present in
concentrations over 10 times in excess of the predicted yield of *OH

from the control, unhibited autoxidation.

If analogous reactions are involved in idiopathic Parkinsonism, the fact
that its progress spans many years is consistent with the slower

oxidation rates characteristic of endogenous catecholamines, low
Pl )

o« ]

intracellular oxygen tensions and tightly chelated metal ions in a mileu

of catalase andeOD. Metal ilons among other compounds found chelated by"
endogenous catecholamines are perhaps essential to the process of their
concentration for storage in synaptic vesicles [38]. The nature of

ligand bound to a metal ion determines both its redox potential and the
ease of inner and outer sphere electron transfers. Conversely, binding

by metal lons may increase the susce;i\tibility of the participating

ligand to metal catalysed oxidation. Th;e ferrous ion chelated by DTPA

still participates in Fenton-type reactions however its rereduction was

not observed [22].



GENERAL GOALS OF STUDY
;

While much of the autoxidation of 6-OHDA has been characterised, neither
its mechanisms of cytotoxicity nor its oxidation have been unambiguousl};
elucidated., It Was hoped that in studying the autoxidation of 6-OHDA,
we would establish some general principles of free radical t)athology.
Not only did we want to identify the conditions which would promote or
inhibit the autoxidation but also to quantify the relative contributions
of the intermediates in initiating and propagating the free radical

chain, The/d)mplexities of this autoxidation were in part due to the
.autocatalytic nature of one of its intermediates, the superoxide anion

and in part attributed to the synergistic interactiens of contaminating
metal ions. The following sections will reveal the rewards as well as
the frustrations which accompany any search for generalisations which
starts)among the seemingly intractable problems of finding a practical
approach at the level of observable and measurable phenomena to events
occurring in the semi—ébstract world of molecular énd submolecular

interactions.
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APPENDIX 1

-

ONE ELECTRON TRANSFERS TO MOLECULAR OXYGEN"""" ...

02 + € > 05 ‘ - ' *
0, + g" <-—--> HO;
Oi + Oé KD '02 + H202

0y + e —= 0F

Og' + HY <cooes Ho;
HOE + HY <

4 H202
2(H20_2) €mmemm> H20 + 02

0% ¥ o —ormn OF
0" + HY ———--> *OH
o + e -————> 02— .
0% 4 oH* s H,0
O; + e + 2H+ --->. H202
H202 + e -> "OH + OH
'OH + e + HY ————s H20
o; + H202 > 'OH + OH + '0,
o; + 'OH -—-> O, + OH™

,/?



Metal Ion Interactions with Intermediates of the Reduction of Oxygen:

\ Meo2(“'”+

- (MeozHi(?“”*

Me(n+) + O; |

Me(n+) + H Ty

209 .
Mell*) . Hy0, ‘“‘-->(Me(n+1)+ + 'OH + OH

Me(n+1)+ . Oi . Mé(n*) + 0,
Me™) 4 OH ——us MeOlD* , gt

g

“arpEnfIX 2

-

ONE ELECTRON TRANSFERS FROM 6-OHDA

6-OHDA <--—-> sQ* + e + H'
2(sQ’) <---—> pQ + 6-OHDA

sQ° <——--> pQ + e + gt

pQ —---> aminochrome + HZO

4

aminochrome (via rearrangement) -----> 5,6-dihydroxyindole
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OXIDATION PRODUCTS OF 6-OHDA

MO , .
o
HO on Na I. 6-0OHDa

: (2,4,5-trihydroxyphenyl-

‘s/ H-Ze ethylamine)
oy CHy ox CHa
CHy ~ ?H. 11 _ : no
o o .1=Hl © Y o NMS - P quln De-
' , zwitterions
l-HZO ‘

%
31::];:> III. aminochrome

)
H
/ &1 :
KO \ HO
]::j:;> . Hoj::j:;> V. 5,6-dihydroxyindoline
M

RO
H

IV. 5,6~dihydroxyindole

’- -



APPENDIX 3

POSSIBLE ELEMENTARY REACTIONS BETWEEN 6-OHDA
AND MOLECULAR OXYGEN

Production of the semiquinone (sQ°):

6-OHDA - SQT 4+ e + H
02 + e ————> 02
6-OHDA + O, <-——>.sQ" + 0, + H'
6-OHDA <—-—-> sQ° + e + HY
Oé + e 2H+ ———— > H202
6-OHDA + O, H* <—-> sQ° + Hy0,
6-OHDA <o > sQ° + e + HT
H202 + e H+ ----- > Hzo + .OH
6-OHDA + HZO > sQ° + HZO + 'OH
6-OHDA <--==-=> sQ° + e + H¥
*OH + e H* ——> H,0

+ ‘OH -> sQ° + H,O

6-OHDA

18
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Production of the

para-quinone (pQ):

sQ* <——--> pQ + e H*
09 & . —> 0y

sQ 0, > Q-+ ‘05 y*
sQ’ © g pQ + e gt
05 +- e + 2HY ——s H202 :
SQ. + Oé + H+ ———— pQ + H202

sQ° <—---> pQ + e H*
1-1202 + e + HY ————> HZO + ‘OH

sQ.c ; H202 > pQ + HZO .OH
sQ’ . ° > pQ + e H+
*OH + e + H ———> I—I20

sQ’ + °'OH > pQ + H,O

19
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ABSTRACT

Rates gqf autoxidation of 6-hydr6x;dopamine were determined in the
presence of combinations of: superoxide dismutase (SOD),
diethylenetriaminepentaacetate (DTPA), desferrioxamine, catalase,
formate, mannitol, benzoate and glucose, by measuring rates of
p-quinone (product) formation (at 490 nm) and concomitantly O2
utlilisation (polarographically), Added individually, the scavengers

were inhibitory in the following order of effectiveness: SOD (96%) »>
DTPA (66%) > desferrioxamine (30%). When scavengers were present in
combinations, each modified the actions of the other, to the extent
that only'SOD (93-100%) and desferrioxamine (15-40%) were always
inhibitory, The hydroxyl scavengers formate or mannitol alone produced
little or no {0-10%) inhibition, but inhibited the autoxidation by 30%
in the presence of catalase+SOD., In contrast, in the presence of
catalase+SOD+DTPA, they (including glucose) reactivated the completely
blocked reaction. DTPA and desferrioxamine increased the latent
period induced by SOD, while their inhibition of the rates of
autoxidation ‘were muéh less. Thus in the presence of SOD, the
transition metal ions are more essential to the Vinitiation mechanisms

than to the propagation steps of the autoxidation.
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INTRODUCTION =

6-Hydroxydopamine, (G-OHDA)1 by virtue of its affinity for the
catecholaminergicluptaike systems, is a selective toxin to those
neurones which are able to concentrate it to critical levels. Its
toxic actions are directly related to its capacity to generate free
radical species of molecular oxygen and 6-0HDP: quinones, These
reactive species are thought to modify cellular components (in part by
oxidising or crosslinking free sulphydryl groups), rendering them
irreversibly non-functional. Although, many aSpects of the
autoxidation of 8-QHDA have been characterised, neither the mechanisms
of its autoxidation nor its cytotoxicity have been unambiguously
elucidated. The current study was therefore undertaken to ascertain
the relative importance of the various speciesr of oxygen participating
in the propagation chain, and the predominent interactions between

them.
-

\g\

FSeveral workers have reported the effects of various individualcf(ee
radical scavengers upon the 6—OHDA/O2 reaction (Heikkila & Cohen,
1972, 1973; Floyd & Wiseman, 1979; Sullivan & Stern, 1981). In a few
“cases two or three scavengers were simultaneously present (Sullivan &
Stern, 1981). The current investigation examines the ef:fects of all
possible combinations of SOD, catalase, one or more metal 1oh
chelating agent and one or more hydroxyl scavengers, The purpose of
such a thorough approach was to identify those'combinations of

scavengers which would allow examination of the role(s) of a single

Y -~
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free radical species by selective elimination of participation by
others. Moreover since many components coexist in cellular systems,
it was of interest to determine the effects of a single scavenger in
the presence of various combinations of others, with a view to

identifying synergistic or moderating interactions among them.

The formation and utilisation of both 05 and Hy0, in thé 6-OHDA
reaction have been characterised {Heikkila &iCohen, 1972, 1973; Liang
et al.,, 1976), Although it is unclear as to whether the hydfoxyl
_radical is produced from metal catalysed Haber-Weiss type interactions
between 1-1202 and Oi, or directiy from oxidation of the 6-OHDA
quinone, 'OH have been demonstrated by ESR using the spin’ trap,
5,5-dimethyl-1-pyrroline-N-oxide (DMPOQ; Floyd & Wiseman, 1979). The
semiquinone of 6-OHDA was also demonstrated by ESR under anaerobic
conditions. It has been establish;ed that 05 plays a cata lytic role

in the 6-OHDA/O2 reaction (Heikkila & Cohen, 1974; Sullivan & Stern,
1981) while H202 can éubstitute for molecular oxygen as an oxidising
species (Liang et al.,, 1976). Since no evidence of reactivity of the
semi-ql;linone with molecular oxygen was found, Borg et al. (1978)
suggested that formation of the p-quinone involved dismutation of two
semi-quinones, In support of this, oxidised quinone mixtures
eliminated a latent (induction) period caused by the removal of the

primary autocatalytic species, O; (Sullivan & Stern, 1981)

Electrochemical studies suggest that the open chain p-quinone product

. -



is in redox equilibrium with 6-OHDA and only slowly undergoes 1,2-side

chain closure with the elimination of H2O (Adams et al., 1972). The

half-life of this intramolecular cyclisation was éstimated to be 38
min ét pH 7.4, 37° C (Blank et al., 1976) and the resulting
adrenochrome is thought to réarrénge to the 5,6-dihydroxyindole or to
becomé reduced to 5,6-dihydroxyindoline (Powell & Heacock, 1973).
Although the latter ;species is also of cytotoxic importance, we have
tried to restrict our observations to the earlier phases of the
reaction, in particular to the initial two electron oxidation segment

of the autoxidation of 6-OHDA.



MATERIALS AND METHODS

REAGENTS

6-Hydroxydopamine hydrobi‘omide salt and DTPA wefe purchased from the
Sigma Chemical Co. (St. Louis, MO). . Sodium phosphate buffers were
obtained »fro_m American Scientific and Chemical (Seattle, WA) and
Matheson Coleman and Bell Manufacturing Chemists (Norwood, Ohio).
Desferrioxamine (Desferal mesylate) was a gift from CIBA

Pharmaceutical Co. (Summit, NJ). Chelex 100 resin and AG501-8X
deionising resin were obtained from BioR;ad Laboratories (Mississauga,
Ont., Canada). Sodium formate was obtained from J].T. Baker Chemical
Co. (Phillipsburg, NJ) while mannito}, glucose (dextrose} and sodium
sulfite were obtained from Fisher Scientic Co. (Fair Lawn, NJ).

Sodium benzoate was purchased from Anachemia Chemicals Ltd. (Toronto,
Canada). Hydrogen peroxide was obtained from BDH Chemicals
(Vancouver, Canada). Catalase (bovine li‘ver) was purchased from both
Calbiochem-Behring Corp. (88,823 U mg'l; La Jolla, CA) and Sigma
Chemical Co. (2500 U mg™)). SOD (bovine blood, 2900 U mg™}) and BsA
were obtained from Sigma Chemical Co. .fdl reagents were of the

highest purity commercially available at the time of purchase,

The purity of the water was >10 MOhm cm-3, which was further increased

>7 times by passage through a Chelex 100 column, The following metal

w

ions from the buffer salts were below the stated values (which



represent the detection limits of inductive coupled plasma emission
spectrésbopy): copper <73 nM; -iron <54 nM; manganese <18 nM; aluminium
<741 nM and vanadium <39 nM. Phosphate buffers, pH 8.00, ionic
strength 0.04, made from freshly deionized distilled water were also
below these detection limits., However, as an extra precaution, acid
and base were treated by Chelex 100 resin separately and titrated to
the desired pH, since pH changed' even after,equili‘bration of the
column. DTPA (1.0 mM) was added as a non-specific chelating agent for
transiti;)n‘ metal ion contaminants {Chabereck et al.,, 1959), Although
500 pM desferrioxamine, a chelating agent specific for iron, was .
reportedly sufficient to remove catalysis due to 100 pM iron (Hoe et
al,, 1982), 1,0 'mM was used to be\ consistent with DTPA. Other
scavengers wére added in excess of 10 times the amount needed to
remove the estimated gf'ield of each radical species. Benzoate (10 mM)
and mannitol (10 mM) were also used as hydroxyl scavengers since
formate (10 mM) produces Oi (in the presence of 02) which is a
catalytic species in 6-OHDA autoxidation. Howgver, at least one
pathway of the scavenging reaction of 'OH by formate is well
established (Klug et al., 1972) and the interfnediate radical CO% is
converted to Oi which can then be specificaily scavenged by SOD.
Also, formate reacts with "OH almost 3 times faster Q'th;m mannitol
{Halliwell, 1978). Glucose (10 mM) is not as efficient as the other

hvdroxyl scavengers but was used in some conditions due to its

biological importance. Catalase (250 U ml-l) and SOD (250 U ml-l)

were used to scavenge hvdrogen peroxide and superoxide respectively.

o



BSA (5 mg ml'l) and boiled SOD were used as protein controls.

_ . ANAEROBIC PREPARATION OF 6-OHDA

Deionized distilled or Chelex 100 treated water was alternately
flushed with high purity nitrogen (Linde, Union Carbide Canada Ltd.)
which was just. previously bubbled through a ;odium sulfite solution,

. and evacuated using a Virtis vacuum evacuator. 6-OHDA was gently
dissolved by removing trapped air in the powder under vacuum and

replaced with nitrogen. This vial was sealed under a slight positive

s

pressure of nitrggen to minimise expoéure to oxygen as aliqu'ots were
withdrawn. The absorbance at 490 nm provided an indication Vof
baseline oxidation and the quality of thé stock solution (0.79
+0.03%). The reducedl concentration under anaerobic conditions (pH

6.0-7.0) was estimated from the absorbance at 290 nm, while a null

difference spectrum from a sample at pH 2.00; and the sym;netry of the

290 nm peak were taken as indications of the homogeneity of the

preparation.
ASSAY PROCEDURES

Water saturated air at 733 +1 mm Hg barometric pressure was bubbled
‘gently through buffer in the sample chamber of a YSI Model 53 oxygen
monitor for 20 min to achieve an initial concentratiof of molecular

oxygen of 246 +6 pM. Buffer was then transferred to a cuvette and



appropriate combinations of Scévengers were added. After thorough N
mixing the reaction was initiated by 50 ul 6-OHDA and the formation of
p-quinone was followed lat 490 nm using a Beckman DB-GT
spectropbotometer. The corresponding reaction was monitored for

oXygen concentration by a YSI Clark-type oxygen electrode either
simultaneously or sequentially. pH was checked in the reéction medium
'before and after addition of scavengers and at ;he start a;nd‘upon
completion of the reaction Afvo‘r representative conditions, Data were
collected on line through a fWeIVe bit analogue-digital convérter and
transferred to a £BM 4341 or 3033 computer using a microprocessor data

buffer/coupler locally designed and constructed.
DATA ANALYSIS

All subsequent data analyses were performed using APL programmes

written by the authors and _irnplemented on a IBM 4341 or 3033

A

computer, Digitized voltages were converted to micromolar )

concentrations of p-quinone using the internally determined molar /
1 ,

extinction coefficent of 1892 M~ cm'l, and, concentrations of

molecular oxygen using the Bunsen coefficient for aqueous solutioﬁ:
(Estabrook, 1967). Peak values in first derivative plots of the
reactions, were used to determine the time at which the initial rates
weré maximal and linear regressions were fitted over a suitable

interval to determine maximal rafes. The induction or latent period,

was obtained by measuring the time to the intersection of the



extrapolatéd lines approximating the initial and maximal velocities

respectively (Burton and Ingold, 1981).
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RESULTS:

EFFECTS OF INDIVIDUAL SCAVENGERS g

The effects of individual scavengers in the absence of others are
shown in Figure 1. Clearly SOD provided the gi‘eatest inhibition

(96%), while substantial inhibition is‘ also induced by the chelatin’
agents, DTPA and desferrioxamine. Neither denatured SOD which had been
gently boiled for 40 min nor BSA had any effect on either rate. With
respect to p-quinone formation, hydroxyl scavengers (benzoate;

glucose, mannitol or formate) or catalase had only a minimal effect,
and .thus *OH or I-1202 are not imporgant intermediates in or prior to
the rate determining step. In general the rates of p-quinone
productfonr gnd 02 consﬁmption agreed reasonably well, but in the
presence of either of the above hydroxyl scavengers O2 utilisation was
consistently lower than p-quinone formation, suggesting that either

the scavengers themselves or the pro.ducts of their action act as

electron acceptors.
EFFECTS OF SUPEROXIDE DISMUTASE

Comparisons illustrating the effects of SOD in the presence of the
mixtures of scavengers tested are shown in Figure 2. In every case
-

SOD not only decreased the maximal rate of autoxidation of 6-OHDA, but

it changed the reaction from pseudo-first order to sigmoidal
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kinetics, Specifically, SOD inhibited: by 100% when added in the
presence of DTPA+catalase; by 98% in the presence of DTPA+catalase+any
hydroxyl scavenger or DTPA without catalase (whether or not hydroxyl
scavengers were present); and by approximately 96% when added alone,

or in the presence of catalase+any hydroxyl scavenger. In contrast,

the bresence of catalase alone decreased the Inhibitory action of SOD

to 93%.

The latent period induced by SOD was of the order of 180 s (Figure

3). In contrast, DTPA and/or desferrioxamine did not themselves

induce a latent period, but they greatly increased its duration (4 to

15 times) when simultaneously present with SOD. H2O2 (500 pM) did not
alter the latent period. However, if HO‘Z, not }~I2O2 is the product of

SOD activity (Bernofsky & Wanda, 1983), then additions of H2O2 would

Qe

not be expected to reduce the latent period.
[y

+
-

Therefore to determine whether the catalytic species might be HO4,

aerated mixtures of HQO (500 puM) were incubated with 250 U ml-1 SOD

2
for 2.3 h at 25°C to SOD-inhibited reactions. However, this mixture
supposedly containing Ho;, did not decrease the latent period or

affect maximal rates of oxidation. There was no evidence of a long
lived acidic specles resulting from the action of SOD on HyO,, as
reported by Bernofsky and Wande {1883). This inconsistency may be due

to differences in the metal ion content since the reported study was
£

performed in buffers made in deionised distilled water while the
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present study used Chelex 100 treated buffers, This suggests that
metal ions are necessary for therformati‘on of wﬁtever species induces

the change in pH.

EFFECTS OF DTPA

DTPA, known to chelate a variety of tranéltlon metal cations to

differing degrees (Chabereck et al,, 1959), was the next most potent
inhibitor (67%) of the autoxidation of 6-OHDA (Figure 4). . Its

inﬁitory effect was increased by 8-50% by the presence of SOD, and
decreased by 2-12% in the presence of the other scavengers. In some
cases the actions of DTPA were influencéd by a concommitant decrease

in the pH of the reaction mixture, which consistently shifted from

8.00 = 0,02 to 7.30 = 0.05.

Since the autoxidation of 6-OHDA is base catalysed éjrja'énhanced at low
ionic strengths we investigéted the extent to which inhibition by DTPA r\\]
was due to changes in pH (Figure 5), DTPA made up in sufficient NaOH/
to eliminate changes in pH failed to decrease the rate of

autoxidation, the rate being 102% of the pH matched control and 124%

of control adjusted for jonic strength by the addition of NaCl. This
re}atiw? acceleration induced by the presence of NaOH may be due to

the presence of contaminant metal ilons in the NaOH. Because of this
uncertainty, we followed control reactions at thé same pH as thgt

resulting from the addition of DTPA (pH 7.30). Under these conditions,
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the slowing attributable to the metall binding properties of DTPA was
17%. The remaining 83% c;f the inhibition in this instance wés a
direct effect; of pH on the autoxidation of 6-OHDA. Other reports of -
the lacti'on of DTPA in this system have not mentioned 1t:he use of
special procedures to conFroly pH, and unless this was done,
quantitative conclusions fegarding tﬁe effects of .metals should bé
intérpreted with caution.. The contributions of iron can be inferred
with- more confidence from the effects of desferriox?rriine, which has
beeh reported to block Fenton reactions as well as the Haber-Weiss
interactions, and which'cauéed no significant change in pH.

.

EFFECTS OF CATALASE

Under conditions where either ,DTPA or SOD was present, Vcatalase
accelerate>d the autoxidation of 6-OHDA (Figure 6) by 20-45%, in
contrast to our own previous (unpublisheds\ 'studies and those of otheré
(Sullivan & Stern, 1981), where catalase was inhibitory. Much of this
difference may be due tor‘the fact that at the relatively high
concentrations of 6-OHDA (1.0 mM) used in the current studies,
molecular oxygen (246 = 6 pM) may be limiting. ‘Under these conditions
catalase serves to regener;te O2 which is preferred over 1-1202 as the
electron acceptor under the usual reaction cogditions. A further |
consequence. of this recycling was that in the presence of catalase,

the net rates determined for oxygen utilisation were generally

one-half of the rates of p-quinome production, regardless of what
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other scavengers were present. However even at lower concentrations
of 6-OHDA (200 pM), catalase had a small stimulatory effect (11%
increase; Figure 7). Wherever catalase had an inhibitory effect
(10-100%), I-I2O2 or some ?roductr derived from it (e.g. "OH) must
contribute to the autoxidation. This was especially evident‘in the
simultaneous presence of DTPA+SOD.

”While catalase obtained from Calbiochem-Behring Corp. was used in all =~ -
experiments, we compared its effects with catalase purchased from

Sigma Chemical Co. on this single occasion. As illustrated in Figure

7, the preparation from Sigma Chemical Co., had an inhibitory effect,
while the morie active preparations from CalBiochem-Behring did not
when present alone, The inhibitory effect from the Sigma preparation

was most likely due to trace contaminations of SOD (Halliwell, 1973).

™.
Any effects due to catalase before and after this point refer only to

the preparations from Calbiochem-Behring Corp. .

EFFECTS OF HYDROXYL SCAVENGERS ; & f;
These scavengers had both inhibitory and stimulatory effects depending

on which other scavengers were present. Moreqver, the effects 7

observed for formate (Figure 8) were not the same as for mannitol

{Figure 9), Generally formate was inhibitory when mannitol was

present {5-30%) but it accelerated the reaction when hydroxyl yield

was expected to be greater due to Fenton-type reactions, such as in
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the presence of DTPA (5-10%), Under the latter conditions *OH is
involved only after the rate limiting step since the hydroxyl
sca.vengers did not produce significant inhibition, Formate reacts
Witl’{ *OH at diffusion limits to produce the carboxylate radical which
is converted to 05 and C02 after the rate limiting step, therefore it
recycles *OH to 05 (Klug et al,, 1972), Mannitol on the other hand,
with no identified radical intermediate, compétes with formate for the
hydroxyl radical, since each was mutually inhibitory (5-30%) in the
presence of the other. While the stimulatory effects of the formate
and mannitol (Figures 8 and 9) can hardly be accounted for on the
basis of their actions as hydroxyl scavengers, reactive derivatives
resulting from their scavenging action presumably promote the

autoxidation.
EFFECTS OF SCAYENGERS WHEN PRESENT IN VARIOUS COMBINATIONS

From the various combinations of scavengers it was possible to choose
conditions in which a particular species would be most prominent, with
minimal contamination or interaction with other intermediates, Thus
Figure 10 summarises the rates attributable t(') the catalytic presence
of just one or two free radical intermediates. T‘he particular
scaver;ger mixtures used (see legend) were selected on the basis of _thg

following arguments.

Although DTPA does not preclude all participation of metal ions, the

e
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simultaneous presence of catalase should preempt °*OH generation by
Fenton-type reactions by removing H2O2, Formate recylés any remaining
*OH or that produced directly from the E}toxidation of 6-OHDA back to
05. Thus, a combination of DTPA+catalasesformate leaves Oi as the
primary intermediate. This can be seen to contribute 83% to
autoxidation: of 6-OHDA (Figure 10). Since the effect of its removal

by SOD (96%), is greater that its apparent contribution, Oé most
certainly has a catalytic role both in its own generation and its )

El

utilisation.

In- the combination DTPA+formate+SOD, the consequences of DTPA and
formate are similiar to that in the previous scavenger combination,

while SOD converts O, to H,O Thus H,O, remains as the primary

2 272 272

species. Although the portion of the autoxidation attributable to
ﬁzoz is barely discerna_ble when compared to-O,, it is’ 50 times
greater than that observed in(Hzo2 (500 pM) in the absence of
molecular oxygen. This indicates that much of the observed
participation of HZOé is catalysed by the presence gf species of O2
rather than due to direct oxidation of 6-OHDA by H,0,. Under most
circumstances, "OH contributes little to the autoxidation. This

follows from the evidence that hydroxyl scavengers were inhibitory
only under special circumstances, and fhat the rates in the scavenger
combiﬁation, DTPA+SOD (which permitted the simultaneous presence of
both I—I2O2 and "OH) were not greater than that of 'H202 alone. However,
using the scavenger mixture DTPA+formate, the effects from the



simultaneous presence of H202 and 05 (88%)‘were “close to the simple

sum of effects from HZOZ alone (2%) and O;z alone (83%). Again OH

_does not contribute to the autoxidation by Oé since the effect of ,05

{83%) is not increased in the scavenger combination, DTPA+catalase

(81%) which allows the simultaneous existence of these two species.

Although rthe assay medium was relatively free from metal ions, their
contribution was estimated in the combination, formate+catélase+SOD.
Under these conditions, Oé is converted to HZOZ’ which is converted
to 02 and HyO while any 'OH formed is recycled to 05; Thus the -
remaining oxidation should be due to catalysis by ambient traces of
metal ion contaminants. This contribution makes up 5% which is close
to the inhibition (7%) provided by the simultaneous presence <;f

chelating agents, DTPA and desferrioxamine,

The total contributions of all listed species when individually
present account for 90% of the control rates., Synergistic interactions
between the various reaction intermediates and unknown species account

for some the effects found when only one species is removed (Figure

1). ' /
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REACTIVATION OF THE REACTION IN THE PRESENCE OF

DTPA+CATALASE+SOD

While the above combination of scavengers virtually prevented the

autoxidation of 6-OHDA, the reaction was par.tly released from,
inhibition by the further addition of formate or mannitol (Gee &
Davison, 1984), VCIearly glucqse or ben;oate also reactivated the
autoxidation to about the same degree as formate or mannitol (Figure
11). Desferrioxamine \;vhen substituted for DTPA in combination with
catalase+SOD did not completely block the autoxidation implying that

iron is not the only metal active as a catalyst.

Since the inhibitory action;of DTPA in some tases was due to its

acidity, it was important to estimate the pH effect in the totally
inhibitory scavenger combination DTPA+catalase+SOD. When pH was
adjusted to 8.00, this combination did not prevent the .autoxidation

and the contribution by DTPA in a chelating capacity was only ‘23% (see
bars labelled D.NaOH+C+S and C+S:pH 8.0) However, when pH was adjusted
to 7.30, (C+S:pH 7.3) the maximal rates were inhibifed by 67%. While

the remaining 10% has not been accounted for, this residual effect

cannot be attributed merely to a pH dependent increase in SOD activity
(Lawrence & Sawyer, 1979) in view of the presence of SOD in

considerable excess.
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DISCUSSION - RN
ROLES OF O, IN INITIATION AND PROPAGATION

The cor{sequences of the addition of SOD are reflected in dramatically
decreased maximal rates\,‘(Figure 2), and to an even greater extent in
the induction of substanti;l latent periods (Figure 3). The

‘inhibi'tion by SOD indicata'&c a primary role for Oi as the major
species involved in the usual autocatalytic propagation of the
reaction,. The absence of -a latent period when SOD is not present:
indicates rapid recycling of effective amounts of 05 during its
catalytié actions under the usual reaction conditions. The latent
period indﬁced By SOD represents the additional time required for the

accumulation of alternative catalytically reactive intermediates

catalyse the reaction in the absence of 05. 42—"’\\

CATALYTIC ROLES OF REACTION INTERMEDIATES OTHER THAN 02.

Many of the known Oxygen radical intermediates can be excluded.
Despite the slowing of the reaction by catalase in the presence of
D;FPA+SOD, the reactive species is not likely to be H202, since the
addition of H202,' did not eliminate the latent period induced by SOD

{Sullivan & Stern, 1981). Moreover it is not likely to be H0;.

Having excluded catalytic roles for "OH or H202 (Figures 6, 8, and 9)
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in the presence of SOD, the most likely candidate for the role of
- autocatalytic intermediate remains the"se‘miquinone and/or p-quinone of
6-OHDA V(Sullivan & Stern, 1981). On this basis, in the presence of
SOD the reaction (Borg et al., 1978),

2 semiquinone -----> 6-OHDA + p-quinone (1)
may be rate> limiting in the linear (steady state) phase of the
autoxidation. Nevertheless, the decréase in the maximal velocity
caused by the further addition of DTPA and/or desferrioxamine (Figure
2) suggests that metal ions are involved in generating the
autocatalytic species, In view of the need to overcome the negative
charges on the two reacting semiquinone radicals, this role must
reflect in part dispersal of the negative charges by bridging metal
ions. In addition, formation of a metal ion—semiquinonef’cbmplex should
raise the redox potential of the semiquinone to a point where it is a

more effective oxidising species,
ROLES OF METAL IONS IN INITIATION AND PROPAGATION

In the absence of SOD, there is no evident need for metal ions for
initiation, but in its presence, both desferrioxamine and DTPA have a
much more profound effect on the initiating reactions than on the
prc;pagating reactions. Thus they increased the latent period by 100 to
300%, regardless of which other scavengefs were present (Figure 3).
This suggests that chelation:of metal ions prevents participation of

those metal-radical complexes which are responsible for the
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Involvement of the semiquinone, and that these are especially crucial

when 05 is removed.

Metal iohs may partially substitute for superoxidé as a major

catalytic species or vice versa, Thus, in the current studies which
used Chelex treated buffers profound inhibition (about 96%) by SOD was
consistently observed, without the need to add any metal chelating
agent. The fact' that the sum of the inhibitions by DTPA and SOD -
consistently total over 100%, suggests synergism between metal ions
and O;. This is evident also in that inhibition by SOD is greater in

the presence of DTPA, and conversely, inhibition by DTPA or
desferrioxamine in enhanced by the presence of SOD (Figures 2 and. 4),
This contrasts with »other observations that DTPA was necessary to
sensitise the autoxidation to inhibition by SOD (Sullivan &-Stern,

#

1,981)' : -

This is also consistent with reports that the predominant species
capable of directly oxidising 6-HODA in the initiating pha‘ses of the
reaction is a metal-oxygen complex, which in the later propagating
steps gives place to éaS‘metal-superoxide complex (Gee & ﬁavison,
1984). The reé?:ﬁgn: involved in the initiation phase of the

autoxidation may be:

6-OHDA + O,/Me"™" —> semiquinone + O./Me™ + H* (2)
2 S

6-OHDA + O,/Me™ + H' ---> semiquinone + H,0, + Me™ '(3)
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_ROLES OF H

where reactioﬁ (3) is fast relative to (2) which is rate limiting.

The lack of inhibition by the scavenger combinations, formate+catalase
(Figure 8) or mannitol+catalasge (Figure 9) exclude direct

participation of *OH or H2O2 in the initiation or propagation phases

of the aerobic oxidation.

202

6-OHDA is oxidised by the H,0, produced in its own oxidation. Its
utlisation as an electron acceptor increases as O2 becomes less

available. However oxidation by H202 anaerobically is over three

-7

orders of magnitude slower than that of O2 und;r the same conditions.
This explains why removal of I—I2O2 by catalase (Figures 6 and 7) doés
not inhibit the aerobic oxidation. Catalase was in some cases

slightly stimulatory due in part to increased O2 concentration °
resulting from regeneration from H202, even when O2 is present in some

excess {Figure 7).

The failure of catalase to iphibit the autoxidation of 6-OHDA

~.

contradicts both our own prgifious observations and those of others
(Sullivan & Stern, 1981), Since we had previously used catalase
purchased from Sigma, we compared it to the catalase (from

Calbiochem-Behring) used in all other experiments throughout the

current study (Figure 7). The inhibition due to the Sigma catalase

+
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(36%) in view of its much lower specific ativity may well be
attributable to contamination by traces of SOD activity (Halliwell,

1973), or to contaminating metal ions.
INHIBITORY- EFFECTS OF "OH SCAVENGERS

Since the major sources of *OH are the Fenton and (related)
Haber:Weiss reactions, it is paradoxical that the greatest inhibitory
effects of formate and mannitol oecurred when both catalase and SOD
both present’ (Figures. 8 and 9). Howevef catalase has a relatively low

Km for H202, (Halliwell, 1981) so that side reactions would compete

effectively with catalase for H202 at relatively low concentrations.

- Moreover, superoxide in high concentrations may remove 'OH (McCord and

Fridovich 1973), so that while SOD would inhibit *OH production in the
Haber Weiss reaction, it would in effect increase its yleld from

Fenton reactions. Thus in the presence of SOD and catalase, the yleld

—_of 'OH may be increased and at the same time its participation more

evident than when the other oxidising species are more abundant. It
is also evident im Figures 8 and 9 that formate enhanced the
inhibitory actions of ‘mannjtol and vice versa, implying some
interaction between the two organic radicals, the semi-dehydromannitol

and carboxylate radicals.



" is not able to reduce DTPA-Fe

- STIMULATORY EFFECTS OF HYDROXYL \SCAVEN GERS:

Since all of the hydroxyl scavengers studied were able to reactivate
the blocked reaction in the presence of DTPA+catalase+SOD, the most
likely explanation involves ‘the reduction of the DTPA-metal complex so

as to allow it again to cycle through its redox states (Gee & Davison,

'1984). ﬁhough DTPA forms relatively stable chelates with many

transition metal ions, DTPA—Fe2+

will undergo oxidation in Fenton-type
reactions (Sinet & Cohen, 1982):

DTPA-Fe?* + H,0, -—> 'OH + OH + DTPA-Fe>* (4)
DTPA blocks the cyclic aépec}ts of the Haber-Weiss reaction since Oi,
3+ resulting from the transfer of an
electron from ferrous iron to H202. Thus the semi-dehydromannitol or
other hydroxyl scavenger radicals may permit redox cycling of the
ifon, despite its chelation by DTPA as follows:

‘DTPA-Fe3+ + MH —> M + H+ + DTPA-Fe2* (5)

; Alternatively organic tadicals resulting from interactions with- 'OH,

may act as co-oxidants with molecular oxygen to oxidise 6-OHDA
directly, Even benzoate (the hydroxyl scavenger least likely to

participate in redox side-reactions; Winston & Cederbaum, 1983) or

~

glucose (not usually considered among the hydroxyl scavengers) were

able to reactivate the DTPA+catalase+SOD inhibited oxidation.

26

Although it is only a moderately effective ‘OH scavenger when compared

to formate or mannitol, its ab\mdancei in biological systems increases-

the importance of whatever gluéose species is capable of propagating
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the chain In free radical reactions.

Despite the use of the highest quality reagents available, and T
precautions taken to have chelating agents in largep excess, the .
actlvation effect may be due to contaminating metal ions. In this
regard, it is clear that although iron ls probably involved, Itnis not
the only metal ion involved., This follows from the fact that while
desferrloxamine increased the inhibition by 59% above that provided by‘

/-

catalase+SOD, it was not as effective as DTPA which completely bloc/ked—’,’A/

the reaction,
SUMMARY

While SOD afforded the greatest inhibition, the initiation step

probably involves = molecular-oxygenr complex which reacté with 6-OHDA
in a2 metal-oxygen-6-OHDA ternary transition state. Once the
autocatalytic species 05 is thus formed, its metal complex is
responsible for propagating the autoxidation of 6-OHDA. In the

absence of 05, tﬁe semiquinone becomes the major species in the
propagation reaction, and not Ho;. H202 and/or *OH do not

contribute to any appreciab{e degree to either initiation or

propagation unless O2 and/or O; are unavailable. Under conditions

that prevent the autoxidation of 6-OHDA, all hydroxyl scavengers,

including glucose, reactivate the reaction,



- 28

REFERENCES

Adams, R.N., Murrill, E., McCreery, R., Blank, L. & Karolczak, M.,

\ ® ’ -
) 1972, 6-Hydroxydopamine, a new oxidative mechanism, Eur. ].

_~"""~__  Pharmacol. 17, 287-292.

Bernofsky, C. & Wanda, S.-¥.C., 1983, Reduction of cytochrome ¢ by
hydrogen peroxide and its inhibition by SOD, Biochem. Biophys.

Res, Commun, 111, 231-238.

1

Blank, C.L., McCreery, R.L., Wightman, R.M., Chey, W., Adams, R.N.,
Reid; ]J.R. & Smisssman, E,E.,, 1976, Intracyclization rates .of
6-hydroxydopamine and 6-aminodopamine analogs under physiological

conditions, J. Med. Chem, 19, 178-180.

Borg, D.C., Schaich, K.M., Elmore, ].]., Jr. & Bell, J.A., 1978,
Cytotoxic reactions of free radlcalAspecies of oxygen, Photochem.

Photobiol. 28, 887-907.



. ' 29

Burton, G.W. & Ingold, K.U., 1981, Autoxidation of biological
molecules, 1, The antioxidant activity of Vitamin E and related
cl';.ln-breaking",phenolic antioxidants in vitro, J. Am, Chem. Soc.

103, 6472-6477.

—

J

Chabere&, S., Frost, A.E., Doran M.A, & Bicknell, N.]J., 1959,
Interaction of some divalien metal ions with
diethylenetriaminepentacetic acid, J. Imorg. Nucl. Chem. 11,

184-196.

. <
Estabrook, R.W., 1967, Polargraphic assay of respiratory control,

Methods in Enzymology X, pp. 41-47. )

Floyd, R.A, & Wiseman, B.B., 1979, Spin-trapping free radicals in the
autoxidation of 6-hydroxydopamine, Biochim. Biophys. Acta 586,
196-207. ‘

§

Gee, P. & Davison, A.]., 1984, 6-Hydroxydopamine does not directly
reduce molecular oxygen but requireis a co-reductant, Arch, N
AN

Biochem, Biophys. 231, (in press).



P

Halliwell, B., 1978, Superoxide-dependent formation of the hydroxyl
radicals in the presence of iron chelates, Is it a mechanism for
¥ hydroxyl radical production in biochemical systems, FEBS Lett,
<92, 321-326. \

P

Halliwell, B., 1973, Superoxide dismutase: a contaminant of bovine

catalase, Biochem. J. 135, 379-381.

Halliwéll, B., 1981, Free radicals, oxygen toxicity and aging, in:
Age Pigments ed. A. Sohal, (Elsevier/North-~-Holland Biomedical

Press U.K.) pp. 1-62,

R

Heikkila, R.E. &-Co6hen, G., 1972, Further studies on the generation of -
hydrogen per%ﬁdé' by 6-hydroxydopamine. Potentiation by ascorbic PS

acid, Molec. Pharm. 8, 241-248,

Heikkila R,E. & Cohen, G., 1973, 6-Hydroxydopamine: Evidence for
superoxide radical as an oxidative intermediate, Science 181,

456-457,



31 -

Hoe, S., Rowley D.A, & Halliwell, B., 1982, Reactions of ferrioxamine
and desferrioxamine with the hydroxyl radical, Chem-Biol.

Interact. 41, 75-81,

>

Klug, D., Rabani, ]J. & Fridovich, 1., 1972, A direct demonstration of
the catalytic action of superoxide dismutase through the use of

pulse radiolysis, J. Biol. Chem. 247, 4839-4842.

Lawrence, G.,D. & Sawyer, D.T., 1§79, Potentiometric titrations and
oxidation-reduction potentials of manganese and copper-zinc

superoxide dismutases, Biochemiétry 18, 3045-3050.
L] .

-

4
~
3

-

Liang, Y-O., Wightman, R.M. & Adams, R.N., 1976, Competitive oxidation
of 6-hydroxydopamine by oxygen and hydrogen peroxide, Eur, J.

Pharmacol. 36, 455-458,

Powell, W.S. & Heacock, R.A,, 1973, The oxidation of

6-hydroxydopamine, J. Pharm. Pharmacol. 25, >193-2700.



Sullivan, S.G. & Stern, A., 1981, Effect of superoxide dismutase and
catalase on the éétalysis of 6-hydroxydopamine and
6~aminodopamine autoxidation by iron and ascorbate, Bioch.

Pharmacol. 30, 2279-2285,

Winston, G.W., Harvey, W., Beri L. & Cederbéum, A.L, 1983, The
generation of hydroxyl an dalkoxyl radicals from the interaction
of ferrous bipyridyl with peroxides. Differential oxidation of

typical hydroxyl-radical scavengers, Biochem. J. 216, 415-421,

32



'
. 33
LEGENDS TO FIGURES -
FIGURE- I: EFFECTS OF INDIVIDUAL SCAVENGERS ON THE
AUTOXIDATION OF 6-OHDA: ' ot

Reactions were carried out in air-saturated (246 +6 uM O,)
phosphate buffer pH 8.00, ionic strength of 0.04, at 25° C. 1.0 mM
6-OHDA was used to initiate each reaction. DTPA or Des
(dqsferripxamihe), 1.0 mM; benzoate, glucose, formate or mannitol,

- 10 mM; catalase and SOD, 250 U ml'l. SOD was gently boilqd for 40
min and added directly to the assay ‘medium.' BSA (bovine serum
glbumin) was added to concentrations comparable to p}otein weight

as SOD (4.32 mg ml'l). Error bars repesent one S.D.

FIGURE 2: INHIBITION BY SUPEROXIDE DISMUTASE (in the presence
© of .gther scavengers): g -
S

Reaction comditions were the same as in” Figure 1. D, DTPA; Des,
desferrioxamine; F, formate; M,‘ mannitol; C, catalase; "None"
represents SOD alone. "Percentage inhibition" by a scavenger means
the percentage decrease in maximal rate induced by addition of the
scavenger to a cuvette already éontai.;'ling the mixture of 6ther
scavengers indicated by the inscription}on the horizontal axis,

Where acceleration occurred, negative bars indicate percentage -

increase in rate, Error bars repesent one S.D.
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FIGURE 3: EFFECT OF DTPA ON ‘THE LATENT PERIOD INDUCED
BY SOD (in the presence of other scavengers):
Reaction conditions were as in Figure 1. F, formate; M, mannitol;
-C, catalase; Des, desferrioxamine. "None" represents SOD + DTPA,
- while "bo'iled‘SOD" was used as the control condition. The bar
which approa’éhéS'infinitely long latent period represents >12 min.

' : : : sy
Bars represent latent periods p-quinone formation and the error

~

bars repesent one S.D. - 7 ¢

FIGURE 4: INHIBITION INDUCED BY DPTA (in the presence of other
scavengers):

Reaction conditions were as in Figure 1. F, formate; M, mannitol;
C, catalase, S, SOD; Des, desferrioxamine, "None" represents DTPA

alone.

FIGURE 5: ROLE OF pH IN EFFECT OF DTPA:
Reaction conditions were as in Figure 1 except that the pH and
ionic strength were: @, Control: pH 8.00, ionic strength Q.04;
B, pH 7.30, at control ionic Rstrength (0.04); £\, ionic strength
0.07 (using NaCl), at control pH (8.00); O, DTPA previously
adjusted to pH 8.00 (by NaOH), ionic strength 0.37; [J, DTPA: pH
changed from 8.00 to 7.30, after addition qf DTPA, ionic strengfh

0.04.

FIGURE 6: INHIBI’TON INDUCED BY CATALASE (in the presence
of other scavengers):  _

Reaction conditions were as in Figure 1, D, DTPA; F, formate; M,

—~

mannitol; S, SOD; "None" represents catalase alone,
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FIGURE 7. LACK OF INHIBITION BY CATALASE (whether 0,
was limiting or not): ' )
Reaction conditions were as in Figure 1 exc;ept that: @, Control
conditions at 1.0 mM 6-OHDA; W, catalase from Calbiochem-Behring
Corp. in the presence of ii’.‘(‘)\gnM 6-OHDA; while A, catalase from
Sigma Chemical Co. (250 U ml]) in the presence of 1.0 mM 6-OHDA,
O, 200 uM 6-OHDA in the absence of catalase; while [], is in the
presence of catalase from Calbiochem-Behring (200 uM 6-OHDA).
Catalase from Calbiochem was used in all other conditions in the

present studies.

FIGURE 8: INHIBITION INDUCED BY FORMATE (in the presence .,
of other scavengers): '

Reaction conditions were as in Figure 1., D, DTPA; M, mannitol; C,
catalase S, SOD. "None" represents formate alone. The bar labeled
DCS represents reactivation of autoxidation of 6-OHDA by formate
from an immeasurable rate to that approximately equal to one-third
of the.rate in the presence of SOD alone.

-

FIGURE 9: INHIBITION INDUCED BY MANNITOL \(7i‘nr’the presence
of other scavengers):

Reaction conditions were as in Figure 1. D, DTPA; F, formate; C,

catalase S, SOD, "None" represents mannitol alone. The bar

labelled DCS represents reactivation of autoxidation of 6-OHDA by
mannitol from an immeasurable rate to that approximately equal to

formate activation under the same conditions.



FIGURE 10: CONTRIBUTION OF SELECTED OXIDATIVE
INTERMEDIATES IN THE AUTOXIDATION OF 6-OHDA
(in the presence of 246 + 6 uM 02):
Reaction conditions were as in Figure 1 except the control rates
used for comparisons at pH 7.30 since DTPA was present in all but

one condition illustrated. The following combinations of

scavengers were chosen to best represent contributions by

-

individua! species: 02, DTPA+formate+catalase; Mgm,
formaté+catalase+SOD; H,0,, DTPA+formate+SOD; "OH,
DTPA+catalase+SOD; H202+'OH; DTPA+SOD; 'OH+O_2, DTPA+catalase;

H202+'OH, DTPA+formate, Error bars repesent one S.D.

FIGURE 11: ACTI\[ATION OF D+C+S INHIBITED AUTOXIDATION BY
HYDROXYL SCAVENGERS (mannitol, formate, glucose or benzoate):

Reaction conditions and concentrations were as in Figure 1.
"D+C+S+None" represents the extent of inhibition by
DTPA+catalase+SOD in the absence of al"ly hydroxyl scavengers.
"Des+C+S" represents substitution of desferrioxamine for DTPA in

the presence of catalase+SOD, while D.NaOH+C+Slr‘epesents DTPA
cofrected brfor pH in combination with catalase+SOD, The combination
C+S, catalase+SOD, were asSayed_at both pH 7.30 and pH 8.00. Error

bars represent one S.D.

36
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EFFECTS OF DTPA ON THE LATENT PERIOD INDUCED BY SOD
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- ROLE OF pH IN DTPA EFFECT
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B-Hydroxydopamine does not Reduce Molecular Oxygen Directly,
but Requires a Co-Reductant’

PAULINE GEE? axD ALLAN J. DAVISON®

Blisevergetics Laboratory, Simon Fraser {niversity, Burnaby, British Columbia, V54 1S6, Canada

Received November 21. 1983

The autoxidation of 6-hydroxydopamine (6HODA) was virtually blocked (&, < 107
s~ 57! ar pH 8.0, ionic strength 0.04) by the simultaneous presence of diethylenetria-
minepentaéacetic acid (DTPA), catalase, and superoxide dismutase {SOD). No quinone
product or oxygen consumption was detectable after 12 min under these conditions.
Thus, if SHODA is to react with molecular oxygen at a measurable rate, some other
redox species is required as a coreductant. The subsequent addition of formate or
mannitol proved capable of overcoming the total inhibition induced by the mixture of
catalase, SOD, and DTPA. The simplest interpretation of the data is that most of the
autoxidation of BHODA, as commonly observed, involves successive reduction of a series
of metal-bound species of oxygen; the actual transfer of electrons occurring within a
ternary reductant-metal-oxygen transition state.

3-Hydroxydopamine i6HODA),* a neu-
rotoxin specific toward catecholaminergic
neurons, has been the subject of much in-
vestigation (1-8). While it is generally ac-
cepted that its neurotoxicity results from
it3 spontaneous oxidalion by molecular ox-
ygen, neither the mechanisms of its au-
toxidation nor its neurotoxicity have been
unambiguously elucidated.

Molecular oxygen meets the thermody-
namic regquirements for the oxidation of
many organic compounds, but gquantum
mechanical aspects of its electronic struc-
ure diminish its kinetic reactivity. In that
tne molecular orbitals of lowest available
anergy contain rwo unpaired electrons with
varailel spin. electron transfers 1o oxvgen
Tust occur oy a series of single eleciron

oried by Zrant AT348 {rom tze Nasisnal Sei-
and Zagineering Researcr Couanell of Canada
sppertad oy an N3ERC seasiarszip

7 ek SHOD A Sayirorvdopamine
seroxide dizmutase: DTPAL dietariazeiria-

transfers to overcome spin restrictions.
Thus all autoxidations proceed by complex
pathways. )

While the reaction betrween 6HODA and
oxygen may seem to proceed smoothly to
completion under the usual reaction con-
ditions, the mechanism is complex, as ev-
idenced by the current results which show
thar it i3 not capable of truly spontaneous
oxidation by molecular oxygen alone. In its
autoxidation, the transfer of a single elec-
tron in the initial elementary step is con-
tingent upon the presence of at least one
of several reactive radical intermediates.
The SHODA/O, reaction has been shown
0 be parHally inhibited by superoxide dis-
mutase {(S0D) (3, 9, 103, diethylenetria-
minepentaacetate (DTPA,8-10), or, under
some conditions, by catalase 19). The cur-
rent study reports selected data from a
comprehensive study we have undertaken
of interactions between all possibie com-
hinations of the above and other scaven-
gers.

WWhnile the immediate actions of catzlase
z=d SOD are well defined, the efects of

0003-9861,84 33.00
TogsTgEl § L 3y Amacemar Presy e
A mgmta o reoradneuss no AT T reserews



DTPA are more complex. DTPA is a rel-
atively nonspecific chelator of divalent
metal ions (11), including iron. At least in
the case of iron, the effect of DTPA is to
decredse the redox potential so that, while
the iron can still readily be oxidized, its
reduction is prevented except by the stron-
gest reducing agents. Thus, while DTPA
blocks most of those autoxidations which
are mediated by redox cycling of transition
metals, the DTPA-Fe®" chelate remains
able to participate in Fenton-type reactions
(12}). For some compounds, such as cyto-
chrome ¢, autoxidation at a significantrate
requires the presence of coreductants or
transition metal ion catalysts. Catalysis of
its autoxidation by copper (bis) histidine
involves participation of 2 ternary oxygen-
metal-reductant compiex {13}. From the
effects of individual scavengers and com-
binations of scavengers reported here, the
various free radical species involved func-
zion not merely as reaction intermediates,
but also as catalysts which play the role
of obligatory coreductants of oxygen.

MATERIALS AND METHODS

>~Hydroxydopamine nydrobromide {$tgma Chem-
izal Co.) was prepared anaerobically o yieid a final
zonceatration of 1.0 mM. This method of preparation
resuited in a preparation containing an imitiaj-¢on-
zentration of p-quinone product eqoal w0 7.9 = 0.3 uM.
The use of reiatively high concentravions of SHODA
and aikaline adsay conditions provided reaction rates
=igh enough 1o allow determination of rate constants
zven in the presence of these acavengers which dra-

maticaily siowed the reaction.
Diethyienerriaminepentaacetic acid. aiso from
Sigma. was dissolved in aerated phosphate buffer
%nile other reagents, cataiase from Dovine liver
CaiBiockem-Behring Corp., 38,323 U mg™), super-
sxide gismutase Trom Sovine oicod {Sigmas, 2900 U
=g ', sodizm formate . J. T. Baker Chemical Co.),
and mannito: Fisher 3cienzifc Co.. were freshiy pre-
sared in aerated, distilled, Zeionized water. Jon con-
tami the water 7as3 2egiigibie 1>1 MOhm
oot iron present as a resuit of contam-
. m she bufer salis: Amarican Scientifie and
i. 2nd Matheson Toleman ard Beil Manu-
ing Thamists; #a3 sstimated 1o Rave an upper
it 3f 389 .M, wizh a further 392 uu {rom the
Zirmate 3ai analviis oy induezivaiy cogpled plasma
2mis3ion 3pectiroecspy revaaiad thal actual concesn-
r

inm of
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trations of transition metal ions were below the limits
of detection, namely 34 nM (jrom)- P

The formation of quinone product(s) of 6HODA
was monitored spectrophotometrically at 490 nm
while O, consumption was followed by a Clarke-type
O, electrode. Reaction conditions are described in the
legends to figures. All data were collected on-line
through an analog-digital converter locally designed
and based on a Motorola 6802 chip, and transferred
to an [BM 4341 computer. All subsequent data anal-
yses were performed by APL programs written by
‘the authors.

RESULTS

Despite the presence of abundant oxy-
gen, the simultaneous presence of DTPA4,
catalase, and SOD prevented the aerobic
oxidation of 6HODA. This is shown by the
absence of either p-quinone product for-
mation (Fig. 1a), or oxygen utilization (Fig.
1b). The small initial decrease in oxygen
concentration corresponds exactly to that
predicted from the dilution of aerated
buffer by the anaerobic 6HODA stock so-
lution. Addition of a further aliquot of
6HODA, which is indicated in Fig. la (at
6.7 min) as the small instantaneous de-
flection of the curve upward (due to trace
amounts of preformed product), failed to
induce any further autoxidation by either
criterion.

It was confirmed that if any of the three
scavengers was omitted, substantial rates
of formation of p-quinone and of oxygen
consumption ensued and continued until
oxygen was completely exhausted. Sur-
prisingly, if either mannitol or formate was

.added, the oxidation recommenced (Fig. 2).

We have carried out a comprehensive
study of the effects of scavengers on these
reactions, in wik#h every possible combi-
nation of the above scavengers, collectively
and individually was determined. Figure 3
summarizes the small selection of these
rates which are relevant to our conciusions.

In all reactions. the presence of catalase
decreased the net rates and amounts of 02
consumed to approximately one-half of

+hose for p-quinone formation, reﬁectiorfr/\,
ipredictably) the regeneration of O fr

H.0.. In the absence of other scavengers,
mannitol, formate, or mannitol plus for-
mate had no measurabie effects on the
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FIG. 1. Progress of the autoxidation of 6HODA, Effects of scavengers. Reactions were carried
out in air-saturated phosphate buffer (24633 Op), pH 8.00, ionic strength 0.04, 25°C. Final con-
cemratioqs of catalase and SOD were 25U mi™}, and DTPA was 1.0 mM. (a} Production of p-

quinone; (b) consumption of oxygen.

rates of the control reactions. This excludes
kinetically significant participation of hy-
droxyl radicals prior to the rate-deter-
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FrG. 3. Rates of autoxidation of 8HODA, Compar-
ison of effects of scavengers. Reaction conditions were
as in Fig. 1. The control rate for p-quinone formation
iz not shown but was 46 + 22 ux s Error bars
represent standard deviations of the rates plotted. D,
DTPA; C, catalase; S, SOD; F, formate; M, mannitol.

DISCUSSION

The loss of reactivity of 6HODA toward
molecular oxygen caused by the presence
of scavengers of the major coreductants
reflects the complexity of the reaction
pathway required to circumvent the severe
kinetic constraints in the process, which
is nqertheless highly favored thermody-
namiczlly. Thus, in the simuitaneous pres-
ence of DTPA, SOD, and catalase, a mix-
tare of oxygen and 6HODA coexists for at
least 12 min without any detectible trans-
fer of electrong~pecurring between them.
In comparizom={n the absence of these
scavengers, oxidation proceeded to virtual
eompletion within 15 s.

The inhibition of both O, consumption
and 6HODA oxidation by DTPA + catalase
— 30D excludes the elementary reaction

’3HODA - 03 -
semiquineone + 05 - H~ {1}

as a major participant in the autoxidation
>f SHODA. Therefore, the involvement of
metal ions must precede this step. How-
ever, the data aiso rule out significant par-
ticipation of mezal ions in the eiementary
reaction

6HODA + Me"™ —
semiquinone + Me™ " + H*. [2]

Although this reaction has been shown to
occur slowly in the absence of oxygen (3),
the massive inhibition by SOD alone rules
out its possible role as an alternative first
step for any major pathway for the au-
toxidation of 6HODA. The reasoning is
that, since the presence of O; would not

be essential to the aerobic oxidation of the -

resulting reduced metal ion, this reaction
would not be inhibited by superoxide dis-
mutase. Thus, if Reaction {2] did occur, the
overall reaction- would not be as strongly

. inhibited by superoxide dismutase, as is

shown in figs. 1 and 2. Consequently, the
most plausible candidate for the role of a
direct oxidant of SHODA is a metal-oxygen
complex, initially a metal-superoxide
complex (superoxide dismutase is not only
inhibitory but also causes a substantial in-
duction period), and later a more highly
reduced metal-oxygen species, including
the metal-peroxide complex.

The simplest explanation of the obser-
vation that the addition of either mannito!
or formate to the inhibited reaction re-
leases the transfer of electrons from
6HODA to oxygen is that these scavengers
generate species reactive enough to reduce
the ferric-DTPA complex. Presumably
these species are the semi-dehydroman-
nitol {14) and carboxylate (15) radicals, re-
spectively. The resulting ferrous-DTPA
complex can undergo both oxidation by
H,0. in Fenton-type reactions (12) and
eyclic rereduction by radical species of the
hydroxyl scavengers mannitol or formate,
In many systems, reactions with hydroxyl
scavengers are thought to be terminating
reactions. However, in the current studies

both mannitol and formate promote prop-
agation of the free radical chain.In the -

S8HODA/O, system; their effects are not
always as predictable and clear-cut as usu-
ally assumed,
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SUMMARY

H202, a product of the aerobic autoxidation of 6-hydroxydopamine,
is z_also consumed as a reactant, contribﬁting progressively more to
the oxidation as the concentration of O2 becomes limiting, H202' is
a less effective‘ oxidant than O,, since the anaercbic peroxidatic
oxidation of 6-hydroxydopamine is slower than the aerobic
oxidation by three orders of magnitude. The hydroxyl radical
scavengers generally inhibited the anaerobic peroxidation. Thus
mannitol inhibited by 13-40%, glucose by 41-62%, and benzoate by
15-100%3 showing that *OH catalyses the oxidation. A specific
role for iron in th; reaction as normally observed was shown by
the strongly inhibitory action of desferrioxamine (76 to 91%),
regardless of which other scavengers were present. The further
addition'of diethylenetrié'minepehtaacetate (DTPA), benzoate or
formate to desferrioxamine inhibited the reaction completely. In
contrast, the presence of DTPA aloﬁe,. accelerated the reaction by
160%, augmenting the catalytic actions of .transition metal ions.
This acceleration is in part due to stimulation by DTPA of
productior? of 'OH (by Fenton-type reactions), since it was
partiélly prevented by the hydroxyl scavengers, benzoate (32%
inhibition) and glucose (41%). Thus DTPA inhibits the
participation of metals other than iron, but potentiates the

catalytic role of iron, in the reduction of hydrogen peroxide.
3+

The semidehydromannitol radical, can reduce the DTPA-Fe

chelate directly, since mannitol .accelerated the DTPA stimulated
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rate (55%). Superoxide dismutase unexpectedly accelerated the
reaction (by 57-84%), This activation was seen regardless of which
other scavengers were present, These effects are explained in

part in terms of potentiating or moderating interactions among the %

reactive intermediates which propogate the overall reaction.

;
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INTRODUCTION

The cytotoxicity of 6-hydroxydopamine (6-OHDA) -can be attributed
largely to free radical production during its oxidation by
‘molecular oxygen. Since catecholaminergic uptake systems fail to
distinguish the stméture of GbHDA from those of the endogenous
catecholamines, it is concentrated to lethal concentrations by
sympathetic neurones [1,2]. Once inside the neurones,

autoxidation of 6-OHDA generates a complex mixture of reactive ~
species both of its quinone and of molecular oxygen. These
species react irreversibly and somewhat indiscriminantly with
cellular components, eventually leading to destruction of the

nerve terminals, and in some cases of the cell body itself.
“x

e

While the aerobic oxidation of 6-OHDA has: been extensively
characterised [3-8] its oxldatic;n by H202 has been largely
neglected; lin part due to the slowness of this reactiom Hoyeyer,
while H202 contributes very little to aerobic oxidation, its ¥
participation as an oxidising species increases when O2 becom.es
limiting. In I;&}, the amount of H202 remaining after completion

of the two electron oxidation is always less than that predicted

by the generally accepted stoichiometry [9]:
6-OHDA + O, -—--—> p-quinone + H,0, (1)

Because of its relative stability (measurable biological lifetime)



In comparison with other intermediates in the reduction of 0,,
H2O2 not only has the opportunity to attack cellular components in
the immediate environment but may diffuse some distance from its
site of géneration. Since its removal was found to be beneficial,
}-1202 is thought to be a major contributing species in pro-oxidant
mediated damage. For example, catalase pr_ovided nearly complete
protection against 6-OHDA toxicity in cultured neuroblastoma cells
[10]. Moreover, resistance to 6-OHDA toxicity by some cell types
was strongly correlated to levels of endogenous peroxidases.
Surprisingly, in the s€me serles of experiments, superoxide
dismutase (SOD) did not protect, but merely delayed 6-OHDA-induced
destruction of neuroblastoma cells, although SOD profoundly
inhibits’ (96%) the aerobic. oxidation itself [11]. Similiarly, the
clastogenic activity resulting from autoxidation of caffeic acid

is largely attributed to H202, since catalase provided substantial
protection against mutagen induced genotoxicity in Chinese hamster

ovary cells [12].

However, 1-1202 itself is‘ not very damaging when added directly to
several systems which were sensitive to _H202 produced during
irradiatipn [13,14j or enzymically [15]. H202, unlike moleculari
oxygen, lacks those spin restrictions which present large kineticﬁ
barriers against goﬁcerted two electron reduction and has a
relatively low redox potential so that it can act as an oxidising

“and reducing agent. For example, }-1202 can consecutively [16] or

simultaneously [17] reduce ferricytochrome c and oxidise



ferrocytochrome c, In the presence of O2 and transition metal
jons, H,0, may be oxidised to O, or may be reduced in ‘Fenton-type
interactioms to produce °OH, which has a redox potential
comparable to that Qf molecular oxygen but lacks its kinetic
hindrances. Thus while the reactivity of H2O2 alone caﬁnot'
account for the cytoto'xchfy’ observed, 'OH, a product of its
oxidation in metal catalysed Fenton—tyﬁe reactions may be
responsible for much of the damage, The "Haber-Weiss cycle" is a
special case of tﬁe Fenton reaction in which 05 is the species
which provides the reducing équlvalents to recycle the iron
catalyst. préver, in cellular systems, many reducing

participants are available (e.g. ascé)rbate)' and as ‘yet there is

not body of data to evaluate the importance of these substances.

Powerful pro-oxidants like 6-OHDA may not only generate H202, but_ .
once formed they may themselves act as Fenton donors to increase
the toxicity of H202 by reducing it to ‘OH. Since oiyge’n is not
directly involved in Fenton interactions and may be involved in
competing reactions, this latter role is best studied

anaerobically, The current investigation was therefore undertaken
to determine the involvement of Fenton-type interactions in the
aerobic and anaerobic oxidations of 6-OHDA. JMore particularly we
wished to examine the roles of metals in the reduction df H2Q2 by

6-OHDA and to determine the extent of participation of *OH and

other free radicals.



MATERIALS AND METHODS
REAGENTS

6-Hydroxydopamine hydrobromide and diethylenetriaminepentaacetic
acid were purchased from the Sigma Chemical Co. (St. Lou1§, MO),
Sodium phosphate buffers were obtained from American Scientific
and Chémlcal (Seattle, WA) and Matheson Coleman and Bell
Manufacturing Chemists (Norwood, Ohio). Desferrioxamine (Desferal
mes'ylate)’ was a gift from CIBA Phar.maceutical Co. (Summit, NJ)
Chelex 100 resiﬁ and AG501-8X deionising resin were obtained from
BioRad Laboratories {Mississauga, Ont., Canada), . Sodium formate
was obtained from J],T. Baker Chemical Co. (Phillipsburg, NJ)
while mannitol, glucose (dextrose) and sodium sulfite were
"-obtaivned ffom rlr?lsher Sclentic Co. (Fair Lawn, NJ). Sodium
- benzoate was pﬁrchasedr from Anaéhemia Chemicals Ltd, (Toro.nto,
4 Canada). Superoxide dismutase (bovine blood, 2800-2900 U mg'l)
was obtained from Sigma Chemical Co. Hydrogen peroxide was
obtained from BDH Chemicals Canada Ltd. ({/ancouver, B.C.) All
reagénts were of the highest purity commercially avéilable at the

time of purchase.

Fresh double deionised distilled water (»7 X 10 megaohm cm-3) was
passed through a Chelex 100 column. The following metal ions from
the buffer salts were below the stated values (which represent

~ detection limits of inductive coupled plasma emission
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“-spectroscopy): copper <79 nM; iron < 54 nM; manganese <18 nM;
_,éluminium <741 nM and vanadium <39 nM.v Residual levels of metal
ions in the Chelex treated buffers were determined by atomic
absorption for the following species: copper <1.6 nM (below
detection limit); iron 31.3-32.23 nM; manganese 8.2 nM; t and
aluminum 23 nM. . Phosphate buffer, pH 860, fonic strength 0.04,
was made from ae‘;d and base which had been seperately treated by
Chelex 100 resin. These were titrated against each other to the
-desired pH since pH of any premixed buffer changed upon passage

through the column, even after prior equilibration of the column

with the same buffer,

In somé reactions, DTPA (1.0 mM) was ad.dedras a non-specific
chelating agent for transition _met?l ion contaljninants“'HS] while
desferrioxamine (1.0 mM) was added to éhelate iron specifically.,
Other scavengers were added in excess of 10 times the amount
needed to remove the estimated yield of each radical species.
Benzoate (10 mM) was used to scavenge "OH since it reportedly has
only minimal redox interactions [19]. Formate (10 mM) was used to
detect any leakage of air into the anaerobic system, since the
immediate product from °OH scavenging by formate is CO% which in
the presence of O2 produces Oé [20] a catalytic species in the
autoxidation of 6-OHDA [21]. Thus, an increase in the rate of
oxidation of 6-OHDA caused by the addition of formate was expected
if any 02 was present, - In view of the dubious specificity of "OH

scavengers, mannitol (10 mM) and glucose (10 mM) were also used,
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to allow comparison of a range of hydroxyl scavengers. Superoxide
dismutase (SOD, 250 U ml'l) was used to scavenge any superoxide
formed in the course of the reaction or preformed in the stock

solution prior to deoxygenation.

ANAEROBIC PREPARATION OF REAGENTS

Chelex 100 treated water or buffer was repeatedly flushed with
high purity nitrogel; {(Linde, Union Carbide Canada Ltd.; scrubbed
with sodium sulphite) and then evacuated using a Virtis vacuum
evacuator, Trapped air in the 6-OHDA powder was gently removed
under vacuum and replaced with nitrogen; during dissolution. This
vial was sealed under a slight positive pressure to minimise
exposure of oxygen as aliquots were withdrawn, The premature
presence of pquinone products was monitored from initial
absorbance at 490 nm. This measure provided an indication both of
baseline oxidation and of the quality of the stock solution which
was uniformly less than 1% oxidised (0,79 + 0.03%). The initial
concentration of 6-OHDA under anaerobic conditions (pH 6.0-7.0)
was estlmated from the absorbance at 290 nm, while a null
difference spectrum (;ver the visitile range from a sample at pH
2.00, and the symmetry of the 290 nm peak were taken as
indications of the homogeneity of the preparation. All other
reagents were deoxyéenated and sealed under a slight positive

pressure of nitrogen,
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ASSAY PROCEDURES -
Buffers were continously and gently bubbled with nitrogen
previously scrubbed with sodium sulphite and saturated with water
vapour, Aliquots with appropriate dilutions were transferred to
an anderobic cuvette fitted with a stopcock. These were bubbled
for 8-10 min after which 0.05 ml aliquots of scavengers were added
and bubbled for at least 5 min more to ensure equilibration, The
cannula was then taken out of the solution and secured to the
stopcock in. such a way as to gently supply a continuous flow of
nitrogen over the surface of the medium, throughout the reaction,
The reaction was then initiated by 0.05 m! 6-OHDA and formation of
p-quinone product was followed at 490 nm using a Beckman DB-GT
spectrophotometer. pH was checked in the reaction rﬁedium before
and after addition of scavengers and also 'at the start and upon
completiorl,{ the reacti’én for representative conditions, Data
were collected on-line through a twelve bit analogue-digital
converter and transferred to an IBM 4341 or 3033 computer using a
microprocessor data buffer/coupler locally designed and

&

constructed.

DATA ANALYSES

. All subsequent data analyses were performed using APL programmes

written by the authors and implemented on a IBM 4341 or 3033

computer., Digitised voltages were converted to micromolar

.
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concentrations of p-quinone using the internally determined molar
extinction coefficent of 1892 M'l cm'l. Linear regressions over

appropriate segments of the reaction profiles were used to

determine initial rates of reaction [22].
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RESULTS

STOICHIOMETRY OF THE 6—OHDA/O REACTION WITH RESPECT

TO H,0, AND O,

The conventignal stoichiometry (Reaction 1) predicts ratios of

1:1:1:1 for p-quinone produced : Hy0, produced : 6-OHDA oxidised :

02 consumeé. " These ratios were not observed, At low

concentrations of oxygen and of 6-OHDA we did indeed find a ratio >
of 0.99 for H202 produced per O2 consumed (slope of left hand

portion of the curve in Fig. 17 is 0.99), but neither the amounts

of 6~-OHDA consumed nor p-quinone produced corresponded to that
predicted -on the basis of either O2 consumption or HyO,

production. Even at lower concentrations of 6-OHDA, the total

amounté of O2 consumed and H202 remaining upon completion of the , _
reaction were only 89% of those predicted by a two e}ectron

oxidation (slope of the left hand portion of the curve is 0.89 in

Fig. 2). When concentrations of 6-OHDA (>250 uM) exceed that of

02, the yield of H202 at completion of the autoxidation was

considerably less than the predicted stoichiometry, in partial

agreement with Liang et al, [9]. Thus, 250 uM 6-OHDA corresponds

to that needed to consume all of the oxygen initially present in

an air-saturated agqueous ‘sﬂolutian. "The commencement of -
substantiai utilisation of H202 (strongly negative slope of the

H,O, curve above 250 pM 6-OHDA in Fig. 2) then, coincided with the
exhaustion of molecular oxygen (horizontal portion of the O2

curve).
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COMPETITION. BETWEEN H2024 AND Oy FOR THE PROVISION OF
OXIDISING EQUIVALENTS

- That 1-1202 is a much less effective oxidant of 6-OHDA than Oy was
confirmed by the observation that the oxidation of 1.0 mM 6-OHDA
by 500 pM 1-1202 under anaerobiec conditions required approxiﬁxately
5.6 h for completion (while only 10 s was required for compléte
oxidation at 250 uM 02; not shown). Reactions were usually run to
"completion", which for our purposes was defilrned asrthg point at
which the rates of oxygen utilisation and p-quinone formation were
less than 1% of the maximal rate. At concentrations of 6-OHDA
above 500 puM, no detectible H202 remained upon completion of the
react}on (termination of H202 curve Fig. 2).

In the presence of excess 6-OHDA, disappearance of I—I2O2 could be
demonstrated by the addition of catalase at successive time
intervals, During the first 5 min after cessation of O2
consum?tion, the amount of 1-1202 remaining decreased from
approximately 190 M to 160 pM, Care was taken therefore not to

: Nﬂlow estimates of H,0, production as a result of

delays in the a ion of catalase. It should be noted in

contrast that, under anaerobic but otherwise similar conditions

the amount of 1-1202 consumed in the production of p-quinone was

less than 2 pM over the same time inferval (eStIméted from Control

curve, Fig. 3). Hence I—I2O2 was consumed at a much greater rate in

the presence of O2 than anaerobically.
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EFFECTIVENESS OF INDIVIDUAL SCAVENGERS IN THE
ANAEROBIC OXIDATION OF 6-OHDA BY H202

w’[‘he hy’droxyl scavengers, benzoate and mannitol provided 12-15%
inhibition of the anaerobic peroxid;atlon. Thus an equivalent
portion of the oxidation may be attributed to direct participation
of ‘OH (Fig. 4). Since cie§ferrioxamine inhibited the reaction by
76%, catalysis by iron was substantial. Although some of the
inhibition may be due to its capaéity to scavenge ‘OH ‘[23],
hydréxyl scavengers had comparatively small effects, Since all
other solutions were treated by Chelex IQO res;ns, any residual
iron probably comes from the H202 reagent, which cannot be treated
by deionising resins. In contrast to the inhibition by
desferrioxamine, DTPA played a stimulatory role, accelefaﬁng the
the peroxidation by 160% (Figs. 3 and 4). Surprisingly, SOD
stimulated the anaerobic oxidation by 57‘3;6 (Figs. 3 and 4), in
direct contrast to its stroﬂg inhibitory effect in the oxidation

~

of 6-OHDA by molecular oxygen.

v -

EFFECTS OF HYDROXYL SCAVENGERS IN THE PRESENCE OF
DTPA OR.DESF ERRIOXAMI\IE

A
The- hydro;'yl,scaven.gers further increased the inhibitory effect of
desferrioxiamine {Fig. 3} bly 40-100%., Specifically both forrmate
"(Fig. 4) and benzoate ’ﬂ?xgj 5) completely inhibited the anaerobic
peroxidation indicating that in the absence of 1ron; ‘OH comprises

an essential link in the radical chain which propagates the
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reaction. If the system was contaminated with oxygen some

residual oxidation would have been seen in these latter systems,

It was not. Mannitol {40%) and‘ glucose (62%), which appé,ar to

participate in. other reactions to promote p-quinone formation {8,

were also inhibitory under these conditions (Fig. 5) but did not ' =

completely prevent the peroxidation.

In the presence of DTPA, not all hydroxyl scavengers tested were | L
inhibitory. Glucose (41%) and benzoate (32%) decreased the

stimulation by DTPA, but surprisingly, mannitol (otherwise

inhibitory) further accelerated the peroxidation by 55% (Fig. 5).

Not only did desferrioxamine decrease the stimulation induced by

DTPA, but the 'anaeroblc oxidation 01; 6-OHDA by H202 was completely

blocked when both metal~chelating agenﬁs were present (Fig. 5). —
This implies an absolute requirement for at least one of the

transition metal lons present as trace contaminants in the

_reaction medium,

EEFECTS OF SUPEROXIDE DISMUTASE

Whereas vaD‘*anne inémased the i::-eroxidation of\ 6-OHDA by 57%
{Fig. 4) it enhanced the stimulation by DTPA by 77% and relleved
the inhibition induced by desferrioxamine by 84% (Fig, 5), The -
"explanation that I—~1202 destroyedﬁ SOD is not tenable, since there

was no measurable decrease in ihe inhibition of the aerobic N

oxidation of 8-OHDA by SOD which had been incubated with H202 for :
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2.3 h under comparable ‘conditions. Although this stimulation may

be due to traces of free copper released from SOD, the total *

content from SOD added was estimated to .be 53 nM. DTPA present af

1 mM would béAexpected to chelate coppe{' as well as other.
transition metal ions, However in the presence of ‘SOD,‘DTPA
accelerated the peroxidation by 190%, while desferrioxamine

{specific for iron) decreased the SOD -stimulation by 72%.

-

B
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- DISCUSSION

COMPETITION BETWEEN O2 AND Hq0, IN THE OXIDATION
OF 6-OHDA :

" Reduction of O2 by 6-OHDA is a two electron process in the

presence of excess Oi,- and a four electron process In the presence.

of excess 6-OHDA. Thus, H202 is an end.product of the reaction if

.and only if 6-OHDA is limiting. The minimal concentration of

6-OHDA required to allow ,complete consumption of O2 initially

- found in air-saturated buffers by a four electron transfer:

mechanism is 500 + 30 pM.}
ROLES OF TRANSITION METAL IONS

The stron-gly inhibitory effects of desferrioxafnine (76%), confirm
the importahce ofbtraces of iron in the mechanism of tﬁe reaction
as normally observed. The remaining 24_% of the oxidation is 7
catalysed by non-iron transition metals; since the further

addition of D’l’?ﬁi :g§u1tedxri71‘1 complete Inhibition. -That DTPA
produces 100%— 4i11hibifion when desfer,rioxamineris present implies
that the stimulatory effects of DTPA (in the absence of
desferrioxamine) were absolutely de;ér\lden_t on the presence of iron
susceptible to chelation byrD_TPA. In other words, in the case of
iron, chelation by DTPA stimulates interaction with H,0,, whereas
in the fgase of the other transition metal ions chelation by DTPA
has annjéverwhelmingly inhibitory effect. The stimulation induced

by DTf;jzl can in part be explained by the cétélysig of Fenton-type

Y
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interactions by iron chelate to generate °OH:

2+ 3+

Hy0, + DTPA-Fe“" -—-> "OH + OH + DTPA-Fe"" (2).

-

ROLES OF HYDROXYL RADICALS

’In the simultaneous presence of desferrioxamine and either
benzoéte or formate, the reaction wa\f inhbited completely.
Clearly HZOZ alone does not react di%ctly with 6-OHDA, but
requires the pre:sence of either transition metal ions, or hydroxyl
radicals, or both, In the absence of kinetically accessible iron,

the reaction becomes even more dependent on the presence of °OH,.
so that in the prese;lce of desferrioxamine the hydrdxyl scavengers
increased the inhibitiovn in the following order of effectiveness:
mannitol (40%) < glucose (62%) < formate (100%) = benzoate
(100%). The latter two values show that the catalyﬂc effects of
the non-iron transition metals are prevented lly th'e‘ presence of

" formate or benzoate, indicating that they depend on hydroxyl
radica;-mediated recycling of some important reaction
intermediate(s). Similarly, chelation of transition metal lons by
DTPA increases the contribution of the *OH mediated processes in
the reaction mechanism. This follows from the observations that

in the presence of DTPA, glucose or benzoate inhibited by 32% or

41% respectively.

The role of "OH as an important intermediate in the peroxidatic

oxidation of 6-OHDA contrasts strongly with its non-involvement ih
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the autoxidation (by 02). This implies a sequential single

electron transfer mechanism from 6-OHDA to H202, éven though Hy0,

is capable of concerted two-electron reductions.

The stimulatory action of mannitol in the presence of DTPA,
resembles . its stlmu‘latory effects in the pvresence of DTPA, or
DTPA+catalase [11] or DTPA+catalase+SOD 1in the aerobic reaction
[8] in which acceleration wasvattrlbuted to the reactivity of
semi-dehydromannitol radicals toward the iron-DTPA complex. The

semi-dehydromannitol radical produced in the scavenging action of .

!

mannitol may promote p-quinone production by reducing the -

3+

DTPA-Fe*" complex formed in Reaction 2:

3+ 2+

DTPA-Fe’’ + *MH > DTPA-Fe“* + M + H® {3)

which would allow recycling of the iron catalyst,

ROLES OF O, IN THE H,O

9 209 OXIDATION OF 6-OHD{‘\

The finding that SOD (which removes O;) enhanced the rate of
p-quinone formation was partlcularly surprising, since O;

accelerates the autoxidation of 6-OHDA. Moreover, 05

participates in both the spontaneous and the metal catalysed
disproportionation of H2O2 under aerobic conditions [24].
Nevertheless SOD has been shown to stimulate several *OH mediated
processes in which Oi has been shown to scavenge "OH [24,25]. On
this basié, the stimulatory actions of SOD reflect in part,

preemption of the removal of catalytically effective amounts of
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*OH by 05. That the stimulatory effects of SOD were enhanced by
the addition of DTPA, (in much the same proportions as the
inhibitory effects of hydroxyl scavengers were stimulated by them)

supports this contention.

COMPARISON OF THE OXIDATION OF 6-OHDA BY 0, AND BY
H,O '
272 :

The oxidation of 6-OHDA by H202 is similar tol its oxidation by
molecular oxygen in the following respects: (1). the reaction is
substantially inhibited by desferrioxamine; (2). the oxidation is
completely prevented by a mixtgre of sé!ected scavengers,

- indicating that 6-OHDA is not airectly oxidised by either 1-1202 or
0,. ' .

There are however major differences in these two reactions.
Hydroxyl scavengers on their own inhibit the peroxidation, but not
the autoxidation; DTPA which consistently accelerated the
oxidation by H202, slightly retarded the oxidation by 02; SOD
consistently stimulated the reaction with H202, while it strongly
inhibited the reaction with 02. Finally, the peroxidatic

reactions were monotonic regardless of what combinations of
scavengers “were present, while all aerobic reactions in the
presence of SOD were sigmoidal indicating that accumulation of an
intermediate was not required in or prior to the rate Hmiting

step.



22
Summarising the arguments made in this section, it follows that
transitiqn metal ions (particulaly iron) are crucial to the
prqpaggtiénpf bqth reactiqns. In the case of oxidation b‘y H202,
"OH (and not 'Oi) Isﬂ an iﬁiporfant species in the steady state by
'maiz;t/ainlrig aﬁ effective concentration of the actual electron
acceptors, and DTPA increases the cataly_tlé reffectiveness of
iron. In contrast, in the case of oxidathn by 02, Oi (and nof
*OH) is an important propagating species, and D’I{‘Mecreases’the

effecrtivene;s of metal catalysis.
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LEGENDS TO FIGURES

FIG. I: STOICHIOMETRY OF H,0, YIELD AFTER AEROBIC
OXIDATION OF 6-OHPA?

Reactions were carried out in phosphate buffers at pH 8,00,
jonic strength 0.04, 25°C which were saturated with air
(246.2 + 0.3 pM 02). Concentrations of H,0, were determined

1). Points

from O, regeneration by catalase (250 U ml~
represent increasing concentrations of 6-OHDA from 50 to 400
M by 50 pM increments followed by 500 uyM and 1 mM. Error
bars répresent one standard deviation.
|

FIG. 2: ROLE OF H,0, IN AEROBIC OXIDATION OF 6-OHDA:
Reaction conditions were as in Fig. 1. 0O—0, represents
levgls of H2O2 remalning at the end of Ehe reaction while
[O0—[J, indicates the total amount of O, used for a given
remaining at the endlof the reaction while Curve 2 indicates

initial concentration of 6-OHDA. Error bars represent one

standard deviation,
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FIG, 3: EFFECTS OF SCAVENGERS ON THE ANAEROBIC OXIDATION

OF 6-OHDA BY H202:
Reaction conditions were as in Fig. 1 except the reaction
medium was equilibrated with 100% nitrogen and contained 500
uM Hy0, instead of 246 pM O,. Catalase was not used in
anaerobic conditions, @—@®, represents the control rate of .
oxidation of 6-OHDA (1 mM) by H202, D—1 addition of
mannitol (10 mM) which is fairly representative of the .effect
of hydroxyl scavengers; [}—{], inhibition by 1
desferrioxamine (1 mM) ; WM, acceleration by DTPA (1
mM); and O—O, profound stimulation by SOD (250 U. ml'l).

Error bars represent one standard deviation.

FIG. 4. SUMMARY OF EFFECTS OF INDIVIDUAL SCAVENGERS

ON THE ANAEROBIC OXIDATION OF 6-OHDA:
Reaction conditions were as in Fig. 3. DES, desferrioxamine;
DES+DTPA, simultaneous presence of desferrioxamine and D”f'PA.
No scavengers or chelating agents were present in the control

conditions. Error bars represent one standard deviation.
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ABSTRACT

The reduction of ferficytochrome ¢ in the presence of
6—hydroxydopamine/02 mixtures was examined under various reaction
conditions, As the autoxidation of 6-hydroxydopamine progressed

to completion, there were fluctuations in the net redox reactivity
between reducing and oxidizing steady states. This -was-reflected
in a sequence of damped oscillations in the redox state of
cytochrome ¢, Corresponding to the time when 6—hydr6xydopamine
~ was 75-100% exhausted, re-oxidation of the ferrocytochrome c
occurred (preyented by catala_se'or c‘atalase plus superoxide
dismutase), After the H202 In turn was mostly consumed the next
phase commenced in which the cytochrome c became reduced for a
second time. This reductive phase was 52% inhibited by superoxide
disrﬁutase. In the subsequent and final phase of the process a
progressive oxidation of cytochrome c lasting at least 24 h was
observed, Of the initial reduction of ferricytochrome ¢, at most
37% can be attributed to direct reduction Ey 6-hydroxydopamine or
its semiquinone. This initial net reduction of cytochrome c was
inhibited 51% by superoxide dismutase and 41% by catalase.
However, since either catalase or superoxide dismutase inhibited
the autoxidation of 6-hydroxydopamine b‘y at least as much as they
slowed the reduction of cytochi‘ome c, their effects in slowing the
>reduction of cytochrome c resulted -largely from the decreased

PRODUCTION of those free radicals which reduce ferricytochrome c,
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IS
and only in part from accelerr'a\fed\\REMOVAL. Elimination of the
actions of transition metal ions (whether by passage of the buffer
solutions through Chelex 100 resins or by addition of
desferrioxamine to the reaction medium) slowed both the
re-oxidation and re-reduction by up to 96%. Addition of mannitol
decreased the rate of the first re-oxidation by 25% and increased
the rate of the re-reduction by 7%. In general, the oscillations
are explicable in terms of changes in the st!eady state levels of
O; and Hy0,, with metal ionsr playing a major role and hydroxyl

radicals a minor role in both tfié ‘re-oxidation and re-reduction,



INTRODUCTION

In view of their presumed roles in the neurotoxicity -of
6-hydroxydopamine (ES—OHDA)3 it was of interest to investigate the
production of O2 and H202‘ in the reaction between 6-OHDA and
molecular‘ oxygen as it progressed to completion. " It ‘is well
_established that the 6-OHDA/O2 réaction, produces Hy0,, Oé f1] and
subsequently *OH [2] either directly or from "Haber-Weiss-like"

interactions between H202 ahd_

P

;_Q’é in the presence of metal ions.
However the events which result from (and result in) these
processes are enormously complex, and remain poorly understood.
For example, the 05 produced reacts catalytically with 6-OHDA,
and this autocatalysis influences the rates at which O2 is
consumed and reactive intermediates including O; are generated
[3l. A va’riable fraction of the I-1202 produced is again consumed
as an electron acceptor in the peroxidapic oxidation of 6-OHDA
[4]. Moreover interactions between radicinés produce some
unexpected effects: e.g. McCord and Fridovich {5] have '_s}iown that
the addition of superoxide dismutase (SOD) promotes the oxidation
of ferrocytochrome c by °‘OH, reportedly by pre-empting the

competing reaction:

--> O + OH-.

'OH + O, - 9

2

4

)

Thus the Oi generated“ may serve, not only as a source of 'OH, but

b

P



also as an *OH scavenger. '

In systematic studies to determine what conditions pronioted or '
inhibited the autoxidation of 6-OHDA, we found that transition
metal ions introduced a further level of complexity, While the
autoxidation was slightly inhibited by metal chelating agents, the
presence of SOD greatly amplivfied the inhibitory actions of

desferrioxamine or diethylenetriaminepentaacetate (DTPA) [6]. R

The simultaneous presence of catalase, SOD and DTPA produced 100%

inhibitlon. This evidence supports the contention that 6-OHDA is

not truly autoxidizable but requires a co-oxidant in addition to

molecular oxygen [7] and that electron transfer occurs within a

ternary oxygen-metal-6-OHDA complex [8]. The pattern of these -
radical-metal ion interactions depends on the nature and

concentrations of transition metal ions present and their

ligands. The implications are discussed in detail elsewhere

[7-8].

As an important intracellular redox reagent we undertook to study
the interactions of cytochrome c with intermediates generated by
the autoxidation of 6-OHDA in relation both to the reported
effects of 6-OHDA on energy metabolism [9], and to the
interactions of ferri- and ferrocytochrome c with the radicals

involved. In particular, since ferricytochrome c is reduced by



either 05 [10] or semiquinone radicals [1A1] while ferrocytochrome

¢ Is susceptible to oxidation by H,O, [12], we wished to examine
the steady state levels of reduction of cytochrome c as the
(S—OI-IDA/O2 reaction proceeded ‘to completion, dand-to learn the roles
of the various free radical intermediates in deterrﬁining these

leveis.

Instead of attaining a stqa‘dy state however, fluctuations in the
net redox statug of the; system occurred such that an- unusual
series of oscillations in the redox state of cytochrome c was
observed. These oscillations are largely exﬁllcable in terms of
changes in the steady state levels of 05 and Hy,0, as the various
reactants become depleted. Although oscillations are not uncommon
in thermodynamically open systems, most reactions. in closed
systems proceed smoothly to equilibrium or until one of the
reactants is exhauéted. The occurrence of oscillations in the
present {(closed) system results from an interaction between the
particular reaction conditions chosen and an unusual combina;ion
of reactivities of the intermediates in the reaction mixture, as
discussed hereunder,

! ”
Our limited goal for this study was to explain the oscillations by
determining the factors responsible for them., To do so we sought
to identify what intermediates were necessary at each Stagé in

order for the oscillations to occur. Thus oscillatioﬁs and the



conditions promoting them were examined by varying the reaction
conditions and by inhibiting varlou:;/phases of the sequence by SOD .
or catalase.‘ We also tested the role of hydroxyl radicals in the
“oscillations by adding mannitol, and the role of transition metal
ions by carrying out selected reactions in Chelex 100 tljeated
buffers (with and without added iron salts) and by adding z

desferrioxamine. g
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MATERIALS AND METHODS
REAGENTS

Cytochrome c (Type III, horse heart: minimum purity 95%) and DTPA -
were from the Sigma Biochemical Co., and desferrioxamine was a
gift from CIBA Pharmaceuticals, 6-Hydroxydopamine hydrobromide

salt (Sigma) was made up anerobically in deoxygenated phosphate

_buffer pH 7.00, ionic strength 0.2 and checked for purity by the

symmetry of the 290 nm peak. 6-OHDA stpck solutions were prepared
immediately 7befoxje use‘ and stored under 1 atmosphere of high

purity nitrogen (Linde, Union Carbide Canada Ltd.) in rubber

capped vials. Precautions tvaken against thevadmlss’lon of oxygen

to the 76-OHDA stock solution included boiling and evacuating

rubber caps prior to use. In Vaiddrltrlro;l,ri fhé vials were ihltlally

placed under a slight positive pressure of nltrogén and maintained

in this state by the introduction of a volume of nitrogen at least
equal to any volume of liquid removed. The substantial exclusion

of oxygen from the 6-OI-iDA stock solution was confirmed by the

absence of significant concentrations of the end products of its

oxidation as measured by the lack of absorbance at 490 nm at the

start of each assay.

Catalase, from beef liver (2500 U mg'I protein) was from Sigma

Chemical Co.; and SOD, from beef erythrocytes (2800 U mg . /
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protein) was from Miles Laboratories Ltd, Catalase and SOD |
activities of the reagents were confirmed by direct assay of the
stock solutions. SOD (10 U ml'l) and catalase (50 U ml'l) were
“added to assay systems at final concentrations sufficient to-
remove at ‘least ten ;imes the flux‘of radicals expected if all the

6-OHDA present were to be oxidized within a 10 min period.
BUFFER SOLUTIONS: METAL ION CONTAMINANTS

Distilled deionized water was used for preparation of stock buffer
solutions. Ion contamination of the water was negligible (>10
Mohm ch'3). Transition metal 1onsvwere present largely as a

result of contamination from the buffer salts (American Scientific
& Chemical and Matheson Coleman & Bell). To determine the rolersr
of these traces of metal ions some buffer solﬁtions were passedv
through Chelex 100 resin (BioRad Laboratories). Acid washed _
plasticwafe was used ;'or the Chelex 100 treated reagents. Since
Chelex 100 treatment modified the pH of buffers, these were made
up by mixing solutions of buffer salts which had been individually
passed vthroug’h the Chelex columns until the desired pH was

reached,
Analysis of these purified buffer solutions by inductively coupled

plasma emissidh spectroscopy or atomic absorptlon"

spectrophotometry revealed that ‘actual concentrations of the

\



following transition metal ions were as follows: copper {<1.60
nM), iron (31.3 nM), manganese (8.19 nM), aluminum (23.0 nM), and
vanadium (<39.0 nM), Altho'ugl:l the iron content represen;ed only
1.8 ug I'l, some reactions were nevertheless inhibitable by
desferrioxamine, so that even these trace amounts may not be

-5 ¥,

negligible.

ASSAY PROCEDURES L
Alu. spectrophotometer cuvet with 2.46 ml of phosﬂ’tate buffer of the
stated pH and ionic strength (containing any desired mixtures of
scavengers) was placed in a wéter bath at 25°C and bubbled for 30
<min with oxygen saturated rwith water vapor,,ég;:‘i’hjé:‘-‘ same
temperature, The cuvet was thgn qqicklyitrané{%f?@to a
thermostatically controll_edv,cell chamber of a Becl:man DB-GT
spectrophotometer equippéd with a Beckman 10 inch-strip chart
recorder, and facilities for 'on-lin’ef acquisition of"'déta by an IBM
3033 mainframe.. The reaction was then injtiatked/ by addition of
0.05 ml of the anaérobic 6-OHDA stock solution-also at 25°C. The
progress of the reaction Wéé followed..at 490 nm un‘til
ferricytochrome ¢ was added. Unless otherwise stated, this was
done when oxidation of 6-QHDA was 30% cgmplete to allow prior
measurement of initial autoxidation rate, and sgl:g:svg?%;nt readings‘p
were taken alternately at 490 nm and 550 nrﬁ for ‘;pprbxlmately 5s

at 5 s intervals. We conf'u’me& that pH did not change

1

R
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significantly during the assay procedures by measuring pH in the
reaction cuvets after bubbling with oxygen, and upon termination

of the reaction.

Molar ;bsprptivitia for the p-quinone of 6-OHDA were determined
specifically for condittons used (1677 (+ 14) M} em™)), c.f.

zéro for 6-OHDA ltself at 490 nm, while 21,100 M~! cm™! was used
for the reduced-oxidized difference spectrum of cytochrome c at
550 nm [13]. Reaction conditions and final concentrations of

reagents in the cuvet are stated in legends to figures.
DATA ANALYSES

(I_“,oncentratio.ns of the oxidized quinronei product(s) of 6-OHDA and
ferri- andrferr'rocytochrome c-were calculated by simultaneous
equations which determined the relative contributions of each’
product to absorbances measured at 490 nm and 550 nm. These
equations were sol;;d and rates were determined using programs ’
written by thg authors (ig APL) and implemented oﬁ an IBM 3033

computer, Pseudo-first order rate constants were determined using

multiple linear regression analysis [14].
. AN

-
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RESULTS

The sequence of changes in .the redox state of cytochrc;me c shown
in Fig. 1, reflects fluctuations in the net redox status of the
6—OHDA/02 mixture, While ferricytochrome c¢ was initially reduced:
rapidly by either 6-OHDA or the early intermediates in its aerobic
autoxidation, these Intermediates did not reach either an
equilibrium or a steady state level. Instead a defined and

limited sequenee‘éf éeréped oscillations in the redox state of
cytochrome ¢ ensued. The ampﬁtude of o;ciilation was more
pronounced at low ionic strength, at higher pH values, and in
oxygen- rather than a;ir-saturated buffer, and in the bresence of
transition metal ions, In addition to the initial reduction of
ferricytochi-ome ¢, the sequence of events comprised: subsequent )
re-oxidation, re-reduction, and a’ﬁﬁl" slow progressive oxidation
by molecular oxygen. The successive phases in the redox state as

the oscillation progresses will now be considered in turn.

FIRST REDUCTIVE PHASE,

The initial reduction of cytochrome ¢, is due both to the direct »

reducing action of 6-OHDA, and to intermediates in the reduction
~ ,

of Oy The simultaneous presence of SOD and catalase decreased
the rate o1 the reduction of cytochrome ¢ by 63% (Fig. 2). The “

use of Chelex 100 treated buffers, or the addition of



desferrioxarhine also caused a significant deéréasé in the rate of
neduction of cytochrome c. Addition of SOD alone decreased the
initial rate of reduction of cytochrome c by 51%, but as indicate&
by Fig. 3, the effects of SOD cannot be attriﬁuted solely to the
scavenging of a given amount of OE produced in the reduction of

- molecular oxygen by 6-OHDA. The decrease in the rate of

‘autoxidation of 6-OHDA (86%) by SOD suggests that the decrease it.

causes.in the reduction of cytochrome c is attributable not merely
to increased REMOVAL of reducing rédicals, but to an éVén greater
extent to decreased PRODUCTION. Nevertheless, direct reduction of
cytochrome ¢ by 6-OHDA was confirmed,‘ since the reaction readily
progressed to completion under anaerobic conditions, at a rate
equivalent to that in Chelex 100 treated buffer saturated with
oxygen at 1 atmosphere (not shown).

Such a combined direct and indirect action for SOD is supported by
a similar but lesser inhibition (41%) of the  initial rate of .
reduction of ferricytochrome c by catalase, Catalase in 't,his
instance can be acting only by slowing production of reductive
inte-xi‘mgdiaté_s, since. it is not likely to remove any species

capable 6; \?d;irectly reducing ferricytochrome c (although the

possibility of traces of SOD activity in the catalase preparation

must be kept in mind {15}).

14



The end qof this phase coincides with the time at which 6-OHDA
concentrations approach- zero. For this reason the oscillations

were not observed below pH 7, because (from the measured

Y

concentrations of 6-OHDA) the slowness of oxidation of 6-OHDA led
to its persistgnce throughcﬁlt the time scale of the obéervations

in concentrations sufficient to produce a net reducing

environment, |

v

FIRST OXIDATIVE PHASE.

A

After the ferricytochrome c had become 64%_ reduced (and

corresponding to ‘the time when 6-OHDA was 74-100% oxidized) a slow

re-oxidation of the ferrocytochrome c commenced (Fig. 1). This
phase results from the presence of H202 pi'odﬁced in the

éutoxidation of the 6-OHDA since thé re-oxidation is completely
abolished by the ﬁresence of catalase in the reaction mixture:
(Fig. 4). The substantial inhibition of the re-oxidation observed
when SOD is added, must be attributed to the indirect effect of

SOD in decreasing the yield of H,0, from the autoxidation of

6-OHDA (Fig. 3), since the &igect action of SOD in removing 02 is

to Increase the yield of peroxide in stoichiometric proportion.

This phase was slowed (by 76%), and its amplitude was dramatically

decreased when Chelex 100 treated buffer was used, indicating a

major role for transition metal ions (Fig. 5). Both the amplitude

15
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and the rate of this phasé of the oscillation were restored, to or
above control levels by the addition of FeSO, to a final \
concentration of 10 uM, Further addition of desferrioxamine to
the FeSOZ reaction (to 50 uM) decreased the rate of this phase by
96%. The rate of this phase was also decreased by 25% when the

hydroxyl séavenger mannitol was added (F 1g. §).

SECOND REDUCTIVE PHASE,

When the H202 was largely consuxﬁed, a phase commenééi in which the
férricytochrome c agaln became reduced, this time reacI}ing 76%
reduction. SOD inhibited this re-reduction by 52% implicating 05
as a major reductant (Fig. 6). This re-reduction in the presence
of H202 could be duplicated in a system which initiaily contalped
(in addition to ambienf oxygen) no redox reagents other than
ferricytochrome ¢ and H,0, (Fig. 7).

05 is thought to be generated in the spontaneous or. meta.l

catalysed disproportionation of H202 {12, 16—18]'\.Aand the presence

of residual traces of H202 during this phase provides a source of

2
ions in this phase is shown by the substantial inhibition caused

O, for ferricytochrome ¢ reduction. A role for transition metal °
by the substitution of Chelex treated buffers, and the restoration
of the rate to significantly above that of the control reaction by

the addition of FeSO 4 (Fig. 8). A role for iron in this phase
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of the oscillation is cor;flrrned by the élmost complete inhibition
produced by the presence of desferrioxamine (Fig. 8). In the same
figure, it can be seen that addition of mannitol to the reaction
medium accelerated this phase by a marginal 7%. In the slm‘.pler
system, consisting of ferricytochrome g_w ard H202 in the
absence of-6-OHDA, desferrioxamine or DTPA STIMULATED the net
reduction of cytochrome ¢ (not shown). This surprizing result is
explicable on the basis that in this system desferrioxamine

inhibits the re-oxidation more than it inhibits the re-reduction.
Clearly the two systems are‘ not completely analogous, and
additional experiments over a range of concentrations of reagents,
metals, and scavengers will be needed before all the variables can .
be defined.

FINAL OXIDATIVE PHASE,

The subsequent (final) phase of the process is most simply
accounted for on the basis that the only effective redox reagents
remaining are ferrocytochrome ¢ and molecular oxygen in the '
presence of trace amounts of metal lons. The slow progressive
oxidation in the final stage is illustrated in the last four

points in Fig. 1. The Ioggrithmic scale conceals the fact that
these four points represent some furth_er 16 h of elaﬁsed time,
These values represent oxidation 5f cytochrome 7_;_:; and not

evaporation of solveﬂt from the (capped) cuvettes, nor loss of

>
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functional integrit} of the cytochrofne ¢. This Was confirmed by
repeatedly scanning from 600 to 450 nm, and by ;'eduéing the final
samples with ascorbate and re-scanning to ensure that the decrease
in absorbance at 550 nm was not due to denaturation of cytochronie ‘
c, Based on thermodynamic criteria, this last oxidative phase
would presumably continue to completion, but several days of
observation would be necessary under the prevallifflg conditions of
pH and ionic strength [19]. The effects of scavengers on the A

various phases of the oscillation are summarized in Figs. 9 and

10,



19

. DISCUSSION
REDUCTION AND OXIDATION OF CYTOCHROME C ;

. Under the usual reéction conditions, less than half of the initial
reduction of cytochrome ¢ is due to the direct action of 6-OHDA,
Sincg the rate of reduction of cytochrome c was 63% inhibited by a
mixture of SOD and catz;lase, at most the remaining 37% of the

| reduction was from dlfrect action of 6-OHDA' and/or its o
semiquinone, The 50% inhibition of the reduc_tion by SOD alone

indicates that up to half of the total reducti;n is directly or

indirectly attributable to O;,, Anaefobically the rate of

reduction of cytochrome c was decreased to that in the presence of

Chelex 100 treated buffer, or slightly less than that in the

presence of a mixture of SOD and catalase.

From the above consideraitioﬁs, the use of inhibition by SOD as a
criterion for the involvement of 05 leads to overestimates, since
in this system SOD inhibits the reduction‘ of cytochrome c, not -
only by scavenging 05 bth even more so by inhibiting the
autoxidation of 6~-OHDA and thus formation of OE and semiquinone.
Moreover the extent of reduction of cytochrome c underestimates
the yleld of reducing free radicals, since it reflects the steady
state resulting from the net effect of both reduction and a

substantial rate of re—oxidation.
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IDENTIFICATION OF THE MAJOR OXIDIZING AND REDUCING SPECIES

The extent to which oxidizing and reducing reactions alternately
dominate the steady state at various tim'es‘iis evident in the
observed sequence of oscillations in the redox state of cytochrome
c. The nialﬁ reducing and oxidizing species involved can be
assigned (at least qualitatively) by a quaﬁtitative examination of
the effects of SOD, catalase, and mannitol. vIn the initial
reductive phase, the main reducing species present are 6-OHDA

it$81f, its semiquinone, and 02.

The first oxidative phase commenced when the 6-OHDA and its main
reducing products were }argely exhausted, Since this phase was
completely inhibited by catalase it refiects the predominant

action of HZOZ' The second reductive phase begins as HZOZ becomes
exhausted, and reflects some reductive contribution by O;,

However the fact that about haif of the reduction resisted

inhibition by SOD in the 6-OHDA containing system (after the
disappearance of .any detectible residual 6-OHDA) impiies the
participation of some other reducing radical relatede to 6-OHDA
(mos‘t plausibly its semiquinone). since in the simple two component
systérn shown In Fig. 7 the same concentration of SOD inhibited
reduction of cytochrome ¢ ﬁrtﬁaﬂy completely. SQﬂTeportediy

converts 05 to HO4- which is thought to be less effective in the

20
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reduction of cytochrome c [18]. In view of the lnhibitdry actions
" of SOD in the first three phases of the reaction, this postulated
dimeric species is uniikely to participate significantly in the

processes described here.

A significant but smaller oxidizing role for *OH in both the
re-oxidation and re-reduction of the cytochrome c can be inferred
from the inhibition of the re-oxidation by mannitol, and the
acceleration of the re-reduction (Fig. 10), In the final stages

of the reaction, the residue of oxygen is the major reactive

ey

species present, and the slow, progressive autoxidation of

ferrocytochrome ¢ is observed.
OXIDIZING AND REDUCING ACTIONS OF HYDROGEN PEROXIDE

In son‘le conditions H2O2 causes net oxidation of cytochrome c (Fig.
4 and [12]), while under others it causes net reduction (Figs. 5
and 6; [18]). The explanation of the apparently contradictory
effects of H202 upon the redox state of cytochrome c lies in the
metal cétalysed disproportionatibn of H202 and the concomitant
generation of O,:,. The extent of the role of O; ‘in the reductive

actions of H202 is reflected in the inhibitory effects of SOD upon

this process, shown in Figs, 6 and 7.
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The ability of cytochrome c to be either reduced by O, or to be
oxldized by H202 means that in the simultaneous presence of any
given statidnary concentration of both, the redox state 6f ’
cytochrome c tend.é toward a certain steady state. Thus when the
cy;ochrome c is largel'y oxidlze:i, ‘the net effect of the H202 in
movingr it toward that steady state will be that of reduction (Fig.
6). In contrast when the cytochrome c is initially largely
reduced, movement toward the same steady state will be oxidative,
While the 6-0HDA.102 reaction is proceeding, the actual position of
the steady state is not stationéry, but varles as thé.
instantaneous concentrations of 05, "OH’ and ‘H202 change with
time, The changes In the redox staté indicated in Fig. 1

represent the net effect of these thermodynamic effects, as

modified by the kinetics of the individual redox processes.,

-

ROLES OF TRANSITION METAL IONS

Transition metal fons present in the buffers salts (rather’ than

the distilled deionized water) played a crucial role in the
oscillations. This was reflected in the substantial inhibitory
effects of §ubstimting buffers which had been treated ‘;ﬂth LChelex
100 resins, 01: of adding desferrioxamine (Fig, 10) in several

phases of the oscillation, In contrast desfefrioxaminé inhibited
re=reduction in the H202fcytochrpme c system. Addition of cupric

| o
acetate to this simpler system led to stimulation of reduction of

— ' <
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Y
ferricytochrome ¢ at some concentrations and inhibition at i
others. In some reaction mixtures the presence of metal ions was

essential if autoxidation of 6-OHDA was to occur at all.

The problems concerning the participétion of metal ions in
biqlogica}ly significant redox systems are at the same time
fundamentally important and’experlmentally forbidding. Despite
extremely low concentratlons— of transition metal ions in our

Chelex treated buffer solutions, addition of kesferﬂoxamine had
residual effects, suggesting that even the smallest traces of

metal loné may have decisive effec;s. On the other hand, runiiing
all reactions in the presence of metal chelating agents carries

its own problems, The proper solution to these questions will
require that known amounts of transition metal ions be added to
all systems in which they may participate, Iron and copper salts
are obvious candidates, but dare one neglect manganese? Clearly
graded mixtures of' metal ions should be studied and a great deal
of experimental work will be necessary before adequate answers are
available,

The ability of cytochrome g_r either to receive an electron from O2
or to donate one to H202, together with its relatively high
concentration renders it an effective intracellular sﬁﬁ.{tjmte for
free inorganic transition metal fons in free radical reactions.

However the substantial inhibition resulting from the use of
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Chelex 100 treated buffers, together wfth the almost complete
inhibition by desferrioxamine rule out such a role for cytochrome

¢ in the current system.
ROLES OF HYDROXYL RADICALS

Despite the preponderance of the roles of Oé and H,0,, a
significant role for *OH is‘ evident from the effects of mannitol.
The 25% inhibition of the initial re-oxidation of cytochrome c by
mannitol indicates some participation of *OH as an oxidant of
cytochrome ¢ in this phase of the reaction. Predictably however,
*OH do not participate significantly in the reductive phase,
except perhaps to retard it slightly, as Indicated by the 7%

acceleration of this phase Induced by the addition of mannitol.

REASONS FOR THE OSCILLATIONS : ‘ \] :

. | | .
The unusual succession of alterations observed in the redox state / |
of cytochrome c, results from the marked differences in the ‘
" reactivity of oxygen in different étag&c of reduction, toward
cytochrome c., Superimposed on these are shccessive 'ﬂuétuations
in the concentration of reaction interinediates. Thus, the

transfér of a serles of electrons from 6-OHDA to oxygen causes

successive reversals of the effective redpx activif}' of subsétjueﬁt

intermediates, with respect to cytochrome c. The first product of



reduction of 0,, namely O,, is a fQEDUQING agent with respect to
ferricytochrome c” whereas the second product, H,0, (despite the
greater electron saturation of its molécular_ orbitals}, is a net
OXIDIZING agent.' |

, /,
The two reductive phases are sépai‘ated from each other because .the
acr:cumulation‘ of effective concentrations of O;' is delayed until
after the substantial disappearance of both the 8-OHDA reactant
and the subsequent H2b2 product/intermediate, In this régard it
is significant that either of these substance’s'-}é capable of

reacting with and destroying 02.

Somewhat different arguments account for the separation of the two

—_—

oxidative phases, Although the‘final reaction of ferrocytochrome
¢ with molecular oxygeh' is ﬁighly feixrvbr;dhthefrflodyhamically, sﬁch ) )
oy;idatioﬁ is not manifested earlier. in7the reaction sequence

‘ because this proéess is very slow, being kinetically hindered by
electron orbitai spin considerations. In contrast, the reaction

with H202, which Vis less favored on thermodynamic‘ grounds, é
proceeds much more rapidly, anfi is thus observed early in the
sequence of events, Detection of the autoxidation of '

1ferrocytochrome I_g must await virtual disappearance of all other

“redox réagents. Thus the two oxidative phases occur in succession

rather than siihuitaneously. -The fmalwﬁrodﬁct: sz, is of &)Vurse

inert with respect to cytochrome c. Although *OH_can either

~
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reduce ferricytochrome ¢ (by elrectron‘ tunnelling [20]) or oxidize
ferrocy?chrome c [5], the procedures we used reveal only a
oxidizing role for °*OH, This role was substantial in the first

re-oxidation, and of only minor importance in the re-reduction.

-
It

A’number of additional studies deserve to be carried out, In
patticular, the addition of scavengers and scavenger mixtures at
different stages of the reaction should yield information not

~ obtainable when the initial presenceorf the ;scave‘nger -terminates
the oscillation. Also the addition of the cytochrome c at various
stages of the reaction will indicate the extent to which the
6-OHDA/O, reaction is being int'luenced 'by the presence of

cytochrome c. Finally dose/response curves of the effects of

transition metal ions will allow a more quantitative analysis of

ot

the factors involved.
: -

CONCLUSIONS

The spectrum of redox relationships, together with the kinetic
constraints inherent in the ci1emical nature of‘the species
involved provide necessary but not sufficient conditions for the
oscillations. Oscillations were reproducibly observed only after‘i
'appropriate reaction conditions were defined. Even the injtial

phase, the oxidation of G-OHDA by moleculér exygen was not always

observed. - In fact it reproducibly failedeto occur if metal ions,

2
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05 and H202 were rigorously excluded :by, the simultaneous presence

of SOD, catalase, and diethylenetriaminepentaacetate [21} | The ﬁ

occurrence of oscillations is somewhat more demanding, being more

pronounced at pH 7 or above, low lonic strength, and in oxygen-

rather than air. The roles for H262 and Oi inferred from the

actions of ’SOD and catalase in the current system provide

consistent explanations for previously reported oscillations {12,

22},

In summary, a complex set of interactions between intermediates of

_the 6—»OI~{DA/,O2 couple, and the redox reactlvities of cytochrome c

lead to an unusual series of fluctuations in the redox s.‘teady" ) -
state of cytochrome c. The oscillations are understandable in

¢ terms of the nature of the reaction intermediates which are

kinetically dominant at each stage.
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LEGENDS TO FIGURES:

FIGURE 1: Oscillations in the Redox State of Cytochrome _g Duriﬁg |
the Autoxidation of 6-OHDA: Re_actions were carried out at 25°C,

in phosphate buffer pH 7.00. and ionic strength of 0.2, Final
concentrations of reactants in the cuvetﬁg were 6-OHDA, 254 uM and
cytochrome ¢, 24.6 uM. Zero tlme represents the time"of addition

of 6-OHDA., @—@, log concentration of ferricytochrome c,’

F‘quRE 2: Initial Reduction of Ferrléytoél}romé c by 6-OHDA -
Effgcts of Catalase or Superoxide Dismuatase: ﬁeaction conditions
were as described in Fig. 1, except that prior to jadditlc'm of
cytochrome ¢ or 6-OHDA, SOD and/or catalase %as added as indicaféd
to respective final concentrations of .10 énd 25‘<U, ml'l. Zero time
represents the time of addition of ferr'ic’ytochromé c. 0-—0,

Control {No scavengers); O—O, inhibition by cata'lasé; -—-,

inhibition by SOD; [1-[J, inhibition by both catalase and SOD.

Confidence limits for the points are indicated by éi'ror bars

corresponding to one standard deviation. o

FIGURE 3: Rate of Autoxidation of 6-OHDA - Effects of Superoxide
Dismutase or Catalase: Reaction conditions were as described in

Fig. 2. Zero time represents the time of -addition -of -6~OHDA.

9—®, control; -O—0, inhibition by catalase; Jli—ll, inhibition

by SOD; [J—{], inhibition by both catalase and SOD.

- 30



FIGURE 4: First Re—,oxldation of Ferrocytochrome c by Products of

Auté;idation of 6-OHDA - Effects of Snperoxide Dismufase or

Catﬁase: Reaction conditions ﬁere as described in Fig. 2. Zero

time represents the beginning of the re-oxidation phase.‘ o,

control; O-—O, Inhibition by catalase; J§—IN, inhibition by

SOD; [1--[1], inhibition by both catalase and SOD.

P
. FIGURE 5: Roles of Metals or Hydroxyl Radicals in the

Re-oxidation of Cytochrome c: Effects of Chelex 100 treated

buffer, desferrioka;mine, iron, andrmannitol on rates of

re-oxidation of cytochrome c. Reaction conditioné were as

described in Fig. 1" except buffers were at pH 8.0, ionic strength

0.04. uFinal concentratidns_ were: iron, 100 uM; desferrioxamine,

500 uM; mannitol, 10 mM. Zero time represents the beginning of the

re-oxidation phase. ®—@®, Chelex fréa;ed buffers; O—O, iron

added; Il—M, iron pelus_desferrioxamine; O-[, iron plus

mannitol,

FIGURE 6: Re-reduction of Ferricytochrome c by Products of
Autoxidation of 6-OHDA - Effect of Superoxide Dismutase: Reaction
conditions were as described in Fig. 1. (Only SOD was added,

since in the preéence of catalase, thris' phase was not ééen). Zé'rid
time represents the beginning of the second reduction phase.

0—8, control; O-—0, inhibition by SOD.

31
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FIGURE 7: Reduction of Ferricytochrome c b>; I-1202 - Effect of
Superoxide Dismutase: Réactions conditions were the same as in
Fig. 1 except that 6-hydroxydopamine was wet present. Initial
concentrations of cytochrome ¢ and H202 were 40 uM and 200 uM,
respeqtively. Zero time represents the time of addition of
ferricyt?c?ﬁ’pme c. Final concentrations of SOD were: -0,

0.7 U mi"! and —M, 1.5 U mI"l. e—@, control.

F‘IGUREA 8: Roles of Metals or I—Iydroxyl Radicals ln the
Re-reduction of Cytochrome c: Effects of Chelex 10(; treated
buffer, desferrioxamine, iron, and mannitol on rates of

re-reduction of cytochrome o Reaction conditions were as
described in Fig. 1 except buffers were at pH 8.00, ionic strength
0.04, Zero time represents the beginning :)f 'th’e""se*conﬂ" ’fédﬁétIOn ’
phase.r 9, Chelex ‘treated buffers; O—O, iron ‘added; A,

iron plus desferrioxamine; [J—[], iron plus mannitol.-

FIGURE 9: Rates of the Various Phases .of Redox Change .of

Cytochrome c in-the Presence of the 6-OHDA/O, Redox Couple -

Effects of Scavengers: Reaction Conditions were as described in .
Figs. 1 to 5. The leftmost cluster of bars (6-OHDA autoxidation)
‘represents, for comparison, the effects of the same scavengers on
“the autoxidation of 6-OHDA. The bars for catalase In the rightmost

two clustérs (re-oxidation and re-reduction) represent

Pt g gt bl e
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fluctuations around zero, since neither of these two phases were
observed in the presence of catalase,

FIGURE 10: Rates of Re-oxidation and Re-reduction of Cytochrome _g‘ .

in the presence or absence of iron or mannitol. Reaction

conditions were as described in Fig. 8.
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OSCILLATIONS IN REDOX STATE OF CYT C
’ INDUCED BY BHODA/OXYGEN |
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RE-OXIDATION OF CYTOCHROME C:
EFFECTS OF CHELEX TREATED BUFFER,
DESFERRIOXAMINE, FeSO,, OR MANNITOL
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OVERVIEW AND PERSPECTIVE

DE'}AILS OF THE MECHANISM OF 6-OHDA OXIDATION

Some aspects of a mechanism for the oxidation-of 6-hydroxydopamine
(6-OHDA) can now be considered to be established, The following
reactions represent fhe univalent reductions of O2 involved in the

initiation phase: ‘ '

6-OHDA + Me™/O, —-> semiquinone + Me™/0y + H* . (1)

6-OHDA + Mem'/Oi + H* —> semiquinone + Me™" + Hy0, . (2)
The production and later removal of 05 in the above two reactions
form part of the propagation phase. In contrast, production of the

p-quinone from dismutation of the semiquinones represents a chain

termination step:h\\ -

2 semiquinone ---> p-quinone + 6-OHDA. . (3)

The sum of Reactions 1, 2 and 3 describes the two electron oxidation

of 6-OHDA by O

6-OHDA + O, —> p-quinone + H2Q244_4) e

6-OHDA also reduces the product, 1-1202 in a univalent pathway which may
h i :

be represented by the following:
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6-OHDA + Me"'/H,0, —> semiquinone + Me™/"OH + HyO  (5)
6-OHDA + Me""/'OH -—-> semiquinone + Me™ + H,0 (6) |
The overall rates of the above two reactions are slow enough that the
dismutation’ of the p-quinone .is no longer rate limiting:

2 semiquinones ---> p-quinone + 6-OHDA. (7)

Finally, the two" electron reduction of I-I202 to water can be expressed

as the sum of Reactions 5, 6 and 7.

6-OHDA + H,0, —> p-quinone + 2 H,0.  (8)

“ -
.

Although water is the final product of the reduction of 02,'the
p-quinone will undergo intramolecular cyclisation to its aminochrome

which has in turn t;een shown to participate in further redox

reactions.

. GENERAL FEATURES OF THE OXIDATION OF 6-OHDA

Simultaneous removal of metal ions, HyO, and O, completely inhibits

the reactlon even when molecular oxygen is in excess. If any of the
three components was present, the oxidation proceeds since each can

act independently as a co-oxidant of 6-OHDA.
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"Removal" of the catalytic action of nlgtal ions by chelating agents
decreases the aerobic oxj\dation (by 20 to 67%) without changing i:he
kinetics, while the removal of 05 induces sigmoidal kinetics, In the
absence of O, the rates of p-quinone fofmation and O utilisation

are decreased by 96%. Thus O, plays a major role in the formation of - .
a ternary complex consisting of reducga_gl;,-metal-supefoxide which |
constitutes the réte limiting step in the aerobic oxidation of 6-OHDA.
Fe2+, at greater than catalytic concentrations, can éubstitute for Oir
to the extent thét 7the oxidation is ﬁot iﬁhibitable by superoxide !

dismutase (SOD),

H2O2 contributes very little'to the aerobié oxidation since its

reduction by 6-OHDA is three order&—e(—m}agnitude slower than reduction
of 02. Thus removal of H202 does not inhibit the reactions which -
_constitute the lnltia'tlon phase of the oxidation 6-OHDA,

Consequently, catalase had no inhibitory effects, but was found to , h +
increase the oxidation., Although this stimulation was barely .

discernible, it was observed consistently over a variety of conditions

containing other scavengers. This acceleration is not due simply to

regeneration of oxygen by catalase from H202 since it was observed

under conditions where oxygen was presént in excess relative to 6-OHDA

concentrations, It is more likely that catalase removes some. o R

inhibition by H2O2 or some intermediate produced from it. However

H202, itself can act as oxidant in the absence of 02. Therefore, 1-1202

in the gerobic oxidation, competes for 05 which has an autocatalytic

role in oxidising 6-OHDA, : . 1
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In the absence of O,, reduction of H,0, by 6-OHDA requires metal
lons, The most likely role for metal ion catalysis'is -the generation

of *OH, since the 160% stimulation of the reaction By
diethylénetriaminepentaacefate (DTPA) is decreased by hydroxyl
scayengers. DTPA when chelated ‘with iron generates "OH from H,0, in.
Fenton-type reactlons. Sincé the hydroxyl radical does not oxidise
6-OHDA. in an éutocatalytic fas;hion,v its role in the aerobic oxidation

ié negligible. In t};ls latter réaction consequently, the hydro#yl

scavengers (or catalase) have minimal effects.

’

Many if not all of the interactions observed in these studies involved

inhibition of or catalysis by metal fons. We have characterised much

of the general nature of their collective contribution as well as that

specg'?:: to iron. However clarification .of the synergistic and
moderating interactions of the various transitidn metal lons is

required if we are to understand the underlying broperties which are
responsible for their activities. Since their roles depend so greatly

on the nature of the ligands which bind metal ions, it is important to
determine the factors which change their redox properties or decrease

- : »
their kinetic accessibility. For example, ethylenediaminetetraacetate

(EDTA) increases the activity of iron in generating free radicals and -

concomitantly the _cytotoxicity of the pro-oxidants. DTPA, also an
"amino acid”", has one more ligand for iron than EDTA. While both form
stable chelates with the ferrous ion, F‘e2+ only DTPA exists in a

stable complex with iron in the ferric state. This difference results
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in major dlfferénoes in reactivity, del‘:oendlngry on the nature of the
targets and systems- tested. D’fPA retards reduction of bound iron,
‘without preventing its reoxidation. It is also thought to retard redox-
reactions of metals other Ehan iron., While desfe{'rio;aminta‘ (which is a
épeéiﬁc chelating agent for iron) has x‘lotA yet ‘been foﬁnd.g;_‘,to allow |
redox participation of the chelated iron, EDTA, like DTPA; is effective

in blocking copper accelerated oxidations. b

~ F
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BIOLOGICAL TOXICITY OF FREE RADICALS

While the above represehts the skeletbn upon which a mechanism of
6-OHDA autoxidation may be built, much‘worl; remains to be done
regarding the iﬁteractionsv which are involved in its cytotoxicity.
That the hydroxyl 'scav:engers themselves participate !nthe Vprkop’agaigioin
(as opposed to termination) of thef;ee radical chain, has
implications beyond the scope of the studies presented here. Of
several e'xamples of activatiqn'of by hydroxyl scavengers the _moét

) imporfar’xt agent is glucose, a ubiquitous substance found throughout
biological systems. Glucose reactivated the aerobic oxidation of

6~-OHDA after it had been completely blocked by the ggavenger

combination DTPA+catalase+SOD. In contrast glucose was moderately

inhibitory in the anaerobic rqxicqutirgp by 5292. Thus glucose may play =

’
-

.
Y

a significant role in modulating the cytotoxicity of 6-OHDA.

, . -
Many cellular metabolites_can chelate metal iops so “&s—fo either

enhance or inhibit toxicity of pro-oxidants, Those metalloproteins

—



which are redox enzymes have evolved th> transfer electroﬁs elthér in
single or two electron steps with minimal side reactlons.,’Many of

these are also reactive toward lntermedlates; generated by pro-oxidants
and' therefore can be recruited.to mediate cellular damage. For

example, we found that cytochror?fq c | did' not inhibit the autoxidation

of 6-OHDA, although it competes ﬁvlth 6-OHDAVfor the catalytic spe\ci‘es,
05; instead it acted as a reversible transfer agent to -shuttle A

electrons from v~r\>educ1ng -equivalents such as the semiquinone or 6-OHDA

to intermediates of oxygen reduction,

Thus simple cellular corﬂponents such as glucose or immensely complex
macromolecules such as cytochrome' c participate in the lntracgllu?ar
redox reactions of naturally occurring or xenobiotic pro-oxidants.
Even macromolecules which do not contaln metal lons cen bind
transition metal ions with varlous degrees of firmness by co-ordinate
covalent or electrostatic interactions. Depending on these
lnferactloné, a pro-oxidant such as 6-OHDA may promote damage to
specific to the macromolecule. Cert-alnly proteins with free
sulphydryl groups have been polymerised during the oxidation of
6-OHDA. ’ '
As a final paradox, SOD, an enzyme cClincally used im$geating —~ ~~ ~~~ — — 7 7~
pro-oxidant damage wes found to- accelerate the enseroblc oxidation of -
/ 6-OHDA by HéOT Although the effect could be attributed to the known

ability of superoxide to remove hydroxyl radicals, it was more

probably due to free copper released from a minimal percentage of

-



* While fundamental aspects of free radical reactions have been

_denatured enzyme or copper which is no longer restricted by the 7
structure of the native enzyme, Indeed, SOD denatured by boiling, e
increased this stimulation by approximately ten times. Thus SOD which |
inhibits the aerobic oxidation of 6—OHDA by 96% and is considered as
one of the cell's major defenses against free radical damage, becomes » S -
a metal ion source to p?bmote generation of free radicals, This has
far—reaching implications in the understanding of why pro—oxidant

damage is .more severe under hypoxic conditions. ,

-
explored, interactions of the particfpating species with celluiar
components remain elusive, Important advances in the aetio‘logy'r and
prevention of a variety of cl.inicéiL problems: inclnding ischaemic
injury to heart and brain; preservation of organs for transplantation,
traumatic injury to the spinal cord; and many the problems of
advancing age (including Parkinsonism) are in abeyance,. pen'ding such

understanding.‘ Detailed mechanisms of cellular damage are prequisite .
~F .

[

to rational strategies for effective‘*‘prevention or treatment. v
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