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I. INTRODUCTION

In 1957-1960 Emanuel' and coworkers '~* demonstrated
for the first time the importance of the involvement of free
radicals in normal and pathological vital processes of
organisms. One of the most convincing confirmations of
the free-radical hypothesis in biology proved to be the
identification in biological systems of the oxygen radical-
anion O3. The hypothesis of the involvement of O3 in
enzymatic processes was put forward by Fridovich and
Handler in 1958-1962*"°. However, as early as 1934 the
possible involvement of O3 in chemical reactions was

pointed out by Haber and Weiss””® in a study of the decom -
position of hydrogen peroxide and the oxidation of metal
ions by oxygen in aqueous solutions:

Fe* 4 Hy0, — Fe* - HO" 4+ HO~ , 1)
HO' + H,0, — H,0-+ HOO" (2)
HOO' =2 H*+0F (3)

Fel* - O, = Fed*-1- OF (4)

At the present time the formation of O3 has been
demonstrated in many chemical reactions. Studies on
biochemical processes involving O; (enzymatic reactions
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catalysed by oxidoreductases, the interaction of haems
with oxygen, the mechanism of the protection of the
organism from the toxic effect of oxygen, problems of
phagocytosis, etc.) have begun to develop, particularly
vigorously. A number of reviews devoted to various
problems of the chemistr¥ and biochemistry of Oz have
been published recently® ™. In the present review we
thought it useful to survey all the principal investigations
of the chemical and biochemical properties of O3.

II. PHYSICAL PROPERTIES OF Of

In the “free” oxygen radical-anion the unpaired electron
is delocalised over both oxygen atoms. However, in
liquid and solid phases there is a possibility of the forma-
tion of ion pairs of OF and counterions—metal or organic
cations. The compounds NaQO, and KO; are crystalline
substances which are sparingly soluble in organicsolvents.
In contrast to them, NR4O, (R = alkyl) readily dissolves in
dimethylformamide (DM F), dimethyl sulphoxide (DMSO),
acetonitrile, etc. The structure of MO, (M = metal) was
investigated by infrared and Raman spectroscopy ® # and
EPR®™™., The EPR spectrum of O3 has been observed
only at a low temperature (77 K). It was found ® that the
EPR spectrum of OF, obtained by the electrochemical
reduction of oxygen in DMF, is characterised by an aniso-
tropic g-factor (g, = 2.006, g, = 2,009, and g5 = 2.041),
Analogous EPR spectra were obtained when O, was
reduced in pyridine®, for MO, complexes M = Ti*" Hf**
TI**, Sn**, etc.) in solution®* "', and for crystalline NaO,.
In addition, using a rapid freezing technique, the EPR
spectra of O3 and 'O have been obtained ¥ 8 in the
course of the oxidation of xanthene by xanthene oxidase.
The observed values of the g-factor can be accounted for
by the interaction of OF with the solvent or cations il
Apart from the complexes of O3 with metal cations, its
compounds with cobalt(IlI)***" and rhodium{11)*® com-
plexes, which can exist both as monomers and dimers,
have been described.

It has been found by the technique of pulse radiolysis
that the ultraviolet spectrum of O; in aqueous solutions
has_all) rglga)g.mum at 250 nm (¢ = 1800-2000 litre mole™"
cm ).
The spectrum of OF in acetonitrile, with a maximum at
250 or 255 nm, has been described***’. However, the
observation of this maximum may be a consequence of
instrumental errors®’, particularly since it is known **#°
that the absorption maxima of radical-anions in aprotic
solvents should be adisplaced towards longer wavelengths
compared with aqueous solutions in consequence of the
hydration of the radical-anions in the latter.

The reduction of oxygen in aprotic solvents involves a
one-electron mechanism. It has been shown ® that O; is
reduced in DMSO and DMF at E;/> = —0.73 and -0.80 V
respectively and OF is reduced at —2.40 and -2.8 V. Ana-
logous data were obtained for the reduction of Oz in DMSO
on platinum, gold, and mercury ®"*°”®! and in pyridine,
dimethylacetamide (DMA), acetonitrile, acetone, methyl-
ene chloride, etc. on mercury ®?**?™*,  The one-electron
reduction of oxygen is quasi-reversible®, the deviation
from reversibility beinﬁ apparently due to the protonation
and dismutation of O3. Owing to the rapid reaction of
03~ with the solvent, the reduction of O; is fully irrever-
sible®®, When oxygen is reduced in DMF and DMSO in
the presence of metal cations, there is an anodic shift of
the one-electron wave (owing to the formation of MOz ion
pairs) and a mixture of the corresponding metal peroxides
and superoxides is formed®'*",

%

5

Amax = 462 nm for O7 in solution in pyridine®’,
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In contrast to aprotic solvents, in aqueous solutions
oxygen is reduced electrochemically via a formally two-

electron mechanism consisting of two one-electron stages®®

0, 5 o0F & Hoo' S HoO- , (5)

However, it has been observed recently *°*° that, in the
presence of surface-active substances (quinoline or tri-
phenylphosphine oxide) the protonation of O3 on the surface
of the cathode is difficult. Under these conditions and at
high pH (when the rate of disproportionation of O7 is low),
O: can be obtained also in aqueous solutions. It has also
been suggested that O; be generated by the continuous
radiolysis of a formate solution saturated with oxygen

Recently much attention has been devoted to a more
accurate determination of the O reduction potential in
aqueous solution——a parameter which is of great biochemi-
cal importance. The initial value £0(02/0z) = -0.56 V
(relative to the hydrogen electrode)® is undoubtedly too
low. Thermodynamic calculation yielded Eo(0,/03) =
-0.18 V.** Wood examined critically the published values
of Eo ®©#%%%% and concluded that Eo = ~0.33 + 0.01 V.*
Then, in a later study®, a higher value E¢(05/03) = 0,07+
0.02 V was again obtained. However, this problem can
now apparently be regarded as solved: in a number of
independent studies on the reduction of O: in the presence
of surface-active substances® and of the equilibria in the
reactions of OF with quinones ®*™"! and with cytochrome ¢ "2
values in the range Eo¢(02/03) = —0.28 to -0.32 V were
obtained. One should bear in mind that these values were
calculated for pQ, = 1 atm; adjustment to [0,]=1M
leads to Eo(0O2/03) = —0.11 to -0.15 V respectively. The
higher O reduction potential in aqueous solutions com-
pared with aprotic solvents can probably be accounted for
by the difference between the O3 solvation energies ™,
Indeed the energy of solvation of Oz by water molecules in
the gas phase is higher by 2—-3 kcal mole™ then the energy
of solvation by acetonitrile molecules™.

50,51

M. CHEMICAL PROPERTIES OF O3

1. The Lifetime of OZ in Solution

Earlier it was postulated that the lifetime of Of in aque-
ous solution is very short and that the disproportionation
rate constant is high: B = 2 X 10" litre mole™* s~*:">"™"

0, 1,0, + 0, - 2HO- . (8)

oF +0F
However, it was later shown that #s < 10 litre mole~

s, 420878 g0 that at pH > 7 OF exists for a relatively long
)68'

)
time (the half-life is approximately 1 min at pH 13
According to the latest data, reaction (6) can be altogether
neglected (ks < 0.3 litre mole™' s~') and in real aqueous
solutions O3 disappears as a result of reaction with HOO"
or impurities’®,

In aprotic solvents OZ exists much longer. Depending
on the oxygen reduction conditions and primarily on the
possibility of contact between OF and aqueous solutions and
the anolyte as well as the Oz concentration, the half-life
of Of in basic solvents (DMF, DMSO) is 1-20 h %0750 -8
In acetonitrile the stability of O3 is much lower ***** and on
cannot therefore agree with recommendations concerning
the use of acetonitrile solutions of Oz in biochemical
experiments*®”*", Data*® showing the instability of OF in
DMF can probably be accounted for by the presence of
moisture and other impurities in the solvent employed ®.
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2. The Reactions of O in Aqueous Solutions

The oxygen radical-anion can be formed in aqueous
solutions in various oxidation-reduction processes, for

example in the Haber—~Weiss cycle mentioned previously

7,8

H

and also in the oxidation of hydroquinones *® and anthra-

nols *

in an alkaline medium.

However, photolysis and

radiolysis of oxygen-saturated aqueous solutions, which
can contain hydrogen peroxide or formic acid, are nowa-
days widely used for the generation of Oz 7:

HO' 4 HCOO~ —-

H:0 — H'+4- HO' +-e (aq)

e(@q)+0, - OF

COO+ + O, = CO, + OF

H 4. 0, - HOO

HO' + H,0, — H,0 2+ HOO"

HOO' o H* . OF

y

H,0 - COO+

’

Table 1. The rate constants for the formation of Oz by
reaction (14) in aqueous solutions at 25°C.
A pH 10914, | References
litre mole~!

Benzoquinone* 7 4.5-107% 79
2,5-Dimethylbenzoquinone 7 (1.0048 7t
Duroquinone 7 0.2-4-0.05 89
Duroquinone 7 0.22 70
Menadione 7 0.2 89
Menadione 7 0.24 70
Indigodisulphonate 7 0.03 70
Anthraquinone-1-sulphonate — 0.42 90
Anthraquinone-2-sulphonate — 0.46 90
Acetophenone 12 2.3 91
Adenine — 3.6 91
Thymine — 3.5 a1
Cco, 6.9 4.6 92
Co, - 2.4 3
CO, — 4.240.4 94
Dimethyl fumarate -— 2.2 95
CH—CO

I 2 NCatls — 2.0 96
Cl1-C0”

Dithiothreitol — 1.37 97
Nifuroxime d 1.5 98
SO, ** 0.0013 99
Ru(bipy); *** 6—7 1.8 101
Ru(bipy); *** 6—7 7.2+0.8 102
Rutbipy )y *** — 7.4 103
Pyrazine**** 13.6 1.9 100
Quinoxaling**** 13.6 0.37 100

*Method of competition kinetics.
**The stopped flow method.

*** Flash photolysis;,

radiolysis was used to determine the constants.
****Neutral protonated radical.

in the remaining cases pulse

In addition O3 can also be formed in electron transfer

processes:

AT40, > A+OF

It has recently been suggested that KO, be used to

investigate the reactions of O; in aqueous solutions

78,88

(14)

However, the accuracy of quantitative calculations in this

case is doubtful.
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The rate constants for these reactions are listed in

Table 1. The formation of OF in the oxidation by oxygen
of macrocyclic nickel{I) complexes, on the one hand, and
of univalent Ag", Cd*, Co’, HgCl', Pb", and Zn" ions, on

the other, has been described by Tait et al. '™ and Sellers
and Simic '*° respectively.

Neutral organic radicals as a rule react with oxygen to
form peroxy-radicals. However, the final product of the
oxidation of a-hydroxyalkyl radicals in an alkaline medium
can be 02.— . 106,107

pH 8,8
HOCR,00" Z=== H* - "OCR,00" — O + CRO . (1 5)

A bimolecular process is also possible:

HO™ -+ HOCR,00" — H,0 1 ~OCR,00" - OF +- CR,O . (1 6)

The rate constants have been found for the following radi-

cals:

Radical ks, ol kyg» litre mole! 1

HOCH,00" < 10108 1,5 1010
HOCH (CH,) 00" 59108 8. 1001
(CH,), C (OH) 00 550107, 665108 5. 109
(HO).C,H;00° 8. 109" —
~00CCH (NH,) 0O 1.5 10" —

The most important chemical processes involving OZ2
are protonation and electron transfer reactions. The pro-
tonation reaction (13) is reversible. Its equilibrium con-
stant is usually characterised by the pK for the radical
HOO'. It has been shown*?"* that the previously publighed
values of pK(HQQ-.) are too low and pulse radiolysis gave
pX(HOO')= 4.9 + 0.1. The heat of ionisation and hence
the heat of reaction (13) are zero™. It has been found
recently that k_,; = 4.7 X 10" litre mole ! s~! ®® and (5 +1)x
10 litre mole™" s7';™ ki3 = (7 £ 2) x10° g~ %

The one-electron O :xidation reactions

OF A — Oyt AT

2

(17)

in aqueous solutions have been studied mainly by pulse
radiolysis. The rate constants for reactions (17) are
listed in Table 2. The reactions involving the reduction
of OZ to the dianion of hydrogen peroxide O% in aqueous
solutions are unknown. A combination of two processes
is energetically more favourable: the protonation of Oz
and the reduction of the resulting peroxy-radical. Thus it
has been found® that the rate constants for the reaction

QH, - OF — HOO™ - QH (18)

are (1.3-1.7) X 10" litre mole™* s~' (QH: is hydroquinone,
methylhydroquinone, or 2,5-dichlorohydroquinone).

It has been shown recently that O can add to cobalt(ll)'®
and iron(II) '®*'* complexes as well as Mn?" ions ¥ in
aqueous solutions without a change in the valence of the
metals. The reaction products have the structures of
superperoxy- or peroxy-complexes. Analogous oxygen-
ated complexes are formed in the reactions of O with
natural cobalt and iron complexes and their analogous (see
Section VI),

3. The Reactions of O3 in an Aprotic M edium

Solutions of O3 in aprotic solvents can be prepared in
two ways: using NaOz, KO,, and R{N*O} formed beforehand
or by the electrochemical reduction of oxygen in the pres-
ence of tetra-alkylammonium salts (RaN*OZ can be obtained
by mixing K.O and R{#NOH powders *****%),  Furthermore
O? is formed when various organic compounds (diketones,
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hydroquinones, azo- and nitro-compounds, enolates, etc.)
are oxidised by oxygen **7**®  for example **¢:

PINOFK* + O, — PhNO; KO, . (19)

Table 2. The rate constants for electron transfer reac-
tions [reactions (17)] in aqueous solutions at 25°C*.
10917,
A
pH litre mole-1 -1 References

Benzoquinone
Benzoquinone 7 1.0 93
Methylbenzoquinone 7 0.98 8

. 7 0.76+0.10 89
Methylbenzoquinone 7 0.80 6
2,3-Dimethylbenzoquinone 7 0.45+0.10 89
2,5-Dimethylbenzoquinone 7 0.36+0.10 89
2,5-Dimethylbenzoquinone 7 0.17; 504102 71
2,5-Dimethylbenzoquinone — 0.75 66
2,6-Dimethylbenzoquinone 7 0.58+0.10 89
Duroquinone 7 0.0232 89
Duroquinone 7 0.01; 0.0462 66
2,5-Dichlorobenzoguinone 7 1.1 66
Menadione 7 0.038; 0.162 66
2,3-Dimethyinaphthoquinone® — 0.022 89
Naphthoquinone-2-sulphonate 7 0.66; 552 66, 71
o-Naphthoquinone 7 0.72 66
o-Naphthoquinone4-sulphonate 7 0.84 66
Diphenoquinone 7 1.4 [
Dichloroindophenol 7 1.7+0.3 mn
Indigodisulphonate 7 9-10~¢; 0.0292 66
Tetranitromethane 5.6—6.2 1.9+0.4 112
Tetranitromethane — 2.0 13
Tetranitromethane « — 2.0 114
HO" 0.46—6.75 10.1 115
co,* — 04401 43
CO, — 1.5 116
CO, 0.287 nz
Br,J — 5,640.7 18
HOO — 0.085 42
Fe(CN)}™ 9.5—9.7 (2.740.9)-1077 119
KFe(CN)g 9.5—9.7 (6.240.6)-10"¢ 119
Fe>*(EDTA) 7 0.0018 120
Fe*(EDTA).OH™ 9-—-10 (24+0.3)-1073 120
cur® — 1 121
Cu®* — 8.4 122
Cu?* — 2.740.2 123
Cu? - 1.9 124
Cu(HCO,)" — 1.7 124
Cu(HCO,), - 0.3 124
Cu(HCO,); — 0.8 124
Cu(HCO,)% - 0.4 124
Cu(NH,;)* 5.8—8.5 2.240.6 124
Cu(NH,)}" 5.8—8.5 2.2+0.8 124
Cu(NH, )" 5.8—8.5 1.0+0.5 124
Cu(NH,); 5.8—8.5 0.2+0.08 124
Cu(Il)-alanine 7.4 (2.8—3.5)-10"3 124
Cu(II) glutamate 7.4 (1—2)-10-3 124
Cu(ID)-glycine 7.9 2.1-1073 124
Cu(Il)-hydroxyproline 8.1 0.001 124
Cu(Il)-methionine 7.4—7.8 0.006 124
Cu(ID)-proline 7.5 5104 124
Cu(I)-valine 6.2 0.24 124
Cu(il)-glycylglycine §-7 0.07 124
Co(IN(4,11-diene-N,)™" th i~8 1 4 125
Co(II)(1,3,8,10-tetraene-N,) 7—8 1.6 125
Co(IN)(bipy), 1 — 1.9 125
Mo(CN);" 8.3—10.4 (3.0+0.5)-10~* 126
Mn**® 6.7 0.1140.02 127
Mn®* pyrophosphate 7.8 0.006 128

aEquilibrium constant.

bThe reaction was carried out in an isopropyl alcohol-
acetone mixture.

CIt is suggested that COs is formed.

dRecalculated by Behar et al,**

eIt is assumed that the reaction proceeds with formation
of MOz.

fIt is assumed that oxygenated complexes are formed
without change in the valence of the metal.
g4,11-diene-Ns = 5,7,7,12,14,14-hexamethyl-1,4,8,11-
tetra-azacyclotetradeca-4,11-diene.

hi 3,8,10-tetraene-Ns = 2,3,9,10-tetramethyl-1,4,8,11-
tetra-azacyclotetradeca-1,3,8,10-tetraene.

1bipy = 2,2-bipyridyl.

jRadiolysis in a flow system.

kRotating sector method; in the remaining cases pulse
radiolysis was used to determine the rate constants.
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Similarly Ru(bipy)s reduces O, to O3 in acetonitrile with

k = 8.5 X 10° litre mole™" s™*.®° It has been observed
recently that O is formed in the decomposition of hydrogen
peroxide induced by bases in pyridine “°,

It was shown in an early study ® that KO, and NaQ; in
tetrahydrofuran (THF) and benzene react with acid anhy-
drides and chlorides via the SN2 mechanism, forming acyl
peroxides. These results have been recently confirmed n1
It was observed *Z that the solubility of KOs in aprotic
solvents increases sharply in the presence of crown-ethers.
Subsequently it was shown that, under these conditions
KO, readily reacts with alkyl halides **7°  tosylates “*»*°
sulphonates **, and esters *°, Depending on the solvent,
peroxides ** or alcohols ***"***7 can be formed. The
latter are apparently the products of the transformations
of hydroperoxides **’*®.  Using the method of “spin traps”,
the formation of RO’ radicals in the reaction of KO, with
RHal was demonstrated; they probably arise as a result
of side reactions of ROO"."° The rate constants for the
reactions of KO with alkyl bromides have been determined
by the stopped flow method in DMSO at 25°C: 670 + 20 litre
mole™! s~! for MeBr, 350 *+ 20 litre mole™* s~ for EtBr,
150 = 10 litre mole~' s™* for BuBr, and 65 * 1 litre mole™"
s7! for iso-PrBr."® The authors concluded that O3 is
apparently the most powerful nucleophile in aprotic sol-
vents.

Like alkyl halides, aryl halides react with KO: to give a
high yield of phenols 1152 However, in this case the
reaction probably proceeds with electron transfer, because
atmospheric oxygen is introduced into the reaction pro-
duct:

X 00°

X X o
8. e O A (20)
0, + NO, —> No, + Y0, —> |4/ NO, —> NO, .

Similarly, bromo- and chloro-quinolines react with
KO: to form hydroxyquinolines **°, while bishalogenometh-
ylarenes are converted into cyclic peroxides **.

Somewhat earlier the nucleophilic reactions of the
oxygen radical-anion were investigated using Os prepared
electrochemically. It was shown °"**® that O; reacts
with primary alkyl halides in DMF and DMSO, forming
alkyl peroxides quantitatively, and the nucleophilic sub-
stitution mechanism was proved for the first time:

OF 4+ AlkX — AIkQO" + X~ 21)
AKOO" + OF - AIKOO™ + 0, , (22)
AIKOO™ + AlkX -+ AkOOAIK +- X~ (23)

It has been shown recently ®’ that reactions of the
electrochemically generated O with phenyl benzoate and
p-chlorophenyl benzoate result in the formation of aryl
peroxides with rate constants of 3 + 0.3 and 25 + 5 litre
mole ! ™!, ky = 1.1 X 10* litre mole™ s™! for benzyl
bromide **°.

The protonation of O3 by phenols, carboxylic acids, and
alcohols in DM F has been investigated polarographically *°
The reaction rate constants are in the range 10%-10° litre
mole~! and are not correlated with the pK of the proton
donors. It has been pointed out **° that the acid-catalysed
disproportionation (6) is responsible for the ability of O3
to react with weak acids such as water. It has been
suggested in a number of studies that O can abstract a
hydrogen atom from compounds with an active C~H bond.
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Thus the following reaction mechanism has been proposed
for the chain oxidation of fluorene by the superoxide ion &

7\ /\l——/\o [ VAN
i o= UL e e
NN\ NSNS\ N NN
N TN
H H H H
SN N N /N NN
5 n)+o~m =011 e
SN\ NN NSNS
N AN
H ¥ oo H 00~ 0
The current yield of fluorenone is 5000%. Diphenyl-

methane is oxidised to benzophenone via an analogous
mechanism (yield 400%) and 9,10-dihydroanthracene is
oxidised to a mixture of anthracene and anthraqumone
(yield 2000%). Apart from DMF, pyridine*® and DMSO ***
can be used as solvents. The nucleophlhc addition of OF
to activated double bonds has also been described; for
example, benz;hdeneﬂuorene reacts with OZ to form
fluorenenone ° and hexa-1,3-diene and hexa-1,4-diene are
converted into benzene ™. Cyclohex-2-en-1-one forms
an epoxide under analogous conditions *°. According to
the latest data, in an aprotic medium O3 oxidises hydra-
zines '*?, hydrazones °, amines'®, benzopyridine deriva-
tives ' and nitroalkylbenzenes!®, and reduces styrene %6

As in aqueous solutions, in aprotic solvents Oz readily
reduces quinones (whose redox potentials are greater than
that of O,) to semiquinones. The reaction of O with
benzoquinone, trimethylbenzoquinone, menadione, ubi-
quinones o and @y, tocopherylquinone, and v1tam1n K, in
DM F have been investigated ™~ 82,167 5168 Apart from ben-
zoquinone, the reaction is reversible in all cases. The
equilibrium constants have been determined spectrophoto-
metrically for the reactions of O with the following quin-
ones: trimethylbenzoquinone (7.9 = 0.6), menadione (1.5 =
0.1), ubiquinone ¢o (2.0 + 0.4), ubiquinone @s (2.9 £ 0.2),
tocopherylquinone (1.9 + 0.2), and vitamin K, (5.6 * 0.4).
The closeness of the equilibrium constants to unity suggests
that natural quinones can function in biological systems as
traps for O; (see below). One-electron reduction of
quinones *® and a-methylacridinone ™® has also been
observed in reactions with KOz; the latter readily reduces
copper(II) to copper() in phenanthrene complexes 2 and
organic copper salts "', The reduction of phenoxy-radi-
cals to phenols by the superoxide ion "2 and the reaction
of OF with the thianthrene radical-cation '™ have also been
described,

It has recently been observed """ that O3 is capable
of quenching singlet oxygen via an electron transfer reac-
tion:

168
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OF -~ 0, (18) - Op + 07 (26)
According to Guirand and Foote ™, kx = 1.6 X 10° litre
mole™! s7! in DMSO. An appreciably lower value of ko
was found in another study s apparently owing to the use
of an incorrect extinction coefficient®® in the calculation of
the OF concentration. It is suggested that electron trans-
fer is the first stage in the interaction of KO, with the
chalcones RCsHa COCH=CHCsHsR ¢ and tetracyclanes "
The possibility of the oxidation of - and o-hydroquin-
ones by the superoxide ion in an aprotic medium was first
demonstrated in 1976, 7*7'® It was observed that the
reduction proceeds with the intermediate formation of
semiquinone radical-anions; in particular, the semiqui-
nones derived from catechol ®'*! trimethylhydroquinone,

dopamine 7’*! " adrenaline, and noradrenaline " were

531

identified with the aid of electronic and EPR spectroscopy.
The absence of oxygen from the reaction mixture indicates
a smgle stage mechanism of the formation of semiquin-
ones

ot L

ol o’ -

1+ H,0,

27

The reduction of 0Of to 03 by aromat1c dianions with rate
constants of 107°.litre mole™" s™* at 0°C has been
described '*.

The reactions of Oz accompanied by chemiluminescence
are of special interest, primarily for biochemical research.
In the initial studies by Stauff and coworkers ®’'® it was
pointed out that chemiluminescence due to the formation of
singlet oxygen is observed in the reaction of O with HOO"
and on disproportionation of Oz :

(28)
(29)

According to Khan's data ~, chemiluminescence with the
same origin is observed in reactions of KO, with anthra-
cene, fluorescein, etc., while Arneson'® showed that it
occurs in reactions catalysed by xanthine oxidase.

Although subsequently doubt was thrown on these
results 19172188 " the formation of O('S) on protonation of
0O; was conflrmed by experiments involving a specific
reagent for singlet oxygen—-l 3-diphenylisobenzofuran *®
Since the formation of Ox(*S) is possible only when the heat
of reaction is greater than the energy of the excitation of
O; from the ground triplet state to the excited singlet
state, the chemiluminescence due to the formation of Ox('S)
should be observed in the fastest reactions of O;. Indeed,
the formation of Ox(*S) in recombination reactions of O3
with radical-cations has been noted **°, It is noteworthy
that, as early as 1970, Dietz et al.” suggested that 0,(1S)
is formed in the reactlon of Oz with diphenylanthracene
radical-cations. Khan'®* examined the possibility of the
formation of O(!S) as a result of the direct disproportiona-
tion of OF, but, Bielski and Allen " believe that this pro-
cess is impossible in real systems. The formation of
singlet oxygen has been recently observed in the reaction
of O with diacyl peroxides 2.

Apart from O,('S), the chemiluminescence in the reac-
tions of O; can be due to other compounds. Thus the
emission of l1ght has been observed in the reactions of O3
with luc1genm , N-methylacridinone ', luminol, and
luciferin ™. Some of these reactions were used in bio-
chemical research for the identification of O3.

07 -~ HOO" -
(02 0. (1S)) — 20, v

0, (1) -+ HOO™

185

Iv. THE FORMATION OF O AND ITS INTERACTION
WITH BIOLOGICALLY ACTIVE SUBSTRATES

Since O3 is present in virtually all components of the
living cell, the elucidation of the sources of its formation
and the probable mode of its subsequent reactions consti-
tute an urgent problem. This section deals with reac-
tions involving biologically active substrates; enzymatic
reactions of O and interaction with haems are discussed
below.

In 1969 Massey et al. '™ noted that O is formed when
reduced flavins are irradiated with visible light under
aerobic conditions. The reactions were inhibited by
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superoxide dismutase (SOD)—an enzyme which causes the
rapid dismutation of OF to Oz and H;O: (see Section V).
Analogous results were obtained in another study'*® where
fluorescein, eosin, Methylene Blue, and acridine were
used in addition to flavins as one-electron reductants for
oxygen. Photolysis resulted in the reduction of nitro blue
tetrazolium, which indicated the formation of Q3.7
The one-electron reduction of oxygen by flavin radicals and
reduced flavins was studied by pulse radiolysis and photo-
lysis in water ®°~"®? and by the stopped flow method in
DMF® Fluorescein, tryptophan, and NADPH; are
capable of initiating the formation of compound II of lacto-
peroxidase (Fe’*-complex of OF) on irradiation under
aerobic conditions ®*; this reaction is inhibited by SOD.

It has been shown®® that O is formed in the aerobic oxi-
dation of NADH, by phenazine methosulphate. The methods
described are widely used nowadays for the generation of
O; in biochemical experiments.

Other procedures for the generation of O3 are also
known. It has been shown that O; is formed in the photo-
lysis of water and by its treatment with ultrasound ®*®7
in the decomposition of KsCrOs in aqueous solutions %,
and in the photolysis of aqueous CdS suspensions ®°. It
has been observed with the aid of SOD that O; is formed
in the oxidation of pyrogallol®®, thiols (dithiothreitol,
mercaptoethanol, and glutathione)®', 2-amino-4-hydroxy-
6,7-dimethyl-5,6,7,8-tetrahydropteridine and a natural
cofactor (tetrahydrobiopterin)?*"2"  phenylhydrazine 2%,

a number of cytotoxic agents (6—hydrox2ydopamine,
6-aminodopamine, dialuric acid, etc.)®*® hydroxyl-
amine #°*® and dihydroxyfumaric acid ' and in the
photolysis of solutions of tryptophan 222528 dianisidine 2%,
and phenoxazine derivatives “®*. The formation of OF in
the oxidation of the radical-cation of the herbicide paraquat
(1,1—dimethyl-4,4—bisg¥ridinium ion) is biologically impor-
tant (see Section VII)? Evans et al,?® questioned the
possibility of this reaction but subsequent studies 22:3%
confirmed the initial conclusions 2%,

The study of reactions of O; with biologically active
substrates is of particular importance, because the mecha-
nism of the toxic effects of O3 in living organisms and the
possibility of combatting them can be discovered in thig
way. In this connection there has been much interest
shown in the reactions of O with natural hydroquinones,
whose mechanism in an aprotic medium was examined
previously (see Section III). As early as 1970 Miller
observed *® that o-dihydroxybenzenes (catechol, Tiron, and
3,4-dihydroxybenzoic acid) inhibit the reduction of cyto-
chrome ¢ by the superoxide ion. It has been shown®° that
O generated by xanthine oxidase oxidises adrenaline to
adrenochrome. This reaction has become an important
method for the identification of O in biological systems.
However, one must bear in mind that the oxidation of
adrenaline and other catecholamines entails the formation
of 0. %212 gybsequently the reactions of O with 0-dihy-
droxybenzene were investigated by pulse radiolysis #°/%*,

a-Tocopherol is not oxidised by the oxygen radical-anion
in an aqueous solution ®*’®®,  However, this is probably
due to the low solubility of tocopherol, because O3 reacts
with its water-soluble analogue in water *° and with 6-hy-
droxy-2,2,5,7,8-pentamethylchroman in THF.®" 1t has
been shown recently '® that both tocopherol and tocopheryl
acetate are capable of reacting with O in DMF. Ascorbic
acid reacts with O; can be formed in the oxidation of ascor-
bic acid 8. However, the identification ®° of O, inthis process
was erroneous **° and ascorbic acid is therefore an effective
“trap” for the superoxide ion. Thiols can also function as
traps for OF.#%"*! The generally accepted mechanism of
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these reactions involves two stages with the intermediate
formation of a neutral semiquinone:

AH, 4 OF -+ H* > AH'+H,0
AH -+ OF - H+ — A H,0,

However, one must bear in mind the possibility of reac-
tions with the formation of radical-anions, as was shown
for analogous processes in an aprotic medium (see
Section OI).

Yang *# showed in 1970 that the oxidation of methionine
by sodium bisulphite under aerobic conditions is inhibited
by SOD, which led him to suggest the involvement of Q] in
this reaction. (However, according to the latest data®®,
O? is capable of reacting with methional to only a slight
extent.) The involvement of O; in the sulphoxidation of
ethionamide (2-ethyl-4-thioisonicotinamide—an active
second-order tuberculostatic agent) by the NADH,—phen-
azine methosulphate system and in the corresponding enzy-
matic process has also been suggested®*, The possibility
of the specific interaction of O with model lipid mem-
branes, due to the attraction of O; to the positively charged
side of the membrane, has been demonstrated ®°,

Table 3. Rate constants for the reactions of biologically
active substrates and enzymes with Oz and Oo.

k,litre  I'Refs] k, litre o
A mole! s & A mole-! s1 Refs.
AT+ 0, A+ 07 0, - A(AHy) — 0, + A~ and HOO™ -+ AH'
NAD 1.9.10¢ | 952 || Adrenaline® 4.0-104 241
NAD 2.,0-10° | 253 || Adrenaline® 1.7-10% 235
Lumiflavin? 1.6-108 | 200 | Tyron . 5.108 233
Riboflavin? 1.38-108 | 200 || Ascorbic acid“ 2.7-108 238
FAD? 5-107 1200 || Ascorbic acid 1-108 233
FMN2 9-107 | 200 | Ascorbate (1.524+0.1)-10% | 250
Cytochromeall® | 3.3.107 | 254 | Plastocyanine® 1400 128
Cytochrome oxidase 8 3.3.107 | 255 CY“E"‘?L ¢ 2‘;’185 ;“:
LDH.NAD 109—1010| 256 || Glutathione (reduced) 6.7. : 4
Cytochrome cll ¢ 3.10-2| 72 Homocysteine © 4.6~10s 241
. fic Dithiothreitol © 1.0 10‘ 241
Cytochrome b 23 257 1 Tetrazolium Nitroblue® 5‘94'4)0 ,
Bt 5-107 | 258 || LDH.NAD-H, (1.0+0.2)-10°> | 260
d .108 | 227 || Compound I of horse .

Paraquat (PQ) 6.0-10 e roxidase ' 1.640° 261
Horse radish peroxidase 107—108 262
Cytochrome ¢!11 D 1.6-105f 263
Cytochrome clll 1.5-109¢; 2.5.1051) 264

1.1.105¢ 265
1.4-100¢; 3.0-10°f! 206
i 6.5-105¢; 2.6-105f 27

Cytochrome ¢

Cytochrome M

Cytochrome ¢

Cytochrome ¢ I 1.1-10%¢ 208
Cytochrome M (2.6--0.2)-105 | 259
HbO, ¢ 410 269
metHb® 6108 269

a,b,cMethods of flash photolysis, stopped flow, and com-
petition kinetics were used to determine k respectively,
in the remaining cases pulse radiolysis was used.

dPQ + 0, — PQ* + 0;.

€pH ~ 17,

pr ~ 8.4.

gpH 9.

The possibility of the interaction of OF with HxO: (the
“Haber-Weiss reaction”)—a process ensuring the forma-
tion of the hydroxy-radical in living cells, i.e.

OF + Hy0p — O+ HO™ ++ HO' (32)

has been studied in a number of investigations. In con-
trast to the initial hypothesis, the rate of reaction (32) is
extremely low according to the latest data®®™*® (although
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the reaction between O3 and t-BuOOH is possible **°),
However, HO is apparently formed in the presence of iron

or copper complexes 248105251,
OF + M¥ > O M (33)
M+ H,0, — M*"!4-HO- -+ HO" (34)

The rate constants for reactions of biologically active

substrates and enzymes with O and O; are listed in Table 3.

V. THE PARTICIPATION OF O; IN ENZYMATIC OXIDA-
TION-REDUCTION PROCESSES

1. The Participation of OF in Reactions Catalysed by
Dehydrogenases, Oxygenases, Hydroxylases, and Peroxi-
dases

In the early studies by Fridovich and Handler *™° the
hypothesis of the formation of O in reactions catalysed by
milk xanthine oxidase (EC 1.2.3.2)f—an enzyme under the
action of which xanthine is oxidised to uric acid—-was
based on the ability of the system to initiate the oxidation
of sulphite, It was suggested that the O involved in the
reaction is bound to an enzyme. Subsequently a specific
enzyme—superoxide dismutase (SOD, EC 1.15.1.1),
capable of inducing rapid dismutation of O; —was dis-
covered ¥¥2 OF was identified by EPR directly in the
reaction of xanthine with xanthine oxidase (X0)#’® and also
in the oxidation of reduced tetra-acetylriboflavin ®* and
ferredoxin“*. Gray et al.* used isotopically substituted
oxygen for the final identification of OF in reactions.

The problem of which XO active centres are responsible
for the formation of O; was discussed in the literature for
a number of years. Massey et al.'® showed that under
aerobic conditions reduced flavins readily reduce cyto-
chrome ¢, the reaction being inhibited by SOD. It has also
been shown 7% that, after the removal of flavin, XO is
incapable of producing O7. On this basis, it was con-
cluded that Oz is generated in XO by flavin-adenine dinu-
cleotide (FAD). However, it has been found **’#® that the
rate of generation of O by ferredoxin is higher by a factor
of approximately 12 than the rate of generation by flavins.

A recent careful analysis of the inter-relations between
various electron transferring agents in XO showed 7@
that the oxidation of the reduced enzyme by oxygen con-
sists of two stages,; the first, rapid stage, during which
five electrons are transferred to oxygen, is due to the
interaction of oxygen with a flavin, while the second, slow
stage, in which one electron is transferred, is due to the
interaction of oxygen with ferredoxin. The authors pro-
posed the following process mechanisms:

FADH 4+ Oy =2 FADH, - O , (35)

FADH.07 -» FADH ...OF -H* | (36)
FADH ... OF +Hr+4e Y0088 papy, ... 0F , (37)
FADH; ... OF __veyfast | FAD-H -} H,0, , (38)
FADH ...OF - FADH -+ 0F , (39)

FADH ... OF - H* — FAD - H,0, (40)

{ The classification of enzymes is based on the recom-
mendations of the Commission on Biochemical Nomencla-
ture 7.
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As already stated, the reactions catalysed by XO are
accompanied by chemiluminescence '*®, which indicates the
accumulation of O3 in the course of the first three minutes
of the reaction”®, However, the source of the lumines-
cence has not been established *°.

It is natural to suppose that xanthine oxidase cannot be
the only enzyme generating O;; the latter should
undoubtedly be formed also in other enzyme systems. As
early as 1969 it was suggested ' that O can be reduced
to Oz in any biological system with strong reducing pro-
perties.

Massey et a postulated that three groups of flavo-
proteins—dehydrogenases (participating in dehydrogenation
processes), oxygenases (under the action of which two oxy-
gen atoms are introduced into the substrate), and hydroxyl-
ases (which introduce the hydroxy-group into the sub-
strate)—are capable of reacting with Oz in their reduced
form, forming peroxy-compounds FIOOH, but the latter
decompose into a flavosemiquinone and O only in the case
of dehydrogenases, This view concerning the structure of
the intermediate compounds of dihydroflavins with oxygen
has been generally accepted ®°, but later it was suggested
that a charge-transfer complex and not a hydroperoxide
decomposes into a semiquinone and O3 . *

The ability of dehydrogenases to generate the superoxide
ion has been demonstrated in a number of studies. Massey
et al,'® observed that SOD inhibits the aerobic reduction
of cytochrome ¢ by the NADPH,, + lipoxidase (EC 1.13.11.12),
NADPH; + glutathione reductase (EC 1.6.4.2), NADPH: +
ferredoxin-NADP reductase (EC 1.6.99.4), and NADPH, +
reduced NADP dehydrogenase (EC 1.6.99.1) systems, i.e.,
as in the case of XO, electron transfer from these systems
to cytochrome ¢ is achieved with the aid of the oxygen
radical-anion. These data have been confirmed for the
NADPH; + ferredoxin-NADP reductase system **°, It was
shown subsequently that the above enzyme system can
produce O3 in the oxidation of ferredoxin*®, FMN, or
menadione?®®, The ferredoxin-ferredoxin-NADP reduc-
tase complex can also generate O3, and, according to the
authors ®7'®® 0f is formed in this case on oxidation of
ferredoxin and not the flavin.

It was observed in 1969 *° that, when lactoperoxidase
(EC 1.11.1.7) is added to the NADPH; + reduced NADP-
cytochrome ¢ reductase (EC 1.6.2.4) system, compound
II of peroxidase, which is a complex of O3 with the
enzyme, is formed. On this basis, it was concluded that
reduced NADP-cytochrome ¢ reductase can generate QO3
and this was subsequently confirmed?®® ®% It has been
shown ®* that at low temperatures cytochrome oxidase
forms the oxygenated complex Cu(ll)Fe(I)O3.

In contrast to earlier data'®  Nakano et al.?"* showed
that at pH > 9, L-aminoacid oxidase (EC 1.4.3.2) is prob-
ably capable of generating OF. The involveinent of OF
(in the form of the active complex Cu®’03) in reactions
catalysed by galactose oxidase (EC 1.1.3.9) has been
demonstrated ****°  Earlier data®®, showing the absence
of inhibition of the reaction by SOD, can be accounted for
by the presence of peroxidase®®, The O3 ion is formed
in the oxidation of 2-nitropropane to acetone, catalysed by
2-nitropropane dioxygenase, which is indicated by the
inhibition of the reaction following the addition of SOD and
by its acceleration when KO, is added®". According to
some data®?7*°° 0O is formed in reactions catalysed by
mitochondrial enzymes: dihydroorotate dehydrogenase
(EC 1.3.3.1) (DOD) and possibly succinate dehydrogenase
(EC 1.3.99.1) (SD). DOD contains flavin and non haem
iron and its properties should therefore resemble those of
xanthine oxidase. Indeed it has been observed?® 7% that

1282
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the reduction of dichlorophenolindophenol in reactions
catalysed by DOD is 30% inhibited by the addition of SOD.
Although the analogous reaction involving SOD is fully
inhibited by SOD, its initial rate is only 3% of the rate of
oxidation of succinate to fumarate and in the presence of
phenazine methosulphate SOD does not inhibit the reduction
of dichlorophenolindophenol by succinate dehydrogenase.
It is believed that phenazine methosulphate and oxygen
compete in the interaction with the active centre of SD.
The role of lactate dehydrogenase (EC 1.1.2.3) (LDH) in
the oxidation of NADH; by the superoxide ion is very
interesting. It is known *** that in the presence of protons
O; can slowly oxidise NADH,:

NADH -+ H* 0] — NAD +H:0; 41)

It has been observed®*?”® that the rate of oxidation of

NADH: increases sharply when NADH; is bound to LDH.
The reaction proceeds via a chain mechanism {the chain
length at pH 7.35 is 6.2) and is inhibited by SOD. The
formation of NADH, complexes with a non-specifically
binding protein (albumin) did not accelerate the oxidation.
The following reaction mechanism was proposed ®**%°:

LDII+ NADH = LDINADH  (K=107% litre mole’ D), (42)
LDILNADH -+ H* 4 OF -~ LDILNAD® - H,0; [kgg == (1.0 £ 0.2) - 10%itre mole-! 571,
(43)
LDHLNAD -+ O, 22 LDINAD* - OF (£ys=105—10%0 litre mole”! s, (44)
LDILNAD* = LDH + NAD* (K = 10™% mole litre™D). (45)
As already pointed out, according to Massey et al, 2

oxygenases and hydroxylases should generate O3 much less
effectively than dehydrogenases. However, one must
bear in mind that here one is dealing with a comparison of
the activities of flavins forming part of the composition of
the enzyme; naturally, there exist also other active
centres generating O; (for example haems and non-haem
iron).

Brady et al.*® pointed out the possibility of activating
tryptophan oxygenase (EC 1.13.11.11) by the oxygen radi-
cal-anion, but they thought that such activation was insig-
nificant, However, it has been shown in a number of
studies*®~*!" that O is a substrate in reactions catalysed
by this enzyme, forming with haemin an oxygenated com-
plex, whose decomposition in the presence of tryptophan
leads to the formation of the reaction product—formyl-
kynurenine. It has been observed”*? that luciferin is oxi-
dised by electrolytically produced O; to hydroxyluciferin,
It is believed ! that O3 is also involved in the oxidation
of luciferin by luciferase from Pholus dacivius. However,
this reaction is not inhibited by SOD because, according tu
the authors, O3 is bound to the Fe’ -form of the enzyme.
The part1c1pat10n of O in the oxidation of cystamine cata-
lysed by cystamine oxygenase has been demonstrated ',

There is evidence for the possibility of the involvement
of O3 or the products of its subsequent reactions, HOO" and
0:(*S), in the hydroxylation of aromatic compounds 417
As for model systems, SOD inhibits hydroxylation in the
presence of a number of enzymes. Thus it has been
shown that SOD inhibits the hydroxylation of #2-hydroxy-
benzoate and anthranilate by 3-hydroxybenzoate 4-mono-
oxygenase (EC 1.14.93.13) and anthranilate 3-monooxygen-
ase (EC 1.14.16.3),°" the oxygenation of dopamine to
noradrenaline by d()pamme B-monooxygenase (EC 1.14.17.1)
from the adrenal gland , and the hydroxylation of benz-
phetamine by a set of three microsomal components:
cytochrome “P-450", reduced NADP cytochrome “P-450"
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reductase, and phosphatidylcholine*®**?! i e. in all these
enzyme systems the formation of O may be expected.

The mechanism of hydroxylation with participation of
cytochrome “P-450" was studied in greater detail. Strobel
and Coon’? suggested that, among the three microsomal
components mentioned above, hydroxylation is carried out
by cytochrome “P-450", while reduced NADP cytochrome
“P-450” reductase transfers electrons from NADPH, to
cytochrome ¢ and phosphatidylcholine transfers electron
from NADPH; to cytochrome “P-450”. However, in 1973
Coon and coworkers’® observed that O3 is formed both in
the presence and absence of cytochrome “P-450", i.e. is
produced by the reductase; NADPH; and the reductase can
be replaced by other systems generating O3, for example
the XO + xanthine system. It has been shown®®”# that,
when camphor is hydroxylated by the NADH, — putidare-
doxin oxidoreductase + putidaredoxin (a protein containing
two iron atoms and two sulphur atoms) + cytochrome

“P-450cam’ from Pseudomonas putidas, chemilumines-
cence inhibited by SOD is observed. It is assumed that
O: is formed in this system as a result of the oxidation of
the ()xygenated cytochrome “P-450cam” complex via a side

reaction®

Earlier it had been suggested®®*# that O3 is not

formed in the terminal hydroxylation of alkanes and alipha-
tic acids by the enzyme system consisting of rubredoxin,
reduced NAD rubredoxin oxidoreductase (EC 1.6.99) and
w-hydroxylase (EC 1.14.99) from Pseudomonas oleovorans,
because the reaction is not accelerated by XO and is not
inhibited by SOD. However, May et al.”® showed that in
the presence of NADH, the above system initiates the oxi-
dation of adrenaline inhibited by SOD, i.e. OF is generated.
The hydroxylation of aromatic compounds by hydroxylases,
for example, the rat liver benzopyrene 3-m onooxygenase
(EC1.14.14.2) contamlng cytochrome “P-450", is also
induced by 03 .%*7%°

As early as 1963 it was suggested ™' that O3 is involved
in reactions catalysed by peroxidases (EC 1.11.1.7).
Indeed it has been shown ***7°* that the oxygenated form of
myeloperoxidase and horse radish peroxidase (compound III)
is the product of a reaction of the Fe*"-forms of the
enzymes with O;. For example, compound III of myelo-
peroxidase is formed when the enzyme is treated with a
solution of OF in DMF.* It has also been shown®* that
peroxidase induces the hydroxylation of coumaric acid
inhibited by SOD. Compound HI of peroxidase can disso-
ciate into the Fe’*-form of the enzyme and O3, because it
oxidises NADH, and adrenaline” both reactions being
inhibited by SOD. Bielski and coworkers investigated the
reaction of OF with horse radish peroxidase by pulse radi-
olysis *"** (see Table 3).

It has been suggested that ©F ig involved in the oxidation
of NADH,**°**? and dihydroxyfumaric acid ®*' catalysed by
peroxidases. NADH; is apparently oxidised via an analo-
gous mechanlsm by catalase in the presence of hydrogen
peroxlde There is a possibility of the involvement of
O: in the biosynthesis of prostaglandins’ % and reactions
catalysed by ceruloplasmin™®

It has been shown that G is formed in the mitochondria
of the liver®® and heart muscle™” **° and in liver micro-
somes *®'®%2, It has been stated ™’ that O is generated by
a component of the mitochondrial respiratory chain local-
ised between the sites of inhibition by antimycin and
rotenone and is then converted under the influence of SOD,
which protects enzymes and membranes from its toxic
activity, into H:0.. However, approximately 20% of the
total amount of OF apparently fails to react with SOD and

331
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m1grates via membranes causing the peroxidation of
lipids *°

The question of the production of OZ in microsomes by
flavins ™ cytochrome bses,’"” mitochondrial ubiqui-
nones ***** and microsomal cytochrome “P-450"%77%° and
reduced NADP cytochrome ¢ reductase **° % needs to be
considered. According to the results of Bartoli et al.,*®
O3 is generated in the liver microsomes of new born rats
only by reduced NADP cytochrome ¢ reductase, whlle in
adult animals both the reductase and cytochrome “P-450"
act with equal efficiency, However, the evidence for the
formation of O3 under the influence of reduced NADP
cytochrome ¢ reductase was recently questioned’ 362 Rich
and Bonner ™ believe that the formation of OF in mito-
chondria has no special physiological significance, con-
stituting a “short circuit” in the electron transfer chain.

When studying the ability of mitochondria and micro-
somes to generate O3 account must be taken of possible
artefacts induced by a change in the concentration of oxy-
gen in the experiments in vitro, In particular, it is
unlikely that O3 can be produced by ubiquinones ******
because both hydroubiquinones and ubiquinones are effec—
tive “traps” for the oxygen radical-anion '*77'%%,

2. Reactions of Superoxide Dismutase

As already stated, SOD is an enzyme which causes the
dismutation of O3 to H-0z and O,. Cu-containing SOD has
been isolated from bovine blood erythrocytes . Subse-
quently Mn- and Fe-containing SOD were isolated from the
bacteria E.coli.*® The mechanism of the interaction of
SOD with 05 is based on the ability of a variable-valence
atom (for example a copper atom) to oxidise and reduce
07 alternately in the presence of protons:

E-Cut - OF — ECu*+0; ,

(46)

E-Cut 4 OF + 2H+ — E-Cu?* - H,0, (47)

It is believed®® that one of the coordination sites of the

copper atom is free and that it is the site where OF is
bound. However, calculation of the redox potential of
oxygen based on the thermodynamics of the mteractmn of
SOD with O favours an outer-sphere mechanism’ It has
been shown that water protons are not involved in reaction
(47).%%®  According to the latest data’” | the most likely
proton donor is the imidazole residue, which binds zinc
and copper ions:

! 7 o
Zo' —N  N—cul'—OH, = zall—N NH.Cu'—OH, (48)
NS oF N

In a study of the optical spectra of the reduced and oxi-
dised forms of Cu-containing SOD, Fielden et al.**® showed
that, after the addition of the OF solution, an equilibrium
mixture of both forms is formed in both cases. Hodgson
and Fridovich®®® demonstrated the reversibility of reac-
tions (46) and (47) using tetranitromethane, a strong elec-
tron acceptor:z
It is believed®” that at pH > 12 SOD binds hydroxide ions
and promotes their oxidation by oxygen with formation of
0. It has been shown that univalent anions (C1™,HO"
etc.), capable of combinin ;? with a copper atom, are com—
petitive inhibitors of SOD*"*»7?

The rate constants for reactions catalysed by SOD have
been found by pulse radiolysis, polarographically, and by
the method of competitive kinetics (Table 4). Table 4
shows that k45 = ey = (1-3) X 10° litre mole™ s™! and that

to achieve a leftward shift of the equilibrium.
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the values of k4s for Cu-containing SOD are almost inde-
pendent of pH. For Mn- and Fe-containing SOD, the
values of R4 decrease with increasing pH. The activation
energy for reaction (46) has been found to be 4600 cal
mole~!. 378

Table 4. The rate constants (litre mole™' s™!) for the

oxidation-reduction reactions of SOD at 25°C and pH 6-7.

i

Enzyme Ren-10-0 ky;-10-0 | Refs. ” Enzyme kgg-10-Y Refs

Cu-SOD from bovine Mn-SOD from £. coli** 2.0 378

blood erythro- Mn-SOD from E. coli* | (.09 (pH 9.76) | 77
cytes 473 || Mn-SOD from chick

Ditto 574 liver mitochondria** B 318

» 375 | Mn-SOD from Bacillus

» 376 4 stearothermophilus 0.56 381

» 123 1 Fe-SOD from E. coli** 1.9 377

»* 377 | Ditto** 0.38 (pH10.2) | w7
»x* 378 | Fe-SOD from Phoro-

PE* 262 bacterium leognathi 0.52 (pH 8) 382

» 379 | Cu+ (lyvs), 0.58-+0.10 23

Mn-SOD from Cu*+ (gly-his), 0.30-£0.02 123

E. coli 132 0.43[1.6-40.6 | 580 || Cu®* (gly-his-leu), 0.214-0.02 123

i§Cut (), 2.6 379

* A polarographic method was used to determine values
of .
**Method of competition kinetics (pulse radiolysis used in
all the remaining cases).
***The values of #4s have been divided by 2, since the
enzyme consists of four subunits instead of two.

Two Oz destruction processes were observed in the
reaction of Mn-containing SOD: a rapid process in which
the valence of manganese (lxanges from 3 to 2 and a slow
process 1n which Mn is formed®®, However, it may be
that Mn?" - and Mn®*"-SOD (and not Mn"-SOD) are also
involved in the slow catalytic process but at a different
hydrolytlc state.®® Only rapid reactions apparently occur
in vivo. A linear relation has been observed’® between
Ig ks and IV'2 (I is the ionic strength of the solution),
whose slope is —-1.5 for the ClO4, SO4 , and HPO;™ anions
and -2.23 for C1°. It is suggested®® that a slope of —1.50
is consistent with the Bronsted theory. However, this
claim is incorrect, because in fact the species reduced in
reaction (7) is not O3 (as assumed in the calculations), but
HOO’. The influence of electrolytes on the catalytic acti-
vity of SOD has also been studied in another investigation®®.

When SOD is used to identify O3, account must be taken
of the fact that Cu-containing SOD is inactivated by hydro-
gen peroxide **°?#*% " the inactivation being accompanied
by luminescence and the reduction of cytochrome ¢. In
doubtful cases one must therefore use Mn-containing SOD.
The use of Fe-SOD can also lead to errors owing to the
presence in it of traces of iron capable of reacting with
0;3.°

The ability of SOD to induce the rapid dismutation of O3
was regarded previously as a unique characteristic of this
enzyme. However, as early as 1973 Sawada and Yamazaki
observed 2 that peroxidase exhibits a dismutase activity.
Similarly a non- specxﬁc SOD activity has been observed
for galactose oxidase®®, catalase, haemoglobin, and
methaemoglobin*®. Weser and coworkers 12 270:381:3%2
showed that simple copper(II) chelates exhibit dismutase
activities. A similar activity is a })pal ently shown by
quinoline complexes of manganese and iron’®
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The problem of whether or not OZ is the sole substrate
of SOD or whether the enzyme is capable of suppressing
the formation of sind%let oxygen has been discussed recently
in the literature®*”**, According to some data®"?% sOD
does not inhibit the reaction of singlet oxygen obtained by
traditional methods. However, contrary results have been
obtained by Weser and coworkers®” ™%  so that the ques-
tion remains obscure.

3. The Involvement of O in Photosynthesis

The problem of a possible role of O; in photosynthetic
processes has been discussed in a number of studies, It
has been observed“®®™*° that the aerobic oxidation of
sulphite and the reduction of cytochrome ¢ by spinach
chloroplasts is inhibited by SOD. It has been suggested ** ™
that Of is generated by photosystem I, because the
blocking of electron transport by photosystem I led to the
inhibition of the photochemical oxidation of adrenaline.
Epel and Neumann *® postulated that O} is formed in the
oxidation of electron acceptors with a low redox potential
such as Methyl Viologen, which was confirmed by experi-
ments using free radical traps®”’. The primary electron
acceptor photosystem I apparently generates Q3 07038
although the involvement of ferredoxin is not ruled out **°#*,
It has been shown*! that OF is also formed on irradiation
of hydrolysed chlorophyll.

The manganese(ll) compounds present in chloroplasts
exhibit a dismutase activity **?#'?, It has been shown '*®
that manganese(ll) pyrophosphate undergoes non-catalytic
oxidation by the superoxide ion. It has been suggested*®
that O; formed in chloroplasts can be involved in the
hydroxylation of p-coumaric acid. According to some
data®®”® the reduction of oxygen to OF by chloroplasts
is stimulated by ascorbate, which oxidises O3 via the
mechanism examined previously (see Section IV), It has
been suggested *'° that OF is involved in the oxidative
cleavage of @,B-dihydroxyethyl(2)thiamine pyrophosphate
catalysed by transketolase during photosynthesis.

VI. THE PARTICIPATION OF O; IN THE OXIDATION -
REDUCTION REACTIONS OF NATURAL MACROCYCLIC
METAL COMPLEXES AND THEIR MODELS

The interaction of natural metal complexes, for
example, porphyrin complexes of iron (haems), with oxy-
gen can be represented in a general form by the equation

PFel! 4- 0, = PFel'0, =2 PFe'loy = PR+ OF (49)
U] ()

Haemoglobin (Hb) and myoglobin (Mb) are known to
form stable oxygenated complexes (HbO: and MbOz),
whereas oxygenated forms have not been observed for
cytochromes (with the exception of cytochrome “0”*").

In contrast to Co-analogues of haems, for which it has
been established firmly that their oxygenated complexes
have the structure of the ion pairs ColllOZ ,*'*7*°2 the
structure of the oxygenated complexes of haems continues
to be discussed in the literature. There are data sup-
porting both structure (1)***7**" and structure (Ir)*****
138-443 © 1 a recent study*** based on the analysis of the
fluorescence spectra of MbO; it was concluded that there
is an equilibrium between forms (I) and (1), which is dis-
placed towards the former under the usual conditions. It
has been shown in recent years that simple iron(Il) com-
plexes of porphyrins can form oxygenated structures at a
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reduced temperature and in the case of sterically hindered
complexes at the normal temperature ¥ #4745,

Eqn, (49) shows that O can be formed on decomposition
of oxygenated complexes of haems. Indeed the superoxide
ion has been observed in the autoxidation of oxyhaemoglo-
bin and oxymyoglobin ***™**, It has been shown that the
oxidation of HbOz, accompanied by the formation of Oz, is
accelerated under the influence of phenoxides **>**%
hydrogquinone, catechol®”, phenylhydrazine**®”*®* mena-
dione®™®, etc. Presumably the reaction with electron
donors (hydroquinones, phenoxides) involves the reduction
of coordinated O; to HOO™ with subsequent dissociation of
the complex to methaemoglobin and HOO™.**® A similar
reaction has been described for oxygenated cobalt com-
plexes*™, In the presence of electron acceptors (for
example, quinones) direct one-electron oxidation of oxy-
haemoglobin is possible**?, In addition, O3 is formed in
the flash photolysis of HbO, **" and in ligand substitution
reactions *%27%:

Hb'o, 4 X — Hul'X- 4+ 0F
X-=CN-, N et (50)

The kinetics of the reaction of Oz with cytochrome ¢

have been investigated in detail ®*"%°® (see Table 3):

OoF + cytochrome (Fem) Z 0O, f~cytochromec (Fe") .

(51)

The distinctive features of reaction (51) are a compara-
tively low rate and the dependence of the rate constant on
pH. It is believed ®" that the low rate of this reaction can
be accounted for by the involvement of water molecules in
the transition state; according to Koppenol et al,,*® O3
attacks the edge of the porphyrin ring. The reaction pro-
ceeds without the formation of an intermediate complex 2¢/%7,
The dependence of the rate constant on pH is apparently due
to the change in the conformation of cytochrome **'*7 put
the result may be distorted by the influence of the ionic
strengthm. Apart from cytochrome ¢, O3 is capable of
reducing its derivatives, for example, acetylated cyto-
chrome c,**

The autoxidation of ferrocytochrome ¢ is a slow reac-
tion (k.51 = 3 X 1072 litre mole™* s7' 7). As was to be
expected, SOD accelerates autoxidation, causing a rapid
dismutation of 03.*®"* Cytochrome b5, whose reduction
potential is lower by 200 mV than that of cytochrome ¢, is
oxidised with formation of O but at a much lower rate
(the rate constant is 23 litre mole™ s7').%" In conformity
with Eqn. (49), the reaction of QO with metHb results in the
formation of HbOgz, #° "% ™% put there is no reaction with
metHbs.*®® At the same time O] can oxidise HbO; to
metHb, evidently via the mechanism examined above
470,471 " In contrast to normal haemoglobin, the reaction
of Oz with unstable haemoglobins results in the oxidation
of thiol groups and the formation of dimers**’

The study of the mechanism of the interaction of Of with
natural metal complexes and their models in an aprotic
medium has begun recently. It is ofparticular importance,
because real biochemical processes involving haems take
place in a hydroPhobic environment, As early as 1973
Ellis and Pratt*'? showed that O3 forms at —50°C an oxy-
genated complex with hydroxocobalamin (vitamin Biza) in
DMF. Analogous observations were made also for the
reaction of O with the dimethyl ether of Fe(Illl)-protopor-
phyrin IX.*™ It has been shown recently*™ that at room
temperature O; reduces Co(Il)-phthalocyanine (CollPc) to
ColPc, while the reaction of OF with Co(Il)-tetraphenyl-
porphyrin (CollTPP) leads to the formation of the dinuclear
complex TPPCoIOOCOITPP,*™ although CoITPP is also
formed as an intermediate. In aqueous solutions O; is

2695467 5
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apparently incapable of reducing cyanocobalamin ®®, but it
reacts in DMF at room temperature with both hydroxy- and
cyano-cobalamin, the former being reduced to the Co(Il)-
form (vitamin Byzr).*’® The final reaction products are
probably dinuclear peroxy-complexes in both cases *’°.

Like cyanocobalamin, haemin chloride is not reduced
by the oxygen radical-anion in aqueous solutions*””, but
the reaction does proceed in DM F, a new oxygenated haem
complex, having the structure PFellQ] or PFell(O7), being
formed in the presence of a large excess of 03.%® The
reliability of the identification of the oxygenated complex in
the reaction of O; with the dimethyl ether of protoporphy-
rin IX*"* is questioned in the same investigation*"®>, The
reduction of Mn (III)-tetraphenylporphyrin by the oxygen
radical-anion in DMSO at room temperature*’® and the
formation of the oxygenated complex ZnTPPO] in the reac-
tion of KOz with ZnTPP *® have also been described.

VI. THE TOXIC EFFECT OF O AND ITS INVOLVEMENT
IN PATHOLOGICAL PROCESSES AND PHAGOCYTOSIS

Presumably the O formed in enzymatic reactions is
capable of involvement in side reactions with its immediate
environment and exerts thereby a toxic effect on the cell
structure. As early as 1969, it was suggested ¥'® that SOD
plays a protective role against the toxic effect of Oz in the
organism. It was shown subsequently *®* that, when the
microorganisms Str.faecalis and E . coli are grown under
oxygen pressure up to-20 atm, the content of SOD increases
sharply. The suppression of the synthesis 0of SOD by
puromycin led to a decrease of the number of viable cells.
The addition of SOD increased the lifetime in an oxygen
medium of E, coli cells grown anaerobically and also sup-
pressed the toxic effect of streptonigrin on the latter *¢27*®
which demonstrates, according to the author, the ability
of streptonigrin to generate O under aerobic conditions.
Analogous effects were observed in air and in an oxygen
medium for the eukaryote Saccharoinyces cerevisiae
grown under anaerobic conditions a8

It has been shown that an increase of the activity of SOD
in erythrocytes assists the survival of new born babies 85
The liver of rat embryos does not contain SOD and its for-
mation is induced by respiration“®®, The radioprotective
action of SOD has been discovered recently. It was found
that oxygen increases the lethal effects of radiation of cells
{(apparently in consequence of the formation of Oz ), while
SOD increases their resistance*® %

As already stated, E, coli cells contain Mn- and Fe-SOD.
It has been found*** that Mn-SOD is localised in the cell
matrix and protects the organism from the action of endo-
genic O7, while Fe-SOD, present in the periplasm, offers
protection against exogenic O3. / It has been shown***%*
that the pulmonary toxicity of oxygen is due to the formation
of O;. The damage to lungs due to this cause can occur
during the oxidation of the herbicide paraquat****% | the
ability of which to generate O has also been demonstrated
in other biological objects*®*”® (see also Section IV). In
order to reduce the effect on the lungs of the O; generated
during smoking, it has been suggested that SOD be used as
a medicinal preparation®”®, Furthermore, O can cause
the oxidative degradation of ribonuclease and the autoxida-
tion of lysyl-tRNA synthetase (EC 6.1.1.6)%", can reduce
the level of glutathione in cells with a deficiency of glu-
cose-6-phosphate dehydrogenase *%, and can inactivate
DNA %9,
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Various mechanisms of the toxic effect of O have been
considered in the literature. In a number of studies it
has been suggested that O3 or the singlet oxygen formed as
a result of its dismutation are involved in the peroxidation
of lipids*®°"**™***_  However, it may be that O3 partici-
pates in the peroxidation of lipids only indirectly by
reducing the complex Fe**-ADP to Fe*"-ADP, which then
reacts with lipids®**”®*. It has been shown®" that O3
cannot react directly with cholesterol—an important com-
ponent of lipid membranes. It has been 5postulated that OF,
formed in the autoxidation of menadione**®*°? 1 4-naphtho-
quinone-2-sulphonate **®,| phenylhydrazine**®*°8:>02517
dialuric acid ®", and dihydroxyfumaric acid®*®*”*", induces
the haemolysis of erythrocytes. However, it is more
likely that the true haemolytic agents are HO", O2('S), and
H:0.,°®°?* formed as a result of secondary reactions of
(O}

1t has been observed that the reactions of O with cate-
cholamines ¥ cobalamins, and their models ***"® lead to
the formation of stable compounds, which are apparently
no longer capable of participating in the normal metabolic
processes. This has been confirmed in a study *® where
it was observed that the interaction of O; with catechola-
mines in rat liver microsomes induces the covalent binding
of catecholamines to proteins, which may be the cause of
hepatitis. The ability to generate O; is probably the
cause of the toxic effect of 6-hydroxy- and 6-amino-dopa-
mines *" and of B-lapachone®®,

It has been shown recently°® that OF causes a decrease
in the viscosity of the synovial fluid as a result of the
depolymerisation of hyaluronic acid, which, according to
the author, leads to the development of inflammatory
arthritis; SOD inhibits this process and can therefore be
used in the treatment of such diseases. There is also
other evidence for the 1:volvement of O in inflammatory
processes°®°% and certain anti-inflammatory drugs and
their derivatives (copper complexes of salicylic acid "' %
and penicillamine **°, corticosteroids ***® “and others)
are capable of interacting effectively with O;. However,
according to some data®', corticosteroids do not inhibit
and actually promote the formation of OF. Na,PtCls exhi-
bits a similar activity**!. The formation of O; in inflam-
matory processes can be the cause of the ag%regation of
thrombocytes and the liberation of serotonin > 2,

Tyler observed®*® that OF can inhibit the activity of
reduced NAD dehydrogenase. In order to protect the
enzymes of the respiratory chain from O; generated in the
course of respiration, mitochondria therefore contain SOD
located in the immediate vic'mitg of reduced NAD dehydro-
genase™?, It has been shown®* that O generated by
xanthine oxidase can induce the mobilisation of iron from
ferritin.

The problem of the role of the superoxide ion in cancer
is of very great interest. It has been shown®®® that O
can increase the carcinogenic effect of aromatic hydro-
carbons. The generation of O could be the cause of the
carcinogenic effect of 4-nitroquinoline N-oxide®®, There
are contradictory data concernin% the presence and role
of SOD in tumour tissues ******’7***  The view has been
expressed®” that cancer tissues are more sensitive to the
action of O7 than normal tissues. It is believed®** that
O3 contributes to the inhibiting effect of bleomycin on
cancer tissues. The role of O; in the activity of another
group of anticancer antibiotics, namely adriamycin,
daunomycin, etc., has been discussed in a number of
studies. It was observed that these antibiotics promote
the formation of free radicals®*® and accelerate the oxida-
tion of NADPH, in microcomes *****7 and submitochondrial
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particles *®, The formation of OF has been noted in all

cases, which may be the cause of the high cardiotoxicity

of the above antibiotics (as a result of the peroxidation of
lipids **%).

However, the hypothesis that adriamycin and dauno-
mycin semlqumone'; can reduce oxygen to the superoxide
ion ***7**° was not confirmed in the study of the interaction
of O7 with adriamyecin in an aprotic medium **°.  On the
contrary, it was observed that, when solutions of OZ and
adriamycin in DMF are mixed, the adriamycin semiqui-
none is formed quantitatively, i.e. adriamycin behaves as
an effective trap for O;. Consequently, adriamycin has
a relatively high redox potential, which accounts for its
ability to inhibit respiration in mitochondria *****?, The
formation of OF in the presence of adriamycin is apparently
a consequence of unknown side reactions.

The high reactivity of O can be responsible not only
for pathological phenomena but also for the protective
response of the organism against external influences. The
problem of the possible involvement of OF in phagocytosis
is therefore widely discussed in the literature. Thus
Babior et al.”* showed that polymorphonuclear leukocytes
reduce cytochrome ¢, the process being inhibited by SOD.
According to the data of Johnson et al.,”™ the introduction
of SOD on latex particles into phagocytic vacuoles together
with the bacteria £ coli and Str, auveus leads to the com-
plete inhibition of phagocytosis. Subsequently, the for-
mation of O3 in phagocytosis was confirmed for both poly-
morphonuclear and mononuclear leukocytes”> %7,
macrophages *®”*" and blood plasma®®. The generation
of Oz by human blood thromobocytes has also been
observed®™!, O3 can be regarded as one of the agents
on which the bactericidal activity of leukocytes depends
573 although HO™ and H:O: are apparently much more
active 573 ,574

Phagocytosu; is accompanied by ars”h‘u(ply increased
absorption of oxygen by granulocytes BIATE 1t is believed
that an enzyme system, which employs I\JADPHg as the
electron donor and g,enerates Q7 is responsible for the
respiratory burst 5 It is mterestmg that increased
absorption of oxygen and an increased rate of production
of O3 in phagocytosis are not observed in patients suffering
from chronic granulomatosis (CGM).””" However, the
subcellular fractions of normal and CGM leukocytes
generate OF at the same rates °*"®, It is therefore
possible that the cause of CGM is outside the oxygen meta-
bolic system *78.

The mechanism of the involvement of O; in phagocytosis
is insufficiently clear. It has been suggested that OF is
formed in the phagosome as a result of the enzymatic”®
or Mn®'-catalysed*® oxidation of NADPH.. The system
generating 02 1‘; probably associated with the surface of
the leukocyte *® However, it is not clear how the activity
of the enzyme increases sharply during phagocytosis,
whether its action is suppressed by virulent bacteria, or
whether the latter are specially protected against O3. The
generation of O3 in phagocytosis is enhanced in the pres-

572y

ence of sulphydryl grou ps, fluoride ions, cytochalasins 582
% immunoglobulin G ****** | aliphatic acids 5% " and anionic

detergents (digitonin, deoxycholate, and zymosan)®* %%,

The membrane sialic acid apparently plays an 1mportant
role in stimulating the formatlon of Of in phagocytosis *® o
while myeloperox1dase 2 and certain local anaesthetics®
inhibit its formation. Doubts have been expressed also
concerning the reliability of certain experiments demon-
strating the involvement of O3 in phagocytosis 594,595 Thus
the problem of the role of O in phagocytosis still awaits
its final elucidation.
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During the preparation of the review for the press, new
studies on the chemical and biochemical properties of O3
were published. New methods of generatmg (e} were,
described: by the oxidation of CuzO*® and metal ions
by the decomposition of H,O: on metal oxides **®, by the
photolysis of aqueous solutions>*®, by the photolysis of
CdS in non-aqueous media®® of Ru(blpv)z" %1 and of a
melamine suspension® 2, and also in electrocatalysis in the
presence of cobalt chelates™. In contrast to earlier
data, it was found that O; is not formed in the reaction of
NADHZ with phenazine methosulphate®?. The study of the
chemical properties of OF is being continued, namely:
nucleophlhc substitution reactions with alkyl hahdes
peroxides ®°, and esters®®, electron transfer reactions
with copper(Il) salicylates ®” and cytochrome ¢ ®*, and
the interaction of O with ascorbic acid and tocopherol®?”
' hydrogen peroxide (in the presence of iron iong)®'2%%,
olefins ®'* and ketones (in the presence of catalysts of
interphase transfer)®®. The formation of nitroxy-radi-
cals in the reaction of O7 with the N-oxides of heterocyclic
compounds ** " and chemiluminescent reactions of 03 in
the presence of carbonate® ' as well as new compounds of
Oz with Ba® and Ca®" ®*° and with rhodium (II1) *® and
cobalt(II)*** complexes have been described.

The _generation of O: by mitochondria *%*"® and micro-
somes and by reduced FMN °*® and microbial nutrient
solutions °® has been investigated in a number of studies.
The study of the properties of SOD and its models has
been continued ®°”** and it has been shown that data con-
cerning the involvement in catalysis of only one of the two
copper atoms are apparently imncorrect®®.  The involve-
ment of O3 in reactions catalx sed by azoreductase *’
dopamine S3- hvdroxvlase kidney d1ammoox1dasem&
and 2-nitropropane dloxygenaseHO has been demonstrated,
A study has been made also of the participation of O3 in
reactions of peroxidase **'*** and 12 -hydroxybenzoate
4-hydroxylase®® in the vitamin K-dependent carboxylation
of the glutamic acid residues of prothrombin***, in the
oxidation of cytochrome oxidase by oxygen at 173 K®® and
in the inactivation of papain®®. The role of O3 in photo~
synthetic processes was also studied *77%*€,

The investigation of the reactions of O with haems
the role of OF in cancer®"’®** and the involvement of O in
inflammatory processes 6365 514 in phagocytos is #8799
have been continued. The involvement of O; in processes
associated with the radiation-induced damage of bacterio-
phages 7 the haemolysis and autoxidation of oxyhaemo-
globin °®**®® " the damage of the membranes of erythrocytes
by copper salts ™, the autoxidation of linoleic acid®", and
the degradation of hyaluronic acid”® has been demonstrated.
It has also been shown that O] is able to pass through
erythrocyte membranes via anionic chanunels ™ and that
SOD plays a protectlve role in the tissues of the crystalline
lens of the eye ™™

7
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