Determination of Superoxide Free Radical Ion and Hydrogen
Peroxide as Products of Photosynthetic Oxygen Reduction
Erich F. Elstner, Claus Stoffer, and Adelheid Heupel

Ruhr-Universitat Bochum, Lehrstuhl Biochemie der Pflanzen, Bochum
(Z. Naturforsch. 30 ¢, 53 —56 [1975] ; received October 25, 1974)
Chloroplasts, Oxygen Reduction, Hydroxylamine Oxidation, Superoxide Free Radical Ion

Formation of Nitrite from Hydroxylamine in the presence of illuminated chloroplast lamellae
is inhibited by superoxide dismutase but not by catalase, indicating that the superoxide free radical
ion and not H,0, is responsible for the oxidation of hydroxylamine. Decarboxylation of a-keto
acids on the other hand is strongly inhibited by catalase but only slightly by superoxide dismutase.
Light-dependent hydroxylamine oxidation and decarboxylation of a-keto acids can be used, there-
for, as specific and sensitive probes for the determination of either the superoxide free radical ion
or hydrogen peroxide, respectively.

Photosynthetic oxygen reduction in the presence of ferredoxin, (monitored by the above method)
yields both H,0, and O,~. The addition of an oxygen reducing factor (ORF, solubilized by heat —
treatment of washed chloroplast lamellae) instead of ferredoxin, however, stimulates only the
production of H,0,, while O,” — formation is not observed. The cooperation of ferredoxin and
ORF during photosynthetic oxygen reduction by chloroplast lamellae apparently produces H,O0,

not only by dismutation of O,~, but also by a separate mechanism involving ORF.

Introduction

Photosynthetic oxygen reduction is thought to
play an important role in photosynthetic energy
conservation ! 2 and photorespiration .

Recently it has been shown that oxygen is re-
duced monovalently by illuminated chloroplast
lamellae, including either the primary electron ac-
ceptor of photosystem [47¢ and/or ferredoxin as
terminal reductants®. In the latter case, another
component of chloroplast lamellae besides fer-
redoxin has been postulated to participate in photo-
synthetic electron flow from ferredoxin to oxygen?.
This component has been called oxygen reducing
factor (ORF). Several characteristics of ORF indi-
cated, that an o-diphenol group might be responsible
for the catalytic function of ORF during oxygen

reduction 8.

The function of bound ORF depends on the
presence of ferredoxin and the superoxide free
radical ion as the product of autooxidation of
reduced ferredoxin$®; solubilized ORF is able to
stimulate photosynthetic oxygen reduction in the
absence of ferredoxin, but is still dependent on the
activation by the superoxide free radical ion.

This paper tries to provide evidence that the
products of photosynthetic oxygen reduction in the

presence of Fd are both H,0, and O,~, while ORF
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yields only in the formation of H,0,. The coopera-
tion of Fd and ORF in photosynthetic oxygen re-
duction provides a system which is able to produce
H,0, and O,~ simultanuously. During photosyn-
thetic oxygen reduction, H,0, is not only the
product of the dismutation of the superoxide free
radical ion according to Eqn (1)

0,” +0,~ + 2 H*— H,0,+ 0, (1)

but is separately formed by a mechanism which
includes the function of ORF.

Material and Methods
Ferredoxin was isolated from spinach leaves?
and SOD from dried green peas!® 5. Chloroplasts
were isolated either from spinach ! or from sugar
beet leaves!?'7. ORF was prepared from isolated
chloroplast lamellae ” from either spinach or sugar
beet leaves.

Photosynthetic decarboxylation of [1-14C]gly-
oxylate >, NADP-reduction!® and nitrite-forma-
tion* from hydroxylamine were measured as de-
scribed. Sugar beet leaves (greenhouse cultures)
were a gift from the Kleinwanzlebener Saatzucht
AG, Einbeck/Hann.

[1-1*C]sodium glyoxylate was obtained from the
Radiochemical Center, Amersham. Catalase was
purchased from Boehringer, Mannheim.

Abbreviations: MV, methylviologen; Fd, ferredoxin; ORF,
oxygen reducing factor; SOD, superoxide dismutase.
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Results

In order to elucidate the products of photosyn-
thetic oxygen reduction in the presence of either
ORF or Fd, two simple test systems were used
which allow the identification of Oy~ and H,0,.
Superoxide dismutase !> inhibits reactions which
include the function of O,7; catalase on the other
hand inhibits reactions driven by H,0,. Our test
systems were based on the aid of these two enzymes.

Photosynthetic hydroxylamine oxidation

Hydroxylamine, at concentrations of lower than
5x107*M, is only a weak inhibitor of photo-
system II 16, Nitrite is the stoichiometric product of
the oxidation of hydroxylamine in the presence of

103 M KCN, as shown in Fig. 1.
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Fig. 1. Stoichiometry of photosynthetic nitrite formation
from hydroxylamine. The reaction mixture contained in
3ml: 80 umol Tris buffer pH 8.0, 5 umol NH,CI, 0.2 xmol
MYV, chloroplast lamellae from sugar beet leaves with
0.1 mg chlorophyll and hydroxylamine as indicated. The
reaction was conducted in Warburg vessels in a photo-
Warburg thermostate with illumination from the bottom
(250001x) at 15°C for 15min. /\—/\, NO, -formation
in the presence of 10~2mM KCN; O—(O, NO, -formation

in the absence of KCN.

The oxidation of hydroxylamine in the absence
of KCN is inhibited to 50 per cent by 2 units > of
SOD and to 90 per cent by 50 units of SOD. Ad-
dition of catalase (up to 140 units) has no in-
fluence on photosynthetic nitrite formation from
hydroxylamine (Fig.2). These results show that
hydroxylamine is oxidized by the superoxide free
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Fig. 2. Influence of SOD and catalase on photosynthetic
hydroxylamine oxidation. Experimental conditions as de-
scribed for Fig. 1 (with 1 xmol NH,0H).

radical ion and not by H,0, or by acting as an
electron donor; it therefore provides a simple
system for testing the production of O,".

Decarboxylation of glyoxylate

Photosynthetic decarboxylation of glyoxylate or
pyruvate in the presence of MV is inhibited to 50
per cent by 10 units of catalase and to more than
90 per cent by 140 units of catalase (Fig. 3).
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Fig. 3. Influence of SOD and catalase on photosynthetic

decarboxylation of glyoxylate. The reaction mixture con-

tained in 3 ml: 80 xmol Tris buffer pH 7.6, 5 umol NH,CI,

0.2 umol MV, chloroplast lamellae from sugar beet leaves

with 0.1 mg chlorophyll and 3 umol [1-1*C] sodium gly-

oxylate (0.2 Ci/mol)). The reaction was conducted as de-

scribed for Fig.1, *CO, was determined as described in
ref. 13.

Addition of 25 units of SOD, which inhibits hy-

droxylamine oxidation to at least 80 per cent show
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less than 20 per cent inhibition of the decarboxyla-
tion. This is taken as proof that the decarboxylation
of a-keto acids is mainly driven by H,0, and not

by O, (cf. ref 13).
Oxygen reduction in the presence of ferredoxin

As already described, by means of the decarboxy-
lation of a-keto acids!® photosynthetic oxygen re-
duction in the presence of Fd and NADP is ob-
served as soon as all the available NADP is reduced.
Fig. 4 shows that this oxygen reduction also yields
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Fig. 4. Comparism of photosynthetic NADP-reduction with
hydroxylamine oxidation in the presence and absence of
SOD. The reaction mixture contained in 3 ml: 80 xmol
Tris buffer pH 8.0, 5 umol NH,Cl, 10 nmol Fd, 0.7 «mol
NH,0H, 1 umol NADP and chloroplast lamellae from sugar
beet leaves with 0.1 mg chlorophyll; experimental conditions
as described for Fig. 1, reaction time as indicated. /\ —/\,
NADP reduction; A — A, NADP reduction in the presence
of 25 units SOD; O— (), hydroxylamine oxidation, @ — @,
hydroxylamine oxidation in the presence of 25 units SOD.

the production of the superoxide free radical ion,
measured as nitrite formation from hydroxylamine.
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Fig. 5. Comparism of photosynthetic hydroxylamine oxida-
tion and photosynthetic decarboxylation of glyoxylate in the
presence of ferredoxin (Fd). Experimental conditions as
described for Fig.s 1 and 3, with the indicated amounts of
Fd instead of MV. A —/\, hydroxylamine oxidation;
[J—[1, decarboxylation of glyoxylate.

Fig. 5 shows that depending on the amount of
Fd added, both decarboxylation of glyoxylate and
hydroxylamine oxidation are stimulated by fer-
redoxin. This is taken as proof that both H,0, and
0,” are products of oxygen reduction in the
presence of Fd.

While the stimulation of hydroxylamine oxida-
tion by Fd shows saturation-type kinetics, the de-
carboxylation of glyoxylate shows a shoulder at
approx. 10 nmol of Fd, followed by a new increase
of peroxide formation at higher concentrations of

Fd.
Oxygen reduction in the presence of ORF
Addition of solubilized ORF to illuminated

chloroplast lamellae shows an increase of both oxy-
gen uptake and decarboxylation of glyoxylate upon
increasing amounts of ORF 78, A comparism of
glyoxylate decarboxylation with hydroxylamine
oxidation shows, however, that ORF only stimulates
the decarboxylation of glyoxylate and not the
nitrite formation from hydroxylamine, indicating
that H,O, but not O, is the product of oxygen
reduction in the presence of ORF (Fig.6). ORF
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Fig. 6. Comparism of photosynthetic hydroxylamine oxida-
tion and photosynthetic decarboxylation of glyoxylate in the
presence of ORF. Experimental conditions as described for
Figs 1 and 3, with the indicated amounts of ORF (isolated
from spinach chloroplast lamellae) instead of MV. /A —/\,
hydroxylamine oxidation; []—[], decarboxylation of gly-

oxylate.

therefor seems to reduce oxygen by a different
mechanism compared to Fd or low potential dyes
(like MV), both of which reduce oxygen mono-
valently (Fig. 7).

Identical effects are observed with chloroplasts
or ORF from spinach and from sugar beet leaves,
although there seems to be more than one com-
pound in sugar beet leaves which exhibit ORF-
activity and which are not bound to the chloroplast
lamellae (unpublished results).
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Fig. 7. Comparism of the influence of MV, Fd and ORF on

photosynthetic hydroxylamine oxidation. Experimental con-

ditions as described for Fig. 1. O—(), hydroxylamine oxi-

dation with MV; /A —/\, hydroxylamine oxidation with Fd;
[J—[, hydroxylamine oxidation with ORF.

Discussion

Stoichiometric formation of nitrite from hydro-
xylamine by illuminated chloroplast lamellae can
be measured if the hydroxylamine concentration is
kept below 5x107* M and if 1073 m KCN is
present. The fact that the formation of nitrite from
hydroxylamine can be inhibited by SOD to more
than 90 per cent suggests that hydroxylamine oxida-
tion by illuminated chloroplast lamellae involves
only the superoxide free radical ion and not H,0,
as oxidant and that hydroxylamine does not serve
as an electron donor for photosystem 11 as postulated
by several authors 7719 The stimulation of photo-
synthetic hydroxylamine oxidation by KCN is due
to the inhibition by KCN of a cyanide-sensitive SOD
which is tightly bound to the chloroplast lamellae 2°.

The increase of oxygen uptake by addition of
hydroxylamine to illuminated chloroplast lamellae
which is observed in the presence of autooxidizable
electron acceptors may be due to avoiding the
dismutation of O, as outlined by Eqn (2) and as

already postulated for ascorbate
oy 2125, 5.

NH,OH + 2 0, + H* — NO,” + H,0, + H,0 (2)

photooxida-

Hydroxylamine, as the first product of oxidation of
ammonia in the process of nitrification by Nitro-
somonas spec., is further oxidized by the copper-

containing enzyme hydroxylamine oxidase. A pos-
sible role of peroxonitrite as a species of inter-
mediates involved in hydroxylamine oxidation was
discussed 26. Whether the superoxide free radical
ion is also involved in the enzymatic conversion of
hydroxylamine to nitrite by the enzyme hydro-
xylamine oxidase from Nitrosomonas spec. during
the process of nitrification is a matter for further
investigations.

Nitrite formation from hydroxylamine and de-
carboxylation of a-keto acids presents a simple and
specific system for testing the formation of either
the O, or H,0, during photosynthetic oxygen re-
duction. This method has been used for the deter-
mination of the products of photosynthetic oxygen
reduction in the presence of either Fd (which in-
cludes the function of bound ORF 7:8), solubilized
ORF or MV as electron acceptors. It has already
been demonstrated that all three compounds can
act as cofactors for the photosynthetic decarboxyla-
tion of glyoxylate?. This reaction depends on the
presence of H,0, as oxidant (cf. Fig. 3 and ref. 13).
In the case of ORF it remained unclear, whether the
production of H,0, was due to the dismutation of
0,7, as the first product of oxygen reduction or
whether H,0, itself was the first product of oxygen
reduction.

The stimulation of decarboxylation of glyoxylate
after addition of Fd may partly be due to the dis-
mutation of O,” yielding H,0, (Eqn (1)), since
0,7 is formed by Fd in the presence of illuminated
chloroplast lamellae.

In an earlier paper we showed, however, that
with Fd and chloroplast lamellae after a 15 min
illumination about 70 per cent of the HyO, formed
was due to the function of ORF (ascorbate-sensitive
rate) and only about 30 per cent of the H,0, may
have been formed by autooxidation of reduced
Fd 2728 or the primary acceptor of photosystem I.

Solubilized ORF seems to function in the same
way as in its bound form, except that the bound
form seems to be dependent on the presence of fer-
redoxin 8. As shown in Figs 6 and 7, solubilized
ORF does not stimulate the oxidation of hydro-
xylamine but does stimulate the decarboxylation
of glyoxylate. This result is in agreement with the
proposed chemical mechanism of ORF-function $,
which results in the formation of H,0,. 0,7 is
necessary for maintaining a chainreaction involving
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both bound ORF and Fd or solubilized ORF and the
reducing site of photosystem I.

The results presented may also explain why
ethylene formation by illuminated chloroplast
lamellae 2* from methional is strongly stimulated by
the addition of Fd and to a lesser extent by low
potential dyes 3°. Ethylene formation from methional
is dependent on the presence of both H,0, and
0,731 Although the dismutation of O, provides
H,0,, an addition of extra H,0, has been shown to
stimulate ethylene formation from methional with
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