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This paper describes first experimental evidence that dissolved
molecular oxygen acts as an electron acceptor in the NADH-nitrate
reductase system. The molecular mechanism and possible physiological
implications on the induction mechanism of nitrate reductase by nitrate
ion are discussed. © 1990 Academic Press, Inc.

Nitrate reductase (EC 1.6.6.1-3) catalyzes the reduction of nitrate to nitrite by
reduced pyridine nucleotides:

NAD(P)H + NO;~ + H* = NADP)* + NO,” + H,0O (R1)

In all higher plants reaction R1 is considered to be the rate-determining step in
the transformation of nitrate to organically-bound nitrogen, a process where nitrate
reductase appears to play an important regulatory role [1-4]. In addition to process R1
a variety of other, probably mostly unphysiological activities have been found for
nitrate reductases [5, 6]. Several schematic models with the subunits FAD, a Cyt bgg7
heme group, and a molybdenum containing cofactor have been proposed [7, 8] to
account for these activities (Fig.A1). It is now generally accepted that electrons from
NAD(P)H are transferred from FAD via Cyt b557 heme to the Mo-cofactor, where
nitrate is reduced (Fig. 1) [6-9].

During a stoichiometric study of process R1 catalyzed by corn leaf
NADH:nitrate reductase we found that dissolved molecular oxygen accepts electrons
from the NADH-nitrate reductase complex. This is the first explicit experimental finding
that nitrate reductase catalyzes the reduction of molecular oxygen by NADH.

MATERIALS AND METHODS

Corn leaf nitrate reductase was purified to electrophoretic homogeneity as
described earlier [10, 11]. Specific activities of the purified enzyme were about 80-90
units/mg, which are comparable to the specific activities obtained by Howard and
Solomonson [12] for the Chlorella vulgaris nitrate reductase. Kinetic experiments
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Figure 1. A schematic model of a higher plant nitrate reductase dimer [11]. It should
be noted, however, that suggested nitrate reductase models [6-9, 11] differ in the
stoichiometric composition of the cofactors and in the number of monomers which form
the nitrate reductase oligomer. Proposed sites for electron acceptance by molecular
oxygen are indicated.

were performed at 30°C (+ 0.19) in 0.1 M Tris-HClI buffer (PH 7.5, 1 mM EDTA).
Reaction R1 was followed spectrophotometrically under air or pure oxygen
atmospheres by recording the amount of reacting NADH at 340 nm. To exclude
oxygen from the solution the reaction was also run under an inert argon atmosphere.
Argon is preferred because it is heavier than air. The reaction was run in a special
cuvette where argon or oxygen passed a water-containing washing bottle to avoid
water take-up by the dry gas. Before start of the reaction the gas was bubbled
vigorously through the reactant mixture for about 5 minutes. The reaction was started
by adding nitrate reductase to the reactants. The reaction was then recorded

spectrophotometrically while a steady stream of gas was blown on the reaction
mixture from above.

B-NADH was purchased from Sigma (Grade [lI, 98%). All other chemicals were
of analytical quality. All commerically available chemicals were used without further

purification. The water used was first distilled and finally led through a deionizer
column.

1 unit of nitrate reductase is defined as the production rate of 1 umol nittite per
minute.

RESULTS AND DISCUSSION

During a stoichiometric and kinetic study of reaction R1 we found that NADH
was still consumed even when all nitrate has apparently been converted to nitrite (Fig.
2). A variation of the amount of dissolved oxygen showed that the rate of this
"background reaction" was dependent upon the dissolved oxygen concentration, and
that NADH was consumed even in absence of initial nitrate ion as long as nitrate
reductase and dissolved oxygen were present. No measureable consumption of
NADH could be observed for the uncatalyzed process R1.

Fig. 3 shows consumptions of NADH in the NADH-nitrate reductase-air,
NADH-nitrate reductase-oxygen, and NADH-nitrate reductase-argon systems.

In any liquid-phase reaction where dissolved atmospheric oxygen is one of the
reactants, the reaction rate in a pure oxygen atmosphere will increase by a factor of
4.76 compared with the rate in the air atmosphere (with 21 vol% oxygen) because,
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Figure 2. Detected deviation from expected stoichiometry R1 in the NADH-nitrate
reductase-NO3" system. The figure shows the consumption of NADH recorded at 340

nm. Initial concentrations: [NADH]g = 300 pM, [NO37]p = 100 uM. Amount of active
nitrate reductase, 0.1 units. Dashed line shows the 200 mM NADH concentration mark
at which the system should have established equilibrium. Instead, NADH consumption
continues in presence of air or oxygen.

Eigure 3, NADH consumption in the NADH-nitrate reductase system with (A)
oxygen atmosphere, (B) air atmosphere, and (C) argon atmosphere. Same NADH
concentration and same amount of nitrate reductase as in Fig. 2. Determined NADH

consumption rates: (A) 7.4 x 105 s‘1, (B)1.7 x 10 s‘1, (C)5x 106 571,

due to Henry's law [13], the dissolved oxygen concentration under a pure oxygen
atmosphere will be higher by the factor of 100/21. Our experimentally found ratio of 4.4
between air and oxygen rates (Fig. 3A, 3B) provides clear evidence that dissolved
molecular oxygen is a reacting species in this system and that dissolved oxygen
accepts electrons from the NADH-nitrate reductase complex. The slight decrease in
absorbance under an argon atmosphere (Fig. 3 C) may be due to a reaction between
nitrite ion and NADH which can be also catalyzed by nitrate reductase [14].

A possible molecular mechanism may first involve the reduction of nitrate
reductase-FAD by NADH to FADH, with a final electron transfer to oxygen to generate
H»0, and recycle the FAD [15]. This process can be represented by equation R2 and
is also shown schematically in Fig. 1 [15];

+
FAD+ NADH = (FAD--NADH) —H—) FADH, + NAD* 0—2> FAD + H,0, (R2)

The physiological reactions between FADH, and molecular oxygen can be
divided into three classes, dependent whether oxygen acts as a 1-electron, 2-electron,
or 4-electron acceptor [16].

In case of a 1-electron transter, the superoxide anion O, and a semiquinone
is generated, while in case of a 2- or 4-electron transfer H,O, or H,0 is formed,

respectively.
The attempt to detect H,0, in presence of excess NADH using the method of

Ovenston and Rees [17] was not successful, probably due to interference with NADH.
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However, Maldonado et al. [18] concluded that H,0, has to be produced in a coupled
NADH-nitrate reductase-peroxidase system in some way or the other in order to
explain reactivation of a in vitro NADH-cyanide-inactivated nitrate reductase. It may
therefore still be possible that some of the necessary H,0, in the Maldonado et al.
system has been produced by the NADH-nitrate reductase complex with molecular
oxygen as an electron acceptor. The additional observation that the oxidative
reactivation of nitrate reductase was enhanced by superoxide dismutase added
betore peroxidase but in the absence of glucose oxidase [18] supports this view and
indicates that superoxide ion appears to be another intermediate in the NADH-nitrate
reductase-Oo system.

It has been reported that molecular oxygen is able to reactivate in vitro NADH-
inactivated nitrate reductase with or without CN™ ion present [19]. Although the oxygen
reactivation of a NADH-CN inhibited nitrate reductase is a considerably siower
process than for example the ferricyanide reactivation [20, 21], it may involve the direct
oxidation of molybdenum at the Mo-CN complex site creating an unstable Mo-CN
complex with the subsequent release of cyanide ion [20]. This view, however, implies
that molecular oxygen could possibly accept electrons at the molybdenum cofactor
site if a direct oxidation of the Mo(V) in the cofactor to Mo(VI) by O, occurs. An
interesting task appears to design experiments which can decide whether a two-site
reduction of oxygen is taking place in the NADH-nitrate reductase system.

As can be seen from Fig. 2, the nitrate reductase-catalyzed removal of NADH
by oxygen is a much slower process than the corresponding nitrate reduction by
NADH. Therefore, only at low nitrate levels the competition between nitrate ion and
dissolved oxygen for the reduced form of the enzyme will allow a sufficiently high rate
in the reduction of oxygen. If O, or H,0, are intermediates or products in the reduction
of oxygen by NADH-nitrate reductase, this may have physiological implications, since
O™ and H,0;, are of considerably toxicity to living cells [22). The mechanisms for O,
and H,0, detoxification in the cytosol where nitrate reductase is believed to be located
[23], is not well characterized [24, 25]. Inadequate mechanisms for detoxification of O,
and H,0, in the cytosol may be a reason why nitrate reductase is only present when
sufficiently high nitrate ion levels are available.

Further, Ninnemann and coworkers [28, 29] have shown that the cytochrome b
557 of nitrate reductase is very autoxidizeable and, in fact, formation of singlet oxygen
is found in the presence of nitrate reductase. Singlet oxygen is detrimental to nitrate
reductase, but this is a much slower process and cannot be seen on the time scale in
our experiments.

Although there are a variety of other substances like ammonium [5, 30],
ethylene [31], cytokinins [32, 33] and other growth regulators [32-34] which have
influence on the nitrate reductase activity, it is the simultaneous presence of nitrate ion
and light which has the greatest effects on the induction of nitrate reductase in green
plants. More work is needed to understand the molecular mechanism of O, reduction
in the NADH-nitrate reductase system and to see whether the avoidance of toxic
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oxygen species may be part of the explanation why nitrate induction of nitrate
reductase has evolved as one of the major control mechanisms.
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