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Abstract—Preincubation of maize leaves crude extracts with NADH resulted 1n a progressive accumulation of mitrite
which mimicked a rapid and lineal activation of nitrate reductase Nevertheless, in partially purified preparations it was
found that preincubation at pH 8 8 with NADH promoted a gradual imnactivation of nitrate reductase At pH 75, the
enzyme was not inactivated by the presence of NADH alone, but, with the simultaneous presence of a low concentration
of cyanide, a fast mactivation took place The NADH-cyanide-inactivated nitrate reductase remained nactive after
removing the excess of NADH and cyamde by filtration through Sephadex G-25 However, 1t could be readily
reacttvated by incubation with ferricyanide or by a short exposure to hght in the presence of FAD Prolonged
wrradiation caused a progressive mactivation of the photoreactivated enzyme

INTRODUCTION

Nitrate reductase (EC 1 6 6 1) from green algae can exist in
vitro 1n two interconvertible forms active and nactive
The active form, which corresponds to an oxidized state of
the enzyme, 1s converted into a reduced iactive form
when incubated with NADH, the process being markedly
enhanced 1f cyanide or ADP are also present (for review,
see [1, 2]) Conversely, the reduced and nactive form 1s
rapidly reactivated when oxidized either by incubation
with ferricyamde or by exposure to blue light in the
presence of flavins [3, 4]

A similar reversible nactivation of nitrate reductase
through a redox mechanism has been demonstrated n
higher plants [5-13] Particularly, mmactivation either by
NADH or NADH and cyanide has been reported for the
enzyme of spinach [5-7], rice [8], wheat [9] and pea [10]
leaves, and maize scutella [10], this inactivation bemng
reversed by ferricyamde [6-10], blue-light irradiation
[3,4,9, 11], trivalent manganese 10ns [12] or peroxidase
systems [13] In contrast, other authors have reported
that NADH exerts a protective and/or stimulatory effect
on nitrate reductase from rice [ 14, 15] and sorghum [16]
leaves, and wheat and maize shoot tips [17] Accordingly,
these authors have proposed that, in these plants, the
reduced form of the enzyme 1s active and the oxidized
form is inactive

The purpose of this work was to investigate 1f, in vitro, R
nitrate reductase from maize was nactivated by NADH 0 30 60 90
and reactivated by oxidizing treatments, as found for
other higher plant nitrate reductases [3-13]
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Fig 1 Nitrite appearance and apparent activation of mitrate
reductase during pretncubation of the crude extract with NADH
RESULTS AND DISCUSSION Undialysed (A) and dialysed (B) crude extracts were preincubated

The effect of NADH on the activity of nitrate reductase 2t O° €ither in the absence (open symbols) or presence (closed
from maize was mtially studied m crude extracts As SYmbols) of 3mM NADH At the indicated tumes, two aliquots
shown in Fig 1A, when a crude extract was preincubated were taken from each preincubation mixture to measure NADH-
at 0° with 3 mM NADH, an apparent activation of nitrate nitrate reductase activity (O, @) and NO; concentration (A, A)

reductase was observed, which was lmear from the In those premncubations containing NADH, the true mitrate
reductase activity () was estimated by subtracting, at each time,

the amount of NO; appeared 1n the preincubation (A) from the
*To whom correspondence should be sent measured mitrate reductase activity (@)
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beginming However, simultaneous determination of ni-
trite in ahiquots taken from the preincubation mixture
revealed a progressive accumulation of mitrite n the
miuxture containing NADH The rate of nitrite appearance
was almost equal to the rate of the observed enzyme
activation, mn such a way that if, at each preincubation
time, the amount of nitrite originally present in the aliquot
was subtracted from nitrite measured after the activity
assay, 1t became evident that maize nitrate reductase was
not appreciably activated by the presence of NADH, n
contrast to results reported 1n rice [ 14, 15], sorghum [16]
and wheat [15, 17]

The fact that nitrite gradually accumulates when the
crude extract 1s preincubated with NADH indicates that
matze leaf extracts contain substantial amounts of nitrate
which, 1in the presence of NADH, the physiological
electron donor for mitrate reductase [2], would be en-
zymatically reduced to nitrite In fact, 1t has been reported
[17] that the activity of maize mitrate reductase at 0° was
ca 339 of that shown at 30° Frequently, the crude
extracts have been dialysed in order to remove nitrate [ 14,
15, 17] Nevertheless, our results demonstrate (Fig 1B)
that dialysis in Visking cellulose tubing did not completely
remove the nitrate present in the maize leaf extract, as
demonstrated by the fact that mitrite was still produced in
the premncubation mixture, mimicking, as before, an
activation of nitrate reductase by NADH The enzyme
activity 1n the dialysed extract was lower, presumably
because nactivation and/or dilution occurred during the
prolonged (24 hr) dialysis

In order to examine the i vitro redox regulation of
nitrate reductase 1 a nitrate-free preparation, further
studies were conducted on partially purified enzyme

As shown in Fig 2, when partially punfied nitrate
reductase was preincubated at pH 7 5 with 3 mM NADH,
1nactivation did not take place, at least during the 60 min
tested However, mtrate reductase was substantially in-
activated (509 in 10 min) when the pH of the preincub-
ation mixture was increased up to 88 A dependence of
NADH-1nactivation on pH has been also observed mn
Chlorella nitrate reductase It has been proposed that
ionization of a chemical group of the enzyme, maybe a
sulphydryl, 1s involved in the inactivation process [18]

It has been reported [14-17, 19, 20] that mtrate
reductase s very unstable, 1ts activity being protected, and
even stimulated, by the presence of NADH In particular,
nitrate reductase from maize has been demonstrated to
have a half-life of 1 hr at 0° [17] Under our conditions,
however, 1n both crude extracts (Fig 1) and partially
purified preparations (Fig 2), mitrate reductase activity
retained 1ts original level after 1 hr, presumably because of
the protective effect of the cystemne present in the buffer
[20] We have also observed [unpublished resuits] that
extraction of maize leaf nitrate reductase in the absence of
protectants leads to a low yield of the enzyme activity
Nevertheless, inclusion of 3 mM NADH 1n the extraction
medium almost completely prevented the loss of activity
These observations suggest that NADH, like cysteine,
prevents, during the enzyme extraction, the oxidation of
essential sulphydryl groups probably located on the labile
NADH-diaphorase moiety [ 2, 20] It 1s worth noting that
the NADH-diaphorase activity from Chlorella nitrate
reductase 1s protected from thermal mnactivation by
NADH, its activity being even enhanced by the presence
of that nucleotide [21, 22] In contrast, the NADH-
dependent reversible mactivation of nitrate reductase
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Fig 2 pH-dependent inactivation of nitrate reductase by
NADH A nitrate reductase preparation, partially purfied as
descnibed 1n the Experimental, was preincubated at 0° exther at pH
75 or 88 both 1n the absence (O) or presence (@) of 3 mM
NADH At the indicated times, aliquots were taken out from the
different mixtures for NADH-nitrate reductase assay

affects exclusively 1ts terminal molybdenum-contamning
component [1, 2, 6-10] Accordingly, we believe that the
reported stabilization and activation of nitrate reductase
by NADH [14-17] mught be rather the result of the
aforementioned effect of NADH on the diaphorase
activity, moreover, when the expermments were conducted
on crude extracts, the appearance of nitrite during
preincubation might have also contributed to the obser-
vation of an untrue activation, as demonstrated in this
work

In green algae, the reductant-dependent inactivation of
nitrate reductase 1s enhanced by the presence of low levels
of cyamide [1] Our results show (Fig 3) that mactivation
of maize leaf nitrate reductase was also considerably
stimulated when NADH and cyanide were simultaneously
present 1n the preincubation system A 509, inactivation
occurred in only 1 mmn In the absence of reductant,
cyanide did not affect the enzyme activity Similar inacti-
vation by NADH plus cyanide has been observed on
nitrate reductase from other higher plants [4, 5,8-10] Itis
worth noting that inactivation could readily proceed at
pH 7 5 In fact, we have found with nitrate reductase from
spinach leaf 23] that, in contrast to NADH-inactivation,
NADH-CN ™ -inactivation proceeds faster at pH 7 5, in-
dicating that the mechanisms of both processes were
different In this context, 1t has been proposed [1, 24, 25]
that, under reducing conditions, cyanide can complex with
an ‘over-reduced’ form of the molybdenum component of
nitrate reductase, giving rise to the mactivation of the
terminal activity of the enzyme

We have observed that inactivation of maize leaf mitrate
reductase by NADH plus cyamde also affected its terminal
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Fig 3 Inactivation of nitrate reductase by NADH plus cyanide

A sample of partially purified nitrate reductase was preincubated

at 0° and pH 7 5 either alone (O) or 1n the presence of 0 3 mM

NADH (@), 5 uM KCN (A) or 03 mM NADH plus 5 uM KCN
(4) Other conditions as 1n Fig 2

activity, assayed with reduced methyl viologen (MV') as
electron donor Furthermore, after removing the excess of
NADH and cyanide by filtration through Sephadex G-25,
nitrate reductase remained largely (ca 909,) inactive,
which suggests that cyanide was firmly bound to the
enzyme molecule Nevertheless, a short (5 min) incubation
with ferricyanide (0 3 mM) reactivated the enzyme up to
90 of its original activity In rice [8], however, mitrate
reductase was spontaneously reactivated when NADH
and cyanide were removed by gel filtration, indicating that
NADH-CN ~-inactivated nitrate reductase was less stable
1n rice than n green algae [4, 26], spinach [7] and wheat
[9] Reactivation by ferricyamde presumably mvolves
oxidation of the very stable Mo(IV)-CN complex to the
unstable Mo(VI}-CN complex, from which cyamde
would be spontaneously dissociated [1, 12, 25]

It has been demonstrated that inactive nitrate reductase
from Chlorella [3, 4), Chlamydomonas [27}, Neurospora
[28], spinach [3, 4, 11, 29] and wheat [9] 1s also rapidly
reactivated when exposed to hight 1n the presence of
flavins, blue light being more effective than red hght Our
results show (Fig 4) that irradiation with white hight of
NADH-CN " -mactivated nitrate reductase from maize
leaves 1n the presence of 10 uM FAD, initially promoted a
fast reacttvation of 1ts terminal activity Nevertheless,
upon longer light exposure, the reactivated enzyme suf-
fered a progressive loss of activity In the dark, FAD did
not appreciably modify the onginal activity We have
postulated [4, 11, 29] that the flavin-mediated photo-
reactivation of nitrate reductase involves the reoxidation
of the Mo(IV)-CN complex by light-excited FAD, which
seems to have a more positive redox potential than in the
ground state Recently we have observed that reactivation
of NADH-CN™-mactivated nitrate reductase from
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Fig 4 Effects of hight on i vitro inactivated mitrate reductase A
sample of mtrate reductase, treated with NADH and KCN, and
subsequently passed through Sephadex G-25, was preincubated
under air, and 1n the presence of 10 uM FAD, erther 1n the dark
(®) or under 100 W/m? white light (O) At the indicated times,
aliquots were taken to measure MV -mtrate reductase activity
Irradiation conditions were similar to those described in ref [29],
except that pH was 75 Activities are expressed as percentages of
the activity of the enzyme before mactivating treatment

spinach can also be achieved by 1rradiation of the enzyme
with red hght in the presence of methylene blue, a
sensitizer whose redox potential becomes likewise more
positive when photoexcited [30] On the other hand, the
mactivation (irreversible) which takes place with pro-
longed irradiation has been demonstrated, in the spinach
enzyme, to be caused by singlet oxygen generated through
energy transfer from excited triplet-state flavin to molecu-
lar oxygen [31]

EXPERIMENTAL

Plant culture Maize (Zea mays L ) was grown under a 24 hr
regime of 12 hr hight, 12 hr dark at 25° and 18°, respectively Light
(8000 lux) was supphed by intermixed Sylvama ‘dayhight’ and
‘cool white’ fluorescent lamps supplemented with incandescent
bulbs Plants were grown on vermiculite 1n plastic containers
perforated on the bottom to allow free drainage, and were
watered on alternative days with a nitrate-type Long Ashton
nutrient soln [32]

Enzyme extraction and partial purification Healthy leaves from
34 week-old plants were excised, cut in 1 cm-length segments,
and ground with sand and grinding medium (5 ml/g leaf fr wt)n
a chilled pestle and mortar The grinding medium consisted of
25 mM P1 buffer, pH 7 5, 1 mM EDTA, 10 mM cystemne and 1%,
(w/v) PVP The homogenate was centrifuged at 37000¢g for
15 min and the resulting supernatant (crude extract) was used as
enzyme preparation in some expts Where indicated in the Results
section, the crude extract was dialysed for 24 hr against the
extraction buffer using 1 cm-diameter Visking cellulose dialysis
tubings
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Partial punfication of nitrate reductase was performed by
fractional pption with 409, satd (NH,),SO, After standing for
20 mun with gentle shaking, the mixture was centrifuged at
37000 g for 10 min The supernatant was discarded and the pellet
resuspended 1n one fifth of the original vol with 50 mM P1 buffer,
pH 75, containing 01 mM EDTA Finally, the resuspended
fraction was passed through a Sephadex G-25 column equihib-
rated with the same buffer All operations were carried out at 4°

Enzyme assays and analytical methods NADH-nitrate re-
ductase activity was estimated by measuring nitrite formed 1n an
assay system containing 0 1 M P1 buffer, pH 7 5, 1 mM EDTA,
10 mM KNO,, the enzyme preparation and 0 3 mM NADH,na
final vol of 1 ml After 10 min incubation at 30°, the reaction was
terminated by addition of 01 ml of 1 M barium acetate and
19ml of 96%; (v/v) EtOH After vigorous shaking in a Super-
mixer, the mixture was left to stand for 5 min at 4°, centrifuged at
2300 g for 5 min and then nitrite measured on an aliquot from the
clear supernatant soln by addition of 1 ml of sulphamilamide
reageni followed by imi of N-{i-naphthyljethylenediamine
reagent [33]

MYV -mtrate reductase activity was also determined by mitnte
formation but using, as electron donor system, 0 1 mM MV
reduced by 01ml Na,S$,0, (§mg/ml m 01 M NaHCO,;)
Reaction was stopped by vigorous shaking until the reduced MV
was reoxidized

Protein was determuned according to the method of ref [34]
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