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Abstract-Premcubatton of maize leaves crude extracts wtth NADH resulted m a progressive accumulation of nttnte 
which mnntcked a rapid and lineal acttvatton of mtrate reductase Nevertheless, m partially purdied preparations it was 
found that premcubatlon at pH 8 8 with NADH promoted a gradual mactivation of mtrate reductase At pH 7 5, the 
enzyme was not mactlvated by the presence of NADH alone, but, with the sunultaneous presence of a low concentration 
of cyanide, a fast mactlvatlon took place The NADH-cyamde-mactlvated m&ate reductase remamed mactlve after 
removing the excess of NADH and cyanide by filtration through Sephadex G-25 However, it could be readily 
reactivated by incubation with ferrlcyamde or by a short exposure to light in the presence of FAD Prolonged 
lrradlatlon caused a progressive mactwatlon of the photoreactlvated enzyme 

INTRODUCITON 

Nitrate reductase (EC 16 6 1) from green algae can extst m 
uttro m two mterconvertlble forms active and inactive 
The active form, which corresponds to an oxldlzed state of 
the enzyme, 1s converted mto a reduced inactive form 
when Incubated Hrlth NADH, the process bemg markedly 
enhanced if cyanide or ADP are also present (for review, 
see [l, 21) Conversely, the reduced and inactive form 1s 
rapidly reactivated when oxldlzed either by mcubatlon 
with ferrlcyamde or by exposure to blue hght m the 
presence of fiavms [3,4] 

A similar reversible mactlvatlon of mtrate reductase 
through a redox mechanism has been demonstrated m 
hrgher plants [5-131 Particularly, mactlvatlon either by 
NADH or NADH and cyanide has been reported for the 
enzyme of spinach [>7], rice [8]. wheat [9] and pea [lo] 
leaves, and maue scutella [lo], this mactlvatlon bemg 
reversed by ferrlcyamde [6-lo], blue-light lrradlatlon 
[3,4,9, 111, trivalent manganese ions [12] or peroxldase 
systems [13] In contrast, other authors have reported 
that NADH exerts a protective and/or stlmulatory effect 
on mtrate reductase from rice [ 14, 151 and sorghum [ 161 
leaves, and wheat and maMe shoot tips [ 171 Accordingly, 
these authors have proposed that, m these plants, the 
reduced form of the enzyme 1s active and the oxldlzed 
form is inactlve 

The purpose of this work was to mvestlgate if, In umo, 
nitrate reductase from maize was inactivated by NADH 
and reactivated by oxldlzmg treatments, as found for 
other higher plant mtrate reductases [3-131 

RESULTS AND DISCUSSION 

The effect of NADH on the actlvlty of mtrate reductase 
from maue was mltlally studied m crude extracts As 
shown m Fig lA, when a crude extract was premcubated 
at 0” with 3 mM NADH, an apparent actlvatlon of mtrate 
reductase was observed, which was linear from the 
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reductase during premcubatlon of the crude extract urlth NADH 
Unchalysed (A) and dlalysed (B) crude extracts were premcubated 
at 0” either m the absence (open symbols) or presence (closed 
symbols) of 3 mM NADH At the mdlcated times, two ahquots 
were taken from each premcubatlon mixture to measure NADH- 
nitrate reductase actrvity (0, 0) and NO;concentrat~on (A, A) 
In those premcubatlons containing NADH, the true mtrate 
reductase actlvlty ( n ) was estunated by subtractmg, at each time, 
the amount of NO;appeared m the premcubatlon (A) from the 

measured tutrate reductase actwity (0) 
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begmnmg However, simultaneous determmation of m- 
trite m ahquots taken from the premcubatlon mxture 
revealed a progressive accumulation of nitrite in the 
mtxture contammg NADH The rate of mtnte appearance 
was almost equal to the rate of the observed enzyme 
activation, m such a way that if, at each premcubation 
time, the amount of nitrite ongmally present m the ahquot 
was subtracted from mtnte measured after the actlvlty 
assay, it became evident that ma12e nitrate reductase was 
not appreciably activated by the presence of NADH, m 
contrast to results reported m rice [14,15], sorghum [16] 
and wheat [15, 171 

The fact that mtrlte gradually accumulates when the 
crude extract 1s premcubated with NADH indicates that 
maize leaf extracts contam substantial amounts of nitrate 
which, m the presence of NADH, the phystologlcal 
electron donor for nitrate reductase [2], would be en- 
zymatically reduced to mtnte In fact, It has been reported 
[ 171 that the actlvlty of maize nitrate reductase at 0” was 
ca 33% of that shown at 30” Frequently, the crude 
extracts have been dlalysed m order to remove nitrate [ 14, 
15, 171 Nevertheless, our results demonstrate (Fig 1B) 
that dialysis m Vlskmg cellulose tubing did not completely 
remove the mtrate present m the maize leaf extract, as 
demonstrated by the fact that mtnte was strll produced in 
the premcubatlon mixture, mlmlckmg, as before, an 
activation of mtrate reductase by NADH The enzyme 
activity m the dlalysed extract was lower, presumably 
because mactlvatlon and/or ddutlon occurred during the 
prolonged (24 hr) dialysis 

In order to examme the m vttro redox regulation of 
nitrate reductase m a mtrate-free preparation, further 
studies were conducted on partially purfied enzyme 

As shown m Fig 2, when partially purtied nitrate 
reductase was premcubated at pH 7 5 with 3 mM NADH, 
mactlvatlon did not take place, at least durmg the 60 mm 
tested However, nitrate reductase was substantially m- 
activated (50% m 10 mm) when the pH of the premcub- 
atlon mixture was increased up to 8 8 A dependence of 
NADH-mactlvatlon on pH has been also observed in 
Chlorella mtrate reductase It has been proposed that 
lomzatlon of a chemical group of the enzyme, maybe a 
sulphydryl, 1s involved m the mactlvatlon process [18] 

It has been reported [14-17, 19, 203 that nitrate 
reductase 1s very unstable, its activity being protected, and 
even stimulated, by the presence of NADH In particular, 
nitrate reductase from mme has been demonstrated to 
have a half-hfe of 1 hr at 0” [17] Under our condtttons, 
however, m both crude extracts (Ftg 1) and partially 
purified preparations (Fig 2), nitrate reductase actlvlty 
retained its ongmal level after 1 hr, presumably because of 
the protective effect of the cysteme present m the buffer 
[20] We have also observed [unpublished results] that 
extraction of maize leaf mtrate reductase m the absence of 
protectants leads to a low yield of the enzyme activity 
Nevertheless, mcluslon of 3 mM NADH m the extractlon 
medium almost completely prevented the loss of activity 
These observations suggest that NADH, hke cysteme, 
prevents, durmg the enzyme extractlon, the oxidation of 
essential sulphydryl groups probably located on the labile 
NADH-dlaphorase moiety [2,20] It 1s worth noting that 
the NADH-dlaphorase actlvlty from Chlorella nitrate 
reductase 1s protected from thermal mactlvatlon by 
NADH, Its activity being even enhanced by the presence 
of that nucleotlde [21, 223 In contrast, the NADH- 
dependent reversible mactlvatlon of mtrate reductase 
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Fig 2 pH-dependent mactlvatlon of mtrate reductase by 
NADH A nitrate reductase preparation, partially punfied as 
described m the Expenmental, was premeubated at 0” ather at pH 
7 5 or 8 8 both m the absence (0) or presence (a) of 3 mM 
NADH At the indicated times, allquots were taken out from the 

different mixtures for NADH-nitrate reductase assay 

affects exclusively its termmal molybdenumcontaining 
component [l, 2,6-lo] Accordmgly, we believe that the 
reported stablhzatlon and activation of nitrate reductase 
by NADH [14-173 might be rather the result of the 
aforementioned effect of NADH on the dlaphorase 
actlvlty, moreover, when the experiments were conducted 
on crude extracts, the appearance of nitrite during 
prancubatlon might have also contributed to the obser- 
vation of an untrue actlvatlon, as demonstrated in this 
work 

In green algae, the reductant-dependent inactivation of 
nitrate reductase 1s enhanced by the presence of low levels 
of cyanide [l] Our results show (Fig 3) that inactivation 
of maize leaf nitrate reductase was also conslderably 
stimulated when NADH and cyanide were simultaneously 
present m the premcubatlon system A 50 % inactivation 
occurred m only 1 mm In the absence of reductant, 
cyanide did not affect the enzyme actlvlty Similar mactl- 
vatlon by NADH plus cyanide has been observed on 
nitrate reductase from other higher plants [4,5,8-lo] It IS 
worth noting that mactlvatlon could readily proceed at 
pH 7 5 In fact, we have found with nitrate reductase from 
spinach leaf [23] that, m contrast to NADH-mactlvatlon, 
NADH-CN--mactlvatlon proceeds faster at pH 7 5, m- 
dlcatmg that the mecharusms of both processes were 
different In this context, it has been proposed [l, 24,251 
that, under reducmg condltlons, cyanide can complex with 
an ‘over-reduced’ form of the molybdenum component of 
nitrate reductase, gvmg rise. to the mactlvatlon of the 
termmal activity of the enzyme 

We have observed that mactlvatlon of maize leaf nitrate 
reductase by NADH plus cyanide also affected its termmal 
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Fig 3 Inactwatlon of nitrate reductase by NADH plus cyamde 
A sample of partially punfied nttrate reductase was premcubated 
at 0” and pH 7 5 either alone (0) or in the presence of 0 3 mM 
NADH (O), 5 pM KCN (A) or 0 3 mM NADH plus 5 pM KCN 

(A) Other con&Ions as m Fig 2 

acttvtty, assayed with reduced methyl vlologen (MV ) as 
electron donor Furthermore, after removing the excess of 
NADH and cyanide by filtration through Sephadex G-25, 
mtrate reductase remained largely (ca 90%) inactive, 
which suggests that cyanide was firmly bound to the 
enzyme molecule Nevertheless, a short (5 mm) mcubatlon 
with ferrlcyamde (0 3 mM) reactivated the enzyme up to 
90% of its original actlvlty In rice [8], however, nitrate 
reductase was spontaneously reactivated when NADH 
and cyanide were removed by gel filtration, mdlcatmg that 
NADH-CN--mactlvated nitrate reductase was less stable 
m rice than m green algae [4,26], spinach [7] and wheat 
[9] Reactivation by ferrlcyamde presumably mvolves 
oxldatlon of the very stable Mo(IV)-CN complex to the 
unstable Mo(VI)-CN complex, from which cyanide 
would be spontaneously dlssoclated [l, 12, 253 

It has been demonstrated that inactive nitrate reductase 
from Chlorella [3,4], Chlumydomonas [27], Neurospora 
[28], spinach [3,4, 11, 291 and wheat [9] IS also rapidly 
reactivated when exposed to light in the presence of 
flavms, blue hght bemg more effectlve than red hght Our 
results show (Fig 4) that lrradlatlon with white light of 
NADH-CN--inactivated nitrate reductase from maize 
leaves m the presence of 10 PM FAD, mltlally promoted a 
fast reactwatlon of its terminal actlvlty Nevertheless, 
upon longer light exposure, the reactivated enzyme suf- 
fered a progressive loss of activity In the dark, FAD did 
not appreciably modify the ongmal activity We have 
postulated [4, 11, 291 that the flavm-mediated photo- 
reactivation of mtrate reductase mvolves the reoxldatlon 
of the Mo(IV)-CN complex by light-excited FAD, which 
Seems to have a more positive redox potential than m the 
ground state Recently we have observed that reactlvatlon 
of NADH-CN--mactlvated nitrate reductase from 
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Fig 4 Effects of light on m two InactIvated mtrate reductase A 
sample of mtrate reductase, treated with NADH and KCN, and 
subsequently passed through Sephadex G-25, was premcubated 
under au, and m the presence of 10 pM FAD, either In the dark 
(0) or under 100 W/m2 whtte light (0) At the mdlcated ttmes, 
ahquots were taken to measure MV -mtrate reductase actn’lty 
Irradtatlon condltlons were simdar to those described m ref [29], 
except that pH was 7 5 Actlvitles are expressed as percentages of 

the actlvlty of the enzyme before mactrvatmg treatment 

spinach can also be achieved by lrradtatlon of the enzyme 
with red light m the presence of methylene blue, a 
sensrtlzer whose redox potential becomes hkewlse more 
posltlve when photoexclted [30] On the other hand, the 
mactlvatlon (rrreverslble) which takes place with pro- 
longed irradlatlon has been demonstrated, m the spinach 
enzyme, to be caused by singlet oxygen generated through 
energy transfer from excited triplet-state flavm to molecu- 
lar oxygen [31] 

EXPERIMENTAL 

Plant culture Maize (Zea mnys L ) was grown under a 24 hr 
regune of 12 hr l&t, 12 hr dark at 25” and 18”, respectwely Light 
(8000 lux) was supphed by mtermlxed Sylvama ‘dayhght’ and 
‘cool wlute’ fluorescent lamps supplemented with mcandescent 
bulbs Plants were grown on vermlcuhte m plastic containers 
perforated on the bottom to allow free dramnage, and were 
watered on alternatwe days with a nitrate-type Long Ashton 
nutrient soln [32] 

Enzyme extractm und partml purlfcot~on Healthy leaves from 
34 week-old plants were excised, cut m 1 cm-length segments, 
and ground with sand and grinding medmm (5 ml/g leaf fr wt) m 
a chtlled pestle and mortar The gnndmg me&urn consIsted of 
25 mM PI buffer, pH 7 5,l mM EDTA, 10 mM cysteme and 1% 
(w/v) PVP The homogenate was centnfuged at 37000 g for 
15 mm and the resultmg supematant (crude extract) was used as 
enzyme preparation m someexpts Where Indicated m the Results 
sechon, the crude extract was dialysed for 24 hr agamst the 
extraction buffer using 1 cmdlameter Viskmg cellulose dlalysls 
tubmgs 
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Pamal purtficatlon of nitrate reductase was performed by 
fractional pption with 40 % satd (NH&SO, After standing for 
20 mm with gentle shakmg, the rmxture was centrifuged at 
37 Ooo g for 10 mm The supematant was &carded and the pellet 
resuspended m one fifth of the ongmal vol with 50 mM p1 buffer, 
pH 7 5, containing 0 1 mM EDTA Fmally, the resuspended 
fraction was passed through a Sephadex G-25 column eqmhb- 
rated with the same buffer All operations were carned out at 4 

Enzyme assays and analyttcal methods NADH-nitrate re- 
ductase activity was estimated by measurmg mtnte formed m an 
assay system contammg 0 1 M PI buffer, pH 7 5, 1 mM EDTA, 
10 mM KNOs, the enzyme preparation and 0 3 mM NADH, m a 
final vol of 1 ml After 10 mm mcubatlon at 30”, the reaction was 
termmated by addition of 0 1 ml of 1 M barium acetate and 
19 ml of 96 % (v/v) EtOH After vigorous shaking m a Super- 
muter, the mzxture was left to stand for 5 mm at 4”, centnfuged at 
2300 g for 5 mm and then mtnte measured on an abquot from the 
clear supematant soln by ad&on of 1 ml of sulphamhumde 
reagent followed by 1 ml of N-(1-naphthyl)ethylenedmmme 
reagent [33] 

MV -mtrate reductase actwtty was also determmed by mtnte 
formahon but using, as electron donor system, 0 1 mM MV 
reduced by 01 ml Na2S204 (Smg/ml m 01 M NaHC03) 
Reaction was stopped by vigorous shaking until the reduced MV 
was reoxidlzed 

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