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Aktract-Oxidation of cytosolic NADH by O1 regulates the supply of reducing equivalents for nitrate reductase. 
Inhibition of the cytochrome c oxidase pathway stimulates nitrate reduction. The cyanide insensitive alternativeoxidase 
is not involved in this reaction because inhibition by SHAM (salicylhydroxamic acid) did not promote in oioo nitrate 
reduction. The role of mitochondrial NADH dehydrogenase (which oxidizes exogenous NADH) in regulating nitrate 
reduction in wheat leaves in viuo is discussed. 

INTRODUCTION RESULTS 

The NADH dependent nitrate reductase (EC 1.6.6.1X the 
first enzyme in the pathway of nitrate assimilation in green 
leaves is located in the cytosol where it may be loosely 
associated with the outer membrane of chloroplasts 
[l-3]. This enzyme competes with mitochondrial respir- 
ation for NADH. The restriction of electron transfer to 
O1 by either anaerobiosis or by respiratory inhibitors 
such as rotenone, amytal, antimycin A or CO, stimulates 
the in uivo nitrate reduction 14-73. In plant mitochondria, 
two terminal oxidases participate in the reduction of 01, 
namely cytochrome c oxidase (inhibited by KCN or CO) 
and the alternative oxidase (inhibited by salicylhydro- 
xamic acid, SHAM) [8]. We now report that the alternat- 
ive oxidase does not regulate the NADH supply for nitrate 
reductase as does cytochromc oxidasc. The role of NADH 
dehydrogenase, involved in the oxidation of exogenous 
NADH in these reactions, is considered. 

When wheat leaf discs were incubated under vigorous 
aeration, very little nitrite was formed in the tissues 
(Table 1). However, in the presence of uncouplers nitrite 
accumulated in the discs and in this respect mCCCP 
(carbonyl cyanide mchlorophenylhydrae) and FCCP 
@-fluoromethoxycarbonyl cyanide phenylhydrazone) 
were more cffaztive than DNP (2.4dinitrophenol). As 
shown previously uncouplers stimulate nitrite accumu- 
lation by inhibiting nitrite reductase [!&ll]. ATP is 
required for the synthesis of glucose &phosphate, which 
supplies NADPH for the ferredoxin dependent nitrite 
reductase in the chloroplasts in the dark 1121. 

The role ofexternd NADH dehydrogenase 

Plant mitochondria d&r from their animal counter- 
parts in that they oxidize exogenous NADH 1133. Since 

Tabk 1. Effcctr of uncoupkra of respiration on aerobic in uiuo nitrate reduction in 
what kaf diaca 

DNP 

Conamtmtion 

W) NO, l 

0 0.13 

m 0.42 

1000 0.64 

1500 0.82 
2am 0.93 

InCCCP FCCP 

Conantration Conanttation 

Orm) NOi l (Irm) NO, l 

0 0.17 0 0.14 
2 0.27 2 0.32 
5 0.39 5 0.36 

10 0.46 10 0.46 
50 0.99 25 0.59 

Leaf dimc~ (0.2 g) from lOday-old accdiinga of H&crd were itxath&d in the 
reaction mixture dacribai in the Experimental, undex aerobic conditiona Aqucour 
aolutiotw of DNP and cthutolic oolutiom of mccCP and FCCP were added as 
indiatsd.Intbe~trolr~wrtaorsthaol~waeddadtotheraction 
mixture. Nitrite produced wu exhactcd and dc&&naj u daaibed in the 
Expaimtmw. 

*Sol NO; produccd/hr/g fr. wt. 

I815 
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Table 2. EtTccts of EDTA, EGTA and cakium iona on nitrate reduction in wbcat laf 
discd 

Additions 

DNP (2 mM) mcCCP (25 /rIn) 
NO; NO; 

@no1 NO; prodtzcd/hr/g fr. wt) 

Nil 0.74 0.49 
EGTA (0.1 mM) 1.02 OS9 
EDTA (0.1 mM) 1.30 0.67 
EDTA (0.1 mM)+ C&l, (0.2 mM) 0.82 0.52 

EDTA, EGTA and 0” ions were added to the reaction mixtures containing DNP 
or mCCCP as in Table 1. Nitrite produad during aerobic &I of00 aasay was data&& 
as dcacribed in the Experimental. 

nitrate raiuctase utilizes cytosolic NADH. the corn- 
petition between Ox and NO; for this raductant operates 
at the level of the oxidation of exogenous NADH, which is 
dependent on Ca” ions [14-163. We have, therefore, 
used the aerobic in uioo nitrate reductasc assay in the 
presence of uncouplers to examine the role of the 
exogenous NADH ox&se. As shown in Table 2, EDTA 
(ethylene diamine tetraacetic acid) and EGTA (ethylene 
glycol bi.@-aminoethyl ether, NJ’-tetraacetic acid) 
stimulated nitrite formation, presumably because they 
inhibited the oxidation of cytosolic NADH by O1. This 
effect was reversed by Ca” ions (Table 2). 

Tabk 3. BITa% ofcplmodulin inhibitors on in c&o and aerobic 
in dw nitrate redwztasc activity in wheat leaves 

Additions 

Relative nitrate rcductasc 
activity in o&o 

Halbud Bindawarra 

(a) In oirn, activity 
Phenothiaxine (1 mM) 
Chlorpromrzim (1 mM) 
TriIluopardnc (I mM) 
C-pound 48/80 (50 r%mU 

1 4 
57 56 
90 90 
89 100 

The results in Table 3 show that the calmodulin 
inhibitors, phenothiazine and chlorpromazine signili- 
cantly inhibited the in vitro activity of nitrate red- 
extracted from wheat leaves. Hence it was not possible to 
study the effects of these two inhibitors on the in uioo 
aerobic nitrate reductase. Trifluoperazine (1 mM) and 
compound 48/80 @O&ml) did not however inhibit 
nitrate raluctase in vitro but these compounds stimulated 
the aerobic nitrate reduction in uiuo (Table 3). 

Aerobic nitrate rcdtctasc 
activity @noI NO, 

produccd/hr/g fr. wt.) 

Efict of alcohols 

(b) In oiw activity 
Control mCCCP (25 F) 
mcCCP (25 j&m) + twuopcnuine 

(1 mM) 
mCCCP (25 jnn) + compound 

48180 (30 &mol) 

0.79 0.69 

1.22 1.44 

1.25 1.27 

Stimulation of the in uiuo nitrate reduction by propanol 
has been reported [ 17, 183 and it was suggested that in 

In oitro activities in the leaf extracts were @ol 
NO;/15 min/ml extrea) Halberd, 0.88 and Bindawarra 0.80 and 

roots of maize and wheat NADH generated by alcohol 
dehydrogenase was responsible for this effect [19]. 

with these values as 100, relative percent activities are given in the 
Tabk. Aqueous solutions of calmodulin inhibitors were added, 

However, akohol dehydrogemsc activity is negligible in except for phenothiaxine, which was dissolved in ethanol. The 
leaves of wheat [ 193. The results in Table 4 show that the 
propanol and ethanol inhibited O2 uptake in wheat leaf 

method d&bed in Tabk 1 was used for the aerobic [n dw assay 
of nitrate raiuctau in kaf discs. 

Table 4. Effects of akohob on the in oioo nitrate reduction and respiration in wheat leaves 

HalbCld Bindawarra 

NO; produced O1 uptake NO; produc& 01 uptalre 
(junol/hr/g fr. wt) @ol/ar/g fr. wt) @mol/hr/g fr.wt) @mol/hr/g Cr. wt) 

Control (H,O) Nil 9.06 Nil 8.54 
Methanol (1.7 M) Nil 8.22 Nil 8.10 
Ethanol (t.7 M) 0.97 6.06 0.73 6.15 
Propanol (0.85 M) 2.17 5.16 2.35 5.40 

Intact kava (I g) of lOday-old satdlinlp were placed in viaIs with their petioks dipping into 2 ml alcohol 
solutions for 4 hr at 20” in the dark. From a sampk of the leaves (0.2 g), nitrite wax extracted ZUKI detcnnioat 
as described in the Experimental. In IeafdiscF. O1 uptake was monitored in an O1 ckctrode as described in the 
Expaimcntal. 
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discs while methanol had little effect. Thus stimulation of 
nitrate reduction by propanol and ethanol (but not by 
methanol) may be associated with an inhibition of NADH 
oxidation. 

The role of the allernative oxidase 

Both the wheat cultivars Halberd and Bindawarra 
showed some cyanide insensitive respiration which was 
inhibited by SHAM (Table 5). However, treatment of the 
leaves with SHAM did not promote nitrate reduction in 
viw under aerobic conditions, whereas CO treatment 
stimulated nitrite accumulation. The amount of nitrite 
produced by CO treatment was qua1 to that produced 
under anaerobiosis. 

Dl!XUS!3ON 

When wheat leaves were treated with CO in air, the 
cytochromc c oxidase was inhibited but the alternative 
cyanide (or CO) insensitive oxidase would be unaffected. 
Under anaerobiosis both pathways would be inhibited. 
However, the amount of nitrite produced under 
anaerobiosis was equivalent to that formed after CO 
treatment in air (Table 5). These results indicate that the 
alternative oxidase is not involved in the regulation of 
NADH supply for nitrate reduction. Treatment with 
SHAM alone did not promote nitrate reduction in viva in 
air. 

The oxidation of exogenous NADH by plant mito- 
chondria is mediated by a dehydrogenase located on the 
outer surface of the inner membrane of the mitochondria 
[20], which bypasses the rotenone sensitive first site of 
oxidative phosphorylation and donates electrons to the 
cytochrome pathway via ubiquinone. The alternative 
oxidase however is not involved in the oxidation of 
exogenous NADH [21,22]. Hence the competition for 
cytosolic NADH between nitrate reductase and O2 is 
controlled by cytochrome oxidase only. 

Oxidation of exogenous NADH is dependent on Ca’+ 
ions [23] and is inhibited by EDTA and EGTA (Table 2). 
An involvement of calmodulin in this reaction has been 
suggested [24]. Recently, it was shown [25] that cal- 
modulin was only indiractly involved in the oxidation of 
exogenous NADH by regulating Cal* concentration in 
the intermembrane space of the mitochondria. It is likely 
that the cahnodulin inhibitors trifluoperazine and com- 
pound 48/%0 stimulate NADH supply for nitrate re- 
duction by affecting the Ca” concentration in the 
mitochondria (Table 3). 

EXPERIMENTAL 

PIanr materials. Wheat (Mricum oesfivum L) cv. Halbcrd 
and Bindawarra supplied by the Agronomy Department of this 
Institute were grown in sterilized coarse sand in a phytotron 
(16 hr light/8 hr dark cyck). The seedlings were supplkd with 0.5 
strength Hoagland soln containing 1OmM KNO, [7]. Leaves 
from 8- to 12day-old seedling were used in the experiments. 

Aerobic in vivo assay o/ nitrale reducrase. Leaves were cut 
transversely into 5 mm segments and 0.2 8 kaf discs were pm 
in large test tubes (2.5 x I5 cm), in 5 ml KPi buffer pH 7.0, 
containing in flolcs: KPi, 300 and KNO,. 50. The tubes were 
incubated under dark aerobic conditions at 30” in a reciprocating 
water bath, ensuring vigorous aeration during incubation. After 
I hr. rhe reaction was terminated by placing the tubes in a boiling 
waler bath. Nitrite produced in the leafdiscs was extracted and 
determined in suitable aliquots as described previously [7]. 

Anaerobic in vivo assay ojnirrote reductase. Leafdiscs (0.2 g) 
were plactd in test tubes (I x 15 cm) and then closal with rubber 
scpta. Air was removed from the tubes, via inserted needles in the 
scpta, by rigorous evacuation with a two-stage vacuum pump. 
High purity argon was then spargcd through the tubes for 2 min. 
The needles were removed and the tubes were incubated in the 
dark at w for I hr. Nitrite produced was atrxtcd and 
determined as described in ref. [7]. 

In vitro assay of nitrate reducfase. Leaf tissue (1 8) was 
macerated in 5 ml 0.2 M Tris-HCI buITer pH 8.5. containing 

Table 5. Effects of SHAM on respiration and in uivo aerobic 
nitrate reduction in leaf discs of wheat leaves 

Halbcrd Bindawarra 

(a) O2 uptake (% of control) 
Control too 100 
KCN (100mM) 60 75 
KCN (100 mM) + SHAM (5 mM) 33 38 
SHAM (5 mhl) 79 73 
SHAM (5 mM) + KCN (100 mM) 27 23 
(b) Aerobic in oivo nitrate reduction @noI ND;/hr/g fr. wt) 
Aerobic control 0.09 0.11 
SHAM 2.5 mM 0.12 0.17 
SHAM 5 mM 0.17 0.19 
SHAM IOmM 0.20 0.25 
CO-air 1.41 1.13 
Anaerobic control (Argon) 1.23 1.0 

In leaf scgmcnts Oz uptake was mcasural as described in the 
Experimental. Activities in the controls @noI 02/hr/g fr. wt) 
were Halbcrd. 8.1; Bindawarra 7.2 and with these values as 100. 
relative percent activirics arc given in the Tabk. Leaf discs were 
spargcd with CO for 2 min before incubating under dark aerobic 
conditions for 1 hr at 30”. Anaerobic control was under Argon. 
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0.05 M KPi, 5 mm EDTA, 1% w/v casein, 10 pM FAD and 
2 mM ~cystcine in icc-cbiIkd mortar and putk with acid wasbed 
sand. After thorough disintegration of leaf material, tbe extract 
was filtered through Mira cloth and the filtrate was antrifugai at 
20000 g for 10 min at OX. The supernatant soln was passed 
through a Sepbadcx G25 column (I5 x 1.5 cm) and nitrate 
reductasc cluted with 50 mM potassium phosphate buffer pH 7.5. 
Suitable aliquots of the enzyme preparation were usal for the in 
UiCrO assay iII 1 d reaction mixture, containing in )cmoIcs: KPi 
bulTcr pH 7.5, So, KNO,, 5 and NADH, 0.2. After incubation at 
25” for I5 min, the reaction was terminated by adding 0.1 ml of 
0.5 M Zn(OAc)r and then 0.1 ml PMS @benazinc mctbosul- 
phate; 0.46 mg/ml) was added. The tubes were kept at room temp. 
for 20 min and tbcn I ml of I % (w/v) sulpbanibunidc (in 
1.5N HCI) foIIowcd by 1 ml of 0.01% w/v of N-l- 
napbtbyktbyknaIiamine dibydrochloride were added. The con- 
tents were antrifugal at Moo g for 10 min. Nitrite was dc- 
tcrmincd in tbc supcmatant as dcscrihul previously [7]. 
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