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Abetract-A nitrate reductase was isolated from a barley (Hordeurn oulgare L.) mutant (nur la) deficient in NADH 
nitrate reductase (EC l-6.6.1). The nitrate reductase from nur la exhibited activity with both NADH and NADPH as 
electron donors. The enzyme was purilied 200 fold with a recovery of 49%. Based upon kinetic, catalytic, and 
immunological characteristics the enzyme was determined to be a NAD(P)H bispecilic nitrate reductase (EC 1.6.6.2) 
with an NADPH to NADH activity ratio of 1.8. The bispecilic enzyme cross-reacted with antiserum raised against the 
NADH nitrate rcductase from the wild type but with a much lower specificity than the NADH enzyme. The K, for 
nitrate of the NAD(P)H enzyme was 0.61 mh4 which was about five times greater than that of the NADH enzyme. The 
K, for NADPH and NADH of the bispecilic enzyme were 10 FM and 68 PM, respectively, while the K, for NADH of 
the NADH enzyme was 10 PM. Unlike the NADH enzyme, the NAD(P)H bispecific enzyme was inhibited by dithionite 
and NADPH. These data support the conclusion that the nitrate reductase in the MT la mutant of barley is a single 
NAD(P)H bispecific enzyme. 

INTRODUCnON 

Nitrate reductase in barley (Hordeum m&are L.) has 
many characteristics in common with nitrate reductases 
from other species. Put&d barley nitrate reductase is 
capable of nitrate reduction with NADH. FMNH, and 
reduced methyl viologen as electron donors, and has 
cytochrome c reductase activity [l]. Most higher plant 
nitrate reductases are specific for NADH (EC 1.6.6.1) 
although NAD(P)H bispeci6c nitrate reductases 
(EC 1.6.6.2) have been reported and characterized from 
several species [2-6]. 

Ten barley nitrate reductasedeficient mutants have 
been isolated and characterized in our laboratory [7,8]. 

Nine of these are allelic and are believed to LX nitrate 
reductase structural gene mutants (MT 1). The tenth has 
been identified as a molybdenum cofactor mutant because 
it lacks both nitrate reductase and xanthine dehydro- 
genase activities and is able to complement in oitro with 
the molybdenum cofactor from xanthine oxidase [S-lo]. 
All of the MT 1 mutants have low levels of nitrate 
reductase activity and are capable of substantial growth 
with nitrate as a sole nitrogen source [ 111. Based upon pH 
optimum, cofactor preference and substrate kinetics, 
Dailey et 01. [ 121 concluded that the low level of nitrate 
reductase activity in nar la (formerly Azl2) was due to a 
NAD(P)H bispecific nitrate reductase and was not the 
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result of a leaky mutation in the NADH nitrate reductase 
gene. These studies were conducted with ammonium 
sulphate precipitated preparations and attempts to purify 
the enzyme from nar la were unsuccessful. 

The objectives of this study were to purify the 
NAD( P)H bispecilic nitrate reductase from mutant nur la, 
to characterize the enzyme, and to compare it with the 
NADH nitrate reductase from the wild type. 

RESULTS 

The nitrate reductase from nor la which exhibits activity 
with both NADH and NADPH was isolated by a 
procedure similar to that used by Kuo et 01. [l, 131 to 
purify the barley NADH enzyme. The enzyme was 
purified cu 200 fold with a recovery of 49 % (Table 1). The 
initial specific activity was only 12 y0 of that reported for 
the barley NADH nitrate reductase [l]. Although re- 
coveries were comparable (50%). final specific activities 
were only 5 % of those previously reported [l] for the 
barley NADH nitrate reductase. This relative decrease 
was perhaps a function of the l&fold larger scale 
purilication used to isolate the enzyme from nur la and the 
associated difficulties in removing casein and bovine 
serum albumin which were necessary to minimize the 
effects of plant phenol& and proteases [l, 141. Nitrate 
reductase from nur la was sensitive to precipitation by 
ammonium sulphate. Dry ammonium sulphate precipi- 
tation, as used with the NADH enzyme [l], resulted in 
recoveries of less than 30% after Sephadex G-25 chro- 
matography. Precipitation with equal volumes of satu- 
rated ammonium sulphate solutions more than doubled 
recoveries (Table 1). 

Previous attempts 10 purify nitrate reductase from nur 
la were hampered by poor binding to Blue Dextran 
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Table 1. Puritication summruy of nitrate reductase isolated from nur la mutant of barley 

step 

Total 
activity 
(units) 

Total 
protein 

(me) 

spccisc 
activity Purihcation Yield NADPH 

(units/mg) (fold) (%) NADH 

Homogenate 9.7 5560 0.002 I loo 1.7 
O-50% (NHJISO,* - - - - 1.8 
Sephadex G-25 6.7 479 0.014 7 69 1.6 
Blue A Sepharosc 4.8 11.3 0.428 214 49 1.8 

*The NAD(P)H enzyme is reversibly inhibited by high salt conantrations rendering measurements ofactivity at this 
step spuriously low (yield 17%) 

Procedures are described in the Expcrimcntal. 

S&arose and tiGe1 Blue [ 123. The enzyme bound well 
to the Blue A Sepharose column as shown by negligible 
activity in the column efauent prior to elution, and by 
good recovery (Table 1). The enzyme was stable for 
several months when stored in liquid nitrogen. At room 
temperature in the air the NADH and NADPH activities 
of the enzyme both had a half-life of 1.5 hr. Incubation at 
lower temperatures or under Ns increased in uitro stability 
(data not shown). 

The nitrate reductase had FMNHs and reduced methyl 
viologen nitrate reductase activities (Fig 1A). However 
these activities were difhcult to estimate because di- 
thionite, which was used to reduce methyl viologen and 
FMN, inhibited the enzyme. With NADH or NADPH as 
the electron donor, the enzyme was completely inhibited 
by dithionite concentrations which had little or no effect 
upon the NADH enzyme (Fig la). The reduced methyl 
viologen and FMNHs activities were inhibited by di- 
thionite concentrations greater than 1.5 mM. although 
published procedures [ 15. 161 recommend dithionite 
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Fig 1. lnllucnce of dithionitc on partially puritied barley nitrate 
reductasc. A, NAD(P)H enzyme assayed with reduced metbyl 
viologen (0) or FMNHs (m) as the electron donor. B. NADH 
enzyme with NADH as the electron donor (0); NAD(P)H 
enzyme with NADPH (m) or NADH (Cl) as the electron donor. 

concentrations of 3 mM. The procedure described by 
Amy and Garrett [17] for detecting reduced methyl 
viologen nitrate raluctase activity on polyacrylamide gels 
has been used to identify the barley NADH enzyme [ 1.93 
but could not be used to detect the enxyme from MT la, 
possibly due to inhibition by dithionite. 

Although the nitrate raluctase isolated from aur la 
exhibited activity with both NADH and NADPH as 
electron donors, the evidence indicated that both activities 
are properties of a single NAD(P)H bispeciiic enzyme. 
The NAD(P)H bispecifk nitrate reductase had identical 
pH optima for the NADH and NADPH activities 
(Table 2). The ratio of the two activities was constant 
during isolation (Table 1) and both activities were eluted 
together from the Blue A column by NADPH. The 
NADH and NADPH nitrate reductase activities of the 
bispecilk enzyme were usually enhanced S-35 % by FAD 
in the assay medium (data not shown). The NADH 
enxyme did not respond to FAD. The NAD(P)H bispccifk 
nitrate reductase also exhibited cytochrome c reductase 
activity. The ratio of NADPH/NADH cytochrome c 
reductase activity (2.0) was similar to the ratio of nitrate 
reductase activity (Table 1) Both the NADH and 
NADPH cnxyme activities decayed at the same rate when 
stored at room temperature (date not shown) and were 
inactivated in a similar manner by antiserum developed 
against the NADH nitrate reductase (Fig 2). 

The NADH enzyme from the wild type was inactivated 
by much smaller quantities of the antiserum than either 
the NADH or the NADPH activities of the enzyme from 
nar la. Although the NAD(P)H bispecific nitrate rcductase 
cross-reacted with and was inactivated by antiserum to the 

Table 2. Characteristics of the NAD(P)H bispecifk nitrate 
reductasc from nor la mutant of barley as compared with the 

NADH nitrate reductase from the wild type 

Mrla Wild 
tyPc* 

Property 

pH optimum 
Temperature optimum 
K, NO; (mhi) 

K, NAD(P)H (W) 

l Sa ref. [ 121. 

NADPH NADH NADH 

7.7 7.7 7.5 
31 31 - 

0.61 0.62 0.13 
10 68 IO 
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Fig. 2. Inhibition of partially purified barley nitrate rcductases 
by antiserum developed against the NADH enzyme. NADH 
enzyme with NADH as the elcctron donor (Ok NAD(P)H 
bispeciftc enzyme with NADPH (m) or NADH (0) as the 
electron donor. All samples were incubated with antiserum (-) 
or prcimmunc serum (---) for 1 hr at room temperature before 
assay initiation by addition of the pyridine nucleotide. Assays 
were conducted for 30min in a volume of 0.5 ml. Control 
activities were 44 nmol NO;/30 min for the NADH enzyme, and 
22 nmol NOJ3Omin (NADPH) and I2 nmol NOJ3Omin 

(NADH) for the NAD(P)H bispecific enzyme. 

NADH enzyme, it did not form a detectable immunoprc- 
cipitate by either line or rocket immuno-electrophoresis. 
It was possible, however, to detect the NAD(P)H nitrate 
reductase polypeptide on immunoblots after separation 
by sodium dodecyl sulphate polyacrylamide gel elec- 
trophoresis (SDS-PAGE). The NAD(P)H nitrate re- 
ductase migrated slightly faster than the NADH enzyme 
and had a subunit M, of cu 100 000 compared with an M, 
of about 110000 for the NADH enzyme. 

The kinetic properties of the nitrate reductase from nar 
la also indicated that the NADH and NADPH activities 
were properties of a single NAD(P)H bispeci6c enzyme. 
The apparent K, for nitrate was 0.62 and 0.61 mM with 
NADH and NADPH, respectively, as the electron donor 
(Fig 3A). These values are about five times greater than 
the NADH enzyme K, for nitrate [12]. A major dif- 
ference between the NADH and NADPH activities of the 
enzyme from nur la was observed in response to 
NAD(P)H concentrations. The apparent K, for NADH 
was 68 PM. The K, for NADPH was difficult to estimate 
by double reciprocal plots due to substrate inhibition at 
NADPH concentrations greater than SO PM (Fig. 3B)and 
insul%cient nitrite production for reliable detection at 
NADPH concentrations below 10~h-l. The Halwachs 
[I81 method which is especially useful when substrate 
conversion is too high to obtain a straight fine in the 
substrate concentration time course+ was more reliable 
and gave an apparent K, for NADPH of 10 PM (Table 2, 
Fig. 3C). This is similar to the NADH K, reported for the 
barley NADH nitrate reductase [ 123. 

Fig. 3. Kinetic analysis of partially purilied nitrate reductasc 
from nor la with NADPH ( x ) or NADH (0) as the electron 
donor. A, Nitrate reductase activity as a function of nitrate 
concentration. Pyridinc nucleotidcconantration was 100 PM. B, 
Nitrate reductase activity as a function of pytidine nuckotide 
concentration. Nitrate concentration was 10 mM. C. Halwachs 
[Zl] plot of NADPH nitrate rcductase activity. T = time in min; 
p = kaction of NADPH used at timer, K, = [NADPH] initial 

x slope/(int~t-stope). 

The substrate inhibition by NADPH appears to be an was reversible The rate of NADPH oxidation increased 
intrinsic property of the NAD(P)H bispecitic enzyme and as NADPH concentration decmased (Fig 4). The maxi- 
not due to contaminants in the NADPH. NADPH mum rate of NADPH oxidation occmred over the 
purified by reverse-phase high pressure liquid chromate- NADPH concentration range of SO-150 PM. NADH also 
graphy [ Tp] produced results identical to those in Fig 3B exhibited substrate inhibition but only at concentrations 
(data not shown). Furthermore the inhibition by NADPH greater than 200 PM (Fig 4). 
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I t r 1 I In these studies the NAD(P)H bispecific enzyme was 
immunologically different from the barley NADH nitrate 
reductase (Fig, 2). At high serum concentrations (0.2%) 
the cross-reaction between the NAD(P)H enzyme and the 
NADH enzyme antiserum was sufficient to inhibit the 
enzymatic activities but not sufficient to form an im- 
munoprecipitate. This antiserum readily inhibited and 
formed an immunoprecipitate against barley NADH 
nitrate reductase (9,203 as well as wheat NADH nitrate 
reductase. [21]. The antiserum raised against the NADH 
nitrate reductase cross-reacted with nitrate reductases 
from a wide range of species but formed an immunopreci- 
pitate only with the enzymes from closely related cereal 
species [21]. On this basis, the NAD(P)H bispec& nitrate 

uM NAD(P)H 

Fig. 4. Activity ofpartially purilkd nitrate reductase from MT la 
reductase from the wild type. The NAD(P)H bisp&fic 

as a function of NADPH (x ) or NADH (a) concentration. 
enzyme had a slightly smaller subunit M, than the barley 

Enzyme activity and pyridine nucleotide concentration were 
NADH enzyme which could contribute to the immun- 

determined by measuring A,, at 1 min intervals. A molar 
ological di!Tcrcnces. However major differences in anti- 

extinction coefficient of 6.2 x 10’ was used in calculations of both 
genie sites of these enzymes probably exist. 

NADPH and NADH conantrations. Assays were split into three 
Some kinetic properties of the enzyme from nur la arc 

15 min segments to minimize effazts of enzyme decay. Assays 
also characteristic of NAD(P)H bispeci6c nitrate rc- 

were run in a Gilford spectrophotomctcr at ~(1 25”. 
ductases. The apparent K, values for nitrate are similar 
with NADH or NADPH as the elaztron donor, but arc 
greater than the K, for the NADH enzyme. Typically, K, 
values of 0.1-0.3 mM nitrate have been reported for 

DISCUSSION NADH nitrate reductases and values l&50 times greater 

Barley mutants with a defective NADH nitrate re- 
for the NAD(P)H bispa%c enzymes [4.6.12]. In barley 

ductase structural gene (~KV 1) have low NAD(P)H nitrate 
the difference in K, values for the two enzymes is at least 

reductase activities [ 121. The characteristics of the NADH 
five fold [O. 13 mM for the NADH enzyme and 0.62 for the 

and NADPH nitrate rcductasc activities from MT la were 
NAD(P)H enzyme]. 

similar and appeared to be properties of a single 
The barley NAD(P)H bispeci6c nitrate reductase dif- 

NAD(P)H bispecilk enzyme. The two activities remained 
fers somewhat from the bispecific enzyme from other 

together during elution from the Blue A column by 
species in that the apparent K, values for NADH and 
NADPH are d&rent, and NADPH exhibits substrate 

NADPH (Table 1). They bad identical pH and tcmpera- inhibition. The significance of these observations is not 
turn optima, had the same half-life at room temperature, readily apparent but could relate to the in viuo importance 
and were inactivated in a similar manner by antiserum 
raised against the NADH nitrate reductase from the wild 

of the enzyme in the respective organisms. The NAD(P)H 
bispeci6c enzyme is presumably very important in E. 

type (Table 2; Fig. 2). Furthermore the K, values for se~gu~e~~ where it seems to be the only nitrate reductase 
nitrate were the same with either NADH or NADPH as 
the electron donor (Fig. 3B). Only the K, values for 

present [6]. In soybean the bispeci6c enzyme represents a 
significant portion of the total nitrate reductasc activity 

NADH and NADPH were significantly different 
(Table 2). Collectively these data indicate that the 

141. in barley however, the NAD(P)H enzyme does not 
appear to be expressed in leaves of the wild type, and is 

NAD(P)H nitrate reductaseactivities in nur la are due to a 
single NAD(P)H bispecific nitrate reductase. 

present in only small quantities in nfzr 1 mutants [ 12,221. 
The NAD(P)H bispecific nitrate reductase may, however, 

NAD(P)H bispecific nitrate reductases from barley and 
several other higher plant species have characteristics in 

play a significant role in nitrate reduction in nf3r 1 mutants. 

common that distinguish them from NADH nitrate 
reductases. The bispec& nitrate reductases can use either 

EXPERIMENTAL 

NADH or NADPH for nitrate reduction, but activities Pk growth. Seedlings were grown in vermiculite for 8 days in 
arc greater with NADPH than NADH [4,5,12]. The a growth chamber at 16’ under continuous illumination 
NADPH~ADH ratio of the enzyme from ruv la has been (300 rE/mz/sec). Ihe plants were wataal by subirrigation with a 
reported to be variable [12] but this is probably due to nitrogen-free nutrient soln [23J. Nitrate reductase was induced 
disparate K, values for the two diiucleotides and the by watering with the same nutrient soln containing 15mM 
problems associated with the NADPH substrate in- nitrate at 24 and 12 hr prior to harvest. 
hibition. When the two dinucleotidcs were prepared at Enzyme extra&on. Following the 24hr nitrate induction 
100 $+4 and monitored spectrophotometrically, the period, shoots were excised above the coleoptile, weighed and 
NADPH/NADH nitrate reductase activity ratio was ca frozen in liquid N,. The total shoot mass (32S375 g) was ground 
1.8:1.Ratiosofca1.1:1,1.5:1and2:1havcbbenreported in liquid N, using a Waring blenda. The plant powder was 
for bispecific nitrate reductases from Erythri~ sene- extracted with 3 ml/g fr. wt of 250 mM Tris-HCI (pH 8.2), 1 mM 
galensis [63. soybean [43 and rice [5], respectively. In EDTA, 3 mM dithiothreitol, SpM Na,MoO,. 5 PM FAD, 
addition the pH optima for the NADH and NADPH ICOpM phenylmethylsuiphonyl fluoride, 1 &ml pcpstatin, 
activities are the same for NAD(P)H bispccific nitrate 5 pM antipain and 0.75% casein. The homogenate was centri- 
reductases f4.6.121 but differ for NADH enzvmes f4.121. L., 2 . L, a fuged at 27 000 @ for 1 hr. The supematant was filtered through 
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reductase from the or la mutant of barley would appear 
to be rather distantly related to the NADH nitrate 
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two layers of Miracloth and served as the crude homogenate. All 
procedures were conducted at 24” unless otherwise indicated. 

Protein pwijicdon. The crude homogenate was immediately 
mixed with an equal vol. of (NH&!%& ntd 25 mM Ttis butTer 
@H 8.2). The mixture was allowed to stand for 30 min and was 
then centrifuged at 27000 p for 10 mitt at 24”. The pellets were 
dissolved in one tenth the vol. ofcrude homogenate with 25 mM 
Tris-HCI @H 8.2). I mM EDTA. 1 pM NaxMoG,. 5 pM anti- 
pain 1 pM FAD, and 1 mM dithiothreitol (buffer A). The 
suspension was antrifugcd at 270009 for 30min at 24”. 
dcoantcd through two layers of Miracloth. and then desalted on a 
Scphadex G-25 column cquilibratcd with but&r A. A fraction 
equal to twice the loaded vol. was collected after the sample front 
and applied to a Blue A Scpharosc (Amicon) column quilibratcd 
with buffer Acontaining IOpM NalMoO,and IOpM FAD.The 
column was washed for I8 hr with the same buffer containing 
lope/ml bovine serum albumin (BSA). Nitrate raluctasc was 
elutcd with a &5OpM NADPH gradient (15Oml total vol.) in 
IO pM Tris-HCI (pH 8.2), I mM EDTA, I pM Na,MoO,. I pM 
FAD, and I mM dithiothreitol. KNO, was added to each 
fraction (final concn I mM) to maintain the enzyme tn an 
oxidized form. Each fraction was assayed for NAD(P)H nitrate 
rcductasc activity [ 121. The peak fractions (20-25 ml) were 
pooled and coned to co 4 ml in an Amicon ultrafiltration cell 
(XM50 membrane). 

Hecrrophoresis. SDS-PAGE was petformed according to ref. 
[24]. Slab gels were 10% acrylamidc, 0.1 “/. bisacrylamide and 
I.5 mm thick. Samples were adjusted to 4% SDS, 5% /7- 
mercaptocthanol and IO % glycerol and boiled for 2 min. Nitrate 
rcductasc on gels was visuahzcd by a nitrate rcductasc spccilic 
immunoblot technique (western blot) [9. 253. The gels were 
blotted for 2 hr to nitroccllulosc sheets (Millipore Corporatton. 
0.45 pM) in a Hocffer transblotter fitted with cooling coils (4”). 
The blotted sheets were incubated I8 hr at room temp. in 50 mM 
NaPi (pH 7.4) containing saline (0.1% NaCI) and I % BSA. 
Monospecific antiserum raised against the NADH nitrate rc- 
ductaxe [9] was mixed in NaPi bulTcrcd sahnc (I :500 dilution) 
containing 0.5 y0 BSA. 0.55 % Twccn 20 and 3 % PEG4000. The 
nitroallulosc sheets were incubated in this mixture at room 
~cmp. for 8 hr. washed vigorously for 6 hr with NaPi buffered 
saline containmg 0.05 % Twccn 20. and incubated for 34 hr at 
room temp. with pcroxida.scconJugatcd antirabbit goat serum 
diluted (I : 1000) in NaPi buffered saline containing 0.5 % BSA 
and 0.05 “/. Twccn 20. The sheets were then successively washed in 
cold (@2’) NaPi buffered saline containing 0.05% Twccn 20 
(45 mink NaPi buffered saline (IO mitt), and 50 mM NaPi bulTcr 
pH 7.4 (IO mm). Nitrate rcductasc was visuaJizcd by staining the 
sheets for pcroxidmc activity for 1530 min. The blots were then 
washed in H,O. dried and stored tn the dark. 

Assclys. Nitrate rcductasc was assayed as previously described 
using NAD(P)H [ 121. reduced methyl viologcn [ 12. 151 or 
FMNHx [ 16].cxccpt FAD (I PM) wasincludcdin thcNAD(P)H 
assay medium. One unit of activity is defined as I pm01 NO; 
produced per min at 30”. Cytochromc c rcductasc was assayed as 
described in ref. [26]. Protein was estimated according to ref. 
[27] using BSA as the standard. Estimates of nitrate rcductasc 
specific activity in crude extracts were based upon the plant 
protein and not the exogenous protein included in the extraction 
but&r to protect the enzyme. All other spcci6c activities were 
based upon total protein in the fraction. In some cxpcrimcnts. 
NADPH purified by reverse-phase high pressure liquid chro- 

matography [ 191 was used to climirbatc low levels of contantin- 
ants present incommercial NADPH. The purified NADPH wasa 
gift of Dr. R. G. Yount. Washington State University, Pullman. 
WA. 

Kincries. Kinetics studies were performed on the Blue A 
particularly purified nttratc rcductasc after the preparation was 
passed through a G-25 column to remove nitrate. K, values for 
NADPH were determined by the method of ref. [ 181. All other 
K, values were dctcnnincd from Lincwcavcr-Burk plots. 
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