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ABSTRAcr 

To detemine the limitlng factors in nitrate 

assimilation in maize and barley, the effects of nitrate on 

l) steady state levels of nitrate reductase activity (NRA) 

and nitrate reductase protein (NRP}; 2) the uptake, 

translocation and accumulation of nitrate in the shoots of 

the seedling plant were examined. Seedlings were grown on 

Kimpack paper containing l, 5 or 20mM KN03 for 7 days at 

20°c (barley) or 28°C (maize). At lmM KN0 the rate of3 

nitrate uptake and the levels of NRA and NRP were higher in 

maize than in barley. In contrast., at 5 and 20mlv1 KNo3 , the 

rate ot uptake, the accumulation of nitrate and the NRA were 

higher in barley than in maize. The results suggest that the 

synthesis of NR is induced by lower levels of nitrate in 

maize relat1ve to barley. In addition, nitrate-nitrogen 

appears to be more efficiently converted to proteins, other 

than NR, in maize than in barley. 

At very low levels of nitrate an inactive NR protein 

was present. in maize. To characterize the inactive NR, maize 

plants were grown under conditions where high levels of NRA 

were detected (vermiculite:sand, l:lw/w, containing lOmM 

KN03) and under conditions where NR was present primarily in 

the inactive form (Kimpack paper:washed sand). Nitrate 

reductase was purified from primary leaves using Blue 
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Sepharose atfini ty chromatography. The column was washed 

with NADH and KN0 in each case. The peaks of NR were
3 

detected using Ibt-inununoblotting, with an antibody prepared 

against maize leaf NR and by assessing the NRA. Active and 

inactive NR forms were found both at the NADH- and the 

KN0 -wash. In the NADH-wash, the inactive NR as compared to
3

the active form, has very low NADH (complete), FMNH
2 

, 

MV and BPB (reductase) activities. Significant levels of 

cyt-c and FeCN (dehydrogenase) partial activitles were 

detected. Similarly, the inactive NR in t.he KN0 -wash, had
3

no NADH (complete), FMNH2 , MV and BPB (reductase) 

activities. Very low levels of cyt-c and FeCN 

(dehydrogenase) NR part1al actlvities were detected, 

compared to the respective activities of the active enzyme 

in the KN0 wash.
3 
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INTRODUCTION 

Nitrogen const.itutes approximately 2 per cent and 

caroon approxirnatelly 40 per cent of the dry weight of 

plant.s. On a world-wide scale it is estimated that 200 

billion t.ons of caroon are fixed annually by photosynthet1c 

processes, Which on a basis of approximate analysis would 

require the 1ncorporation of 10 billion tons of nitrogen. 

Apart from those species that have a symbiotic associat1on 

w1 th n1 trogen fixing bacteria, t.he bulk of the plant 

nitrogen arises from the absorption of ni t.rate and/or 

arnrconium ions, taken up from the soil by plant roots 

(Beevers and Hageman,1969). In well-aerat.ed, non-acidic 

soils the activity of the nitrifying soil bacteria ensures 

that most of the available n1trogen is present as nitrate 

and it is probably true to say that. for higher plants in 

general and crop plants in particular, n1trat.e is the ma1n 

source of nitrogen (Lewis, 1986). 

Although nitrate is the major source of n1trogen 

taken from t.he soil by higher plants, it. is reduced to 

amn:onia prior t.o incorporation into amino acids. In maize 

and barley, the first enzyme in the reduc1ng pathway is a 

nitrate inducible and pyridine nucleotide dependent enzyme, 

nitrate reductase, (NR; E.C. 1.6.6.1), which catalyzes the 

reductlon ot nitrate t.o nitrite. N1tr1te is then reduced to 
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ammonia by the second enzyme in the pathway, nitrite 

reductase (NiR). 

NR is believed to be an enzyme of agronomical 

importance, since recent evidence have shown that its 

act.ivi ty often controls the rate ot protein synthesis in 

plants absorbing nitrate as the major nitrogen source 

(Beevers and Hageman, 1969; Srivistava,1980; Naik 

et.al.,1982). Thus, the elucidation ot its molecular, 

catalytic and regulatory properties is essential to 

understanding nitrogen assimilation (Garner,1979). 

Properties of the nitrate uptake syst.em and its 

distribution in the plant. 

Nitrate is initially taken up by the root system ot 

the plant. Although there is uncertainty about the actual 

concentration ot nitrate and its location within the 

cytoplasm, it is probable that, in plants Which have been 

gra,m in the presence ot nitrate, the nitrate ions are at a 

higher electrochemical potential inside the plasmalemma than 

in the solut.ion outside (Clarkson, 1986) • Therefore, nitrate 

transport is "uphlll" in a thermodynamic sense, a tact. 

reflected in that the process is severly curtailed by 

conditions which inhibit the synthesis of ATP and prote1n 

{Jackson et.• al., 1973; Neyra and Hageman, 1976). In cells 

ot higher plants which have never been exposed to nitrate 
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there is a certain capacity for nitrate uptake refered t.o as 

the consti tut.ive level of the earner system. When cells 

that have not previously rece1ved a n1trate supply are 

exposed to external nitrate, the uptake capacity increases 

after a lag period and reaches a steady state after 4 to 6 

hours. In such cases the activity of the transport system 

can be increased 2- to 5- fold from a constltutive level to 

an induced level (Rao and Rains, 1976; Van de Dijk et. al., 

1982; Breteler and Siegerist, 1984; Sasakawa and Yamamoto, 

1978). When external nitrate is removed from the medium the 

transport activity tends to decrease to the constltutive 

level and this probably reflects the loss of the carrier. It 

is also suggested, that during nitrate starvation there is a 

second process 1nitiated which tends to increase the level 

of the carrier, perhaps the constitutive state of it 

(Deane-Drumrrond, 1984; FUnkhouser and Garay, 1981; Hipkin 

et. al., 1980). Inhibitors of prot.ein synthesis prevent or 

dimlnish induction of the carrier, when provided in the 

outer solution along with nitrate. This has been taken as an 

indication that. induction involves de novo synthesis of the 

carrier in response to nitrate additions rather, than the 

activation of some pre-existing protein (Jackson et. al., 

1973;). Also 1t protein synthesis inhlbitors are added to 

the uptake solution half-way through t.he induct.ion of 

nitrate transport capacity, the rate of uptake falls back to 

the const1 tutive level, indicating that the induced carrier 
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is hlghly labile and may have a half-time as short as 2 to 3 

hours (Neyra and Hageman, 1976). Recent evidence by 

Clarckson (1986) indicates that the level of the 

const1tut.ive carrier is not strongly influenced by puromycin 

treatment, perhaps because this type of carrier is less 

labile. If this is proven to be the case, the constlt.utive 

and induced carrier molecules would appear to be two 

distinct prote1ns. Nitrate uptake is regulated by several 

factors. An important one is the efflux of nitrate from tbe 

cytoplasmic pool, wh1ch is rapid and in many c1rcumstances 

can be a substantial proportion of the net uptake. Evidence 

suggests that net uptake is strongly cont.rolled by the s1ze 

of the efflux, influx being relatively constant. 

(Deane-Drumond and Glass, 1983 I, II; Deane-Drumond, 1985). 

Also ammonium ions exhibit a signlficant effect on the 

uptake system. Net nitrate uptake by root systems has 

frequently been shown to be decreased by the presence of 

ambient ammonium ions. Results from recent experiments 

suggest that ammonium ions present in the uptake medium, 

inhibit nitrate uptake by increasing efflux. There was 

little or no influence of ammonium ions on influx in these 

experiments (Deane-Drumond and Glass, 1983; Deane-Drumond, 

1984; Deane-Drumond, 1985). In certain cases, prior feeding 

with n1trate has resulted in a great reduction ot the 

inhlbitory effect of ammonium ions on the nitrate uptake 

(Ullrlch et. al.,1984) whereas in other exper1ments thls 
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phenomenon has not been observed (Breteler and Siegerist, 

1984). Net uptake ot nitrate is also strongly inhib1ted by 

the amino acids formed during ammonia assimilation (Heimer 

and Filner, 1971; Breteler and Siegerist, 1984). However, 

major differences appear to exist between species with 

respect to which amino acid is the rrost etfective inhibit.or 

of the nitrate uptake. FOr example, in Arabidopsis thaliana, 

arginine severely inhibited nitrate uptake (Doddema and 

Otten, 1979), and in Phaseolus vulgaris cysteine was the 

rrost effective inhibitor of the nitrate uptake (Breteler and 

Arnozis, 1985). Glutamate and asparagine inhibit nitrate 

uptake in Neurospora crassa (Schloemer and Garrett., 1974) 

and in Penicillium chrysogenum (Goldsmith et.. al.,1973). 

Once nitrate is taken up by the root system of a 

plant it can ex1st in at least two compartments within the 

cell. An active metabolic pool, probably in the cytosol, and 

a larger storage pool probably in the vacuole (Schaner and 

Boyer, 1976; Aslam et. al.,1976; Aslam and Oaks, 1975; 

Ferrari et.. al.,1973). The nitrate destined for t.he upper 

parts of the plant or for the conversion to amrronia is 

probably located in t.he metabolic pool of the r(.)(.)t cells 

(Butz and Jackson, 1977; Oaks, 1979; Oaks, 1983). The 

metabol1c pool ot leaf cells conta1ns the ni t.rate that is 

supplied directly by the transport system (Schaner and 

Boyer, 1976). When nitrate is supplied in excess of capacity 

for reduction it is probably transferred to storage pools 

http:inhibit.or
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and In cases of nitrogen starvation, nitrate accumulat.ed in 

the storage pools can be released to the metabolic pool 

(Barneix et.al., 1984: Rufty et.al., 1984: Rufty et.al., 1984: 

Rufty et.al.,1982). The accumulation of nitrate in tissues 

is thought to be governed by the flux into the vacuole, 

since the vacuole represents such a large proportion of the 

cell volume. The factor contruling the partitioning ot 

nitrate between the vacuole and the cytosol and at what rate 

seems t.o r~:spond to the sum of nitrate and chloride ion 

concentrations in the vacuole (cram,1973: cram,1983). The 

release of stored nitrate from the storag~: pools is thought 

to be determined by both the carbohydrate st.atus of the 

cells and light (Aslam and Huffaker,l984: Aslam et.al.,1979: 

Aslam and Oaks, 1975: Aslam et.al., 1976). Nitrate taken up 

by the root system can be reduced by NR present in roots or 

translocated directly to the shoots. The last event is a 

function of the rate at which nitrate ent.ers the roots minus 

the rates by which it is diverted to reduction or to 

accumulation in the vacuole storage pool and these factors 

seem to be species specific {Pate,1973). The release of 

nitrate to the xylem is believed to be strongly dependent on 

the extent of reduction of nitrate by the root NR (Pate, 

1980). Species vary widely in the ability of their root.s to 

reduce incoming nitrate and in some cases a positive 

correlation is generally found between the in vivo or in 

vitro levels of NR of the root and the ratio ot 

http:accumulat.ed
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organ1c-N:n1trate-N in xylem exudate (Atkins et. al.,l979; 

Radin et.al.,l975; Wallace and Pate,l967). carbohydrate 

availability tram the shoot may also be essential in 

regulating translocation of nitrate, especially it 

translocated sugars are limitlng and used preferentially for 

root growth as opposed to energy sources for nitrate 

assimilation (Radin et.al.,l978). Nitrate translocat1on is 

also highly sensitive to temperature and anaerobic 

conditions (Ezeta and Jackson,l975), as well as to 

1nhibitors of ribonucleic acid and protein synthesis 

(Tompkins et.al.,l978; Ezeta and Jackson,l975). 

Purification of NR 

NR has recently been purified tram various higher 

plants such as barley (Campbell and Wray,l983; Kuo 

et.al., 1982), spinach (Nakagawa et .al., 1985; Not ton and 

Hewitt,l979), squash (Campbell and Smarrelli,l978), corn 

(Nakagawa et.al.,l984; Campbell and Remmler, 1986), as well 

as from a number of fungi and algae (De la Rossa 

et.al.,l980; Howard and Solomonson,l982; Solomonson 

et.al.,l975; Solomonson, 1975; Steiner et.al.,l982), thanks 

to the development of improved methodologies such as Blue 

Sepharose affinity chromatography (Thompson et.al.,l975). 

However the properties so far reported tor the enzyme 

purified from higher plants are rather variable, especially 
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with respect to molecular weight and quaternary structure. 

For example, NR from barley leaves was found to have a 

molecular we1ght (M.w.) of 221,000 Da (Kuo et. al. ,1980) 

and a subunit M.w. of 110,000 Da (Kuo et.al.,1982), tram 

squash a M.w. of 200,000-230,000 Da (Campbell et. al. ,1981) 

and subunits of 100,000 Da (Redinbaugh et.al., 1982), tram 

spinach a subunit M.W. of 110,000 Da to 120,000 Da (Nakagawa 

et..al., 1985) and from soybean cotyledons a sUbunit M.W. ot 

98,000 Da (Vaughn et.al.,1984). In1tial reports suggested 

that t.he NR was a trimer (Solomonson et.al., 1975) but recent 

data indicate that the enzyme from Chlorella is a 

homotetramer with dihedral symmetry at high enzyme 

concentrat1ons and a homodimer at low enzyme concentrat1ons 

(Howard and Solomonson, 1982). lvbre recent data suggest that 

NR from spinach is a homodimer (Kuro et.al.,1988). Recent 

studies have provided a st.ronger support to the suggestion 

that NR from Chlorella may be structurally different from 

the higher plant enzyme. A five minute incubation of 

purified corn- or Chlorella-NR with a protease, namely corn 

inactivating protein, gave rise to quite dlfferent products. 

For corn-NR fragments of 84 and 80kDa were produced. With 

Chlorella the products were approximately 68 and 25kDa 

(Poulle et.al.,1987). Limited proteolysis ot c. vulgaris 

nitrate reductase by trypsin gave rise to MV-nitrate 

reductase act1ve species composed of t.etrameric 

heme/molybdenum fragments. In contrast to the spinach 
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nitrate reductase, limited proteolysis ot Chlorella nitrate 

reductase by trypsin did not release fragments active in the 

NADH-cytochrane c reductase act.ivi ty ( Solomonson et. al . , 

1986: Kubo et. al.,1988). 

Immunological cross reactions have been used to 

examine evolutionary divergence of assimilatory NRs. Using 

monospeci f IC anti -NR, prepared with the holoc>geneous enzyme 

tram squash cotyledons and immunoprecipitation and activity 

inhibition assays, Smarrelli and Campbell (1981) compared 

the cross reactivities from seven forms of NR. Wi t.h squash 

NADH-NR as a standard, spinach NADH:NR was found to be 

nearly identical, while corn NADH:NR was closely relanc ~ )}Ut 

not as close as spinach. Soybean NAD(P)H:NR and NADH:NR were 

both distantly related to squash as were c. vulgaris NADH:NR 

and N. crassa NADPH:NR. Also using Ouchterlony double 

diffusion plates, Godlewska and Oaks (personal 

communication) found that barley and rye are more closely 

related to each other than to corn and therefore might be 

expect.ed to have proteins which share a greater proportion 

of canmon epitopes. 

Properties of NR 

Evans and Nason (1952) first showed the pyridine 

nucleotide requirement for the reduction of nitrate to 

mitrite by NR, as well as the presence of FAD as a 

http:expect.ed
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prosthetic group of the NR protein. Tbday NR is known to 

conta1n flavin adenine dinucleotide (FAD), cytochrome b557 

and molybdenum as prosthetic groups. While one or more of 

these cofact.ors have been shown to be components of many 

NRs, quantitative data are available for only a tew enzymes. 

The NR from Ch1ore1la vulgaris is well characterized and has 

one cytochrome b557, one FAD and one molybdenum per NR 

subunit (Howard and Solomonson,1982). The NR from Neurospora 

crassa has two cyt.ochrome b557 and one molybdenum per two 

subunits (Pan and Nason, 1978) • The FAD component of fungal 

NRs is easily dissociated from the enzyme and 1s thus 

difficult to quantitate. On the other hand, the FAD 

component of c. vulgaris NR is tightly associated with the 

enzyme {Howard and Solomonson, 1982; Solononson et. al • , 1975 ) . 

The FAD component of higher plant NRs appears to be t.lghtly 

held, although the addition ot FAD to assays tends to 

stimulate the activity of some plant NRs (Redinbaugh and 

carnpbell,1981). FAD is also found to be useful in 

stabilizing NR during punficat.ion or heat denaturation 

(Redinbaugh and Campbell,1983). The cytochrome component of 

NR was first identified by Garrett and Nason (1967) with N. 

crassa NADPH:NR and has since been identified as a component 

of spinach, barley, tobacco and squash NADH:NR {NOtton 

et.al.,1977; Mendel and Muller,1980; srnarelli and 

campbell, 1983; Somers et. al . , 1982) • Molybdenum is found in 

assoc1ation with NR as a molybdenum cofactor (MoCo). The 
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MoCo is noncovalently bound to the protein, and is essential 

for NR activity and the assembly of subunits (Notton and 

Hewitt,1971~ Ketchum et.al.,1970~ Nason et.al.,1970,1971). 

Recent work has indicated that lVbeo is not a protein 

component but Is a low IOC>lecular weight organic molecule 

related to urothione which is a pterin (Johnson et.al.,1980~ 

Johnson and Rajagopalan,l982). 

Since NR is comprised of at least three oxidation/ 

reduction sites, there are other catalytic activities which 

can be measured: the dehydrogenase and the reductase 

activities (Hewitt and Notton,1980). Dehydrogenase 

activities involve a pyridine nucleotide dependent reduction 

of a var1ety of electron acceptors, including cytochrome c, 

ferricyanide (FeCN), dichlorophenolindolphenol (DCIP), 

whereas reductase activities involve reduced flavins, methyl 

viologen, or bromophenol blue dependent reduction of ni t.rate 

(Smarrelli and Campbell, 1979~ Redinbaugh and Campbell,1983~ 

Hoarau et.al.,1986~ Campbell, 1986~ Solomonson et. al. 

1984, 1986). 

In order to obtain a better insight to a structure

function nodel of nitrate reductase a number of studies have 

been done. Solomonson et.al.(1984,1986), after incUbating NR 

purified from c. vulgaris with various proteases, showed 

that a fragment of M.W. 67 KDa, cleaved from the native 

enzyme, contained IOC>lybdenum and heme bUt. no flavin, and had 

nitrate-reducing activity with reduced methyl viologen as 
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electron donor. Also another fragment ot M.W. 28 KDa was 

cleaved that contained FAD but had no NADH:cytochrome c 

reductase or ni t.rate raiucing activi t1es. From those studies 

the authors were able t.o propose that Chlorella NR has the 

following features: FAD/NADH- binding domains are exposed on 

the surface of the .rrolecule, a protease-sensitive hinge 

region that connects the nitrate-reducing and NADH 

dehydrogenase .rroieties, and the quaternary structure is 

maintained via association sites on the heme/molybdenum 

domain. A similar and .rrore recent. study by Kubo et. al. 

(1988), using NR purified trom spinach leaves and various 

proteases showed that fragments containing .rrolybdenum, heme, 

and FAD were obtained wi t.h estimated molecular weights of 

75, 14 and 28 KDa respectively, and they account for the 

subunit molecular weight of 114 KDa of the intact native 

molecule. The authors also conclude, that the small heme and 

FAD- domains appear to be independent extensions. The actual 

molybdenum, heme and FAD centers may be close together in 

the intact subunit. t.o allow tor electron transfer between 

them. However as in Chlorella the independent domains appear 

to be connected by a protease-sensitive hinge region. In a 

recent study by Crawford et. al. (1988), the sequence of NR 

mRNA fran Arabldopsis thaliana was determined. By comparing 

the nitrate reductase sequence to the sequence of other 

proteins that bind the same prosthetic groups and have 

similar properties, the authors were able to assign a 
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functional domain t.o each of three regions of the protein. A 

molybdenum-binding domain is assigned to the N-terminal half 

ot the protein; the heme-binding domain to the central 

region of t.he sequence, and the FAD-binding domain is 

assigned to the C-terminal third of the protein. 

The regulation ot NR is not yet tully understood. Two 

characteristics of NR contribute to the difficulty 

encountered when trying to study the enzyme's regulation. 

First, the complex structur~ of the enzyme and its well 

known in vitro lability make it difficult to draw meaningful 

conclusions concerning enzyme synthesis and turnover just 

from activity measurments (Campbell and Smarrelli,l986). 

Second, NR is a highly efficient catalyst, with a speci fie 

activity for NADH:NR purified to homogeneity from squash or 

spinach, found to be 100 pmolND2 produced/min.mg protein 

(Campbell,l985; Nakagawa et.al.,l985; Redinbaugh and 

Campbell,l983,l985). Thus, a leaf need contain only a very 

small amount of NR in order to provide adequat.e capacity tor 

r~ucing the available nitrate and in fact it represents 

approximately l-2% of the total leaf protein. 

http:produced/min.mg
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Regulation of NR 

Hageman and Flesher (1960) showed that NR activity 

in corn seedlings was affected by both nitrate and light. 

They found that rates of appearence of NR activity were 

greatly influenced by the previous nitrogen nutrition of 

plants when etiolated plants were greened by exposure to 

white light. The appearence of NR activity was dependent on 

both light and nitrate. Since then, a large number of 

studies have been carried out in higher plants as well as in 

fungi, algae, bacteria (Aslam et.al.,l973: Bahns and 

Garrett,l980: Beevers and Hagernan,l969; Funkhouser and 

Ramadoss,l980: Oaks et..al.,l972,1988; Sorger et.al.,l974; 

Wray and Filner,l970; Zielke and Filner,l971; Duke and 

Duke,l984) establishing that nitrate reductase activity 

(NRA) is induced by nitrate and also that light is required 

tor the maintenance of high levels of NRA in the leaves of 

higher plants and algae. Recent studies, however, indicate 

that in the absence of nftrate, a constitutively functional 

nitrate reducing system is present in certain prokaryots and 

in higher plants as well. Mut.ants with defective NR 

molecules due to a mutation in either the apoprotein gene or 

the molybdenum cofactor gene produce constitutive NR 

independent of nitrate induction (Guerrero et.al.,l98l; 

Mendel et.al.,l986). Thus, how far nitrate is obligatory for 
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the induction of NR remains an enigma. It has been shown 

that there are nitrate inducible (NADH specific) and nit.rate 

independent (NAD(P)H and NADH requiring) forms of NR (Dailey 

et.al.,l982: Campbell and Smarrelli,l986: Streit and 

Harper, 1986 ) • 

The mechanism(s) responsible for NRA modulation have 

been defined in Neurospora crassa (Sorger et.al.,l974: Bahns 

and Garrett,l980: Barry and Garrett,l988) and in Aspergillus 

(Cove and Pateman,l969). Nitrate induces de novo synthesis 

of NR which can account for increases in NRA. wss of NRA 

due to nitrate starvation or the presence of a.rruronium 

results from a repression of enzyme synthesis and from 

protein degradation (Amy and Garrett,l980: Sorger 

et.al.,l974). In tobacco cells in culture, nitrate induced 

de novo synthesis of NR and also accounts for the increase 

in NRA (Zielke and Filner,l971). In Chlorella a 

nitrate-dependent activation of an inactive NR protein is 

observed in addition to a de novo synthesis of the protein. 

There Is a reversible inactivation of NR and subsequent 

decrease in NRA when induced cells are transferred to media 

containing ammonia (Solomonson L.P.,l978). Recently, using 

poly- and monoclonal antibodies raised against NR as well as 

eDNA probes for NR, much progress has been made with regard 

t.o the mechanism of nitrate induction of NR. Somers 

et.al.(l983) showed, for example, that nitrate induction of 

NR in Hordeum vulgare is due to a synthesis of NR protein 
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rather than to an activation of preexist1ng inactive enzyme 

rrolecules. When seedlings of squash were treated with 

nitrate, both the NRA and the protein level were induced in 

the cotyledons (Crawford et.al.,1986). Using a sensitive 

enzyme-linked inununosorbent assay, these results have been 

confirmed in maize and have been shc:Mn to be at the level of 

pcotein synthesis (Remmler and Campbell,1986~ Oaks et.al. 

, 1988) . M::>reover, eDNA tor NR has been cloned for squash 

(Crawford et. al., 1986), barley (Cheng et.•al., 1986) and 

corn (Gowri and Campbell, 1989). Us1ng these pcobes it was 

derronstrated that in the presence of nitrate the steady 

state level of NR-mRNA increases very s1gnificantly. These 

results indicate that the major effect of nitrate is due to 

the induction of new NR rrolecules via gene expression. 

However, recent studies have indicated that nitrate supply 

may also effect mRNA stability (Yamazaki et.al., 1986). Thus, 

the question that becomes obvious is whether a nitrate 

induced appearence of NR transcripts is due to t.he synthesis 

of fresh mRNA, or whether the stability of the already 

existing transcripts is also affected. 

Light has been found to have a strong influence on 

the appearence of NR (Duke and Duke, 1984) . 

However,inducibility of NR by light is minor in the absence 

of external nitrate (Schuster et.al.,1987), and thus it has 

been postulated that nitrate is the inducer proper while 

light only m:xlulates appearence of NR in the presence of 
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nitrate. Etiolated seedlings cont.ain low levels of NR, but 

upon transfer t.o light. there is an increase in NR activity 

(Aslam et.al., 1979: Rao et.al.,1983) and NR cross reacting 

material (Somers et..al.,1983). Using cloned eDNA fragments 

it was found that. light. enhances the steady state levels of 

transcripts tor NR in corn (Gowri and Carnpbell,1989). 

Phytochrome and blue light. have been implicated in mediating 

increases in NR act.ivi t.y in numerous species (Duke and Duke, 

1984). De novo synthes1s of NR appears to be involved. 

Transcriptional regulation of NR mediated by phytochrome has 

recently been observed 1n etiolated squash cotyledons 

(Rajasekhar et.. al.,1988). Initially, the authors showed 

that. the red light. pulses caused increases in NR act1vity 

and NR protein and that. this influence of red light. could be 

reversed by giving a pulse of far-red light, thus 

establishing that the phytochrome system was operating. 

SUbsequently they focused on the act.ion of continuous 

tar-red light which is another way to activate the 

phytochrome system. Continuous far-red light. increased NR 

rnRNA levels relative to etiolated plants kept in dark, but 

these increases were found only in plants given nitrate. 

Thus, it appears that. the phytochrome system is involved in 

a mechanism wh1ch directly influences the levels of NR rnRNA, 

but does not trigger the expression of the NR gene. However, 

higher levels of NR mRNA were found in continuous white 

light. as compared to plants treated with continuous far-red 
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light, whlch indicated that add1tional effects of light 

probably exist over and arove those of the phytochrome 

system. The above results show that nitrate triggers the 

expression while light influences the level of expression ot 

the gene tor NR. Several other factors have been reported to 

aftect NRA, suCh as oo2 (Aslarn et.al.,1979), energy sources 

such as glucose or sucrose (Aslam and Oaks,1976; Sahulka and 

Lisa,1978; Hanisch and Breteler,1981), the availability of 

amino acids, the potential end products of nitrate and 

ammonia assimilation (Oaks,1974; Stewart,l972), proteolytic 

enzymes (Oaks et.al.,1972), various hor:rrone treatments (Rao 

et.al. ,1984) and drought stress (Sivaramakrishnan 

et.al. ,1988). None of these effectors has been studied at 

the molecular level so far. 

Nitrate assimilation as a function of final yield 

The reduction of nitrate to nitrite catalyzed by NR 

is considered by many researchers as the rate limitlng step 

of the nitrate assimilation process, since nitrate 

accumulates in cells when cells have reached steady state 

conditions on a particular nitrate containing medium. Since 

there has been much evidence that high yields in many cereal 

crops are correlated to high levels of NRA (Hageman, 1979; 

Johnson et.al.,1976), it is also considered as the most 

critlcal one in long range goals of increasing nitrogen use 
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efficiency in higher plants. It is the purpose of this study 

to determine whether the above hyp::>thesis is indeed true, or 

if other steps of the nitrate assimilation process, such as 

uptake, accumulation or translocation of nitrate are equally 

critical. For this reason the effect. of low (lmM), medium 

(SmM) and high (20mM) levels of KN0 , a) on the level of3 

NRA, NRP, b) on the nitrate accumulation in the shoots, c) 

on the nitrate accumulation in the xylem sap and d) on the 

uptake of nitrate from the medium, in maize and in barley 

seedlings were examined. The use of different nitrate levels 

added to the system in the comparison between maize and 

barley or between different cultivars of these crops could 

pin-point differences, in any of the steps described above. 

Moreover, in earlier experiments designed to characterize 

the influence of different nitrogen sources on the induction 

of NR in maize seedlings ~Oaks et.al.,l988), it was found 

that even though nitrate additions were necessary for the 

appearance of NRA, a NR protein band appearEd on Western 

blots when seedlings had been given no exogenous nitrate in 

a kimpack paper washed sand system. Since the NRP band had 

approximately 90% the intensity of the one tram plants grown 

with SmM KN03 it looked as if an inactive protein precursor 

was synthesized. In barley, however, NR cross-reacting 

material, as determined by rocket immunoelectrophoresis, was 

not detected in shoot extracts from seedlings grown WIthout 

nitrate (Somers et.al.,l983). Since in corn there is a 
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prominent NR protein synthesized at extremely low levels of 

nitrate and that at higher levels of nitrate this protein is 

activated, the first step and additional purpose of this 

study is to examine any ditterences between the pure enzyme 

in the active and inactive form. The complete and partial 

reactions activities that NR IS known to cat.alyze, such as 

NADH-NR, NADH dehydrogenase activities, including 

cytochrome-c and ferricyanide reductase and the nitrate 

reducing activities, including methyl viologen-NR, reduced 

flavin mononucleotide- NR and bromophenol blue-NR, will be 

used as criteria to initially characterize the differences 

between act.ive and inact.ive NR forms. 



MATERIALS AND METHO.Il5 

I ) Chemicals 

Tris,BSA,DTT,HEPES,NADH,ADH were purchased from 

Boehninger Manheim Canada and FAD, and cysteine from Sigma. 

All the SDS-PAGE and immunoblottmg reagents were purchased 

from Biorad except the nitrocellulose membrane which was 

purchased from Schleicher and Schuell. Blue-Sepharose CL-6B 

was purchased from Pharmacia Fine Chemicals. 

Norilurazon (SAN 9789) was a gift from Zoecon 

corp:::>ration- California. Ni trapyrin (N-serve) was a gift. 

from r:x::M aiEMICAL CANADA INC., Michigan. 

All the other chemicals used were the purest 

available from commercial sources. 

II) Seeds 

Corn seeds (Zea mays cv W64AxWl82E) and the inbred 

lines W64A and Wl82E were purchased from the Wisconsin Seed 

Foundation, Madison, WI. The hybrid lines PAG-SXlll 

(originally from PAG seeds, Division of cargill, Box 490, 

Princeton, Ontario, NOJ lV8), 3925 and 3945 (originally from 

Pioneer Hybrid Ltd., Box 730, Chatham, Ontario, N7M 5Ll) 

were a gift from M.H. Miller, Land Resource Science, U. of 

Guelph. 

21 
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Barley seeds (cv. Bonanza) were donated by Dr. w. 

Crosby, Plant Biotechnology Institute NRC, Saskatoon. 

Soybean seeds (cv. Maple Arrow) were purchased from 

United Co-Operatives ot Ontario, Missisauga, Ontario. 

I II) Growth conditions 

For the nitrate uptake experiments, the maize or 

barley seeds were planted on 0.8% agar made up in 1/10 

Hoagland's salts (Hoagland and Arnon, 1950) which contained 

no nitrate. After 48h in an incubat.or at 28°C, the seedlings 

were transferred to a hydroponic system (1/10 Hoagland's 

salts with no nitrate) for another 7 days at. 16h light-8h 

dark and 28°C for ma1ze or 20°C for barley. 

-1 -2Light intensity was about 70 prnol.s .m . 

Twenty-six_seedlings were transferred to one litre of 1/10 

strength Hoagland's salts. The system was well aerated. At 

this time the seedlings were transferred to a fresh solution 

which contained appropriate levels of KN0 in 1/103 

Hoagland' s salts. Samples of t..he medium were taken 

periodically over the next 48h and were analyzed for 

nitrate. 

For the measurements of the NRA, NRP, and nitrate 

accumulation in the shoots, seedlings were grown on a 

Kimpack paper (Seedburo Equipment Co.,Chicago,Ill.)- washed 

sand system, tor 7days, at 28°C (maize) or 20°C 

http:incubat.or
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(barley). Again the photoperiod was l6h light and 8h dark 

and the light intensity was about 38 pmol/s.m2 . 

Seedlings were irrigated with l/10 Hoagland's salts which 

contained the appropridte level of KN0 • At this time the3 

seedlings were harvested, ground with mortar and pestle in 

liquid nitrogen and stored at -70°C. 

Fbr the nitrate accumulation in the root pressure 

sap, seedlings were grown as above on Kimpack paper-washed 

sand and the last watering was done 30 min. before the 

plants were detopped. 'Ihe stumps were rinsed with distilled 

water, dried, and the root pressure sap was then collected 

for lh. and analyzed for nitrate. 

For the purification of the active-NR, approximately 

2000 maize kernels (Zea mays cv. W64A x W182E) were grown on 

vermiculite:sand (1:1 w/w) and irrigated with 1/10 

Hoagland's salts supplemented with 10mM KN0
3 

. 

'Ihe photoperiod was 16h light-8h dark and the light 

intensity was about 205 pmo1.s-1 .m-2 • After 6 days 

the primary leaves were harvested, ground in liquid nitrogen 

with mortar and pestle and stored at -70°C until use. 

Approximately 200g ot leaf p::Mder were obtained. Fbr the 

purification ot the inactlve-NR, maize seeds were grown as 

described aoove, but on Kimpack paper-washed sand and 

irrigated with 1/10 Hoagland's salts containing no nitrate. 

Fbr the immunoprecipi tation experiments, maize and 

barley were grown on vermiculite:sand (1:1) as described 

http:pmol/s.m2
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above and 7 days later leaves were harvested, ground in 

liquid n1trogen and stored at -70°C. 

Soybean seeds were grown (15 seeds/pot) on Kimpack 

paper:washed sand, at 28°C and irrigated with 

1/10 Hoagland's salts which contained no nitrate for the 

first 10 days. At th1s time the seedlings were irrigated 

with 1/10 Hoagland's salts supplemented with 50mM KN03 . 

The photoperiod was 16h light-Bh dark and the light 

-1 -2intensity was about 205 pnol.s .m • Two days 

later cotyledons and leaves were harvested, ground with 

mortar and pestle in liquid nitrogen and stored at 

For the investigation of the nortlurazon effects, 

soybean seeds were allowed to imbibe in distilled water 

which contained nortlurazon (2pM) as described by Vaughn et. 

al. (1984). After 5h the seeds were then placed on top of a 

kimpack paper:washed sand (hydroponic system) or 

vermicul1te:sand (1:1 w/w) mixture (20 seeds/pot) and placed 

1n a dark growth chamber for three days at 280 C. They 

were then transferred t.o the light tor 4 days, before 

harvesting the cotyledons. During the four days light 

treatment, temperature was 28°C during the day and 

25°C during the night. The photoperiod was as described 

above. Plants grown in the presence of nitrate were 

irrigated, with a 1/10 Hoagland's solution supplemented with 

20mM KN03 . Plants grown in the absence of nitrate, 
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were planted on the Kimpack paper:washed sand system and 

irrigated with 1/10 strength Hoagland's solution which 

contained no nitrate. At seven days the cotyledons were cut 

off, frozen in liquid ni t.r()(Jen and then ground to a fine 

powder with mortar and pestle. The powders were stored at 

-70°C until use. 

IV) Immunoprecipltation procedure 

Crude extracts tram maize and barley leaves and 

either cotyledons and leaves fran soybeans, were incUbated 

in various dilutions with crude corn-NR antiserum 

(increasing amounts of crude-NR antiserum in a constant 

volume of crude extract plus extraction buffer) for 4h or 

overnight at. 4°C. Controls were crude extracts at Oh, 

4h and overnight at 4°C t.o which no antiserum but an 

equivalent volume of extraction buffer was added. Additional 

controls with pre-immune serum were also run. The samples 

were centrifuged in an Eppendorf centnfuge at 10,000 rpm 

for 2 min. at. 4°C, and NR activity in the supernatant was 

determined. 

V) Nitrate Reductase extraction procedure 

NR extraction for maize and barley was performed 

using a IOC>ditied method of Nakagawa et. al., (1984). One gram 

of leaf material was ground in a pre-cooled rrortar with 
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pestle (4°C) in 4ml extractlon butter. The extract1on butter 

·contained 25rnM Tris-HCl buffer ,pH 8.5, lrnM EDTA,pH 7 .0, 20uM 

FAD, lrnM D'IT and lOrnM cysteine. The homogenate was spun at 

10,000 rpm for 30 min., in a Sorval RC-SB centrifuge (DuPont 

Instruments) • An SM 24 or GSA rotor was used. The 

supernatant was strained through miracloth and kept on ice 

until performing NR assays 5 min later. 

NR extraction for soybean cotyledons and leaves was 

performed using the method ot Jolly et. al., (1976). One gram 

of powder was ground as described arove, in 2.5ml ot 25rnM 

potassium phosphate,pH 6.5 or 7.5, lrnM EDTA, 0.2% insoluble 

PVP and 5rnM cysteine until fairly siiOOth. The homogenate was 

then spun at 37 ,500g tor 25 mi"n., the supernatant was 

strained through miracloth and kept on ice. NR assays were 

performed as soon as possible (5 m1n.) after centritugat.ion. 

VI) Nitrate Reductase Assay System 

NR activity for maize and barley was measured using 

the method of Nakagawa et.. al.,(l984). The assay mixture 

conta1ned, lOmM KN0
3 

, 0.65M Hepes bufter,pH 7.0, 

0.5IIM NADH in phosphate buffer (0.04M;pH 7 .2) and enzyme in 

a final volume of l.5ml. The reaction was started by adding 

the NADH. After l5min. at. 28°C it was terminated by 

adding 0.017% (v/v) ADH and 0.0013% (v/v) acetaldehyde. Two 

minutes later lml of 1% sulfanilamide made up in lN HCl was 

added, followed immediately by lml of 0.02% aqueous NED. The 
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absorbance was read at 540nm after 30min. Nitrite 

concentrations were calculated from a standard curve whlch 

contained nitrate, NADH and phosphate in addition to 

nitrite. NR activities were then calculated as nitrite 

produced./h/gfw. 

NR activity for soybeans was assayed as described by 

Campbell (1976). Fbr the pH 6.5 NADH- or NADPH- linked 

activities, the assay mixture contained 80mM KN03 , 

25mM potassium phosphate and enzyme. Fbr the pH 7.5 NADH

linked activity, the assay mixture contalned 10mM 

KN03 , 25ItM potassium phosphate and enzyme. In each 

case the reaction was started with the addition of the 

appropriate pyridine nucleotide 1n a final concentration of 

1mM. After 15min at 28°C the reaction was terminated 

by adding 0.1m1 of 1M zinc acetate. Samples were spun for 

2min. at 10,000rpm. Nitrite content in the supernatants was 

then determined using the colorometric determination for 

nitrite described above (Hageman and Reed, 1980) and from 

this NR activities were calculated as nitrite 

proouced./h/gtw. 

NADH:cytochrome-c reductase was assayed as described 

by Wray and Filner (1970), by monitoring the increase in 

absorbance at 55Unm. The assay mixture conta1ned 0.2ml of 

0.1M potassium phosphate buffer, pH 7 .5, 0.02m1 of aqueous 

2% (w/v) cytochrome-c (horse heart), 0.08ml of 1rnM NADH, 

enzyme and deionized distilled water to a flnal volume ot 
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0 .4ml. NADH was ami t ted fran the control cuvette. One unit 

of NR activity was defined as the anount of enzyme 

catalyzing the reduction of one umol of cyt-c per minute. 

NADH:ferricyanide reductase was assayed as described 

by Solomonson et. al.,{l986), by monitoring ferricyanide 

dependent NADH oxidation at 340nm. The reaction mixture 

contained 0.2m1 of 0.65M Hepes bufter,pH 7.0, 0.2ml of 

3. 75mM p;:>tassium ferricyanide, 0 .lml of SmM NADH, enzyme and 

deionized distilled water to a final volume of l.Sml. One 

unit of NR is defined as the anount of enzyme catalyzing the 

oxidation of one umol of NADH per minute. 

Methyl viologen:nitrate reductase activity was 

assayed as described by Solomonson et. al • , { 1986) . The 

reaction mixture contained O.Sml of O.OSM potassium 

phosphate,pH 7.5 with lmM EDTA,pH 7.0, 0.2ml of O.lM KN03 , 

O.lpmol MV, 0.2ml of 90mM sodium dit.hionite (16mg/ml of 

l90mM sodium bicarbonate) and enzyme to a final volume of 

1.Sml. The reaction was started by adding the di t.hioni te. 

The test tubes were covered with parafilm during the assay 

period. After 15min. at 28°C the reaction was terminated by 

vigorous agitation, in order to oxidize the excess 

dit.hionite. TWo minutes later activity was determined using 

the colorimetric determination of nitrite as described 

above. Nitrite concentrations were calculated from a 

standard curve which contained nitrate, phosphate, EDTA, MV, 

and di thioni te in addition to ni tri t.e. The control tube was 
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incubated as above but without addition of dithionite. One 

um t of NR is defined as the amount of enzyme catalyzing the 

formation of one umol of nitrite per minute. 

FMNH -nitrate reductase was assayed according to2

the method outlined by Wray and Filner (1970), except that 

flushing ot the assay tubes with nitrogen was not necessary. 

The assay was performed in the following manner: 0.4ml ot 

O.lM p::>tassium phosphate bUffer,pH 7.5, 0.3ml of 2mM FMN, 

O.lml of O.lM KN03 , enzyme and O.OSml of deionized distilled 

water were pipetted into the incubation tubes in a final 

volume of lml. The reaction was started by the addition ot 

o.osml of sodium dithionite (lOmg/ml of 95mM sodium 

bicarbonate) into the tubes, which were shaken gently until 

the yellow FMN colour was bleached ( i • e. the FMN was reduced 

to~) and then incubated tor l5min. at 

28°C in unstoppered tubes. At the end of the incubation 

period, the tubes were mixed vigorously on a Vortex mixer to 

reoxidize the ~ to FMN {i.e. mixed until the yellow 

FMN colour reappeared). Nitrite formation was then measured 

as in the assay ot NADH-nitrate roductase. The control tube 

was incubated as above but without the addition of 

dithionite. One unit of NR is defined as the arnount of 

enzyme catalyzing the formation of one umol of nitrite per 

minute. 

Bromophenol blue-nitrate reductase was assayed 

according to a slightly modified method outlined by Hoarau 
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et. al., (1986). The reaction mixture contained O.Sml of 

0.1M potassium phosphate, pH 7.5, 0.2ml of 0.1M KNo3 , 

0.02ml of O.lM EDTA,pH 7.0, 0.3ml of 1.33mM BPS, enzyme and 

deionized distilled water to a final volume of 2ml. The 

reaction was started with dithionite (5mM). After 15min at 

28°C, In order to oxidize the excess of dithionite 

and stop the reaction, the mixture was shaken vigorously for 

l5sec. The control tube was incubated as above but without 

the addition of dithionite and nitrite formation was 

measured as in the assay of NADH-ni trate reductase. One unit 

of NR is deflned as the arcount of enzyme catalyzing the 

formation of one umol of nitrite per minut.e. 

A Perkin-Elmer Lamda 3 UV/VIS spectrophotometer with 

a Perkin-Elmer 561 Recorder was used for the cyt-c reductase 

and FeCN assays and a PYE UNICAM PU 8610 UV/VIS kinetics 

spectrophotometer by PHILIPS-cANI..AB was used when nitrite 

values were determined. 

VI I) SDS-PAGE 

SDS-PAGE was performed using Laemmli's butter system 

(Laemmli, 1976). For this method 4% stacking gels and 10% 

acrylamide running gels were employed. Protein bands were 

stained with 0.1% (w/v) Ooornassie Brllliant Blue R-250 

overnight and destained with several changes of methanol: 

acetic acid: water (5/10/85, v/v/v). Myosin (205 kDa), ~ 
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coli B-galactosidase ( 116 kDa.), BSA (66 kDa.), egg albt.unin 

(45 kDa) and trypsinogen (24 kDa) were used as standard 

proteins for molecular weight estimatior~. 

VIII) Immunoblotting (Western Blot) 

After performing SDS-PAGE, the polyacrylamide gel 

was soaked for 15min. in chilled transfer buffer containing 

15mM Trls-HCl, (pH 8.3)~ 120mM glycine and 20% (v/v) 

methanol. 

Proteins were electrophoretically transferred from 

the gel on to a nitrocellulose sheet at 60V: 0.26Amps for 

4h. The nitrocellulose was blocked overnight with 3% (w/v) 

milk powder ·(Carnation) in TBS buffer (50mM Tris-HCl,pH 7.5~ 

150mM NaCl) • The ant1-NR sert.un prepared fran rabbits 

challenged with a pure NADH-NR prepared from maize leaves, 

was diluted to 1/500 wit.h TBS containing 3% (w/v) milk 

powder and the nitrocellulose was incubated in this solution 

for 3h. The nitrocellulose was then washed with TTBS tw1ce 

for 15min. and incubated with a second antibody (alkaline 

phosphdtase conjugated goat _anti-rabbit) diluted 1/3000 in 

TBS for lh. After two washings with TTBS, the protein bands 

on nitrocellulose were detected using alkaline phosphatase 

activity at 37°C for lOmin. The reaction mixture 

contained O.lml of 2M MgCl , 5ml of NBT (lmg/ml ot O.lM 

Tris-HCl,pH 9.2), 0.5ml BCIP (5mg/ml of DMF) and 45ml of 

O.lM Tris-HCl,pH ~.2.(Hibi and Salto,l985). 
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A Hoffer Scientific transmittance/reflectance 

scanning densitometer (Model GS 300) was used to obtain 

dens1ty readings of the NRP bands. An aliquot purified 

NADH-NR was used as an internal standard in each run. 

IX) D:>t-immunoblotting 

D:>t-immunoblotting was performed as described by 

Jahn et. al. (1984). A grid of squares (1xl em) was drawn on 

nitrocellulose membrane tilt~rs with a soft pencil. Sheets 

with 96 squares w~re used. The sheets were rinsed tor 5min. 

in distilled water and air-dried immediately before use. 

Each sample was adjusted to a SJX)t.ting volume ot 20 ul and 

SJX)tt.ed in three 6- to 7-pl I_X)rtions on the center of a 

square. All subsequent steps were carried out at room 

temperature. The sheets were fixed for 15min. in 10% 

(vol/vol) acetic acid/ 25% (vol/vol) isopropyl alcohol, 

rinsed several times with distilled water, and pre1ncubated 

for 5min. in Tris-buffered saline (50mM Tris-HCl,pH 7.57 

150mM NaCl) • The sheets were then incubated tor 1hr in 

"blocking solution" consisted of 3% milk powder in TBS. '!he 

rest. of the procedure was the same as for the immunoblott.ing 

procedure (Western Blot). 

X) Purification of Nitrate Reductase 

NR was puri tied by a method described initially by 

Nakagawa et. al. (1984). Frozen corn primary leaf powder fran 

http:SJX)tt.ed
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6-day old seedlings was thawed tor lOmin at 4°C and 

hOIIKJgenized in a blender in 25mM Tris-HCl, pH 8.5, 

containing lrnM EDTA, pH 7 .0, lOrnM cysteme, 20pM FAD, lmM 

DIT, lOr leupeptin and 1% (w/v) BSA (Butter A). One hundred 

grams of powder were ground in 400ml of buffer. The 

honogenate was filtered through 4 layers ot miraclot.h and 

cheesecloth and centrifuged at 8,000 rpm for 40min. The 

resulting supernatant was treated with solid ammonium 

sulfate t.o give 45% saturation. After 40min centrifugation 

at 8,000 rpm the resulting precipitate was collected and 

dissolved in modified butter A, where BSA was emitted and 

cysteine and IJIT were replaced by liiM 2-.ME (buffer B). The 

volume was adjusted to one third of the volume of the crude 

extract. The protein sample was then mixed with BS, 

previously equilibrated with buffer B, tor 3h at 4°C. 

At this time the mixture was loaded on the column slowly. 

After washing the absorbed protein overnight with butter B 

the column was treated with a linear gradient ot NADH 

(0-lOOuM) to elute the NADH:NR form (NRl). After another 

wash with buffer B overnight, the BS column was treated with 

0.3M KN03 in buffer B to elute the ND3:NR form 

(NRli). Tb prevent inactivation of NR, fractions were 

collected into tubes which contained 0 .lml of 1M KN0 •3 

The fractions possesing high NR activities were pooled and 

concentrated by means of a dialysis against glycerol. 

Spectra/Por moleculaporous dialysis m~anes by Spectrum, 
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model 132700 Spectra/For 4, MWCO 12,000-14,000) were used 

for thls purpose. 

XI) Nitrate assay sysr.em 

Nitrate in the liquid media ot the uptake system, 

the xylem sap and the shoots was measured by the salycilic 

acid method of cataldo et. al.(l975). 

FOr the determination of nitrate in the root 

pressure sap or t.he liqu1d med1a 0 .lml sample was mixed w1 th 

0.4ml of 5% (w/v) salycilic acid in concentrated sulphuric 

acid. After 20min at roam temperature, 9.5ml of 2N NaOH were 

added slowly. The test tubes were cooled for lh at room 

temperature and then the absorbance was read at 410nm. 

Fbr the determination of tissue nitrate, 400mg of 

finely ground frozen shoot powder and 400mg of c11arcoal were 

added in lOml deionized distilled water and boiled for 

lOmin. Control samples contained charcoal only. At th1s time 

the mixture was filtered through Whatman 1 filter paper and 

the til trate was made up t.o 20ml. The nitrate assay was done 

on O.lml of tlltrate as described above. 

XII) Protein Determination 

Protein concentrations were determined by the 

Bio-Rad dye-binding microassay procedure, using BSA as a 

standard. 

XIII) Amiron1a Determinat.ion 
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The ammonia levels were determined using a modified 

method of Kaplan (l%5). The reaction was initiated by 

adding successively 200pl of sample, lml of O.l7mM Na 

n1troprusside in l% (w/v) phenol, lml of a solution 

containing O.l25N NaOH, 0.25M Na2HP04 in 0.03% (w/v) NaOCl. 

The reaction was mixed vigorously on a Vortex mixer and 

incubated in a water bath at 37°c for 30 m1nut.es. 

The absorbance was read at 625nm. Blank and standard assays 

with knCMn concentrations ot NH4cl were made up with 

O.lN HCl and were measured with each set of unknCMnS. 

http:m1nut.es


RESULTS 

I) Effect of Norflurazon (SAN 9789) on the levels of NRA in 

soybean cotyledons (cv. Maple Arrow) 

Norflurazon is a pyridazinone herbicide which causes 

chlorophyll bleaching under continuous white light 

conditions. Duke et.al. (1982) treated soybean seeds (cv. 

[Glycine rnax(L) Merr]) with norflurazon, by inbibing 50 

seeds in a 2 pM nortlurazon solut1on for 5 hours. They were 

then allowed to grow for 3 days in the dark followed by 4 

days in the light. 'Throughout the growing period the 

seedlings were irrigated with Hoagland's salts supplemented 

with 20mM KN03 . They found that the levels of the 

pH 7. 5 NRA from norflurazon treated plants increased at a 

more rap1d rate in the controls than in the initial 1-2 day 

period of white light treatment. The increase was nearly 

linear from 2 to 4 days and after 4 days roached a level of 

about three-fold higher than in the controls. Higher levels 

of NRA suggested that there could be higher levels ot NR 

protein and perhaps higher levels of NR specific mRNA. Since 

the overall objective of my project was to identity the DNA 

sequence coding tor NR and construct a genomic clone, it 

seemed that this could be a good system tor isolating the NR 

mRNA and subsequently preparing the eDNA from it. In my 

36 
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experiments i) seeds treated with nortlurazon were grown in 

the presence or absence of nitrate, in order to more 

specifically define the role of norflurazon and nitrate on 

the al::x:>ve phenomenon. Control plants with no nortlurazon 

were grown under similar conditions. ii) The activities of 

all three isoforms of NR existing in soybeans (Streit 

et.al.,l985) were examined. The results are presented in 

Table I. In the control plants grown in the absence of 

nitrate, considerable NRA levels for all three enzymes were 

detected, reaching up t.o 60% of the NRA levels from plants 

grown in the presence of nitrate. Also all three enzymes 

responded t.o n1 t.rate, but. more noticable was that. of the pH 

7.5 NADH-NR, which is designated as the "inducible" form and 

is probably closely related to NRs tram other higher plants. 

The other two forms, pH 6. 5 NADH-NR and pH 6 • 5 NAD ( P) H

bispecific NR have been designated as "constitutive" 

isoforms by Nelson et..al. (1983). Slmilar levels of activity 

in the absence of nitrate as well as the response t.o nitrate 

of all three enzymes, were observed in earlier experiments 

by Streit. et.al. (1985) and Robin et..al. (1985). In my 

system, plants grown in the absence of nitrate had 

significantly lower levels of NRA. Additions of norflurazon 

in the presence of nitrate resulted in even lower levels of 

NR and not. t.o a superinduction of NR as had been expected 

from Duke's results (1982) for all three enzymes were 

detected. When nitrate was added a similar response as in 



Table I: Effect ot nortlurazon on the NRA in soybean 

cotyledons. Seeds were imbibed in a 2pM norflurazon 

solut.ion or distilled water for Sh and then grown 

on vermiculite:sand (1:1 w/w) or kirnpack 

paper:washed sand tor three days in the dark and 

4days in the light. Plants were irrigated with 1/10 

Hoagland's salts containing no nitrate or 

supplemented with 20mM KN0 where necessary.3 

Values in brackets are percentages ot the 

respective NR activities from control plants grown 

in the presence ot nitrate, wh1ch are considered as 

100%. 
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Treatment. 

-nortlurazonl6.5 NADH-NR 

+NO) 16.5 NADPH-NR 

17 • 5 NADH-NR 

-norflurazonl6.5 NADH-NR 

16 • 5 NADPH-NR 

17. 5 NADH-NR 

+nortlurazonl6.5 NADH~ 

+NO) 16.5 NADPH-NR 

17. 5 NADH-NR 

+norflurazonl6 .5 NADH-NR 

-NO') 16 • 5 NADPH-NR 

17. 5 NADH-NR 

NRA 

69±3.5 (100) 

55±1. 2 (100) 

40±1.1 (100) 

34.5±1.2 (SO) 

33 ±1.1 (60) 

16.5±0.8 (41.25) 

18 .±0.9 (26) 

18 .±0.7 (32.5) 

16.5±0.3 (41.25) 

7.5±0.4 (11) 

9 :!::!).1 (16) 

3 ±0.3 (10) 
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t.he control plants was observed, but still the NRA levels 

were significantly lower than those expected on the basis of 

Duke's experiments. In addition when seeds were treated with 

various concentrations of norflurazon such as 0.01, 0.1, 1, 

2, 5, 10pM, no increase of NRA was observed, compar.:d to 

control treatments. Similar results have been obtained by 

Deane-DrurnJOC)nd ( 1980) , where low NR act 1vi ty was detected in 

norflurazon bleached leaves of barley. Rajasekhar and M:>hr 

(1986) also reported that photooxidative damage to plastids 

caused b¥ exposing etiolated norflurazon-treated mustard 

seedlings t.o white light resulted in alltK)st 50% inhibl t10n 

of NR inducibility after 0.5 hours of photooxidative 

treatment. 

In an elect.ron microscopy study, using irnrnuncgold 

staining procedures, NR was associated with the cell walls 

in norflurazon treated plants either in the presence or 

absence of nitrate. The cell membranes in those sections 

were extensively damaged by the norflurazon treatment. In 

control plants NR was associated with the plastids. Since 

results obtained were significantly different than those 

reported by Duke (1982), such as no increase in NRA and 

cells extensively damaged under the treatment with 

norflurazon, this project was terminated. 
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II) Comparison of Nitrate Reductases tram maize, barley and 

soybean 

1) Immunoprecipitation experiments 

Immunoprecipitation procedures were employed to 

compare immunologically, the similarity between maize leaf 

NR and other assimilatory NRs tram barley leaves, soybean 

leaves and soybean cotyledons. More particularly it. was 

important to determine how strong the antil:xxly (maize leaf 

NR antiserum)- antigen (different NRs) r~ct.ion was, so that 

NR protein made in vitro could be identified by the 

antibody, when heterologous systems are used. 

Crude extracts tram the above s~ci~s were incubated 

with increasing amounts of crude NR antiserum prepared 

against corn leaf NR at 4°C for either 4 hours or overnight. 

Controls using non-immune serum were also tested. The 

results are shown in figures LA, 1B, 1C, 1D. 

In maize after 4 hours and between 1/1000 and 1/500 

antiserum dilutions an activation of NR is observed. At 

lower dilutions a continuous loss of NRA is seen and the 

equivalence point where 95% inhibition of the initial enzyme 

activity occurs, is reached at. 1/100 antiserum dilution. 

After 16 hours (overnight) 45% of the initial enzyme 

activity was lost in t.he controls, there was no activation 

of NR at higher dilutions but the equivalence point. was 

similar to t.hat obtained at 4 hours. When controls using 



Figure 1. lmmunoprecipitation curves of NR from corn leaf, 

barley leaf, soybean cotyledon and soybean leaf. Crude 

extracts were incubated with crude corn-NR antiserum and at 

var1ous dilutions, at 4°C, for either 4h (x---x) 

or overnight (o-o) for corn and 4h (x---x) for .barley 

leaves, soybean cotyledons and soybean leaves. Controls 

using non- immune serum were tested by incubating crude 

extracts with serum at 4°C and at various dilutions for 

4h {___. ) or overnight (c~) for corn leaves and for 4h (.-. 

for barley leaves, soybean cotyledons and soybean leaves. 

A zero time· sample where no serum of any kind was added is 

considered as 100% and percentage values of NRA remaining at 

the supernatant after centrifugation have been calculated 

relat1ve to t.hat. Fbr the corn leaf the 100% corresponds to 

a NRA value of 10.56 pmoles N02/h/gtw, tor barley it 

is 16.15 pnoles N02/h/gfw, tor soybean cotyledons it 

is 3. 7 pmoles N02/h/gfw and for soybean leaves it is 

13.2 pmoles ND2/h/gfw. 
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non-immune serum were tested, after 4 hours no activation of 

NR in nore dilute serum was observed. Also there was no loss 

of activity either in the controls (no serum added) or in 

any of the dilutions tested. With the overnight period 

however 45% of the initial enzyme activity was lost in the 

control treatment. No further loss of NRA was seen in any of 

the serum dilutions. 

In barley, 20% of the initial NRA was lost by 4h. 

Even so an activation of NR was observed at anti-serum 

dilutions between 1/1000 and 1/100. The equivalence point 

was reached at 1/10 dilution. When non-immune serum was used 

as control, again a 20% loss of NRA was observed after 4h 

but no activation or inhibition in any serum dilution is 

seen. 

In soybean leaves approximately 5% of the initial 

NRA was lost after a 4h incubation, but as with maize the 

activation of NR takes place between 1/1000 and 1/500 

antiserum dilutions. At higher concentrations ot antisera an 

inhibition of NRA was observed. The equivalence point was 

observed at a dilution of 1/10. No activation or inhibition 

was observed when non immune serum was used. 

In soybean cotyledons, 10% of the initial NRA was 

already lost after 4h. No activation of NR was observed at 

low concentrations of antisera. However a plateau was seen 

at antisera dilutions between 1/1000 and 1/50. One might 

expect this result since It Is known that the activities of 
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at least two different enzymes ar~ act1ve in the reduction 

of nitrate (Nelson et.al.,l985). 

Fran these results it can be concluded, that all 

four forms of assimilatory NRs studied here, have some 

antigenic determinants in cornm:::>n. However, fran these 

results it is also clear that when one is looking for the 

expression of a NR protein, as for example, with messenger 

RNA in an in vitro translation system, a homologous system, 

i.e. maize NR antiserum against a NR prot~in made fran maize 

rnRNA in vitro, might be expected to be much more sensitive 

than an heterologous system, i.e. ma1ze NR ant1serurn against 

a NR protein made from barley rnRNA in vitro. 
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III) Effect of nitrate and amm:::>nium ions on the induct.ion of 

NR protein and NR activity. 

In earlier experiments designed to characterize the 

influence of different nitrogen sources on the induction of 

NR in maize seedlings (Oaks et.al., 1988), it was observed 

that although nitrate additions were necessary for the 

appearance of NR activity, an NR protein band appeared on 

Western Blots when seedlings were grown on "Kimpack" paper

washed sand system or on well washed sand alone in the 

absence of exogenous nitrate. However, it is difficult to 

prove that no nitrate is present in a system when no ni t.rate 

is.added. In order to clarify this point and to define the 

system in more det.ail, the experiment described in Table II 

was performed. The results show that When no nitrogen was 

added exogenously, with the hydroponics no NRA. was detected 

and the level of NRP was almost at a background level, 

whereas with kimpack, the activity was very low bUt 

significantly higher levels of NRP were detected. When 5mM 

KN03 was added, significant levels of NRA were 

obtained with both the hydroponics and the kimpack systems. 

With NH4cl and a hydroponic system low levels of NRA 

were detected bUt the NRP band had 50% the intensity of the 

band with nitrate alone. Addition of both nitrate and 

a.mrronium ions resulted in a slightly enhanced NRA level but 

no slgniticant incr~ase in NRP. With NH c1 and in
4
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kimpack no NRA is detected but. the NRP band had 95% the 

intensity of the band with nitrate alone. These results 

suggest. that l) there could be contaminant ni trat.e in the 

kimpack treatment. and in t..he NH4cl solution, and that 

that level of this nitrate is sufficient. to induce the 

synthesis of an inactive NRP, or 2) that. some unkna..m 

fact.or(s) could be responsible for the induction of the 

protein. 

In order t.o test. the first hypothesis the following 

exper1ments were performed. Initially nitrate and ammonium 

ions were measured in ten times concentrated samples of the 

different solutions summarized in Table III. It can be seen 

that nitrate ions are not detected in kimpack extracts or 

NH4cl solution. However, ammonium ions in extremely 

low levels were found in solutions that wer~ collected from 

hydropon1c or kimpack treatments where plants had gr~1 tor 

7 days. These ammonium ions could be converted continuously 

to yield extremely low levels of nitrate and could, after 

absorption by the plant, account. tor the detection of 

nitrate in the xylem sap in the no nitrogen treatment (Table 

IX). SUbsequently this nitrate could trigger the synthesis 

of an inactive NR protein. It is possible that certain 

microorganisms, converting ammonium to nitrate, could be 

responsible. For that reason, the chemical compound N-serve 

(nitrapyrin) was used for the experiments summarized in 

Table II. Nitrapyrin has been developed as a compound 



Table II: Effect of nitrate and arnnonium ions on the 

induction of NR activity and NR protein; influence of 

N-serve. Solutions were made fresh every two days, since 

N-serve is very volatile and unstable under light 

conditions. N-serve was dissolved in the watering solutior~ 

at a concentration of 40p.p.m. Maize seedlings were grown on 

kimpack paper: washed sand system tor 7 days and were 

irrigated w1th 1/10 Hoagland's salts supplemented with the 

respect1ve nitrogen source described in the table. For the 

hydroponics experiments maize seeds were grown on agar, made 

up on l/10 Hoagland's salts containing no nitrate, for 48h, 

and then transferred tor 7 days to a l/10 Hoagland's salts 

solution supplemented with the respective nitrogen source. 

They were allowed to grow in a light/dark (l6h/8h) regime 

tor 7 days. 

1. 'll'le densi taneter reading tor the 5mM KN0 treatment was3 

7642units for the kimpack and l2444units tor the hydroponics 

system. For the 5mM KN03+ N-serve in kimpack the value was 

24984units and in hydrqpon1cs 30194units. These values were 

set at 100 so that the relative values could be calculated 

for levels of NRP for the rest ot the treatments. 

2. No activity was detected. 



Treatment 

!f!!!!E~~~ 
No nitrogen
No1 nitrogen+N-serve 

5mM IGfO 
5mM KNOj+N-serve 

5mM NH C]
5mM Ni1Cl+N-serve 

tll~~~E£~!£~-~l~~~m 

No nitrogen
No nitrogen+N-serve 

5mM KNO 
5m.M KNOj+N-serve 

5mM NH Cl 
5nill1 NH1Cl+N-serve 

5mM KN03+5mM ~Cl 
5mM KN0~5mM N 4c1 

+N-se e 

NRA 
(pmo:lesN02 ..h=~gfw-t 

0.79±.11 
0 .. 25±.08· 

6.05±.43 
6 ..06:1:. 59 

N.n.1 

N.D. 

N.D. 
N.D. 

12 •.70±..66 
11.49±.20 

0.98:±.0·2 
o.3a±.o9 

13 .20±.78:· 
11.15•±..43 

NRP 
(arbitrary

units) 

89..0 
85.0· 

100:·.01 

100.0 

95.0 
91.0 

8.0 
10.7 

100.0. 
1oo.a 

49.2 
52.0: 

55.4 
58 ..6 

No
(shoJt-leaf pow1er)
(pmolesNOj •.gfw

16.70±.53 
11.58::1:.29 

47 .. 50±1.68 
43. 81±1.42 

12.30±.34 
101..33±.18 

9.70±,13
9.38±.16 

58. 8:0±1 .8'J 
62.70±.1.95 

8:. 60±.25· 
9.94±.62 

63.20±1.89 
64.)5.±1.75) 

.p.. 
l.p 

http:64.)5.�1.75
http:63.20�1.89
http:9.94�.62
http:9.38�.16
http:12.30�.34
http:11.58::1:.29
http:100:�.01
http:o.3a�.o9
http:11.49�.20
http:6.05�.43
http:0.79�.11


Table Ill. Nitrate and amrronium ious concentrations in the 

various media. A) Nitrate and amrron1um ions in sand and in 

kimpack paper were measured after extraction with the 

boiling procedure, used for nitrate assays. 400mg sand or 

kimpack paper were used in each case. Samples were 

lyophilized and resuspended in l/10 ot the original volume. 

B) Nitrate and amrronium ions levels as measured in fresh 

solutions. C) ,D) Nitrate and amrronium ions levels measured 

in solution samples collected from hydroponic (C) oc kimpack 

(D) system, after plants were grown tor 7days on them. In 

B) ,C), and D) samples were also lyophilized and resuspended 

in l/10 of the original volume, before nitrate and amrronium 

ions were measured. 

1. N.D.: not detected. 
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§~!:!!~~~~ mr+(mM)4,_~<Sl~J-
A) sand N.D.t N.D. 


kimpack 
 N.D. N.D. 
IM NH Cl 9,865:.t:I38.N.D.'4

B) No nitrogen N".D .. N.D. 
No nitrogen+ N.D. N.".ll. 

N-serve 


5mMKNO 48!.-5±!.6 N.D. 
5mM mo3~ 4-7 ..6%! ..3 R-.n. 
N'-serve 

5ml'ri N:H Cl N.:D. 46.8:t.I.I 
5NH4Cl+4N-s-erve N.D. 47.35::1:!.2 

C) !!l~!:~E2!1!£~ 
~l~!~~-

No nitrogen N.D. 0.05-±..003 
No· nitrogen+ N.D. 0.03±.006 

N-serve 

5.m1.f KNO 7.2I:t:.68 U.II.i:.OIO 
5ml'YI mo3~N-serve 6.&5:t.36 o.o&-±.005· 

5mM NH .Cl. N.D. I0.34±.8J5 
5mM rm: 6i..rt'-serve N.D. 12.:2?±.324
D) ~~§:£!£ 

N'o nmtrogen N.D. 0.22±.03 
N'"o n-i:tro-gen+ N.D. O.I5:t:.OI5 

N'-s-erve 

5mMKNO I.7I:t;.20 0.29±.025
5mM KN03~-serve 2.I):J:.I4 0.24±.0! 

5mM NH Cl N.D. ) ..!0:*.25
5mM NH46i+N-serve N.D. 2.73±.!8 

http:2.I):J:.I4
http:I.7I:t;.20
http:0.22�.03
http:12.:2?�.32
http:6.&5:t.36
http:7.2I:t:.68
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additive to delay nitrification of ammoniacal and urea 

ni tr03'en fertilizers in field condi tiorlS. The chemical is 

selectively active against Nitrosomonas spp. bacteria, the 

organism responsible tor conversion or nitrification of the 

a.ItliiOnium ion to nitrite ion in soil. The results for the 

treated plants are almost the same with those for the 

untreated plants. In the no nitrogen treatment in the 

kimpack system, lower NRA but significantly higher levels of 

NRP were detected, whereas in the hydroponic system no 

activity and only traces of NRP were observed. When nitrate 

was added, again higher levels of activity were obtained 

with the hydroponic than with the kimpack system. With 

NH4Cl lower activity was detect.ed in hydroponics and 

the NRP band had 52% the intensity of the band wit.h nitrate 

alone, whereas in kimpack it was at 90%. Since N-serve was 

used at the highest effective concentration recommended, 

microorganisms involved in the conversion of ammonium to 

nitrite should have been eliminated. 

Since in the hydroponic system low levels of NRP are 

detected when no nitrogen source is used, I assume despite 

the negative results of Table III, that low levels ot 

nitrate are contaminating the kimpack system and the 

treatments where NH4cl is the soul source of nitrogen. 

http:detect.ed
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IV) Regulation of nitrate assimilation 

The reduction ot ni trat.e to nitrite catalyzed by NR 

is considered by many scientists to be the rate limiting 

step of the overall assimilation process (Harper and 

Hageman, 1972; Neyra,1986). Preliminary experiments (Martin 

et.al. ,1983) indicat.ed t.hat c3 cereals (barley and 

wheat) accumulated higher levels of nitrate than did 

c4 cereals (maize and sorghum) . However, contrary 

to our predictions, subsequent experiments showed that 

nitrate reductase activity was also higher in barley and 

wheat than in corn while total soluple protein (Lowry test) 

was higher in com and sorghum (Oaks et.al., unpublished 

data). In order to examine if the nitrate reduction reaction 

or otl1er steps involved in the nitrate assimilation pathway 

could also be limiting this process, the effect of low 

(lmM), medium (SmM) and high (20mM) levels ot KN03 

a) on the NRA and NRP levels, b) on the accumulation of 

ni trar.e in the shoots, c) on the accumulation of ni trat.e in 

the xylem sap and d) on the uptake of nitrate from the 

medium, in maize and barley seedlings were examined. 

http:indicat.ed
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l) Effect ot different nitrate levels on the NR activity and 

NR protein in barley and maize. 

Initially, levels of NRA and NRP were compared in 

barley ~1d maize seedlings grown on different levels of 

nitrate. When no nitrate was added to the system very low 

levels of NR activity were found in extracts prepared from 

either barley or maize (Table IV). When NR protein levels 

were examined, the putative NR protein band ( 116 kDa) , was 

Irore appar.:nt. in maize t~ in barley in the no nitrate 

treatment. The levels of NRP and NRA are higher in maize 

than in barley, when low levels of nitrate (lmM) were used. 

In barley the level ot both the NR protein and NR activity 

increases with increasing levels of added nitrate, in the 

range of l-20mM KNo3 • With maize, on the other hand, 

the level of NRP is almost the same at all concentrations of 

nitrate tested. Similarly there were only minor increases in 

NRA in maize, when levels of external nitrate were increased 

fran l to 20mM. These results suggest. that the synthesis of 

NRP and the expression of its activity is more sensitive to 

low levels of KN03 in maize t~ in barley. With 

higher levels of nitrate (5 or 20mM) the response 

differential tor the induction of NRP and NRA is much 

greater in barley (approximately 2.5 times) than in maize. 

Barley seedlings also accumulated more nitrate in shoot 

tissue at 5 and 20mM KNo3 than did maize seedlings. 



Table IV. Effect of different levels of nitrate on the 

appearence of NR activity, NR protein and nitrate 

accumulat.ion in extracts prepared from the shoots of maize 

{W64xW182E) and barley {var. Bonanza) seedlings. Seedlings 

were grcwn on kimpack paper tor 7 days, at 28°C tor ma1ze 

or 20°C for barley and irrigated throughout the growing 

period with 1/10 Hoagland's salts supplemented with the 

appropriate levels of KN0
3

. 

The 100 value for barley was 2564 and for maize 7642. 



Species KNO (mM)
3 

NRA 
(pmoles·Nd.g:rw-) 

0 0>.4;4±..09 

Barley
(var. Bonanza) 

I 

5 

I ..56±.32 

6..56:.t.5.I 

20 !4.50±.8!9 

Maize 0 0 .. 34±..05 
(W64AxWI82E) 

I 3 .. 22±.63 

5 4 ..67:t..49 

20 5.03.*.. 23 

N!RP 
(arbd.t.rary units) 

5· ..801 

I5 .. 60 


IOO:..OO 


248'..00 


89 


95 


IOO 

IIO 

NO~ .~
(pmol sNOj.gfW) 

I6 .. 5±0.. 53 

29l.. 6:t0.. 92 

I02. 6.~ ..8~I 

I69.0±3.62 

!6.9±0.6.8 

2·6.. 3!t0.8 5i 

46 .. 2±I.I4 

76.8±2.3! 

V1 
+:
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In order to determine whether the responce was unique to the 

specific maize cultivar (W64AxW182E) and to the barley 

variety (var. Bonanza) chosen for this experiment, or if 

this observation was a general difference between these two 

cereals, additional maize cultivars and barley varieties 

were tested in the same way. Several maize cultivars tested 

show a response similar to that seen with the standard 

hybrid (W64AxWl82E) • That is NRP levels ranging between 49% 

and 89% of the 5mM KN03 treatment were detected in t.he 

no nitrate treatments. Minor increases in NRA. or NRP were 

observed when levels of added nitrate were increased from 5 

to 20mM (Table V). With the various barley varieties on the 

other hand very low levels of NRP were seen in the no 

nitrate treatment and with 5 and 20IIM KN03 , NRA and 

NRP levels show a large increase, as was seen with the 

Bonanza cultivar (Table VI). 

From the abOVe results it can be concluded that, with 

respect to the synthesis of NR protein and the expression of 

its activity the type of response to different KN03 

levels between maize and barley is a general pattern between 

the two cereals, with maize responding better at low levels 

and barley at higher levels of KNo3 . 
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2) Effect of different nitrate levels on the accumulation of 

nitrate in the sl"O)ts from maize and barley seedlings 

Looking for the plant that would use nitrate rrore 

efficiently, the etfect of different KN0 additions on3 

the distribution of nitrate in the plant was examined. 

Nitrate accumulation in the shoots was measured when the 

seedlings were watered with l(low), 5(medium) and 20mM KN03 

(high). The seedlings were grown on kimpack paper. 

As shown in Table IV, ni trat.e accumulat1on was similar in 

barley and maize, when no or very low levels of KN0
3 

( lmM) were added to the system. When seedlings were watered 

with 5 or 20mM KN03 , barley shoots acc-umulated 

higher levels of nitrate than maize shoots. In order to 

determine whether this was a property of maize(W64AxW182E) 

and barley(var. Bonanza) only or this was a general trend 

between the two species, additional ma1ze cultivars and 

barley varieties were examined. Essentially the results with 

various maize cultivars (Table V), show that when no nitrate 

or 5 and 20mM KN03 are added to the system, similar 

levels of nitrate, as with W64AxWl82E, are accumulated in 

the shoot tissue. The exceptions are the cultlvars 

Pioneer-3925 and -3945 which show the lowest accumulation of 

n1 trat.e in any of the treat~ents tested. These cultivars 

might therefore have a better capacity in driving this 

nitrate to protein synthesis. The results w1th various 



Table v. Effect ot different levels of nitrate on the 

appearence ot NR activity (pnolesN02/h/gfw), NR protein 

{arbitrary units) and nitrate accumulation 

{pmolesNO).gfw-1 ), in extracts tram the shoots of 

various maize cultivars. Seedlings were grown on kimpack 

paper:washed sand for 7 days, at 28°C and 1rrigated with 

l/10 Hoagland's salts supplemented with the appropriate 

levels ot KN03 , throughout the growing period. 

The 100 value tor W64A was 7583, tor Wl82E was 7932, for 

W64AxWl82E was 7642, tor PAG/SXlll was 8352, tor 

PIONEER-3925 was 9133, and for PlONEER-3945 was 9535. 

{Patricla Liaw and Lesslie Cass performed some of the assays 

presented in this table). 
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Table VI. Effect ot different nitrate l~vels on the 

appearance ot NR activity <pnolesN02/h/gfw), 

NR protein (arbitrary units) and nitrate accumulation 

(prnolesNO)/gfw), in extracts prepared from shoots 

of various barley varieties. Seedlings were grown on kimpack 

paper:washed sand for 7 days, at 20° C and irrigated 

with 1/10 Hoagland's salts supplemented with the appropriate 

levels of KN03 , throughout the growing period. 

The 100 value for Stepto was 4975, for Perth was 2104, for 

Bonanza was 2564, for Numar was 3175 and for CM 72 was 5400. 

(Patricia Liaw and Lesslie Cass performed some of the assays 

presented in this table). 
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barley varieties (Table VI) show that of the barley 

cultivars tested, Bonanza seems to be best adapted for the 

accumulation ot nitrate. When no nitrate is added, the 

levels ot nitrate found accumulated ar~ almost the same as 

with Bonanza barley. When 5 and 20 mM KN0 are used,3 

lower levels are accumulated when canpared with those in 

var. Bonanza. It the maize cultivars are now compared to the 

barley varities, it is clearly observed that at higher 

concentrations ot nitrate (5 and 20mM), barley accumulates 

significantly higher amounts of n1trate than maize does. 

Thus, the basic pattern is that. barley accumulates nitrate 

and has higher levels of NRA and NRP When higher levels of 

nitrate ( 5 or 20mM KN03 ) ar~ added to the system with 

all cultivars ot maize accumulating significantly less 

nitrate. 

3) Effect oi different nitrate levels on the accumulation of 

nitrate in the root pressure sap from maize and barley 

seedlings. 

Another limiting step at the ni trat.e assimllation 

process could be the ability of the plant to translocate the 

nitrate that has been detected and absorbed tram the 

environment by the root system. In order to examine the 

etfect ot different nitrate levels on the distribution of 

nitrate in the plant, the nitrate content of the root 

pressure sap was measured. The seedlings wer~ grown on 



Table VII. Nitrate accumulation in the root pressure sap 

collected from maize and barley seedlings. Plants were grown 

on kimpack paper:washed sand system tor 7 days, at 28°C 

(maize) and 20°C (barley} and watered with l/10 

Hoagland's salts solution supplemented with the respective 

KN0 level.3 

1. Not possible to collect root pressure sap. 
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kimpack paper and watered with 1/10 Hoagland's solution 

which contained 0, 1, 5 or 20rnM of added KN03 . As suggested 

by the results in Table VII, when no nitrate was added to 

the system, maize was able to concentrate even traces of 

nitrate present in its environment. When low levels of 

nitrate were used (1rnM KN0 ) maize is able3

to absorb and concentrate that nitrate. Under similar 

treatments on the otl1er hand, barley yielded root pressure 

sap only when higher levels of nitrate (5 and 20mM) were 

added to tl1e system. Jackson et al.(l986) and Pate (1973) 

indicate that the pcoportions of nitrate relative to reduced 

ni trCXJen found in the exudate of decapitated plants, differ 

substantially among species. Only at high concentrations of 

added nitrate (20mM), n1trate is nore concent.rated in tl1e 

root pressure sap from maize than from barley whereas the 

flux of nitrate through the plant is higher at all 

concentrations tested. Thus, maize compared to barley, seems 

to be significantly superior in detecting and translocat1ng 

tl1e nitrate absorbed by the root system to tl1e shoot. 

4) Effect of different nitrate levels on tl1e nitrate uptake 

in maize and barley seedlings 

The pcimary step in nitrate assimilation, is the 

actual uptake system which involves tl1e plant root system. 

Again, the effect of low(lrnM), medium(5rnM) and hlgh(20rnM), 

levels of KN03 on tl1e uptake of nitrate were studied using 
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a hydroponic system. Rates of uptake were compared in the 

maize hybrid (W64AxW182E) and in the barley cultivar (var. 

Bonanza) • Nitrate uptake curves (fig. 2A, 2B) indicated that 

when KN03 was added to the system, after a starvation period 

of seven days, uptake rates were low initially (lag period), 

followed by a linear uptake phase and f1nally by a decline 

in rates of uptake. Similar patterns have been described 

previously by Chantarotwong et al. (1976), MacKown and 

McClure (1988) and Jackson et al. (1986). The additions of 

increasing levels of KN03 resulted in the following: 

a) the lag period was reduced from 4h ( 1mM) to 1h ( SmM) or 

not at all (2~1), b) the linear phase observed between 4 

and 24h (lmM) was only between 1 and l8h (SmM) and 0 to l2h 

(20mM), c) the decline in the uptake rates started from l8h 

or 12h with 5 and 20mM KN03 respect.ively, whereas 

this happened at 24h after 1mM KN03 was added to 

the system. These trends have been demonstrated previously 

(Jackson et al. 1986). Very low levels of nitrate are 

required, to initiate the events leading to the development 

of the accelerated uptake rate. With barley, the same 

patterns in the nitrate uptake curves are observed, but the 

uptake rates are different. The uptake rates for the time 

interval of 8h-l2h were calculated (Table VIII), since there 

is a linear uptake in barley (var. Bonanza) and maize 

(W64AxWl82E) as well as in the two inbred lines of maize 

~4A and Wl82E over this time period. The results show that: 



Figure 2. A) Ni t.rate uptake curves tor maize (W64AxW182E) 

with 1mM KN0 (--) , SmM KN0 (----) and3 3 

20mM KN0 (·-·). B) Nitrate uptake curves for barley3 

(Bonanza) with 1mM KNo3 (--), SmM KN0 (----)3 

and 20mM KN03 (·-·) • Plants were grown on 0 .8% agar 

made up with 1/10 Hoagland's salts containing no nitrate, 

for 48h and then transferred to a hydroponic system. Plants 

were grown for 7 days in the absence of nitrate and at time 

zero were given the appropriate level of nitrate source. At 

times indicated samples of the medium were collected and 

nitrate concentration was determined. 
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Table VIII. Nitrate uptake rates (prnoles.h-1 ) in a 

hybrid and t~MJ inbred lines of maize (cv. W64AxW182E) and 

barley (var. Bonanza) seedlings. The uptake rates were 

calculated over the time interval of 8-12h after the 

addition of nitrate, a time when the uptake was linear. 

Growing conditions are described in Figure 2. 
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Nitrate uptake (pnoles .h 1) 

KN03 (mM) Barley Maize 

W64AxW182E W64A W182E 

1 5.25±0.96 15.03±1.03 16.62±1.14 17 .33±1.85 

5 22.51±2.34 17.52±1.42 18.35±1..65 21.35±1.02 

20 75 .24±5 .43 50.11±3.12 58. 75±2.65 37.5 ±2.12 
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1) at low levels of nitrate (1rnM) maize absorbs nitrate more 

efficiently than barley, 2) at medium (SmM) and high (20mM) 

levels of KN03 barley has the same or better capacity 

in taking up the available nitrate and 3) among the 

different genotypes of ma1ze, no significant differences 

exist although certain differences among other maize 

genotypes have been reported by Pan et al . (1985) • The 

genotypic differences in this case were associated with 

differences in morphological parameters, such as root 

elongation and lateral root proliferation. From the above 

experiments it can be concluded that at low (lmM) levels of 

KN03 maize has a higher capacity in absorbing nitrate, 

but when medium (SmM) and high (20mM) levels of KNo
3 

are added to the system, barley is better. 

The overall conclusion from the experiments 

described in this section, is that the nitrate uptake and 

t.ranslocation systems are more efficient in maize than in 

barley when low levels of nitrate are used. Barley appears 

to have a better capacity to store high levels of nitrate, 

when high levels of nitrate are added to the system. 
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V) Charact~rization of the inactive NRP 

Fran the work in the previous chapter it 1s apparent 

that an inactive NR proteln was induced with low levels of 

nitrate or with the addition of NH4cl (Table II). 

In order to characterize the active or inactive NR proteins, 

protein extracts tram 6-day old maize primary leaves, grown 

in the presence (lOmM KN03 ) or absence ot nitrate 

respectively, were pr~pared. The purification included (NH4 

fractionation and Blue Sepharose)2 so4 

affinity chromatography done according to a slightly 

modified method described by Nakagawa et.al. (1984). The 

results tram the elution fran the Blue Sepharose column are 

shONn in Fig.3 and in Table IX. For the purification of the 

active NR, elution ot the column with NADH and KN03 , 

as described by Nakagawa et.al. (1984), resulted in one peak 

tor ~ach elution. Speciflc activities tor the NADH-NR peak 

and the KN03-NR peak were respectively 6.8 units/mg 

protein and 0.09 units/mg pcotein. The total recovery was 

l3 o 5%1 Slffiilar tO that. ObSerVed by GodleWska and Qaks 

(personal conununication) • For the purification of the 

inactive-NR, elution of the column with NADH and KN03 

also lead to two peaks, one for each elution step. Those 

peaks however, were det.ermined by combination of NRA assay 

and Ibt-immunoblotting techniques described in the methods 

section (Fig.4). The p::>oled samples from the NADH-peak had a 
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specific activity of 0.27units/mg pcotein and 9% recovery 

fran the Initial homogenate was achieved. Activity was not 

detected with the elution with KN03 • There was however 

a minor protein peak identified by the Dot-immunoolotting 

method. 

NR is known to catalyze several reactions using 

different electron donors and acceptors. Those are the NADH 

dehydrogenase (diaphorase) activities including cyt.-c and 

ferricyanide reductases and the nitrate reducing activities 

including MV-NR, ~-NR and Branophenol Blue-NR 

(Solornonson et..al.,1984: Redinbaugh and Gampbell,1983: 

Hoarau et..al. , 1986: Campbell, 1986: KUbo et.al , 1988) • These 

partial activities are considered to be artificial 

activities of NR and to have no physiological significance. 

The importance of the partial activities lies in the insight 

into the catalytic properties of NR provided by their study. 

When these partial reactions were examined the results 

described in Table X were obtained. It can be seen that the 

partially inactive enzyme, eluted with NADH, has very low NR 

activity, when NADH- and MV-, ~-, Brcmophenol blue-

are used as electron donors (nitrate reductase portion of 

the enzyme), whereas the diaphorase portion of the enzyme is 

alnost. normal. NRP levels, were measured on nitrocellulose 

paper after SDS-PAGE, using a scanning densitometer. It can 

be seen that. the inactive-NR from the KN0 -peak,3



Table IX. Purification of active and inactive NR from maize 

prliTJa.ry leaves. 

L N.D.: not detected. 

http:prliTJa.ry
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Figure 3. Blue sepharose affinity chromatography ot maize 

NR. At :r:oint A, the column was washed overnight with buff~r 

B containing 25mM Trls-HCl butter (pH 8.5), lmM EDTA (pH 

7 .0), 20pM FAD and lmM 2-ME. At :r=oint B, a 0 to lOOpM NADH 

linear gradient in buffer B was used to wash the column. At 

point C, the column was washed overnight w1th bUffer B 

containing 25mM Tris-HCl buffer (pH 8.5), lmM EDTA (pH 7.0), 

20pM FAD and lmM 2-ME. At point D, 300mM KN0 were
3 

added slowly to the column. Flow rate was about 25ml/h/cm2 . 

NADH-NR activity is expressed as absorbance 

at 540nm and total protein concentrations as absorbance at 

280nm. (active-NR:---.), (inactive-NR: •- ~), (total 

prote1ns: H----iC). 
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Figure 4. "Dot-Blots" that were performed tor the 

purification of the active- and inactive-NR. A) The upper 

half represents the first wash starting at point A, whereas 

the lower halt the second wash starting at point c. Both 

washes were done during the active-NR purification. B) The 

NADH-wash starting at point B, for the active-NR 

purification. C) The KN0 -wash starting at point D,3 

for the active-NR purification. D) The upper halt represents 

the first wash starting at point A, whereas the lower half 

the second wash starting at point c. Both washes were done 

durmg the inactive-NR purification. E) The NADH-wash 

starting at point B, tor the inactive-NR purification. F) 

The KN03-wash starting at point D, for the inactive-NR 

purification. Numbers indicate the traction number and 

therefore the sequence that the tractions were loaded on the 

nitrocellulose paper. 
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when sUbjected to SDS-PAGE is not recognized by the 

antibody. Since the antibody reacted with the enzyme in the 

native form, as shown with the Dot-blot, it could be 

concluded that the inactive-NR has a certain structural 

configuration that allows an antigenlc site to be exposed, 

so that it is recognized by the antibody. But under 

denatur1ng conditlons and SDS-treatment this ability is 

totally lost. From Table X it can be concluded that either a 

different configuration than the active form ot NR, or the 

lack of l'beo (nolybdenurn cofactor), necessary tor the MV

and FMNH2-NR activities, or both, are res:r=onsible 

for the low levels of NADH-, MV-, FMNH - arrl
2 

Bronophenolblue-NR activities. 



Table X. Partial reactions activities and NRP levels in 

pooled samples of active and inactive NR, from the NADH and 

KN0 -peak (units/mg protein).3

1. N.D. : not detected. 

2. Values in brackets represent percentages of partial 

reactions activities as compared to the NADH-active NR 

complete reaction activity, which is set up as 100. 

3. The 100 value for the NADH-active NRP was 20,040. 
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DISOJSSICN 

I) Nitrate uptake, translocation and accumulation 

Herbaceous plants accumulate significant amounts of 

nitrogen in soluble form, especially in fleshy tissues of 

stems and storage organs (Pate,l980). Members of certain 

families tend to store nitrogen as nitrate, sometimes in 

amounts up to 5% of tissue dry weight. Pools of amino acids 

in these plants tend to be of small size. Protein synthesis 

accompanying growth is likely to be closely linked to 

nitrate assimilation (Wallace and Pate,l967). It is also 

proposed that species w1 th c4pattern of photosynthesis 

may exhibit better dry matter production per unit nitrogen 

absorbed by roots, than species with c3 patterns of 

photosynthesis (Brown,l978). Experiments by Martin 

et.al. (1983), indicated that c cereals, barley and3 

wheat, accumulate higher levels of nitrate than did c4 

cereals, maize and sorghum. The results presented in Table 

XI conflrm and extend these earlier results. Maize is found 

to accumulate lower levels of nitrate and to have the 

highest levels of total protein produced in each of the 

three conditions tested. In my experiments as well, barley 

is found to accumulate significantly higher levels of 



Table XI. Nitrogen distribution in barley (Hordeum vulgare 

var. Bonanza) and maize ( Zea mays cv. W64AxW182E) . 

Plants were grown in a soil, long fibce sorghum peat, 

perlite mixture (9:4:2 by volume). The soil was shredded and 

pasteurized. The p:>ts were placed in growth chambers 

controlled at the temperatures indicated. They were 

irrigated with 1/10 strength Hoagland's salts which 

contained SmM KN03 . Day length was 16h light, 8h dark 

and the light intensity was 200pmo1es.m-2 .s-1 

(Experiment courtesy Xinhua He). 
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nitrate than maize when medium(5mM) or high(20mM) levels ot 

KN03 are used to wa t.er the plant.s. Thus, it. appears 

that c cereals could be much more efficient in converting4 


nitrate nitrogen to protein than are several c cereals.
3 

Earlier observations (Brown,l978: Moore and Black,l979: 

SChmitt and Edwards,l981) made in field trials with c3 

and c4 forage grasses suggest a similar trend. That corn 

accumulates lower levels of nitrate and that more nitrate 

nitrogen is converted into other protein fractions, suggests 

that control points other than the reduction of nitrate to 

ni tri t.e are important in direct.lng ni t.rate assimilation. The 

accumulation of nitrate in tissue or conversion to protein 

nitrogen could be llmi ted by the uptake fran the medium, the 

transport through the plant and by the flux into the 

vacuole. 

Looking at the nitrate uptake when low levels ot 

nitrate ( lmM) are added to the system it. can be seen that 

· there is a lag period of about 4h, before a steady state of 

accelerated uptake 1s observed. It has been suggested that 

there is a relative low rate of net nitrate uptake, when the 

plant tissue is first exposed to nitrate. This increases to 

a maximal accelerated rate (Jackson,l978), results which 

suggest the induction of a permease system. In root. tissues 

a few hours are required for attaining the accelerated rate 

at. ambient concentrations of the order lmM or less ( Rao and 

Rains,l976: Doddema et..al.,l978; Chant.arotwong et.al.,l976; 
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Morgan et.al.,1985), although the lag period in Arabidopsis 

was quite short when nitrate uptake was examined at low 

ambient concentrat1ons (Doddema and Otten,1979). Between 4 

and 24h uptake rates reached their maximum, but between 24 

and 48h uptake rates decline. This progressive decrease tor 

the nitrate uptake rates is known to occur, and is also 

characteristic of the uptake of other inorganic ions (Rao 

and Rains,l976; Doddema et.al.,1978; Deanne-Drummond,1982; 

Breteler and Nissen,1982). Similar patterns have been 

descr1bed in previous experiments (Chantarotwong 

et.al.,1976; MacKown and McClure,1988; Jackson et.al.,1988; 

Clarkson, 1986) . When 5 and 20mM 

KN03 are used the lag period 1s reduced to 1h or 

less. This is suggested to happen when higher KN03 

concentrations are used, because low levels of nitrate are 

thought to be required for the initiation of the events 

leading to the development of the accelerated rate (Jackson 

et.al.,1973). The system reaches a steady state earlier with 

20mM KN03 when compared with the 1mM KN0 • Typically3 

this is known to happen to the uptake rates for a particular 

nutrlent, when plants are exposed to high levels of thls 

nutrient (Clarkson and Hanson,1980). Prior exposure to high 

levels of nitrate with a corresponding increase in the root 

t1ssue nitrate concentration, restricts subsequent net 

nitrate uptake (Deanne-Drummond,1982; Jackson et. al., 1976; 

Clement et.al. ,1979; Minotti and Jackson,l970; Doddema and 
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Otten, 1979). There is the strong possibili t.y that repression 

or Inhibition of the nitrate uptake system by products of 

nitrate assimilation also occurs. FOr example, exposure to 

an ambient supply of amino acids was found to have a 

pronounced inhibition on subsequa1t net nitrate uptake 

(Doddema and Otten,1979). In a previous study by Gojon 

et .al. ( 1986) , where nitrate reduction in roots and shoots 

of barley (Hordeum vulgare L.) and maize ( Zea mays L.) 

. . undseedl . were examined using 15N, It. was fo thaIngs t 

maize was superior to barley as tar as the uptake system is 

concerned, showing approximately 4-fold higher nitrate 

uptake rate. The comparison of the uptake system between · 

maize and barley might be even more complicated though, 

since the structure of the root system of each plant as well 

as the production and supply of the energy required in the 

uptake process might play a crucial role. Nevertheless, the 

results indicate that maize has a higher efficiency of 

nitrate absorption at low ambient concentrations 

(1mM KN03 ), something quite critical if a plant has to 

grow and reproduce in an environment where nitrogen supply 

is limiting. In recent experiments certain proteins (Dhugga 

et.a1.,1988: McClure et.a1.,1987) are found to be induced by 

nitrate. It may be that the expression of these proteins is 

more sensitive to external nitrate in maize than in barley 

although this p::nnt has not been examined. 
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The translocation of nitrate, as measured by its 

accumulation in the xylem sap tram maize and barley 

seedlings, also suggests that maize detects, absorbs and 

translocates low levels of nitrate quite efficiently than 

does barley. Similar results were obtained in a comparative 

study by Gojon et.al.(l986), with maize having approximately 

4-times higher capacity in translocating nitrate than barley 

did. At higher levels ot external nitrate, maize also 

functions much better than barley. It is known that when 

rc.ots of a plant are well supplied with ni t.rogen, the major 

fraction of the nitrogen solutes released to the xylem will 

consist of nitrogen recently absorbed fran the rooting 

medium (Pate,l980). The roots of many plants are also 

capable of metabolizing the nitrogen they receive from the 

rhizosphere. Species vary widely in the ability of their 

roots to reduce incoming nitrate. Pate suggests that the 

differences in the capacity of various roots to export 

reduced nitrogen resides in endogenous levels of NR. The 

evidence in support of this are the positive correlation 

between the in vivo or in vitro levels of NR of the root and 

the ratio of organic nitrogen:nitrate nitrogen in xylem 

exudate (Atkins et.al.,l979). In species with relatively 

weak NRA, over 95% of the xylem nitrogen may consist of tree 

nitrate, suggesting that NRA has been insufficient to 

generate an exportable surplus of reduced nitrogen (Radin 

et.al.,l975; Wallace and Pate,l967). In other speci~s with 
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"intermediate" capacity for nit.rat.e reduction, bot.h free 

ni t.rat.e and organic forms of ni t.rogen are present. in xylem, 

wit.h the probability of shoots receiving more nit.rat.e 

ni t.rogen t.han organic ni t.rogen, at. medium or high levels of 

nit.rat.e fertilizer (Pat.e,l97l; Pat.e,l973;). Studies of these 

plants show that. as the ni t.rat.e level in the rooting medium 

is raised, t.he xylem's nitrogen present. as nit.rat.e may 

increase progressively. This suggests saturation of the 

root.' s reduction systems and might be t.rue more in the case 

of ma1ze than in barley, s1nce Pate (1973) has shown t.hat. 

among ni t.rogenous compounds found in the xylem sap from 

these species, nitrate accounts tor 70% in maize and for 45% 

in barley. But as suggested by Oaks (1986), since carbon, 

energy and reductant. are required, the rate of supply or 

dissimilation of phot.osynthat.e could also be rat.e limiting 

factors. It. is found t.hat carbohydrates available tram the 

shoot. may be of impor t.ance in regulating activity of NR, 

especially it translocated sugars are limiting and used 

preferrent.ially for root. growth as opposed t.o nitrate 

assimilation (Radin et.al.,l978). Other factors t.hat could 

affect t.he translocation process, are the proteins involved 

in the transport of nit.rat.e from the xylem parenchyma cells 

t.o the xylem. The rapid turnover may be under hornonal 

control (Lauchli et..al.,l978; Pit.man,l977; Schaefer 

et.al.,l975; Pitman et..al.,l98l). Also it. is found t.hat as 

with other ions, nit.rat.e translocation can be enhanced by 
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the flON of wat.er through t.he root. sys t.em (Cooll , 197 4; 

Schaner and Boyer,1976). Accordingly, differences in 

t.ranspirat.ional water flow may exert. effects which mask 

those observed wi t.h decappi t.at.ed plant.::; and in fact., would 

represent. t.he natural plant. system nore accurately. Thus, 

differ~1ces in any of these levels of control, concerning 

t.he translocation process, could explain the differential 

capacity for translocation of nit.rat.e, between maize and 

barley. Despite t.his, in my opinion, serious consideration 

should be given t.o this parameter of t.he overall 

assimilation process and the fact. t.hat. it. might. be crucial 

t.o t.he hlgh efficiency of nit.rat.e reduction at. low nit.rat.e 

levels in maize shoots or primary leaves. 

The accumulation of nit.rat.e in the t.1ssue is also 

governed by the flux 1nt.o the vacuole. The vacuole has been 

recently recognized as the large storage p::>al of nit.rat.e 

within the cell after isolation of leaf cell vacuoles and 

estimation of the nit.rat.e size of the vacuolar p::>al. Values 

range from 58% to 99% of the t.ot.al barley leaf nit.rat.e 

(Mart.inola et.. al., 1981; Granstedt. and Huffaker,1982). It. 

is also evident. that. in addition t.o the storage JXX)l, a 

small metabolic pool of nitrate exists (Ferrari et..al.,1973; 

Heimer and Filner,1971; Aslam et..al.,1976). The control over 

hON much ni t.rat.e crosses the tonoplast. and at. what rat.e, 

seems t.o respond t.o t.he sum of the nit.rat.e and chloride 

ions, and perhaps t.o the t.ot.al anion concent.rat.lon in t.he 
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vacuole (Cram,1973~ Cram, 1983). Aslam et.al. (1976) also 

shc:Med that light promoted the novement of nitrate from the 

storage pool into the metabolic pool in detached barley 

leaves preloaded with nitrate, whereas in darkness little 

novement was seen, even when glucose was supplied to the 

system. Since barley is found to accumulate 58% to 99% of 

the total leaf nitrate in the vacuole (Martinola et.al., 

1981~ Granstedt and Huffaker, 1982), it seems quite possible 

that the inefficiency of barley to channel absorbed nitrate 

to protein is also under the regulatory effect of the total 

anion concentration in the vacuole, in addition to the 

carbon skeleton and energy supply under a light treatment. 

Thus, these control mechanisms should be considered as 

important factors in the regulation of the overall nitrate 

assirnila~ion process. 
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II) Nitrate ra:iuction 

The reduction of nitrate to nitrite is catalyzed by 

NR and the presence of nitrate is known to be required for 

the appearance of NRA. Recently, several studies have 

demonstrated that both the induction of NR protein synthesis 

and of mRNA production require exogenous nitrate (Cheng et. 

al.,l986~ Calza et.al.,l987~ Crawford et.al.,l988). Plants 

grown in the light without nitrate (either wlth or without 

another nitrogen source), have very little NR mRNA. When the 

plants were given nitrate in the llght, the levels of NR 

mRNA increased many-fold. Thus, it appears that nitrate 

controls NR levels by increasing the steady state 

concentration of the message for the synthesis of the 

enzyme. These experiments suggest that one effect of nitrate 

is at the level of transcription of the mRNA. It appears 

that there is a parallel correlation between NR mRNA levels 

and the levels of NR protein and activity in barley (Melzer 

et.al.,l989), than in ma1ze (Oaks et.al.,l989,in press), 

whereas this does not seem to be the case in tomato and 

tobacco (Galangau et.al., 1988). Thus, the NR-mRNA made in 

response to nitrate application appears to be effectively 

used for the synthesis of NR protein. In the case of maize 

and barley, this 1s found to be true, as indicated by the 

results, but in ma1ze NRA levels ott as the nitrate 
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concentration increases, whereas in barley lt is quite 

higher. This, combined with the fact that in maize the NRP 

levels are also quite similar among the different 

treatments, leads to the suggestion that the synthesis of 

NRP and the expression of its activity, are under different 

control, either at the transcriptional and/or the 

translational- post translat1onal level, in maize than in 

barley. This is also supported by the comparison between 

additional maize cultivars and barley varieties. NRA and NRP 

levels do not show any significant differences as the 

nitrate levels increase in the case of maize cultivars, 

whereas in the case of barley varieties the NRA and NRP 

levels increase significantly as the level of KN03 

added increases. Perhaps the most interesting observation is 

that an inactive NRP, whlch is more apparent in ma1ze thdll 

in barley, is produced when very low levels of nitrogen are 

added to the system. Th1s observation indicates that very 

low levels of nitrate are sufficient for the induction of 

the synthesis of NR protein, and that higher levels of 

nitrate might then be involved in the activation of this 

inactive-NR by initiat1ng certain ur~own processes. 

Since 1 t has been suggested that the reduction of 

nitrate to nitrite is the rate limiting step ot the nitrate 

assimilation process, it can be concluded from the results 

of the above experiments that this is not always to be true. 

Additional levels of control, that could limit assimilat1on 
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of nitrate by the plant and should be taken into 

consideration are the uptake and the translocation system. 

If we were looking now for a system that. used nitrate 

efficiently, we should be looking for cultivars that 

assimilate nitrate well at low levels of nitrate. Under 

these conditions a permease rather than NR could be the rate 

limiting protein in nit.rogen utilization. There is evidence 

in the literature that a permease that transports nitrate 

into the cytosol is induced by nitrate (Butz and Jackson, 

1977; Clarckson,l986; Dhugga et.al.,l988; McClure et. al., 

1987; .Morgan,l985) and an extensive study of this system as 

tar as biocherrustry and regulation are concerned, should be 

done. Thus, as a future study I propose that we find a maize 

variety or screen for mutants where the uptake is nost 

efficient and characterize the regulation of its permease at 

the protein and nucleic acid level so that we understand 

bett.er how the system works. Subsequently and 1f the 

technology 1s available, we could transfer this genetic 

information to other crops, which do not exhibit hlgh 

efficiency at the uptake system. The impact of such 

transformation would be tremendous fran an economic point of 

view, because a great anount of noney spent by the farmers 

in fertilizers could be saved, since plants will be able to 

detect and absorb low levels nitrate more efficiently. 

As tar as the t.ranslocat1on process is concerned, 

any kind of proteins and structures involved, should be 
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identified and characterized in detail. Thus, subsequent 

studies on their regulation, and nore specifically on their 

efficient expression anong different species, could be 

carried out. That could lead us to important conclusions on 

the significance of these molecules on the regulation of the 

nitrate assimilation process. 

III) Characterization of active and inactive NR 

The NR examined in several plant species has a 

relatively high turnover rate in vivo (Oaks et. al.,l972; 

Zielke and Filner,l971). The enzyme from corn leaves, for 

example, has a half life of oh (Aslam and Oaks,l976). This 

instability is also seen after extraction and has made 

purification of the enzyme difficult.. Recently, buffers that 

increase the enzyme's stability (Kuo et. al.,l980,1982), and 

the use of affinity chromatography with Blue Sepharose have 

also enhanced the ease with which NR can be purified 

{campbell and Smarrelli,l978; Redinbaugh and Campbell,l981; 

Nakagawa et. al.,1984). Other affinity gels have also been 

used successfully in purifying NR from various sources 

(Campbell,1973; Solomonson,l975; DeLaRosa et. al.,1980; Kuo 

et. al.,l980; Oji et. al.,l982; Redinbaugh and Campbell, 

1983; r.Dureaux et.. al. , 1989) • The recovery of the enzyme in 

these cases varies between 15% and 25%. 
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Several catalytic activities copurify with NR and may be 

classed as two different types: the dehydrog-enase and the 

reductase activities. The dehydrogenase type of react1ons 

includes NADH as electron donor and several types of 

electron acceptors, such as ferricyanide(FeCN), cytochrome-c 

(Cyt-c), DCIP. The reductase type of reactions includes 

reduced flavin nononucleotide (~), methyl viologen 

(MV) or Bronophenol blue (BPB) as electron donors and 

nitrate as electron acceptor (Srnarrelli and Campbell,l979; 

Hoarau et. al.,l986; Campbell,l986). The partial activities 

are considered to be artificial activities of NR and to have 

no physiological significance. The importance of the partial 

actlvities, however, lies in the insight into the catalytlc 

properties of NR provided by their study (Hewitt and N;)tton, 

1980). The partial reactions permit easy detect1on of the 

selective effects of inhibitors of NR and differentiation 

anong the operational characteristics of the enzyme. These 

characteristics can be defined in a general sense as an 

electron donor site which requires a th1ol group, a 

functional electron transfer chain and a substrate reduction 

site. 

In a number of studies, these partial activities were 

investigated after an active form of NR was purified 

(Solononson et. al.,l975; Smarrelli and Carnpbell,l979; 

Hoarau et. al.,l986; Campbell,l986). The relative anounts of 

these activlties showed a similar trend with that in Table 
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X, with the FeCN- and BPB-NR activities being significantly 

higher than the rest of the activities. In recent studies 

(Solomonson et. al.,l986~ Kubo et. al.,l988), limited 

proteolysis has been used in order to determine the size of 

the domains that catalyze these reactions and the relative 

quaternary structure of the native enzyme. This technique 

has proven to be valuable tor investigating the structure of 

multicamplex enzymes and multifunctional proteins such as 

NR. In the first study (Solomonson et. al.,l986) limited 

proteolysis of Chlorella vulgaris NR by trypsin or 

Staphylococus aureus V8 protease gave rise to MV-NR active 

species composed of tetrameric heme/ JIOlybdenum fragments of 

a.OOut 260kDa and a 30kDa fragment with no NADH-cyt c 

reductase activity. In the second study though (Kubo et. 

al.,l988), limited proteolysis of spinach-NR with trypsin 

and s.aureus VB protease gave rise to 45 and 75kDa 

fragments. NADH-FeCN and NADH-cyt c reductase activities 

were associated with the 45kDa fragment and MV-NR activity 

w1th the 75kDa. fragment. These results support the 

suggestion that Chlorella-NR may be structurally different 

tram the higher plant enzyme. 

The appearence of NR activity and NR protein are 

known to be co-dependent on light and nitrate (Rajasekhar 

and Oelmuller, 1987) • When plants were grown in the absence 

of nitrate though, a low level of NR activity was detected 

( Remmler and Campbell I 1986) • 1-breover I mutants with 
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defective NR molecules due to a mutation in either the 

apoprotein gene or the molybdenum cofactor gene produce 

cons ti tutive NR independent. ot nitrate induction (Mendel et. 

al.,l986). Thus, how tar nitrate IS obligatory tor t.he 

induction ot NR remains an enigma. Inactive NR is known t.o 

be produced under certain conditions. Losada et. al.(l970), 

were able to show an immediate disappearence of NR activity 

in Chlorella when ammonium ions were added to the medium and 

this inactivation was reversible. Tischner and Hutterman 

(1978), demonstrated a reversible appearence and 

dissappearence of the enzyme activity in a light-dark cycle. 

SolOJOC)nson et. al. (1973), established that NR could be 

converted to an inactive form in vitro by the addition ot 

CN- and NADH. Additions of ferricyanide could reverse this 

inhibition. Also, NADPH and thiols reversibly inactivated 

spinach-NR (Palacian et. al.,l974), whereas hydroxilamine 

reversibly inactivated Ankistrodesmus braunii-NR (Balandin 

et..al.,1986). Involvement of reversible inactivation in the 

regulation of the Chlamydomonas reinhardtii-NR levels has 

been reported as well (Franco et.. al. , 1987) • A very 

interesting system Is that of Chlorella vulgaris. 

Interconversion of the active and inactive forms of NR was 

found to be evident. (Mor~no et..al.,1972). Recent studies 

have shown evidence for an inactive protein precursor 

synthesized in Chlorella. Funkhouser et.al. (1980,1), 

studied the incoq::crat.ion of radioact.ivi ty from labeled 
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arginine into NR in the presence and absence of 

cycloheximide. Conditions were found under which the 

inhibitor completely blocked the incorporation of labeled 

amino acid, but only slightly decreased the increase in NR 

activity. The results indicated that synthesis of NR from 

amino acids proceeds by way of a protein pcecursor whiCh is 

inact1ve enzymically. In a second study (Funkhouser et.al., 

1980,II), an inactive NR enzyme was found to be synthesized 

in cells grown with arnnonia and react with anti-NR 

antibodi~s prepared against pure Chlorella-NR. In a later 

study (Funkhouser et.al., 1983), accumulation of demolybdo NR 

but with measurable levels of cytc activity during induction 

and its separation from active-NR was estabhshed. These 

results suggest that the precursor NR described tor 

Chlorella earlier, must be demolybdo enzyme having cyt-c 

reductase activity (deMocytc reductase). In the presence of 

both nitrate and molybdate, there could be an excess of 

deMocytc reductase formed in the early stages of induction. 

In higher plants Aryan et.al. (1983), reported the 

inactivation of NR by NADH, whiCh was prevented in the 

presence of nitrate, as well as the occurence of partially 

inactive enzyme in the wheat leaf. In their system, leaf NR 

from plants grcwn for 12 days on lrnM KN03 , was isolated 

in the late photoperiod or dark period, and was activated by 

terncyanide or light treatment. Thus, they suggested that 

at these times of the day, the NR in the leaves of the low 
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nitrate plants is in a partially inactive state (NADH

inactivated). In my experiments, however, maize plants were 

grCMn on a kimpack :washed sand system, where no exc::>g"enous 

nitrate or any other nitrc::>g"en source was applied throughout 

the gro.vth period and harvested 6h after the photopericxi 

started. The occurence of an inactive NR form was 

established in this case, in terms of the complete and 

part.1al reactions activities, and is the only one known 

today under such conditions. It seems to have similar 

structure as the Chlorella inactive NR, since very low MV-NR 

activity is detected, whereas cyt.-c NR activity is quite 

high and at. approximately the same levels as the active NR. 

In order to further clarity the difterence(s) between the 

act.1ve and inactive NR, the following experiments are 

suggested: 

1) Investigate whether the cyt.-c reductase act1vicy 

is, in fact., associated with NR, or whether there is 

interference fran the other cyt.-c reduct.ases reported to 

exist. in the plant. cell. (Wallace and Johnson,l978). 

2) Molybdenum Cofactor (Mc:Co) levels should be 

estimated in crude leaf extracts from plants grown in the 

presence or absence of nitrate and in the Blue sepharose 

enzyme. This experiment. could establish it lack of l'bCo is 

responsible for the lack of NR act.ivi t.y. Xanthine 

dehydrogenase activity should also be used as an addlt.ional 

control. Xanthine dehydrogenase contains MoCo as a 
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prosthetic group as well and If activity is detected when no 

nitrate is added to the system, then some unknown factoc 

could be blocking the incorporation of M:X:b to the NR 

rrolecule. 

3) The purified samples of active and inactiVe NR 

should be subjected to electrophoresis under non-denaturing 

conditions (native gel) followed by western immur~blotting. 

That way the molecular weight of the native enzymes could be 

determined and help find out if the inactive NR is a 

precursor or degradation product. Fbr the same reason a two 

dimensional electrophoresis (2D-gel) could be of equal 

imJX)r tance. 

4) Limited proteolysis of the active and inactive NR 

and determination of the size and functions of these 

fragments. This results from this experiment could suggest 

the presence or absence of certain peptides that might block 

the expression of the inactive enzyme's actiVity. This could 

also show that a JX)St-translational modification, through 

the cleavage of a certain peptide might occur, leading to an 

active enzyme. 

5) Grow the plants in the presence of gamma labeled 

P, either in the presence or absence of nitrate 

and purity the respective active and inactive forms. Then 

run a 2D gel follwed by autoradiography and it 

phosphorylation or dephosphorylation is involved in the 

32
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production of an active or inactive form, the differences 

should be easier to be picked up. 

6) Pan and Nason (1978), denonstrated the presence 

of essential arginine residues at the active site ot NR from 

the fungus Neurospora crassa. Recently, arginine residue(s) 

were suggested to be present at the active site(s) of the NR 

complex from Amaranthus (Baijal and Sane,l988). Since, 

L-canavanine, an analog of arginine, was found to inhibit 

the appearence of NR activity in corn root tlps (Aslam 

et.al.,l978), a similar system could be used to investigate 

the expression of the leaf enzyme's activity. Plants should 

be grown in the presence of L-canavanine and nitrate and 

subsequently the NR puri tied. The canplete and partidl 

reactions activities should be examined, in order to 

determine if lack of arginine could lead to an inactive form 

of NR, similar to that in the minus nitrate conditions. 

7) Finally, certain conditions under which the 

enzyme could be highly stabilized should be investigated. 

That way crystals could be made, representing the native 

structure of the enzyme, in the active or inactive state. 

With the use of X-ray crystallographic analysis the three 

dimensional structure could be determined, showing any 

significant differences between active and inactive forms of 

NR. 
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