!
L

M. AVROM, Frocesdimga of the Thind Intermational Congrese on Photoaynthenis, \”}
Septembar 2-6, 1974, The Welmmann Inscitute of Sclence, Rehovot, Israel ﬁtk
Elseviar Sclentific Publishing Company, Amaterdam, The Notherlands, 1974 -

FHOTOSYNTHESIS AND THE INUUCTION OF WITRATE REDUCTASE IN PLANTS

0. Kaplan, N. Roth-S8cjorano and S5.0H. Lips

Departaont of Blology,
Ben-Gurion University of the Negev
Beer Shova, Istasl

Susmary

Nitrate induces nitrate reductase (M) in darkness only upon addition of suit-
able sources of reducing equivalents which permit the formation of nitrite; nitrite
itself allows induction of NA in darkness without supplementation of exogenous
reducing cofactors. Inhibition of constitutive NR[tungstato) prevents induction of
the cnzyme by mitrate but not by nitrite. Since nitrate Induces ¥R only under
conditions allowing production of nitrite, while the inductive capacity of nitrite
is free of this constraint - NR may be considered a product rather than a substrate
inducible enzyme. The relative ropid effect of nitrite on the activity of Nt de-
tectable in crude extracts raises also the possibility that nitrite activates an
inactive form of the enzyme without necessarily triggering lts de novo synthesis,

1. Introduction

The ability of nitrate to induce nitrate reductase (NR) in higher plants has
been widoly ufupudl Nitrate alone, however, is not always sufficient to induce
HR in higher plants. I‘..i;hl.2 and m:"' are also necessary, suggesting that photo-
synthesis fumnishes some essential component of the induction process triggered by
nitrate. We have previously :hnm‘ that NR induction may be obtained hy spraying
suitable amounts of plant horsones on the leaves of tobacco plants in the dark. It
has been shown also that adding certain respiratory substrates to nitrate in
otiolated barley leaves allows induction of NR in the dark®, Nitrate, thersfore,
promotes SR induction only under conditions which permit formation of nitrite. The
reduction of nitrate requires photosynthesis of a carbon compound which ylelds,
upen axidation, the electrons necessary for the reduction, We have tuuum‘ that
glycolate is the photosynthetic compound required for nitrate reduction becouse
the enzyme system which oxidizes glycolate and the enzyme roducing nitrate are
located in microbodies. Glyeolate dehydrogenase activity hns been detected in
plants actively reducing ultrl.:u"'.

fitrate reduction takes place in the dark when the leaves are supplemented with
suitable respiratory m:mu-s such as glucose, PGA or glycolate; this X0 EENOUS
supply substitutes photosynthesis as a source of energy ¥ielding substrates for the
reduction of nitrate and the generation of nitrite.
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Since reduction of nitrate to mitrite takes place in both cases (photosynthesis
or supplesentation of suitable resplratory substrates), the possible involvement
of nitrite as an inducer or activator of NR should be considered.

2. Materials and Mathods

Etiolated barley (Fordews vulgpere L, var Bspercnsaz) leaves were obtained from
seedlings germinated and grown in the dark for 7-9 days. The plants were grownm in
0.5 mM CaSD, at 25°C. Other barley seeds wore germinated and grown in the 1ight
for the same period of time (7-9 days) in 0.5 =M Ca50,. These plants constituted
the source of “green leaves" used in some of the experiments described.

Induction of nitrate reductase (NR) was obtained placing detached leaves in
Petri dishes (10 cm dis,) lined with filter paper impregnated with induction
modium, The medium for induction consisted of I:m‘.l! or n.l:lz at concentrations
indicated in every experiment, 0.2 ml of 0.1% Tween and 10 ug chloramphemicol.
The total volume of the induction medium was 10 ml. Respiratory substrates were
added to the medium as indicated in text.

Afrer induction, the leaves were thoroughly rinsed and ismediately homogenized
in buffer Tris-iC]l 0.1 M containing 3 x 10'5 M EDTA. Homogenization was done
using 2 ml medium/gm tissue, with an ice cold mortar and pestle. The homogonate
was filtered through 2 layers of gauze and the filtrate used in enzyme nssays.

Nitrate reductase (EC 1.6.6.21) was sssayed according to Hewitt and Hl.i:h.oiﬂ’.
Nitrite content of assay mixture was determined before and after reaction peried;
enzyme activity was expressed as the lncrease of nitrite concentration.

Nitrate vas determined as described by Sloan and Sublett'”, the procedure
fol lowed was based on the non-entymatic reduction of nitrate to nitrite.

Application of Tungstate and Cycloheximide. Hl:‘ﬂ* 1 =M was given through the
root system of the seedlings 24 hours prior to leaf detachment and Induction in

PFetri dishes. Cycloheximide was added to the induction medium at a concentration
of 100 wg/ml at times indicated in Figs. 4 and 5.

3. Results

Mitrite as an Inducer of NR. Nicrite is a more efficient inducer of NR than
nitrate in barley leaves (fig. 1). NR production in the tissue in response to
nitrite is remarkably large in etiolated barley leaves. Both in dark and light-
grown leaves, more NR is induced after 24 hours by 5 mM l.'NCI: than by 50 mM m,.
The Induction of NR by nitrite is very rapid initially, as in the case of bean

seed cotyledons previously r-pnrl:-d". This rapid initinl induction (first I-3
hours) ls followed by a slowly decreasing level of enzyme activity. The initial
rate of induction, therefore, may be the best indicator of the inductive capa-
bility of nitrate and nitrite. As in long ters induction experiments (24 hours,
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fig, 1), nitrite is more effective than nitrate during the first hours of induc-
tion, In light-grown barley leaves induced in light, 7 =M n"“z induce twice the
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Fig. 1. (Left) Induction of KR in the presence of muj or KNO,. Barley leaves of
plants grown in the dark (etiolated leaves) or in the “light [iunn leaves) were
induced in darkness for 24 hours.

Fig. 2. (Right) Short term induction of nitrate reductase in the presence of
04l or KNO.. Leaves of barley plants grown in the light were placed in induction
-ud}- in ch light for the periods of time indicated in figure.

level of HR after only 3 hours than 50 =M KNO, (fig. 2). Etiolated barley leaves
are capable of an intense and rapid induction of NR in the presence of nitrite,
while nitrate induces very little emzyme (Takle 1).

Table 1. Short term induction of nitrate reductase. Leaves of eticlated barley
plants (grown in the dark) were placed in induction madium in the dark for
poriods of time indicated

Induction medium KR sctivity; musoles N0, formed/gm fr wt/hr
1 hr 2 hrs 3 hrs

lizﬂ B4 56 56

ms 10 mM 56 112 112

m! 25 mM 56 112 168

ms 50 mM 28 28 112

mz 2 =M 256 512 712

m:z 5 mM 312 940 1000

mz 10 =M 350 1220 1500

ﬂﬁl 20 =M 228 1284 1000
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Effect of Glycolate ond NADH on NR Induction.
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Fig. 3. Kinetics of nitrate reductase induction in different media

The slow induction of SR in etiolated barley leaves by nitrate in the dark may
be significantly increased by addition of glycolate or HADH to the induction
medius (Fig. 3). Addition of the same compounds to nitrite under identical
experimental conditions, has no stimulatory effect on the rate of NR induction.

The addition of electron donnors is apparently unnecessary to obtain high rates of
#R induction in the dark if nitrite is the inducer but the same compounds stimulaste
vory effectively the slow induction of the enzyme in the presence of nitrate.

inhibition of Constitutive Nitrste Reductase in the Dark. Induction of NR in
presence of tungstate results apparently in the synthesis of an inactive pmuln“.

liaymer et al. suggested that W replaces Mo at the active site of the entyme as &
result of which an inactive NR protein is cbtained. Figure 4 shows the results of
o seriss of troatments designed to test the requirement of the activity of the
constitutive nitrate reductase on the nitrate-sediated induction of the enzyme.
The constitutive level of nitrate reductase, present in tissue not exposed to any
inducer (treatment 2 in Fig. 4), may be iphibited by adding 1 =M HI-._,.J‘ to the
nutrient sedium of the seedlings during 24 hours (treatment 1 in Fig. 4). Addition
of nitrate (treatsont 4, Flg. 4) and pitrite (treatment 5, Fig. 4) to leaves with-
out tungstate brings about induction of NR although at very different rates. If the
addition of nitrate or nitrite is done to tungstate-pretrested leaves (treoatments
5 and 6, Fig. 4) no increase in NH activity will be observed. Addition of
solibdate after 4 hours of induction will allow rapid sctivation of the protein
synthesized in response to nitrite but no such activation was observed whon
nitrate was used as the inducer. Cycloheximide was added to prevent further
synthesis of protein;the addition of molibdate indicates, therefore, activation
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Fig. 4. Induction of nitrate reductase in etiolated barley lesves in the dark.
Seedlings were grown {n 0.5 sM CaS50, and some of them (1,3,6) were given in
addition 1 »M Na WO, through the rodts 24 hours prior to induction.

of the protein synthesized before cycloheximide addition’!,

Inhibition of Constitutive Hitrate Reductase in the Light. Figure 5 shows the
effect of nitrate and nitrite on the induction of nitrate reductase in green leaves,
induced in light, after prior inhibition of the constitutive enzyme with tungstste.
In this case too, it seems evident that when the constitutive NH is Insctive due to
the exchange of its Mo by W, nitrate will not induce the synthesis of the Nil

protein shile nitrite does. Activity of constitutive NR is essential, therefore,
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Fig. 5. Induction of nitrate reductase in green barley leaves in the light.
s were grown in 0.5 mM Cazsrss and some of them (4,5) were given in

addition 1 =M lem. through the t3 24 hours prior to induction.
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for induction by nitrate but not for induction by nitrite.

The Interaction of Factors Affecting NR Induction.
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Fig. 6. Interrelationship of several factors affecting induction of nitrate
reductase in the presence of nitrate or mitrite.
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FOLCTION

4, DMacussion

The synthesis of nitrate reductase in plants adequately supplied with nitrate
does pot take place to any significant extemt if the leaves are kept in the dark
during the induction period. We have previously shms that addition of glycolate,
glucose or PGA to nitrate induction medium, in the dark, will enhance induction
of Ni. These compounds are oxidized by the tissue and may yield NADH, required to
reduce nitrate. Une may wonder, consequently, whether a pmduer." of the reduction
of nitrate rather tham mitrate ftself is the inducer of NH.

The experimental results shown here indicate that nitrite is an effoctive
inducer of NR. Its advantage over nitrate is evident in all cases considered:
eticlated or green barley leaves (Fig, 1), induction im dark or in light (Fig. 2),
in short or long ters induction periods (Fig. I and Table 1}.

The hypothesis that nitrate reductase may be a product rather than a substrate
inducible enzyme s supported also by the differences observed on the rate of NR
synthesis affected by a glycolate or MAII (Fig. 3). We suggest that the rate of
induction of MR in the dark is limited by the supply or gemoration of NADH,
necessary to reduce nitrate and obrain, subsequently, the nitrite required for
the induction of the entyme. One may expect, therefore, that nitrite itself would
cause an immediate and fast production of NR, at a rate unaffected by glycolate
or BAtl. This is, indeed, the case, as shown in Flgure 3.

Another way to test the inductive capacities of nitrate snd nitrite is o
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determine whether induction of KR is possible when most of the constitutive enzyse
is inhibited. The basic assusption in this exporiment is that nitrate may serve

as a SR inducer only when converted to nitrite. If the constitutive MR is not
operative due to the replacement of Mo by W at ita active center, ne reduction of
nltrate to nitrite will be possible and, under these conditions, nitrate will not
trigger the synthesls of inducible nitrate reductase. The inhibition of the
constitutive entyme, on the other hand, will not affect the production of induci-
ble pitrate reductase by nitrite if the enzyme is a product inducible proteln. The
results in Figs. 4 and 5 show that only nitrite-induced NR is unaffected by the
inhibicion of the constitutive enzyme, supporting the idea that nitrite is the
inducer of the systes.

Figure 6 summarizes the obhservations made in our and other laboratories
concerning the requiresents and limitation of the nltrate reductase induction
system, The enzyme may be induced by nitrite under all conditions because the
synthesis of the enzyme ls directly triggered by this cospound. Induction by
nitrate seems to be indirect and will be possible only when the reduction of
nitrate to nitrite by the constitutive enmzyme ls not limited (e.g., svallability
of KADH). In leaves of higher plants NAIM for the reduction of nitrate is supplied
by the oxidation of a photosynthetic carbon compound (presumably glycolate) which
rapidly disappears in the dark. NR induction in the dark is possible, therefore,
enly when nitrite is supplied or nitrate is supplemented by suitable electron
donnors (Fig. 3).

The effect of nitrite in NR induction has been previously nhurud“. Its role
in the induction of NR has been presumably disregarded due to the relatively long
induction periods usually studied (sbout 24 hours). The initial fast induction of
Ki in the presence of nitrite does not persist for more than 2 to 3 hours in
etiolated barley leaves, slowly declining thereafter (Fig. 3). After 24 hours the
level of N in nitrite is not significantly higher than in nitrate. This decreas-
ing lovel of NR activity after inductiom by mitrite may be the main reason which
led to the general disvegard of its inductive capability.
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