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ABSTRACT

A coupled assay has been worked out to study spinach (Spi-
nacea oleracea L.) nitrate reductase under low, more physiologi-
cal concentrations of NADH. In this assay the reduction of nitrate
is coupled to the oxidation of malate catalyzed by spinach NAD-
malate dehydrogenase. The use of this coupled system allows
the assay of nitrate reductase activity at steady-state concentra-
tions of NADH below micromolar. We have used this coupled
assay to study the kinetic parameters of spinach nitrate reductase
and to reinvestigate the putative regulatory role of adenine nucle-
otides, inorganic phosphate, amino acids, and calcium and
calmodulin.

Beside CO2 assimilation, nitrate assimilation is a major
function of a leaf cell. NR3 can be regarded as a key enzyme
in this process. In spite of a contradicting report (14), most
evidence supports the view that nitrate reductase is located in
the cytosolic compartment (2, 21, 32). As sources of redox
equivalents for the generation ofNADH required for nitrate
reduction, the oxidation of glyceraldehyde-3-phosphate via
the cytosolic NAD-GAPDH (15) and/or the oxidation of
malate catalyzed by the cytosolic MDH (17) have been dis-
cussed. In both cases, the redox equivalents could be ulti-
mately provided by the photosynthetic light reaction in the
chloroplast, either by a triose phosphate-phosphoglycerate
shuttle catalyzed by the phosphate translocator (7) or by a
malate-oxaloacetate shuttle mediated by specific malate and
oxaloacetate transport (10) across the chloroplast envelope.
Alternatively, the cytosolic NAD can also be reduced by
NADH generated in the mitochondria by tricarboxylic acid
cycle via a malate-oxaloacetate shuttle between the mitochon-
drial matrix and the cytosol (6, 35). This way could make it
possible that the redox equivalents required for nitrate reduc-
tion might also be provided during darkness.
The product of NR reaction, nitrite, is imported into the

chloroplast, where it is further reduced to ammonia via the
ferredoxin-dependent nitrite reductase. This reaction is di-
rectly coupled to the photosynthetic electron transport and is,
therefore, essentially light dependent, although some nitrite
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reduction in the absence of light, although at a lower rate, has
also been suggested (1, 13, 33).

Despite the high rate of nitrate assimilation in leaves, even
during a light-dark transient, nitrite does not markedly accu-
mulate in leaf tissues (B Riens, HW Heldt, unpublished
results). The question arises in which way the activity of NR
in the cytosol is regulated such that it can respond instanta-
neously to a decrease of nitrite reduction in the chloroplast.
Previous reports on the inhibition of NR by ADP (5, 20)
made it seem possible that the cytosolic ATP/ADP ratio may
be a regulatory factor. Also phosphate has been reported to
stimulate NR activity (20, 23). NADH, as well as being
substrate, has been postulated to be involved in a regulatory
mechanism by which the enzyme is activated by reduction
with NADH and cyanide (19, 27), whereas the activity is
restored by oxidation with blue light and flavines as the most
efficient treatment (28). Feedback regulation by amino acids
(22) or by the metabolic regulator calmodulin (26) have also
been investigated. Finally, NR activity in spinach leaves has
been reported to undergo only small daily fluctuations (29),
which indicates that regulatory mechanisms based on the
biosynthesis and degradation of enzyme protein are too slow
to play any significant role in the rapid arrest of nitrate
reduction in the dark.
Common to all the studies briefly summarized above is the

fact that they have been carried out by using a standard assay
in which the purified preparation of NR is incubated in the
presence ofthe substrates, NADH and nitrate, and the activity
is determined either by colorimetric measurement of the
nitrite formed or by monitoring the oxidation ofNADH (9).
The concentration ofreactants usually employed in the stand-
ard assay is in the range of millimolar for nitrate and around
0.1 mm for NADH. The cytosolic level of nitrate in the leaf
cell has proved difficult to determine because most of these
anions concentrate in the vacuole (18, 24), but the "meta-
bolic" pool seems to be smaller than the concentration of this
substrate normally present in the standard assay. Similarly,
the cytosolic concentration ofNADH has proved very difficult
to measure accurately because of the low level of this reduc-
tant, which is essentially oxidized in all the cell compartments
(1 1, 12), but we can safely assume that the concentration of
NADH normally employed in the standard assay is one or
two orders of magnitude higher than its physiological con-
centration in the cytosol of the leaf cell. The concentra-
tion of reactants in the standard assay is, therefore, far from
physiological.
We have worked out a coupled assay system which allows

the study ofNR under low and steady-state concentrations of
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NADH. By using this assay system we have reinvestigated the
putative regulatory roles of adenine nucleotides and phos-
phate, as well as those of amino acids and calcium/calmodu-
lin, under more physiological conditions.

MATERIALS AND METHODS

Enzyme Preparation

NR and MDH were prepared from 50 g of leaves harvested
from 10 weeks old spinach (Spinacea oleracea L.) plants,
which were ground in 100 mL of a buffer consisting of 50
mm potassium phosphate (pH 7.5), 1 mm DTT, 1 mM cys-
teine, and 10 /iM flavin-adenine dinucleotide (buffer A). The
grinding was performed in a Polytron homogenizer for 1 min.
The homogenate was filtered through cheesecloth and Mira-
cloth, and the grinding vessel was rinsed with 50 mL of the
same buffer. The crude extract was centrifuged at 40,000g for
1 h and the pellet discarded. To the clear supernatant solid
ammonium sulfate was added up to 50% saturation and, after
stirring for 30 min, the suspension was centrifuged at 17,000g
for 30 min. The pellet was resuspended in 10 mm potassium
phosphate (pH 7.5), 0.1 mM EDTA, 0.1 mM DTT, 0.1 mM
cysteine, and 10 gM flavin-adenine dinucleotide (buffer B).
The turbid suspension was clarified by centrifugation at
12,000g for 5 min. An aliquot ofthe clear solution, containing
approximately 150 mg protein, was loaded onto a Blue Seph-
arose CL-6B affinity column of 10 mL of bed volume pre-
pared in a plastic syringe with suitable tubing. The column
was eluted with 50 mL of 0.1 M KCI in buffer B and then
with 25 mL of 0.1 mM NADH in the same buffer. Fractions
of 5 mL were collected, and active fractions were pooled and
concentrated by ultrafiltration to approximately 2 mL; the
same volume of glycerol was added, and the resulting extract
in 50% glycerol was stored at -20°C. This procedure yielded
a nitrate reductase preparation with a specific activity of 3
,umol min-' mg protein-'. The purification was 150-fold.

NR

NR activity was in many instances determined by measur-
ing the formation of NO2- (5). The enzyme extracts were
incubated in 0.5 mL of a mixture containing 40 mm potas-
sium phosphate (pH 7.5), 5 mM KNO3, and 0.1 mm NADH.
Incubations were carried out at 25C for 15 min and were
stopped by addition of 0.25 mL of 1% sulfanilamide in 1.5 N
HCI followed by 0.25 mL of 0.025% N-l-napthylethylenedi-
amine, then the red color was allowed to develop for 30 min
and the absorbance of the solution was measured at 540 nm.

MDH/NR Coupled Assay

In this assay (25), the reduction ofNO3- to NO2- is coupled
to the oxidation of malate to oxaloacetate catalyzed by the
NAD-MDH. The reaction mixture contained 20 mm potas-
sium phosphate (pH 7.2), 5 mM KNO3, 0.5 mM NAD, 5 mM
L-glutamate, 2 mM L-malate, 0.2 unit/mL of pig heart gluta-
mate-oxaloacetate transaminase (from Boehringer-Mann-
heim), and variable amounts of spinach NR and MDH. The
reaction was carried out in a 3 mL quartz cuvette at 20°C, in

Sigma ZFP 22 spectrophotometer to monitor the concentra-
tion ofNADH, and samples of suitable sizes were withdrawn
at regular intervals to determine NO2- formation as described
above.
The concentration of NADH in the reaction mixture can

be increased in the course of the incubation by addition of
MDH. In such a way it is possible to measure rates of NO2
formation at five or six different steady-state concentrations
of the reductant.

RESULTS AND DISCUSSION

MDH/NR Coupled Assay

In this assay the reduction of nitrate to nitrite is coupled to
the oxidation of malate to oxaloacetate according to the
stoichiometry shown in Figure 1. Since the equilibrium of the
MDH reaction strongly favors the formation of malate, the
accumulation of oxaloacetate must be avoided. Addition of
the auxiliary enzyme GOT, as well as glutamate, catalyzes the
conversion of oxaloacetate to aspartate, thus allowing the
reaction to proceed. This assay has been discussed in detail
previously (25).
A mixture containing the enzymes NR and GOT and the

substrates nitrate, malate, NAD, and glutamate in buffer is
preincubated in a cuvette contained in a spectrophotometer
until the signal corresponding to A334 stabilizes. The addition
of a certain activity of MDH results in the formation of
NADH. After the concentration of NADH has reached a
plateau reflecting the steady-state concentration, samples are
taken at regular intervals from the reaction mixture to deter-
mine nitrite. From the values thus obtained, NR activity is
calculated. In the same assay, the steady-state concentration
ofNADH can be successively increased by addition ofMDH.
After each addition the trace is allowed to stabilize at the new
plateau, and then new aliquots are withdrawn from the cuvette
to determine nitrate reductase activity via the measurement
of nitrite formation.

In this manner the Km of NADH can be accurately meas-
ured under steady-state conditions. Figure 2 shows the double
reciprocal plot of such an experiment, in which the Km for
NADH is determined as 1.37 AM. In seven similar experiments
the average Km value for NADH was 1.40 AM (± 0.3 gM
standard deviation). To simulate physiological conditions,
these measurements were done in the presence of a 0.5 mM
NAD. Therefore, our results show that spinach NR is half
saturated at a NADH/NAD ratio of 2.8 x 10-3. This value is
very close to the NADH/NAD ratio which has been evaluated

MEH GOT

Malate - Oxaloacetate 0; Aspartate

NAD NADH Glutamate cr Ketoglutarate

NO~ __NON2
NR

Figure 1. Reaction scheme of the NR activity assay.

685



Plant Physiol. Vol. 92, 1990

1.0

E

-0 control

E

0.5

z

0-L
0 0.2 0.4 0.6 0.8

1/ NADH (pM1)

Figure 2. Effect of ADP on the dependence of NR activity (NRA) on
the steady-state concentration of NADH. Double reciprocal plot of
the data. Control: Km = 1.37 MM, Vma = 2.98 Mmol min-' mg protein-'.
In the presence of 0.5 mm ADP: Km = 2.09 AM, Vmax = 1.53 Mmol
min-'mg protein-'.

for the cytosolic fraction of spinach leaves by nonaqueous
fractionation (B Riens, HW Heldt, in preparation), and it is
also similar to the NADH/NAD ratio in the cytosol ofanimal
cells (4). In many experiments, instead of using commercially
available MDH from yeast, a 40-fold purified preparation of
MDH from spinach leaves was employed. The results ob-
tained were identical with those shown above.

In another approach, the reduction of nitrate was coupled
to the oxidation of D-glyceraldehyde-3-phosphate as catalyzed
by glyceraldehyde-3-phosphate dehydrogenase. This assay
also contained triosephosphate isomerase in order to use

dehydroxyacetone phosphate as substrate, and phosphoglyc-
erate kinase and ADP in order to convert 1,3-biphosphogly-
cerate into 3-phosphoglycerate. This coupled assay of nitrate
reductase activity yielded essentially the same results as the
MDH/NR coupled assay. Since the ADP required for the
coupled GAPDH/NR assay results in a partial inhibition of
nitrate reductase activity, as shown in the following, the
MDH/NR coupled assay appeared to be more suitable for
our studies.

Effect of Pi

NR activity has been reported to be stimulated by Pi,
although this stimulatory effect was only detected at very high
concentrations of NADH, 0.1 to 0.2 mM (20, 23). The cyto-
plasmic Pi concentration in leaves has been estimated as 20
to 30 mM (31), and measurements of phosphorylated inter-
mediate provides indirect evidence that this could decline by
10 mM during photosynthesis (8). It was investigated how
physiological concentrations of Pi in the reaction mixture
affected nitrate reductase in the presence of 3 AM NADH. In
this experiment, contrary to the others, Hepes buffer was used
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Figure 3. Effect of phosphate on NR activity (NRA). (a) Experiment
carried out by using the MDH/NR coupled assay at a steady-state
concentration of NADH of approximately 3 Mm, and 50 mm Hepes
(pH 7.4). (b) Experiment performed using the standard assay as
described in "Materials and Methods," but with 50 mm Hepes (pH
7.4), 2 mm KNO3, and 0.2 mm NADH.

instead of phosphate. The results (Fig. 3a) show a clear
inhibition of nitrate reductase by potassium phosphate, which
contrasts with previous reports and our own experiment
carried out with the standard assay (Fig. 3b), although the
magnitude ofthe effect still seems to be insufficient to account
for the regulation of nitrate reductase in the light/dark
transition.
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Since we have been interested in testing the regulation of
nitrate reductase under physiological conditions, in all the
experiments described below phosphate buffer was used, in
spite of its inhibitory effect on the enzyme.

Inhibition by Adenine Nucleotides

The in vitro inhibition ofNR from tomato leaves was first
reported by Nelson and Ilan (20). Their assays, however, were
carried out at very high concentrations of both NADH (1
mM) and ADP (2 mM). Later, this inhibitory effect was
thoroughly investigated by Eaglesham and Hewitt (5) using
spinach nitrate reductase. Their results showed a complex
inhibition pattern depending on the concentration ofNADH
and the presence of thiol reagents in the assay mixture. They
concluded that inhibition of NR by ADP in the dark would
never exceed 20% of the activity measured in the light, which
is really modest.
We investigated the effect ofADP on the activity of nitrate

reductase under steady-state conditions. As shown from Fig-
ure 2, the addition of 0.5 mM ADP, a concentration within
the physiological range (30), the Km for NADH is found to be
increased from 1.37 to 2.09 uM, whereas the Vm. decreased
from 2.98 to 1.53 ,imol min-'mg protein-'. AMP at the
physiological concentration of 0.25 mM did not show any
marked effect on the enzyme.
The question arose whether the Mg2+ concentration had an

effect on the inhibitory action of adenine nucleotides on
nitrate reductase activity. The effect of Mg2+ was investigated
in the presence ofATP/ADP at a ratio of 8:1 (2.22 mm ATP
and 0.28 mm ADP) and keeping a steady-state concentration
of NADH of approximately 1 uM. Results (Fig. 4) clearly
show that addition of Mg2" counteracts the inhibitory effect
of adenine nucleotides. We also studied the effect of Mg2'
and adenine nucleotides on the kinetic parameters of NR
(Table I). As discussed above, the presence of adenine nucle-
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Figure 4. Effect of Mg2+ concentration on the activity of NR in the
presence of 1 uM NADH, 2.22 mM ATP, and 0.28 mM ADP.

Table I. Effect of Adenine Nucleotides and Mg2+ on Kinetic
Parameters of NR

The total concentration of adenine nucleotides, ATP + ADP, was
2.5 mM.

Treatment Km NADH Vm

AM ymol/min-mg
Control 1.44 2.46
ATP/ADP=2:1 4.58 0.97
+5mMMg2+ 2.80 1.58

ATP/ADP=8:1 4.94 0.89
+5mMMg2+ 2.67 1.01

Table II. Effect of Phosphate, Adenine Nucleotides, and Mg2+ on
Kinetic Parameters of NR

The experiment was performed in 50 mm Hepes buffer (pH 7.4).
Pi ATP/ADP 5 mm Mg2+ Km NADH Vm

mm AMM pmol/min-mg
5 8:1 - 5.12 6.15
5 8:1 + 1.92 4.97

20 1:1 - 14.25 7.36
20 1:1 + 4.25 6.08

otides clearly affects kinetic parameters of NR but addition
of Mg2" clearly counteracts the inhibitory effect of adenine
nucleotides.

Table II shows the results of an experiment in which the
effect ofextreme fluctuations of Pi, ATP/ADP ratio and Mg2"
on NR activity was tested. The results show that a change
from a very high phosphorylation state (Pi 5 mM, ATP/ADP
= 8:1) to a very low phosphorylation state (Pi 20 mm, ATP/
ADP = 1:1), which may be more extreme than normally
observed (30), decreased the catalytic efficiency of nitrate
reductase by a factor of about two.

Other Effectors

We further investigated whether major metabolites of cy-
tosolic metabolism, e.g. amino acids and glycolytic interme-
diates, when added at physiological concentration had any
effect on nitrate reductase activity assayed in the presence of
a steady-state NADH concentration of 1 to 2 AM. A number
of amino acids, Glu (40 mM), Asp (45 mM), Gln (35 mM),
Asn (5 mM), Ala (10 mM), Ser (50 mM), Gly (10 mM), Cys (10
mM), as well as NH4Cl (3 mM), and a-ketoglutarate (1 mM)
were tested without finding any significant effect (results not
shown), which agrees with a previous report (22). Glycolytic
intermediates like phosphoglycerate (2 mM), glucose-6-P (2
mM), fructose-6-P (1 mM), fructose- 1 ,6-P2, (1 mM), and phos-
phoenolpyruvate (1 mM) were also without any significant
effect (results not shown). We also did not observe any effect
of 10-2 to 102 ,uM Ca2', either in the absence or in the presence
of 0.5 AM calmodulin, on NR activity assayed at a steady-
state concentration of about I AM.

CONCLUSIONS

It was the aim of our investigation to try to elucidate the
regulatory mechanism by which NR is switched off during
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the light to dark transition. Our starting assumption was that
nitrate reduction is essentially light dependent, for the chlo-
roplastic nitrite reductase is linked to the photosynthetic
electron transport through ferredoxin. If this postulation is
correct, and there is no other system to dispose the nitrite
formed, then a NR activity of 6 ,imol/h * mg Chl would result
in an accumulation of nitrite equivalent to 0.1 ,umol/min - mg

Chl. Such an accumulation of nitrite has not been observed
in spinach plants abruptly transferred to darkness in a growth
chamber (B Riens, HW Heldt, unpublished results).
The inhibitory effect of adenine nucleotides on nitrate

reductase has been so far investigated by using very high
concentrations of NADH. We have put much emphasis in
testing this effect under physiological conditions. The coupled
assay described here allows the assay of nitrate reductase at
very low, steady-state concentrations of NADH, conditions
which are certainly more physiological. The results derived
from these experiments are in good agreement with other
previous reports (5, 20), and little regulatory function can be
attributed to adenine nucleotides by themselves.
The effect of phosphate clearly illustrates the importance

of assaying enzyme activities under physiological conditions.
At high, non-physiological concentrations of NADH, Pi was

found to stimulate nitrate reductase (20, 23) (see also Fig. 3b),
at least until certain concentrations, and this effect was re-

ported to depend on the concentration of NADH. At low
NADH concentrations, phosphate was found to inhibit NR
activity at the whole range of physiological concentrations.
No significant effect has been observed by amino acids and
calcium/calmodulin. The effects of adenine nucleotides, in
the presence of Mg2+, and phosphate seem to be insufficient
to switch off NR activity even when assayed together at
concentrations supposed to be close to those prevailing in the
cytosol of the leaf cell in the light or in darkness. Thus, for
these effects to have a regulatory function in vivo, the fluctua-
tions of Pi, Mg2+, and adenine nucleotides should be accom-

panied by variations in the level of substrates.
It seems, therefore, that there are other factors responsible

for an immediate stop of nitrate reduction upon darkening.
One possibility might be that upon darkening the availability
of nitrate is restricted. The cytosolic level of nitrate is difficult
to evaluate since by far most of this anion is located in the
vacuole. In the case of cyanobacteria, it has been shown (16)
that nitrate taken up into the cells may regulate nitrate
assimilation. Since in illuminated spinach leaves a large por-
tion of the assimilated nitrate is delivered from the leaf
vacuole (29), an immediate stop of NR due to restricted
availability of nitrate would imply an immediate stop not
only of the nitrate uptake into the leaf cell, but also of the
nitrate release from the leaf vacuole. On the other hand, the
filling of the leaf vacuoles with nitrate observed in spinach
leaves during the dark period (29) clearly shows that nitrate
can be rapidly taken up into leaf cells also during darkness.
For these reasons, an instantaneous stop of nitrate reductase
due to a restriction of nitrate availability during a light-dark
transient is difficult to visualize from our present knowledge.
An alternative explanation for the apparent rapid decrease of
NR could be lack of NADH. Although the export of redox
equivalents from the chloroplast stroma via malate-oxaloac-

etate shuttle will come to an immediate stop upon darkening,
mitochondrial metabolism should be capable of providing the
necessary redox equivalent via a malate-oxaloacetate shuttle
(6). Because of the high redox gradient supposed to exist
between the NADH/NAD couple in the mitochondrial matrix
and the cytosol (25), the very active malate-oxaloacetate
shuttle between the mitochondrial matrix and the cytosol
would have to be strongly regulated in order to restrict the
generation of NADH in the cytosol. Further investigations
are required to elucidate this.
An alternative explanation for the lack of nitrite accumu-

lation observed in spinach leaves upon darkening could be a
continuation of nitrite reduction in the chloroplast compart-
ment at the expense of either NADPH provided by oxidative
pentose phosphate pathway or by mitochondrial respiration
via the malate/oxaloacetate shuttle. Since the activation of
the key enzymes glucose-6-phosphate dehydrogenase and 6-
phosphogluconate dehydrogenase requires the oxidation of
the enzyme proteins by oxidized thioredoxin (3), this activa-
tion should take considerable time, during which a strong
accumulation of nitrite were to be expected, which is not
observed. The involvement of mitochondrial respiration in
nitrite reduction in the dark has been reported for green algae
(34), but its putative role in higher plants is still debatable.
On the other hand, regulatory mechanisms at the level of

biosynthesis and degradation of enzyme protein, or daily
variations of enzyme activity, seem to us too slow to account,
by themselves, for the lack of accumulation of nitrite in
spinach leaves within the first few minutes ofthe light to dark
transient.
Although the present publication clarifies the effect of me-

tabolites on the activity of nitrate reductase, it cannot answer
the question whether and how nitrate reductase activity is
adjusted to photosynthetic electron transport. Therefore, a
better understanding of the modulation of nitrate reduction
in the leaf cell would require the knowledge of the cytosolic
level of the substrates, NADH and nitrate, both in the light
and darkness.
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