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Abstract

Assimilatory nitrate reductase (NR) of higher plants
is a most interesting enzyme, both from its central
function in plant primary metabolism and from the
complex regulation of its expression and control
of catalytic activity and degradation. Here, present
knowledge about the mechanism of post-translational
regulation of NR is summarized and the properties
of the regulatory enzymes involved (protein kinases,
protein phosphatases and 14-3-3-binding proteins)
are described. It is shown that light and oxygen
availability are the major external triggers for the
rapid and reversible modulation of NR activity, and
that sugars and/or sugar phosphates are the internal
signals which regulate the protein kinase(s) and
phosphatase. It is also demonstrated that stress
factors like nitrate deficiency and salinity have
remarkably little direct influence on the NR activa-
tion state. Further, changes in NR activity meas-
ured in vitro are not always associated with changes
in nitrate reduction rates in vivo, suggesting that NR
can be under strong substrate limitation. The degrada-
tion and half-life of the NR protein also appear to be
affected by NR phosphorylation and 14-3-3 binding,
as NR activation always correlates positively with
its stability. However, it is not known whether the
molecular form of NR in vivo affects its susceptibility
to proteolytic degradation, or whether factors that
affect the NR activation state also independently
affect the activity or induction of the NR protease(s).
A second and potentially important function of NR,
the production of nitric oxide (NO) from nitrite is

briefly described, but it remains to be determined
whether NR produces NO for pathogen/stress
signalling in vivo.
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Introduction

Nitrate is the major N-source for plants and, in addition,
it is an important signalling molecule that influences
plant growth and differentiation. Accordingly, for many
decades plant scientists have been engaged in elucidating
the mechanism and regulation of nitrate uptake, trans-
port and reduction in plants. Nitrate itself appears to be
a signal (Scheible et al., 1997a) that can directly affect the
expression of genes related to nitrate uptake, transport,
assimilation, and related carbon metabolism (Scheible
et al., 1997b). Indirectly, nitrate may also affect plant—
pathogen interactions via the production of nitric oxide
(NO), which is catalysed by nitrate reductase (NR)
under certain conditions. This article summarizes data
collected over the last ten years on the function and
post-translational regulation of higher plant nitrate
reductase (NR). The mechanism of the post-translational
modulation of NR is summarized briefly followed by a
description of the physiological relevance of that regula-
tion and the environmental (stress) factors involved in
the control of NR. For more details on the structure, func-
tion and transcriptional regulation of NR the reader may
refer to an excellent recent summary (Campbell, 1999).
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How is nitrate reductase (NR) activity
controlled?

The NR protein represents a short, soluble electron
transport chain localized in the cytosol, which catalyses
the transfer of two electrons from NAD(P)H to nitrate
(+5), which is reduced to nitrite (+3), and further
reduced to ammonium (—3) in the plastids. A second, less
well understood function of NR is the reduction of nitrite
to nitric and nitrous oxides (see below). Both, nitrite and
ammonia (and also NO), are toxic at higher concentra-
tions. Indeed, under normal conditions nitrite concen-
trations in leaves are rarely above 15 nmol g~' FW.
Ammonium concentrations are usually orders of magni-
tude higher, and may exceed total leaf concentrations
of 10 pmol g~! FW (Lang and Kaiser, 1994). Thus,
production of nitrite appears under rigid control. This is
achieved by the control of (i) NR expression; (ii)) NR
catalytic activity; and (iii) NR protein degradation.

NR is inducible, depending on the availability of
nitrate and light (Galangau et al., 1988; Vincentz et al.,
1993; for a review see Campbell, 1999), but this aspect
will not be considered here. Instead, the study focuses
on the control of catalytic activity and of NR protein
degradation.

In the last decade it became clear that the activity of
the existing NR enzyme is rapidly and reversibly modu-
lated. One very simple but important prerequisite for
observing this rapid modulation was to measure NR
activity in the presence of millimolar concentrations of
divalent cations instead of using phosphate buffers which
had been frequently applied. Phosphate buffers give high
NR activity, but bind divalent cations, which play an
important role in NR modulation (see below). Thus, in
the absence of divalent cations (and in the presence of
EDTA), post-translational modulation of NR activity
can barely be detected. For example, in crude leaf extracts
prepared with 10 mM Mg?", NR activity changed
within minutes when leaves were exposed to a dark/light
transient. When the same extracts were measured in
the presence of excess EDTA, very little change in NR
activity was observed. NR was also inactivated in vitro
by preincubation with ATP, suggesting that the enzyme
was phosphorylated. Subsequent investigations with
32p_labelling techniques showed that NR was indeed
inactivated by phosphorylation on a serine residue (ser
543 in spinach), which is located in the hinge-1 region
of the molecule. However, during early attempts to
purify an NR kinase it became clear that phosphoryla-
tion per se was not sufficient, but an additional protein
was required to inactivate NR. That additional protein
factor was initially termed ‘inhibitor protein’, or ‘IP’ or
NIP (for nitrate reductase inhibitor protein). It was later
identified to belong to the large group of 14-3-3-proteins,
which are binding proteins with multiple functions in all

eukaryotes (for reviews see Kaiser and Huber, 1994q;
Kaiser et al., 1999).

Together, all these findings led to the scheme for NR
modulation depicted in Fig. 1. According to that, NR
exists basically in three states: free NR (active), phos-
phorylated NR (pNR; active), and pNR: 14-3-3 complex
(inactive). The ratio of these three NR-forms is variable,
depending on external conditions. The percentage of
active NR (NR +pNR) measured in the presence of
excess Mg>™ to the total NR activity measured in the
presence of excess EDTA was termed the ‘activation
state’. For example, if one half of the existing NR would
be phosphorylated and bound to 14-3-3s in the presence
of millimolar concentrations of Mg>", the activation
state (based on activity measurements) would be about
50%. It is important that phosphorylation plus 14-3-3-
binding does not change the substrate affinities of NR
in a crude extract (Kaiser and Spill, 1991). Apparently,
the pNR-14-3-3 complex is simply switched off, whereas

NAD(P)H
NO5y
' QR active
= NOz-
NAD(P)"

NR active

14-3-3-
dimer

NR inactive

Fig. 1. Model for the post-translational modulation of NR. The enzyme
consists of three different functional and structural domains (labelled in
different colours), which are connected by two hinge regions (in grey).
The serine-543 phosphorylation site is located in hinge-1, which connects
the heme and the MoCo domain. The phosphorylated ser-motif is
recognized by a 14-3-3 dimer which binds and, in presence of divalent
cations converts NR into a completely inactive complex, which cannot
transfer electrons from NAD(P)H to nitrate. This is schematically
indicated by the ‘gap’ between the seme and the MoCo domain within
the complex. Further explanations in the text.



the remaining free NR in the extract works normally.
Formation of the pNR-14-3-3 complex may cause a
change in NR conformation that interrupts electron
transport between the heme and the MoCo-domain, as
indicated schematically in Fig. 1.

Divalent cations fulfil several purposes in that
model: (i) the protein kinase itself is a Ca-dependent
enzyme; (ii) the substrate for the kinase is Mg-ATP;
(ii1) divalent cations are required to bring the pNR-14-3-3
complex into an inactive form. It is still not totally clear,
whether divalent cations are required for 14-3-3 binding
to pNR, or whether they are needed for the complex to
switch from an active into an inactive form or both
(Weiner and Kaiser, 2000). It is, however, absolutely clear
that after complete chelation of divalent cations sub-
sequent to NR phosphorylation, NR remains active,
irrespective of its phosphorylation state.

Next, the properties of the regulatory enzymes and
proteins that are responsible for modulation of NR
activity by post-translational modification are briefly
summarized.

CDPKs and SNF1-related protein kinases
phosphorylate NR

Spinach leaf extracts contain several major peaks of
protein kinase activity that were originally designated
PK;, PKy; and PKyyg (in order of elution during FPLC ion
exchange chromatography) and can phosphorylate NR,
or a synthetic peptide based on the Ser-543 sequence. PK;
and PKj; are calcium-dependent kinases and are known
to be CDPKs (Bachmann et al., 1996a; Douglas et al.,
1998), whereas the calcium-independent PKy; has been
shown to be an SNFI1-related protein kinase (SnRKlI;
Sugden et al., 1999). Like other SNF1-related protein
kinases, the PKyy; (or ‘HRK-C’ in Sugden et al., 1999) is
itself potentially regulated by phosphorylation. There is
also evidence that the phosphorylation/inactivation of
NR catalysed by these enzymes may be inhibited by
metabolites (Bachmann et al., 1995). The extent to which
metabolites may regulate NR phosphorylation in situ
is discussed further below. Another remaining question is
the extent to which the three kinases mentioned above
might individually contribute to NR phosphorylation.
That calcium-dependent protein kinases play a significant
role is suggested by the observation that treatment of
darkened leaf discs with EGTA + A23187 (divalent cation
ionophore) resulted in NR activation, consistent with a
role for CDPKs in NR phosphorylation (Kaiser and
Huber, 1994b).

PNR is dephosphorylated by a type 2A protein
phosphatase

Phospho-NR is dephosphorylated and activated by a
type 2A protein phosphatase (MacKintosh, 1992), and
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thus, light activation in situ can be blocked by feeding
inhibitors such as okadaic acid. The type 2A protein
phosphatases in plants (Deruére et al., 1999) and animals
(Shenolikar, 1994) are heteromeric proteins, usually
composed of a catalytic C subunit and two regulatory
subunits, A and B. It is thought that pNR and the
phosphorylated form of sucrose-phosphate synthase are
dephosphorylated by the same 2A phosphatase holo-
enzyme. Little is known about the structure and com-
position of the plant proteins, but early results suggested
that the activity of the enzyme towards pNR was regu-
lated by metabolites in vitro. Specifically, inorganic phos-
phate was an inhibitor, and sensitivity to Pi-inhibition
was affected by light/dark treatment of leaves prior to
extraction (Weiner et al., 1993).

14-3-3 inhibitor proteins

The only site on the native NR molecule that has been
shown to interact with 14-3-3s is the sequence sur-
rounding the regulatory phosphorylation site at Ser-543
(spinach numbering) in hinge-1 (Bachmann et al., 1996q;
Su et al., 1996). The amino acid sequence surrounding
Ser-543 corresponds closely with the original binding
motif reported earlier (Muslin et al., 1996): RSXpSXP,
where X is (in principal) any amino acid and pS is
phosphoserine. It is clear that the 14-3-3s bind directly to
the phosphoserine (and immediately adjacent residues).
One line of evidence in support of this notion is that
phosphorylation-dependent binding of 14-3-3s to syn-
thetic peptides can be readily demonstrated in vitro. The
14-3-3s bind to certain phosphopeptides in solution
(Bachmann et al., 1996b) and also to certain phospho-
peptides immobilized on the surface of a gold chip
(Athwal et al., 2000). Divalent cations promote binding
to phosphopeptides (Athwal er al., 2000) which may
provide at least part of the explanation for the earlier
observation that millimolar concentrations of Mg?" are
required to maintain the inactive form of NR (now
known to be a pNR-14-3-3 complex; see above). This
is consistent with the observation that copurification
of 14-3-3s with tobacco pNR can only be observed if
Mg? ™" is present (Provan et al., 2000). Similarly, binding
of 14-3-3s to the phosphorylated form of the plasma
membrane H ™ -ATPase was dependent on Mg”* (Fullone
et al., 1998). Thus, binding of 14-3-3s to target proteins
may generally show stimulation or dependence on
divalent cations, and it is possible that this is of
physiological significance in vivo.

Recently, immunological techniques have been
developed with antibodies that specifically recognize
pNR and dephospho-NR (H Weiner and WM Kaiser,
unpublished results), and the amount of 14-3-3s bound to
pNR was also determined by co-immunoprecipitation
with anti-NR antibodies (Weiner and Kaiser, 1999, 2000).
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Two 14-3-3 molecules were pulled down together with
one NR dimer. Cells contain many targets for 14-3-3
proteins, and although the total amount of 14-3-3
proteins exceeds the amount of total NR protein by a
factor of 4-5, practically all pNR is usually complexed by
14-3-3s due to the high binding affinity of 14-3-3s to
pNR (Weiner and Kaiser, 1999). Interestingly, substantial
co-immunoprecipitation of 14-3-3s with pNR (extracted
from darkened spinach leaves) was observed in the
complete absence of Mg®>* (Weiner and Kaiser, 2000).
This apparent contradiction with the examples cited
above where binding is dependent on Mg®* might
suggest that an additional binding site for 14-3-3s occurs
on NR. However, even if a second site exists, it is clear
that interaction at the ‘alternate site’ alone is not
sufficient for inhibition of enzymatic activity.

Environmental (stress)-factors that trigger the
modulation of NR

Response of NR in leaves to photosynthesis

It was mentioned above that NR in leaves is active in
the light, and less active in the dark. A typical activation
state in the light would be 70-90%, which is reduced
in the dark to 10-30%. Surprisingly, although there still
exists a considerable portion of active NR in extracts
from darkened leaves, nitrate reduction of green leaves
in the dark is almost absent (Kaiser et al., 2000). The
reason is not yet known, but an additional limitation by
as yet unknown factors may exist, for example, by the
substrate NADH. However, it seems extremely difficult
to measure cytosolic NADH levels in plant cells. Indirect
estimations have suggested that it may be very low, at
least far below the K, of NR for NADH (4-8 uM,
Kaiser et al., 1999; Campbell, 1999).

Light is not a direct signal to activate NR. Even in
continuous strong light, NR becomes inactive when CO,
is absent. Thus, photosynthesis is required for NR acti-
vation. Most probably, assimilates exported out of the
chloroplast function as signals. Indeed, NR can be acti-
vated in the dark by feeding sugars to the leaves. More-
over, dark inactivation of NR in a starchless mutant of
N. sylvestris, which accumulates high levels of sugar-Ps
as a result of the block in starch synthesis, is severely
attenuated relative to the wild type (Bachmann et al.,
1995). Lastly, excision of leaves in the light causes build-
up of photosynthates in the leaf and ‘hyperactivation’ of
NR in the light (Huber et al., 1992a, b). All of these
responses indicate that NR activation state is sensitive to
metabolites and may be explained by the observation that
in vitro, the NR protein kinase is inhibited by physiolo-
gical concentrations of hexose monophosphates (Kaiser
et al., 1999). This response to photosynthates reflects the
need to co-ordinate carbon and nitrogen assimilation. It

makes nitrate reduction sensitive to stomatal resistance.
Thus, when plants close stomata under drought in order
to preserve water, not only photosynthesis drops but NR
becomes less active.

Response of leaf NR activation to nitrate supply

Variations in nitrate supply usually do not change the
activation state of NR. Nitrate-deficient plants, having
low contents of NR protein and low overall NR activity
in their leaves, may still have about the same NR
activation state (high in the light, low in the dark) as
nitrate-sufficient plants. Only in rare cases where NR
contents were extremely low due to persistent nitrate
deficiency (Man et al., 1999) or mutation of the Nia genes
(Scheible et al., 1997b), was the regulation apparently
affected. In both cases, NR was much less dark-
inactivated (Man et al., 1999). Again, the reason for that
is not yet known. Normally, in tobacco plants with high
nitrate supply, synthesis of NR mRNA in leaves may
start in the late night phase to reach a maximum around
midday, whereas NR protein (activity) increases in the
first half of the day and remains constant or decreases
slightly from midday until darkness. Interestingly, when
nitrate supply to barley plants stopped and the internal
nitrate concentrations became extremely low, NR protein
and activity decreased very strongly during the day,
indicating rapid NR degradation (Man et al., 1999). In
that situation NR was still activated in the dark, whereas
normally NR degradation (e.g. in the dark) is preceded by
inactivation (see below).

Modulation of NR in roots: response to anoxia

Roots have no need to change their nitrate or nitrite
reduction rate as rapidly as leaves. Assimilate supply from
the shoot may vary only slowly within hours or days, as
does the nitrate supply. However, there is one natural
situation where root NR is also rapidly modulated: root
oxygen supply may become critical for respiration when
soils are flooded, due to diffusional limitations in wet
soils. It has long been known that NR is more active in
anoxic plant tissues than in air, but the reason for this is
still unclear. It has been shown that under sudden anoxia,
in darkened leaves, but also in roots, NR was activated
within minutes (Glaab and Kaiser, 1993; Botrel et al.,
1996; Botrel and Kaiser, 1997). It is known that the
cytosol of anoxic cells is acidified from the normal pH 7.2
down to pH 6.5. Artificial acidification of darkened
leaf discs or of root pieces also activated NR (Kaiser
and Brendle-Behnisch, 1995), and therefore it was con-
cluded that the activation of NR by anoxia was
probably mediated by cytosolic acidification. However,
other explanations may seem possible. The anoxia- or
acidification-dependent NR activation was inhibited
by PP2A inhibitors, indicating that the activation



was due to dephosphorylation (Glaab and Kaiser, 1993;
Kaiser and Brendle-Behnisch, 1995).

During anoxia, the reduction of externally added
nitrite is very low or absent (Botrel et al., 1996), because
the oxidative pentose phosphate cycle is not operating
due to lack of substrate. But together with the activation
of NR, anoxia always leads to a strong accumulation of
nitrite and to nitrite excretion by the roots. Surprisingly,
in anoxic leaf tissues, the reduction of nitrate and the
accumulation of nitrite are still much lower than should
be expected from the high NR activity determined in the
extracts. Again, that indicates that in roots, as in leaves,
nitrate reduction rates are not only dictated by the NR
activation state, but also by other factors such as
substrate (NADH?) availability.

Whether the high nitrite production by anoxic tissues
fulfils a physiological purpose, is not yet known.
Production of the weak acid nitrite and excretion of
undissociated nitric acid may help to stabilize cytosolic
pH. However, preliminary measurements of cytosolic pH
gave no clear evidence for that. Alternatively, nitrate
reduction may decrease the rate of alcoholic or lactic acid
fermentation. Lactic acid especially may become toxic, as
it is not as easily excreted as alcohol or nitric acid.

As in leaves, sugar feeding also activates NR in
normoxic roots (Botrel and Kaiser, 1997). It was con-
cluded that assimilate translocation from shoot to root
will also affect the nitrate reduction rate of roots, but this
is probably a slow response.

Salt stress

It has been shown that in maize seedlings under mild salt
stress, the activation state of NR is hardly changed, both
in light and dark (Abd-El Baki et al., 2000). In leaves, NR
activity decreased whereas in roots in increased with
increasing salinity. Partly, this was due to changes in
leaf nitrate contents. In leaves from salt-stressed seedl-
ings, nitrate concentrations decreased to very low levels
whereas chloride increased. The diurnal pattern of
NR-mRNA levels in leaves also changed slightly. In
control plants, NR-mRNA had a distinct maximum in
the morning, and a second, less expressed maximum in the
late night hours. This latter maximum disappeared with
salinity, and accordingly the increase in NR protein and
activity in the early light phase was slowed down. Thus,
salt stress appeared to affect NR expression rather than
post-translational NR modulation.

NR phosphorylation and 14-3-3-binding are
also involved in the control of NR degradation

As mentioned above, NR has a rather short half-life of
several hours. Thus, the existing amount of NR protein
depends not only on the rate of synthesis, but also on the
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rate of degradation. NR synthesis is high in the light and
low in the dark (Weiner and Kaiser, 1999). There are a
number of artificial treatments which all activate NR,
such as anoxia or tissue acidification, or the permeating
analogue of 5'-AMP, AICAR (5-aminoimidazole-4-
carboxyamide ribonucleoside), or uncouplers of respira-
tion like CCCP or DNP. Indeed, NR protein in darkened
leaves appeared more stable whenever it was activated by
any of these treatments (for review see Kaiser et al., 1999,
also compare Fig. 2), suggesting that the inactive form of
NR (bound to 14-3-3s) would be more easily degraded
than the active form. With *>S-methionine feeding it was
shown that NR degradation was much more rapid in the
dark than in the light. Interestingly, purified NR added
to extracts from darkened leaves, where endogenous NR
had been removed by immunoprecipitation, was also
degraded and that degradation in vitro was accelerated
when NR was phosphorylated and 14-3-3s were added
(Weiner and Kaiser, 1999). Conclusively the pNR-14-3-3
complex appeared a Dbetter substrate for specific
proteolysis than free NR.

However, these conclusions may be questioned accord-
ing to recent data (Cotelle et al., 2000). In sugar-starved
Arabidopsis suspension cells, NR and many other proteins
were rapidly degraded, pointing to the important role of
sugars and of sugar sensing for cellular signalling.
Overlay experiments showed that in sugar-starved cells,
14-3-3 binding to various targets was lost. Sugar feeding
reversed both the loss of 14-3-3 binding and proteolytic
degradation of proteins. These experiments are in sharp
contrast to the above-mentioned observations and
conclusions; Cotelle et al. suggest that sugar starvation
and 14-3-3 release may be a signal initiating proteolysis
(Cotelle et al., 2000): whereas it is suggested here that
14-3-3 binding initiates degradation. The question then
was whether, in the above-described treatments that
activate and stabilize NR, sugars would disappear
(=sugar-starved) or remain high (= sugar-sufficient).

In darkened aerobic leaf tissues, where NR was
degraded, there was indeed a rapid consumption mainly
of sucrose, but also of hexoses, consistent with the above
role of sugar signalling. Under anoxia, where NR was
stabilized and active, sucrose levels decreased, yet at the
same time hexose levels increased drastically (Fig. 2).

In AICAR-treated tissues, where NR was also
stabilized, sucrose was consumed more slowly than in
controls, and hexoses also increased (Fig. 2). A similar
situation was observed for uncoupler-treated tissues (not
shown). Thus, whenever NR was stabilized, cells were
sugar-sufficient, eventually changing from high-sucrose
cells to high-hexose cells, as shown in Fig. 2. Figure 3
summarizes such data: across treatments there was a posi-
tive correlation between sugar content and maximum NR
activity (+EDTA) after 28 h of darkness. These obser-
vations are consistent with the findings by Cotelle et al.
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Fig. 2. Maximum NR activity (indicating the amount of functional NR protein) and sugar contents in detached spinach leaves (petiole in 10 mM
nitrate-solution) in the dark. Sugars were determined in aqueous, boiled extracts by HPLC with pulsed amperometric detection. Under aerobic
conditions (control, air), sucrose and hexose levels decrease strongly within 4 h, and NR activity disappears somewhat more slowly (50% in about
17 h), indicating NR protein degradation. Under anoxia, NR activity remains high, and while sucrose is still degraded, hexose levels increase. When
leaves were fed in air with the 5'-AMP analog AICAR (5-aminoimidazole-4-carboxamide riboside, 20 mM) for 4 h, then transferred into fresh,
AICAR-free solution), NR degradation was also prevented, and as before, sucrose was degraded whereas hexoses increased. It should be noted that the
NR activation state was low in the dark in air, yet high with both anoxia or AICAR treatment (not shown). Further explanations in the text.
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Fig. 3. Positive correlation between total sugar concentrations in leaves
and the maximum NR activity. Data summarized from Fig. 2. Here,
sugars are the sum of sucrose, glucose and fructose.

that sugar signalling may be involved in the control of
NR proteolysis (Cotelle et al., 2000). They do not resolve,
however, the discrepancy about the role of 14-3-3s. A
prediction from the overlay experiments of Cotelle et al.
would be that in sugar-starved cells, NR should be more
activated because 14-3-3 binding sites are lost, probably
because of protein dephosphorylation (Cotelle er al.,
2000). However, NR activation was not observed
(C MacKintosh, personal communication). It seems
possible, however, that active NR (with 14-3-3s not
bound) would be immediately degraded and would thus
not show up as an increased activation state. Altern-
atively, one might speculate that different proteases exist
which may degrade NR. A specific one would be active
normally, for example, in the dark to degrade slowly
inactive pNR bound to 14-3-3s. The other, less specific
one might be induced or activated upon sugar starvation,
using free NR as a substrate, not the pNR-14-3-3
complex. The multiple roles of sugars in the regulation
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NR degradation. High sugar concentrations promote NR expression
(together with nitrate), block (eventually as sugar phosphates) the
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activation of a protease. Further explanations in the text.
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of NR expression, NR modulation and NR degradation
are summarized in Fig. 4.

Nitric oxide (NO) production by NR

It has long been recognized that NR can also catalyse the
NAD(P)H-dependent reduction of nitrite to nitric oxide
(NO) (Dean and Harper, 1988; Yamasaki et al., 1999;
Yamasaki and Sakihama, 2000). Facing the potential
relevance of NO as a signalling molecule in plants, it is
certainly important to know when and to what extent NR
might contribute to NO production. NO production by
purified NR has recently been investigated, and by
detached leaves or whole plants (P Rockel, F Strube, A
Rockel, J Wildt, WM Kaiser, unpublished results).
Briefly, NO production by NR from NADH and nitrite
comprised only a small percentage of the total nitrate
reducing capacity (about 1%) of the enzyme. NO pro-
duction followed the rapid modulation of NR described
above, and was, in addition, strictly dependent on the
nitrite concentration in the tissues (which, in turn, also
depends on NR versus nitrite reductase (NiR) activity).
NO production from nitrite (K, 100 pM) was competi-
tively inhibited by nitrate (K; about 50 pM), and there-
fore, NO production by intact tissues was also dependent
on the nitrate concentration. In addition to soluble NR,
plasma membrane-bound enzymes may also contribute to
NO production (Stohr et al., 2001). Nothing is known
as yet about a possible regulation of NR-dependent NO
production by environmental stress factors and, most
importantly, by plant pathogens.
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Is the above model for the regulation of NR
valid for all higher plants?

Up to 15 higher plant species belonging to very different
taxonomic groups have been examined and were found
to follow the above-described general pattern of NR
regulation. As far as is known, there is only one
exception: NR in leaves from Ricinus communis L. differs
from all others in several respects (Kandlbinder e al.,
2000). When the enzyme was essayed in crude extracts in
the presence of 10 mM Mg?*, it always appeared in an
extremely low activation state, which was not much
different in dark or light. In contrast, the maximum
activity measured in the presence of EDTA was normal.
Further, the enzyme from Ricinus could not be inacti-
vated in vitro with MgATP. Ricinus NR (+Mg>") was
highly active at pH 6.5, and almost completely inhibited
at pH 8. At physiological pH (7.3), it was always very
Mg? " -sensitive, much more than other higher plant NRs.
Meanwhile the enzyme has been cloned, and sequence
analysis indicated that a serine-phosphorylation motive
and 14-3-3 binding site were present as in many other
deduced sequences for NR from terrestrial plants
(CB Tsai, R Kaldenhoff, WM Kaiser, unpublished
results). Thus, the molecular background and the
physiological relevance of these deviating properties of
Ricinus NR are still obscure. One possibility being
considered is that the putative heavy-metal binding site
on NR, responsible for inhibition of NR activity by
metals such as Zn®* (Campbell, 1999), is altered in
sequence such that divalent cations such as Mg?" can
also bind and directly cause inhibition.

Open questions and perspectives

On the whole plant basis, it is still not understood why,
at least in some situations, rates of nitrate reduction
in vivo are different from NR activity as determined in
leaf or root extracts. The present interpretation is that
NADH may become a major rate-limiting factor. In
leaves, this would couple nitrate reduction even more
strictly to the export of reducing power from the chloro-
plast. Mutants or transformants disturbed in that trans-
port may add to a better understanding of the substrate
limitations of NR. It was expected that, at least under
anoxia when plant tissues start alcoholic and lactic acid
fermentation, NADH would not be limiting for nitrate
reduction. However, this was not the case. Clearly, the
physiological role of NR activation under anoxia is still
obscure and requires more stringent investigations.
Also, it is not understood why, under conditions of
extreme nitrate limitation, the residual NR appears no
longer light/dark modulated. One speculative interpreta-
tion would be that the activity or expression of a NR
protein kinase is controlled by nitrate availability.
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It also remains to be determined to what extent NR
contributes NO for pathogen/stress signalling under
different conditions. It is thought that the inducible NO
synthase (Foissner et al., 2000) is important for plant
responses to pathogens, but NR could play a role as
well. Comparisons of plants grown on nitrate (abundant
NR) versus ammonium (no NR) in terms of pathogen
responses may yield some insights as to the role that
NR-catalysed NO production may play.

Another unresolved and critical question is whether it
is the molecular form of NR present in leaves that affects
its proteolytic degradation, or whether the factors that
affect the NR activation state also independently affect
the induction or activation of the protease(s) that degrade
NR. Further, the 14-3-3s may either target proteins for
degradation (Weiner and Kaiser, 1999) or may protect
proteins from degradation (Cotelle et al., 2000) possibly
by shielding critical residues. Further studies with NR may
provide answers to these questions, which have direct
implications for the regulation of other enzymes as well.

Acknowledgements

Financial support for this work, also supporting the
co-operation between SC Huber and WM Kaiser by the DFG,
SFB 251, is greatfully acknowledged. We are also grate-
ful to Eva Wirth and Maria Lesch for skilful technical
assistance. Co-operative investigations of the US Department
of Agriculture, Agriculture Research Service, and the NC
Agricultural Research Service, Raleigh, NC. This work was
supported by grants from US Department of Agriculture-
National Research Initiative (Grant 2001-35318-10185). Mention
of a trademark or proprietary product does not constitute a
guarantee or warranty of the product by the USDA or the NC
Agricultural Service, nor does it imply its approval to the
exclusion of other products that might also be suitable.

References

Abd-El Baki GK, Siefritz F, Man HM, Weiner H, Kaldenhoff R,
Kaiser WM. 2000. Nitrate reductase in Zea mays L. under
salinity. Plant, Cell and Environment 23, 515-521.

Athwal GS, Lombardo CR, Huber JL, Masters SC, Fu H,
Huber SC. 2000. Modulation of 14-3-3 protein interactions
with target polypeptides by physical and metabolic effectors.
Plant Cell Physiology 41, 523-533.

Bachmann M, McMichael RW, Huber JL, Kaiser WM,
Huber SC. 1995. Partial purification and characterisation
of a calcium-dependent protein kinase and an inhibitor
protein required for the activation of spinach leaf nitrate
reductase. Plant Physiology 108, 1083-1091.

Bachmann M, Shiraishi N, Campbell WH, Yoo B-C,
Harmon AC, Huber SC. 19964. Identification of Ser-543 as
the major regulatory phosphorylation site in spinach leaf
nitrate reductase. The Plant Cell 8, 505-517.

Bachmann M, Huber JL, Athwal GS, Wu K, Ferl JR, Huber SC.
1996b. 14-3-3 proteins associate with the regulatory
phosphorylation site of spinach leaf nitrate reductase in
an isoform specific manner and reduce dephosphorylation

of Ser-543 by endogenous protein phosphatase. FEBS
Lettters 398, 26-30.

Botrel A, Kaiser WM. 1997. Nitrate reductase activation state in
barley roots in relation to the energy and carbohydrate status.
Planta 201, 496-501.

Botrel A, Magne C, Kaiser WM. 1996. Nitrate reduction, nitrite
reduction and ammonium assimilation in barley roots in
respoinse to anoxia. Plant Physiology and Biochemistry 34,
645-652.

Campbell WH. 1999. Nitrate reductase structure, function and
regulation: bridging the gap between biochemistry and
physiology. Annual Review of Plant Physiology and Plant
Molecular Biology 50, 277-303.

Cotelle V, Meek SEM, Provan F, Milne FC, Morrice N,
MacKintosh C. 2000. 14-3-3s regulate global cleavage of their
diverse binding partners in sugar-starved Arabidopsis cells.
EMBO Journal 12, 2869-2876.

Dean JV, Harper JE. 1988. The conversion of nitrite to nitrogen
oxide(s) by the constitutive NAD(P)H-nitrate reductase
enzyme from soybean. Plant Physiology 88, 389-395.

Deruére J, Jackson K, Garbers C, Soll D, DeLong A. 1999. The
RCNI-encoded A subunit of protein phosphatase 2A
increases phosphatase activity in vivo. The Plant Journal 20,
389-399.

Douglas P, Moorhead G, Hong Y, Morrice N, MacKintosh C.
1998. Purification of a nitrate reductase kinase from Spinacea
oleracea leaves and its identification as a calmodulin-domain
protein kinase. Planta 206, 435-442.

Foissner 1, Wendehenne D, Langebartels C, Durner J. 2000. In
vivo imaging of an eleicitor-induced nitric oxide burst in
tobacco. The Plant Journal 23, 817-824.

Fullone MR, Visconti S, Marra M, Fogliano V, Aducci P. 1998.
Fusicoccin effect on the in vitro interaction between plant
14-3-3 proteins and plasma membrane H*-ATPase. Journal
of Biological Chemistry 273, 7698-7702.

Galangau F, Daniel-Vedele F, Moureaux T, Dorbe MF,
Leydecker MT, Caboche M. 1988. Expression of leaf nitrate
reductase gene from tomato and tobacco in relation to
light/dark regimes and nitrate supply. Plant Physiology 88,
383-388.

Glaab J, Kaiser WM. 1993. Rapid modulation of nitrate
reductase in pea roots. Planta 191, 173-179.

Huber JL, Huber SC, Campbell WH, Redinbaugh MG. 1992a.
Reversible light/dark-modulation of spinach leaf nitrate
reductase involves protein phospohorylation. Archives of
Biochemistry and Biophysics 296, 58—65.

Huber SC, Huber JL, Campbell WH, Redinbaugh MG. 1992b.
Comparative studies of the light modulation of nitrate
reductase and sucrose-phosphate synthase activities in
spinach leaves. Plant Physiology 100, 706—712.

Kaiser WM, Spill D. 1991. Rapid modulation of spinach leaf
nitrate reductase by photosynthesis. II. In vitro modulation by
ATP and AMP. Plant Physiology 96, 368—375.

Kaiser WM, Huber SC. 1994a. Post-translational regulation
of nitrate reductase in higher plants. Plant Physiology 106,
817-821.

Kaiser WM, Huber SC. 1994h. Modulation of nitrate
reductase in vivo and in vitro: effects of phosphoprotein
phosphatase inhibitors, free Mg?* and 5'-AMP. Planta
193, 358-364.

Kaiser WM, Brendle-Behnisch E. 1995. Acid-base modulation of
nitrate reductase in leaf tissues. Planta 196, 1-6.

Kaiser WM, Weiner H, Huber SC. 1999. Nitrate reductase in
higher plants: a case study for transduction of environmental
stimuli into control of catalytic activity. Physiologia
Plantarum 105, 385-390.



Kaiser WM, Kandlbinder A, Stoimenova M, Glaab J. 2000.
Discrepancy between nitrate reduction rates in intact leaves
and nitrate reductase activity in leaf extracts: what limits
nitrate reduction in situ? Planta 210, 801-807.

Kandlbinder A, Weiner H, Kaiser WM. 2000. Nitrate reductases
from leaves of Ricinus (Ricinus communis L.) and spinach
(Spinacia oleracea L.) have different regulatory properties.
Journal of Experimental Botany 51, 1099-1105.

Lang B, Kaiser WM. 1994. Solute content and energy status of
roots of barley plants cultivated at different pH on nitrate- or
ammonium-nitrogen. New Phytologist 128, 451-459.

MacKintosh C. 1992. Regulation of spinach leaf nitrate
reductase. Biochimica et Biophysica Acta 1137, 121-127.

Man HM, Abd-El-Baki G, Stegmann P, Weiner H, Kaiser WM.
1999. The activation state of nitrate reductase is not always
correlated with total nitrate reductase activity in leaves.
Planta 209, 462-468.

Muslin AJ, Tanner JW, Allen PM, Sahw AS. 1996. Interaction
of 14-3-3 with signaling proteins is mediated by the
recognition of phosphoserine. Cell 84, 889-897.

Provan F, Aksland L-M, Meyer C, Lillo C. 2000. Deletion of the
nitrate reductase N-terminal domain still allows binding of
14-3-3 proteins but affects their inhibitory properties. Plant
Physiology 123, 757-764.

Scheible W-R, Gonzalez-Fontes A, Lauerer M, Miiller-Rober B,
Caboche M, Stitt M. 1997a. Nitrate acts as a signal to induce
organic acid metabolism and repress starch metabolism in
tobacco. The Plant Cell 9, 783-798.

Scheible W-R, Gonzalez-Fontes A, Morcuende R, Lauerer M,
Geiger M, Glaab J, Gojon A, Schulze E-D, Caboche M,
Stitt M. 1997b. Tobacco mutants with a decreased
number of functional nia-genes compensate by modifying
the diurnal regulation of transcription, post-translational
modification and turnover of nitrate reductase. Planta
203, 304-319.

1989

Shenolikar S. 1994. Protein serine/threonine phosphatases—new
avenues for cell regulation. Annual Review of Cell Biology 10,
55-86.

Stohr C, Strube F, Marx G, Ullrich WR, Rockel P. 2001. A
plasma membrane-bound enzyme of tobacco roots catalyses
the formation of nitric oxide from nitrite. Planta (in press).

Su W, Huber SC, Crawford NM. 1996. Identification in vitro
of a post-translational regulatory site in the hinge-1 region of
Arabidopsis nitrate reductase. The Plant Cell 8, 519-527.

Sugden C, Donaghy PG, Halford NG, Hardie DG. 1999. Two
SNF1-related protein kinases from spinach leaf phosphory-
lated and inactivate 3-hydroxy-3-methylglutaryl-coenzyme A
reductase, nitrate reductase, and sucrose phosphate synthase
in vitro. Plant Physiology 120, 257-274.

Vincentz M, Moureaux T, Leydecker MT, Vaucheret H,
Caboche M. 1993. Regulation of nitrate and nitrite reductase
expression in Nicotiana plumbaginifolia leaves by nitrogen and
carbon metabolites. The Plant Journal 3, 313-324.

Weiner H, Kaiser WM. 1999. 14-3-3 proteins control proteolysis
of nitrate reductase in spinach leaves. FEBS Letters 455,
75-78.

Weiner H, Kaiser WM. 2000. Binding of 14-3-3 proteins is not
sufficient to inhibit nitrate reductase in spinach leaves. FEBS
Letters 480, 217-220.

Weiner H, Weiner H, Stitt M. 1993. Sucrose-phosphate synthase
phosphatase, a type 2A protein phosphatase, changes its
sensitivity toward inhibition by inorganic phosphate in
spinach leaves. FEBS Letters 333, 159-164.

Yamasaki H, Sakihama Y, Takahashi S. 1999. An alternative
pathway for nitric oxide production in plants: new features
for an old enzyme. Trends in Plant Science 4, 128—129.

Yamasaki H, Sakihama Y. 2000. Simultaneous production
of nitric oxide and peroxonitrite by plant nitrite reductase:
in vitro evidence for the NR-dependent formation of active
nitrogen species. FEBS Letters 468, 89-92.

Regulation of nitrate reduction



