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Abstract. This review highlights progress in dissecting
how plant nitrate reductase (NR) activity is regulated by
Ca’*, protein kinases, protein kinase kinases, protein
phosphatases, 14-3-3 proteins and protease(s). The sig-
nalling components that regulate NR have also been
discovered to target other enzymes of metabolism, vesi-
cle trafficking and cellular signalling. Extracellular sug-
ars exert a major impact on the 14-3-3-binding status

and stability of many target proteins, including NR in
plants, whereas other stimuli affect the regulation of
some targets and not others. We thus begin to see how
selective or global switches in cellular behaviour are
triggered by regulatory networks in response to different
environmental stimuli. Surprisingly, the question of how
changes in NR activity actually affect the rate of nitrate
assimilation is turning out to be a tough problem.
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Basics of a regulatory mechanism controlling NR
activity

Plant eukaryotic NR is subject to rapid changes in
activity in response to a variety of environmental fac-
tors. There have been long-standing reports of diurnal
variations in the abilities of plant cells to reduce nitrate,
too rapid to be accounted for by changes in gene
expression. Experiments in the 1980s showed that the
activity of NR in extracts did not always match the
amount of NR protein measured by immunological
methods [1]. But the first major advance in understand-
ing the mechanisms underlying the posttranslational
regulation of NR came when Werner Kaiser’s group
found that NR activity in leaf extracts dropped within
minutes in response to inhibition of photosynthesis,
that is in darkness or low CO,, provided that assays
were performed in the presence of Mg>+ or Ca?* [2].
This inactivation of NR required protein phosphoryla-
tion [2, 3], and reactivation in vivo and in vitro was
blocked by specific inhibitors of protein (serine/
threonine) phosphatases [4]. Thus, the first regulatory
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models for posttranslational regulation of NR depicted
an interconversion between high- and low-activity states
of NR as a phosphorylation/dephosphorylation cycle.

It soon became clear, however, that this simple model
was not sufficient to account for the control of NR. It
was discovered that at least two protein components
were required to convert purified NR from its high-ac-
tivity to the low-activity state in vitro [5]. Furthermore,
when attempts were made to purify the low-activity
form of NR from leaves harvested in the dark, the
enzyme became activated, even though dephosphoryla-
tion was prevented by the inclusion of protein phos-
phatase inhibitors in all the purification buffers.
However, the low-activity form of NR could be recon-
stituted by mixing phosphorylated NR with other frac-
tions from the purification that contained an
NR-inhibitor protein (NIP) [6-8]. NIP was later
purified and identified as one or more isoforms of
14-3-3 proteins [9]. Now each of the regulatory compo-
nents of this system have been isolated, and it is possi-
ble to reconstitute the inactivation of NR in vitro.
These experiments led to the conclusion that inactiva-
tion of NR occurs by phosphorylation (of serine-543 in
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the spinach enzyme [10]) by an NR kinase. Phosphory-
lation alone does nothing to the activity of NR; rather,
phosphorylation creates a phosphopeptide motif that
binds to 14-3-3 proteins, and it is the interaction with
14-3-3s that inhibits NR (fig. 1). In line with Kaiser’s
earlier findings [2], the inhibition of phosphorylated NR
by 14-3-3 proteins requires millimolar concentrations of
Me?+ jons, which means that the ratio of inactive NR
to total NR can be estimated by comparing NR activity
in the presence of excess Me?>* ions (= NR active) as a
percentage of total maximum NR activity (NR maxi-
mum) which is assayed in buffer containing excess
EDTA.

Further dissection of the components that regulate NR

Regulatory sites on NR

14-3-3 proteins are a highly conserved protein family
that generally bind to phosphopeptide motifs in many
target proteins [11, 12], and the 14-3-3s themselves are
considered in more detail below. The regulatory phos-
phorylation site on NR is a conserved seryl residue
(ser543 in spinach and ser534 in Arabidopsis) in the
hinge 1 region between the MoCo and haem-Fe do-
mains [10, 13, 14]. Phosphorylation of ser543 creates a
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Figure 1. Regulation of NR in leaves in response to changes in
photosynthesis. When leaves are actively photosynthesising, as-
similation of nitrate is active because NR is in an active dephos-
phorylated form. However, if anything happens to block
photosynthesis (depicted here as a cloud passing in front of the
sun), NR becomes phosphorylated on a serine residue (serine 543
in the spinach enzyme). Phosphorylation alone does nothing to
the activity of NR. However, in the plant, phosphorylation of
serine 543 creates a phosphopeptide motif that binds directly to
one or more 14-3-3 proteins. 14-3-3 binding inhibits NR activity.
The inhibition of NR is reversed by dissociation of 14-3-3s, which
may be caused by dephosphorylation of serine 543 by a type 2A
protein phosphatase, or by other mechanisms. This scheme in-
vokes some sort of signal reflecting photosynthetic activity being
transmitted from the chloroplast to control the components that
regulate NR in the cytosol.
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canonical 14-3-3-binding site (R-X-X- pS/pT-X-P) that
binds directly to 14-3-3s in vitro [9, 10, 15]. Consistent
with the hinge 1 site being the relevant residue in vivo,
an antibody which is reported to be specific for the
phosphoser543 site recognises NR only from leaves
harvested in the dark [16], and NR mutated at that site
cannot be inhibited by 14-3-3s in planta or when exam-
ined in the yeast two-hybrid system [13, 17]. Whereas
phosphorylation is essential for binding of 14-3-3s to
the wild-type enzyme, Kanamura and colleagues have
identified substitutions of amino acids other than the
phosphorylation site that restored the ability of an
S534D Arabidopsis NR mutant to bind to 14-3-3s [17].
The sequences generated by these second site mutations
that allow binding to 14-3-3s independent of phospho-
rylation are presumably mimetics of the phosphorylated
site in the wild-type protein.

There is also compelling evidence for some involvement
of the N-terminal tail in the regulation of NR. A
tobacco mutant NR containing a 56-amino acid dele-
tion in the acidic domain of the N-terminus was re-
ported not to be regulated by light/dark transitions in
vivo and was not subject to ATP-dependent inactiva-
tion in vitro in crude extracts [18]. However, surpris-
ingly, the mutated NR purified from leaves harvested in
the dark could be inhibited by 14-3-3 proteins [19].
Furthermore, spinach leaf NR from which the N-termi-
nal 45 amino acids had been removed by an endoge-
nous protease could still be phosphorylated, but seemed
to be less sensitive than full-length NR to inactivation
in vitro [10]. Whether the regulatory events at the N-ter-
minus involve binding to another protein, phosphoryla-
tion and/or conformational changes that are triggered
by phosphorylation and binding of 14-3-3s is not
known [18, 20].

NR kinases

After fractionation of spinach leaf extracts by anion-ex-
change chromatography, several peaks of NR kinase
activity were identified, which each phosphorylated
spinach NR on serine543 and inactivated the enzyme in
the presence of 14-3-3s. One kinase was identified as a
SNF1-related enzyme by the following properties: inac-
tivation by dephosphorylation with protein phos-
phatases 2A or 2C; requirement for a hydrophobic
residue in the +4 position of the peptide substrate
AMARAASAAALARRR, its inactivation of Ara-
bidopsis 3-hydroxy-3-methylglutary-coenzyme A
(HMG-CoA) reductase-1 by phosphorylation of serine-
577, a molecular mass of ~ 140 kDa, its Ca®* -indepen-
dent activity and recognition of its 58-kDa catalytic
subunit by an antibody raised against the rye SNF1-re-
lated RKIN1 [21-23]. The term SNF1 comes from the
sucrose nonfermenting Saccharomyces cerevisiae mu-
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tant, which is unable to grow on carbon sources other
than glucose because of a defect in this protein kinase.
The mammalian homologue is the AMP-activated
protein kinase, which phosphorylates and inactivates
several biosynthetic enzymes in response to nutritional
and environmental stresses that cause cells to be de-
pleted of ATP [24]. It is intriguing to find that NR is
inactivated by a plant version of a protein kinase re-
quired for ‘nutrient sensing’ in other eukaryotes.

Two other major NR kinase activities in spinach leaf
extracts are calcium-dependent protein  kinases
(CDPKs), and one has been purified and identified by
amino acid sequencing as an isoform with closest se-
quence similarity to the Arabidopsis CDPK6 (also
known as CPK3) [25]. The CDPKs have been found
only in plants and protozoa, not mammalian cells.
These enzymes have a calmodulin domain on the same
polypeptide as the protein kinase domain. Binding of
calcium triggers activation of CDPKs by dislodging an
autoinhibitory junction sequence from the active site.
Plants contain several members of the SNF1-related
kinase family and many CDPK isoforms, and it will be
important to determine whether all of these or only
particular forms are NR kinases in vivo. Another criti-
cal question is which kinase is responsible for phospho-
rylating NR under which condition. It is not known
how the activities of the SNFl-related kinases or
CDPKS respond to changes in photosynthesis or other
signals that regulate NR. Perhaps the only clue is that
cytosolic Ca>* concentrations have been reported to
increase in leaf cells in the dark [26], a time when
phosphorylation and inactivation also occur.

14-3-3 proteins

The 14-3-3 proteins were first identified as abundant
brain proteins, and thus named because of their mobil-
ity on ion-exchange chromatography and two-dimen-
sional gel electrophoresis. We now know that 14-3-3s
are an unusually highly conserved protein family with
central regulatory roles in plant, fungal and mammalian
cells [27]. 14-3-3s bind to phosphopeptide motifs in
diverse target proteins [11, 12, 28], and through these
interactions, 14-3-3s have been reported to modulate
the activities of enzymes [28, 29], regulate subcellular
location of targets [30—32] and act as ‘adaptor proteins’
that mediate interactions between components of signal
transduction pathways [33].

In plants, 14-3-3s have been discovered primarily as
regulators of NR and other enzymes of cytosolic
metabolism, and the plasma membrane proton-adeno-
syl triphosphatase (ATPase) [28, 29, 34], whereas in
mammalian cells 14-3-3s are best known as regulators
of many components of oncogenic signalling pathways
and cell cycle checkpoints [27, 33].
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Activation of NR: NR phosphatase(s) and other
mechanisms

The activation of NR in vitro, or in leaves in response
to illumination, is blocked by microcystin or okadaic
acid, suggesting that activation is catalysed by one of
the PPP family of protein phosphatases, most likely a
type 2A enzyme [4, 35]. Using microcystin-Sepharose
chromatography, plant extracts have been found to
contain at least two members of this family, namely the
canonical trimeric PP2A, and PP5 [35]. Which of these
or related enzymes actually dephosphorylates NR in
vivo is unknown.

Having 14-3-3s bound directly to the ser-543 phospho-
rylation site poses the question of how the phosphatase
accesses its substrate. 14-3-3-bound NR can be acti-
vated in vitro by competition with a 14-3-3-binding
phosphopeptide, so presumably the NR/14-3-3 interac-
tion must be sufficiently dynamic to allow the phospho-
peptide to exchange with NR for 14-3-3 binding.
However, the 14-3-3s have been found to provide a
barrier to dephosphorylation, because phosphorylated
NR with bound 14-3-3s is dephosphorylated more
slowly than free phosphorylated NR in vitro [14]. It has
been speculated that 14-3-3 inhibition of dephosphory-
lation may be important physiologically: if 14-3-3s en-
sure that NR in leaves is only activated slowly by
dephosphorylation, fully active nitrate reduction may
be delayed to coincide with complete induction of pho-
tosynthesis, when the ‘surplus’ C skeletons needed for
incorporation of ammonia into amino acids would be-
come available [14].

There are signs that dephosphorylation may not be the
only mechanism for activating NR. We [S.E.M.M. and
C.M., unpublished] have found that the 14-3-3 proteins
themselves are posttranslationally modified in response
to hormones and nutrients, and that these modifications
change the binding properties of the 14-3-3s in in vitro
assays. In addition, small molecules including phos-
phate ions, EDTA and AMP [36, 37] activate NR in
vitro. EDTA acts by chelating the Me®>* ions that are
essential for 14-3-3 binding to NR [2, 38], and Athwal
and colleagues [38] have identified a specific binding site
for AMP on 14-3-3s whose occupation is proposed to
disrupt the inactivated phosphorylated NR/14-3-3
complex.

Pharmacological agents and conditions that activate
NR in leaves, leaf discs and/or roots include 5-
aminoimidazole-4-carboxamide riboside (AICAR),
which gives rise to an AMP mimetic in cells [39]; the
cytosolic protein synthesis inhibitor, cycloheximide [40,
41]; mannose; organic acids and anoxia [42]. Although
there are some clues and speculations in the cited pa-
pers, it is not clear how the actions of these compounds
are mediated [23].
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Why is NR activity posttranslationally regulated?

As the mechanistic details emerge, we still do not know
exactly why plants have evolved such intricate systems
for regulating NR activity. One idea is that the flexible
and rapid regulation of NR serves to minimize the
major costs and hazards that are associated with plants’
remarkable ability to synthesise amino acids from ni-
trogenous minerals and sugars.

Reduction of nitrate to amino acids is a heavy drain on
the reductants NADH and NADPH. Intuitively then,
one might expect this pathway to be highly regulated so
that the rate of nitrate reduction exceeds neither the
supplies of reductant nor the carbohydrates that are
required to combine with reduced nitrogen, in the form
of ammonia, to generate amino acids. Indeed, this ex-
pectation seems to hold generally true in reality.

A major potential hazard associated with assimilation
of nitrate into amino acids is that the nitrite generated
by in the cytosol by NR is highly toxic, and mutagenic
because it can diazotise amino groups. In leaves that are
actively photosynthesising, the risk of nitrite poisoning
is minimal because photosynthetic electron transport
maintains both the 4pH across the chloroplast envel-
ope that is required to translocate nitrite into the
chloroplast, and the reduced ferredoxin used by nitrite
reductase (NiR) to convert nitrite into ammonia. How-
ever, if photosynthesis and hence nitrite reduction are
blocked, nitrite poisoning could become a dangerous
prospect—prevented by downregulation of NR activ-
ity, which would ensure immediate cessation of nitrite
production. Thus, the need to coordinate nitrate assimi-
lation with supplies of NADH and carbon skeletons
[43], and to prevent nitrite poisoning, certainly seems to
provide a rationale for why regulation of NR in the
cytosol should be so highly regulated in response to
signals generated by changes in photosynthesis in the
chloroplast.

Recently, however, it has been suggested that strict
regulation of NR activity may go beyond what is
needed to keep nitrate assimilation in check. The new
proposal is that tight regulation of NR is linked to a
novel ‘signalling’ role for NR as a producer of nitric
oxide (NO) [44]. In mammals, NO is an important
endogenous regulator of diverse biological functions,
from muscle relaxation, neurotransmission and memory
to cell-mediated immune responses. Animal cells syn-
thesise NO from arginine, catalysed by nitric oxide
synthases (NOSs), and different NOS isoforms have
different modes of responsiveness to hormones and
messengers such as interferon-y. The biological effects
of NO are mediated through its nitrosylation of, or
redox reactions with, metal-, thiol- and tyrosine-con-
taining protein targets, which include enzymes, sig-
nalling proteins such as guanylate cyclase and several

Posttranslational control of nitrate reductase

transcription factors. There has been accumulating evi-
dence that NO may be involved in plant signal trans-
duction systems. However, the source of NO is still
controversial. Neither a gene nor a protein homologous
to mammalian NOS has been isolated from plants to
date. Yamasaki and Sakihama [44] have reported that
plant NR can produce NO, implicating NR as a NO
signal emitter in plant cells. In this scenario, regulation
of NO production by NR would be essential to its
signalling role, but exactly how this process is envisaged
to be controlled in a manner compatible with the assim-
ilatory role of NR is not clear.

How do changes in NR activity affect nitrate
assimilation in vivo?

Having just presented several cases for considering
rapid posttranslational inhibition of NR to be vital to
leaf survival, recent findings have ironically turned the
question around, forcing us to ask why plants have as
much NR as they do in the first place. Mark Stitt’s
group have discovered that plants with 40% wild-type
NR protein have an apparently normal phenotype, al-
beit with altered diurnal regulation of NR protein and
activity [45]. For example, darkening led to rapid inacti-
vation of NR in the wild type and the mutants. How-
ever, in the low NR mutants only, this inactivation was
reversed after 1-3 h of darkness. Thus, it appears that
wild-type plants have excess capacity for nitrate assimi-
lation, and that the regulatory mechanisms can adapt to
a lower NR content to allow assimilation to continue
for a longer period each day.

Another complication is that Kaiser’s group have re-
ported that whereas NRact measured in extracts in the
presence of Mg?* seemed to reflect the rates of nitrate
reduction in high ambient CO, in vivo, a tight correla-
tion does not always exist. For example, full activation
of NR in the dark, which was promoted by anoxia or
by AICAR feeding, did not result in increased rates of
nitrate reduction in vivo [46]. These findings suggest
either that the NRact measured in vitro is not an
accurate reflection of the true operating NR activity, or
that NR is not rate limiting for nitrate assimilation
under some conditions. Surprisingly, then, the question
of how changes in NR activity actually affect the rate of
nitrate assimilation (or NO production) is turning out
to be a tough problem.

Further plant proteins that bind to 14-3-3s in
competition with synthetic 14-3-3-binding
phosphopeptides

These difficulties in fully understanding ‘why’ NR is
highly regulated prompted our growing realisation that
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we should explore how control of NR is linked to
control of other cellular processes. All of the regulatory
components that act on NR-—the kinases, phos-
phatases and 14-3-3 proteins—are likely to control
many cellular processes. The remainder of this review
shows how exploring questions about the wider cellular
functions of one of these components, the 14-3-3s, led
to the discovery that NR is just one of many 14-3-3-reg-
ulated plant proteins that seem to be coordinately con-
trolled by a novel sugar-sensing signalling pathway.
Finding 14-3-3s as regulators of an enzyme in primary
plant metabolism was intriguing because the majority of
the known 14-3-3-binding proteins are enzymes of
oncogenic signalling pathways and cell cycle regulators
in mammalian cells [30]. We are curious to know
whether this apparent disparity in the types of 14-3-3-
binding proteins between the two Kingdoms is real or
an artificial bias due to the different emphases of molec-
ular studies in plant and mammalian cells. Indeed, it is
striking that for the few well-defined cases, 14-3-3 bind-
ing to individual plant and mammalian targets con-
tributes in different ways to cell protection and survival
[47, 48]. For example, as discussed above, one proposal
is that by binding to and inhibiting phosphorylated
plant nitrate reductase in leaves in the dark [9, 49],
14-3-3s ensure that toxic nitrite is not produced under
conditions where it cannot be reduced further, whereas
binding of 14-3-3s to the mammalian protein BAD
prevents BAD from binding to Bcl-X; and thus blocks
apoptosis [50]. But although 14-3-3s are being impli-
cated repeatedly in regulating defined points in control
of cell growth, metabolism and development, little is
known of how the global phosphorylation-dependent
interactions of diverse targets with 14-3-3s are actually
regulated within a single cell. Because we felt it was
important to put NR into a wider regulatory context by
tackling questions of global control by 14-3-3s, a num-
ber of 14-3-3 affinity binding procedures and reagents
were developed to purify and identify further 14-3-3-
binding targets, and to determine how their phosphory-
lation and 14-3-3-binding status is regulated in response
to extracellular stimuli.

Many proteins that bind to 14-3-3s in competition with
a 14-3-3-binding phosphopeptide have now been
purified, and several of them identified ([28, 51] and see
[29, 52]). Those 14-3-3-binding proteins that have been
purified from extracts of cauliffower curd and cultured
Arabidopsis cells are depicted on figure 2. One of the
proteins purified by these methods was NR [51], which
was a reassuring validation of the specificity of the
purification method.

The identities of the other target proteins suggest many
implications. For example:
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1. We can deduce that 14-3-3s are likely to have pro-
found effects on cytosolic carbon partitioning
among the pathways of sugars, amino acid, nucle-
otide and protein biosynthesis in plants. However,
we do not yet know the functional effects of phos-
phorylation and 14-3-3s on the majority of these
target proteins. In tackling this problem, it will be
important to keep a very open mind, because several
of the enzymes that have been identified to bind
14-3-3s have ‘moonlighting’ activities that are not
obviously related to their well-known biosynthetic
functions. For example, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was once known only as a
‘constitutive, housekeeping’ enzyme in glycolysis.
However, in mammalian cells new roles for GAPDH
in DNA replication, translational control of gene
expression and endocytosis have been uncovered
[53]. Trehalose is produced by cells as an antidessi-
cant. However, in S. cerevisiae the pathway interme-
diate, trehalose-6-phosphate, is a potent inhibitor of
hexokinase, and S. cerevisiae mutants that are defi-
cient in trehalose-6-phosphate production are un-
able to grow on glucose because their high
hexokinase activity exceeds the capacity of other
enzymes of glycolysis, leading to ATP depletion [54,
55]. The classic family of aminoacyl transfer RNA
(tRNA) synthetases is implicated in a broad reper-
toire of functions in addition to their well-defined
place in protein synthesis, and extending to roles in
cell survival, tRNA processing, RNA splicing, RNA
trafficking, and transcriptional and translational
regulation [56]. We must be prepared to investigate
whether regulation by 14-3-3s modulates the activi-
ties, substrate specificities or subcellular locations of
these enzymes, including NR.

2. Tt is interesting to find that 14-3-3s bind to at least

one of the (phosphorylated) protein kinases that are
capable of phosphorylating the 14-3-3-binding site
of NR. There are precedents in mammalian cells for
14-3-3s interacting with multiple components of sig-
nalling pathways, but the functional relevance of
these observations is unknown.

3. Finding that 14-3-3s bind to many enzymes of

metabolism, vesicle trafficking and cellular signalling
in plant cells emphasises the oddity of the current
perception in the mammalian literature that 14-3-3s
are predominantly associated with signalling
molecules. It seems extremely unlikely that the
highly conserved 14-3-3s have such distinct roles in
plants and mammalian cells. Perhaps 14-3-3s only
appear to have an exclusive link with signalling in
mammalian cells because of the intensity of research
in this field, compared with the ‘less fashionable’
area of mammalian metabolism.
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Figure 2. Enzymes of primary cytosolic plant metabolism and signalling that bind to 14-3-3s in competition with synthetic
14-3-3-binding phosphopeptides. CDPK, calcium-dependent protein kinase; CTR1, protein kinase whose mutation is responsible for a
‘constitutive triple response’ to ethylene phenotype in Arabidopsis seedlings; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GS,
glutamine synthetase (note that NH," substrate for cytosolic GS probably comes from protein degradation, rather than primary nitrate
assimilation); LIM17, cauliflower protein with extensive sequence similarity to the lily LIM17 protein that is expressed early in floral
development; NR, nitrate reductase; SPS, sucrose phosphate synthase; TPS, trehalose phosphate synthase.

4. Does the identification of this bewildering array of
14-3-3 target processes make it any easier to inter-
pret the significance of discovering 14-3-3 proteins in
the context of regulation of nitrate assimilation? The
answer to this question must surely depend on the
extent of regulatory interactions among the diverse
14-3-3-binding proteins. For example, each 14-3-3
dimer that binds to NR has the potential to bind to
another target protein simultaneously. Do 14-3-3s
act as adapters that link NR physically to any other
target proteins? The 14-3-3s only recognise and bind
to phosphorylated sites within specific peptide se-
quences, which leads to the expectation that there
may be a limited number of protein kinases that are
capable of phosphorylating 14-3-3 binding sites on
target proteins. Do the protein kinases that phos-
phorylate NR also phosphorylate 14-3-3 binding
sites on other target proteins? In other words, is the
global phosphorylation and 14-3-3-binding status of

other target proteins in a cell coordinated with phos-
phorylation of NR, or are individual target-14-3-3
interactions regulated independently?

14-3-3s regulate the global cleavage of their diverse
binding partners in sugar-starved Arabidopsis cell
extracts

In order to tackle the question of global control by
14-3-3s, Moorhead and colleagues [28] developed sensi-
tive 14-3-3 overlay assays to monitor how the phospho-
rylation- and 14-3-3-binding status of all the target
proteins in any cell extract respond to extracellular
stimuli. These assays are analogous to Western blots,
but instead of probing cell extracts for proteins that
bind to an antibody, the blots are overlayed with
digoxygenin-labelled 14-3-3 proteins (DIG-14-3-3s).
Proteins that contain 14-3-3-binding phosphopeptide
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motifs will bind to the DIG-14-3-3s, which are in turn
detected with an anti-DIG antibody. Using this tech-
nique, it has been found that extracts of plant tissues or
cells contain many proteins that bind to the DIG-14-3-
3s, and whose binding is specifically blocked by compe-
tition with synthetic 14-3-3-binding phosphopeptides.
Importantly, all of these DIG-14-3-3-binding proteins
are also coimmunoprecipitated from tissue and cell ex-
tracts using an anti-14-3-3 antibody, confirming that the
native proteins bind to endogenous 14-3-3s in the plant
extracts.

The sensitivity of these assays provided the opportunity
to monitor how the 14-3-3-binding status of all target
proteins in a cell changed in response to extracellular
stimuli. An Arabidopsis cell suspension culture was cho-
sen for these experiments: Arabidopsis because of the
ease of identifying proteins by comparing mass finger-
prints of protein digests with the sequence databases,
and cell culture because compared with intact plants, it
is relatively easy to grow bulk cultures and subject cells
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'

protease

—_—
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to diverse stimuli reproducibly and rapidly. Changes in
the 14-3-3-binding status of NR and other individual
target proteins was observed in response to hormones
and changes in cell density in these cells. The most
dramatic event, however, occurred in response to sugar
starvation, and a current working model of what oc-
curred is depicted in figure 3. In sugar-fed cells, many
proteins were phosphorylated and bound to 14-3-3
proteins. In contrast, in extracts of sugar-starved cells,
all 14-3-3 binding was lost. As 14-3-3 proteins generally
bind to phosphorylated sites on their targets, it seemed
likely that the complete lack of interactions in sugar-
starved cells could have been caused by dephosphoryla-
tion of all the target proteins. However, remarkably,
Western blotting revealed that the loss of 14-3-3-bind-
ing proteins in the overlay assays of sugar-starved cell
extracts coincided with the selective and limited prote-
olytic cleavage of those proteins that had been phos-
phorylated and bound to 14-3-3s in the sugar-fed cell
extracts. In dissecting the mechanisms underlying these

<

MG132, E-64, fed-cell extract,
low pH, ‘caspase inhibitors’

\\5 autophagy

C/N metabolism

protein
(de)phosphorylation

ethylene signalling

Figure 3. Global regulation of 14-3-3-binding proteins in Arabidopsis plant cells. This figure summarises our current working model of
how the activity state of the Arabidopsis 14-3-3-binding targets is a function of the activity of protein kinases, protein phosphatases,
14-3-3 proteins and the MG132-sensitive protease (further details in text). In sugar-starved cell extracts, all of the target proteins that
were tested were proteolytically cleaved. The properties of the protease identified in vitro are consistent with the hypothesis that 14-3-3s
protect their target proteins from proteolysis. Because of the diversity of targets, we predict that their limited cleavage could have
consequences for may cellular processes, several of which are indicated here. Parallel bars indicate inhibition.
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events, a protease whose properties are consistent with
it being the enzyme responsible for the observed cleav-
age events, was identified in extracts of sugar-starved
cells, but not in extracts of sugar-fed cells. This protease
was blocked in vitro and in vivo by the cysteine
protease inhibitor, MG132, and was ATP independent,
ruling out the proteasome. The protease was also com-
pletely inactive below pH 6.5, which is suggestive of a
cytosolic enzyme, rather than a lysosomal or vacuolar
protease. Importantly, this protease could only cleave
target proteins in vitro when they were free of 14-3-3s.
Substrate proteins were completely protected from pro-
teolysis when they were phosphorylated and bound to
14-3-3s. This finding suggests that 14-3-3 proteins must
be dissociated from the target proteins in sugar-starved
cells (either by dephosphorylation of the target proteins,
and/or by some other mechanism) prior to their cleav-
age by the starvation-induced protease [51].

Because of the diversity of plant 14-3-3-binding proteins
(fig. 2), we would expect numerous cellular processes to
be altered depending on the phosphorylation, the 14-3-
3-binding status and the state of the cleavage of these
targets. Cleavage of 14-3-3-binding partners may not
necessarily lead to loss of function. Whereas NR activ-
ity in starved cell extracts was very low, suggesting that
its cleavage had led to its inactivation, there were indi-
cations that the cleavage fragments of other 14-3-3-reg-
ulated proteins retained enzymatic activity, though their
regulatory properties may be altered.

Does the dramatic and selective cleavage of 14-3-3-regu-
lated protein in sugar-starved cell extracts explain the
major shifts in metabolism that have been detailed in
many physiological studies of sugar-starved plants [57,
58]? For example, is cleavage of NR a mechanism for
blocking nitrate assimilation into amino acids when
supplies of sugars are too low to supply the necessary
carbon?

Sugar starvation is a normal part of a plant’s lifestyle.
The supply of sugars generated by photosynthesis is not
continuous and stops partially or completely in the
dark, during winter and when leaves are shed. Starva-
tion is in fact one of the essential signals for plant
development, and °‘sugar-sensing’ pathways regulate
processes from germination through photomorphogene-
sis, flowering and senescence. For example, sugars in-
hibit the red-light-triggered developmental transition
that converts a starving etiolated seedling into a vegeta-
tive plant that is fully capable of photosynthesis. It
seems likely that the finding that 14-3-3s participate in a
sugar-sensing pathway controlling cleavage of many
targets, including NR, may underlie effects of sugars on
plant metabolism and development. Furthermore, there
may be links between these sugar-regulated biochemical
events and the striking developmental phenotypes of the
transgenic potatoes developed by Jan Szopa’s group.

Posttranslational control of nitrate reductase

They found that transgenic potatoes overexpressing 14-
3-3s displayed a prolonged stay-green phenotype with
delayed leaf senescence, and antisense 14-3-3 plants
showed early senescence. It would be very interesting to
examine how the activity state and starvation-induced
proteolysis of NR, and other 14-3-3-regulated proteins,
is affected in these transgenic plants [59, 60].

How is posttranslational regulation of NR by
phosphorylation and 14-3-3s connected to NR
degradation in planta?

Once the sugar-regulated protease is identified at the
molecular level, it will be important to determine how it
is regulated in planta. In particular, there is a puzzle
about the relationship between 14-3-3 binding and pro-
teolysis of NR in green leaves. As described earlier, it is
well known that NR in plant leaves is rapidly inhibited
by phosphorylation and 14-3-3 binding in response to
darkness. In addition, however, leaf NR is degraded
when plants are left in the dark for a prolonged period
of several hours (the exact time depending on species).
These findings led to the expectation that binding to
14-3-3s might be a prerequisite for degradation. In line
with this speculation, Weiner and Kaiser [16] have iden-
tified a phenylmethylsulphonyl fluoride (PMSF)-sensi-
tive protease that is present in extracts of leaves
harvested from leaves in the dark, but not in extracts of
illuminated leaves. Furthermore, immunodepletion of
14-3-3s from an extract of leaves harvested in the dark
prevented NR degradation by the PMSF-sensitive
protease, which led to the proposal that 14-3-3s target
NR for proteolysis in the dark.

In contrast, the previous section outlined the identifica-
tion of a protease that is induced by sugar starvation of
Arabidopsis cells. The starvation-induced protease is
inhibited by the cysteine protease inhibitor, MG132,
but not by PMSF, and catalyses limited cleavage of
several plant 14-3-3-binding proteins in vitro, but only
when these protein substrates are in their unbound
state. Phosphorylation and 14-3-3 binding completely
protects these target proteins from cleavage. There are
several possibilities to reconcile the apparent discrepan-
cies. One point is that we do not yet know whether the
MG132-sensitive protease is active in leaves, and do not
know whether this enzyme is responsible for degrading
NR in prolonged darkness. However, if the MG132-
sensitive protease were responsible for degradation of
NR in prolonged darkness, first, the protease would
have to be induced in the dark and, second, NR would
somehow have to be ‘deprotected’ from 14-3-3s during
prolonged darkness in order to become a substrate for
this enzyme. Consistent with the latter scenario, the
relative abundance of 14-3-3 proteins has been reported
to decline gradually during prolonged darkness [59]. In
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addition, and in contrast to other work [16, 40], the
unphosphorylated form of NR has been reported previ-
ously to be the least stable form in leaf extracts [1].
Solving the puzzles of which protease is relevant under
which circumstance and whether or not 14-3-3s target
NR for degradation or protect NR from degradation
requires further analytical tools. Antibodies and assays
will be needed to follow the activation of both the
PMSF-sensitive and MGI132-sensitive proteases in
planta, and we must have a knowledge of the in vivo
cleavage site(s) on NR.

Future prospects

The basics of a mechanism for rapid control of NR in
response to changes in photosynthesis has been de-
duced, and several of the relevant regulatory compo-
nents identified at the molecular level. There are
tantalising hints of further levels of control to explore,
particularly arising from the finding that NR is just one
of many 14-3-3-regulated proteins that are selectively
cleaved in response to starvation by a novel sugar-regu-
lated protease. Many challenges and opportunities are
presented by the recognition that NR is controlled as
one of many targets of extensive regulatory networks
that are likely to influence the growth and development
of the whole plant. It would be exciting to think that
manipulating these signalling pathways and networks
may provide means to altering biosynthesis, metabolite
partitioning, cell survival and development, ultimately
leading to genetic strategies for channelling yield and
nutritional value to seeds, flowers and tubers, while
reducing dependency on chemical fertilisers.
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