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ABSTRACT: Eukaryotic assimilatory nitrate reductase (NR) is a dimeric multidomain molybdo-heme-flavo
protein that catalyzes the first and rate-limiting step in the nitrate assimilation of plants, algae, and fungi. Nitrate
reduction takes place at the N-terminal molybdenum cofactor-containing domain. Reducing equivalents are
derived from NADH, which reduce the C-terminal FAD domain followed by single-electron transfer steps via
the middle heme domain to the molybdenum center. In plants, nitrate reduction is post-translationally inhibited
by phosphorylation and subsequent binding of 14-3-3 protein to a conserved phosphoserine located in the
surface-exposed hinge between the catalytic and heme domain. Here we investigated Arabidopsis thaliana
NR activity upon phosphorylation and 14-3-3 binding by using a fully defined in vitro system with purified
proteins. We demonstrate that among different calcium-dependent protein kinases (CPKs), CPK-17 efficiently
phosphorylates Ser534 in NR. Out of eight purified Arabidopsis 14-3-3 proteins, isoforms w, «, and A exhibited
the strongest inhibition of NR. The kinetic parameters of noninhibited, phosphorylated NR (pNR) and pNR in
a complex with 14-3-3 were investigated. An 18-fold reduction in ke, and a decrease in the apparent Ky"""™'
(from 280 to 141 uM) were observed upon binding of 14-3-3 to pNR, suggesting a noncompetitive inhibition
with a preferential binding to the substrate-bound state of the enzyme. Recording partial activities of NR
demonstrated that the transfer of electrons to the heme is not affected by 14-3-3 binding. The Ser534Ala variant
of NR was not inhibited by 14-3-3 proteins. We propose that 14-3-3 binding to Ser534 blocks the transfer of

electrons from heme to nitrate by arresting the domain movement via hinge 1.

Nitrogen assimilation in autotrophic eukaryotes is key for
subsequent amino acid synthesis and nucleotide metabolism.
Plants use ammonia, organic compounds, or nitrate as a suitable
nitrogen source in soil, with the latter being the most important
one (/). Specific transporters mediate the uptake of nitrate (2, 3),
which is either stored in the vacuole or directly converted to
nitrite by the cytosolic enzyme nitrate reductase (NR).! After-
ward, the reaction product nitrite, which is highly reactive, is
transported into chloroplasts and reduced to ammonia via the
[4Fe-4S] cluster- and siroheme-containing nitrite reductase (4).

As the last two reaction steps in nitrogen assimilation (nitrite
reduction and glutamate synthesis) are restricted to chloroplasts,
and reducing equivalents as well as nitrogen-accepting com-
pounds are derived from photosynthetic processes, nitrogen
assimilation and photosynthesis are closely coupled and highly
regulated in a complex network on both the transcriptional and
the post-translational level. For this purpose, NR presents a main
target for regulatory intervention, because it catalyzes the first
and rate-limiting step in nitrogen metabolism (3).
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NR is a complex homodimeric enzyme in which each subunit
possesses three cofactors bound to distinct and independently
(except one) folded domains. The N-terminal domain harbors the
molybdenum cofactor (Moco), which is the site of catalytic
nitrate reduction and closely connected to the cofactor-free
dimerization domain (6). The small central domain contains a
bs-type heme, and the C-terminal domain comprises the flavin
adenine dinucleotide (FAD) cofactor as well as the NADH-
binding site (7) (Figure 1). The central heme domain bridges both
terminal domains via two protease-sensitive surface-exposed
loops (hinge 1 and hinge 2).

While slow- and/or long-term changes in metabolism (e.g.,
availability of CO,, nitrate, and light) are mainly mediated
by transcriptional control of NR expression (§—10), sudden
changes demand immediate control of enzyme activity on a
post-translational level (71, 12). It was previously shown that
regulation of protein level overrules transcriptional control, as
post-translational mechanisms could compensate for deregulated
transcription of NR mRNA in plants (/3).

Several studies demonstrated three modes of post-translational
control of NR activity. (i) NR inhibition depends on a 14-3-3
protein that binds to a phosphorylated conserved serine residue
(Ser534 in Arabidopsis thaliana) located in hinge 1 between the
dimerization and heme domain (Figure 1) (/4—19). (ii) Irrever-
sible inhibition of the enzyme by degradation has been reported.
However, it remains unclear whether phosphorylation of NR is
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FIGURE 1: Schematic presentation of Arabidopsis nitrate reductase.
Depicted are the cofactors (Moco, molybdenum cofactor; bs, cyto-
chrome bs; FAD, flavin adenine dinucleotide), the dimerization
domain (dimer), the NADH-binding domain (NADH), and the site
of nitrate reduction and the artificial electron acceptor cytochrome

¢ (cyt ¢).

involved in triggering protein degradation (12, 20—23). (iii) Another
suggested mechanism includes a yet not well described function
of the nonconserved N-terminus of NR (24—26). Among these
mechanisms, 14-3-3-mediated control of NR activity is con-
sidered to be the most important one for plants (/3).

Phosphorylation of a serine residue (Arabidopsis Ser534) in
NR hinge 1 is believed to be subject to different regulatory
circuits, as members of both the calcium-dependent protein
kinase family (CPK) (27, 28) and the calcium-independent
SNF1 resembling kinase family (SNRK1) have been shown to
catalyze NR phosphorylation (29, 30). Recent reports indicate a
central role of the SNRKI1 family in plant metabolism and energy
balance (3/) that would also involve NR regulation, but also for
CPKs, a broad range of functions was assigned, including phos-
phorylation of NR (reviewed in ref 32). The hinge 1 sequence of
NR contains the canonical motif for both CPKs (27, 33, 34) and
SNRK s (35, 36). Furthermore, it could be shown that CPKs and
SNRK have overlapping substrate specificities (27, 29, 37, 38),
leaving open the question of the condition under which plant NR is
phosphorylated by CPKs or SNRKs.

After phosphorylation, binding of a 14-3-3 protein imparts
inhibition of phosphorylated NR (pNR). Until now, 13 ex-
pressed 14-3-3 isoforms in Arabidopsis that are highly similar
on the primary and structural level have been identified (39, 40).
Several publications reported the affinity of various plant 14-3-3
proteins toward partially purified and phosphorylated NR or
its synthetic peptides, showing that the affinities of the 14-3-3
proteins for pNR differ significantly, which is independent of the
phylogenetic origin of the respective 14-3-3 protein. Also, affi-
nities reported for different 14-3-3 proteins vary due to different
experimental setups such as the use of partially purified NR or
the use of different peptide-based interaction studies (4/—43).

Here, we established a system for characterizing the molecular
mechanism of post-translational regulation of A. thaliana NR
with all involved proteins from A. thaliana being recombinantly
expressed and purified to homogeneity. NR was initially char-
acterized by steady-state kinetics and subjected to in vitro phos-
phorylation experiments. We identified CPK-17 as one of the
kinases that is able to efficiently phosphorylate NR at Ser534.
Finally, we determined binding affinities and inhibitory strengths
of eight different 14-3-3 proteins from A. thaliana. Steady-state
kinetics of NR and pNR showed similar kinetic parameters for
both enzymes, while subsequent binding of 14-3-3 isoform w, 4,
or « inhibited pNR activity most efficiently; on the other hand,
a Ser534Ala variant of NR remained active in the presence of
CPK-17 and 14-3-3. Furthermore, nitrite inhibition of holo-NR
or pNR in a complex with 14-3-3 isoform @ remained similar.
With the aid of artificial electron acceptors, we demonstrate that
14-3-3 binding inhibits the transfer of electrons from the heme
domain to nitrate. Our finding of a mixed inhibition with pre-
ferential binding of 14-3-3 proteins to the substrate-bound state
of the enzyme suggests an elegant mode of the nitrate-controlled
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strength of inhibition with an increased rate of release of 14-3-3 at
low substrate concentrations.

EXPERIMENTAL PROCEDURES

Purification of Nitrate Reductase. A. thaliana nitrate reduc-
tase (NR) was purchased as affinity-purified protein (NECi,
Lake Minden, MI). For further purification, anion exchange
chromatography was performed with a SourceQ15 column (GE
Healthcare, Uppsala, Sweden) using 50 mM Tris-HCI (pH 7.5)
and 10 mM 2-mercaptoethanol as starting buffer A. With a
gradient from 10 to 50% with buffer B (buffer A including 1 M
NaCl) over 35 column volumes (CV), NR eluted at ~30%
buffer B. The NR-containing fractions were pooled and diluted
with water to decrease the salt concentration below 100 mM. The
protein was concentrated in a second anion exchange chromato-
graphy step using the same column and buffers but a steep
gradient over 1| —2 CV, yielding concentrations of up to 2 mg/mL.
Prior to flash-freezing the protein in liquid nitrogen, we deter-
mined its concentration via absorbance at 413 nm using an
extinction coefficient of 120 mM ™' cm ™' (44). The Moco/MPT
content was detected via HPLC FormA anaylsis as described
previously (45).

Cloning, Expression, and Purification of the Ser534Ala
Mutant. Plasmid pKKO001, which was kindly provided by
N. Crawford (University of California, San Diego, CA), served
as template for polymerase chain reaction (PCR). Specific pri-
mers were generated to introduce the site-directed mutagenesis
of serine 534 to alanine and to insert 33 nucleotides between
nucleotides 6 and 7 of the coding sequence, leading to an insertion
of 11 residues (HisgAspsLys) between residues 2 and 3 of NR.
The amplified fragment was cloned into the EcoRI and Kpnl sites
of pPICZB (Invitrogen, Darmstadt, Germany). For protein
expression, the plasmid was transformed into Pichia pastoris
strain KM71, and transformed cells were selected with 100 ug/mL
zeocin on YPD agar plates for 2 days. The starter culture
(200 mL of YPD with zeocin) in a baffled flask was inoculated
with one colony and incubated overnight at 30 °C on a shaker.
The 200 mL culture was split and used for inoculation of two
larger cultures (2 x 500 mL of YPD in baffled flasks), which were
grown for 30 h at 30 °C on a shaker. After the culture had been
harvested, cells were resuspended in 2 x 500 mL of BMMH
[containing 100 mM potassium phosphate (pH 6.0), 0.00004%
biotin, 0.004% histidine, 1.34% Yeast Nitrogen Base, 250 uM
Na,MoOy,, 10 uM FeCl,, and 1% methanol] for induction. The
expression cultures were incubated on the shaker for 12 h at
30 °C, harvested, and resuspended in lysis buffer containing
20 mM Tris-HCI (pH 7.5), 300 mM NacCl, 10% glucose, 50 mM
imidazole, and 15 mM glutathione. Cell extraction was perfomed
using a cell disruptor (Constant Systems Ltd.) and sonication,
followed by centrifugation. The supernatant was supplemented
with a mix of 25 mM arginine and 25 mM glutamine (adjusted to
pH 7.5) before application on a Ni-NTA matrix (GE Healthcare).
After unbound proteins had been washed out, the protein was
eluted with lysis buffer containing 500 mM imidazole. The protein
was frozen in liquid nitrogen at a concentration of 50 ug/mL. To
demonstrate successful purification of NR-Ser534Ala, an immuno-
blot was performed using a polyclonal anti-NRMo domain anti-
body followed by an alkaline phosphatase-coupled secondary
antibody.

Cloning, Expression, and Purification of the Kinases.
CPKs CPK-2 (At3g10660), CPK-3 (At4g23650), CPK-16
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(At2g17890), CPK-17 (At5g12180), CPK-24 (At2g31500), and
CPK-29 (Atlg76040) were amplified via PCR and cloned in
frame as BamHI/Notl fragments into GST fusion expression
plasmid pGEX4-T1 (GE Healthcare). The expression plasmid
for the loss-of-function mutant of CPK-3-LOF was made by site-
directed mutagenesis of arginine 107 to lysine with the site-
directed mutagenesis QuickChange kit (Stratagene, La Jolla, CA)
using expression plasmid pGEX4T1-CPK-3 as a template.

Escherichia coli strain BL21-CodonPlus (Stratagene) was
transformed with each expression construct and used to inoculate
LB supplemented with 100 ug/mL ampicillin. Overnight cultures
were diluted to an ODg of 20.2. After the cultures had grown at
37 °C to an ODgg of 0.6, protein expression was induced with
I mM IPTG and the cells were harvested after 4 h at 28 °C. The
cells were resuspended in PBS and lysed using a cell disruptor
(Constant Systems Ltd., Daventry, U.K.) followed by sonication.
The crude extract was centrifuged, and the supernatant was
applied on a glutathione Sepharose 4 fast flow matrix (GE
Healthcare). Elution was performed with a buffer containing
50 mM Tris-acetate (pH 8.0) and 10 mM glutathione. The protein
was aliquoted and flash-frozen in liquid nitrogen.

Phosphorylation of NR. Kinase assays were performed by
incubation of ~1 ug of recombinant protein kinase, 5 ug of NR,
and 2 uCi of [y-*P]ATP in kinase buffer [20 mM HEPES (pH 7.6),
1 mM DTT, and 5 mM MgCl,] in the presence of 100 «M Ca*" or
1 mM EGTA. After incubation at room temperature for 30 min,
addition of SDS—PAGE loading buffer terminated the reaction.
The samples were analyzed by SDS—PAGE. The incorporation of
radioactivity was measured by exposing the dry gel overnight on a
storage phosphor screen that was scanned in a GE Healthcare
Typhoon 8600 Variable Mode Imager. As CPK-17 produced the
strongest phosphorylation signal of NR, all further phosphoryla-
tion experiments were conducted using CPK-17.

For large-scale protein expression, the plasmid containing
CPK-17 was transformed into E. coli BL21-CodonPlus (DE3)-
RIPL cells (Stratagene). After the culture had grown at 37 °C to
an ODyq of 0.6, protein expression was induced with 100 uM
IPTG and the cells were harvested after 4 h at 25 °C. The cells
were resuspended in PBS and lysed using a cell disruptor
(Constant Systems Ltd.) followed by sonication. The crude
extract was centrifuged, and the supernatant was applied on a
glutathione Sepharose 4 fast flow matrix (GE Healthcare).
Elution was performed with a buffer containing 50 mM Tris-
acetate (pH 8.0) and 10 mM glutathione. Afterward, CPK-17 was
buffer-exchanged into assay buffer [S0 mM Bis-Tris-acetic acid
(pH 7.0), 50 mM KCl, 5 mM magnesium acetate, and 1 mM
CaCl,]. The protein was aliquoted and flash-frozen in liquid
nitrogen.

Preparative phosphorylation of NR for kinetic studies was
conducted with 2—8 uM NR and 0.2—0.8 uM CPK-17 in assay
buffer containing 0.4 mM ATP. During the 1 h incubation, the
reaction setup was concentrated using centripreps (Millipore,
Billerica, MA) to enhance the phosphorylation efficiency in the
case of low binding affinities. In the first assays, pNR was
separated from the kinase by running a Superdex 200 5/150
GL gel filtration column (GE Healthcare) using 100 mM Tris-
HCI (pH 7.5), 300 mM NaCl, 5 mM MgCl,, 1 mM CaCl,, and
1 mM 2-mercaptoethanol as the running buffer. As no difference
was found in the kinetic behavior of pNR in the presence or
absence of kinase and ATP (data not shown), the gel filtration
step was left out to retain maximum amounts of pNR for the
kinetic experiments.
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Phosphorylation Studies of NR-Ser534Ala. Wild-type
NR or NR-Ser534Ala (240 ng of either) was phosphorylated
with 24 ng of CPK-17 using [y->*PJATP as described for pre-
parative phosphorylation of wild-type NR. The phosphorylation
was stopped by addition of SDS gel loading buffer; proteins were
separated via 10% SDS—PAGE, and incorporation of radio-
activity was assessed via exposure of the dry gel for 15 min to a
radiographic film. After the gel had developed and dried, the
marker sizes were defined by overlaying the dry gel with the film.

Mass Spectrometry. Prior to digestion, proteins were pre-
cipitated with acetone. Briefly, 3 volumes of ice-cold acetone was
added to the prechilled samples, and proteins were allowed to
precipitate for 1 h at =20 °C. The samples were centrifuged for
10 min at 14000g and 4 °C in a benchtop centrifuge. The
supernatants were removed, and the pellets were washed once
with prechilled acetone. Air-dried pellets were resuspended in
8 M urea, 50 mM Tris-HCI (pH 8.0), and 10 mM DTT, and
proteins were denatured and reduced by incubation at 60 °C for
45 min. To S-alkylate reduced cysteine residues, iodoacetamide
was added to a final concentration of 25 mM, and the reaction
was allowed to proceed for 30 min in the dark. Prior to digestion,
the samples were diluted 1:4 in 50 mM Tris-HCI (pH 8.0), and
trypsin (sequencing grade, Promega) was added to a final
concentration of 12.5 ng/uL. Proteins were digested at 37 °C
overnight. After addition of 0.1 volume of 1% TFA, the digest
was loaded onto a PepClean C18 spin column (Pierce) equili-
brated in 0.1% TFA. The column was washed with 0.1% TFA,
and peptides were eluted with 80% acetonitrile in 0.1% TFA.
Phosphopeptides were enriched on titanium dioxide-coated
magnetic beads using the PhosTrap phosphopeptide enrichment
kit (Perkin-Elmer) according to the manufacturer’s instructions.

For MALDI-TOF MS of protein digests, 1.0 uL of the
extracted total peptides or TiO»-enriched phosphopeptides was
mixed with 1.2 uL of 2.5 mg/mL 2,5-dihydroxybenzoic acid in a
0.1% TFA /acetonitrile (2:1) mixture and spotted onto a 800 um
anchor target (Bruker Daltonics, Bremen, Germany). Positive
ion spectra were recorded on a Reflex IV MALDI-TOF
mass spectrometer (Bruker Daltonics) in the reflectron mode.
A peptide calibration standard (Bruker Daltonics) was used for
external calibration of the mass range from m1/z 1046 to 3147. The
FlexAnalysis postanalysis software was used for optional internal
recalibration on trypsin autolysis peaks and the generation
of peaklists. Biotools 3.0 (Bruker Daltonics) was used for the
interpretation of mass spectra with regard to the expected
sequence of nitrate reductase.

For liquid chromatography with tandem mass spectroscopy
(LC—MS/MS) of protein digests, LC—MS data were acquired
on a Q-Tofll quadrupole-TOF mass spectrometer (Micromass,
Manchester, U.K.) equipped with a Z spray source. Samples were
introduced with an Ultimate Nano-LC system (LC Packings,
Amsterdam, The Netherlands) equipped with a Famos auto-
sampler and a Switchos column switching module. The col-
umn setup comprises a 0.3 mm x | mm trapping column and a
0.075 mm x 150 mm analytical column, both packed with 3 yum
Atlantis dC18 (Waters). Enriched phosphopeptides were dried
down in a speed vac and were solubilized in 0.1% TFA. A total of
10 uL was injected onto the trap column and desalted for 1 min
with 0.1% TFA and a flow rate of 10 uL/min. The 10-port valve
switched the trap column into the analytical flow path, and
peptides were eluted onto the analytical column by using a gra-
dient of 2% acetonitrile (ACN) in 0.1% FA to 40% ACN in
0.1% FA over 65 min and a column flow rate of ca. 200 nL/min,
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resulting from a 1:1000 split of the 200 4L /min flow delivered by
the pump. The electrospray ionization (ESI) interface comprised
an uncoated 10 um (inside diameter) PicoTip spray emitter
(New Objective) linked to the HPLC flow path using a 7 uL
dead volume stainless steel union mounted onto the PicoTip
holder assembly (New Objective). Stable nanospray was estab-
lished by the application of 1.7—2.4 kV to the stainless steel
union. The datum-dependent acquisition of MS and tandem MS
(MS/MS) spectra was controlled by Masslynx version 4.0. Survey
scans of 1.4 s covered the range from m/z 400 to 1400. Doubly
and triply charged ions rising above a given threshold were
selected for MS/MS experiments. In MS/MS mode, the mass
range from m/z 40 to 1400 was scanned in 1.4 s, and four scans
were summed for each experiment. Micromass-formated peak-
lists were generated from the raw data by using the Proteinlynx
software module.

Phosphopeptides were identified by searching a custom data-
base containing the expected nitrate reductase sequence using a
local installation of MASCOT version 1.9. Searches were sub-
mitted in MASCOT with the following parameter settings:
enzyme, “trypsin”; species, “plant”; fixed modifications, “carba-
midomethyl”; optional modifications, “methionine oxidation”
and “serine”, “threonine” or “tyrosine phosphorylation”; missed
cleavages, “1”. The mass tolerance is set to 0.3 Da for peptide and
fragment ions. All spectra that lead to phosphopeptide identifi-
cation were evaluated and annotated manually.

Cloning, Expression, and Purification of 14-3-3 Protein
Isoforms. The cDNAs of 14-3-3 isoforms y (At4g09000.1), w
(At1g78300.1), 1 (At5238480.1), v (At5g16050.1), A (At5g10450.2),
v (At3g02520.1), x (At5g65430.1), and ¢ (Atl1g22300.3) were
amplified from an A. thaliana cDNA library [(i) from 3-week-old
green plants, (i) from cell suspension cells, (iii) from young green
plants, (iv) from flowering plants, or (v) from flowers and roots of
green plants] and cloned into the Ndel and BamHI sites of the
pET15b vector (Novagen), resulting in the expression of proteins
with an N-terminal His, tag. For protein expression, the plasmids
were transformed into E. coli BL21-CodonPlus (DE3)-RIPL
cells. After the induction of protein expression at an ODggq
of ~0.6 with 100 uM IPTG, the cultures were harvested after
overnight incubation at 20 °C (isoforms y, ¥, v, and ¢), 25 °C
(wand ), 30 °C (4), or 37 °C (v). All 14-3-3 proteins were purified
in the same way, starting with resuspension of the cell pellet in
lysis buffer [100 mM potassium phosphate, 300 mM sodium
chloride, and 20 mM imidazole (pH 7.5)]. Cell extract prepara-
tion was performed as described above, and the crude extract
supernatant was then applied onto a Ni-NTA matrix (Qiagen,
Hilden, Germany). The matrix was washed with lysis buffer, and
then the bound proteins were eluted using lysis buffer containing
500 mM imidazole. Dialysis or size exclusion chromatography
using a Superdex 200 26/60 pg column (GE Healthcare) was
conducted to buffer-exchange the proteins into assay buffer.
The proteins were aliquoted, flash-frozen in liquid nitrogen, and
stored at —80 °C at concentrations between 20 and 50 mg/mL.
Native folding of all 14-3-3 proteins was approved by recording
far-UV circular dichroism spectra using a JASCO model J-715
instrument (JASCO, Gross-Umstadt, Germany). Protein sam-
ples were buffer-exchanged via PD10 columns (GE Healthcare)
into 10 mM potassium phosphate (pH 7.4) and adjusted to a
concentration of 2.5—4.9 uM. All measurements were performed
at 20 °C in a 1 mm path-length cuvette. For each measurement,
20 spectra were recorded at a scan speed of 100 nm/min with a
step resolution of 0.1 nm. The spectra were corrected for a
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protein-free spectrum obtained under identical conditions. Noise
reduction was applied according to the JASCO software, and the
obtained raw data were converted into mean residue ellipticity.

Kinetics. All enzyme assays were performed at room tem-
perature in assay buffer. The reactions were followed photome-
trically using an ELISA reader EL808 IU (BioTek, Winooski, VT),
and all data are mean values of at least triplicate measurements.
For nitrate-dependent reduction of NADH (NADH assay),
42 nM NR/pNR and 220 uM NADH were mixed with up to
2 uM 14-3-3 protein where appropriate and preincubated for
5 min at room temperature. The reaction was started with
10—1000 M potassium nitrate, and the oxidation of NADH
was recorded by following the decrease in absorbance at 340 nm.
As the presence or absence of the kinase did not yield differences
in the kinetic experiments, pNR was used for subsequent studies
without further purification. For the cytochrome ¢ assay, 0.6 nM
NR/pNR, 100 uM cytochrome ¢, and up to 2 uM 14-3-3 were
preincubated for 5 min at room temperature. The NADH-
dependent reduction of cytochrome ¢, which accepts electrons
from the heme domain, was started with 0—50 uM NADH, and
the increase in Assy) was recorded, indicating reduction of
cytochrome c.

Comparative inhibition studies of NR-Ser534Ala with 14-3-3
proteins were conducted as described for the wild type using
40 nM protein for phosphorylation followed by incubation with
each 14-3-3 at 2 uM or buffer as a control. The activities were
measured as described above using 2 mM nitrate as the substrate.

Nitrite Inhibition. The inhibitory effect of nitrite was tested
in the NADH nitrate assay using 50 nM NR or pNR with 14-3-3
isoform @, 2 mM nitrate, and 0—60 mM sodium nitrite. The
inhibition was calculated on the basis of the noninhibited
enyzme’s activity.

RESULTS

Characterization of Arabidopsis NR. Partially purified
His-tagged Arabidopsis NR was purchased from NECi. The pro-
tein had been expressed in Pichia pastoris and was enriched via Ni
affinity chromatography. Further purification was achieved by
anion exchange chromatography (Figure 2A), yielding highly
pure enzyme with only minor contaminating protein bands
(Figure 2A, inset). As seen in the chromatogram, the main
NR-containing peak shows a strong absorption at 413 nm, indi-
cating the presence of the heme cofactor. Attempts to concentrate
the protein by ultrafiltration resulted in strong precipitation.
Therefore, the protein was concentrated via anion exchange
chromatography using a short and steep salt gradient resulting
in protein concentrations of up to 2 mg/mL.

The NR concentration was determined via the absorbance at
413 nm, using an extinction coefficient of 120mM ' cm ™' (44) as
a measure of the heme saturation of the enzyme (Figure 2B). The
oxidized spectrum of NR depicts an additional major absorption
band at 260 nm and a shoulder at 460 nm that originate from
bound FAD (44). Upon reduction with excess NADH, the
typical Soret band of the heme cofactor shifted from 413 to
424 nm, the FAD-derived shoulder (460 nm) underwent
a reduction in absorption, and two additional peaks at 528 and
557 nm developed. The presence of the third cofactor, Moco,
could not be monitored by UV—vis spectroscopy, because its two
typical but weak signals at 350 and 480 nm were masked in both
the oxidized and reduced spectra by the heme and FAD signals.
The Moco content of NR was determined by HPLC analysis of
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FIGURE 2: Purification and characterization of NR. (A) Anion ex-
change chromatography of NR. Shown are the absorption at 280 nm
(solid black line) and 413 nm (solid gray line) and the conductivity
(dashed line). The NR-containing peak marked with an arrow was
collected and concentrated. The 10% SDS—PAGE in the inset
depicts NR before (lane 1) and after (lane 2) purification by anion
exchange chromatography (M, marker). (B) The UV—vis spectra of
purified NR under oxidizing conditions (solid line) and after reduc-
tion with 10 uM NADH (dashed line) demonstrate the typical Soret
band shifts and the additional peaks at 527 and 557 nm that develop
upon reduction. (C) Michaelis—Menten kinetics of NR (40 nM,
based on Moco content) using the physiological substrates nitrate
and NADH results in a K" of 197 uM and a ke of 33s~". The
Michaelis—Menten curve was fitted using SigmaPlot.

its oxidation product FormA-dephospho, demonstrating 60%
cofactor saturation (data not shown).

Steady-state kinetics using the physiological substrates nitrate
and NADH determined for nitrate a Ky™" of 197 + 15 uM
and a ke, "™ 0f 33+ 0.8 57!, with the latter being calculated on
the basis of the Moco content of the protein (Figure 2C). On the
basis of the heme content, this ke, "™ corresponds to 20 s .
The half-life of purified and active NR at 4 °C under aerobic
conditions was determined to be 3.5 days (data not shown),
confirming the high purity and stability of our preparation.

Phosphorylation of NR. A variety of plant protein kinases
are implicated in NR phosphorylation, leading to 14-3-3-medi-
ated inhibition of the enzyme. These kinases were allocated either
to members of the SNFI-related protein kinase family (29) or
to members of the calcium-dependent protein kinase family
(CPK) (27). As the sequence of NR encompassing the phos-
phorylated Ser534 complies with the canonical recognition motif
of CPKs, we have chosen six different enzymes (CPK-2, -3, -16,
-17, -24, and -29) to identify a kinase with high in vitro phos-
phorylation activity toward NR using [y-“PJATP as a substrate.
SDS—PAGE and subsequent autoradiograph analysis of

FIGURE 3: Phosphorylation of NR and purification of CPK-17 and
14-3-3 proteins. (A) NR phosphorylation by different CPKs (CPK-2,
-3,-16,-17,-24, and -29) was demonstrated in the presence or absence
of 100 uM calcium using radioactively labeled ATP. As a negative
control, a loss-of-function variant of CPK-3 (CPK3-LOF) or no
kinase (without kinase) was added to the assay. The reaction mixtures
were separated via 10% SDS—PAGE, and successful phosphoryla-
tion was detected by autoradiography. (B) SDS—PAGE (12%) of
affinity-purified (via glutathione Sepharose) and buffer-exchanged
CPK-17. (C) SDS—PAGE (15%)) of the investigated His-tagged 14-
3-3 isoforms (y, w, ¥, v, 4, v, k, and ¢) after affinity purification
(Ni-NTA) and buffer exchange.

32p_labeled NR demonstrated calcium-dependent NR phosphor-
ylation by CPK-17 and CPK-2, while others such as CPK-16, -24,
and -29 exhibited virtually no activity; bands are comparable to
the lanes in which an inactive (loss of function) kinase has been
used (Figure 3A). Therefore, CPK-17 was recombinantly ex-
pressed as a GST-tagged fusion protein on a large scale and
purified to homogeneity (Figure 3B).

For the following functional studies, NR was incubated with
CPK-17 and 10 mM ATP in assay buffer, and the phosphory-
lated NR (pNR) was separated from the kinase by size exclusion
chromatography. Successful and efficient phosphorylation of
Ser534 was confirmed by mass spectrometry (Figures 1 and 2
of the Supporting Information). As expected, a tryptic peptide
with a mass of 1363.6 Da showed the strongest signal in the
TiO,-enriched fraction of peptides and was subsequently con-
firmed to carry a single phopshorylation at Ser534 (Figure 2 of
the Supporting Information). As a note, less intense signals of
other peptides were found upon TiO, enrichment; some peptides
were clearly nonphosphorylated, while others were partially
phosphorylated but could not further be analyzed by MS/MS
because of their low abundance (Figure 1 of the Supporting
Information). Two peptides were found to be phosphorylated
substoichiometrically; one was a second phosphorylation at
the peptide mentioned above carrying pSer534, while the other
phosphorylation was found on Ser34. In summary, we could
confirm Ser534 as a major phosphorylation site in NR.

Inhibition by 14-3-3 Protein Binding. So far, 13 different
14-3-3 proteins have been identified in Arabidopsis, which can be
assigned to four groups (A—D) on the basis of their phylo-
geny (46). To study 14-3-3-mediated inhibition of pNR, we PCR-
cloned and purified eight (y, w, ¥, v, 4, v, k, and ¢) of these 14-3-3
proteins for which expression in Arabidopsis had been demon-
strated previously (47, 48). Different approaches to amplifying
the five remaining isoforms (¢, 4, ¢, 0, and 7) from various cDNA
libraries failed; hence, we restricted our studies to the eight
available homologues. All 14-3-3 proteins were expressed as
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FIGURE 4: Activity of pNR and pNR-Ser534Ala in the presence of 14-3-3 proteins. (A) Nitrate-NADH assays were performed under substrate
saturating conditions (220 uM NADH and 1 mM nitrate) using pNR (42 nM). Prior to the assay, pNR was incubated with varying concentrations
of each 14-3-3. The measured activities were plotted as the relative inhibition by setting the pNR activity without 14-3-3 to 0% inhibition. The
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and incubation with each 14-3-3 (2 uM) or buffer as a control. No decrease in activity can be monitored.

His-tagged proteins in E. coli and purified to homogeneity
(Figure 3C). All proteins were highly soluble and showed a
similar CD spectrum confirming their conformational integrity
(Figure 3 of the Supporting Information).

To test the inhibition efficiency of purified 14-3-3 proteins,
pNR was incubated for 5 min with each 14-3-3 protein prior
to the assay of the NADH-dependent nitrate reduction. A
clear dose-dependent inhibition of pNR activity was observed
(Figure 4A) for all 14-3-3 proteins except for 14-3-3 isoform ¢, the
only available member of group D. Nonetheless, the binding
affinity and inhibition strength of the other seven 14-3-3 proteins
varied significantly, as summarized in Table 1, and no specificity
based on the phylogenetic groups was observed. On the basis of
the inhibition strength of 84% and the K; of 60 nM, 14-3-3
isoform w was found to be the strongest inhibitor of pNR, closely
followed by 14-3-3 isoform A. The fact that even with 14-3-3
isoform w only 84% total inhibition could be achieved points to
an incomplete phosphorylation of NR. Control experiments
demonstrated that neither pNR in the absence of 14-3-3 proteins
nor incubation of 14-3-3 with nonphosphorylated NR resulted in
any significant impairment of NADH-dependent nitrate reduc-
tion (data not shown), which is consistent with previous findings
using partially purified NR (49).

In light of the fact that we found additional phosphorylation
sites in NR (Figure 1 of the Supporting Information), we also
generated a Ser534Ala variant and investigated the phosphoryla-
tion of this protein with respect to wild-type NR. We observed a
strong reduction in the level of phosphorylation when subjecting
similar amounts of wild-type NR and NR-Ser534Ala to the in
vitro phosphorylation assay described above using [y->*PJATP
(Figure 4B). However, none of the 14-3-3 proteins investigated

Table 1: Binding Affinities (K;) and Inhibition Strengths (I;,.) of 14-3-3
Proteins with pNR

x ) P v A v K €

K; (nM) 340 60 310 760 80 230 140 -
Tnax (%) 90 84 70 83 85 85 87 -

“Maximal inhibition (I,,,x) and the 14-3-3 protein concentration that
gives half-maximal inhibition (K;) were calculated from the inhibition
titrations shown in Figure 3 using SigmaPlot.

here was able to inhibit the CPK17-treated Ser534Ala variant,
suggesting that phosphorylation of Ser534 is crucial for mediat-
ing 14-3-3 inhibition of NR (Figure 4C).

Steady-State Kinetics. To define the part of the enzyme that
is inhibited by 14-3-3 binding, steady-state kinetics were per-
formed with different electron acceptors to monitor selectively
electron transfer within the distinct NR domains. The physiolo-
gical substrates NADH and nitrate were used to analyze the
electron transfer involving all three NR cofactors, whereas using
cytochrome ¢ instead of nitrate provides information about the
first substeps of the reaction, the transfer of electrons from
NADH via FAD to the heme (Figure 1) excluding the regenera-
tion of Moco and the reduction of nitrate. The NADH—nitrate
assay clearly demonstrated that 14-3-3 isoform w is a potent
inhibitor of NR (Figure 5A), and the presence of 14-3-3 isoform
o reduced the apparent ke, from 33 to 1.8 s~". Although the key
for pNR is comparable to that of unmodified NR, the Ky for
nitrate was slightly increased. The fact that Ky""™* decreased
to 141 £ 25 uM for the 14-3-3-inhibited enzyme suggests a
noncompetitive mode of action.

In contrast, the NADH—cytochrome ¢ assay did not show any
impact of 14-3-3 isoform w on the electron transfer (Figure 5B),
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with both key (505~ ") and Ky™*PH remaining unaltered (23 uM
with and 18 uM without 14-3-3 isoform w). These findings
indicate that NADH oxidation and electron transfer up to the
heme domain are not affected at all, whereas 14-3-3 binding
seems to inhibit the second part of the reaction. To rule out the
possibility that product release is affected by 14-3-3, we investi-
gated nitrite inhibition of nonphosphorylated NR and pNR in
complex with 14-3-3 isoform w. We found in both cases similar K
values of 4.8 £ 0.5 and 5.0 £ 1.5 mM, respectively (Figure 5C).
Therefore, we conclude that 14-3-3 proteins most likely inhibit
the transfer of electrons from heme via Moco to nitrate.

DISCUSSSION

We were able to purify recombinantly expressed plant NR to
homogeneity. On the basis of the heme content of NR, a k¢, of
205~ ! was recorded in this work, which is lower than that reported
earlier by Skipper and co-workers also using recombinantly
expressed Arabidopsis NR (44, 50), where a ke of 42 £ 6 s~
was reported (based on the heme content). However, when taking
into account the Moco saturation, Skipper and co-workers
described a ke, of 210 s~!, whereas the NR in our work would
give a key of only 33 s~ ! based on Moco content. The question of
whether the different turnover numbers, which most likely origi-
nate from different cofactor saturations, are sufficiently reliable to
serve as a reference remains open. Similar deviations are observed
in the Ky values obtained here or from previous publications: a
review article (57) finds that Ky™"** is in the range of 8—100 uM
for NR from Chlorella (52), Pichia (53), and Arabidopsis (44).
While Skipper et al. determined a Ky""™ of 90 & 20 uM, we
obtained a value of 197 & 15 uM. This deviation can be explained

by the presence of 50 mM K Cl in the assay buffer, which we found
to increase protein stability and solubility dramatically (data not
shown); thus, it was not omitted from the buffer. It has been shown
previously for NR (54) as well as the homologous sulfite oxidase (55)
that anions including chloride compete for substrate binding. With
regard to the Ky for NADH, our measured Ky"*P" of 18 uM
localizes well within the range of published Ky"*P™ values for
different plant NRs, being between 0.7 and 22 uM (44, 56, 57).

With a pure and stable NR in hand, we were able to establish a
fully characterized in vitro system for analyzing the impact of
phosphorylation and 14-3-3 binding on NR activity. As the
phosphorylation sequence of NR complies with a canonical
recognition motif of CPKs, we focused our work on those
kinases to find a kinase for in vitro phosphorylation of Arabi-
dopsis NR. We identified CPK-17 as a kinase that efficiently
phosphorylates NR at Ser534. Although mass spectrometry also
spotted other phosphorylated sites (with low stoichiometry),
pSer534 had by far the strongest signal, and most importantly,
a Ser534Ala variant was not inhibited by any of the eight 14-3-3
isoforms. In our experiments with wild-type pNR, all tested 14-3-
3 isoforms except for 14-3-3 isoform ¢ were strong inhibitors,
reaching maximal inhibition levels of 70—90%, whereas the
affinities of 14-3-3 proteins for pNR (determined as K;) varied
by more than 1 order of magnitude from 60 to 760 nM. In former
studies, the maximal inhibition levels were around 70% (58),
meaning that in our work more NR was present in its phos-
phorylated state and/or other factors negatively impacting NR
phosphorylation and/or 14-3-3 binding were excluded from this
system. The observed residual activity with even the strongest
14-3-3 binding proteins might reflect an incomplete phosphoryl-
ation of Ser534.
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The different inhibitions of 14-3-3 proteins point to the fact
that not all 14-3-3 proteins bind pNR with the same affinity. On
the basis of the ratio of inhibition strength to binding affinity,
the analyzed 14-3-3 proteins can be classified as follows: w > 4 >
k> v >y >1 > v>¢(isoform ¢ having no inhibitory strength
at all and isoform 4 being almost as potent as isoform w). This
order is roughly in agreement with earlier publications (42, 59)
but seems to be in contrast to a recent report by Manak and
Ferl (43). They analyzed the binding of 14-3-3 to a synthetic
phosphopeptide of Arabidopsis NR Ser534 as a function of the
concentration of either magnesium or calcium using surface
plasmon resonance. Their finding with 14-3-3 isoform ¢ is one
of the strongest ligands in the presence of high concentrations
of either cation cannot be confirmed by our work. However, our
experimental setup clearly differs from previous approaches.
First, we used NR inhibition as direct readout for 14-3-3
specificity, which does not exclude binding of 14-3-3 protein to
pNR as such. It is conceivable that 14-3-3 isoform ¢ binding to
Ser534is not sufficient for pNR inhibition because of other yet to
be identified mechanisms contributing to the block in electron
transfer toward the substrate identified here. Therefore, 14-3-3
isoform ¢ could serve also a regulatory role by blocking the
binding site for other 14-3-3 isoforms. Second, the sequence of
14-3-3 sequence € used by Manak and Ferl (43)(cDNA accession
number U36446) corresponds to splice variant 1 (Atl1g22300.1),
whereas we worked with splice variant 3 (At1g22300.3) that
differs in 15 residues at the end of the protein (see Figure 4 of the
Supporting Information). Third, all inhibition experiments were
performed in the presence of both calcium and magnesium ions at
physiological concentrations, and the use of a full-length enzyme
instead of small synthetic peptides ensures a native environment
for 14-3-3 binding, which altogether could explain the observed
differences.

One explanation for the different affinities of 14-3-3 for pNR
might be their organel- and development-dependent expression
in the plant. It was shown that 14-3-3 isoform w has been found
exclusively in the cytosol, whereas isoforms y, €, v, and v have
also been found in the stroma of chloroplasts (60). Three of these
isoforms (v, v, and ¢) have been analyzed in this work, showing
significantly weaker binding to pNR, in contrast to the strictly
cytosolically localized 14-3-3 isoform w or the ubiquitously found
14-3-3 isoforms 4 and « (reviewed in ref 67). In addition, a recent
proteomic study using Arabidopsis 14-3-3 isoform o resulted in
the identification of ~300 client proteins of which NR was iden-
tified several times (62). Other 14-3-3 proteins are only induced
upon stress signals, e.g., 14-3-3 isoform s, which is expressed only
under conditions of permanent light exposure (48). Moreover,
14-3-3 isoform @ has also been identified in a proteomics
approach that aimed to identify targets and interaction partners
of CPK-3 (63).

Despite the isoform differences in inhibition efficacy, we were
able to determine for the first time the type of NR inhibition by
14-3-3 proteins: an apparent increase in substrate binding affinity
(K decreases from 197 to 141 uM) together with a dramatically
decreased turnover number clearly points to a mixed type of
inhibition. Because of this increase in affinity, a preference of
inhibitor binding toward the substrate-bound state of the enzyme
can be deduced. When using the artificial electron acceptor
cytochrome ¢ instead of nitrate, we could narrow the point of
action where 14-3-3 binding intervenes during the catalytic cycle
of NR. The observation that the transfer of electrons from the
physiological donor NADH via FAD to heme is not impaired by
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14-3-3 binding clearly demonstrates that 14-3-3 proteins act fur-
ther downstream. Together with the finding that product release
is not affected by 14-3-3 proteins (nonaltered nitrite inhibition),
we can conclude that 14-3-3 proteins inhibit the transfer of
electrons from the heme domain to nitrate. However, our
experimental setup cannot distinguish whether the transfer of
electrons from the heme cofactor to Moco is affected or the
substrate reduction at the active site is impaired. The observation
that the linker between Moco and the heme domain is surface-
exposed and flexible leads to the hypothesis that 14-3-3 binding
arrests the conformational freedom of the linker and thus
prevents interdomain movement between the heme and Moco
domain, which is believed to be crucial for intramolecular
electron transfer between both domains (50). The finding that
the apparent nitrate affinity is reduced suggests that 14-3-3
binding is strengthened for the nitrate-bound state of the enzyme.
Such a mechanism would perfectly fit with the role of 14-3-3-
mediated post-translational control of NR activity. The enzyme
requires efficient inhibition when, for example, reducing equiva-
lents are running short and consequently the product, toxic
nitrite, might accumulate. Therefore, the nitrate-bound NR will
be much more strongly inhibited. On the other hand, low nitrate
concentrations might trigger 14-3-3 dissociation that in turn
might increase the likelihood of phosphatases reversing the inhi-
bitory circuit and thereby releasing again fully active NR.
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