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The Pathogen-Inducible Nitric Oxide
Synthase (iNOS) in Plants Is a Variant of the
P Protein of the Glycine Decarboxylase Complex

(for review see Mayer and Hemmens, 1997; Van Camp
et al., 1998; McDowell and Dangl, 2000). Beyond defense
signaling, NO has been implicated in regulating multiple
plant processes, including photomorphogenesis, root
growth, leaf expansion, senescence, stomatal closure,
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Tower Road and the cytokinin signaling pathway (Mata and Lamat-

tina, 2002; Neill et al., 2002; Tun et al., 2001; for reviewIthaca, New York 14853
see Beligni and Lamattina, 2001). Together these data
argue that NO serves as an important second messen-
ger in plants, as well as animals (Brunori et al., 1999;Summary
Chung et al., 2001).

In animals, NO is produced during the conversion ofA growing body of evidence indicates that nitric oxide
(NO) plays important signaling roles in plants. How- L-arginine (Arg) to citrulline by a family of enzymes

termed NOS (for review see Nathan and Xie, 1994;ever, the enzyme(s) responsible for its synthesis after
infection was unknown. Here, we demonstrate that Alderton et al., 2001). The active form of these enzymes

is a homodimer, but since two monomers of calmodulinthe pathogen-induced, NO-synthesizing enzyme is a
variant form of the P protein of glycine decarboxylase (CaM) are required for activity, the holoenzyme is actu-

ally a heterotetramer. Animal NOSs also contain several(GDC). Inhibitors of the P protein of GDC block its NO
synthase (NOS)-like activity, and variant P produced tightly-bound cofactors, including heme, FAD, FMN, and

tetrahydrobiopterin (H4B), and they catalyze the conver-in E. coli or insect cells displays NOS activity. The
plant enzyme shares many biochemical and kinetic sion of Arg, NADPH, and O2 to NO, citrulline, and NADP�.

In mammals, three distinct isoforms of NOS have beenproperties with animal NOSs. However, only a few of
the critical motifs associated with NO production in identified; they represent the products of three different

genes, with 51%–57% homology between the humananimals can be recognized in the variant P sequence,
suggesting that it uses very different chemistry for NO isoforms. nNOS is the predominant form in neuronal

tissue, whereas iNOS is the isoform associated withsynthesis. Since nitrate reductase is likely responsible
for NO production in uninfected or nonelicited plants, immune and inflammatory responses; it is induced in a

wide range of cells and tissues. eNOS is the isoformour results suggest that plants, like animals, use multi-
ple enzymes for the synthesis of this critical hormone. first found in vascular endothelial tissue.

While NOS activity has been described in diverse or-
ganisms ranging from bacteria to animals (for reviewIntroduction
see Torreilles, 2001), a plant NOS with obvious homology
to the mammalian enzymes has yet to be isolated. How-A number of signaling molecules or hormones have been

implicated in regulating plant defense reactions to ever, NOS-like activities have been detected in several
plant species (Durner et al., 1998; Foissner et al., 2000;pathogens, including salicylic acid (SA), jasmonates,

and ethylene (for review see Dong, 2001; Dempsey et Delledonne et al., 1998; Modolo et al., 2002; Tun et al.,
2001; Barroso et al., 1999; Ribeiro et al., 1999; Cueto etal., 1999). In addition, a growing body of evidence sug-

gests that nitric oxide (NO) plays a role in activating al., 1996; Mackerness et al., 2001). Interestingly, NO
production in nonelicited sunflower and spinach leavesresistance responses (for review see Van Camp et al.,

1998; Durner and Klessig, 1999; McDowell and Dangl, appears to be mediated by nitrate reductase (NR; Rockel
et al., 2002). NR-mediated NO generation also may play2000; Beligni and Lamattina, 2001; Wendehenne et al.,

2001). For example, exogenously supplied NO induces a role in abscisic acid-induced stomatal closure in Arabi-
dopsis (Desikan et al., 2002), and earlier studies demon-defense gene expression and/or production of antimi-

crobial compounds known as phytoalexins in various strated that plant NRs can convert nitrite to NO under
plant species (Delledonne et al., 1998, 2001; Durner et certain conditions in vitro (for review see Yamasaki et
al., 1998; Klessig et al., 2000; Noritake et al., 1996; Mo- al., 1999; Kaiser et al., 2002). However, there is no evi-
dolo et al., 2002). NO also potentiates pathogen- and dence that NR plays a role in pathogen infection. Thus,
reactive oxygen species (ROS)-induced cell death in two different enzymes may be responsible for NO pro-
soybean suspension cells and tobacco, and NO syn- duction in plants, with an NOS-like enzyme generating
thase (NOS) inhibitors block the hypersensitive resis- NO after pathogen infection and NR producing NO in
tance response (HR) in Arabidopsis (Delledonne et al., non-elicited plants. Such “division of labor” in NO pro-
1998, 2001). In addition, a burst of NO was detected duction would somewhat parallel the situation in mam-
within minutes of treating tobacco with an oomycete mals, where the three NOS isoforms play roles in dif-
elicitor (Foissner et al., 2000). Since this increase coin- ferent physiological processes such as relaxation of
cided with a burst of ROS, it is possible that NO and vascular muscle tissue (eNOS), neurotransmission (nNOS),
ROS work together to signal plant defense responses or regulation of the immune and inflammatory responses
through a mechanism analogous to that used in animals (iNOS). Consistent with this possibility, we demonstrate

in this paper that the major pathogen-induced NO syn-
thesizing enzyme is not NR but, rather, a variant form*Correspondence: dfk8@cornell.edu
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of the P protein of the glycine decarboxylase complex NOS or clone its encoding gene were unsuccessful. In-
(GDC). deed, analysis of the complete Arabidopsis genome

failed to detect an NOS-like gene. Thus, while the to-
Results bacco NOS-like activity exhibited similar cofactor re-

quirements and inhibitor sensitivities as mammalian
TMV Inoculation Induces an NOS-like Activity in NOSs, it remained unclear whether this enzyme was an
a Resistance-Specific Manner NOS. To establish its identity, we developed a purifica-
Previously, NOS activity was investigated in TMV-resis- tion scheme that involved G-25 Sephadex column chro-
tant (Xanthi nc [NN]) and TMV-susceptible (Xanthi [nn]) matography, ammonium sulfate precipitation, and four
tobacco that had been shifted from 32�C to 22�C at 48 additional column chromatography steps (see Experi-
hr post infection (hpi; Durner et al., 1998). Since N gene- mental Procedures for details). This purification scheme
mediated resistance to TMV is temperature sensitive, is summarized in Table 1 (top), and typical elution pro-
Xanthi nc (NN) plants maintained at 32�C fail to accumu- files for total protein concentration and NOS-like activity
late SA, express PR genes, develop necrotic lesions from the final four chromatography steps are shown in
(HR), or restrict viral replication and spread (Malamy et Figure 2. Following fractionation of the 0%–35% ammo-
al., 1992). Upon shifting to permissive temperatures, nium sulfate precipitate on DEAE-Sepharose, a single,
these responses are strongly activated in a rapid and broad peak of NOS activity was detected (Figure 2A).
nearly synchronous manner. NOS-like activity also was The fractions containing peak NOS activity were pooled
found to increase �5 fold within 3 hr of the temperature and sequentially subjected to ARG-Sepharose (Figure
shift in TMV-inoculated Xanthi nc (NN), but not Xanthi 2B), ADP-Sepharose (Figure 2C), and CaM-Sepharose
nn, plants. This NOS-like activity required the cofactors (Figure 2D) chromatography. In all of these chromato-
NADPH, FAD, and FMN, and was inhibited by the animal graphic steps, only a single major peak of NOS activity
NOS inhibitors L-NG-monomethyl-L-arginine monoace- was detected by the oxy-hemoglobin assay in the pres-
tate and (L-NMMA) and diphenyleneiodonium chloride. ence of Arg as the substrate. SDS-PAGE analysis of the
However, while pathogen infection consistently stimu- pooled fractions from each purification step revealed
lated this NOS-like enzyme, the actual level of NOS activ- the presence of four major bands in the peak NOS-
ity was highly variable. containing fractions eluted from the CaM-Sepharose

To improve detection of the tobacco NOS-like en- column. These included a doublet of approximately 120
zyme, the extraction conditions were modified (see Ex- kDa and 115 kDa and two lower molecular weight (MW)
perimental Procedures). In addition, NOS activity was bands of 50 kDa and 35–37 kDa (Figure 1C). Through this
measured using an oxy-hemoglobin assay, which moni- purification scheme, the NOS-like activity was purified
tors the NO-mediated conversion of the oxygenated, �33,000-fold from approximately 8 kg of TMV-infected
ferrous form of hemoglobin (HbO2) to ferric methemoglo- tobacco leaves (Table 1, top). The purified protein exhib-
bin (metHb), as well as by the citrulline assay. Using the ited a specific activity of 984 nmol min�1 mg�1 and repre-
optimized extraction and assay conditions, the induc- sented approximately 0.000005%–0.000015% of the to-
tion of NOS activity in TMV-infected, temperature- tal soluble protein or approximately 50–150 pg/mg
shifted Xanthi nc (NN) tobacco was found to be more protein.
rapid and substantially greater than previously detected To ensure that we were purifying an NOS-like enzyme,
(Figure 1A). An approximately 9-fold increase was de- rather than nitrate reductase or another enzyme capable
tected by 1 hr post shift (hps); NOS activity then in- of generating NO (Rockel et al., 2002), the oxy-hemoglo-
creased another �2 fold to peak at 4 hps before de- bin assays were performed in parallel using either Arg
creasing gradually out to 8 hps. By contrast, no increase or N-hydroxy-L-arginine (NOHA) as the substrate. NOHA
in NOS activity was detected in mock-inoculated Xanthi

is the intermediate formed during the conversion of Arg
nc (NN) or TMV-inoculated Xanthi (nn) plants following

to NO and citrulline by all eukaryotic NOSs; it is not a
the temperature shift (Figure 1A). NOS activity also was

substrate for NR. Similar levels of NOS activity weremonitored in pathogen-inoculated Xanthi nc (NN) plants
detected when either substrate was provided (Figure 2).maintained at 22�C. In response to TMV inoculation, a
NOS activity also was monitored using a citrulline assay,5-fold increase in NOS activity was detected by 2 hr
which is the standard assay used in animal systems.post inoculation (hpi), and a 25- to 30-fold increase was
Comparable levels of NOS activity were detected in theobserved by 22 hpi (Figure 1B). Similarly, a large (7 fold),
crude extract and fractions from the different purifica-although transient, increase in NOS activity was exhib-
tion steps by the citrulline and oxy-hemoglobin assaysited by Xanthi nc (NN) plants inoculated with the nonhost
(Figure 3A). Finally, the purified tobacco enzyme waspathogen Pseudomonas syringae pv. maculicola, which
shown to have NOS activity using another standard NOSinduces a variety of defense responses including HR
assay, the Greiss assay (data not shown). Taken to-formation (data not shown). In all of these studies, NOS
gether, these results argue that the tobacco protein isactivity depended on the substrate Arg and the cofac-
an NOS-like enzyme.tors CaM, NADPH, FAD, and H4B. Thus, activation of

defense responses in tobacco resisting infection by avir-
Characterization of the Putative Tobacco NOSulent or nonhost pathogens is associated with increased
Characterization of animal NOSs has revealed that theyNOS-like activity.
are sensitive to various inhibitors and require several
cofactors, including CaM, NADPH, FAD, and FMN. ToPurification of the Tobacco NOS-like Activity
further establish that the purified tobacco enzyme isAlthough NOS-like activities have been detected in a

wide variety of plants, previous efforts to purify a plant NOS like, we monitored its sensitivity to two widely used
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Figure 1. Resistance-Specific Induction of NOS-like Activity by TMV and Protein Profiles from the Purification of the Tobacco NOS-like Activity

(A) NOS activity in leaf extracts of mock or TMV-infected tobacco leaves following a temperature shift. Xanthi nc (NN) plants were infected
with TMV (�) or mock inoculated with buffer ( ), and Xanthi (nn) plants were infected with TMV (�). The plants were inoculated and maintained
at 32�C for 48 hpi, then shifted to 22�C to rapidly activate defense responses. The time plotted on the x axis is in hr post shift to 22�C. NOS
activity was measured at 401 nm using the oxy-hemoglobin assay. The data represent the mean of three independent experiments, with each
time point in each experiment determined by assaying NOS activity in triplicate. Thus, the data in each time point represents the average of
nine assays. Standard errors are indicated.
(B) NOS activity in extracts of leaves from TMV-inoculated Xanthi nc (NN) plants maintained at 22�C. Extracts were prepared from samples
harvested at the designated times post infection. As above, NOS activity was measured at 401 nm using the oxy-hemoglobin assay, and the
data represent the mean of three independent experiments. Standard errors are indicated.
(C) SDS-PAGE analysis of fractions from each step of the NOS purification protocol. Aliquots from fractions containing peak NOS-like activity
after each purification step were subjected to SDS-PAGE analysis (10%). The proteins in lanes 2–4 were visualized with Coomassie blue;
those in lanes 5–8 were detected by silver staining. Lanes 1–7 are from the same gel, while lane 8 was taken from a separate gel shown in
(D) (fraction 5). The sizes of the molecular weight (MW) markers are noted in kDa at the left of the gel. Abbreviations: M, MW markers; C,
crude; G-25, G-25 Sephadex; (NH4)2SO4, ammonium sulfate fraction; DEAE, DEAE-Sepharose; ARG, ARG-Sepharose; ADP, ADP-Sepharose;
CaM, CaM-Sepharose.
(D) Protein profiles and NOS-like activity of CaM-Sepharose column fractions. The proteins in fraction numbers 1–13 from the CaM-Sepharose
column were subjected to SDS-PAGE (10%) and visualized by silver staining. The positions of the MW size marker (in kDa) are designated
on the left of the gel. NOS-like activity, which was assayed using the oxy-hemoglobin assay with either Arg or NOHA as the substrate, is
shown above each fraction in pmol/min/25 �l. The four major bands labeled a–d in fraction 5, which contained peak NOS-like activity, were
identified by nano-ESI-MS/MS (a and b, which cannot be distinguished on the reproduction of the silver-stained gel, were excised separately;
a corresponds to a variant P subunit of glycine decarboxylase [GDC] while b is glutamate synthase [GltS]. c is the large subunit of ribulose
bisphosphosphate carboxylase and d is plastidic aldolase).

inhibitors of animal NOSs, L-NMMA and aminoguani- (data not shown) or uninfected tobacco leaves (Figure
3Cb), little NO is present to convert DAF-2DA to thedine. Both inhibitors suppressed the NOS activity of the

purified protein in a concentration-dependent manner fluorescent triazole derivative DAF-2T. The intense fluo-
rescence at 26 hr after TMV infection indicates an abun-(Figure 3B), although L-NMMA inhibited it to a greater

extent than aminoguanidine. To determine if this L-NMMA- dant level of NO (Figure 3Cd) and is consistent with the
dramatic rise in NOS-like activity shown in Figure 1B.sensitive NOS is the major source of NO production in

TMV-infected tobacco, we monitored NO levels in vivo Addition of L-NMMA at 20 hpi resulted in a dramatic
reduction of fluorescence at 26 hpi (Figure 3Cf), arguingusing diaminofluorescein diacetate (DAF-2DA). In mock
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Table 1. Purification and Characterization of the Putative Tobacco NOS

Purification of the Inducible Tobacco NOS-like Activity

Total Activity Specific Activity
Fraction Protein (mg) (nmol/min) (nmol/min/mg) Fold Recovery (%)

Crude 16,000 480.0 0.03 1 100
(NH4)2SO4 842 320.0 0.38 13 66.6
DEAE-Sepharose 49 291.5 6.0 198 60.7
ARG-Sepharose 1.9 89.1 46.9 1,564 18.6
ADP-Sepharose 0.8 63.5 79.4 2,646 13.2
CaM-Sepharose 0.02 19.7 983.7 32,790 4.1

Comparison of the Putative Tobacco NOS with Animal NOSs

Putative
Properties Animal NOSs Tobacco NOS

Size 130–160 kDa 115–120 kDa
Dependency on H4B, FAD, NADPH, and O2 � �

Ca2� requirement � �

CaM requirement � �

Inhibition by L-NMMA � �

Inhibition by aminoguanidine � �

Change in flavin fluorescence with CaM � �

Change in tryptophan fluorescence with CaM � �

NO synthesis detected by citrulline formation assay � �

NO synthesis detected by oxy-hemoglobin assay with � �

either Arg or NOHA as substrate
NO synthesis detected by Greiss assay � �

Comparison of Kinetic Parameters of Plant iNOSs to Animal iNOSs

Kinetic
Constants Tobaccoa Arabidopsisa Animal iNOSs Reference

Specific activity �20 �mol/min/mg �47 �mol/min/mg 0.7–1.3 �mol/min/mg Stuehr, 1996
Stuehr et al., 1991

Km Arginine 7.46 �M 9.79 �M 2.3–19 �M (mammalian) Griffith and Stuehr, 1995
11–12 �M (fish) Barroso et al., 2000

Km NADPH 383.14 nM 400 nM 300 nM (mouse) Griffith and Stuehr, 1995
300 nM (human macrophage) Stuehr and Griffith, 1992

EC50 calcium 2.79 nM 3.73 nM N/Ab (guinea pig hepatocytes) Geller et al., 1993
EC50 CaM 8.90 nM 7.13 nM N/Ab (guinea pig hepatocytes) Shirato et al., 1998
EC50 FAD 343.40 nM 322.40 nM 200 nM (human macrophages) Stuehr and Griffith, 1992
EC50 H4B 734.18 nM 956.75 nM 30 nM (human macrophages) Stuehr and Griffith, 1992
Ki L-NMMA 6.67 �M 7.58 �M 3.9 �M (rat macrophages) Reif and McCreedy, 1995

a Determined by citrulline assay for enzymes purified from TMV-infected tobacco leaves or from E. coli expressing the recombinant Arabidopsis
varP gene.
b Most animal iNOS do not require exogenous additions of calcium or CaM and therefore EC50 for them are not applicable (N/A); however,
guinea pig hepatocytes contain an iNOS whose activity is suppressed by CaM inhibitors.

that the purified L-NMMA-sensitive NOS-like enzyme is The Tobacco NOS-like Protein Is a Variant P
Protein of Glycine Decarboxylaseresponsible for the majority of NO production in tobacco

leaves resisting TMV infection. To determine the identity of the bands detected by SDS-
PAGE following CaM-Sepharose chromatography (Fig-Whether the tobacco NOS-like enzyme required CaM

also was investigated. For animal NOSs, CaM binding ures 1C and 1D), tryptic peptides were generated by in
gel digestion and sequenced by manual nano-electro-stimulates NO synthesis by enhancing electron transfer

from NADPH to the flavins, and subsequently to the spray tandem mass spectroscopy (ESI-MS/MS). Data-
base searches of the molecular ions against NCBI indi-heme. This CaM-stimulated activation of the reductase

domain can be detected as a change in the emission cated that the �120 kDa band (band a in Figure 1D)
matched the Arabidopsis homologs of the P protein ofspectra of tryptophan and flavin. Similar to animal NOSs,

the purified tobacco NOS-like enzyme exhibited ele- glycine decarboxylase (GDC), the �115 kDa protein was
the tobacco ferredoxin-dependent glutamate synthasevated tryptophan (Figure 3D) and flavin (Figure 3E) fluo-

rescence in the presence of increasing concentrations (Fd-GltS) (band b), and the lower, well-resolved bands
were the tobacco large subunit (LSU) of ribulose bis-of CaM. Furthermore, this phenomenon was suppressed

by increasing concentrations of EDTA, which chelates phosphate carboxylase (RuBPCase; band c) and to-
bacco plastidic aldolase (band d). A careful comparisonCa2� and thereby causes CaM to dissociate from NOS.

A summary of the biochemical properties of the putative between NOS activity levels and the band intensities
corresponding to these proteins in fractions eluted fromtobacco NOS is presented in Table 1 (middle).
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Figure 2. Elution Profiles of NOS-like Activity and Protein Concentration from the Final Chromatography Steps

(A) DEAE-Sepharose column. The void volume fraction from G-25 Sephadex chromatography, which contained most of the NOS-like activity,
was subjected to differential ammonium sulfate precipitation. The 0%–35% ammonium sulfate precipitate was dissolved in equilibration buffer
and loaded onto a DEAE-Sepharose column. After washing, a linear NaCl gradient (0–0.5 M) was used for protein elution. NOS-like activity
was determined in alternate fractions using the oxy-hemoglobin assay with Arg as substrate, and total protein (Pro) content was determined
by Bradford analysis.
(B) ARG-Sepharose column. Following DEAE-Sepharose chromatography, fractions containing peak NOS activity (numbers 3–15) were pooled
and loaded onto an ARG-Sepharose column. Proteins were eluted with a linear NaCl gradient (0–0.5 M) and alternate fractions were assayed
for NOS-like activity using the oxy-hemoglobin assay with NOHA, as well as Arg as substrates, and for total protein content.
(C) ADP-Sepharose column. Fractions containing peak NOS-like activity from ARG-Sepharose chromatography (numbers 9–15) were pooled
and loaded onto an ADP-Sepharose column. Protein elution was done with a linear NaCl gradient (0–1.0 M) and determination of NOS-like
activity was as described in (B).
(D) CaM-Sepharose column. Fractions containing peak NOS-like activity from ADP-Sepharose chromatography (numbers 3–9) were pooled
and loaded onto a CaM-Sepharose column. A linear gradient of EGTA (0–1.0 mM) was used for protein elution and alternate fractions were
assayed for NOS-like activity using Arg or NOHA as substrates.

CaM-Sepharose chromatography suggested that the P thesizing activity; its deduced aa sequence is shown in
Figure 4A.protein of GDC and/or Fd-GltS is the tobacco NOS-like

activity (Figure 1D). MS analysis performed on other The GDCs form a unique class of amino acid decar-
boxylases for which there is little direct structural infor-preparations of highly purified tobacco NOS-like activity

also suggested that the P protein of GDC copurified mation (Sandmeier et al., 1994). However, sequence
analysis of variant P identified several motifs that arewith NOS activity.

Analysis of the Arabidopsis genome identified two similar in function to those found in mammalian NOSs
(Figures 4B and 4C). The homology of the putative flavingenes that might encode the P protein of GDC (At4g33010

and At2g26080). Allowing for minor aa substitutions, binding site of variant P with the isoalloxazine motif of
mammalian NOSs and other FAD-requiring enzymes isthe deduced sequences of both genes matched four

peptides assembled by manually annotating the MS/MS limited (Figure 4C). However, the observations that the
tobacco enzyme requires FAD (Table 1, middle) and hasspectra. Since At4g33010 required less substitution to

match the tobacco sequence, we designated it varP, a flavin emission spectra (Figure 3D) argue that this
motif or a yet-to-be-identified motif participates in flavinfor the variant P protein that is a candidate for NO syn-
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Figure 3. Characterization of the Putative Tobacco NOS

(A) The oxy-hemoglobin and citrulline assays detect similar levels of tobacco NOS-like activity. NOS activity was measured in the crude extract
and in pooled peak fractions from each step of the purification protocol using the oxy-hemoglobin and citrulline assays. The data shown are
the average of three independent experiments. Abbreviations: C, crude; DEAE, DEAE-Sepharose; ADP, ADP-Sepharose; ARG, ARG-Sepharose;
CaM, CaM-Sepharose. Standard errors are indicated.
(B) Tobacco NOS-like activity is suppressed by animal NOS inhibitors. The effect of increasing concentrations of the NOS inhibitors L-NMMA
and aminoguanidine on the activity of the purified tobacco NOS-like enzyme was determined using the oxy-hemoglobin assay with Arg as
the substrate. Standard errors are indicated.
(C) Confocal microscopy of TMV-induced intracellular DAF-2DA fluorescence. Sections of tobacco Xanthi nc (NN) leaves 24 hpi with TMV
were loaded with DAF-2DA, incubated for 2 hr in darkness, washed, and examined by confocal laser microscopy: (a) bright field image of
uninfected leaf section loaded with DAF-2DA, (b) fluorescence of DAF-2T (503–530 nm) of the same sample as in (a), (c) bright field image of
TMV-infected tissue, (d) fluorescence of DAF-2T (503–530 nm) of the same sample as in (c), (e) bright field image of TMV-infected tissue
incubated with inhibitor L-NMMA starting at 20 hpi and DAF-2DA at 24 hpi, and (f) fluorescence of DAF-2T of the same sample as in (e).
(D) Tryptophan fluorescence of the NOS-like protein was monitored in the absence of Ca2� and CaM or in the presence of 100 �M Ca2� and
different concentrations of CaM (�M) and EDTA (�M), as indicated in the inset. The protein was irradiated at 288–300 nm and emission spectra
were recorded at 300–390 nm.
(E) Flavin fluorescence of the tobacco NOS-like protein was monitored as described in (D), except that the protein was irradiated at 450–460
nm, and the emission spectra were recorded at 500–650 nm.

binding. Both variant P and P (At2g26080) also contain At2g26080 encodes a protein, designated P, which is
89% identical to variant P and contains at least two ofa pyridoxal phosphate (PP) binding domain, which cova-

lently binds this cofactor, and also likely forms an the above motifs. However, its N-terminal 80 aa are only
63% identical to those of variant P, and the sequencesNADPH binding-Rossman fold (Figure 4D). Interestingly,

the lysine to which PP likely is covalently attached is flanking the putative flavin binding site, which might
participate in Arg binding, show only limited homologysurrounded by a combination of histidines and cys-

teines; they could serve as a 2Fe-2S cluster to coordi- with variant P. Thus, it seems unlikely that P has NOS
activity. The subcellular localization predictors TargetPnate the binding of another cofactor, such as an Fe

cluster or heme. Consistent with this possibility, recom- (http://www.cbs.dtu.dk/services/TargetP/) and Predotar
(http://www.inra.fr/Internet/Produits/Predotar/) suggestbinant variant P protein requires heme for NOS activity

(see below) and a typical Soret band at 416 nm, which that both variant P and P are targeted to the mitochon-
dria by predicted N-terminal transit peptides of 39 andis indicative of heme incorporation, appeared in the ab-

sorption spectra of the purified recombinant protein fol- 41 aa, respectively. However, since various motifs re-
quired for NO synthesis and CaM binding are locatedlowing incubation with heme (data not shown).
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Figure 4. The Predicted Amino Acid Sequence and Structural Motifs of the Variant P Protein

(A) The deduced aa sequence of the Arabidopsis variant P protein (At4g33010); the underlined sequences correspond to the four peptides
(but two have substitutions) derived from the putative tobacco NOS-like activity that were sequenced by ESI-MS/MS. Substitutions were
observed in GNINIEEIR (I replaced by V in Arabidopsis) and in FGVPHGYGGPHAAFLATSQEYKR (M replaced the first H). Note that the mass
spectrometer cannot distinguish between isobars (e.g., I and L).
(B) Schematic representation of several putative cofactor binding sites in the variant P protein, which may participate in NO synthesis.
(C) Sequence comparison of the putative flavin binding site (isoalloxazine motif) of the variant P and P proteins of Arabidopsis with those of
a mammalian NOS and other FAD-requiring enzymes.
(D) Sequence comparison of the active site polypeptide (PLP) from the P protein of chicken liver GDC (Fujiwara et al., 1987) with the deduced
aa sequences of variant P and P from Arabidopsis and P from pea. The lys to which PP is likely attached is indicated by an asterisk. Cys
and His residues, which might serve as a 2Fe-2S cluster to coordinate binding of another cofactor in the plant enzymes, are boxed.

partly or entirely within the predicted transit sequence, transit sequence upstream of the annotated N terminus
(Peltier et al., 2002).either variant P is not localized to the mitochondria or, if

it is targeted there, the transit sequence is not removed.
Targeting of the mitochondrial transcription factor Mtf1 The Variant P Protein of GDC Exhibits NOS Activity

To assess whether variant P has NOS activity, we testedto this organelle without cleavage of the transit se-
quence (Biswas and Getz, 2002) provides precedence whether the P protein inhibitors carboxymethoxylamine

(CM) and aminoacetonitrile (Douce et al., 2001; Yao etfor the latter possibility. A third alternative is that the
Arabidopsis sequence was misannotated and the real al., 2002) suppressed the ability of the tobacco enzyme

to synthesize NO. In the presence of NADPH and eithertranslational start site is further upstream. This common
mistake could result in a protein whose N terminus does NOHA or Arg as the substrate, the highly purified to-

bacco enzyme exhibited high levels of NOS activity,not contain a mitochondrial transit sequence or has a
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Figure 5. The Variant P Protein of GDC Is the Plant iNOS

(A) An inhibitor of P proteins blocks the tobacco NOS-like activity. The effect of the P protein inhibitor carboxymethoxylamine (CM; 200 �M)
on the tobacco NOS-like activity was monitored using the oxy-hemoglobin assay and either Arg or NOHA as the substrate. In addition to the
highly purified tobacco NOS-like enzyme, all NOS assay reactions (NOSRx) contained a complete set of cofactors except NADPH, which was
added where indicated. The effect of pyridoxal phosphate (PP) on NOS activity was also assessed.
(B) Recombinant his6-tagged variant P protein exhibits NOS activity. The left shows SDS-PAGE analysis (10%) of crude E. coli extracts that
either lack (uninduced) or express varP (induced). NOS activity, as determined by the oxy-hemoglobin assay using Arg or NOHA as the
substrate, is expressed below each lane in pmol/mg/min. The asterisk marks the position of recombinant variant P protein, and the position
of MW markers is noted in kDa at the left of the gel. A soluble fraction from E. coli expressing varP also was subjected to SDS-PAGE analysis
(10%) following Ni� affinity chromatography (center) or sequential affinity chromatography on ARG-Sepharose and ADP-Sepharose (right).
The crude extract shown on the left corresponds to Expt. #1 in Table 2, and the Ni� affinity purified fractions correspond to Expt. #2.
(C) Time course of NO and citrulline formation by the recombinant Arabidopsis varP-encoded protein using Arg as substrate. The purified
recombinant protein made in E. coli after heme addition was used as starting material. Reactions were carried out at 37�C in presence of 1
mM Arg (or 1 mM nitro-L-arginine), 1 mM magnesium diacetate, 1 mM CaCl2, 1 �M CaM, and 4 �M FAD (see Experimental Procedures). The
reaction was started by addition of NADPH to 100 �M and H4B to 10 �M for the oxy-hemoglobin assay. For the Greiss and citrulline assays,
the reaction was started by addition of the enzyme to reaction mixtures containing NADPH and H4B. Production of labeled citrulline from
14C-labeled Arg was monitored as described by Bredt and Snyder (1989). In the Greiss assay, the NOS reaction was stopped by heat inactivation
at 50�C for 10 min or by addition of 200 mM EDTA, and nitrate was converted back to nitrite by incubation with NR for 30 min at 37�C before
addition of the Greiss reagent to determine (indirectly) the level of NO production.
(D) iNOS is activated in Arabidopsis resisting TCV infection. NOS-like activity was monitored in mock- and TCV-inoculated Di-17 (resistant)
and Col-0 (susceptible) Arabidopsis plants at 0, 24, and 72 hpi using the oxy-hemoglobin assay with either Arg or NOHA as the substrate.

which were inhibited approximately 90%–95% by addi- participates in NO synthesis. This is consistent with the
observation that addition of PP modestly stimulates thetion of 200 �M CM (Figure 5A). Similar results were

observed using a relatively crude extract obtained prior activity of the tobacco enzyme (Figure 5A), perhaps by
binding to a small portion of the purified enzyme thatto affinity chromatography (data not shown) or when

the highly purified tobacco enzyme was incubated with did not contain bound PP.
Confirmation that variant P has NOS activity was ob-aminoacetonitrile (data not shown). Thus, inhibitors that

block P protein activity suppress the tobacco NOS-like tained by expressing His6-tagged varP in E. coli and
insect Sf9 cells. In crude E. coli extracts, induction ofactivity. Furthermore, since CM inhibits P protein func-

tion by reacting with PP, this result suggests that PP varP expression corresponded with the accumulation
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Table 2. NO Synthesizing Activity of the Arabidopsis varP-Encoded Protein Produced in E. coli or Baculovirus-Infected Sf9 Cells and Its
Dependence on Cofactors H4B and Heme

�H4B �Hemea �H4B �Heme �H4B �Heme

ARG NOHA ARG NOHA ARG NOHA

E. coli Expt. #1
Uninduced 44b 44 44 44 26 44
Induced 1982 2720 746 965 158 255

E. coli Expt. #2
Uninduced 70 114 18 70 26 158
Inducedc 1184 2500 509 1298 158 307

Ni column fractionsd

1 2579 4789 1132 2421 53 237
2 2132 4000 921 1711 316 26
3 1553 2684 737 1105 79 737
4 1395 2526 500 921 211 395
5 1526 2579 395 737 132 342

Sf9 cellse

Mock 53 123 18 114 26 61
Empty vector 0 26 0 9 0 70
varP 456 833 272 684 96 219

a Arg or NOHA were used as substrate in the presence (�) or absence (�) of the critical cofactors H4B and Heme as indicated.
b NO synthesizing activity was determined with an oxy-hemoglobin assay and is expressed in pmol/min/mg.
c Expression of varP was induced with 1 mM IPTG and crude total extracts were prepared 6hr later.
d The His6-tagged recombinant variant P from the soluble fraction extracted from the IPTG-induced E.coli of Expt. #2 was purified on a Ni�

column.
e Sf9 insect cells were mock infected or infected either with recombinant baculovirus not carrying varP (empty vector) or carrying it (varP).
Extracts were prepared at 72 hpi.

of an �120 kDa protein and a 45- to 62-fold increase in An NOS-like Activity Is Induced in TCV-Infected
Arabidopsis in a Resistance-Specific MannerNOS activity (Figure 5B). Purifying the His6-tagged vari-

ant P by affinity chromatography on a Ni� column also Our initial analyses indicated that an NOS-like activity
is rapidly activated in tobacco resisting pathogen infec-enriched an �120 kDa protein. Moreover, these frac-

tions exhibited 17- to 109-fold greater levels of NOS tion. To extend this finding, we monitored NOS activity
in Arabidopsis plants inoculated with turnip crinkle virusactivity than uninduced cells. Both the purified NOS

activity eluted from the Ni� column and that detected (TCV). By 24 hpi, NOS activity in Di-17 plants, which are
resistant to TCV infection, increased 8- to 14-fold overin the crude extract were dependent on the presence

of H4B and heme (Table 2). A similar enrichment of an that detected in mock-inoculated control plants (Figure
5D). In comparison, no increase in NOS activity was�120 kDa protein and increase in NOS activity was ob-

served when a soluble extract from induced E. coli cells detected in TCV-susceptible Col-0 plants throughout
the time course. Taken together, these results demon-was subjected to sequential affinity chromatography

with ARG-Sepharose and ADP-Sepharose (Figure 5B). strate that Arabidopsis, like tobacco, contains a patho-
gen-inducible NOS activity, which will be referred to asConsistent with these results, insect Sf9 cells infected

with recombinant baculovirus expressing His6-tagged iNOS.
varP exhibited 7- to 32-fold greater levels of NOS activity
in the presence of H4B and heme than mock- or empty

Discussion
baculovirus vector-infected cells (Table 2). These results
conclusively demonstrate that the variant P protein has

In this paper, we report the first purification and de-
NOS activity.

tailed characterization, to our knowledge, of a pathogen-
To assess the kinetic properties of the variant P pro-

induced NO-synthesizing activity from plants. Following
tein, the rate of citrulline and NO formation were mea-

a six-step purification protocol, biochemical and molec-
sured over time using the citrulline, oxy-hemoglobin,

ular analyses revealed that this plant iNOS is a variant P
and Greiss assays. All three assays indicated similar

protein of the GDC complex. Since the variant P protein
kinetics of citrulline and NO synthesis (Figure 5C). Com-

shares very little sequence homology with animal NOSs,
parable Km’s for Arg and Vmax’s for the variant P protein

this unexpected discovery explains why previous efforts
were also obtained with the citrulline and Greiss assays

to identify this enzyme failed.
(Km � 9.79 �M, Vmax � 40.16 �mol/min/mg with citrul-
line assay and Km � 10.52 �M, Vmax � 41.66 �mol/
min/mg with Greiss assay). Together, these data indi- Plant iNOS versus Animal NOSs

Despite the lack of sequence homology, the biochemicalcate that both reaction products are made in near equi-
molar quantities. Additional kinetic parameters of the properties of the plant enzyme, including cofactor re-

quirements and inhibitor sensitivity, as well as its kineticpurified tobacco enzyme and the recombinant Arabi-
dopsis enzyme synthesized in E. coli were determined properties (with the exception of H4B; Table 1, bottom),

appear to be very similar to those of its animal counter-using the citrulline assay; they are compared to those
of animal iNOSs in Table 1 (bottom). parts (Table 1, middle). Moreover, plant iNOS, like that
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of animals, is specifically induced during the resistance which is responsible for the dramatic and sustained NO
response to pathogen infection (Figures 1A and 5D). production in plants resisting pathogens (this report);

A critical similarity between plant and animal iNOSs and perhaps a constitutive NOS that is rapidly (and pos-
is that their activation is required to signal defense re- sibly transiently) activated by pathogens or pathogen-
sponses following pathogen attack. In plants, NOS in- derived elicitors (Foissner et al., 2000; Modolo et al.,
hibitors block pathogen- or elicitor-induced defense 2002). Therefore, plants may employ as much division
gene activation (Delledonne et al., 1998; Durner et al., of labor for NO synthesis as mammals.
1998; Klessig et al., 2000), synthesis of antimicrobial The plant iNOS, like its mammalian counterpart, is
compounds (Modolo et al., 2002), and HR formation present in vanishingly low amounts in uninfected plants.
(Delledonne et al., 1998, 2001). Similarly, these inhibitors Even after a 33,000-fold purification from TMV-infected
worsen the course of disease caused by diverse patho- leaves, which exhibit a 20-to 30-fold increase in NOS
gens in animals (for review see MacMicking et al., 1997; activity, the tobacco iNOS represented 5% or less of
Nathan and Shiloh, 2000; Bogdan, 2001). Moreover, the protein in the purest fraction (Figure 1D). Assuming
mice containing knockout mutations in both copies of 5%, the specific activity of the purified iNOS would be
the iNOS gene are more susceptible than wild-type mice �20 �mol/min/mg (Table 1, top); this activity is similar
to pathogen infection (for review see Bogdan, 2001). to the �47 �mol/min/mg for the purified Arabidopsis
Comparable experiments are under way to assess the variant P synthesized in E. coli (data not shown). Note
role of the plant iNOS in disease resistance. this is approximately 15- to 30-fold higher than that of

In mammals, NOS activity is highly controlled, as purified mammalian iNOS (Stuehr et al., 1991; Stuehr,
might be anticipated, since its product is a potent regu- 1996). Interestingly, the amount of NOS activity in crude
lator of many physiological processes. Despite more extracts prepared from Arabidopsis resisting TCV infec-
than a decade of intense study, the extent and sophisti- tion (863 pmol/min/mg; Figure 5C) was approximately
cation of NOS regulation has become evident only in 30- to 45-fold higher than that detected in tobacco re-
the past several years (for review see Alderton et al., sisting infection by TMV (19–30 pmol/min/mg; Figure 1
2001; Bogdan, 2001). The mammalian iNOS is regulated and Table 1, top) or by P. syringae pv. maculicola (19
primarily at the transcriptional level (for review see pmol/min/mg). At present, the reason(s) for this large
Alderton et al., 2001). Consistent with this finding, pre- difference is unclear. Perhaps tobacco extracts contain
liminary studies indicate a dramatic rise in varP mRNA an inhibitor that suppresses iNOS activity. Alternatively,
levels in TCV-infected resistant Di-17, but not in suscep- different plant species might contain different levels of
tible Col-0 (data not shown). However, the rapid eleva- NOS activity. Supporting this possibility, an activated
tion of NO within 3–6 min after treatment of tobacco mouse macrophage cell line contained over 10-fold
leaf epidermal cells with the defense elicitor cryptogein more iNOS activity than an induced human adenocarci-
(Foissner et al., 2000) suggests that iNOS is also regu- noma cell line (Stuehr et al., 1991; Garvey et al., 1996).
lated at the posttranslational level. Since both Ca2� and
CaM are required for the plant iNOS activity, it is possible The GDC Complex and Plant Variant P/iNOS
that this rapid activation is mediated by CaM and

The GDC multienzyme complex, which is over 1300 kDa
changes in Ca2� levels, as is the case for mammalian

in size, is present in the mitochondrial matrix of plant
eNOS and nNOS. Alternatively, the rapid increase in NOS

and animal cells and is also found in microbes (for re-
activity following infection or elicitor treatment might be

view see Douce et al., 2001). In addition to the 100–120due to stimulation of a distinct, constitutively expressed
kDa pyridoxal phosphate-containing P protein, the GDCNOS-like enzyme. Supporting this latter possibility, im-
complex contains L protein, a 50–60 kDa lipoamidemunoblot analyses with antibodies raised against ani-
dehydrogenase; T protein, a 40–45 kDa tetrahydrofo-mal NOSs have identified constitutively expressed pro-
late-containing enzyme; and H protein, an �15 kDa li-teins of 166 kDa in maize (Ribeiro et al., 1999) and
poamide-containing enzyme. This complex, along withsoybean (Modolo et al., 2002), and 130 kDa in pea (Bar-
serine hydroxymethyltransferase, catalyzes the conver-roso et al., 1999). Caution must be exercised when inter-
sion of two glycine molecules into serine, CO2, and NH3.preting these data, however, since we have detected
In green plant tissue, the GDC subunits represent up toconsiderable cross reactivity between tobacco proteins
50% of the mitochondrial protein; this massive amountand similar antibodies prepared against mammalian
of enzyme is used to salvage glycine produced by RuBP-NOSs. This cross reactivity may be due to the presence
Case (a key photosynthetic enzyme) during photorespi-of cofactor binding motifs found in animal NOSs and
ration.unrelated plant proteins that may not have NO synthesiz-

The N-terminal �80 aa of P proteins, which includeing capacity.
the predicted transit sequence, differ markedly betweenIn contrast to the sizes of the soybean, maize, and
plants and their animal and microbial counterparts. In-pea proteins recognized by antibodies raised against
terestingly, most of aa differences between the P pro-animal NOSs, the purified tobacco iNOS and recombi-
tein, which presumably forms part of GDC, and the vari-nant Arabidopsis variant P protein appear to be �120
ant P (iNOS) of Arabidopsis also reside in this region.kDa. This size is consistent with a deduced molecular
Despite 89% identity and 92% similarity overall, thesemass of 113 kDa for the Arabidopsis protein. Taken
proteins contain 30 aa differences in their N-terminal 80together, our study and earlier reports suggest that there
aa. Some of this variation may reflect the generally lowerare at least two, and possibly three, enzymes responsi-
level of homology observed in transit sequences asble for NO synthesis in plants: nitrate reductase, which
compared with the mature protein sequences of ortholo-is associated with nonelicited NO generation (Desikan

et al., 2002; Kaiser et al., 2002; Rockel et al., 2002); iNOS, gous nuclear-encoded organellar proteins (Peltier et al.,
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2002). Nonetheless, 20 of these 30 differences are form of variant P whose NOS activity or responsiveness
to infection or a pathogen-derived ligand (such as vic-C-terminal to the predicted transit sequence. Since two

putative binding sites for factors required for NOS activ- torin) is altered, perhaps enhanced. Since NO appears
to participate in pathogen-induced programmed host cellity (CaM and flavin) are in the N-terminal 80 aa of the

variant P protein, animal and microbial P proteins asso- death (for review see Wendehenne et al., 2001), perhaps
elevated NO production by the Vb/Pc-2-encoded variantciated with the GDC complex are unlikely to have NOS

activity. At present we do not know if the Arabidopsis P might stimulate an HR and resistance to the biotrophic
P. coronata. By contrast, increased NO synthesis follow-P protein encoded by At2g26080 has NOS activity. How-

ever, we suspect it does not but, rather, is part of the ing C. victoriae infection might enhance susceptibility
by increasing the availability of nutrients from dying hostGDC complex. As such, it would be present in very large

amounts in the mitochondria of green tissue, including cells, thereby enhancing growth during the necrotrophic
phase of this hemibiotrophic pathogen.leaves. If P were to have NOS activity, leaves would be

expected to contain very high levels of this activity even In summary, our results demonstrate that plants, like
animals, contain an iNOS that is activated in a resis-in the absence of infection; this was not detected in

tobacco or Arabidopsis. By contrast, the extremely low tance-specific manner following pathogen infection. The
surprising discovery that plant iNOS is a variant P proteinlevel of NOS-like activity detected even in tobacco re-

sisting TMV infection suggests that the variant P genes of the GDC complex explains the many difficulties en-
countered during attempts to isolate this enzyme. More-of tobacco and Arabidopsis are expressed at extremely

low levels and/or only under certain conditions, such as over, identification of the plant iNOS will open novel
avenues for understanding both how NO mediates dis-during a disease resistance response.

In contrast to GDC, which is targeted to the mitochon- ease resistance in plants and the chemistry of NO syn-
thesis.dria, the subcellular location of variant P/iNOS is cur-

rently unclear. The rapid appearance of NO within the
Experimental Procedureschloroplasts of tobacco epidermal cells after treatment

with an oomycete elicitor (Foissner et al., 2000) suggests
Plant Material and Viral Infection

that iNOS is located in this organelle. (Alternatively, a Tobacco plants (Nicotiana cv. Xanthi nc [NN] or Xanthi [nn]) were
constitutive, chloroplastic NOS might be responsible for grown as described before (Conrath et al., 1995). TMV infection was

done using either 4- to 6-week-old plants or excised leaves. Tissuethis extremely rapid production of NO, rather than iNOS.)
was infected with TMV (1 �g/ml in 10 mM Hepes buffer [pH. 7.0] inRegardless, the variant P/iNOS does not appear to be
the presence of carborundum). Mock inoculation was performedpart of the GDC complex, since the GDC and NOS-like
using buffer with carborundum. Following inoculation, cut leavesactivities (iNOS) do not copurify (data not shown) and
were floated on buffer soaked Whatman 3MM paper in plastic trays

tobacco iNOS has an estimated native molecular mass covered with plastic wrap and kept at 22�C in a growth chamber
of 280 kDa as determined by gel filtration on Sephacryl programmed on a 14 hr light, 10 hr dark cycle. Samples were taken

at the indicated times and frozen in liquid nitrogen prior to NOSS-300 (data not shown), while that of the GDC complex
activity and protein determination. For temperature shift experi-is at least 350 kDa in vitro and may approach �1300
ments, plants were moved to 32�C 40 hr before infection, and de-kDa in vivo. Based on its estimated native molecular
fense responses were activated by shifting plants from 32�C to 22�Cmass, iNOS likely functions as a dimer; this would be
at 48 hpi.

consistent with the presence of a leucine zipper in its Arabidopsis Di-17 and Col-0 plants were grown as described
sequence (Figure 4B). before (Shah et al., 1999). Viral infections were performed using

transcripts synthesized in vitro from a cloned cDNA of the TCV
genome using T7 RNA polymerase (Dempsey et al., 1993). For inocu-P Proteins and Disease
lations, the viral transcript was suspended at a concentration of 2.5There is precedence for the involvement of the P protein
�g/200 �l in inoculation buffer, and the infection was performed as

(or a variant form of it) in both plant and animal pathol- described earlier (Dempsey et al., 1993). Leaves were removed at
ogy. In ducks, a variant form of P serves as the corecep- various times for NOS activity and protein determination.
tor for the duck Hepatitis B virus (Li et al., 1999). In oats,

Purification of the Tobacco NOS-like Proteinthe P protein of susceptible, but not resistant, cultivars
The inoculated leaves of TMV-infected tobacco plants maintainedbinds the fungal toxin victorin in vivo (Wolpert et al.,
at 22�C were harvested at 20–22 hpi and stored at �80�C. A minimum1994; Navarre and Wolpert, 1995). Victorin, which is pro-
of 8–10 kg of tissue was used to begin the purification protocol.

duced by the fungus Cochliobolus victoriae (the causal The five-step purification scheme is outlined in Table 1 (top) and
agent of victoria blight disease) also is a potent inhibitor the results presented in Figures 1 and 2. For a detailed description

of the purification protocol see the Supplemental Experimental Pro-of GDC activity in vivo (Navarre and Wolpert, 1995).
cedures section online at http://www.cell.com/cgi/content/full/113/Thus, it was proposed that victorin exerts its host geno-
4/469/DC1.type-specific toxicity via inhibition of GDC activity.

Victorin also induces a variety of host-selective, de-
Fluorescence Spectroscopy

fense-type responses, including host cell death, that Tryptophan and flavin fluorescence were measured as described
mirror those induced by race-specific elicitors (Navarre by Gachhui et al. (1996), using an SLM 8000 spectrofluorometer.

Briefly, the purified NOS eluted from the CaM-Sepharose columnand Wolpert, 1999). A dominant allele of the Vb gene
was diluted to 2 �g/ml in 10 mM Hepes (pH 7.0) in a 0.5 ml quartzwas shown to confer susceptibility to C. victoriae and
cuvette. Measurements (at 25�C) were initiated by irradiating theits toxin. Interestingly, Vb is genetically inseparable from
protein at 288–300 nm for tryptophan fluorescence and 450–460Pc-2, a gene that confers resistance to the crown rust
nm for flavin fluorescence. The emission spectra were recorded at

pathogen Puccinia coronata (Wolpert et al., 1994). One 300–390 nm for tryptophan and 500–600 nm for flavin, before and
possible explanation for this result is that Vb and Pc-2 after the addition of CaCl2 (100 �M) in presence of different concen-

trations of CaM (0.1–3.0 �M) to induce the formation of a CaM-are the same gene and that they encode a modified
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NOS complex. Dissociation of this complex was monitored following Cloning and Expression of Variant P (varP) in pET-28a
and pFastBac Plasmidsaddition of EDTA (200 and 800 �M). The mixture was stirred in the

cuvette for 5 min after each addition. A full-length cDNA clone of varP was obtained from the Arabidopsis
Biological Resource Center (ABRC) and the complete fragment was
amplified using the oligos GGATCCATGGAGCGCGCAAGGAGAC

NOS Activity Assays TTGC and GTCGACTCAAGCAGACACTGCAGCTGCGAC, which have
NOS activity was measured using the oxy-hemoglobin assay (Mur- BamHI and SalI sites, respectively, using Herculase hotstart DNA
phy and Noack, 1994) with slight modifications. Briefly, a reaction polymerase (Stratagene). PCR was performed under the following
mixture (total volume of 1 ml) in 10 mM Hepes (pH, 7.0) contained conditions: 2 min at 92�C, 10 s at 92�C, 30 s at 58�C, 3.5 min at
enzyme (200 �l from crude or G-25 Sephadex or 100 �l from the 72�C, and 1 min at 72�C for 30 cycles. The purified amplified fragment
other purification steps), 1 mM Arg or 100 �M NOHA or 1 mM nitro- was ligated to BamHI and SalI digested pET-28a and pFastBac
L-arginine, 1 mM magnesium diacetate, 1 mM CaCl2, 1 �M CaM, vectors.
and 4 �M FAD; this was incubated at 37�C for 30 min. Reactions Ligation of the PCR-generated fragment to the pET-28a E. coli
were stopped by heat inactivation at 50�C for 10 min or by addition expression vector (Novagen) introduced an N-terminal hexahistidine
of 200 mM EDTA. To ensure that this assay accurately reflected leader peptide. Fusion variant P proteins were synthesized in the
NOS activity, duplicate reactions were performed in the presence soluble fraction of E. coli strain Bl21(DE3) (Novagen) and affinity
or absence of nitro-L-arginine. Since this arginine analog inhibits purified on Ni-NTA agarose (Novagen) in the presence of 8 mM
NOS activity, any metHb generated in its presence is produced mercaptoethanol, according to manufacturer’s instructions, or by
by nonspecific HbO2 oxidation. NOS activity was determined by using ARG and ADP affinity chromatography as described above.
subtracting the amount of metHb produced in the presence of this The PCR-generated varP fragment ligated to pFASTBac was
inhibitor from the amount generated in its absence. Therefore, this transformed into DH10Bac cells (Invitrogen), and the recombinant
assay would not detect the NO synthesis activity of NR. The reaction bacmid was isolated from white colonies according to manufactur-
was started by addition of NADPH to 100 �M and H4B to 10 �M. er’s instructions. Isolated recombinant DNA was used for transfec-
The change in absorbance was recorded at 401 nm. Citrulline assays tion of Sf9 insect cells as per manufacturer’s instructions.
were done according to the procedure of Bredt and Snyder (1989).
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