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Abstrak: Aktiviti nitrik oksida sintase (NOS) berdasarkan pembentukan asal cerakin
sitrulina yang digunakan dalam sistem mamalia, dapat dikesan dalam ekstrak Pisum
Sativum L. (kacang manis). Protein seakan-NOS dalam kacang manis diekstrak paling
efisien menggunakan penimbal ekstrak yang ditambah penghalang protease [ethylene bis
(oxyethylenenitrilo)tetraacetic acid (EGTA) dan leupeptin)] dan dalam keadaan alkali (pH
8.5-9.0) berbanding keadaan neutral dalam sistem mamalia. Pemendakan protein
menggunakan pelbagai kepekatan garam ammonium sulfat, natrium sitrat dan natrium
klorida menyebabkan kehilangan aktiviti NOS, berbeza dengan sistem mamalia, dan ia
tidak dimendakkan oleh pelarut organik (aseton atau polietilena glikol, PEG). Protein
seakan-NOS dalam kacang manis telah diasingkan dengan jayanya menggunakan turus
pertukaran-ion, tetapi ia tidak terikat kepada turus B-nicotinamide adenine dinucleotide
phosphate (NADPH) dan kalmodulin yang menunjukkan kekurangan tapak untuk mengikat
kofaktor NADPH dan kalmodulin yang diperlukan oleh aktiviti NOS dalam sel mamalia.
Keputusan ini menunjukkan bahawa protein seakan-NOS dalam kacang manis adalah
berbeza daripada NOS mamalia dari segi struktur.

Abstract: Nitric oxide synthase (NOS) activity based on citrulline formation assay, which
was used in mammalian system, was detected in Pisum Sativum L. (pea) extracts. The
pea NOS-like protein was most efficiently extracted with the addition of protease inhibitors
(ethylene bis (oxyethylenenitrilo)tetraacetic acid (EGTA) and leupeptin) in the extraction
buffer and under alkaline condition (pH 8.5-9.0) as compared to neutral condition in
mammalian system. The precipitation of this protein with various concentrations of
ammonium sulfate, sodium citrate and sodium chloride caused rapid loss of NOS activity,
in contrast to that in the mammalian system, and the protein was not precipitated by
organic solvents (acetone or polyethylene glycol, PEG). The pea NOS-like protein was
successfully isolated using ion-exchange column, but did not bind to B-nicotinamide
adenine dinucleotide phosphate (NADPH) and calmodulin affinity columns suggesting that
it lacked binding sites for the cofactors NADPH and calmodulin that were required for NOS
activity in mammalian cells. The results indicated that the pea NOS like protein was
significantly different in structure from mammalian NOS.
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INTRODUCTION

Nitric oxide (NO) is a multifunctional signal molecule in both animal and plant
cells. In mammalian cells, NO acts as a signal molecule in neurotransmission in
the nervous system; displays antimicrobial, antitumor and cytotoxicity properties
in the immune system; and a regulator of blood pressure and gatekeeper of
blood flow to different organs in the cardiovascular system (Bredt & Snyder
1994). In plant cells, NO is involved in growth and developmental processes such
as leaf-expansion and regulation of stress responses (Leshem & Haramaty
1996), root elongation (Gouvea et al. 1997), and maturation and senescence
(Leshem et al. 1998). It is also involved in defense responses such as induction
of hypersensitive response (HR), expression of defense genes and accumulation
of phytoalexin (Durner et al. 1998; Noritake et al. 1996).

In mammalian cells, the production of NO is catalyzed by nitric oxide
synthase (NOS) which occur in three isoforms and named on the basis of the
tissue source from which they were originally extracted: neuronal NOS (nNOS),
also known as Type |, inducible NOS in macrophages (iNOS), Type Il and
endothelial NOS (eNOS), Type lll (Nathan & Xie 1994). All NOS isoforms show
50%—-60% identity in their amino acid sequences (Wendehenne et al. 2001).
Each NOS is a bi-domain enzyme consisting of an N-terminal oxygenase and a
C-terminal reductase (Alderton et al. 2001). The oxygenase domain contains a
cytochrome P-450 type heme center and a binding site for the cofactor
tetrahydrobiopterin (BH,4). The reductase domain contains NADPH, flavin adenine
dinucleotide (FAD) and flavin mononucleotide (FMN) binding sites. Both
oxygenase and reductase domains are connected by a calmodulin (CaM) binding
site in the middle of the enzyme. Each NOS has a different N-terminal extension
determining the intracellular localization of the enzyme. In the active form, all
NOS enzymes are homodimers.

A key step in purification of the three isoforms of NOS includes 2’,5’-ADP
affinity chromatography eluted with NADPH (Bredt & Snyder 1990; Forstermann
et al. 1991; Stuehr et al. 1991). nNOS, eNOS and iINOS have a molecular mass
of approximately 160, 135 and 130 kDa respectively. Both nNOS and eNOS
require Ca®*/CaM, NADPH and BH, for their activity. On the contrary, iNOS
requires NADPH, BH4, FAD, FMN but not Ca®*/CaM for its activity. Other than
mammalian cells, NOS proteins have also been isolated and purified from the
bacteria Nocardia sp. (Chen & Rosazza 1995), insects (Regulski & Tully 1995),
snails (Huang et al. 1997), the fungus Flammulina velutipes (Song et al. 2000)
and the slime mold (Physarum polycephalum) (Golderer et al. 2001) using
various types of liquid chromatography such as ion-exchange, affinity, gel
filtration and chromatofocusing.

Although NOS activity has been documented in plants (Delledonne et al.
1998), the process of NO synthesis in plants is not well understood. Isolation of
a NOS protein and/or cloning of the corresponding gene will greatly facilitate the
understanding of NO synthesis and its role in plant defense against pathogen
infection. However, these efforts have remained a challenge until recently when
one plant protein demonstrating NOS activity was identified, known as AtNOS1
(Guo et al. 2003). The constitutively expressed AINOS1 protein from Arabidopsis
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thaliana has sequence similarity to the protein implicated in NO synthesis in the
snail (Helix pomatia) (Huang et al. 1997) and was related to NO production in
hormonal response in plants. The gene encoding AtNOS1, however, has no
significant similarity to any gene encoding mammalian NOS.

There may be multiple forms of NOS-like protein in plants that differ from
their counterparts in animal cells. Isolation of a NOS-like protein in pea will
provide another source for comparison of the characteristics of NOS-like protein
in plants. In addition, isolation of a NOS-like protein may be necessary in order to
successfully clone the corresponding genes since the nucleotide sequence of
NOS in plants has limited similarity to animal NOS. The objective of this study
was to isolate and characterize a NOS-like protein in pea as pea tissues
demonstrated the highest NOS activity as compared to soybean, tobacco,
tomato, pepper, corn or Arabidopsis thaliana (Huang, pers. comm.).

MATERIALS AND METHODS

Materials

Pisum Sativum L., cultivar Alaska (pea) seeds were obtained from Floridata
Marketplace (Tallahassee, USA). Tris-HCI, ethylene diamine tetraacetic acid
(EDTA), ethylene bis(oxyethylenenitrilo)tetraacetic acid (EGTA), leupeptin,
phenylmethylsulfonyl fluoride (PMSF), polyvinylpolypyrrolidone (PVPP), glycerol,
bromophenol blue, FAD, FMN, BH4, NADPH, CaM, calcium dichloride (CacCl,),
nonradio-labeled arginine, N-2-Hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(Hepes), dithiothreitol (DTT), 2-mercaptoethanol, p-Aminobenzamidine and e-
Amino-n-caproic acid, ammonium sulfate, sodium citrate, sodium chloride,
acetone, polyethylene glycol (PEG), Phosphodiesterase 3’,5’-Cyclic Nucleotide
Activator Agarose, sodium dodecyl sulphate (SDS), glycerol, and Coomassie
brilliant blue R-250 were obtained from Sigma Chemical Co. (St. Louis, USA).
Protein assay reagent was obtained from Bio-Rad Laboratories (Hercules, USA)
and bovine serum albumin (BSA) from Merck & Co. (Whitehouse Station, USA).
Dowex AG50W X-8 (Na* form) and liquid scintillation cocktail were obtained from
Fluka (Seelze, Germany). Radio-labeled L-[U-"*Clarginine, Diethylaminoethyl
(DEAE)-Sepharose Fast Flow, 2’, 5° Adenine diphosphate (ADP) Sepharose 4B
and ARG-Sepharose 4B were obtained from Amersham Biosciences
(Piscataway, USA).

Effects of pH, Protease Inhibitors and Chelator on NOS Activity

Total protein was extracted from one gram of healthy leaf tissues of Pisum
Sativum, cv Alaska (pea) in extraction buffer which contained 50 mM Tris-HCI at
either pH 7.0, 7.5, 8.0, 8.5, or 9.0. Buffer at the pH optimum for NOS activity was
used subsequently to homogenize one gram of leaf tissues in one of the following
protein extraction treatments that included: dithiothreithol (DTT, 1 mM) and 2-
mercaptomethanol (10 ul/10ml) as reducing agents; EDTA (1 mM) and EGTA (10
mM) as metallo-protease inhibitors; p-Aminobenzamidine (1 mM), e-Amino-n-
caproic acid (5 mM), leupeptin (1 uM) and PMSF (1 mM) as protease inhibitors,
and polyvinylpolypyrrolidone [PVPP, 1% (w/v)] as phenolic chelator. NOS activity
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in the supernatant of crude protein extract from each treatment was determined
as described below.

Protein Extraction and NOS Activity Assay

Leaf tissues (0.5-1.0 g) in each experiment were ground in liquid nitrogen and
homogenized in two volumes (1-2 ml) of modified extraction buffer which
contained 50 mM Tris-HCI, 1 mM EDTA, 10 mM EGTA, 1 uM leupeptin, 1 mM
PMSF and 1% (w/v) PVPP at pH 8.5 and perform at 23°C-25°C. The
homogenate was filtered through one layer of Miracloth and centrifuged at 4°C
for 30 minutes at 20,000 g. Protein concentration of supernatant from the crude
extracts was determined using protein assay reagent and BSA as standard. NOS
activity in all preparations was determined by the conversion of L-[U-MC]arginine
to L—[U-"“C]citrulline using the method of Bredt and Snyder (1990) with
modifications (Wong et al. 2006). Specific activity was expressed as picomole of
L—[U-"*C]citrulline min™ mg™ protein after subtracting the background value, that
is the value of similarly prepared reaction mixture terminated immediately after
adding protein sample. Activity detection of each sample was replicated three
times.

Precipitation of NOS-Like Protein of Pea

Total protein was extracted from healthy leaf tissues as described above at pH
8.5 and precipitated using both salts and organic solvents. Concentrations of 0.5,
1.0, 1.5 and 2.0 M of ammonium sulfate, sodium citrate and sodium chloride; 10,
20, 30, 40 and 50% (v/v) acetone; and 10, 20 and 30% (w/v) PEG were added
separately in each sample and centrifuged at 4°C for 30 minutes at 20,000 g.
Pellets were re-suspended in 200 pul of protein extraction buffer. NOS activity in
the supernatants, re-suspended pellets and resuspended pellets added with
small molecular weight (SMW) filtrate (<8 kDa) were determined. SMW filtrate
was prepared from supernatants of crude leaf extracts filtered through Centricon®
Plus-20 cartridges (Amicon, Millipore Corp., Bedford, MA) and included as a
treatment because it significantly enhanced NOS activity in previous assays
(Huang, pers. comm.). The experiment was conducted with two replicates.

Liquid Chromatography

Total protein was extracted as described above from 70 g of leaf tissues, and the
supernatant was passed through an ion-exchange column consisting DEAE-
Sepharose Fast Flow packed into a Pharmacia column (2.6 x 10 cm) according
to the manufacturer's protocol at a flow rate of 66 mi/h and equilibrated with
equilibration buffer [50 mM Tris-HCI (pH 8.5), 10 mM EGTA, 1 uM leupeptin, and
1 mM PMSF]. The protein was eluted with a linear gradient of 0 to 0.3 M NaCl in
equilibration buffer. Fractions of 3.4 ml were collected and each fraction was
assayed for NOS activity and total protein content as described above. Fractions
with NOS activity eluded from the DEAE column were pooled and concentrated in
Centricon® Plus-20 cartridges to half the original volume. The pooled,
concentrated sample containing NOS-like protein was subjected to NADPH
affinity chromatography consisting 2’,5’-ADP-Sepharose 4B packed according to
the manufacturer’s protocol at a flow rate of 1.8 ml/h, equilibrated in binding
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buffer containing 50 mM Tris-HCI (pH 8.5), 150 mM NaCl, 10 mM EGTA and 1
uM leupeptin, and recirculated through the column 5-7 times. The protein was
eluted with binding buffer containing 10 mM NADPH. Fractions of 3.4 ml were
collected and each fraction was assayed for NOS activity and total protein
content as described above. In addition to NADPH affinity column, eluted, pooled
and concentrated protein samples with NOS activity obtained from DEAE
chromatography were passed through either an ARG-Sepharose 4B affinity
column (for the isolation of proteins with arginine binding sites) or a
Phosphodiesterase 3’,5’-Cyclic Nucleotide Activator Agarose affinity column (for
the isolation of proteins with calmodulin binding sites) according to the
manufacturer's protocol and recommendations. All fractions (3.4 ml) collected
were assayed for NOS activity and total protein content as described above. All
isolation steps were carried out in a chromatography chamber maintained at 4°C
to 8°C. The isolation was repeated at least three times and the best result was
presented in this report.

SDS-PAGE

Samples of total proteins extracted from leaf tissues as described above were
separated by 10% (w/v) sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) using Bio-Rad Mini-PROTEAN |l slab cell (Bio-Rad,
Hercules, CA). Loading samples (100 pg) were prepared in 0.5 M Tris-HCI (pH
6.8), containing 2% (w/v) SDS, 10% (v/v) glycerol, 5% (v/v) 2-Mercaptoethanol
and 0.125% (w/v) Bromophenol Blue, and were heated at 95°C for 4 minutes.
Gel was run at 180 V for 45 minutes and visualized by staining with 0.1% (w/v)
Coomassie brilliant blue R-250. The experiment was repeated twice.

Experimental Design and Statistical Analysis

All treatments with quantitative dependent variables were replicated three times
in a completely randomized experimental design. Data was analyzed using SAS
program version 9.1 (SAS Institute, Cary, NC) and General Linear Models (GLM)
procedure. Analysis of variance (ANOVA) was determined using the Least
Squared Means and Waller-Duncan k-ratio t test procedures at P = 0.05 level.

RESULTS

NOS activity detected was significantly higher when crude protein extracts were
assayed at pH 8.5 and 9.0 (8.5 and 8.6 pmol L- -[U-"*C]citrulline min™ mg’ ! protein,
respectively) [Flg 1(a)] as compared to those atpH 8.0, 7.5and 7.0 (7.0, 5.9 and
5.9 pmol L-[U- C]C|truII|ne min”’ mg protein, respectively). In subsequent
experiments, pH 8.5 was selected to be used due to its optimum NOS activity. At
pH 8.5, NOS activity was increased significantly by the addition of EGTA or
Ieupeptrn to the homogenization buffer (10.5 and 10.8 pmol L- [U C]crtrullme
min” mg1 protein, respectively) compared to other treatments |nclud|ng the
control where no chemical was added (6.0 pmol L-[U-"C]citrulline min™ mg
protein) [Fig. 1(b)]. In contrast, the addition of 2-Mercaptoethanol or p-
Aminobenzamidine and e-Amino-n-caproic acid suppressed NOS activity (4.2 and
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5.0 pmol L-[U-"C]citrulline min™ mg™” protein, respectively) as compared to the
control [Fig. 1(b)].
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Figure 1: Effects of (a) pH (b) reducing agents, metal chelators, protease inhibitors and
phenolic chelator on NOS activity during protein extraction at 23°C-25°C. Error bars
indicate standard deviation (n = 3). Means with the same letter are not significantly
different at P < 0.05. Ctr, control; 2ME, 2-mercaptomethanol; EDTA; EGTA; B+CA, p-
Aminobenzamidine and e-Amino-n-caproic acid; Leup, leupeptin; PVPP.
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Precipitation of crude protein extracts with ammonium sulfate, sodium
citrate or sodium chloride at concentrations of 0.5, 1.0, 1.5 and 2.0 M caused
substantial loss of NOS activity as compared to that in crude extract [Fig. 2(a)].
Precipitation with various concentrations of ammonium sulfate, sodium citrate
and sodium chloride increased NOS activity by 37%—77%, 30%—31%, and 16%—
63%, respectively, after adding SMW filtrate to the pellets. In contrast to
precipitation with salts, precipitation of crude protein extracts with various
concentrations of acetone and PEG resulted in NOS activity being detected
mostly in the supernatant and minimally in the pellets [Fig. 2(b) & 2(c)].
Precipitation with 40% (v/v) acetone resulted in the highest increase in NOS
activity (63.2 pmol L-[U-"CJcitrulline min" mg" protein or 4.7-fold) in the
supernatant as compared to control (13.5 pmol L-[U-"*C]citrulline min™ mg”
protein).
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Figure 2: Precipitation of pea NOS-like protein with various concentrations of (a) salts, (b)
acetone and (c) PEG. NOS activity for crude extract in experiment A was 18.5 pmol L-[U-
14C]citrulline min”' mg'1 protein, and for experiments B and C were 13.5 pmol L-[U-
“Claitrulline min™ mg™ protein. Error bars indicate standard deviation (n = 2). Spnt:
supernatant; smw: small molecular weight filtrate. (Continue on next page)
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Figure 2: (continued)

NOS activity increased from 16 pmol L-[U-"*C]citrulline min™ mg™ protein
in the crude extracts to 255 pmol L-[U-"Ccitrulline min™ mg™ protein in the
DEAE-Sepharose eluded fractions that represented purification of 16-fold (Table
1). Treatment with acetone was substituted with ethanol due to the acetone-
sensitivity of Centricon® Plus-20 cartridges in the concentration process.
Treatment with 40% (v/v) ethanol gave a similar result in NOS activity as that with
40% (v/v) acetone (data not shown). Two protein peaks were observed in the
DEAE-Sepharose elution profile, but NOS activity was detected only in the first
peak (Fig. 3). Fractions with NOS activity were eluded at between 0.135 to 0.20
M NaCl. Pea NOS-like protein did not bind to any of the affinity column tested
(2’,5’-ADP-Sepharose 4B, ARG-Sepharose 4B and Phosphodiesterase 3’,5'-
Cyclic Nucleotide Activator Agarose) as all NOS activity was detected in the flow-
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through (data not shown). SDS-PAGE revealed the presence of more than 20
proteins, including NOS-like protein, in the DEAE-Sepharose eluded fractions
(data not shown).

Table 1: Partial purification of pea NOS-like protein, repeated at least three times and the
best result was presented here.

Step Total Total activity Specific Recovery Purification
protein (pmol/min) activity (%) (-fold)
(mg) (pmol/mg/min)
Crude 689 11024 16 100 1
extract
Treatment 246 7626 31 69 2
with 40%
ethanol
DEAE- 136 6231 255 56 16
Sepharose
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Figure 3: Isolation of pea NOS-like protein using DEAE-Sepharose liquid
chromatography.

Note:
OD: Optical Density
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DISCUSSIONS

In this report, NOS activity was optimal when protein extractions were performed
at pH 8.5 and 9.0, and at 23°C-25°C. These conditions differed from those in the
fungus Flammulina velutipes (pH 8.0 at 50°C), the bacterium Norcadia sp. (pH
7.0-7.5 at 30°C), and mammals (pH 7.5-7.8 at 37°C) (Song et al. 2000; Chen &
Rosazza 1995; Hevel et al. 1991; Stuehr et al. 1991). The findings indicated that
different species of NOS protein performed optimally at different conditions. NOS-
like protein of pea was efficiently extracted under alkaline condition.

NOS protein extractions from various organisms typically include a
cocktail of protease inhibitors, metal ion chelators, reducing agents, and phenolic
chelators (Bredt & Snyder 1990; Chen & Rosazza 1995; Song et al. 2000;
Golderer et al. 2001). These chemicals are important components in the isolation
process and they protect the protein of interest from proteolysis and oxidation
(van Renswoude & Kempf 1984). In this work, adding 10 mM EGTA and 1 mM
EDTA (metal ion chelator and metalloprotease inhibitor respectively), 1 uM
leupeptin and 1 mM PMSF (serine and thiol protease inhibitors respectively) and
1% (w/v) PVPP (phenolic chelator) in the extraction buffer retained NOS activity
significantly. This was especially important in the isolation of NOS-like protein of
pea since the protein lost its activity rapidly in each step of the isolation process.
Using high doses of EGTA (10 mM) also helped to disrupt and extract
membrane-associated proteins (van Renswoude & Kempf 1984).

The precipitation of the NOS-like protein of pea with various
concentrations of salts (ammonium sulfate, sodium citrate, and sodium chloride)
was either minimal or the salts caused the precipitated NOS-like protein to lose
activity rapidly. The protein did not seem to be present in the supernatant
because NOS activity was only 2.5%-29% of that in crude extract. On the
contrary, NOS proteins of Physarum polycephalum, Flammulina velutipes, and
animals were successfully precipitated with 30%—75% of ammonium sulfate and
with minimal loss in NOS activity (Golderer et al. 2001; Song et al. 2000; Hevel et
al. 1991; Stuehr et al. 1991).

Substantial increase in NOS activity in the supernatant was possibly due
to the release of NOS-like protein bound to the membranes when a high dose of
EGTA (10 mM) was used during protein extraction. Minimal activity in the pellets
after precipitation with organic solvents (acetone and PEG) suggested that NOS-
like protein of pea was membrane-bounded. Proteins that are not precipitated by
organic solvents are categorized as hydrophobic proteins, particularly those that
are located in the cellular membranes (Bollag et al. 1996). The result indicated
that the NOS-like protein of pea might be located within cellular membranes and
further work need to be done to verify this indication. In mammals, nNOS is
typically localized in neurons in both soluble and particulate forms, iNOS in
macrophages in soluble form, while eNOS in endothelial cells in particulate form
(Bredt & Snyder 1990; Pollock et al. 1991; Stuehr et al. 1991). An isoform of NOS
localized in the inner membrane of rat liver mitochondria was also reported
(Tatoyan & Giulivi 1998). Barroso et al. (1999) demonstrated that a NOS-like
protein of pea was localized in the matrix of peroxisomes (designated as
perNOS) and chloroplasts using electron microscopic examination of
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immunogold-labeling with antibody against murine iNOS. Another NOS-like
protein was detected either in the cytosol of cells in the division zone or nucleus
of cells in the elongation zone of maize root tips (depending on the growth phase
of cells) using antibody against mouse macrophage NOS labeled with fluorescein
isothiocyanate (FITC) (Ribeiro et al. 1999).

The purification of mammalian NOS has been conducted with relative
ease using 2’,5-ADP-Sepharose affinity chromatography after crude sample
preparation with ammonium sulfate precipitation or ion-exchange
chromatography (Tatoyan & Giulivi 1998; Bredt & Snyder 1990; Pollock et al.
1991; Stuehr et al. 1991). NOS proteins from other species (Nocardia sp.,
Flammulina velutipes and Physarum polycephalum) have been purified using a
combination of chromatography techniques. Song et al. (2000) reported that NOS
of Flammulina velutipes did not bind to an anion exchanger and purification of
Nocardia NOS was more successful using hydroxylapatite chromatography than
anion-exchange or gel filtration chromatography as a final purification step, in
addition to 2’,5’-ADP-agarose chromatography (Chen & Rosazza 1995). In this
work, the NOS-like protein of pea bound to DEAE-Sepharose ion-exchange
column and was eluted successfully with a linear gradient of 0.135 to 0.20 M
NaCl. However, the protein did not bind to any of the affinity column tested, i.e.,
2',5'-ADP-Sepharose, ARG-Sepharose or calmodulin-agarose. Similarly, Lo et al.
(2000) found that homogenates of 3 day-old mung bean roots did not bind to
2',5’-ADP-Sepharose or ARG-Sepharose. The fact that NOS-like protein of pea
did not bind to 2’,5’-ADP-Sepharose and calmodulin-agarose indicated that the
protein lacked binding sites for cofactors NADPH and CaM. The findings
suggested that pea NOS-like protein may be significantly different in structure
from mammalian NOS. Such difference was also reported in a NOS protein
identified in the model plant Arabidopsis thaliana (AtNOS1). AtNOS1 was
constitutivelg expressed and its activity was dependent on the presence of
NADPH, Ca“* and CaM, but not H4B, FAD, FMN or heme (Guo et al. 2003). The
cDNA sequence has homology to a sequence in the Helix pomatia (snail) that
encodes a protein implicated in NO synthesis and contains ATP/GTP binding
domains (Huang et al. 1997). However, the gene encoding AtNOS1 has no
significant similarity to any gene encoding mammalian NOS.

The challenge of isolating a NOS protein from plant is increasingly
evident as shown in a couple of reports. Although perNOS could be detected in
the peroxisomes and chloroplasts of pea (Barroso et al. 1999), to date neither its
purification nor the identification of the gene encoding the protein has been
reported. In addition, although a NOS gene has been identified in Arabidopsis
through screening of mutants (Guo et al. 2003), the protein itself was not purified
from crude extracts. Using isolation methods employed in animal system was not
helpful in isolating a NOS protein from plant and alternative techniques need to
be explored.

Another challenge in isolating a pea NOS-like protein was the rapid loss
of activity observed during the isolation process. This may be due to the
disruption of protein configuration or the dissociation of some interacting proteins
or unidentified cofactors. In this report, adding the SMW filtrate of pea leaf
extracts to the proteins pelleted after precipitation by various concentrations of
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salts restored NOS activity at various degree of significance. The SMW filtrates
might contain unidentified cofactors required for NOS activity which were
dissociated from the pea NOS-like protein during the isolation process. Huang et
al. (1997) also reported that the activity of a NOS protein isolated from the Helix
pomatia (snail) might require interactions with other associated proteins.
In mammalian cells, NOS activity was affected by the interactions of the enzyme
with more than 20 interacting proteins (Nedvetsky et al. 2002). For example, CaM
binding was required for electron transfer (Bredt & Snyder 1990), NOSTRIN
(NOSS3 ftraffic inducer) binding was important for intracellular trafficking of NOS3
(Zimmermann et al. 2002) and Dynamin-2, Porin and protein kinase B/Akt were
required for activation (Sun & Liao 2002; Cao et al. 2001; Dimmeler et al. 1999).
The stability of NOS homodimers was also affected by protein-protein
interactions. For example, the binding of PIN (a protein inhibitor of NOS1) to
NOS1 or NAP110 (a protein inhibitor of NOS2) to NOS2 prevented dimerization
of these enzymes, a configuration required for activation (Ratovitski et al. 1999;
Jaffrey & Snyder 1996).

In summary, the pea NOS-like protein was efficiently extracted from leaf
tissues at pH 8.5 and 9.0. The addition of two protease inhibitors, EGTA and
leupeptin, to the homogenization buffer significantly increased NOS activity at pH
8.5. Precipitation of the pea NOS-like protein with various concentrations of salts
caused rapid loss of NOS activity and the protein was not precipitated by organic
solvents. The pea NOS-like protein was purified 16-fold and the partial
purification steps included treatment of crude extracts with 40% ethanol, and
passing the supernatant of the treated sample through an ion exchange DEAE-
Sepharose column and eluting bound proteins (including pea NOS-like protein)
with a linear gradient of 0.135-0.2 M NaCl. The pea NOS-like protein did not bind
to any affinity columns tested which were 2’,5’-ADP-Sepharose, ARG-Sepharose
and calmodulin-agarose, suggesting that the protein lacked binding sites for
cofactors NADPH and CaM.
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