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Nitric Oxide Synthesis in Plants: A Recent Update
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Abstract: In recent years nitric oxide (NO) has been established as a versatile molecule due to its multifaceted roles in
growth and development and as a key signaling molecule in different intracellular processes in plants. Moreover, NO
also acts as a direct or indirect antioxidant and regulates the level of reactive oxygen species in stressed cells. A plentiful
of literature is available with the information on the role of NO in growth, physiological, biochemical and molecular
attributes of plants and responses to biotic and abiotic stresses. The enzyme nitric oxide synthase (NOS) that oxidizes
arginine to NO and citrulline, has been characterized as the source of NO in animals. However, in plants, as several
sources of NO are identified, synthesis of NO is more complex and is a matter of considerable debate. Based on the
previous evidences, the present review is focused on the enzymatic and non-enzymatic sources of NO in plants.
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1. INTRODUCTION

Nitric oxide (NO), a small diffusible, bioactive
molecule, was discovered in 1772 by Joseph Priestley
as ‘Nitrous Air'. Earlier, it was commonly believed to be
only a poisonous gas that causes acid rain. This
assumption has prompted the Governments of Canada
and the United States to "freeze emissions of nitrogen
oxides" in the late 1980s. The prevailing biological
significance of nitric oxide gained considerable
attention across the world and NO was nominated as
‘Molecule of the Year' by Science magazine [1]. The
importance of NO was further testified when Louis J.
Ignerro, Robert F. Furchgott and Ferid Murad identified
nitric oxide as a signaling molecule in the
cardiovascular system for which they shared the 1998
Nobel Prize for Medicine and Physiology.

Moncanda’s group in 1987, was the first to consider
NO as a signaling molecule involved in relaxation of
endothelial cells [2-4]. In plants, NO is now well-
established as a key signaling molecule. It functions in
the control of fundamental processes such as disease
resistance [5], mediating responses to abiotic stresses
[6], stomatal closure [7], flowering [8], enzyme activities
[9], mitogen-activated protein (MAP) kinase signaling
pathways [10, 11], expression of cell cycle genes [12],
pollen tube re-orientation [13], seed dormancy [14] and
germination [15]. The properties and multifaceted roles
of NO in plants have developed interest of researchers
across the globe in NO synthesis and mechanism of
action. In plants, the sources of NO production have
been the subject of much debate. A significant number
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of reports suggest the synthesis of NO by mammalian-
like nitric oxide synthase (NOS) activity, nitrate
reductase, or non-enzymatic sources. In the light of
emerging concepts, in the present review, we
highlighted our current understanding of NO
biosynthesis in plants.

2. BIOSYNTHESIS OF NITRIC OXIDE IN PLANTS

The generation of NO by plant tissues has long
been noted in soybean plants treated with photo-
synthetic inhibitor herbicides [16] or chemicals as well
as under dark anaerobic conditions [17]. Although,
several important evidences of NO biosynthesis in
plants have been presented during the last few years
but it is still not clear that under which condition the NO
is produced and how it is regulated. However, it has
been proposed that NO can be synthesized both
enzymatically and non-enzymatically in plants (Figure
1).

2.1. Enzymatic synthesis of NO

2.1.1. NO Synthesis by Nitric Oxide Synthase (NOS)

It is well established that nitric oxide synthase
(NOS) is the key enzyme responsible for NO synthesis
is animal system. This enzyme catalyzes the oxygen-
and NADPH-dependent oxidation of L-arginine to NO
and citrulline in a complex reaction requiring FAD,
FMN, tetrahydrobiopterin  (BH4), calcium and
calmodulin [18-20]. As in animals, ariginine-dependant
activity of NOS was reported in plants [18, 21-23] that
can be inhibited by NOS inhibitors. These results were
confirmed by the inhibitory action of these inhibitors on
NO synthesis and NO-mediated responses. These
findings were corroborated by immunological
experiments of Ribeiro et al. [22], they reported that
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Figure 1: Simplified illustration of the sources of nitric oxide (NO) synthesis in plants.

anti-mammalian NOS antibodies cross-react with plant
proteins. On the other hand, Butt et al. [19], through
proteomic analysis of plant proteins probed by
mammalian NOS antibodies, suggested these proteins
as heat shock proteins and glycolytic enzymes instead
of NOS related ptoteins. Moreover, no protein or gene
was identified that had any sequence similarity to the
complete animal NOS. There are several studies which
claim the presence of NOS activity in plants. The
occurrence of NOS activity was reported in pea
peroxisomes [24, 25], in roots, stems and leaves of pea
seedlings [26], salinity-induced NOS activity in olives
[27].

Guo et al. [28], identified an Arabidopsis protein At-
NOS1 that produced NO in response to hormonal
signals. At-NOS1 exhibited 16% similarity to a protein
from the snail Helix pomatia. Moreover, neither the
shail protein nor NOS1 were similar to typical animal
NOS enzymes, but they increased Arg-dependent NO
synthesis. Over-expression of NOS1 in Arabidopsis
resulted in higher levels of NOS activity in leaf extracts,
whereas Atnosl mutant, as compared with wild type,
displayed lower NOS activity in leaf extracts and
reduced NO accumulation in roots. Different groups
have independently confirmed the presence of
decreased NOS activity and NO levels in the
Arabidopsis nosl mutant [8, 29, 30]. Guo et al. [28]

also showed that AtNOS1 has NOS activity dependent
on NADPH, Ca®*, and CaM, but not on FAD, FMN or
BH4. However, these studies are challenged recently
when the researchers [31, 32] were unable to
reproduce earlier results. Therefore, it may be
postulated that the presence of NOS-like activity in
plants is still mysterious.

2.1.2. NO Synthesis by Nitrate Reductase (NR)

Nitrate reductase (NR) is a main enzyme of nitrogen
assimilation in plants, with the capacity of NAD(P)H-
dependent reduction of nitrite (NO,") to NO [33]. NR is
a molybdenum cofactor-containing (Moco) enzyme [34,
35] with rigorously confirmed NO-producing activity
both in vivo and in vitro [36, 33]. NR-dependent NO
production has been recorded in cucumber [37],
sunflower, spinach and maize [38], Arabidopsis [39],
wheat, orchid and aloe [40], tobacco [41] as well as in
Chlamydomonas reinhardtii [42]. Another possible NO;’
/INO-reductase (NI-NOR) of vascular plants has been
identified in the root plasma membrane of the tobacco
[43]. NI-NOR reduces NO, to NO using reduced
cytochrome c as an electron donor.

It has been sometimes reported that several plant
and algal species emit NO when nitrate (NO3z) or NO,~
is supplied in darkness [16, 44, 45]. In Glycine max, the
constitutive NR was identified to produce NO [46]. The
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in vitro evidence suggested that maize inducible NR is
also capable of producing NO through one electron
reduction of NO,™ [35]. A similar NO, -dependent NO
production catalyzed by NR has been reported in
bacteria [47] and fungi [48]. The NO producing activity
of NR is regulated from its high affinity substrate NO3~
to NO, . Therefore, high NO,™ levels are required to
competitively inhibit NO;~ reduction through either
increased influx of NO3™ into the vacuole or efflux from
the cell. On the other hand, Rockel et al. [38], reported
low NO production in maize under normal conditions
when NOj™ levels are high and NO; is low. However,
under anaerobic conditions when NO, levels were
higher, they reported higher values for NO [38]. Two
genes for NR, NIA1 and NIA2, were reported from
Arabidopsis with 83% similarity in their proteins at
amino acid level. Deskin et al. [39], using double
nialnia2 mutants showed the involvement of NR in
ABA induced generation of NO in guard cells.
However, here arises a question that whether NIA1 or
NIA2 is most significant for NO generation. Hao et al.
[49], used mutants of nial and/or nia2, and showed the
involvement of both NR enzymes. NR dependent NO
also played an important role in cold and freeze
tolerance [50], plant defenses against pathogen attack
[51] and initiation of flowering [52].

But still, no conclusive data is available to prove
whether NR is directly involved in NO-production in the
living cells.

2.1.3. NO Synthesis by Xanthine Oxidoreductase
(XOR)

Xanthine oxidoreductase (XOR) is a peroxisome-
located enzymes which causes NADH-dependent
reduction of NO, to NO under anaerobic conditions
[53]. XOR has been reported in pea leaf peroxisomes
and exists in two inter-convertible forms: the
superoxide-producing xanthine oxidase and xanthine
dehydrogenase [54].

Among several plant enzymes, XOR acts as a key
enzyme catalyzing the first and rate-limiting reaction of
purine breakdown (i.e. oxidation of xanthine to uric
acid). This reaction occurs via two possible xanthine-
oxidizing activities. The more prominent activity is
catalyzed by NAD"-dependent xanthine dehydro-
genase (XDH), while the O,-reducing xanthine oxidase
reaction is much less common and all the plant XOR
forms purified so far are of the XDH form [55]. Despite
its critical role in plant metabolic pathways, the
genomic organization of plant XDH was only recently
identified using molecular approaches.

2.1.4. NO Synthesis in Mitochondria

Mitochondria, the powerhouse of the cell, are well
known to produce ATP, the energy currency of the cell.
Additionally, mitochondria have been shown to produce
NO in plant cells [56-58]. The source of NO in plant
mitochondria is a matter of extensive debate. The
production of NO by a plant NOS has been speculated
in the mitochondrion [59]. On the other hand, Gupta
et al. [58], using the direct and indirect chemilumine-
scence detection of NO, concluded that plant
mitochondria do not contain NOS-like activity, as they
could not find any aerobic arginine-dependent NO
generation by mitochondria. In contrast, several
evidences now exist for NOS in eukaryotic algae such
as Ostreococcus tauri [59, 60], Symbiodinium
bermudense [61, 62] and in Chattonella marina [63].

Under anaerobic conditions, plant mitochondria
have been shown to emit NO from reduction of NO, in
presence of NADH [57, 58]. These results strengthen
the findings of Tischner et al. [56], who reported that
under anoxic conditions, NR mutants of Chlorella,
provided with NO;, release substantial amounts of NO.
The terminal cytochrome ¢ oxidase of mitochondrial
respiratory chain is the site for NO,” to NO reduction
[64, 58]. However, this reaction was absent in leaf and
was observed in root mitochondria [58]. Thus, this
might explain that either NO, reduction site in all plant
mitochondria are not the same or there exists a
difference between the mitochondria of leaf and root.
Thus, NOS-like activity in mitochondria is still obscure,
whereas, there is confirmed synthesis of NO from
NOZ_.

2.1.5. NO Synthesis in Peroxisomes and by other
Sources

Peroxisomes are  single-membrane bound
organelles in eukaryotic cells, with variable enzymatic
contents depending on the organism, cell or tissue
type, and environmental conditions [65, 66]. The
presence of L-Arg-dependent NOS activity was
detected in isolated pea (Pisum sativum) leaf
peroxisomes [67]. Later on, Corpas et al. [68], using
electron paramagnetic resonance techniques, demons-
trated the presence of NO in these types of
peroxisomes. Further, Corpas et al. [69], using nitric
oxide synthase (NOS) inhibitors detected the presence
of putative calcium-dependent NOS activity and
showed in vivo accumulation of NO in Arabidopsis
peroxisomes.

Furthermore, besides above mentioned sources of
NO, there are several other enzymatic sources of NO
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synthesis in plants. Boucher et al. [70], reported the
generation of NO and citrulline by horseradish
peroxidase from N-hydroxyarginine (NOHA) and H,0,.
Horseradish peroxidase is also able to generate NO
and citrulline from hydroxyurea and H,O, [71]. Boucher
et al. [70], also reported that hemoglobin and catalase
cause the oxidation of NOHA by cumyl hydroperoxide
to produce NO. The generation of NO by NO;"
reduction also takes place under hypoxic or anoxic
conditions by the mechanism of NO,/NO reducing
ability of deoxygenated heme-containing proteins in the
peroxisome matrix [72]. Cytochrome P450 are another
heme proteins, which have been shown to generate
NO by catalyzing the oxidation of NOHA by NADPH
and O, [73, 74].

2.2. Non-Enzymatic Synthesis of NO

Plants can also synthesize NO by non-enzymatic
mechanisms. Yamasaki [48], proposed a non-
enzymatic mechanism for the synthesis of NO from
NO, under acidic conditions:

2NO, +2H" ¢ 2HNO, ¢>NO +NO, +H,0 > 2NO + %202 +H,0

In this reaction nitrite is protonated to form nitrous
acid (HNO,) in a completely reversible reaction at low
pH. The non-enzymatic generation of NO cannot occur
in cytosolic environments of plant cells because the pH
of the cytoplasm strongly prevents the formation of
HNO, [48]. Furthermore, it has been noted that
reducing agents like ascorbic acid and phenolics can
accelerate the rate of formation of NO.

Nagase et al. [75], reported in vitro generation of
NO by the reaction of H,O, (10-50 mM) and L-arginine
(10-20 mM) at pH 7.4 and 37 °C. Stohr and Ullrich [76]
observed that at acidic pH NO, can dismutate to NO
and nitrate. At acidic pH ascorbic acid can also reduce
NO, to yield NO and dehydroascorbic acid [77, 78].
Light-mediated reduction of NO,™ to NO by carotenoids
is another non-enzymatic mechanism [79]. Synthesis of
NO by polyamines (PAs) is another important aspect of
non-enzymatic synthesis. Tun et al. [80] found that
PAs, spermidine and spermine increase NO release in
Arabidopsis seedlings.

3. CONCLUSIONS

Since, the discovery of NO as signaling molecule, a
huge wealth of information has been accumulated. The
versatile NO occupies a significant position among
signaling molecules, because of its multifaceted roles

in different growth, physiological and biochemical
events of plant life. The plant system does not have
any single path of NO generation but possesses
multiple NO generating systems of enzymatic and non-
enzymatic origin. In spite of extensive research to find
an animal equivalent of NOS in plants, the target
molecule is still elusive and more work is required to
unravel the mysterious NO.
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