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Abstract — Nitric oxide (NO) is a signaling molecule involved in numerous physiological processes
in both animals and plants. The bioactivity of NO is mainly transduced via post-translational
modification of cysteine residues of proteins termed S-nitrosylation. Interestingly, a number of key
regulatory components in plant defense responses have been found to be regulated by S-nitrosylation
making this type of protein modification an important modulator of plant immunity. As a signaling
molecule, NO intimately interact with other important molecules such as reactive oxygen species.
Since the identification of NO in plants, increasing humber of papers isbeing published in the area of
NO biology each year. Here, a collection of papers describing the role of NO in plant immunity has
been brought together to provide a bird's-eye view on the focus area.
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Nitric Oxide: General Properties

Nitric oxide (NO) acts as a signaling molecule within species from every biological kingdom.
Because of its unique chemistry, which permits permeability, stability and reactivity, NO and its
derivatives are ideally suited to its cellular signaling function. At room temperature and at
atmospheric pressure, NO is a free radical colourless diatomic gas with lipophilic property. Its small
Stoke’s radius and neutral charge allow rapid membrane diffusion (Kiger et al., 1993) and can play a
part in cell-to-cell signaling over a brief period of time. Due to the presence of unpaired electron and
the free radical nature of NO, it readily reacts with oxygen (O,), superoxide (O,), transition metals
and thiols, which largely shape its cellular function within the cell (Mur et al., 2006; Neill et al., 2008;
Hong et al, 2008). The reaction of NO with O, results in the generation of NO, compounds (including
NO,, N,Oz, and N,O,4), which can either react with cellular amines and thiols, or simply hydrolyze to
form end metabolites of nitrite (NO,") and nitrate (NO3) (Wendehenne et al., 2001).

Nitric Oxide Production in Animals and Plants

NO is a multifunctional effector involved in numerous mammalian physiological processes, including
neurotransmission, immunological and inflammatory responses, and relaxation of vascular smooth
muscle (Schmidt and Walter, 1994). However, the use of NO is not confined to the animal kingdom
alone. NO is also involved in diverse physiological processes in plants, such as defense response,
metabolism, cellular detoxification, transport, iron homeostasis, signaling, flowering, and lignin
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biosynthesis (He et al., 2004; Bason-Bard et al., 2008; Wendehenne et al., 2014; Yu et al., 2014).
Despite the importance to elucidate the biosynthesis of NO in plants, there is still much uncertainty
after years of research. In animals, NO is synthesized primarily by the enzyme nitric oxide synthase
(NOS), which catalyzes the NADPH-dependent oxidation of L-arginine to L-citrulline and NO
(Stuehr et al., 2004). Three NOS isoforms have been identified (Nathan and Xie, 1994); neuronal
NOS (nNOS), endothelial NOS (eNOS) and inducible NOS in macrophages (iNOS). nNOS and eNOS
are considered as constitutive and both show fast and transient activation. iNOS is induced in
macrophages and many other cell types in response to inflammatory agents and cytokines (Mayer and
Hemmens, 1997; Beck et al., 1999). Compared to constitutive NOSs, iNOS activityis able to be
sustainedlonger, ismore stable and generates more NO, thus exerting cytotoxic and antimicrobial
effects on the immune systems (Beck et al., 1999).

NO synthesis in plants involves both arginine and nitrite-dependent pathways. It is well documented
that potential enzymatic sources of NO in plant cells include nitrate reductase (NR) and NOS-like
activity (Neill et al., 2003; Romero-Puertas et al., 2004; Wang et al., 2006; Medina-Andres et al.,
2015). NR catalyzes the in vitro production of NO through a one-electron reduction of nitrite via the
use of NAD(P)H as an electron donor (Yamasaki and Sakihama, 2000). Despite a few contradictory
evidences that collectively suggest that NR is not likely to be the major generator of the NO
synthesized during pathogen-triggered nitrosative burst (Hong et al., 2008; Yamasaki, 2000), it has
been viewed as a candidate for NO production during plant-pathogen interaction (Neill et al., 2003).
Moreover, recent genetic based approaches using NR-deficient mutants denoted that NO is mainly
produced from NR that probably operates downstream of the L-arginine-dependent pathway (Corpas
et al., 2009; Vitor et al., 2013)

Although there is no obvious homolog of animal NOS in the Arabidopsis genome, several NOS-like
activities have been reported (Cueto et al., 1996; Barroso et al., 1999; Corpas et al., 2006). In addition,
mammalian NOS inhibitors have been shown to effectively abrogate the pathogen-triggered NO
production in plants (Delledone et al., 1998; Neill et al., 2003). Corpas et al. (2009) had elaborately
compared animal and plant NOS and concluded that plants also possess L-arginine-dependent NOS
activity which is different from canonical animal NOS.

A search for the enzyme(s) that catalyze(s) the pathogen-triggered NO production in Arabidopsis led
to the cloning of the Arabidopsis NOS 1 (AtNOS1) gene, which exhibited significant sequence
similarity to a snail gene that encoded a NOS-like activity, but with no homology to mammalian NOS
(Guo et al., 2003). However, it has been difficult to demonstrate reproducibility of typical NOS
activity through recombinant AtNOS1 (Crawford et al., 2006). Instead, AtNOS1 was found to serve as
a chloroplast-targeted GTPase essential for proper ribosome assembly (Flores-Perez et al., 2008) and
therefore renamed Arabidopsis nitric oxide associated 1 (AtNOAL). Several other mutants with altered
NO levels had been found to show increased NO accumulation correlated with concentrations of
putative substrates for NO biosynthesis but none of them was exclusively involved in NO production
(Leitner et al., 2009). The closest evidence to the existence of a plant NOS-like enzyme is the
identification of a functional NOS with 40% similarity to human NOSs in the green alga,
Ostreococcustauri (Foresi et al., 2010).

On the other hand, researchers have reported that NO can also be formed non-enzymatically in a
reaction between nitrogen dioxide and plant metabolites, in nitrous oxide decomposition or as a result
of chemical reduction of NO;™ at acidic pH (Wendehenne et al., 2001). This area of research remains
controversial and clearly, it is imperative to determine the key NO generator in plants to improve our
understanding of NO metabolism.
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S-nitrosylation as a Redox-Based Signalling Factor in Plants

NO-related signaling can be attributed to various NO derivatives, collectively referred to as reactive
nitrogen species (RNS), which comprise of not only the NO radical (NO") and its nitroxyl (NO") and
nitrosonium (NO7) ions, but also peroxynitrite (ONOQ"), S-nitrosothiols (SNO), higher oxides of
nitrogen and dinitrosyl-iron complexes (Leitner et al., 2009). NO and RNS exert their biological
actions through the chemical modification of targets by reacting with different amino acids or
prosthetic groups. They mostly act through the binding oftransition metals of metalloproteins (metal
nitrosylation), the covalent modifications of cysteine (S-nitrosylation) and tyrosine (tyrosine 3-
nitration). These processes emerge as specific post-translational protein modifications and the best
characterized among these is S-nirosylation which involves the covalent attachment of an NO moiety
to the thiol side chain of cysteine to form SNO.

S-nitrosylated proteins have been identified through a proteome-wide scale analysis in several plants
including Arabidopsis, potato, pea and citrus L. (Lindermayr et al., 2005, Kato et al., 2013, Camejo et
al., 2013, Tanou et al, 2009). In this framework, S-nitrosylation regulates a wide array of proteins
involved in all major cellular activities and the formation of SNO may serve to stabilize and diversify
NO-related signals.

As a regulatory mechanism in plants and animals, S-nitrosylation is a reversible process. Indeed, S-
nitrosylated proteins can be easily de-nitrosylated as the S-NO bond is labile in a cytoplasm’s
reducing environment, allowing cells to flexibly and precisely modulate protein function in response
to environmental signals. S-nitrosylated proteins are in dynamic equilibrium with de-nitrosylated
proteins largely due to the action of glutathione (GSH) with the subsequent formation of S-
nitrosoglutathione (GSNO), reconstituting the protein thiol as a consequence. GSNO has the ability to
release NO or function as a transnitrosylationg agent, thus it is considered as a natural reservoir of NO
(Besson-Bard et al., 2008; Leitner et al., 2009).

Two of the enzymes that are known to metabolize GSNO are S-nitrosoglutathione reductase (GSNOR)
and thioredoxin (Feechan et al., 2005; Lamotte et al., 2015). The presence of GSNOR is conserved in
bacteria, animals and plants (Liu et al., 2001) and due to its ubiquitous nature, this enzyme was
suggested to confer protection against nitrosative stress rather than as a cell signaling factor. In
contrast, thioredoxin or thioredoxin reductase denitrosylation reactions seem to be a part of a signal
transduction mechanism (Lindermayr and Durner, 2009). GSNOR controls intracellular levels of
GSNO and limits NO toxicity through NADH-dependent reduction of GSNO to glutathione disulfide
(GSSG) and ammonia (NH3) (Sakamoto et al., 2002). Though highly specific for GSNO, GSNOR
seems to modulate the extent of total cellular SNO formation (Liu et al., 2001; Feechan et al., 2005),
and thus is regarded as the key enzyme responsible for the modulation of NO-mediated signaling
pathways (Cheng et al., 2015).

Important Role of NO and SNO in Plant Disease Resistance

The function of NO in signaling defense responses during plant-pathogen interactions has been well
documented in many experiments conducted years ago. A widespread feature of plant disease
resistance is the programmed hypersensitive response (HR), a programmed execution of plant cells at
sites of attempted infection that serve to limit the pathogen spread (Delledonne et al., 2001; Mur et al.,
2006 ). NO is suggested to play a key signaling role during HR, next to the accumulation of ROS and
salicylic acid (Agurla et al., 2014). In animals, many biological effects of NO including apoptosis are
mediated by the highly toxic molecule, ONOO", which is relatively non-toxic in plants (Bonfoco et al.,
1995). On the contrary, HR-associated cell death in plants is proposed to be mediated by the relative
levels of NO and H,0, that areformed by the dismutation of O, by SOD. In many cases, impairment
of NO production via genetic mutation or treatment with NO inhibitor will negatively affect H,0,
accumulation, leading to suppressed HR advancement (Rasul et al., 2012; Vitor et al., 2013; Kulik et
al., 2014; Trapet et al., 2014; Qiao et al., 2015). In plants, ONOQO" is continuously produced in healthy
cells, exposing them to an environment rich in ONOQO". Therefore, plants have developed some
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detoxification mechanisms, for example, through the action of peroxiredoxin Il E (PrxIIE), a member
of the peroxiredoxin family of antioxidant enzymes responsible for lipidoxidation and tyrosine
nitration (Romero-Puertas et al., 2007). Interestingly, PrxIIE has been found to be S-nitrosylated
during the HR resulting in inhibition of its hydroperoxide-reducing peroxidise activity together with
its ability to detoxify ONOO™ and also increasing the amount of tyrosine nitration (Romero-Puertas et
al., 2007). In conclusion, NO regulates the effect of its own reactive species through S-nitrosylation of
crucial components of the antioxidant defence system. NO also controls cell death in plants through
S-nitrosylation of Arabidopsis metacaspase 9 and cytosolic glyceraldehyde 3-phosphate
dehydrogenase, both of which can act as potential executioners of programmed cell death (Belenghi et
al., 2007). The involvement of NO in controlling cell death is further unearthed by the study of one of
the mammalian NADPH oxidase homologs in plants, respiratory burst oxidase homolog (RBOH) D
(Yunetal.,, 2011). RBOH is involved in the production of reactive oxygen species (ROS), particularly
hydrogen peroxide, which is produced in response to pathogen recognition (Torres et al., 2002). NO
was shown to inhibit AtRBOHD activity through S-nitrosylation at Cys-890, thus influencing the
inherent effect of ROS during HR-associated cell death in plants. Based on the fact that Cys-890 is
evolutionary conserved, it was suggested that S-nitrosylation of this specific residue might regulate
the activity of NADPH oxidase in many other eukaryotes.

NO is not only thought to function during the development of hypersensitive cell death but also in the
establishment of plant disease resistance complementary to and independent of ROS (Wang et al.,
2013; Trapet et al., 2014). Administration of NO donors induced the expression of defense-related
genes encoding phenylalanine ammonia lyase (PAL), the first enzyme of phenylpropanoid
biosynthesis pathway and pathogenesis-related protein 1 (PR-1) (Durner et al., 1998; Vitor et al,
2013). NO action in plants, at least partially, is mediated through the SA-dependent signaling pathway.
NO treatment induces GSH accumulation which is required to elevate endogenous SA accumulation
(Kovac et al., 2015) that results in induction of PR genes (Durner et al., 1998; Kovac et al., 2015).
NPR1, a master regulator of SA-mediated defense genes and a crucial component of disease resistance
and signal cross-talk is known to be redox-regulated (Tada et al., 2008), adding an important clue
towards understanding NO’s signaling functions (Figure 1). Treatment with GSNO induces NPR1-
dependent defense response in Arabidopsis (Kovac et al., 2015). S-nitrosylation of NPR1 controls its
subcellular localization through oligomer-monomer exchange and thus its transcription co-factor
activity. Mutations at critical cysteine residues in NPR1 increased monomer accumulation,
constitutive nuclear localization and NPR1-mediated gene expression in the absence of a pathogen
(Mou et al., 2003; Tada et al., 2008). Another very interesting example for the regulatory function of
NO is S-nitrosylation of AtSABP3, which may interfere with the signal cross-talk as both carbonic
anhydrase and SA-binding activities of the protein are inhibited (Wang et al., 2009).

85



PJSRR (2015) 1(1): 82-90

© School of Graduate Studies, Universiti Putra Malaysia

f — Pasitive interaction SNO - S-nitrosothiols
| —# Negative interaction SH-thiol
! NO - nitric oxide GSH - glutathione

GSMO - S-nitrosoglutathione i
GSSG - glutathione disulphide ! Metal nitrosylation
NH3 - ammenia |

! NOS - nitric oxide synthase

i RBOHD - respiratory burst oxidase homolog D
1 PrzllE - peroxiredoxin |1 E

| ONOO" - peroxynitrite

i NOz™ nitrite !
! Oy -superoxide i protein
| SA-salicylic acid ’
! Hy0; - hydrogen peroxide

metal

—_—»
l metal —NO

protein

Enzymatic source
(NOS-like system)

SNO
GSH protein l
NAD*

NADH

/—b SA W
&
GSNOR SH g -
GSSG+NH; «—— GSNO protein "wﬁ% REBOHD —» 0O, —» H;0: —p Hypersensitive
%, response (HR)
rl
Mon-enzymatic source l
S-nitrosylati (nitrite-dependent)
-nitrosylation ONOO"
PrxllE
Changes in protein activities, localization, stability and interaction
Ny

Flant defence response | Tyrosine protein nitration

Figure 1: Cross-talk of nitric oxide (NO) in plant cells

In addition to the data presented above, the importance of NO and SNO in plant disease resistance
were presented through the analysis of a GSNOR knock-out mutant. Loss-of-function mutation in
Arabidopsis GSNO reductase 1 (AtGSNOR1) resulted in increased cellular levels of SNOs and
compromised all modes of disease resistance (Feechan et al., 2005). GSNO accumulation in the
mutant plant is accompanied by a marked decrease in SA content and increased susceptibility to
various pathogenic microbes. Interestingly, the mutant showed an increase in HR even in the absence
SA and ROS, suggesting that plant cell death mediated by an increase in SNO alone is sufficient to
convey resistance in the absence of associated defence responses (Yun et al., 2011). Conversely,
enhanced AtGSNOR1 activity results in increased protection against ordinarily virulent microbial
pathogens. AtGSNORL1 also positively regulates the signaling network controlled by the plant immune
system activator, SA (Feechan et al., 2005). Subsequently, similar results were obtained by Tada et al.
(2008) through NPR1 studies. Surprisingly, when using antisense strategy, basal resistance has been
reported to increase in atgsnorl antisense plants, correlating with higher levels of intracellular SNOs
and constitutive activation of PR-1 (Rusterrucci et al., 2007), which is the opposite result to that
obtained by Feechan et al. (2005). Probably the contradictory reactions of the GSNOR modified
plants might be a result of different cellular levels of SNO that change dramatically in atgsnorl
mutants (Feechan et al., 2005) compared to minor changes in the antisense plants (Rusterucci et al.,
2007). Nevertheless, both studies underline the physiological importance of SNO formation and
turnover in regulating multiple modes of plant disease resistance. The work of Feechan et al. (2005) is
supported by a study on the levels of SNO and NO in Arabidopsisthaliana cell suspension cultures
(Frungillo et al., 2014). According to the study, antisense GSNOR transgenic lines displayed higher
levels of SNO and NO under optimal growth conditions; in accordance with the designated role of
GSNOR as a modulator for GSNO. A similar observation was reported in a study with different
organs of healthy pepper plants where tissues with the lowest GSNOR activity presented higher
GSNO and NO contents (Airaki et al., 2011). In the involvement of GSNO, the postulated mobile
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signal modulation by GSNOR in the systemic defense response was also investigated and GSNO was
shown to act synergistically with classical defense hormones such as SA and JA (Espunya et al., 2012;
Freschi, 2013; Zhou et al., 2015). Collectively, GSNOR would serve as an ideal target for crop
improvement through genetic engineering.

Conclusion and Perspective

Fundamental studies to understand the complexity of S-nitrosylation in the plant biological system
especially during the execution of plant stress responses is undeniably crucial since S-nitrosylation
provides a distinctive platform for NO to exert its impact on various proteins associated with
pathophysiological mechanisms. To date, the number of candidates for S-nitrosylation is increasing
and the physiological relevance of the S-nitrosylation process is becoming more evident.
Notwithstanding the infancy of S-nitrosylation research, we may want to consider the wider
perspective of its application in the real world. Exploring S-nitrosylation in crop plants would shed
light on how S-nitrosylation controls the expression of plant disease resistance. The associated
components could be the target of genetic modifications for the development of durable disease
resistant crops.
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