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Abstract: S-nitrosation has been recognized as an important mechanism of ubiquitous posttranslational
modification of proteins on the basis of the attachment of the nitroso group to cysteine thiols.
Reversible S-nitrosation, similarly to other redox-based modifications of protein thiols, has a profound
effect on protein structure and activity and is considered as a convergence of signaling pathways
of reactive nitrogen and oxygen species. This review summarizes the current knowledge on the
emerging role of the thioredoxin-thioredoxin reductase (TRXR-TRX) system in protein denitrosation.
Important advances have been recently achieved on plant thioredoxins (TRXs) and their properties,
regulation, and functions in the control of protein S-nitrosation in plant root development, translation
of photosynthetic light harvesting proteins, and immune responses. Future studies of plants with
down- and upregulated TRXs together with the application of genomics and proteomics approaches
will contribute to obtain new insights into plant S-nitrosothiol metabolism and its regulation.

Keywords: denitrosation; nitric oxide; S-nitrosation; plant redox signaling; reactive nitrogen species;
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1. Introduction

Protein posttranslational modifications (PTMs) evolved as a mechanism to expand the coding
capacity of eukaryotic genomes to generate an enormous diversity of corresponding proteomes.
PTMs comprise highly divergent forms of protein modifications, including covalent additions of small
or complex chemical groups or polypeptides to protein side chains, chemical modifications of amino
acids, or proteolytic cleavage. Currently, over 300 different types of PTMs have been identified, which are
known to regulate many aspects of cellular functions, such as protein stability, activity, and localization,
as well as signal transduction and metabolic pathways [1,2]. In plants, an array of well-studied
PTMs regulates the rates of key metabolic processes of photosynthesis, respiration, photorespiration,
and glycolysis [3]. Besides their role in plant development and growth, multiple PTMs regulate
proteins involved in plant responses to stress conditions [4,5]. Important advances in the research of
PTMs in plant physiology and biochemistry have been recently achieved by the implementation of
proteomics tools; however, the understanding of how PTM mechanisms are integrated within plant
cells and tissue signaling and regulation is still limited [6]. Among a chemically diverse array of PTMs,
protein regulations via the redox state of structural or catalytic protein cysteines have emerged as a
major regulatory mechanism in signal transduction [7,8]. Oxidative and/or nitrosative modifications
of cysteine thiols, which comprise reversible intra- and intermolecular disulfide bonds (S–S) and
sulfenylation (-SOH), irreversible sulfinylation (-SO2H), and S-sulfonylation (-SO3H), lead to changed
biological functions and have a critical role in maintaining cellular functions under diverse growth
conditions [9,10].

Plants 2020, 9, 1426; doi:10.3390/plants9111426 www.mdpi.com/journal/plants

http://www.mdpi.com/journal/plants
http://www.mdpi.com
https://orcid.org/0000-0002-9132-6916
https://orcid.org/0000-0003-1160-8532
https://orcid.org/0000-0003-1579-3632
http://www.mdpi.com/2223-7747/9/11/1426?type=check_update&version=1
http://dx.doi.org/10.3390/plants9111426
http://www.mdpi.com/journal/plants


Plants 2020, 9, 1426 2 of 16

Nitric oxide (NO), together with hydrogen sulfide and carbon monoxide, belongs to gaseous
messengers involved in multiple physiological and pathological processes across all kingdoms. NO and
NO-derived reactive nitrogen species (RNS) have been recognized to play crucial roles in plant signaling
and regulation of plant growth; development; and responses to abiotic and biotic stress stimuli, such as
drought, salinity, high or low temperatures, and pathogen infection [11–15]. Signaling functions of NO
in plants are mediated by three key NO-dependent PTMs, namely, metal nitrosylation in metalloproteins,
S-nitrosation of cysteine thiols, and tyrosine nitration [16–20]. Besides this, NO signaling pathways are
involved also in the control of other PTM mechanisms in plants, including acetylation, persulfidation,
phosphorylation, and SUMOylation [21]. In this review, we focus on the regulatory mechanisms of
protein S-nitrosation and denitrosation within NO signaling in plants. We highlight the key role of the
cytosolic thioredoxin-thioredoxin reductase system (TRXR-TRX), acting actively in the denitrosation of
specific protein targets. We also review how other systems of redox control, including peroxiredoxins,
sulfiredoxins, and S-nitrosoglutathione reductase (GSNOR) complement the specific functions of
cytosolic thioredoxins (TRXs) in protein denitrosation in plants. These highly conserved enzymes
regulate multiple NO-dependent signaling pathways, protect plants from nitrosative stress conditions,
and play crucial roles in plant immunity to microbial pathogens.

2. Origin and Fate of Thiol S-Nitrosation in Plant Cells

The metabolism of S-nitrosothiols in aerobic cells, similarly to other reactive nitrogen species
(RNS), is tightly interconnected with production and degradation pathways of NO and its main reaction
partners, reactive oxygen species (ROS) and cellular thiols; moreover, S-nitrosothiol formation and
degradation are strongly influenced by the presence of transition metals such as copper or iron [22,23].
NO can be produced by oxidative or reductive pathways in enzyme-catalyzed or non-enzymatic
reactions. In animals, constitutive and inducible isoforms of nitric oxide synthase (NOS; 1.14.13.39)
represent the major enzyme source of NO. Molecular mechanisms of NO generation in plant cells and
tissues were recently reviewed in detail elsewhere [12,24]. Although NOS-like enzymatic activities
have been described in plants [25,26], no gene or protein with significant homology to animal NOS has
been found in plants thus far, unlike unique NOS enzymes identified in some algal species [27,28].
It is assumed that the observed NOS-like enzyme activity in plants might be carried by an unknown
multiprotein complex that can generate NO from L-arginine with similar cofactor requirements to
mammalian NOS, except for L-tetrahydrobiopterin absent in plants [26]. Enzymatic reduction of nitrite
by cytosolic nitrate reductase (NR; EC 1.6.6.1) is thus the most well-characterized NO source in plants.
Other well-described pathways of NO production in plants include nitrite reduction in the electron
transport chain of mitochondria and chloroplasts or non-enzymatic nitrite reduction in the acidic
apoplast compartment [12,20].

Reversible modifications of cysteine thiols by RNS have emerged as important redox-based PTMs
and as an integral part of NO signaling, implicated in regulation of a variety of cellular processes,
including regulation of ion channels, metabolic and signaling enzymes, cytoskeleton organization,
mitochondrial respiration, and gene expression [29–31]. S-nitrosothiols are produced by the addition
of the nitrosyl (NO.) or nitroso (NO+) moiety to the sulfur atoms of cysteines in low-molecular
weight thiols and proteins and are considered to be a relatively stable reservoir and a transport
form of NO in vivo [32,33]. Mechanisms of specificity in signaling functions of protein S-nitrosation
and denitrosation within plant redox PTMs were recently reviewed in detail elsewhere [19,34,35].
Briefly, S-nitrosothiols can originate from S-nitrosylation reaction of NO radical with thiyl radicals
formed under specific circumstances in protein cysteines; however, on a quantitative scale, the major
portion of S-nitrosothiols is supposed to result either from S-nitrosation, i.e., a reaction of nitrosonium
cation (NO+) or dinitrogen dioxide (N2O3) with cysteine thiolates, or trans-S-nitrosation mediated by a
NO+ group transfer between proteins or proteins and S-nitrosoglutathione (GSNO) [34]. Due to high
intracellular levels of the tripeptide glutathione (GSH), S-nitrosoglutathione (GSNO) has been found to
be the most abundant low-molecular weight S-nitrosothiol. GSNO has been suggested to serve as an
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intracellular reservoir of NO bioactivity as well as a transport form of NO, even though NO and GSNO
were reported to react with different target proteins in the plant cell [36]. Besides a reductant or a
transition metal-catalyzed decomposition to release NO, the GSNO reactivity towards proteins includes
trans-S-nitrosation and S-glutathionylation, other important PTMs that can affect protein structure
and biological activity [37,38]. GSNO reacts with cysteine residues through trans-nitrosylation and
subsequent thiol-disulfide exchange. S-glutathionylation thus reversibly adds a tripeptide and a net
negative charge that can result in structural and functional changes of the target protein.

Intracellular levels and localization of GSNO therefore strongly influence the level of protein
S-nitrosation; however, the current knowledge on the modulation of subcellular distribution of GSNO
in plants under physiological and stress conditions is still very limited [19,39]. Proteomics studies of
redox signaling in plants have identified multiple redox PTMs of plant proteins, such as carbonylation
and cysteine oxidation, glutathionylation, persulfidation, and nitrosation. Redox PTMs have been thus
far mostly located in the cytosol, chloroplasts, mitochondria, peroxisomes, and nucleus, but recent
studies have confirmed the plausibility of redox PTMs including S-nitrosation occurring also in
extracellular proteins, including cell wall-associated proteins [10].

Although the concept of protein S-nitrosation as a biologically relevant PTM has gained wide
acceptance, many crucial questions still remain to be answered as to how and to what extent protein
S-nitrosation and denitrosation proceed in vivo [40]. For a long time, missing specific pathways for protein
S-nitrosation questioned its plausible function as a directed signaling process. In the absence of specific
enzymes, during de novo S-nitrosothiol formation, S-nitrosation targets would be determined primarily
by mechanisms based on the local chemical environment, including thiol pKa values and incidence of
hydrophobic amino acids, localization of NO source, and steric accessibility of S-nitrosation site [23,41].
It has been suggested that the nontargeted S-nitrosation, namely, of abundant GSH, might serve
to generate a substrate pool of S-nitrosothiols, whereas the key control and specificity would be
provided through subsequent transnitrosation or denitrosation reactions [42,43]. Specific S-nitrosation
of a particular set of protein thiols can be provided by protein–protein transnitrosation reactions,
described in mammalian systems for a rather limited number of protein pairs, e.g., TRX-caspase
3, hemoglobin–anion exchanger, or glyceraldehyde phosphate dehydrogenase-histone deacetylase
2 [44]. However, a recent report provided long-sought evidence of the “nitrosylase” (or S-nitrosothiol
synthase) enzyme, at least in the bacteria Escherichia coli, where a large interactome of proteins that
generate NO, synthesize S-nitrosothiols, and propagate signaling by trans-nitrosation, was found
to regulate cell metabolism and motility [45]. Surprisingly, protein S-nitrosation as a regulatory
PTM has been recently questioned, suggesting it could be only a minor and transitional cysteine
modification, which would generate more stable disulfide bonds after rapid reactions with abundant
cellular thiols [46]. Effectively, the conclusion that disulfides, not S-nitrosothiols, might be dominant
end effectors of nitrosative signaling requires further experimental examinations.

On the other hand, the specificity and selectivity of denitrosation mechanisms related to the control
of protein functions by these reversible PTMs have been challenged. From a chemical point of view,
both low-molecular weight and protein S-nitrosothiols are in general relatively unstable compounds that
can decompose in the biological environment by fast reactions accelerated by the presence of transition
metals such as copper and iron, by reductants such as ascorbic acid, or by UV light [23]. GSH occurring
in high levels in multiple cellular compartments can effectively mediate protein denitrosation through
transnitrosation reactions [47,48]. Therefore, due to the reversibility of cysteine modifications,
intracellular levels of S-nitrosated proteins can be directly regulated, at least in part, by intracellular
GSH and GSNO levels and their time- and site-specific modulations. However, studies in mammalian
models showed that a subset of proteins was resistant to GSH-mediated denitrosation, where stable
S-nitrosation was suggested to result from protein conformational changes, which might shield the
nitrosothiol group from denitrosation by cytosolic reductants [49]. Tubulins, glutathione-S-transferase
pi, creatine and pyruvate kinases, hemoglobin, and peroxiredoxin 6 were found among proteins
resistant to GSH-mediated denitrosation. Furthermore, specific enzyme systems involved in direct
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or indirect mechanisms of S-nitrosation control have been identified, which will be discussed here in
more detail.

3. S-Nitrosoglutathione Reductase Indirectly Regulates Protein S-Nitrosation Status in Plants

S-nitrosoglutathione reductase (GSNOR) is an evolutionary conserved cytosolic enzyme that catalyzes
an NADH-dependent reduction of GSNO, leading to the formation of glutathione disulfide (GSSG)
and hydroxylamine (Figure 1) [50]. By regulating GSNO levels through its irreversible degradation,
GSNOR plays a critical role in the overall metabolism of RNS, in the homeostasis of intracellular
levels of NO, and control of trans-nitrosation equilibrium between low-molecular weight and protein
S-nitrosothiols [51,52]. According to the current enzyme classification, GSNOR belongs to class III of
Zn-dependent medium-chain alcohol dehydrogenases (ADH3; EC 1.1.1.1); however, since GSNO has
been uncovered as the most effective substrate of this enzyme both in vitro and in vivo, the enzyme
designation as GSNOR has widely extended within the scientific literature.
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Figure 1. Overview of the mechanisms of protein denitrosation in plant cells. Within thioredoxin
(TRX) structure, cysteine thiols present in a dithiol motif (CXXC) remove the nitroso group from
S-nitrosated protein substrates, resulting in a disulfide bond formation in cytosolic TRX and free
NO and related reactive nitrogen species (RNS). Reduced TRX is regenerated by NADPH-dependent
thioredoxin reductase (TRXR). A specific subset of S-nitrosated proteins is denitrosated by TRXh5
in regulatory pathways of the plant immunity. A trans-nitrosation equilibrium between reduced
and S-nitrosated proteins and glutathione (GSH), respectively, can be shifted by S-nitrosoglutathione
reductase (GSNOR), catalyzing an irreversible NADH-dependent reduction of S-nitrosoglutathione,
leading to unstable N-hydroxysulfinamide intermediate (GSNOH), which can further react with
GSH to oxidized glutathione (GSSG) and hydroxylamine. GSH can be eventually regenerated by
an NADPH-dependent reduction of GSSG catalyzed by glutathione reductase (GR). GSNO might
be directly decomposed by protein disulfide isomerase (PDI), whereas S-nitrosoproteins might be
potentially denitrosated by Cu,Zn-superoxide dismutases (Cu,Zn-SOD); ntra ntrb, Arabidopsis double
mutant in NTRA and NTRB.

Detailed analysis of plant GSNOR structures using recombinant proteins from Arabidopsis
(AtGSNOR) or tomato (Solanum lycopersicum; SlGSNOR) confirmed the enzyme structural similarity
to its animal homologues. Plant GSNORs are homodimeric enzymes consisting of two 40-kDa
subunits containing one big catalytic and one small coenzyme-binding domain with an active site
localized in a cleft between the two domains [53]. Comparative genomic analysis revealed eukaryotic
GSNORs as highly conserved and unusually cysteine-rich proteins [54]. Plant GSNOR activity can be
regulated through S-nitrosation and oxidation of conserved cysteines [55–57]. The compound N6022,
a pyrrole-based GSNOR inhibitor developed in human clinical studies, was confirmed to be an efficient
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non-competitive inhibitor of the plant enzyme at nanomolar concentrations and thus can be exploited
to target plant GSNOR functions by a pharmacological approach [53,58].

GSNOR has been studied and characterized in multiple plant species, including important model
plants and crops [52]. GSNOR is involved in numerous developmental processes and metabolic
programs in plants via direct and indirect regulatory pathways of RNS homeostasis. In addition to its
direct role in GSNO catabolism, it may control the cellular redox state by affecting intracellular levels
of NADH and GSH. Currently available experimental evidence delineates the importance of GSNOR
in plant responses to diverse abiotic and biotic stress conditions [52,59,60]. Stress-induced modulations
of GSNOR belong to important components of the ROS and RNS signaling cross-talk, mediated by
nitrosative modifications of several key enzymes of their metabolism.

Collectively, GSNOR has been recognized as a crucial element in the regulation of the protein
S-nitrosation status mediated by GSNO levels as a result of time- and site-specific interplay with
other enzymatic and non-enzymatic reactions controlling local levels of NO, RNS, and glutathione.
GSNOR does not act directly on protein S-nitrosothiols and current evidence suggests that GSNOR
functions rather as a global and poorly specific regulator of protein S-nitrosothiols through locally
controlled GSH/GSNO concentration ratios. It is evident that potentially highly specific and efficient
direct protein denitrosation performed by the TRXR-TRX system occupies a prominent role in multiple
processes related to the regulation of protein structure and activity by post-translational modifications
of protein cysteine residues (Figure 1).

4. The Key Role of the Mammalian Thioredoxin System in Protein Denitrosation

In mammalian cells, the cytosolic and mitochondrial TRX-TRXR system together with the
glutathione/glutaredoxin (GSH-GRX) system exert decisive control over the cellular redox environment.
Increased production of ROS oxidizing protein thiols and its balance by TRX- and GRX-dependent
reactions have a wide range of functions in cellular physiology and pathological conditions [61].
TRXs are small proteins of ca 12 kDa containing two cysteines in their active site, which act on
target proteins by their thiol-disulfide oxidoreductase activity connected with the concomitant
formation of inter- and intramolecular disulfide bonds within TRX or between TRX and its target,
respectively. Mammalian cells possess two TRX isoforms, cytosolic TRX1 (12 kDa), translocated to the
nucleus under conditions of oxidative or nitrosative stress, and mitochondria-targeted TRX2 (18 kDa).
The other component of TRX-dependent system, NADPH-dependent TRXR (EC 1.8.1.9), belongs to
high-molecular weight selenoenzymes in animals. A well-described role of the TRXR-TRX system
is to provide electrons to peroxiredoxins (PRXs), thiol-dependent peroxidases involved in ROS and
RNS removal with a fast reaction rate, as well as in redox signaling. GRXs are specifically involved
in the deglutathionylation of proteins modified by the formation of a mixed disulfide bond between
glutathione and cysteine [62].

A putative chemical reason for the presence of selenocysteine in enzymes that explains the
biological pressure on the genome to maintain the complex mechanisms of selenocysteine insertion
has been addressed in multiple studies. The requirement of selenium in the active site of mammalian
TRXR can be explained by its higher nucleophilicity compared to cysteine, lower pKa of selenol
as a leaving group, or higher selenium electrophilicity relative to sulfur. However, experimental
evidence suggests the importance of the ability of selenoenzymes to resist inactivation by irreversible
oxidation, provided by the superior ability of the oxidized form, seleninic acid, to be reduced back to
selenocysteine, compared to cysteine regeneration from cysteine sulfinic acid [63].

A pivotal study of Nikitovic and Holmgren [64] reported a novel catalytic activity of TRX, showing
it to be capable of cleaving the S-nitrosothiol bond of GSNO in vitro. The TRXR-TRX system was later
confirmed as a functional caspase-3 denitrosylase in vivo in human lymphocytes [65]. In the reaction
mechanism of protein denitrosation, the cysteine residue closer to the TRX N-terminus displaces
NO by a heterolytic cleavage from the target cysteine, leading to NO release and the formation of a
mixed disulfide between TRX and its target protein substrate. This mixed disulfide is subsequently
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decomposed by a reducing action of the thiol group of the second cysteine in the TRX active site,
releasing the protein substrate with reduced cysteine and the oxidized form of TRX (Figure 1) [48].
A substrate trapping technique, which explores the stability of the mixed disulfide intermediate using
a TRX mutated in the second active site cysteine, has been developed to identify S-nitrosated protein
targets of mammalian TRXs [66].

TRX catalyzes the denitrosation of S-nitrosocaspase 3 and S-nitrosometallothionein with concomitant
generation of nitroxyl (HNO), the one-electron reduction product of NO [67]. It is known that
TRXR-deficient HeLa cells with decreased TRXR activity denitrosate S-nitrosothiols less efficiently.
In HepG2 cells, TRX was found to catalyze the denitrosation of all S-nitrosoproteins with a molecular
mass of 23–30 kDa [68].

Interestingly, human cytosolic/nuclear TRX1 was reported as a target of S-nitrosation with
separate signaling pathways under different cellular redox states—reduced TRX is nitrosated faster and
selectively at Cys62, whereas oxidized TRX was found nitrosated only at Cys73 [69]. TRX1 has been
shown to transnitrosate proteins through stepwise oxidative and nitrosative modifications of specific
cysteines, suggesting that TRX1 regulates its target proteins via alternating modalities of reduction and
nitrosation [4]. Human TRX1 in the disulfide form can be nitrosated at Cys73 and transnitrosate target
proteins, including caspase-3. Thus, similarly to GSH, which can transnitrosate proteins mediated
by the formation of S-nitrosoglutathione (GSNO), TRX can either denitrosate or nitrosate proteins
depending on its oxidation state [70].

The selenocysteine residue in the active site of TRXR confers the enzyme highly susceptible to
nitrosative inhibition. TRXR1 in HeLa cancer cells is sensitive to a nitrosation-dependent inactivation,
which can be reversed by GSH [71]. These findings point to the utmost importance of selenoprotein
TRXRs in RNS-mediated signaling processes and responses to nitrosative stress [72]. In summary,
NO and the TRX system show a complex interplay within the redox regulation of mammalian cells,
where TRXs play an active role in attenuating NO signaling and responses to nitrosative stress,
whereas NO reciprocally modulates the redox activity of TRX and TRXRs. Furthermore, TRX-related
protein of 14 kDa (TRP14), a highly conserved and ubiquitously expressed oxidoreductase that
efficiently reduces L-cystine, was recently reported also to reduce S-nitrosated or persulfidated protein
cysteines, thereby potentially modulating both NO and H2S signaling [73].

5. Thioredoxin Systems in Higher Plants

TRXs and GRXs in higher plants are involved in the control of plant metabolism, development,
phytohormone pathways, and responses to abiotic and biotic constraints [74,75]. TRXs are known
to regulate embryogenesis, mobilization of seed reserves, chloroplast development, and carbon
metabolism. These proteins form part of large gene families, and their outstanding diversity indicates
either a high level of redundancy or functional specialization. Around 50 genes encoding TRX and
TRX-like proteins and around 30 genes encoding GRXs have been identified in terrestrial plants.
Plant TRXs and GRXs have been proposed to act as sensors or transmitters in relaying redox signals
among plant compartments by transient and reversible protein PTMs such as disulfide bond formation,
glutathionylation, or nitrosation. Biochemical properties of specific TRXs and GRXs indicate a strong
specificity toward their target proteins, particularly within plastidial TRXs and GRXs. Previous studies
using genetic approaches involving mutants defective in the synthesis of glutathione or one of the
numerous plant GRX and TRX genes demonstrated their essential roles in thiol-based mechanisms
of redox homeostasis during the plant developmental cycle. TRX and GRX functions are linked to
temporal or spatial variations in ROS and RNS concentrations in specific subcellular compartments [75].

The regeneration of oxidized TRXs and GRXs in plant cells is accomplished through distinct
pathways (Figure 2). Whereas most GRXs utilize reduced glutathione as an electron donor, the reduction
of TRXs is more complex and dependent on their cellular localization. Cytosolic, mitochondrial,
and nuclear TRXs are reduced by NADPH-thioredoxin reductases (NTR), enzymes with a flavine
cofactor and a double Cys motif in the catalytic center. Distinctively, chloroplastic TRXs are reduced
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in a light-dependent manner by a ferredoxin-dependent thioredoxin reductase (FTR), an iron-sulfur
(Fe–S) protein transferring electrons from the photosystem I into a thiol-reducing cascade [62].
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Figure 2. Overview of components and reduction pathways of the thiol-redox system in the
main subcellular compartments of plant cells. Fd, ferredoxin; FNR, ferredoxin NADP+ reductase;
FTR, ferredoxin thioredoxin reductase; GSH, reduced glutathione; GSSG, oxidized glutathione;
GR, glutathione reductase (types 1 and 2); GRX, glutaredoxin; NTR: NADPH thioredoxin reductase
(three types: A, B, and C); TRX, thioredoxin; PPP, pentose phosphate pathway; PRX, peroxiredoxin;
PS I, photosystem I.

Accumulated evidence endorses the prominent role of TRXs and TRXR as key components in plant
protection from oxidative damage [76]. TRXs supply reducing power to reductases, which are involved
in the degradation of lipid hydroperoxides or reparation of oxidized proteins, including peroxiredoxins,
glutathione peroxidases, and methionine sulfoxide reductases. In contrast to animals, it has been
demonstrated that cytosolic (NTRA) and mitochondrial (NTRB) reductases are non-essential in plants.
Arabidopsis ntra ntrb double mutants are viable and fertile, showing reduced growth, decreased pollen,
and a wrinkled seed phenotype [77]. Interestingly, under normal growth conditions, glutathione was
able to complement the absence of NTRs in the ntra ntrb mutant plants, including the reduction of
the most abundant cytosolic TRX h3 isoform. Despite their apparent functional redundancy, cytosolic
and mitochondrial NTRs might be involved in mechanisms of plant responses to stress conditions.
Cytosolic NTRA was reported to confer tolerance to oxidative and drought stresses through regulation
of ROS levels [78]. Methyl viologen, an inducer of ROS accumulation and oxidative damage, strongly
increased NTRA transcripts. Moreover, NTRA-overexpressing plants showed higher survival rates
and diminished ROS induction under oxidative stress compared to wild-type and ntra knockout lines.
Besides isoforms localized to the cytosolic, mitochondrial, and plastidial compartments, several TRXs
and GRXs isoforms in Arabidopsis have been assigned to the nucleus [79]. The cytosolic NTRA was
found to localize to the nucleus, where it can reduce TRXh2, TRXo1, and also nucleoredoxin (NRX1),
a TRX homologue with disulfide reductase activity.

6. TRX Role in Denitrosation of Plant Proteins

Thus far, the functions of TRXR-TRX systems in protein denitrosation in plants have been
investigated in root development [80], regulation of the translation of proteins of light harvesting
complexes [81], and plant immunity [82]. Seemingly, plant TRX enzymes are capable of catalyzing the
denitrosation of protein S-nitrosothiols by a mechanism different to their mammalian counterparts,
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one that does not involve the formation of the mixed disulfide intermediate but a transnitrosation
transfer of the NO group from the protein substrate to the enzyme active site, as observed for Arabidopsis
TRXh5 [83]. Interestingly, a microarray analysis found six cytosolic GRXs and an atypical chloroplastic
TRX upregulated in the leaves of Arabidopsis GSNOR T-DNA insertion mutants, hypothetically
to reverse increased nitrosative stress caused by the absence of GSNOR activity and S-nitrosothiol
accumulation [54].

In plant roots, the intracellular redox status controlled through TRX- and GSH-dependent
thiol reduction is known to determine developmental processes through modulations of auxin
signaling. Using Arabidopsis double TRXR (ntra ntrb) and GSH biosynthesis (cad2) mutant lines,
researchers showed that the TRX and GSH pathways altered both auxin transport and metabolism [80].
Later, auxin-induced denitrosation and partial inhibition of cytosolic ascorbate peroxidase (APX1) in
Arabidopsis seedlings were found mediated by the TRXR-TRX system [84]. Moreover, levels of protein
S-nitrosation were increased in roots of ntra ntrb mutants or roots of wild-type plants treated with
TRXR inhibitor auranofin, confirming the role of NADPH-dependent TRXR in protein denitrosation
during auxin-mediated root development in Arabidopsis (Figure 1). TRXR activity is induced by high
NO levels, suggesting the existence of a feedback mechanism to control protein S-nitrosation in plant
cells [85].

A role of reversible protein S-nitrosation has been suggested in a fine-tuning of photosynthetic
apparatus components encoded by the nuclear genome in the green unicellular alga Chlamydomonas
reinhardtii through a regulatory circuit that controls cytosolic translation of the photosystem II
light-harvesting proteins (LHCII) in response to light modulations [81]. Specific S-nitrosation of a
putative nucleic acid-binding protein (NAB1), a cytosolic RNA-binding protein that represses translation
of certain LHCII isoform mRNAs, decreased NAB1 activity in vitro and in vivo. NAB1 could not be
denitrosated by GSH, whereas the cytosolic TRX h1 together with TRXR catalyzed NAB1 denitrosation
in vitro. Of note, the regulation of NAB1 activity is rather atypical, as the enzyme is nitrosated
under basal low-light conditions and de-nitrosated in response to stress stimuli, i.e., higher light
intensity. Nevertheless, NAB1 represents a unique example of stimulus-induced denitrosation within
photosynthetic light acclimation processes, and further studies in the plant cells could provide important
new insights into the crosstalk between the chloroplast and cytosol.

Plant responses to pathogen challenges involve efficient recruitment of specific TRX
isoforms that can regulate diverse signaling and effector components of plant immunity [35].
NPR1 (NON-EXPRESSOR OF PATHOGENESIS-RELATED GENES1), a master regulator of salicylic acid
(SA)-mediated defense genes, is sequestered into the cytoplasm as an oligomer through intermolecular
disulfide bonds. During SA-mediated immune responses, NPR1 monomers translocate to nuclei,
where they activate pathogenesis-related gene expression. The SA-induced NPR1 oligomer-to-monomer
conversion is catalyzed by TRXh5 in vivo, whereas S-nitrosation of NPR1 by GSNO facilitates its
oligomerization to prevent NPR1 from translocation to the nucleus [82]. GSH participates in the
crosstalk with other signaling molecules in plant responses to biotic stress through the NPR1-dependent
SA pathway. Significantly enhanced transcription of TRXh and GSNOR genes was found in transgenic
tobacco plants overexpressing γ-glutamylcysteine synthetase with higher GSH levels, which show
increased tolerance to Pseudomonas syringae pv. tabaci [86]. In this study, GSNOR, TRXh, and other
genes of the SA pathway dependent on NPR1 were found to be upregulated in tobacco BY-2 cells
treated with exogenous GSH.

In the plant immune response, TRXh5 was found to be an effective protein S-nitrosothiol reductase,
providing reversibility and specificity to S-nitrosation signaling [83]. Data indicate that TRXh5 and
GSNOR, enzymes exhibiting similar subcellular localization, might have partially distinct groups
of targets among S-nitrosated proteins, thus regulating different signaling pathways within plant
immunity. TRXh5 has been suggested to discriminate between protein S-nitrosothiol substrates to
provide specificity and reversibility to S-nitrosation signaling, as observed in a previous study on
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Arabidopsis. Here, TRXh5 was not involved in GAPDH denitrosation, whereas S-nitrosated GAPDH
was specifically denitrosated by GSH-mediated trans-nitrosation [87].

Interestingly, the interplay between GSNOR and TRXs and their regulation via S-nitrosation/

denitrosation have been described within the biosynthesis of phenylpropanoid-derived styrylpyrone
polyphenols in the medicinal mushroom Inonotus obliquus [88]. S-nitrosation of the key enzymes in
the phenylpropanoid biosynthesis decreases their activity, which can be restored by TRX-mediated
denitrosation. Moreover, TRX acts as a trans-nitrosylase, leading to S-nitrosation of GSNOR via
protein–protein interaction and thus to decreased GSNOR activity. Whether similar mechanisms might
operate also in higher plants remains to be explored.

7. Complementary Role of Plant Peroxiredoxins and Sulfiredoxins in the
TRX-Dependent Denitrosation

Peroxiredoxins (PRXs) are ubiquitously occurring thiol peroxidases with important functions in
plant redox signaling networks and antioxidant defense [89]. Multiple forms of PRXs with distinct
subcellular localization exhibit differential specificities toward peroxide substrates and are involved in
the redox homeostasis and transduction of redox signals. In plants, gene expression, post-transcriptional
and post-translational regulation, and switching or tuning of metabolic pathways belong to processes
very likely targeted by PRXs [62,89].

The mammalian PRX family includes of six members divided into several groups according to
the number of conserved cysteine residues and catalytic mechanism: two-cysteine PRXs (2-Cys PRXs;
PRX1–4), atypical 2-Cys PRX (PRX5), and 1-Cys PRX (PRX6). In the first step of the peroxidase cycle of
typical 2-Cys PRXs, a conserved cysteine reacts with H2O2, forming cysteine sulfenic intermediate.
A cysteine residue located on the adjacent monomer then reacts with the sulfenic group to an interchain
disulfide. The oxidized dimeric form of PRX is subsequently reduced by the TRXR-TRX system.
A genome-wide study identified a minimum set of six PRXs expressed in all higher plants, including
one 1-CysPrx involved in plant embryogenesis; one plastidial PRX Q; one plastidial 2-Cys PRX; and one
each of cytosolic, mitochondrial, and plastidial type II PRXs. However, variation with multiple isoforms
are frequently observed, such as two 2-Cys PRXs and three cytosolic PRXs II in Arabidopsis thaliana,
but two PRX II in poplar and only one in rice [90].

Plant members of the group of two-cysteine PRXs (2-Cys PRXs) were reported to show peroxynitrite
reductase activity in yeast and thus to play a role in protection against reactive nitrogen species [91].
Plant cytosolic PRX IIE and IIB, and mitochondrial PRX IIF were identified as S-nitrosation targets in
a proteomic study of Arabidopsis plants treated with gaseous NO [92]. The biological relevance of
S-nitrosation-dependent PRX IIE inhibition was demonstrated within the signaling events of plant
defense to bacterial pathogens. Levels of protein nitration, induced by infiltration of Arabidopsis
leaves with the avirulent pathogen P. syringae pv. tomato, were increased in PRX IIE knockout plants,
whereas protein nitration was not detected in plants overexpressing PRX IIE [93]. In human cells,
it has been reported that S-nitrosocysteine blocked the TRX-mediated regeneration of oxidized PRX,
caused partially by direct modulation of TRXR activity [94]. S-nitroso donors induced the S-nitrosation
of PRX1, which promoted interchain disulfide formation between two catalytic cysteines, leading to
oligomer disruption and loss of peroxidase activity. In the coupled PRX-TRX system studies in vitro,
S-nitrosocysteine blocked the TRX-dependent regeneration of oxidized PRX1, partly due to direct
modulation of TRX reductase activity. It was suggested that in animal cells, low S-nitrosothiol levels
can inhibit the complete peroxidase system mainly by inhibiting TRXR, whereas the inhibitory effect of
high S-nitrosothiol levels on peroxide removal is mediated also by PRX1 nitrosation. On the basis of
these findings, it is intriguing to speculate that S-nitrosation might also functionally regulate the plant
TRXR-TRX-PRX system.

Sulfiredoxins (SRXs) represent an enzyme family involved in the maintenance of cellular redox
balance through an ATP-dependent reduction of cysteine sulfinic acid derivatives of PRXs back to
sulfenic acid, which leads to reactivation of PRX peroxidase activity capable of controlling cellular H2O2
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levels [95]. In human neurons, sulfiredoxin SRX1 reverses the aberrant nitrosation of PRX occurring
in some neurodegenerative disorders and can serve as a master regulator of redox reactions that
protect brain cells from nitrosative and oxidative stress [96]. This study observed that SRXn1-mediated
denitrosation of PRX2 involves disulfide bond formation between SRX and PRX proteins, providing a
structural basis for the enzymatic reaction. The PRX cysteine denitrosation required ATP hydrolysis
and was proposed to proceed via an N-phosphorylation mechanism, including the formation of
unstable P-nitrosophosphine oxide and its fast hydrolysis to thiol and nitroxyl.

In plants, SRX localizes to plastids and mitochondria, where SRX can play a crucial role in the
regulation and regeneration of PRXs from its over-oxidized form in high-ROS producing conditions [97].
Functional TRX/PRX/SRX system as the key element of plant redox signaling and regulation may have
a decisive influence on plant yield and growth under stress conditions [98]. Members of the SRX
family thus represent other promising candidates to function as important components of protein
denitrosation mechanisms in plastids.

8. Other Mechanisms of Protein Denitrosation in Plants

Beside TRXs and GSNOR, recognized as the principal direct and indirect denitrosation systems,
respectively, additional enzymes have been reported to exhibit denitrosylase activity in animals [51].
Their physiological relevance and functions both in animals and plants remain, to a large extent,
to be experimentally confirmed. Protein disulfide isomerases (PDIs) are molecular chaperones that
contain TRX domains and catalyze the formation, breakage, and rearrangement of protein disulfide
bonds in the endoplasmic reticulum, contributing to proper folding of nascent proteins. A cell
surface PDI was observed to release NO from GSNO in human platelets [99]. PDIs were suggested
to decompose GSNO at low NO levels, whereas during high NO levels, PDIs would act as a
NO carrier through the PDI S-nitrosation [100]. A genome-wide search identified 12 or more
PDI-related members in Arabidopsis thaliana, classified into three groups on the basis of polypeptide
length, presence of signal peptide and endoplasmic reticulum retention signal, and type of TRX
domains [101]. Interestingly, mammalian PDIs are known to consist of active and inactive TRX
modules, where catalytically active domains contain a di-cysteine (Cys-Gly-His-Cys) sequence motif.
A recent study on recombinant Arabidopsis AtPDI1 confirmed the presence of this motif in the active
site of the plant enzyme [102]. On the basis of current data, it is plausible to hypothesize that plant
PDIs containing the TRX active site motif might have conserved a denitrosation activity towards GSNO
or some specific protein substrates.

Similarly to a non-enzymatic decomposition of S-nitrosothiols to release NO catalysed by copper
ions, a reductive decomposition of S-nitrosated proteins can be catalysed by Cu,Zn-superoxide
dismutases (CuZn-SODs) through a copper-dependent mechanism yielding NO and the corresponding
disulfide [103]. Because wild-type SODs are relatively inefficient denitrosylases [104], they are
active in protein denitrosation probably only in sites inaccessible to more efficient denitrosylases,
e.g., in mitochondria absent of GSNOR activity [105]. Under elevated ROS levels, the animal superoxide
dismutase 1 (SOD1) isoform rapidly relocates into the nucleus, where it acts as a nuclear transcription
factor and regulates the expression of oxidative resistance and repair genes [106]. It is attractive
to speculate that, through stress-induced nucleolar translocation, Cu-ZnSOD might modulate the
S-nitrosation status of nuclear proteins, e.g., histone acetylases that were shown to be targets of
S-nitrosation [107]. The potential role of SOD in the decomposition of plant S-nitrosothiols, therefore,
requires further experimental investigations.

9. Conclusions and Perspectives

Great advances have been achieved in the last decade in our understanding of how redox PTMs of
protein cysteines regulate plant development and responses to stress conditions. Molecular mechanisms
enabling specific and selective nitrosation and denitrosation previously identified in mammals have
been identified also in plant cells, with key functions of GSNOR and the TRXR-TRX system acting on
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specific subsets of protein targets. Besides the substrate specificity of denitrosating enzymes, the role
of intracellular localization and compartmentation of S-nitrosothiol production and decomposition
surely deserves further study. Contradictory reports on putative GSNOR targeting to peroxisomes,
mitochondria, and nuclei require further verification. Similarly, a mitochondria-specific TRX system
with denitrosylase function identified in mammalian cells [108] has not been investigated in plants thus
far. Furthermore, how NADH-dependent GSNOR activity and NADPH-dependent TRX (and similarly
PRXs and GRXs) systems operate within cell compartments with the same redox potential but
highly varied ratios of NADH/NAD+ and NADPH/NADP+ cofactors is not understood and requires
clarification. The current fast development of genomic and proteomic tools can surely contribute to
further progress in the research of plant protein S-nitrosation, particularly new methods available
for studies of the plant S-nitrosoproteome, such as a recently developed experimental strategy of
visualization and identification of S-nitrosated proteins as TRX substrates applicable to purified
proteins or plant cell extracts [109]. Direct genome editing techniques such as CRISPR/Cas9 [110] can
be used to exploit advancing knowledge on S-nitrosation as a cysteine-based redox signaling and
protein regulation mechanism in order to advance our understanding of the molecular mechanisms
underlying increased plant resistance to abiotic and biotic stress conditions.
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11. Šírová, J.; Sedlářová, M.; Piterková, J.; Luhová, L.; Petrivalsky, M. The role of nitric oxide in the germination
of plant seeds and pollen. Plant Sci. 2011, 181, 560–572. [CrossRef]

12. Astier, J.; Gross, I.; Durner, J. Nitric oxide production in plants: An update. J. Exp. Bot. 2017, 69, 3401–3411.
[CrossRef] [PubMed]

13. Corpas, F.J.; Del Río, L.A.; Palma, J.M. Impact of Nitric Oxide (NO) on the ROS Metabolism of Peroxisomes.
Plants 2019, 8, 37. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/anie.200501023
http://www.ncbi.nlm.nih.gov/pubmed/16267872
http://dx.doi.org/10.1371/journal.pcbi.1004049
http://www.ncbi.nlm.nih.gov/pubmed/25692714
http://dx.doi.org/10.1104/pp.15.01378
http://www.ncbi.nlm.nih.gov/pubmed/26338952
http://dx.doi.org/10.1074/mcp.M110.000034
http://www.ncbi.nlm.nih.gov/pubmed/20660346
http://www.ncbi.nlm.nih.gov/pubmed/28137579
http://dx.doi.org/10.1093/jxb/ery295
http://www.ncbi.nlm.nih.gov/pubmed/30169870
http://dx.doi.org/10.1089/ars.2010.3376
http://www.ncbi.nlm.nih.gov/pubmed/20799881
http://dx.doi.org/10.1016/j.freeradbiomed.2014.11.013
http://dx.doi.org/10.1093/jxb/erv084
http://dx.doi.org/10.1002/jmr.2754
http://dx.doi.org/10.1016/j.plantsci.2011.03.014
http://dx.doi.org/10.1093/jxb/erx420
http://www.ncbi.nlm.nih.gov/pubmed/29240949
http://dx.doi.org/10.3390/plants8020037
http://www.ncbi.nlm.nih.gov/pubmed/30744153


Plants 2020, 9, 1426 12 of 16

14. Hancock, J.T.; Neill, S.J. Nitric Oxide: Its Generation and Interactions with Other Reactive Signaling
Compounds. Plants 2019, 8, 41. [CrossRef]
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on S-nitrosoglutathione reductase in plants. Planta 2013, 239, 139–146. [CrossRef]

61. Lu, J.; Holmgren, A. The thioredoxin antioxidant system. Free. Radic. Biol. Med. 2014, 66, 75–87. [CrossRef]
62. Rouhier, N.; Cerveau, D.; Couturier, J.; Reichheld, J.-P.; Rey, P. Involvement of thiol-based mechanisms in

plant development. Biochim. Biophys. Acta 2015, 1850, 1479–1496. [CrossRef]
63. Hondal, R.J.; Ruggles, E.L. Differing views of the role of selenium in thioredoxin reductase. Amino Acids

2011, 41, 73–89. [CrossRef]
64. Nikitovic, D.; Holmgren, A. S-Nitrosoglutathione Is Cleaved by the Thioredoxin System with Liberation of

Glutathione and Redox Regulating Nitric Oxide. J. Biol. Chem. 1996, 271, 19180–19185. [CrossRef] [PubMed]
65. Benhar, M.; Forrester, M.T.; Hess, U.T.; Stamler, J.S. Regulated Protein Denitrosylation by Cytosolic and

Mitochondrial Thioredoxins. Science 2008, 320, 1050–1054. [CrossRef] [PubMed]
66. Ben-Lulu, S.; Ziv, T.; Admon, A.; Weisman-Shomer, P.; Benhar, M. A Substrate Trapping Approach Identifies

Proteins Regulated by Reversible S-nitrosylation. Mol. Cell. Proteom. 2014, 13, 2573–2583. [CrossRef]
[PubMed]

67. Stoyanovsky, D.A.; Tyurina, Y.Y.; Tyurin, V.A.; Anand, D.; Mandavia, D.N.; Gius, D.; Ivanova, J.; Pitt, B.;
Billiar, T.R.; Kagan, V.E. Thioredoxin and Lipoic Acid Catalyze the Denitrosation of Low Molecular Weight
and ProteinS-Nitrosothiols. J. Am. Chem. Soc. 2005, 127, 15815–15823. [CrossRef]

68. Sengupta, R.; Ryter, S.W.; Zuckerbraun, B.S.; Tzeng, E.; Billiar, T.R.; Stoyanovsky, D.A. Thioredoxin Catalyzes
the Denitrosation of Low-Molecular Mass and ProteinS-Nitrosothiols. Biochemistry 2007, 46, 8472–8483.
[CrossRef]

69. Barglow, K.T.; Knutson, C.G.F.; Wishnok, J.S.; Tannenbaum, S.R.; Marletta, M.A. Site-specific and
redox-controlled S-nitrosation of thioredoxin. Proc. Natl. Acad. Sci. USA 2011, 108, E600–E606. [CrossRef]

70. Sengupta, R.; Holmgren, A. Thioredoxin and Thioredoxin Reductase in Relation to Reversible S-Nitrosylation.
Antioxid. Redox Signal. 2013, 18, 259–269. [CrossRef]

71. Engelman, R.; Ziv, T.; Arnér, E.S.J.; Benhar, M. Inhibitory nitrosylation of mammalian thioredoxin reductase 1:
Molecular characterization and evidence for its functional role in cellular nitroso-redox imbalance. Free Radic.
Biol. Med. 2016, 97, 375–385. [CrossRef]

72. Benhar, M. Roles of mammalian glutathione peroxidase and thioredoxin reductase enzymes in the cellular
response to nitrosative stress. Free Radic. Biol. Med. 2018, 127, 160–164. [CrossRef]

73. Espinosa, B.; Arnér, E.S.J. Thioredoxin-related protein of 14 kDa as a modulator of redox signalling pathways.
Br. J. Pharmacol. 2018, 176, 544–553. [CrossRef]

74. Meyer, Y.; Belin, C.; Delorme-Hinoux, V.; Reichheld, J.-P.; Riondet, C. Thioredoxin and Glutaredoxin Systems
in Plants: Molecular Mechanisms, Crosstalks, and Functional Significance. Antioxid. Redox Signal. 2012,
17, 1124–1160. [CrossRef] [PubMed]

75. Geigenberger, P.; Thormählen, I.; Daloso, D.M.; Fernie, A.R. The Unprecedented Versatility of the Plant
Thioredoxin System. Trends Plant Sci. 2017, 22, 249–262. [CrossRef]

76. Dos Santos, C.V.; Rey, P. Plant thioredoxins are key actors in the oxidative stress response. Trends Plant Sci.
2006, 11, 329–334. [CrossRef] [PubMed]

77. Reichheld, J.-P.; Khafif, M.; Riondet, C.; Droux, M.; Bonnard, G.; Meyer, Y. Inactivation of Thioredoxin
Reductases Reveals a Complex Interplay between Thioredoxin and Glutathione Pathways in Arabidopsis
Development. Plant Cell 2007, 19, 1851–1865. [CrossRef]

78. Cha, J.-Y.; Barman, D.N.; Kim, M.G.; Kim, W.-Y. Stress defense mechanisms of NADPH-dependent thioredoxin
reductases (NTRs) in plants. Plant Signal. Behav. 2015, 10, e1017698. [CrossRef]

79. Delorme-Hinoux, V.; Bangash, S.A.; Meyer, A.J.; Reichheld, J.-P. Nuclear thiol redox systems in plants.
Plant Sci. 2016, 243, 84–95. [CrossRef]

80. Correa-Aragunde, N.; Foresi, N.; Delledonne, M.; LaMattina, L. Auxin induces redox regulation of ascorbate
peroxidase 1 activity by S-nitrosylation/denitrosylation balance resulting in changes of root growth pattern
in Arabidopsis. J. Exp. Bot. 2013, 64, 3339–3349. [CrossRef]

81. Berger, H.; De Mia, M.; Morisse, S.; Marchand, C.H.; Lemaire, S.D.; Wobbe, L.; Kruse, O. A Light Switch Based
on Protein S-Nitrosylation Fine-Tunes Photosynthetic Light Harvesting in Chlamydomonas1. Plant Physiol.
2016, 171, 821–832.

http://dx.doi.org/10.1007/s00425-013-1970-5
http://dx.doi.org/10.1016/j.freeradbiomed.2013.07.036
http://dx.doi.org/10.1016/j.bbagen.2015.01.023
http://dx.doi.org/10.1007/s00726-010-0494-6
http://dx.doi.org/10.1074/jbc.271.32.19180
http://www.ncbi.nlm.nih.gov/pubmed/8702596
http://dx.doi.org/10.1126/science.1158265
http://www.ncbi.nlm.nih.gov/pubmed/18497292
http://dx.doi.org/10.1074/mcp.M114.038166
http://www.ncbi.nlm.nih.gov/pubmed/24973421
http://dx.doi.org/10.1021/ja0529135
http://dx.doi.org/10.1021/bi700449x
http://dx.doi.org/10.1073/pnas.1110736108
http://dx.doi.org/10.1089/ars.2012.4716
http://dx.doi.org/10.1016/j.freeradbiomed.2016.06.032
http://dx.doi.org/10.1016/j.freeradbiomed.2018.01.028
http://dx.doi.org/10.1111/bph.14479
http://dx.doi.org/10.1089/ars.2011.4327
http://www.ncbi.nlm.nih.gov/pubmed/22531002
http://dx.doi.org/10.1016/j.tplants.2016.12.008
http://dx.doi.org/10.1016/j.tplants.2006.05.005
http://www.ncbi.nlm.nih.gov/pubmed/16782394
http://dx.doi.org/10.1105/tpc.107.050849
http://dx.doi.org/10.1080/15592324.2015.1017698
http://dx.doi.org/10.1016/j.plantsci.2015.12.002
http://dx.doi.org/10.1093/jxb/ert172


Plants 2020, 9, 1426 15 of 16

82. Tada, Y.; Spoel, S.H.; Pajerowska-Mukhtar, K.; Mou, Z.; Song, J.; Wang, C.; Zuo, J.; Dong, X. Plant Immunity
Requires Conformational Charges of NPR1 via S-Nitrosylation and Thioredoxins. Science 2008, 321, 952–956.
[CrossRef] [PubMed]

83. Kneeshaw, S.; Gelineau, S.; Tada, Y.; Loake, G.J.; Spoel, S.H. Selective Protein Denitrosylation Activity of
Thioredoxin-h5 Modulates Plant Immunity. Mol. Cell 2014, 56, 153–162. [CrossRef] [PubMed]

84. Bashandy, T.; Guilleminot, J.; Vernoux, T.; Caparros-Ruiz, D.; Ljung, K.; Meyer, Y.; Reichheld, J.-P. Interplay
between the NADP-Linked Thioredoxin and Glutathione Systems in Arabidopsis Auxin Signaling. Plant Cell
2010, 22, 376–391. [CrossRef]

85. Correa-Aragunde, N.; Cejudo, F.J.; LaMattina, L. Nitric oxide is required for the auxin-induced activation
of NADPH-dependent thioredoxin reductase and protein denitrosylation during root growth responses in
arabidopsis. Ann. Bot. 2015, 116, 695–702. [CrossRef] [PubMed]

86. Ghanta, S.; Bhattacharyya, D.; Sinha, R.; Banerjee, A.; Chattopadhyay, S. Nicotiana tabacum overexpressing
γ-ECS exhibits biotic stress tolerance likely through NPR1-dependent salicylic acid-mediated pathway.
Planta 2011, 233, 895–910. [CrossRef]

87. Zaffagnini, M.; Morisse, S.; Bedhomme, M.; Marchand, C.H.; Festa, M.; Rouhier, N.; Lemaire, S.D.;
Trost, P. Mechanisms of Nitrosylation and Denitrosylation of Cytoplasmic Glyceraldehyde-3-phosphate
Dehydrogenase fromArabidopsis thaliana. J. Biol. Chem. 2013, 288, 22777–22789. [CrossRef]

88. Zhao, Y.; He, M.; Ding, J.; Xi, Q.; Loake, G.J.; Zheng, W. Regulation of Anticancer Styrylpyrone Biosynthesis
in the Medicinal Mushroom Inonotus obliquus Requires Thioredoxin Mediated Transnitrosylation of
S-nitrosoglutathione Reductase. Sci. Rep. 2016, 6, 37601. [CrossRef]

89. Liebthal, M.; Maynard, D.; Dietz, K.-J. Peroxiredoxins and Redox Signaling in Plants. Antioxid. Redox Signal.
2018, 28, 609–624. [CrossRef]

90. Dietz, K.-J. Peroxiredoxins in Plants and Cyanobacteria. Antioxid. Redox Signal. 2011, 15, 1129–1159.
[CrossRef]

91. Sakamoto, A.; Tsukamoto, S.; Yamamoto, H.; Ueda-Hashimoto, M.; Takahashi, M.; Suzuki, H.; Morikawa, H.
Functional complementation in yeast reveals a protective role of chloroplast 2-Cys peroxiredoxin against
reactive nitrogen species. Plant J. 2003, 33, 841–851. [CrossRef]

92. Lindermayr, C.; Saalbach, G.; Durner, J. Proteomic Identification of S-Nitrosylated Proteins in Arabidopsis.
Plant Physiol. 2005, 137, 921–930. [CrossRef] [PubMed]

93. Romero-Puertas, M.C.; Laxa, M.; Mattè, A.; Zaninotto, F.; Finkemeier, I.; Jones, A.M.; Perazzolli, M.;
Vandelle, E.; Dietz, K.-J.; Delledonne, M. S-Nitrosylation of Peroxiredoxin II E Promotes Peroxynitrite-Mediated
Tyrosine Nitration. Plant Cell 2007, 19, 4120–4130. [CrossRef] [PubMed]

94. Engelman, R.; Weisman-Shomer, P.; Ziv, T.; Xu, J.; Arnér, E.S.J.; Benhar, M. Multilevel Regulation of 2-Cys
Peroxiredoxin Reaction Cycle byS-Nitrosylation. J. Biol. Chem. 2013, 288, 11312–11324. [CrossRef]

95. Biteau, B.; Labarre, J.; Toledano, M.B. ATP-dependent reduction of cysteine–sulphinic acid by S. cerevisiae
sulphiredoxin. Nat. Cell Biol. 2003, 425, 980–984. [CrossRef]

96. Sunico, C.R.; Sultan, A.; Nakamura, T.; Dolatabadi, N.; Parker, J.; Shan, B.; Han, X.; Yates, J.R.; Masliah, E.;
Ambasudhan, R.; et al. Role of sulfiredoxin as a peroxiredoxin-2 denitrosylase in human iPSC-derived
dopaminergic neurons. Proc. Natl. Acad. Sci. USA 2016, 113, E7564–E7571. [CrossRef]

97. Rey, P.; Bécuwe, N.; Barrault, M.-B.; Rumeau, D.; Havaux, M.; Biteau, B.; Toledano, M.B. The Arabidopsis
thaliana sulfiredoxin is a plastidic cysteine-sulfinic acid reductase involved in the photooxidative stress
response. Plant J. 2007, 49, 505–514. [CrossRef]

98. Sevilla, F.; Camejo, D.; Ortiz-Espín, A.; Calderón, A.; Lázaro, J.J.; Jiménez, A. The thioredoxin/peroxiredoxin/

sulfiredoxin system: Current overview on its redox function in plants and regulation by reactive oxygen and
nitrogen species. J. Exp. Bot. 2015, 66, 2945–2955. [CrossRef]

99. Root, P.; Sliskovic, I.; Mutus, B. Platelet cell-surface protein disulphide-isomerase mediated
S-nitrosoglutathione consumption. Biochem. J. 2004, 382, 575–580. [CrossRef]

100. Sliskovic, I.; Raturi, A.; Mutus, B. Characterization of the S-Denitrosation Activity of Protein Disulfide
Isomerase. J. Biol. Chem. 2004, 280, 8733–8741. [CrossRef]

101. Houston, N.L.; Fan, C.; Xiang, J.Q.; Schulze, J.-M.; Jung, R.; Boston, R.S. Phylogenetic Analyses Identify
10 Classes of the Protein Disulfide Isomerase Family in Plants, Including Single-Domain Protein Disulfide
Isomerase-Related Proteins. Plant Physiol. 2005, 137, 762–778. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.1156970
http://www.ncbi.nlm.nih.gov/pubmed/18635760
http://dx.doi.org/10.1016/j.molcel.2014.08.003
http://www.ncbi.nlm.nih.gov/pubmed/25201412
http://dx.doi.org/10.1105/tpc.109.071225
http://dx.doi.org/10.1093/aob/mcv116
http://www.ncbi.nlm.nih.gov/pubmed/26229066
http://dx.doi.org/10.1007/s00425-011-1349-4
http://dx.doi.org/10.1074/jbc.M113.475467
http://dx.doi.org/10.1038/srep37601
http://dx.doi.org/10.1089/ars.2017.7164
http://dx.doi.org/10.1089/ars.2010.3657
http://dx.doi.org/10.1046/j.1365-313X.2003.01669.x
http://dx.doi.org/10.1104/pp.104.058719
http://www.ncbi.nlm.nih.gov/pubmed/15734904
http://dx.doi.org/10.1105/tpc.107.055061
http://www.ncbi.nlm.nih.gov/pubmed/18165327
http://dx.doi.org/10.1074/jbc.M112.433755
http://dx.doi.org/10.1038/nature02075
http://dx.doi.org/10.1073/pnas.1608784113
http://dx.doi.org/10.1111/j.1365-313X.2006.02969.x
http://dx.doi.org/10.1093/jxb/erv146
http://dx.doi.org/10.1042/BJ20040759
http://dx.doi.org/10.1074/jbc.M408080200
http://dx.doi.org/10.1104/pp.104.056507
http://www.ncbi.nlm.nih.gov/pubmed/15684019


Plants 2020, 9, 1426 16 of 16

102. Zhang, Z.; Liu, X.; Li, R.; Yuan, L.; Dai, Y.; Wang, X. Identification and Functional Analysis of a Protein
Disulfide Isomerase (AtPDI1) in Arabidopsis thaliana. Front. Plant Sci. 2018, 9, 913. [CrossRef]

103. Jourd’Heuila, D.; Larouxa, F.S.; Miles, A.M.; Wink, D.A.; Grisham, M.B. Effect of Superoxide Dismutase on
the Stability ofS-Nitrosothiols. Arch. Biochem. Biophys. 1999, 361, 323–330. [CrossRef] [PubMed]

104. Johnson, M.A.; Macdonald, T.L.; Mannick, J.B.; Conaway, M.R.; Gaston, B. AcceleratedS-Nitrosothiol
Breakdown by Amyotrophic Lateral Sclerosis Mutant Copper,Zinc-Superoxide Dismutase. J. Biol. Chem.
2001, 276, 39872–39878. [CrossRef] [PubMed]

105. Schonhoff, C.M.; Matsuoka, M.; Tummala, H.; Johnson, M.A.; Estevéz, A.G.; Wu, R.; Kamaid, A.; Ricart, K.C.;
Hashimoto, Y.; Gaston, B.; et al. S-nitrosothiol depletion in amyotrophic lateral sclerosis. Proc. Natl. Acad.
Sci. USA 2006, 103, 2404–2409. [CrossRef] [PubMed]

106. Tsang, C.K.; Liu, Y.; Thomas, J.; Zhang, Y.; Zheng, X.F.S. Superoxide dismutase 1 acts as a nuclear transcription
factor to regulate oxidative stress resistance. Nat. Commun. 2014, 5, 3446. [CrossRef] [PubMed]

107. Emengel, A.; Echaki, M.; Eshekariesfahlan, A.; Lindermayr, C. Effect of nitric oxide on gene
transcription—S-nitrosylation of nuclear proteins. Front. Plant Sci. 2013, 4, 293.

108. Spyrou, G.; Enmark, E.; Miranda-Vizuete, A.; Gustafsson, J. Cloning and Expression of a Novel Mammalian
Thioredoxin. J. Biol. Chem. 1997, 272, 2936–2941. [CrossRef]

109. Kneeshaw, S.; Spoel, S.H. Thioredoxin-Dependent Decomposition of Protein S-Nitrosothiols. In Nitric Oxide.
Methods in Molecular Biology; Mengel, A., Lindermayr, C., Eds.; Humana Press: New York, NY, USA, 2018;
Volume 1747.

110. Borrelli, V.M.G.; Brambilla, V.; Rogowsky, P.; Marocco, A.; Lanubile, A. The Enhancement of Plant Disease
Resistance Using CRISPR/Cas9 Technology. Front. Plant Sci. 2018, 9, 1245. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3389/fpls.2018.00913
http://dx.doi.org/10.1006/abbi.1998.1010
http://www.ncbi.nlm.nih.gov/pubmed/9882463
http://dx.doi.org/10.1074/jbc.M102781200
http://www.ncbi.nlm.nih.gov/pubmed/11518706
http://dx.doi.org/10.1073/pnas.0507243103
http://www.ncbi.nlm.nih.gov/pubmed/16461917
http://dx.doi.org/10.1038/ncomms4446
http://www.ncbi.nlm.nih.gov/pubmed/24647101
http://dx.doi.org/10.1074/jbc.272.5.2936
http://dx.doi.org/10.3389/fpls.2018.01245
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Origin and Fate of Thiol S-Nitrosation in Plant Cells 
	S-Nitrosoglutathione Reductase Indirectly Regulates Protein S-Nitrosation Status in Plants 
	The Key Role of the Mammalian Thioredoxin System in Protein Denitrosation 
	Thioredoxin Systems in Higher Plants 
	TRX Role in Denitrosation of Plant Proteins 
	Complementary Role of Plant Peroxiredoxins and Sulfiredoxins in the TRX-Dependent Denitrosation 
	Other Mechanisms of Protein Denitrosation in Plants 
	Conclusions and Perspectives 
	References

