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Nitric oxide (NO) plays an important role in many different physiological processes in plants.
It mainly acts by post-translationally modifying proteins. Modiﬁcation of cysteine residues
termed as S-nitrosylation is believed to be the most important mechanism for transduction
of bioactivity of NO. The ﬁrst proteins found to be nitrosylated were mainly of cytoplasmic
origin or isolated from mitochondria and peroxisomes. Interestingly, it was shown that
redox-sensitive transcription factors are also nitrosylated and that NO inﬂuences the redoxdependent nuclear transport of some proteins.This implies that NO plays a role in regulating
transcription and/or general nuclear metabolism which is a fascinating new aspect of NO
signaling in plants. In this review, we will discuss the impact of S-nitrosylation on nuclear
plant proteins with a focus on transcriptional regulation, describe the function of this
modiﬁcation and draw also comparisons to the animal system in which S-nitrosylation
of nuclear proteins is a well characterized concept.
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INTRODUCTION
Nitric oxide (NO) is a small, highly reactive gaseous radical.
Although it is cytotoxic in high concentrations, NO plays a key
role as a biological messenger in all kingdoms. In plants, it is
implicated in various physiological processes like ﬂowering, stomatal closure, germination, root development, gravitropism, and
responses to abiotic and biotic stresses (Delledonne et al., 1998;
Durner et al., 1998; Garcia-Mata and Lamattina, 2002; Pagnussat
et al., 2002; He et al., 2004; Hu et al., 2005; Lombardo et al., 2006;
De Michele et al., 2009; Sirova et al., 2011; Tanou et al., 2012).
Due to its instable nature, NO has a very rich chemistry.
Besides direct dative binding to metal ions NO can further react
with superoxide and molecular oxygen, resulting in the formation of peroxynitrite and dinitrogen trioxide N2 O3 (or higher
oxides like NO2 ), respectively. Moreover, adding or removing
one electron from the antibonding highest occupied molecular
orbital by reducing or oxidizing chemicals yields nitroxyl anion
(NO− ) and nitrosonium cation (NO+ ). Collectively, these species
are referred to as reactive nitrogen species (RNS) each having
distinct chemical properties leading to numerous reactions with
biological molecules like lipids, carbohydrates, nucleic acids, and
proteins. Although most of these reactions were assumed to be
indicative for nitrosative stress in the past, it has become clear that
some of these RNS also function as important redox-signaling
molecules in the cell by binding covalently to target proteins
(Suzuki et al., 2012; Yun et al., 2012). This as redox-signaling
termed mechanism should not be considered as a discrete set of
signaling cascades. Rather, the cell should be seen as set of compartments each having distinct redox-sensitive proteins as well as
redox buffering capacities. Changes in the redox potential of these
compartments could then inﬂuence other signaling pathways by
modifying redox-sensitive proteins (Foyer and Noctor, 2013).
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There are three important NO-dependent modiﬁcations: metal
nitrosylation, tyrosine nitration, and cysteine S-nitrosylation.
In a direct reaction termed metal nitrosylation, NO (Lewis base)
binds to the transition metal (Lewis acid) of metalloproteins yielding a metal–nitrosyl complex. One example from mammals is the
binding of NO to the heme center of soluble guanylate cyclase
which activates this enzyme by inducing conformational changes
and this in turn leads to the production of cyclic GMP (Russwurm
and Koesling, 2004).
Reactive nitrogen species can modify the activity of proteins
by covalently binding to tyrosine and cysteine residues. Tyrosine
nitration refers to the addition of a nitro group to susceptible
tyrosine residues in ortho position to the hydroxyl group thus
leading to 3-nitrotyrosine. The main nitrating species is peroxynitrite which is produced in a diffusion controlled reaction between
NO and superoxide (Ferrer-Sueta and Radi, 2009). Tyrosine nitration was originally considered to be indicative for oxidative and
nitrosative stress but evidence accumulates that this modiﬁcation
also has a signaling function in plant cells (Cecconi et al., 2009;
Gaupels et al., 2011).
S-nitrosylation of protein cysteine residues is believed to be
the most important mechanism for transduction of bioactivity of
NO in plants. The formation of nitrosothiols is still debated. The
direct reaction of thiol groups with NO is too slow to occur in vivo,
instead it is assumed that N2 O3 is the main nitrosylating species in
aerobic conditions although the formation of dinitrogen trioxide
is controversially discussed (Folkes and Wardman, 2004; Ridnour
et al., 2004). Other RNS described to mediate S-nitrosothiol formation are nitrosonium and nitroxyl ions (Ridnour et al., 2004).
Nitroso groups can also be transferred between thiols in a process
termed as transnitrosylation. Transnitrosylation occurs between
proteins and between proteins and low molecular weight SNOs
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(e.g., S-nitrosylated glutathione GSNO) in animals; in plants,
however, evidence for this mechanism is lacking (Hogg, 2002;
Nakamura and Lipton, 2013). Enzymatic denitrosylation is mediated by GSNO reductase (GSNOR) and thioredoxins (Trx), both
proteins are crucial for maintaining SNO-homeostasis (Sakamoto
et al., 2002; Feechan et al., 2005; Sengupta and Holmgren, 2013).
Initial proteomic screens for S-nitrosylated proteins in
A. thaliana revealed 53 mainly cytoplasmic proteins but this number increased drastically over the last years (Lindermayr et al.,
2005). Up to date several screens targeting the proteomes of different organelles like mitochondria and peroxisomes identiﬁed more
than 250 candidate proteins to be S-nitrosylated involved in a wide
range of physiological processes ranging from stress response to
metabolism (Kovacs and Lindermayr, 2013; Louniﬁ et al., 2013).
Interestingly, microarray analysis and ampliﬁed fragment-length
polymorphism (AFLP) transcript proﬁling of plants treated with
gaseous NO and sodium nitroprusside, respectively, showed that
NO leads to changes in the transcriptome of Arabidopsis (Huang
et al., 2002; Polverari et al., 2003). Promoter analysis of the genes
co-expressed after NO treatment revealed the accumulation of certain transcription factor binding sites, like octopine synthase gene
(ocs) elements and WRKY-sites (Palmieri et al., 2008). This raised
the question whether NO affects transcription directly by nitrosylating transcription factors or other transcriptional regulators.
In some bacteria, for instance, redox-sensitive cysteine residues of
the transcriptional activator OxyR can undergo redox-dependent

FIGURE 1 | S-nitrosylation can affect gene transcription in several
ways. Upon S-nitrosylation proteins can change their subcellular localization
which may lead to either import in (A) or export out (B) of the nucleus
(Qu et al., 2007; Malik et al., 2010). Alternatively, S-nitrosylation is also
described to alter DNA-binding activity of certain proteins (C,D; Serpa et al.,
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post-translational modiﬁcations like oxidation to sulﬁnic acid,
S-glutathionylation, or S-nitrosylation. Each of these modiﬁcations affects binding afﬁnity and speciﬁcity of OxyR to DNA
thus resulting in distinct transcriptional responses (Marshall et al.,
2000). Besides regulation of DNA-binding, S-nitrosylation of
nuclear proteins could also affect their subcellular localization or
regulate the association with binding partners thereby modulating
transcription and/or general nuclear metabolism. In animals, for
instance, S-nitrosylation of the nuclear export receptor CRM1
(karyopherin chromosomal region maintenance 1) leads to a
decrease in the export rate and a subsequent nuclear accumulation of its target protein Nrf2, an antioxidant transcription factor
(Wang et al., 2009). The possible modes of action of NO on gene
transcription are shown in Figure 1.
In this review, we will summarize the current knowledge about
S-nitrosylated nuclear plant proteins. What is the impact and function of this post-translational modiﬁcation? Comparisons to the
animal system will be drawn in which much more is known about
the effect of S-nitrosylation on transcription.

S -NITROSYLATED NUCLEAR PROTEINS
GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE AND CYTOSOLIC
ALDOLASE

It is well-known that glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) not only plays an important role in glycolysis but also
participates in nuclear events like regulation of gene transcription,

2007; Lindermayr et al., 2010; Sha and Marshall, 2012). Additionally,
SNO-formation can lead to association/dissociation of macromolecular
complexes which may result in dissociation from chromatin (E; Nott et al.,
2008). Various combinations including indirect regulation are also
conceivable (F).
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RNA transport and DNA replication. In animal cells, the link
between NO signaling and nuclear action of GAPDH is well
established. GAPDH lacks a nuclear localization signal and the
homotetramer is too large (150 kDa) to pass passively through
nuclear pores. Upon stress GAPDH is speciﬁcally nitrosylated
at Cys150 by inducible NO-synthase (iNOS) leading to complex
formation with seven in absentia homolog 1 (Siah1), an E3
ubiquitin ligase. Siah1 has a very rapid turnover in HEK293
cells but binding to GAPDH markedly increases its stability.
The nuclear import signal of Siah1 enables the translocation of
the GAPDH/Siah1 complex into the nucleus (Hara et al., 2005).
Interestingly, it was shown that nitrosylated GAPDH can transnitrosylate nuclear proteins including deacetylating enzyme sirtuin
1 (SIRT1), histone deacetylase 2 (HDAC2), and DNA-activated
protein kinase (DNA-PK) thereby affecting gene transcription
(Kornberg et al., 2010). This mechanism can elegantly explain
speciﬁcity of S-nitrosylation in the nucleus in the absence of a
nuclear NO-synthase (Stamler and Hess, 2010).
In Arabidopsis, both GAPDH isoforms GapC1 and GapC2
were shown to be nitrosylated and glutathionylated on Cys155
and Cys159 (Holtgrefe et al., 2008). These cysteine modiﬁcations
inhibit GAPDH in vitro, but activity could be restored upon addition of dithiothreitol (DTT) demonstrating the reversibility of
these modiﬁcations. A GFP–GAPDH fusion protein was localized in both the cytosol and nucleus in A. thaliana protoplasts
indicating partial nuclear localization of GAPDH (Holtgrefe et al.,
2008). Moreover, a complex of a GAPDH isoform and NtOSAK
(Nicotiana tabacum osmotic stress-activated protein kinase) partially localized to the nucleus in BY2 cells after salt stress. Both
proteins of this complex seem to be regulated by NO: GAPDH
is directly S-nitrosylated, whereas the regulation of NtOSAK is
rather indirect, involving the NO-dependent phosphorylation of
a serine residue in the activation loop of the kinase (Wawer et al.,
2010). In addition, cadmium stress induced a strong nuclear accumulation of GapC1 in Arabidopsis root tips, which was – in sharp
contrast to animal cells – not dependent on S-nitrosylation of the
catalytic Cys-residue (Vescovi et al., 2013). Interestingly, GAPDH
was found to bind to the malate dehydrogenase promoter by using
electrophoretic mobility shift assays pointing toward a possible
role as transcriptional activator/repressor (Holtgrefe et al., 2008).
In conclusion, in contrast to animal cells, the molecular function of
S-nitrosylation of GAPDH in plants is rather unclear, and further
work is needed to decipher the role of GAPDH in NO-mediated
signaling.
Aldolases catalyze the reversible condensation of Dglyceraldehyde-3-phosphate and dihydroxyacetone phosphate and
are involved in glycolysis, gluconeogenesis, and the Calvin cycle.
Higher plants possess different isoforms of aldolases localized to
either the cytosol or plastids. It was shown that the enzymatic activity of one isoform of cytosolic aldolase from A. thaliana is inhibited
by different redox modiﬁcations. Cys68 and Cys173 were both glutathionylated, while nitrosylation was only detected at Cys173 (van
der Linde et al., 2011). Several studies support the idea that cytosolic aldolase might take over functions in the nucleus. First, this
enzyme was found to be localized in the pea leaf nucleus (Anderson et al., 2005). Second, cytosolic aldolase was identiﬁed as an
interaction partner of the MADS-box transcription factor NMH7
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in Medicago sativa (Paez-Valencia et al., 2008). Third, a GFP-fusion
construct partially localized to the nucleus in A. thaliana protoplasts (van der Linde et al., 2011). Fourth, this enzyme was shown
to be associated with the NADPH-malate dehydrogenase promoter
(Hameister et al., 2007). However, nothing is known about the
impact of redox modiﬁcations on nuclear activity of cytosolic
aldolase.
MYB TRANSCRIPTION FACTORS

In plants, MYB factors are one of the largest families of transcription factors (Stracke et al., 2001). In the genome of A. thaliana,
approximately 9% of the estimated number of transcription factors belongs to the MYB family (Riechmann et al., 2000). MYB
transcription factors are involved in the regulation of a wide
range of physiological processes including metabolic pathways,
cell fate and identity, developmental processes and responses to
biotic and abiotic stresses (Dubos et al., 2010). They are characterized by a highly conserved DNA-binding domain (MYB
DBD). The MYB DBD consists of up to four sequence repeats
of about 52 amino acids, each forming three α-helices (Dubos
et al., 2010). The third helix of each repeat is the “recognition
helix” that makes direct contact with the major groove of DNA
(Dubos et al., 2010). The repeated domains increase speciﬁcity
of DNA-binding and depending on their number, MYB proteins
can be divided into different classes. R2–R3 MYB factors constitute an expanded family of MYB proteins in plants that contain a
N-terminal DNA-binding domain formed by two adjacent MYB
repeats (R2 and R3) and an activation or repression domain usually located in the C-terminus (Dubos et al., 2010). In contrast to
the highly conserved MYB domain, the other regions of R2R3MYB proteins are highly variable which can explain the wide
range of regulatory roles of members of this family in plantspeciﬁc processes (Wilkins et al., 2009). R2R3-MYB factors contain
a highly conserved Cys at position 53 (Cys53) which is also present
in MYB proteins from animals and fungi (Serpa et al., 2007). The
presence of this surface exposed Cys-residue within the DNAbinding domain raises the question whether DNA-binding activity
is regulated by oxidative modiﬁcations of this amino acid. Indeed,
the DNA-binding of M2D (a fully active DNA-binding domain
of AtMYB2) is inhibited by S-nitrosylation of Cys53 (Serpa et al.,
2007). This mechanism might be conserved throughout different kingdoms as it was demonstrated that NO-donors (SNP and
SNOG) severely inhibited DNA-binding of the chicken c-Myb
minimal DNA-binding domain R2R3 and that Cys130 (equivalent to Cys53 in plants) is essential for this inhibitory effect
(Brendeford et al., 1998).
NON-EXPRESSOR OF PATHOGENESIS-RELATED GENES 1 AND TGA1

In mammalian immunity, the cofactor inhibitor of kappaB (IκB),
which shares structural features with plant non-expressor of
pathogenesis-related genes 1 (NPR1; Cao et al., 1997; Ryals et al.,
1997), functions to sequester the transcription factor nuclear
factor kappaB (NF-κB) in the cytoplasm and prevents it from
activating gene expression. In response to pathogen attack, IκB is
rapidly phosphorylated and targeted for ubiquitin-mediated proteolysis, allowing NF-κB to localize to the nucleus and activate
target genes (Hayden and Ghosh, 2004).
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NF-κB itself is a redox-regulated transcription factor in
mammals. Within the DNA-binding domain, Cys62 of the p50
subunit is critical for ROS-regulated DNA-binding (Matthews
et al., 1992) and is modiﬁed by S-nitrosylation (Matthews et al.,
1996).
The transcription cofactor NPR1, a key regulator of systemic
acquired resistance (SAR), is essential for salicylic acid (SA)mediated signal transduction (Rockel et al., 2002). Recently, it has
been shown that NPR1 binds SA and works as a SA receptor (Wu
et al., 2012). In unchallenged plants, Cys residues in NPR1 form
intermolecular disulﬁde bonds, driving the formation of NPR1
oligomers (Mou et al., 2003). These NPR1-oligomers are retained
in the cytosol. Upon pathogen challenge, the level of SA increases
followed by changes in the cellular redox state, resulting in reduction of disulﬁde bonds in NPR1. Reduction of the NPR1 oligomers
releases monomers that translocate to the nucleus where they
interact with TGA transcription factors and subsequently activate the expression of pathogenesis-related (PR) genes (Kinkema
et al., 2000). Moreover, NPR1 regulates the transcript accumulation of callose synthase genes during defense response (Dong et al.,
2008). Interestingly, S-nitrosylation of C156 of NPR1 facilitates its
oligomerization (Tada et al., 2008). Trx catalyze the monomerization of NPR1 and allow the translocation into the nucleus.
Surprisingly, the nuclear translocation of NPR1 is also induced
by GSNO (Lindermayr et al., 2010). However, the S-nitrosylationmediated oligomerization is not considered to be an inhibitory
effect of NPR1 signaling but rather as a step prior to monomer
accumulation.
The TGACG motif binding transcription factors (TGA) belong
to the group of basic leucine zipper (bZIP) proteins and the
DNA-binding sites for several bZIP factors were enriched in promoter regions of NO-regulated genes (Palmieri et al., 2008). In the
nucleus, NPR1 interacts with TGA that binds to cis-elements of
the PR1 promoter, promoting PR1 gene expression and defense
(Zhou et al., 2000; Despres, 2003). Redox-dependent interaction
with NPR1 is only described for TGA1 and TGA4 which comprise
group I and possess four cysteine residues. TGA2, TGA3, TGA5,
TGA6, and TGA7 interact with NPR1 independently of the cellular
redox status (Zhang et al., 1999; Zhou et al., 2000; Despres, 2003).
The Cys residues C260 and C266 of TGA1 form a disulﬁde bond
under oxidizing conditions precluding its interaction with NPR1.
These Cys residues are conserved in TGA4, but not in the other
TGA isoforms.
Redox regulation of TGA1 and NPR1 has been proposed to
involve S-nitrosylation (Lindermayr et al., 2010). Both proteins
are S-nitrosylated in vitro after S-nitrosoglutathione (GSNO)
treatment (Tada et al., 2008; Lindermayr et al., 2010), resulting
in enhanced DNA-binding activity of TGA1 toward its cognate
target in the presence of NPR1 (Lindermayr et al., 2010). The
GSNO-dependent modiﬁcations probably result in conformational changes of TGA1 and/or NPR1, which allow a more effective
TGA1–NPR1 interaction and enhanced DNA-binding of TGA1
(Lindermayr et al., 2010). The redox status of C172/C287 of TGA1
seems to be important for its DNA-binding activity. Reducing this
disulﬁde bridge and subsequent GSNO-dependent modiﬁcation
of the corresponding cysteine residues positively affect DNAbinding of this transcription factor (Lindermayr et al., 2010).
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HISTONE DEACETYLASES

Acetylation of histone lysine residues is a very important epigenetic
regulatory mechanism. Histone acetyltransferases (HATs) catalyze
the transfer of acetyl groups from acetyl-coenzyme A on lysine
residues of histone tails thereby neutralizing the positive charge of
the lysine residue. This reduces the afﬁnity of histones for negatively charged DNA resulting in a loose chromatin structure that
is easily accessible for the transcriptional machinery. In contrast,
histone deacetylases (HDACs) remove the acetyl group of histone
tails and condense the chromatin, thereby resulting in reduced
gene expression (Luo et al., 2012). Histones are not the only substrates of HATs and HDACs, acetylation and deacetylation of a
wide variety of proteins is catalyzed by these enzymes (Wu et al.,
2000). In animals, members of both enzyme groups are known
to be regulated by S-nitrosylation. Here, we will focus on HDACs
because so far there is nothing known about S-nitrosylation of
HATs in plants.
Brain-derived neurotrophic factor (BDNF) and other neurotrophins play a crucial role in the development of the rat and
mouse nervous system by inﬂuencing the expression of many speciﬁc genes that promote differentiation, cell survival, etc. (Nott
et al., 2008). Since studies on the effect of NO on chromatin
remodeling in neurons showed that NO alters the acetylation
state of chromatin associated with the promoter of neurotrophinregulated genes, one function of NO in the nucleus might be to
regulate gene expression by inﬂuencing the interaction of transcription factors with chromatin (Nott et al., 2008). Nott et al.
(2008) investigated whether NO affects histone acetylation by
modifying HDAC activity and found that NO is a key regulator of human histone deacetylase 2 (HDAC2). It was shown
that BDNF triggers NO synthesis and also a rapid and sustained
S-nitrosylation of HDAC2 in neurons. HDAC2 contains three cysteine residues and only double mutation of Cys262 and Cys274
completely abolished its S-nitrosylation (Nott et al., 2008). Snitrosylation of HDAC2 did not affect its deacetylase activity, in
contrast, it induced its release from chromatin, which lead to
an increase of histone acetylation at speciﬁc promoter regions
and transcription of genes associated with neuronal development including c-fos, egr1, VGF, and nNos (Riccio et al., 2006;
Nott et al., 2008). NO-dependent inhibition of HDAC2 function has also been reported in muscle cells (Colussi et al., 2008).
Interestingly, S-nitrosylation decreases HDAC2 deacetylase activity (Colussi et al., 2008) whereas in neurons HDAC2 enzymatic
activity remains unchanged (Nott et al., 2008). This divergence
could be due to different S-nitrosylated cysteine residue(s) of
HDAC2 in muscle cells and neurons (Nott and Riccio, 2009).
In mammals, class I HDACs are ubiquitously expressed and
are localized predominantly in the nucleus. In contrast, class II
and IV HDACs are expressed tissue-speciﬁc and they are regulated
by controlling their subcellular localization (Watson and Riccio,
2009). In unstimulated cells, class II HDACs (e.g., HDAC4/5) are
retained in the cytoplasm due to phosphorylation by calcium–
calmodulin-dependent kinases (CaMKs) and subsequent association with the cytoplasmic chaperone 14-3-3 (McKinsey et al.,
2001). Upon stimulation, dephosphorylation leads to the dissociation of the complex allowing class II HDACs to shuttle into
the nucleus. Class II HDACs are indirectly regulated by NO.
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S-nitrosylation of PP2A enforces its binding to HDAC4/14-3-3
leading to dephosphorylation and subsequent nuclear localization
of HDAC4 (Illi et al., 2008).
In plants, three families of HDACs can be distinguished based
on sequence similarity. The largest family in Arabidopsis consists of 12 members – characterized by a highly conserved HDAC
domain – and shares homology with yeast RPD3 (reduced potassium dependency protein 3) or HDA1 (histone deacetylase 1).
Sirtuins (two members in Arabidopsis) are homologous to yeast
SIR2 (silent information regulator 2) and have a different catalytic
mechanism as they need NADH as a cofactor. The HD2-like family seems to be plant-speciﬁc, no homologs have been identiﬁed in
other organisms so far (Luo et al., 2012). HD2-like proteins play
an important role during the hypersensitive response in tobacco:
Bourque et al. (2011) showed that NtHD2a/b act as negative regulators of cryptogein induced cell death by using HDAC inhibitors,
RNAi, and overexpression approaches. Alignment of Arabidopsis
RPD3-like HDACs revealed the presence of some highly conserved cysteine residues. Interestingly, Cys262 or Cys274 of human
HDAC2 (which were shown to be nitrosylated; Nott et al., 2008) are
also preserved in many Arabidopsis HDACs (for instance Cys209
and Cys221 of HDA19), making these proteins interesting candidates for further studies. Data from our lab support the idea
that histone deacetylases might also be redox regulated in plants
(Floryszak-Wieczorek et al., 2012).

CONCLUSION
S-nitrosylation is emerging as one of the most important redoxdependent modiﬁcations in plants but only very few detailed studies are available about the impact of this modiﬁcation on nuclear
plant proteins. Important knowledge about S-nitrosylation in
general in the nucleus is still lacking. Speciﬁcally, the presence of NO or nitrosylating species in this compartment has
REFERENCES
Anderson, L. E., Ringenberg, M.
R., Brown, V. K., and Carol,
A. A. (2005). Both chloroplastic
and cytosolic phosphofructoaldolase
isozymes are present in the pea leaf
nucleus. Protoplasma 225, 235–242.
doi: 10.1007/s00709-005-0099-1
Bourque, S., Dutartre, A., Hammoudi,
V., Blanc, S., Dahan, J., Jeandroz, S., et al. (2011). Type-2 histone deacetylases as new regulators of
elicitor-induced cell death in plants.
New Phytol. 192, 127–139. doi:
10.1111/j.1469-8137.2011.03788.x
Brendeford, E. M., Andersson, K. B., and
Gabrielsen, O. S. (1998). Nitric oxide
(NO) disrupts speciﬁc DNA binding
of the transcription factor c-Myb in
vitro. FEBS Lett. 425, 52–56. doi:
10.1016/S0014-5793(98)00196-3
Cao, H., Glazebrook, J., Clarke, J.
D., Volko, S., and Dong, X. (1997).
The Arabidopsis NPR1 gene that
controls systemic acquired resistance
encodes a novel protein containing
ankyrin repeats. Cell 88, 57–63. doi:
10.1016/S0092-8674(00)81858-9

www.frontiersin.org

Cecconi, D., Orzetti, S., Vandelle,
E., Rinalducci, S., Zolla, L., and
Delledonne, M. (2009). Protein nitration during defense response in
Arabidopsis thaliana. Electrophoresis
30, 2460–2468. doi: 10.1002/elps.200
800826
Colussi, C., Mozzetta, C., Gurtner,
A., Illi, B., Rosati, J., Straino, S.,
et al. (2008). HDAC2 blockade by
nitric oxide and histone deacetylase
inhibitors reveals a common target in Duchenne muscular dystrophy treatment. Proc. Natl. Acad.
Sci. U.S.A. 105, 19183–19187. doi:
10.1073/pnas.0805514105
Delledonne, M., Xia, Y., Dixon, R. A.,
and Lamb, C. (1998). Nitric oxide
functions as a signal in plant disease
resistance. Nature 394, 585–588. doi:
10.1038/29087
De Michele, R., Vurro, E., Rigo, C.,
Costa, A., Elviri, L., Di Valentin, M.,
et al. (2009). Nitric oxide is involved
in cadmium-induced programmed
cell death in Arabidopsis suspension
cultures. Plant Physiol. 150, 217–228.
doi: 10.1104/pp.108.133397

not been proven so far. It is also known that GSH – the main
reductant of the cell – accumulates to very high concentrations
in the nucleus at certain cell cycle stages, probably to protect
the DNA from oxidative damage (Garcia-Gimenez et al., 2013).
This raises the question how S-nitrosylation in the nucleus is
maintained and temporally/spatially controlled. Nevertheless, evidence accumulates that S-nitrosylation of nuclear plant proteins
(for instance transcription factors) probably participates in regulation of transcription. In animals, several transcription factors
are known to be regulated by this post-translational modiﬁcation:
results from studies in neuronal physiology have demonstrated
that NO modulates gene expression through the formation of
SNO-bonds in multiple transcriptional activators (Nott and Riccio, 2009). For instance, S-nitrosylation mediates NO-dependent
regulation of various zinc-ﬁnger-containing transcription factors, including egr-1 and NFκB. As zinc-ﬁnger motifs are very
sensitive to S-nitrosylation this class of TFs might also be interesting to study in plants. Besides acting on transcription factors,
NO also seems to be involved in epigenetic regulation of plant
chromatin by modifying key remodeler enzymes like HDACs,
which is a new and fascinating aspect of NO-mediated redox
signaling in plants. However, important questions are remaining. Work so far has mostly been carried out in vitro, the in
vivo relevance as well as the exact molecular mechanism still
needs to be determined leaving much space for future investigations.

ACKNOWLEDGMENTS
This work was supported by the Bundesministerium für Bildung und Forschung and by a Marie Curie Intra-European
Fellowship within the 7th European Community Framework
Programme (FP7-PEOPLE-2011-IEF) under grant agreement
n◦ 300176.
Despres, C. (2003). The Arabidopsis
NPR1 disease resistance protein is a
novel cofactor that confers redox regulation of DNA binding activity to
the basic domain/leucine zipper transcription factor TGA1. Plant Cell 15,
2181–2191. doi: 10.1105/tpc.012849
Dong, X., Hong, Z., Chatterjee, J.,
Kim, S., and Verma, D. P. (2008).
Expression of callose synthase genes
and its connection with Npr1 signaling pathway during pathogen
infection. Planta 229, 87–98. doi:
10.1007/s00425-008-0812-3
Dubos, C., Stracke, R., Grotewold,
E., Weisshaar, B., Martin, C.,
and Lepiniec, L. (2010). MYB
transcription factors in Arabidopsis.
Trends Plant Sci. 15, 573–581. doi:
10.1016/j.tplants.2010.06.005
Durner, J., Wendehenne, D., and Klessig,
D. F. (1998). Defense gene induction
in tobacco by nitric oxide, cyclic GMP,
and cyclic ADP-ribose. Proc. Natl.
Acad. Sci. U.S.A. 95, 10328–10333.
doi: 10.1073/pnas.95.17.10328
Feechan, A., Kwon, E., Yun, B. W., Wang,
Y., Pallas, J. A., and Loake, G. J. (2005).

A central role for S-nitrosothiols in
plant disease resistance. Proc. Natl.
Acad. Sci. U.S.A. 102, 8054–8059. doi:
10.1073/pnas.0501456102
Ferrer-Sueta, G., and Radi, R. (2009).
Chemical biology of peroxynitrite:
kinetics, diffusion, and radicals.
ACS Chem. Biol. 4, 161–177. doi:
10.1021/cb800279q
Floryszak-Wieczorek, J., ArasimowiczJelonek, M., Milczarek, G., Janus, L.,
Pawlak-Sprada, S., Abramowski, D.,
et al. (2012). Nitric oxide-mediated
stress imprint in potato as an effect
of exposure to a priming agent. Mol.
Plant Microbe Interact. 25, 1469–
1477. doi: 10.1094/MPMI-02-120044-R
Folkes, L. K., and Wardman, P. (2004).
Kinetics of the reaction between
nitric oxide and glutathione: implications for thiol depletion in cells. Free
Radic. Biol. Med. 37, 549–556. doi:
10.1016/j.freeradbiomed.2004.05.012
Foyer, C. H., and Noctor, G. (2013).
Redox signaling in plants. Antioxid.
Redox Signal. 18, 2087–2090. doi:
10.1089/ars.2013.5278

August 2013 | Volume 4 | Article 293 | 5

“fpls-04-00293” — 2013/7/30 — 17:42 — page 5 — #5

Mengel et al.

Garcia-Gimenez, J. L., Markovic, J.,
Dasi, F., Queval, G., Schnaubelt,
D., Foyer, C. H., et al. (2013).
Nuclear glutathione. Biochim. Biophys. Acta 1830, 3304–3316. doi:
10.1016/j.bbagen.2012.10.005
Garcia-Mata, C., and Lamattina, L.
(2002). Nitric oxide and abscisic acid
cross talk in guard cells. Plant Physiol. 128, 790–792. doi: 10.1104/
pp.011020
Gaupels, F., Spiazzi-Vandelle, E., Yang,
D., and Delledonne, M. (2011).
Detection of peroxynitrite accumulation in Arabidopsis thaliana during
the hypersensitive defense response.
Nitric Oxide 25, 222–228. doi:
10.1016/j.niox.2011.01.009
Hameister, S., Becker, B., Holtgrefe, S., Strodtkotter, I., Linke,
V., Backhausen, J. E., et al. (2007).
Transcriptional regulation of NADPdependent malate dehydrogenase:
comparative genetics and identiﬁcation of DNA-binding proteins.
J. Mol. Evol. 65, 437–455. doi:
10.1007/s00239-007-9025-9
Hara, M. R., Agrawal, N., Kim, S.
F., Cascio, M. B., Fujimuro, M.,
Ozeki, Y., et al. (2005). S-nitrosylated
GAPDH initiates apoptotic cell death
by nuclear translocation following
Siah1 binding. Nat. Cell Biol. 7,
665–674. doi: 10.1038/ncb1268
Hayden, M. S., and Ghosh, S. (2004).
Signaling to NF-kappaB. Genes Dev.
18, 2195–2224. doi: 10.1101/
gad.1228704
He, Y., Tang, R. H., Hao, Y., Stevens, R.
D., Cook, C. W., Ahn, S. M., et al.
(2004). Nitric oxide represses the
Arabidopsis ﬂoral transition. Science
305, 1968–1971. doi: 10.1126/science.1098837
Hogg, N. (2002). The biochemistry
and physiology of S-nitrosothiols.
Annu. Rev. Pharmacol. Toxicol.
42, 585–600. doi: 10.1146/annurev.
pharmtox.42.092501.104328
Holtgrefe, S., Gohlke, J., Starmann,
J., Druce, S., Klocke, S., Altmann, B., et al. (2008). Regulation
of plant cytosolic glyceraldehyde 3phosphate dehydrogenase isoforms
by thiol modiﬁcations. Physiol. Plant.
133, 211–228. doi: 10.1111/j.13993054.2008.01066.x
Hu, X., Neill, S. J., Tang, Z., and
Cai, W. (2005). Nitric oxide mediates gravitropic bending in soybean
roots. Plant Physiol. 137, 663–670.
doi: 10.1104/pp.104.054494
Huang, X., Von Rad, U., and
Durner, J. (2002). Nitric oxide
induces
transcriptional
activation of the nitric oxide-tolerant
alternative oxidase in Arabidopsis suspension cells. Planta 215,

S-nitrosylation of nuclear proteins

914–923. doi: 10.1007/s00425-0020828-z
Illi, B., Dello Russo, C., Colussi, C.,
Rosati, J., Pallaoro, M., Spallotta,
F., et al. (2008). Nitric oxide modulates chromatin folding in human
endothelial cells via protein phosphatase 2A activation and class II
histone deacetylases nuclear shuttling. Circ. Res. 102, 51–58. doi:
10.1161/CIRCRESAHA.107.157305
Kinkema, M., Fan, W., and Dong, X.
(2000). Nuclear localization of NPR1
is required for activation of PR gene
expression. Plant Cell 12, 2339–2350.
doi: 10.1105/tpc.9.3.425
Kornberg, M. D., Sen, N., Hara, M. R.,
Juluri, K. R., Nguyen, J. V., Snowman,
A. M., et al. (2010). GAPDH mediates nitrosylation of nuclear proteins.
Nat. Cell Biol. 12, 1094–1100. doi:
10.1038/ncb2114
Kovacs, I., and Lindermayr, C.
(2013). Nitric oxide-based protein
modiﬁcation: formation and sitespeciﬁcity of protein S-nitrosylation.
Front. Plant Sci. 4:137. doi:
10.3389/fpls.2013.00137
Lindermayr, C., Saalbach, G., and
Durner, J. (2005). Proteomic identiﬁcation of S-nitrosylated proteins in Arabidopsis. Plant Physiol.
137, 921–930. doi: 10.1104/pp.104.
058719
Lindermayr, C., Sell, S., Muller, B., Leister, D., and Durner, J. (2010). Redox
regulation of the NPR1-TGA1 system of Arabidopsis thaliana by nitric
oxide. Plant Cell 22, 2894–2907. doi:
10.1105/tpc.109.066464
Lombardo, M. C., Graziano, M.,
Polacco, J. C., and Lamattina, L.
(2006). Nitric oxide functions as a
positive regulator of root hair development. Plant Signal. Behav. 1, 28–
33. doi: 10.4161/psb.1.1.2398
Louniﬁ, I., Arc, E., Molassiotis, A.,
Job, D., Rajjou, L., and Tanou, G.
(2013). Interplay between protein
carbonylation and nitrosylation in
plants. Proteomics 13, 568–578. doi:
10.1002/pmic.201200304
Luo, M., Wang, Y. Y., Liu, X., Yang, S.,
Lu, Q., Cui, Y., et al. (2012). HD2C
interacts with HDA6 and is involved
in ABA and salt stress response in Arabidopsis. J. Exp. Bot. 63, 3297–3306.
doi: 10.1093/jxb/ers059
Malik, M., Shukla, A., Amin, P.,
Niedelman, W., Lee, J., Jividen, K.,
et al. (2010). S-nitrosylation regulates nuclear translocation of chloride
intracellular channel protein CLIC4.
J. Biol. Chem. 285, 23818–23828. doi:
10.1074/jbc.M109.091611
Marshall, H. E., Merchant, K., and
Stamler, J. S. (2000). Nitrosation and
oxidation in the regulation of gene

Frontiers in Plant Science | Plant Physiology

expression. FASEB J. 14, 1889–1900.
doi: 10.1096/fj.00.011rev
Matthews, J. R., Botting, C. H., Panico, M., Morris, H. R., and Hay,
R. T. (1996). Inhibition of NFkappaB DNA binding by nitric oxide.
Nucleic Acids Res. 24, 2236–2242. doi:
10.1093/nar/24.12.2236
Matthews, J. R., Wakasugi, N., Virelizier, J. L., Yodoi, J., and Hay,
R. T. (1992). Thioredoxin regulates
the DNA binding activity of NFkappa B by reduction of a disulphide bond involving cysteine 62.
Nucleic Acids Res. 20, 3821–3830. doi:
10.1093/nar/20.15.3821
McKinsey, T. A., Zhang, C. L., and
Olson, E. N. (2001). Identiﬁcation
of a signal-responsive nuclear export
sequence in class II histone deacetylases. Mol. Cell. Biol. 21, 6312–
6321. doi: 10.1128/MCB.21.18.63126321.2001
Mou, Z., Fan, W., and Dong, X.
(2003). Inducers of plant systemic
acquired resistance regulate NPR1
function through redox changes. Cell
113, 935–944. doi: 10.1016/S00928674(03)00429-X
Nakamura, T., and Lipton, S. A.
(2013). Emerging role of protein–
protein transnitrosylation in cell signaling pathways. Antioxid. Redox Signal. 18, 239–249. doi: 10.1089/ars.
2012.4703
Nott, A., and Riccio, A. (2009).
Nitric oxide-mediated epigenetic
mechanisms in developing neurons. Cell Cycle 8, 725–730. doi:
10.4161/cc.8.5.7805
Nott, A., Watson, P. M., Robinson, J. D.,
Crepaldi, L., and Riccio, A. (2008).
S-nitrosylation of histone deacetylase
2 induces chromatin remodelling in
neurons. Nature 455, 411–415. doi:
10.1038/nature07238
Paez-Valencia, J., Valencia-Mayoral,
P., Sanchez-Gomez, C., ContrerasRamos, A., Hernandez-Lucas, I.,
Martinez-Barajas, E., et al. (2008).
Identiﬁcation
of
fructose-1,6bisphosphate aldolase cytosolic
class I as an NMH7 MADS domain
associated protein. Biochem. Biophys.
Res. Commun. 376, 700–705. doi:
10.1016/j.bbrc.2008.09.064
Pagnussat, G. C., Simontacchi, M., Puntarulo, S., and Lamattina, L. (2002).
Nitric oxide is required for root
organogenesis. Plant Physiol. 129,
954–956. doi: 10.1104/pp.004036
Palmieri, M. C., Sell, S., Huang, X.,
Scherf, M., Werner, T., Durner, J.,
et al. (2008). Nitric oxide-responsive
genes and promoters in Arabidopsis
thaliana: a bioinformatics approach.
J. Exp. Bot. 59, 177–186. doi:
10.1093/jxb/erm345

Polverari, A., Molesini, B., Pezzotti,
M., Buonaurio, R., Marte, M., and
Delledonne, M. (2003). Nitric oxidemediated transcriptional changes in
Arabidopsis thaliana. Mol. Plant
Microbe Interact. 16, 1094–1105. doi:
10.1094/MPMI.2003.16.12.1094
Qu, J., Liu, G. H., Huang, B., and
Chen, C. (2007). Nitric oxide controls nuclear export of APE1/Ref-1
through S-nitrosation of cysteines
93 and 310. Nucleic Acids Res. 35,
2522–2532. doi: 10.1093/nar/gkl1163
Riccio, A., Alvania, R. S., Lonze, B.
E., Ramanan, N., Kim, T., Huang,
Y., et al. (2006). A nitric oxide
signaling pathway controls CREBmediated gene expression in neurons. Mol. Cell 21, 283–294. doi:
10.1016/j.molcel.2005.12.006
Ridnour, L. A., Thomas, D. D., Mancardi, D., Espey, M. G., Miranda,
K. M., Paolocci, N., et al. (2004).
The chemistry of nitrosative stress
induced by nitric oxide and reactive nitrogen oxide species. Putting
perspective on stressful biological situations. Biol. Chem. 385, 1–10. doi:
10.1515/BC.2004.001
Riechmann, J. L., Heard, J., Martin,
G., Reuber, L., Jiang, C., Keddie, J., et al. (2000). Arabidopsis
transcription factors: genome-wide
comparative analysis among eukaryotes. Science 290, 2105–2110. doi:
10.1126/science.290.5499.2105
Rockel, P., Strube, F., Rockel, A., Wildt,
J., and Kaiser, W. M. (2002). Regulation of nitric oxide (NO) production
by plant nitrate reductase in vivo and
in vitro. J. Exp. Bot. 53, 103–110. doi:
10.1093/jexbot/53.366.103
Russwurm, M., and Koesling, D.
(2004). NO activation of guanylyl
cyclase. EMBO J. 23, 4443–4450. doi:
10.1038/sj.emboj.7600422
Ryals, J., Weymann, K., Lawton, K.,
Friedrich, L., Ellis, D., Steiner, H.,
et al. (1997). The Arabidopsis NIM1
protein shows homology to the mammalian transcription factor inhibitor
I kappa B. Plant Cell 9, 425–439. doi:
10.1105/tpc.9.3.425
Sakamoto, A., Ueda, M., and Morikawa,
H. (2002). Arabidopsis glutathionedependent formaldehyde dehydrogenase is an S-nitrosoglutathione
reductase. FEBS Lett. 515, 20–
24. doi: 10.1016/S0014-5793(02)
02414-6
Sengupta, R., and Holmgren, A. (2013).
Thioredoxin and thioredoxin reductase in relation to reversible Snitrosylation. Antioxid. Redox Signal. 18, 259–269. doi: 10.1089/
ars.2012.4716
Serpa, V., Vernal, J., Lamattina,
L., Grotewold, E., Cassia, R.,

August 2013 | Volume 4 | Article 293 | 6

“fpls-04-00293” — 2013/7/30 — 17:42 — page 6 — #6

Mengel et al.

and Terenzi, H. (2007). Inhibition of AtMYB2 DNA-binding by
nitric oxide involves cysteine Snitrosylation. Biochem. Biophys. Res.
Commun. 361, 1048–1053. doi:
10.1016/j.bbrc.2007.07.133
Sha, Y., and Marshall, H. E. (2012).
S-nitrosylation in the regulation of
gene transcription. Biochim. Biophys. Acta 1820, 701–711. doi:
10.1016/j.bbagen.2011.05.008
Sirova, J., Sedlarova, M., Piterkova,
J., Luhova, L., and Petrivalsky, M.
(2011). The role of nitric oxide in
the germination of plant seeds and
pollen. Plant Sci. 181, 560–572. doi:
10.1016/j.plantsci.2011.03.014
Stamler, J. S., and Hess, D. T.
(2010). Nascent nitrosylases. Nat.
Cell Biol. 12, 1024–1026. doi:
10.1038/ncb1110-1024
Stracke, R., Werber, M., and Weisshaar, B. (2001). The R2R3-MYB
gene family in Arabidopsis thaliana.
Curr. Opin. Plant Biol. 4, 447–
456. doi: 10.1016/S1369-5266(00)
00199-0
Suzuki, N., Koussevitzky, S., Mittler, R.,
and Miller, G. (2012). ROS and redox
signalling in the response of plants
to abiotic stress. Plant Cell Environ.
35, 259–270. doi: 10.1111/j.13653040.2011.02336.x
Tada, Y., Spoel, S. H., PajerowskaMukhtar, K., Mou, Z., Song, J.,
Wang, C., et al. (2008). Plant
immunity requires conformational
changes [corrected] of NPR1 via
S-nitrosylation and thioredoxins.
Science 321, 952–956. doi: 10.1126/
science.1156970

www.frontiersin.org

S-nitrosylation of nuclear proteins

Tanou, G., Filippou, P., Belghazi, M.,
Job, D., Diamantidis, G., Fotopoulos, V., et al. (2012). Oxidative and
nitrosative-based signaling and associated post-translational modiﬁcations orchestrate the acclimation of
citrus plants to salinity stress. Plant
J. 72, 585–599. doi: 10.1111/j.1365313X.2012.05100.x
van der Linde, K., Gutsche, N., Leffers, H. M., Lindermayr, C., Muller,
B., Holtgrefe, S., et al. (2011). Regulation of plant cytosolic aldolase functions by redox-modiﬁcations. Plant
Physiol. Biochem. 49, 946–957. doi:
10.1016/j.plaphy.2011.06.009
Vescovi, M., Zaffagnini, M., Festa, M.,
Trost, P., Lo Schiavo, F., and Costa,
A. (2013). Nuclear accumulation
of
cytosolic
glyceraldehyde-3phosphate
dehydrogenase
in
cadmium-stressed Arabidopsis roots.
Plant Physiol. 162, 333–346. doi:
10.1104/pp.113.215194
Wang, P., Liu, G. H., Wu, K.,
Qu, J., Huang, B., Zhang, X.,
et al. (2009). Repression of classical
nuclear export by S-nitrosylation of
CRM1. J. Cell Sci. 122, 3772–3779.
doi: 10.1242/jcs.057026
Watson, P. M., and Riccio, A. (2009).
Nitric oxide and histone deacetylases: a new relationship between old
molecules. Commun. Integr. Biol. 2,
11–13. doi: 10.4161/cib.2.1.7301
Wawer, I., Bucholc, M., Astier, J.,
Anielska-Mazur, A., Dahan, J.,
Kulik, A., et al. (2010). Regulation of Nicotiana tabacum osmotic
stress-activated protein kinase and
its cellular partner GAPDH by

with members of the TGA/OBF family of transcription factors that bind
an element of the PR-1 gene required
for induction by salicylic acid. Mol.
Plant Microbe Interact. 13, 191–
202. doi: 10.1094/MPMI.2000.13.
2.191

nitric oxide in response to salinity.
Biochem. J. 429, 73–83. doi: 10.1042/
BJ20100492
Wilkins, O., Nahal, H., Foong, J.,
Provart, N. J., and Campbell, M.
M. (2009). Expansion and diversiﬁcation of the Populus R2R3MYB family of transcription factors.
Plant Physiol. 149, 981–993. doi:
10.1104/pp.108.132795
Wu, K., Tian, L., Malik, K., Brown,
D., and Miki, B. (2000). Functional
analysis of HD2 histone deacetylase homologues in Arabidopsis
thaliana. Plant J. 22, 19–27. doi:
10.1046/j.1365-313x.2000.00711.x
Wu, Y., Zhang, D., Chu, J. Y., Boyle,
P., Wang, Y., Brindle, I. D., et al.
(2012). The Arabidopsis NPR1 protein is a receptor for the plant
defense hormone salicylic acid. Cell
Rep. 1, 639–647. doi: 10.1016/
j.celrep.2012.05.008
Yun, B. W., Spoel, S. H., and Loake, G.
J. (2012). Synthesis of and signalling
by small, redox active molecules in
the plant immune response. Biochim.
Biophys. Acta 1820, 770–776. doi:
10.1016/j.bbagen.2011.06.015
Zhang, Y., Fan, W., Kinkema, M.,
Li, X., and Dong, X. (1999). Interaction of NPR1 with basic leucine
zipper protein transcription factors
that bind sequences required for salicylic acid induction of the PR-1
gene. Proc. Natl. Acad. Sci. U.S.A.
96, 6523–6528. doi: 10.1073/pnas.96.
11.6523
Zhou, J. M., Trifa, Y., Silva, H., Pontier, D., Lam, E., Shah, J., et al.
(2000). NPR1 differentially interacts

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any commercial or ﬁnancial relationships that
could be construed as a potential conﬂict of interest.
Received: 20 June 2013; paper pending
published: 03 July 2013; accepted: 15
July 2013; published online: 01 August
2013.
Citation: Mengel A, Chaki M, Shekariesfahlan A and Lindermayr C (2013) Effect
of nitric oxide on gene transcription – Snitrosylation of nuclear proteins. Front.
Plant Sci. 4:293. doi: 10.3389/fpls.2013.
00293
This article was submitted to Frontiers in
Plant Physiology, a specialty of Frontiers
in Plant Science.
Copyright: © 2013 Mengel, Chaki,
Shekariesfahlan and Lindermayr. This is
an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original author(s) or licensor are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

August 2013 | Volume 4 | Article 293 | 7

“fpls-04-00293” — 2013/7/30 — 17:42 — page 7 — #7

