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During the last decade, it was established that the class
Il alcohol dehydrogenase (ADH3) enzyme, also known as
glutathione-dependent formaldehyde dehydrogenase (FALDH;
EC 1.2.1.1), catalyzes the NADH-dependent reduction of
S-nitrosoglutathione (GSNO) and therefore was also designated
as GSNO reductase. This finding has opened new aspects in
the metabolism of nitric oxide (NO) and NO-derived molecules
where GSNO is a key component. In this article, current
knowledge of the involvement and potential function of this
enzyme during plant development and under biotic/abiotic
stress is briefly reviewed.

Introduction

The relevance of NO in the physiology of higher plants under
optimal and stress conditions was established during the last
decade."¢ Nitric oxide has a family of NO-derived molecules des-
ignated as reactive nitrogen species (RNS) including radical and
non-radical molecules; > among them, the group of S-nitrosothiols
(SNOs), which result from the interaction of NO with intracel-
lular sulfhydryl-containing molecules, bears special interest
because these molecules are generally more stable in solution than
is NO, which has a very short in vivo half-life. Therefore, these
SNOs can participate in the transport, storage and delivery of
NO and consequently contribute to post-translational modifica-
tions involved in cell signaling and in stress processes.”® Among
the different SNOs, S-nitrosoglutathione (GSNO) is formed by
the S-nitrosylation reaction of NO with glutathione (GSH: the
tripeptide y-Glu-Cys-Gly) and appears to have a significant physi-
ological relevance in plants, since GSNO is thought to function as
a mobile reservoir of NO”!® and therefore can affect the process of
trans-nitrosation equilibrium between GSNO and S-nitrosylated
proteins (Fig. 1). In this sense, very recently, it has been proposed
a mechanism of GSNO formation mediated by cytochrome ¢4
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Alcohol dehydrogenase 3 (ADH3) is a highly conserved and
ubiquitous enzyme found in both prokaryotes and eukaryotes.
This enzyme is involved in critical cellular pathways because
it takes part in the detoxification of formaldehyde, catalyz-
ing the following reaction: formaldehyde + GSH + NAD* —
S-formylglutathione + NADH + H*.>"7 However, the interest
in this enzyme increased significantly when it was shown also to
catalyze the NADH-dependent reduction of S-nitrosoglutathione
(GSNO) to GSSG and NH,,"*" which can be considered a reac-
tion of denitrosylation (Fig. 1). Therefore, this activity can con-
trol the intracellular level of GSNO and consequently the effects
of NO in cells. Thus, this GSNOR activity can change the trans-
nitrosation equilibrium between GSNO and S-nitrosylated pro-
teins and as a result participates in the cellular NO homeostasis.
Additionally, because this reaction affects the equilibrium of GSH
and NADH, the GSNOR could be indirectly involved in the cel-

lular redox states.
GSNO Reductase in Plants

Prior to the new finding of the GSNOR activity by alcohol dehy-
drogenase 3 in plants, the glutathione-dependent formaldehyde
dehydrogenase activity was studied as a mechanism of formal-
dehyde detoxification process.”® Thus, this protein was puri-
fied and/or characterized in several plant species including pea
seeds, 2324 rice® and Arabidopsis thaliana plants.”>*

In higher plants, the first report on GSNO reductase activity
involved Arabidopsis. Thus, the use of the heterologous expres-
sion of the corresponding putative cDNA (At5g43940) encoding
a glutathione-dependent formaldehyde dehydrogenase showed
that the recombinant protein reduces GSNO. This was con-
firmed by functional complementation of the hypersensitivity to
GSNO of a yeast mutant with impaired GSNO metabolism.?
Thereafter, this activity began to attract the attention of many

maize,

plant researchers because its capacity to metabolize GSNO opens
new a perspective on the metabolism of NO in plants under phys-
iological and environmental stress.
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GSNOR during Plant Development

GSNOR activity appears to be necessary for normal development
and fertility under optimal growth conditions.?® In Arabidopsis,
the protein is encoded by one gene. Figure 2 shows the gene-
expression analysis of GSNOR (At5g43940) in Arabidopsis
using the Bio-Array Resource (BAR) for Plant Biology, indicat-
ing that this gene is significantly expressed in all organs with the
exception of mature pollen. However, the analysis of GSNOR
protein and activity in Arabidopsis by immunolocalization and
histochemical methods showed that this protein is differentially
expressed, being higher in the roots and leaves from the first
stages of development.?» Moreover, in transgenic Arabidopsis
plants, both overexpressing and knock-down GSNOR had a
short-root phenotype that was correlated with a lowering of the
intracellular GSH level and an alteration in its spatial distribu-
tion in the roots, suggesting that GSNOR might be involved in
the regulation of redox state.’*

At the subcellular level the analysis of the Arabidopsis pro-
tein sequence suggests that this protein is located in the cytosol.
Nevertheless, some proteomic analyses of Arabidopsis peroxi-
somes have suggested that this protein could be located also in
this organelle.?> However, additional experiments are needed to
confirm this aspect.

More recently, it has been reported that this enzyme may also
be involved in the regulation of plant cell death perhaps through
a process of S-nitrosylation.?

Function of GSNOR under Biotic
and Abiotic Stress Conditions

As mentioned above, the enzyme GSNOR can regulate the
cellular level of SNOs and consequently GSNO content. In
Arabidopsis thaliana, it has been reported that mutation of
AtGSNORI1 modulates the level of cellular SNO formation and
turnover, which appears to regulate multiple forms of plant dis-
ease resistance.* Transgenic Arabidopsis plants with a decreased
amount of GSNOR (using an antisense strategy) displayed more
resistance against the pathogen Peronospora parasitica, apparently
correlated with higher levels of intracellular SNOs.?>%¢ In this
sense, in a sunflower (Helianthus annuus L.) cultivar resistant to
the fungus Plasmopara halstedii, an inverse correlation was found
in infected hypocotyls between GSNOR activity and GSNO dis-
tribution and content (Fig. 3). However, notably, GSNO accu-
mulated in the cortex cells and, after interacting with the fungus,
was redistributed in the epidermis, which is the site of infection
by this pathogen. The authors suggest that this redistribution of
GSNO before and after pathogen interaction could contribute to
the resistance in this sunflower cultivar.?’

The modulation of GSNOR activity and expression has
been also observed under different abiotic-stress conditions. In
pea plants grown with 50 uM cadmium, which produces oxi-
dative stress, the analysis of GSNOR activity and its transcript
expression was found to be reduced 31%. This was accompa-
nied by lower NO, GSH and GSNO contents.*® However, con-
trary behavior was noted in Arabidopsis seedlings grown in the
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Figure 1. Schematic model of the metabolism of GSNO metabolism

in plant cells and its regulation by GSNO reductase. Nitric oxide reacts
with reduced glutathione (GSH) in the presence of O, to form S-nitroso-
glutathione (GSNO). This metabolite can be converted by the enzyme
GSNO reductase (GSNOR) by a process of NADH-dependent denitrosyl-
ation into oxidized glutathione (GSSG) and NH.. Alternatively, GSNO in
the presence of reductants, such as glutathione (GSH) and ascorbate,
and Cu*, can be broken down to produce NO and GSSG.""® On the other
hand, by a process of transnitrosylation the GSNO can transfer the

NO to cysteine residues of proteins (protein S-nitrosylation). This is a
post-translational modification that can modify the function of a broad
spectrum of proteins.

presence of 0.5 mM arsenic. This metalloid caused a significant
reduction in roots that was accompanied by oxidative stress, but
the GSNOR activity significantly increased with a concomitant
rise of NO content.”” Recently, in Arabidopsis a mutant sensitive
to high temperatures was identified and consequently designated
as HOTS5. Its characterization revealed that this mutant was
affected in the GSNOR, indicating that this enzyme was required
for thermotolerance.”® Nevertheless, in wild-type Arabidopsis
exposed to heat stress, the GSNOR protein expression was simi-
lar in both control and heat-stressed wild-type leaves. As a result,
these authors hypothesized that elevated levels of GSNO increase
heat sensitivity due to the perturbation of pathways sensitive to
ROS/RNS.

The herbicide paraquat acts by inducing the production of
superoxide and hydrogen peroxide. A screening of Arabidopsis
using this herbicide allowed the identification of a knock-out
mutant which showed resistance to paraquat, being designated
par2.¥ Its identification was surprising since it corresponded to
the GSNOR gene, which was previously also described to be heat
sensitive HOT5.%® The knock-out mutants (gsnorl/hot5/par2)
showed greater NO content whereas overexpression of GSNOR1/
HOT5/PAR2 lowered the NO level, indicating that the GSNOR
activity is involved in the NO homeostasis.

In sunflower seedlings exposed to high temperature (38°C for
4 h), GSNOR activity, protein and gene expression have been
found to be reduced in hypocotyls with the simultaneous accu-
mulation of SNOs.* The consequence was a rise in protein tyro-
sine nitration, which is considered a marker of nitrosative stress.*!
Thus, it has been proposed that GSNOR regulates the level of
SNOs, these being molecules that are a potential source of NO,
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Figure 2. Gene expression of GSNO reductase (At5g43940) during Arabidopsis development. The data are from a Gene Expression Map of Arabidopsis
Development and they are normalized by the Gene Chip Operating System (GCOS) method, with a target signal value of 100.?° Arabidopsis electronic
Fluorescent Pictograph (eFP) browser at bar.utoronto.ca.*

necessary to mediate the process of tyrosine nitration.” However, Uninfected Infected
in pea seedlings exposed to the same stress conditions, the behav-
ior was totally different because the GSNOR activity increased,
as also did the SNO content.”! GSNOR activity has also been
studied under low temperatures. In pea (Pisum sativum L.) seed-
lings subjected to 8°C for 48 h, the analysis of GSNOR activity
in leaves showed a 67% increase compared to control plants. This
was accompanied by the SNO content, which increased 5-fold.”!
In pepper (Capsicum annuum L.) plants exposed to low tempera-
ture (8°C) for 24 h, the behavior was similar, since GSNO reduc-
tase activity rose 32%, although the NO content fell roughly
50%, with a concomitant rise in the GSH content.*?

In Arabidopsis, the GSNOR gene has been shown to be regu-
lated by wounding and salicylic acid, although the activity and
SNO content was not analyzed.* However, mechanically injured
sunflower hypocotyls showed a downregulation of GSNOR
activity, which boosted the SNO content.*? Previously, a simi-
lar situation was reported in tobacco leaves, in which after 2 h
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Figure 3. Confocal laser scanning microscope pictures illustrating the
detection of GSNO and GSNOR in transverse sections of hypocotyls of
the sunflower cultivar X55, which is resistant to infection by the patho-
gen Plasmopara halstedii. Autofluorescence appears as a blue color in
(A and B). The bright green fluorescence corresponds to the detection
of GSNO (C and D) and GSNOR (E and F) using specific antibodies with a
dilution of 1:2,500 and 1:50, respectively. Bar = 200 pm.* (Image avail-
able in color online at http://www.landesbioscience.com/journals/10/
article/15161/.)
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of mechanical damage both GSNOR mRNA and protein levels
fell 44

Conclusions and Perspectives

S-Nitrosoglutathione is a natural reservoir of NO, and there-
fore the mechanism of its regulation by GSNO reductase dur-
ing plant development and under stress conditions will help to
elucidate the complex metabolism of NO. Given the importance
of S-nitrosoglutathione as a natural reservoir of NO, several key
issues will need to be resolved: (1) A reliable method is needed to
detect and quantify the GSNO in plant tissues to establish the
direct relationship between the substrate and enzyme. (2) The
correlation between NO content and the gene/protein expression

of GSNO reductase needs to be elucidated in the different organs
and tissues with special emphasis on its subcellular location. (3)
The regulation mechanism of this enzyme, where processes such
as S-nitrosylation and/or nitration of the own GSNO reductase
must be involved, needs to be determined. Some of these aspects
can contribute to the understating of NO metabolism in higher
plants, since this molecule is involved in a wide range of pro-
cesses such as cellular signaling and response mechanisms against
adverse stress conditions.
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