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Lorena Aranda-Ca ño, Beatriz Sánchez-Calvo, Juan C. Begara-Morales, Mounira Chaki, 
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Preface to ”Nitric Oxide Signaling in Plants”

With nitric oxide being recognized as an important signaling molecule in plants as well as in

animals, it has been a pleasure to collect together a series of research articles focused on this topic.

It is even more poignant that this Special Issue comes just after the forty-year celebration of the

work on nitric oxide in plants. There have been many milestones and controversies along the way.

Much of the research has looked to the work being reported in animals; while this can have some

advantages, especially in the development of methods and technologies, it also has some serious

drawbacks. It is tempting to think that the biochemistry in animals and plants is the same, or at

least very similar, but there are major differences, too. A good example is the failure to find a true

nitric oxide synthase in higher plants. Assays and inhibitor use hint at its existence, but outside

of algae it seems elusive. The downstream signaling from nitric oxide production is not clear cut

either. Therefore, the continued publication of papers in the field of nitric oxide and plants, and the

continued enhancement of the profile of this area of science by the use of Special Issues, is crucial if

a holistic understanding of the production and role of nitric oxide in plants is to be obtained. It only

remains for me to thank all those involved in this Special Issue, from the editorial team to the authors.

Thank you for all your support—John T. Hancock, November 2020.

John T. Hancock, Steven J. Neill

Editors
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Nitric Oxide Signaling in Plants

John T. Hancock
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Abstract: Nitric oxide (NO) is an integral part of cell signaling mechanisms in animals and plants.
In plants, its enzymatic generation is still controversial. Evidence points to nitrate reductase being
important, but the presence of a nitric oxide synthase-like enzyme is still contested. Regardless,
NO has been shown to mediate many developmental stages in plants, and to be involved in a range
of physiological responses, from stress management to stomatal aperture closure. Downstream from
its generation are alterations of the actions of many cell signaling components, with post-translational
modifications of proteins often being key. Here, a collection of papers embraces the differing aspects
of NO metabolism in plants.

Keywords: nitrate reductase; nitration; nitric oxide; reactive oxygen species; stress responses;
S-nitrosation; S-nitrosylation; SNO-reductase; thiol modification

1. Introduction

Nitric oxide (NO) is now well acknowledged as an instrumental signaling molecule in both plants
and animals [1]. First recognized as important as a signal in the control of vascular tone [2], its role in
plants came to prominence in the late 1990s [3–5]. The forty years of research into NO in plants has just
been highlighted by a review by Kolbert et al. [6].

In plants, NO has been found to be involved in a wide range of developmental stages and
physiological responses. For example, NO has been found to be generated during pollination and
pollen tube growth [7–9], seed germination [10], root development [11,12], and stomatal aperture
control [13,14]. It is also instrumental in the orchestration of responses to stress in plants [15], including to
heavy metals such as cadmium [16], salt [17], temperature [18], light [19] and pathogens [20].

NO in animals is known to be generated by several sources, but primarily nitric oxide synthase
(NOS) is the enzyme which has a dominant role in NO accumulation in cells [21]. However, there is
some controversy over whether NOS-like enzymes exist in higher plants [22]. There are homologues
which have been found in algal species [23,24], but if higher plants have such an enzyme, its protein
and gene(s) are being very elusive [25]. An enzyme which is known to make NO in plants is nitrate
reductase, and this enzyme has been the focus of attention for several research groups [26–29].

Downstream of NO generation is also not without controversy. In animals, the classical pathway
involves the generation of cGMP through the action of soluble guanylyl cyclase [30]. However,
such pathways have recently been questioned in plants [31]. What is clear is that NO can lead to
post-translational modification of proteins. Most commonly studied is the modification of thiol groups,
so called S-nitrosation (otherwise called S-nitrosylation: for a recent overview of terminology to
be used in plant NO research see [32]) [33,34]. Other modifications include tyrosine nitration [35].
Such modifications are often reversible and can be thought of as being akin to phosphorylation,
where proteins can be toggled between functional states.

It can be seen, therefore, that NO is a crucial signaling molecule in plants. It can be generated
endogenously, be seen to interact with many signal transduction components, and has numerous

Plants 2020, 9, 1550; doi:10.3390/plants9111550 www.mdpi.com/journal/plants1
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physiological responses. In this Special Issue, authors were invited to contribute papers encompassing
this field of biochemistry.

2. Aspects of NO Metabolism

Life evolved in the presence of reactive compounds and many of these have been adopted
as signaling molecules [36]. Looking at an ancient species, i.e., the lichen Ramalina farinacea,
Expósito et al. [37] showed that NO production was likely to be dependent on NR. An inhibitor
of NOS did not reduce NO levels in the lichen, whereas they reported the activity of NR to be 91 μU/mg
protein, comparable with other systems.

The synthesis of NO in plants remains controversial [22], with the terminology to be used
around NOS-like enzymes in plants recently being discussed [32]. In this Special Issue, Hancock and
Neill [38] used a bioinformatic approach but failed to find evidence of an obvious NOS protein
in plant databases. They also discussed how NO needs to interact with other reactive signaling
molecules, a theme also picked up by Corpas et al. [39]. They, in a mini-review, discussed how NO is
produced by peroxisome and that the NO produced interacts with glutathione and reactive oxygen
species metabolism.

Two papers returned to the theme of NO production by discussing the enzyme nitrate reductase.
Mohn et al. [40] reported on a comparative study between two NR isoforms, NIA1 and NIA2,
and suggested that the different isoform have specialist functions. Tejada-Jimenez et al. [41] took
a critical look at NR function and how interacting proteins may be involved. Lechón et al. [42]
continued this theme by investigating the overproduction of NO in cue1 mutants, and found that NO
accumulation only occurs once seedlings are established.

Downstream events in NO-mediated signaling are embraced in the remaining papers.
Post-translational modification (PTM) of proteins via S-nitrosation was discussed by Corpas et al. [39]
as part of their discussions on peroxisome, but PTMs were also discussed by Aranda-Caño et al. [43].
Here, the role of nitrate fatty acids (NO2-FAs) was discussed as signaling molecules and also how they
may affect the modification of proteins, and hence function and activity. A second PTM, nitration, is a
subject discussed by Takahashi and Morikawa [44]. In particular, they discussed the possible tyrosine
nitration of PYR/PYL/RCAR receptors in leaves of Arabidopsis thaliana. Stimulated plant growth is the
result of the signaling of PYR/PYL/RCAR receptors in Arabidopsis thaliana, and the authors studied how
this may help to mediate the stimulation of plant growth.

The interaction of NO with glutathione and the formation of S-nitrosoglutathione is an immensely
important aspect of NO biology [45]. Jahnová et al. [46] summarized the current thoughts on
S-nitrosoglutathione reductase and how it has a crucial role in NO-based signaling.

3. Conclusions on S-Nitrosoglutathione Reductase (GSNOR) and How This Alters the
Metabolism of S-Nitrosoglutathione and Hence S-Nitrosation of Proteins in Plant Cells

I hope that this Special Issue is a useful collection of papers which gives the reader an insight
into the exciting area of NO biology in plants, and also hope that it inspires researchers to continue to
work in this area, or indeed, to start investigations on plant NO metabolism. Such work would lead to
the use of the manipulation of NO in plants as a way to enhance plant health and crop production,
especially under stressful conditions [47].

Funding: This research received no external funding.
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Abstract: Lichens are poikilohydrous symbiotic associations between a fungus, photosynthetic
partners, and bacteria. They are tolerant to repeated desiccation/rehydration cycles and adapted
to anhydrobiosis. Nitric oxide (NO) is a keystone for stress tolerance of lichens; during lichen
rehydration, NO limits free radicals and lipid peroxidation but no data on the mechanisms of its
synthesis exist. The aim of this work is to characterize the synthesis of NO in the lichen Ramalina
farinacea using inhibitors of nitrate reductase (NR) and nitric oxide synthase (NOS), tungstate,
and NG-nitro-L-arginine methyl ester (L-NAME), respectively. Tungstate suppressed the NO level in
the lichen and caused an increase in malondialdehyde during rehydration in the hyphae of cortex
and in phycobionts, suggesting that a plant-like NR is involved in the NO production. Specific
activity of NR in R. farinacea was 91 μU/mg protein, a level comparable to those in the bryophyte
Physcomitrella patens and Arabidopsis thaliana. L-NAME treatment did not suppress the NO level in the
lichens. On the other hand, NADPH-diaphorase activity cytochemistry showed a possible presence
of a NOS-like activity in the microalgae where it is associated with cytoplasmatic vesicles. These data
provide initial evidence that NO synthesis in R. farinacea involves NR.

Keywords: Trebouxia; microalgae; lipid peroxidation; diaphorase activity; lichens; nitric oxide; nitrate
reductase; nitric oxide synthase

1. Introduction

Lichens are symbiogenetic organisms composed of fungi (mycobionts) and their photosynthetic
partners (photobionts), which may be unicellular green algae (phycobionts, microalgae) or
cyanobacteria [1,2] and bacterial communities. Lichens are nowadays in the focus of understanding
multi-microbial symbioses evolutionary processes. They are poikilohydrous, subjected to repeated
desiccation/rehydration cycles, and able to survive in extreme, frequently very dry environments,
such as deserts or the arctic and Antarctic habitats. They can remain long periods with inactive
metabolism and restart it again in the presence of water (reviewed by Kranner et al. [3]). Rehydration
of lichens is a stressful situation that results in the massive release of reactive oxygen species (ROS).
ROS are produced in the oxidative phosphorilation (respiratory) and photosynthetic electron chains,
but their production increase during stress such as nutrient limitation and exposure to xenobiotics,
and are a major cause of damage during desiccation-rehydration events, especially in photosynthetic
organisms [4]. When desiccated, carbon fixation is limited by water deficiency, but electron flow
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continues, and excitation energy can be passed from photo-excited chlorophyll pigments to ground
state oxygen, forming singlet oxygen (1O2). In addition, superoxides (O2

•−), hydrogen peroxides
(H2O2), and the hydroxyl radicals (•OH) can be produced at photosystem (PS) II [5]. If antioxidant
defenses are overcome by ROS production, the uncontrolled free radicals cause widespread cellular
damage by provoking protein alterations, lipid peroxidation, and the formation of DNA adducts [6].
The lichen symbiosis is intricately linked to desiccation tolerance, for which potent ROS scavenging
machinery is essential [4].

Nitric oxide (NO) is an intra- and intercellular signaling molecule involved in the regulation
of diverse biochemical and physiological processes. These functions include signal transduction,
cell communication, stress signaling, and metabolism of free radicals (reviewed by Wilson et al. [7],
Mur et al. [8]). NO has been postulated as one of the first protective mechanisms against ROS in
eukaryotic cells [9]. It’s a dual functional molecule. While low levels of NO modulate the ROS such as
superoxide anion [10,11], high concentrations of NO enhance superoxide production in mitochondria
by inhibiting electron flow cytochrome c oxidase [12], producing peroxynitrite and causing lipid
peroxidation and protein nitration. In the first case, modulation of superoxide formation and inhibition
of lipid peroxidation by NO illustrates its less known potent antioxidant role [13,14]. Research on the
role of NO in biological systems has increased since it was suggested in the latter part of the 1980s that
it was an important signaling molecule in animals [15]. This function has also been studied in plants,
bacteria [16] (reviewed by Gupta et al. [17]), algae [18–20], and fungi [21–24].

We have recently reported evidence that NO released during lichen Ramalina farinacea rehydration
plays a fundamental role in the antioxidant defense and production appears to be regulated by
ROS [25]. Regarding the phycobionts we have shown that they also generate significant quantities
of NO, in contrast to the findings of Weissman and co-workers [26]. Moreover, our group has also
demonstrated that NO is involved in the regulation of oxidative stress caused by exposure to the
prooxidant air pollutant cumene hydroperoxide [27]. Although all these studies confirm the production
of NO in R. farinacea and provide insight into its roles, no experimental designs have addressed the
synthesis of NO in lichens or their symbionts.

In animal cells, biosynthesis of NO is primarily catalyzed by the enzyme NOS (reviewed by
Wendehenne et al. [28]), that catalyzes the conversion of L-arginine to L-citrulline and NO using
NADPH as electron donor, molecular oxygen as co-substrate, and FAD, FMN, tetrahydrobiopterin
(BH4), and calmodulin (CaM) as cofactors [29]. Regarding plants, they are not only affected by
the atmospheric pollutant NO, but they also possess the ability to produce NO by enzymatic and
non-enzymatic pathways. Non-enzymatic NO formation can be the result of chemical reactions
between nitrogen oxides and plant metabolites, nitrous oxide decomposition, or chemical reduction of
nitrite (NO2

-) at acidic pH (reviewed by Wendehenne et al. [28]). The first enzymatic source of NO to be
identified in plants was the nitrate reductase (NR) [30]. This enzyme not only reduce nitrate to nitrite,
it also catalyzes the reduction of nitrite to NO using molybdenum (Mo) as a cofactor and NADH or
NADPH as an electron donor. Two isoforms of NR have been described in higher plants and eukaryotic
algae: EC 1.6.6.1 is specific for NADH whereas EC 1.6.6.2 is able to use both NADH or NADPH [31].
Recently, ARC (Amidoxime Reducing Component) has been reported to catalyze NO production from
nitrite taking electrons from NR in the microalga Chlamydomonas, allowing its synthesis in the presence
of nitrate by means of a newly described NO-forming nitrite reductase activity [32]. In addition to
NR as a possible source for NO, the existence of a mammalian-type NOS in plants has been under
debate in recent years (reviewed by Wendehenne et al. [28,33]). Despite the intensive quest for NOS in
vascular plants, the only NOS known in the Viridiplantae has recently been identified, cloned, purified,
and characterized in the marine free living green microalga Ostreococcus tauri (Trebouxiophyceae)
showing a 45% homology with human NOS [34]. The researchers have observed that O. tauri cultures in
the exponential growth phase produce 3-fold more NOS-dependent NO than do those in the stationary
phase and NO production increases in high intensity light irradiation.
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In regard to the synthesis of NO in fungi there is little information, the evidence that there is a
NOS associated to NO production are indirect and all rely on the use of inhibitors of this enzyme [23].
A specific fungal NR (EC 1.6.6.3) using NADPH as co-factor has been described [31].

NO is revealing itself as a keystone in stress tolerance of symbiotic associations such as
Symbiodinium—cnidarian (corals), plant—Rhizobium or mycorrhizae, critical in global geomorphology
and nitrogen ecology [35]. Thus, it is of the utmost interest to elucidate the mechanisms that mediate
its production in lichens, symbiotic organisms inhabiting almost every terrestrial habitat. R. farinacea
(L.) Ach is a fruticose lichen bearing in each thallus two predominant microalgae, Trebouxia sp.
TR9 and T. jamesii, and a mycobiont belonging to the phylum Ascomycota [36]. We have previously
demonstrated that NO limits intracellular free radical release and modulates lipid peroxidation during
rehydration of these lichen thalli also protecting phycobiont chlorophyll from photooxidation [25,37].

The aim of this work is to gain insight into the synthesis of NO in the lichen model R. farinacea.
To this end we have studied the effect of specific enzyme inhibitors on lipid peroxidation upon
rehydration and a preliminary quantification of plant-like NR specific activity has been obtained.

2. Results

2.1. Effects of NR Inhibition on Lipid Peroxidation during Lichen Rehydration

Our group previously reported that NO is involved in intracellular free radical modulation and
lipid peroxidation prevention during R. farinacea thalli rehydration [25]. In order to test whether NR is
involved in the production of this NO, the inhibitor tungstate was added during thalli rehydration.
The results of lipid peroxidation when lichen thalli were rehydrated with tungstate inhibitor are shown
in Table 1. In the case of the controls, MDA concentration was between a minimum value at 5 min
of 81.47 ± 8.14 nEq MDA/g lichen and a maximum of 131.41 ± 18.80 nEq MDA/g lichen at 120 min.
In thalli rehydrated with tungstate 100 μM, MDA concentration was between a minimum value at
5 min of 83.98 ± 6.28 nEq MDA/g lichen and a maximum of 191.88 ± 11.06 nEq MDA/g lichen at 120 min.
At all test times, treatment MDA levels were higher than controls with statistically significance at
120 min.

Table 1. Effect of tungstate on the lipid peroxidation level in differently rehydrated R. farinacea thalli. *
p < 0.05.

Time of
Rehydration

(min)

Lipid Peroxidation Level
(nEq MDA/g Dry Weight)

p Value
(Student’s t-Test)

Control 100 μM Tungstate

5 81.47 ± 8.14 83.98 ± 6.28 0.809

30 102.21 ± 12.43 115.16 ± 7.42 0.381

60 113.70 ± 13.73 144.82 ± 18.42 0.189

120 131.41 ± 18.80 191.88 ± 11.06 0.011*

240 87.69 ± 7.61 108.60 ± 7.36 0.061

Morphological distribution of lipid peroxidation in pink and brown tones is shown in
Figure 1B where only one representative picture from replicated experiments has been selected.
Despite microscopy is not a quantitative technique, at all time points, the coloration in the controls was
less intense than in thalli rehydrated with tungstate. However, visual differences were only perceived
at 5 (B1) and 30 (B2) minutes. There were not remarkable visual differences at 60 (B3), 120 (B4), and 240
(B5) minutes. In both cases, controls and thalli rehydrated with tungstate, lipid peroxidation was
primarily located in the hyphae of the cortex and chondroid area and in the microalgae. In the hyphae
of medulla, lipid peroxidation was lower.

9



Plants 2019, 8, 189

Figure 1. Bright field microscopic images of pink-brown TBARS in thalli of R. farinacea rehydrated
with tungstate 100 μM (B), L-NAME 300 μM (C) vs. thalli rehydrated with deionized water (A).
One representative image of different independent experiments has been selected for each condition.
The number by the letter identifying the picture indicates the time post-rehydration when TBA reaction
was revealed: (1) 5 min, (2) 30 min, (3) 60 min, (4) 120 min and (5) 240 min. Magnitude bars in the
microphotographs correspond to 40 or 80 μm. C cortex with chondroid tissue, PL phycobiont layer,
Pho microalgae, M medulla, Hy fungal hyphae.
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2.2. Effects of Nitric Oxide Synthase (NOS) Inhibition on Lipid Peroxidation during Lichen Rehydration

The results of lipid peroxidation when lichen thalli were rehydrated with L-NAME are shown
in Table 2. In the case of the control, a maximum of 110.51 ± 12.17 nEq MDA/g lichen at 30 min was
observed and a minimum value of 44.74 ± 4.66 nEq MDA/g lichen at 240 min. In the rehydration with
L-NAME a maximum of 137.51 ± 11.77 nEq MDA/g lichen at 30 min was found and a minimal value of
74.56 ± 6.29 nEq MDA/g lichen at 240 min. MDA concentration in the treated thalli was always higher
than in the controls. The differences are statistically significant at 120 and 240 min.

Table 2. Effect of L-NAME on the lipid peroxidation level in differently rehydrated R. farinacea thalli.
* p < 0.05.

Time of
Rehydration

(min)

Lipid Peroxidation Level
(nEq MDA/g Dry Weight)

p Value
(Student’s t-Test)

Control 300 μM L-NAME

5 81.47 ± 8.14 110.86 ± 14.90 0.09741

30 110.51 ± 12.17 137.51 ± 11.77 0.12500

60 104.32 ± 11.76 121.60 ± 10.29 0.28040

120 72.77 ± 5.46 89.45 ± 4.69 0.03021 *

240 44.74 ± 4.66 74.56 ± 6.29 0.00096 *

Morphological distribution of lipid peroxidation in pink and brown tones is shown in Figure 1C.
Only one representative picture from the experimental replicates is shown. Lipid peroxidation in the
hyphae of the chondroid cortical area and medulla was lower than in controls. At 5 (C1), 30 (C2),
and 120 (C4) minutes, the microalgae of thalli rehydrated with L-NAME were more affected by lipid
peroxidation than controls (see brown color in phycobionts). However, these thalli show lower lipid
peroxidation in the hyphae of the cortical zones and medulla than controls. At 60 min (C3) lipid
peroxidation appeared to be higher in the hyphae of the cortex and in the phycobionts of the controls
(dark brown areas). Finally, at 240 (C5) minutes lipid peroxidation was greater in the thalli treated
with the inhibitor than in controls and it was localized in the peripheral areas and in the microalgae
(very dark areas). This was the time when the greatest visual differences were observed.

2.3. NO Endproducts

At all times, NOx levels of thalli rehydrated with tungstate were lower than controls (Table 3).
NOx production in controls was between a minimum absolute value of 0.05 ± 0.01 μmol NOx/g lichen
(DW) and a maximum of 0.26 ± 0.03 μmol NOx/g lichen (DW). NOx production in thalli rehydrated with
tungstate was between a minimum absolute value of 0.03 ± 0.01 μmol NOx/g lichen (DW) and a maximum
of 0.16 ± 0.03 μmol NOx/g lichen (DW). At 30 and 120 min, statistically significant differences were found.

Table 3. Effect of tungstate and L-NAME on NO endproducts levels in differently rehydrated R.
farinacea thalli. p value was calculated by Student’s t-test. * p < 0.05.

Time of
Rehydration (min)

NO Endproducts Levels
(% Relative to Controls)

100 μM Tungstate p Value 300 μM L-NAME p Value

5 72.70 % ± 19.23 % 0.3496 88.77 % ± 16.45 % 0.4554

30 28.11 % ± 4.20 % 0.0018 * 188.56 % ± 24.96 % 0.0038 *

60 67.22 % ± 14.34 % 0.2946 128.40 % ± 18.73 % 0.2369

120 55.65 % ± 11.11 % 0.0077 * 235.78 % ± 41.25 % 0.0079 *

240 73.62 % ± 22.93 % 0.4206 143.39 % ± 11.59 % 0.0439 *
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NOx levels of lichen thalli rehydrated with L-NAME were greater than controls at all times,
except for 5 min (Table 3). NOx production in controls was between a minimum absolute value of
0.008 ± 0.001 μmol NOx/g lichen (DW) and a maximum of 0.034 ± 0.005 μmol NOx/g lichen (DW).
NOx production in thalli rehydrated with L-NAME was between a minimum absolute value of
0.012 ± 0.001 μmol NOx/g lichen (DW) and a maximum of 0.030 ± 0.006 μmol NOx/g lichen (DW).
Statistically significant differences were found at 30, 120, and 240 min.

2.4. Diaphorase Activity

Histochemical detection of NADPH-diaphorase activity has been related with NOS in animal and
plant tissues [38]. At 2 h (Figure 2A–D) blue precipitates were observed in the hyphae, both in the
cortex and chondroid area, but especially in the latter. Small vesicles with blue precipitate were seen
inside phycobionts (Figure 2(C1,D1)). In the peripheral zone of microalgae, blue precipitates were also
found (Figure 2(A1)). Assuming that the NADPH-diaphorase activity represent the NOS-like activity,
the results here suggest the occurrence of NOS-like enzymes in R. farinacea.

Figure 2. Diaphorase activity assayed with nitrotetrazolium blue chloride (NBT, blue precipitates) in
R. farinacea thalli (A–D). Bright-field microscopy of slices cut in a freezing microtome (magnification
1000×). The areas framed with discontinuous lines have been digitally magnified in the corresponding
insets (A1, C1 and D1). C with chondroid tissue, PL phycobiont layer, Pho microalgae, M medulla, Hy
fungal hyphae.

2.5. Specific Activity of NR

As other Chlorophyta, Trebouxia phycobionts of R. farinacea are likely to possess NADH-NR
activity. Despite no method to assess NR activity has been reported for lichens to our knowledge,
we used a general method for plants [39] in whole thalli in order to obtain a value of the specific activity
of NADH-NR in R. farinacea. The value obtained for NADH-NR specific activity in fresh R. farinacea
thalli was (0.91 ± 0.13) × 10−4 U/mg protein (U = μmoles nitrite/min). In order to check if tungstate
was capable of inhibiting this measured activity, we used increasing concentrations of this inhibitor.
The activity of NADH-NR decreased as the concentration of tungstate increased in a dose dependent
manner and was not measurable above 50 μM of the inhibitor (Supplementary Figure S1).

3. Discussion

NO is revealing itself as a key molecule in the tolerance of abiotic stress of symbiotic organisms
as mycorrhizae, Rhizobium, and lichens and the elucidation of the mechanisms and regulation of its
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synthesis will provide very valuable information both for conservation of biodiversity as well as for
biotechnological purposes. The increase in lipid peroxidation upon the inhibition of NR and NOS-like
activities in the model lichen R. farinacea described in the present work suggests the participation of
both enzymes in the synthesis of NO under rehydration stress.

In lichen thalli rehydrated with the NR inhibitor tungstate, lipid peroxidation increased compared
to control, while NO release decreased as expected. Lipid peroxidation indirectly indicates that
the antioxidant defenses have been overcome by the formation of reactive oxygen species (ROS) [6].
Although NO donors have been shown to reduce antioxidants, inhibit or inactivate antioxidant enzymes
and increase MDA through H2O2 accumulation in stressed plants (reviewed by Groß et al. [40]) it has also
been shown to decrease the generation of ROS and thus, lipid peroxidation in plant microsomes [13,14]
and lichens [27,37]. As a matter of fact, it is able to directly terminate free radical chain reactions [41].
The use of tungstate as NR inhibitor has to be considered with caution because of side effects due to
the affection of other molybdenum-enzymes or heavy metal toxicity, especially at longer exposure
times [42]. However, this important result correlates with c-PTIO lichen NO scavenging [25] and points
to the existence of a NO related NR activity in R. farinacea. This is the first study providing evidence
that NR may be implicated in the synthesis of NO during abiotic stress in lichens or lichen symbionts.
NR has also been involved in the synthesis of NO in the green microalga Chlamydomonas reinhardtii [43].
As a matter of fact, Mallick et al. [44] and Medina-Andrés et al. [45] propose that the synthesis of NO is
a common feature for algae as well as embryophytes and is strongly dependent on NR.

A study with Pleurotus eryngii var. tuoliensis, a basidiomycete fungus, showed that heat stress
induced an increase in NO production in mycelial cells which was significantly blocked by NOS
inhibition (L-NAME). In contrast, NR activities were not obviously altered during heat stress [23].
But NO levels required in the morphogenesis and reproduction of the ascomycetes fungus Aspergillus
seem to be insufficient without a functional NR gene [46]. R. farinacea mycobiont is an ascomycete and
the gene for NR has been reported to be part of a cluster of genes that were transferred horizontally
from a basidiomycete to an ancestor of the ascomycetes [47]. These data support the existence of a
functional NR enzyme also in ascomycetes as a plausible hypothesis.

In thalli rehydrated with NOS inhibitor L-NAME, lipid peroxidation slightly increased in both
symbionts but, unexpectedly, NOx endproducts increased too. This suggests that NO levels are higher
in thalli rehydrated with L-NAME than in thalli rehydrated with deionized water but yet not efficient
in lipid peroxidation prevention. This L-arginine analogue is a reversible inhibitor whose paradoxical
ability to induce NO increases by NOS activity upregulation was reviewed by Kopincová et al. [48].
NOS enzymes have been demonstrated to be finely regulated both at protein and expression levels
depending on the physiological conditions of the organism. NO chemistry is complex and its sources,
multiple, which could generate local effects linked to spatial and morphological constraints to NO
bioavailability and activity [48]. Although thallus NOS-like activity was inhibited, NO could still
be synthesized by NR activity or by non-enzymatic pathways (reviewed by Wendehenne et al. [28])
resulting in overproduction. Accumulation of NO in response to stress has been associated with
increased ROS levels due to inhibition of antioxidant enzymes and formation of peroxinitrites
(reviewed by Gross et al. [49]). Despite quantitatively lower, NOS-like activity inhibited by L-NAME
seems to be especially critical since its inhibition triggered an upregulation of other NO sources
which, in turn, seem not to be efficient in lipid peroxidation limitation. Although unknown side
effects of L-NAME in lichens cannot be ruled out, the development of a method for total NR activity
quantification in lichens to test a possible upregulation during NOS activity inhibition, together with
morphological localization of NO release would shed light on this paradox.

In the same line, cytochemical NADPH-diaphorase activity demonstration points to a NOS-like
activity in R. farinacea analogue to animals and plants [38]. Diaphorase activity has been detected in
the hyphae, both the cortical plectenchyma and medulla, in vesicles inside and in the periphery of
the microalgae. In the marine microalga Chattonella marina, the main source of NO production
has been reported to be NOS activity [50]. Recently, the first NOS in Viridiplantae has been
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identified and characterized by Foresi et al. [34] in the marine green microalga Ostreococcus tauri.
Valentovicová et al. [51] showed that L-NAME inhibited both NADPH-diaphorase activity and NO
production in barley root tips. However, NADH-diaphorase activity has been reported for NADH-NR
and this activity cannot be ruled out for fungal NADPH-NR or other enzymes, further experiments are
necessary to confirm the presence of a NOS enzyme.

Our data show that when NR is inhibited, lipid peroxidation is primarily located in the hyphae
of the cortex and chondroid plectenchymas and in phycobionts, while when NOS is inhibited,
lipid peroxidation increases in microalgae. As pointed out above, this means that the mechanisms and
kinetics of synthesis of NO determine, at least in part, its role: While NR has an important role in the
protection of both mycobiont hyphae and phycobionts in the first hours, a fungal NOS, sensitive to
animal NOS inhibitors and immunoreactive with animal NOS antibodies, has been described both in
ascomycetes and yeasts although, alike plants, gene orthologues have not been found and responsible
proteins have not been characterized [52]. NOS-like activity inhibited by L-NAME seems critical
for microalgae from the very first minutes after rehydration. We don´t know how many NR and
NOS-like enzymes there might be in this lichen and if so, which participates in the synthesis of NO in
stress conditions. We must bear in mind that R. farinacea contains, at least, three different eukaryotic
organisms (fungi, yeasts, microalgae) from two supergroups (Opisthokonta and Archaeplastida) and
each could possess its own NR and NOS enzymes with specific peculiarities in expression regulation,
suborganellar localization, kinetics, or allosteric modulation. This provides symbiotic organisms with
a versatile set of tools to cope with abiotic stress.

The value found for plant-like NADH-dependent NR specific activity in R. farinacea
(0.91 × 10-4 U/mg) is two orders of magnitude lower than NR specific activity reported for the
Chlorophyceae Ulva intestinalis (Table 4) [53]. A much more similar value of 0.40 × 10−4 U/mg has
been reported for the bryophyte Physcomitrella patens [45]. The specific activities reported for various
marine macroalgae of the Rhodophyta show some divergences, whereas in Kappaphycus alvarezii
(Gigartinales), specific activity is 0.16 U/mg [54], Gracilaria tenuistipitata (Gracilariales) specific activities
of NR reported for crude extracts are ten times higher (3.0 ± 0.2 in apical part, 1.6 ± 0.1 U/mg for
basal) [55]. However, a more recent study characterizing Gracilaria chilensis by Chow et al. [56] has
reported 2.53 × 10−4 U/mg, and a value of 8.33 × 10−4 U/mg has been obtained for Porphyra perforata
(Bangiales) [53] comparable to Arabidopsis thaliana’s 2.50 × 10−4 U/mg [57]. In the same order of
magnitude, NR specific activity reported for Gracilaria caudata is 0.93 × 10−4 U/mg [39] and for Gracilaria
tikvahiae is 0.43 × 10−4 U/mg [58].

Table 4. Specific NR activities referred to total soluble protein.

Species Taxonomic Group
NR Specific Activity

(U = μmol Nitrite/min)

Ramalina farinacea Lichen (Chlorophyta −
Trebouxiophyceae + Ascomycota) (0.91 ± 0.13) × 10−4 U/mg present work

Ulva intestinalis Chlorophyta − Chlorophyceae 0.27 × 10−2 U/mg [53]
Physcomitrella patens Bryophyta 0.40 × 10−4 U/mg [45]

Porphyra perforata Rhodophyta, Bangiophyceae 8.33 × 10−4 U/mg [53]
Kappaphycus alvarezii Rhodophyta, Gigartinales 0.16 U/mg [54]

Gracilaria tenuistipitata Rhodophyta, Gracilariales 3.00 ± 0.20 (apical) U/mg [55]
1.60 ± 0.10 (basal) U/mg [55]

Gracilaria tikvahiae Rhodophyta, Gracilariales 0.43 × 10−4 U/mg [58]
Gracilaria chilensis Rhodophyta, Gracilariales (2.53 ± 0.03) × 10−4 U/mg [56]
Gracilaria caudata Rhodophyta, Gracilariales 0.93 × 10−4 U/mg [39]

Arabidopsis thaliana Magnoliophyta 2.50 × 10−4 U /mg [57]

As symbiotic organisms, lichens are composed of algae, fungi, and bacteria. Given that for this
preliminary approach we have used a NADH-method designed for plants, we are only taking into
account the plant/algae isoforms, namely EC 1.6.6.1 and EC 1.6.6.2. The possible existence of a fungal
isoform (EC1.6.6.3) specific for NADPH as co-factor remains to be elucidated. On the other hand, most
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of photosynthetic organisms seem to possess NADH-specific EC 1.6.6.1 isoform, but some microalgae
have shown a small nitrate reducing activity with NADPH (EC 1.6.6.2) [59]. NR specific activity studies
with the isolated microalgae (Trebouxiophyceae) of R. farinacea are necessary to rule out whether one
or both isoforms are present. In any case, in the absence of fungal biomass we can reasonably expect
higher values, likely in the range of the Chlorophyceae Ulva intestinalis.

Phycobionts are probably the main source of the specific activity we report using a plant-designed
method with R. farinacea whole extract. However, we report above the induction of lipid peroxidation
in fungal hyphae upon NR inhibition with tungstate. Since the mycobiont accounts for the greater part
of the biomass of the thallus, a remarkable NR specific activity could also be expected if NADPH were
used as co-factor. We are currently working on optimizing a method specifically designed for lichens.

Our approach has allowed us to demonstrate NR and NOS-like enzymes activities in R. farinacea,
but the evidence of these enzymes is indirect and the presence of the proteins themselves should
be further verified. The quantification of NADH-NR, although preliminary, adds to the evidences.
Nonetheless, in order to confirm the presence of NOS-like in each symbiont and to characterized NR
isoforms, future studies are required about the biosynthesis of NO in the microalgae as well as in the
isolated R. farinacea mycobiont. Studies to isolate the proteins and genetic studies will also be necessary.

4. Materials and Methods

4.1. Chemicals

2-Thiobarbituric acid (TBA), sodium tungstate dihydrate (Na2WO4•2H2O) and 1,1,3,3
tetraethoxypropane (TEP), nitrotetrazolium blue chloride (NTB), 2,6-di-tert-buthyl-4-methylphenol
trichloroacetic acid (BHT), bovine serum albumin (BSA), L-Cysteine, sulfanilamide (C6H8N2O2S),
N-1-(naphthyl) ethylenediamine dihydrochloride (C12H16Cl2N2), and NADPH were provided by
Sigma Aldrich Química S.A (Tres Cantos, Spain); NG-Nitro-L-arginine methyl ester (L-NAME) was
purchased from Sigma Aldrich (China); Ethylenediaminetetraacetic Acid (EDTA) and trichloroacetic
acid (TCA) was from Merck (Germany); dithiothreitol (DTT) and NADH were from Roche Custom
Biotech; inorganics and ethanol (etOH) were purchased from Panreac Quimica S.A.U (Spain); triton
X-100 was from VWR Prolabo (Barcelona, Spain).

4.2. Lichen Material

R. farinacea (L.) Ach. lichen thalli were collected in the air-dry state from Quercus pyrenaica in
San Lorenzo de El Escorial at 969 m altitude (Ermita Virgen de Gracia, Madrid, Spain; 40◦34′25,6′′ N,
4◦9′146′′ W). Samples were maintained in a silica gel atmosphere during 24 h and frozen at −20 ◦C
until the experiment.

4.3. Treatments

Lichen thalli were cut and weighed between 20–30 mg. For each time point (0, 30, 60, 120, and 240 min)
12 replicates were processed with each inhibitor (100 μM sodium tungstate dihydrate or 300 μM L-NAME)
and controls. The day of the experiment, fragments of lichen thalli were rehydrated during 5 min with
deionized water for controls or one of the inhibitors. Then, they were maintained at room temperature
for the times of study and subsequently frozen at −20 ◦C until lipid peroxidation analysis. Inhibitor
concentrations were selected according to the literature regarding plant NR [42] and fungal NOS [23].

4.4. Measurement of Lipid Peroxidation: MDA

The most common method for measuring MDA in biological samples is the thiobarbituric acid
reactive substances (TBARS), which is based on spectrophotometric quantification of the pink complex
formed after reaction of MDA with two molecules of TBA [60] with maximum absorbance at 532 nm [61].
In our study, lipid peroxidation was evaluated as MDA by a variant of the method of Reilly and
Aust [62]. As standards, 0–20 μM TEP were used as an MDA precursor. The reaction of TEP in acid
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medium generates the same complex TBA-MDA-TBA, allowing to relate the absorbance with the
concentration of the complex. The presentation of the results of lipid peroxidation will expressed as
nEq MDA/g of sample, as a measure of the amount of MDA in the sample.

Lichen thalli were homogenized with 1 mL of deionized water on ice and centrifuged at 16,060× g
for 10 min to eliminate debris. Supernatants were frozen at −20◦C for NOx analysis and sediments were
resuspended in 500 μL ethanol—BHT 2%. A volume of 900 μL of TBA (2.57·10−2 M), TCA (9.18·10−1

M) and HCl (3.20 M) working solution was added to each sample and standard. Then, samples and
standards were vortexed in a Vortex Labnet × 100 for 5 min at 3000 rpm and placed in a water bath at
70◦C for 30 min. Next, samples and standards were vortexed, cooled in ice and centrifuged 10 min
at 16,060× g. Finally, absorbance of the supernatants from samples and standards was measured at
532 nm and 600 nm to eliminate the interferences of soluble sugars in samples, in a spectrophotometer
Anthos 2010, model 17-550.

To analyze the morphological distribution of lipid peroxidation, fragments of treated lichen
thalli were subjected directly to TBARS method (described above), but they were not homogenized.
Then they were placed in a freezing microtome (CM 1325; Leica, Germany) and sliced into sections of
30 μm. The slices were washed with deionized water and mounted on slides prior to their observation
by optical microscopy (OLYMPUS Provis AX 70 optical microscope) equipped with an infinity 2-3C
Lumenera® digital camera and analysed with “Infinity Analyze” Software v.6.5.5 at the Plant Anatomy
Laboratory “Julio Iranzo” in the Botanical Garden of the University of Valencia.

4.5. NO Endproducts Determination

The products formed by the oxidation of NO in an aqueous environment are mainly NO2
−, which

is further oxidized to NO3
− [63]. In order to estimate NO generation, NO oxidation endproducts

(nitrates and nitrites) were measured in the soluble fraction of different samples with an autoanalyzer
Skalar, model SAN++. The automated determination of nitrates and nitrites is divided in two phases:
first, the reduction of nitrates to nitrites by the cadmium reduction method, where the sample is
passed through a column containing granulated copper-cadmium; second phase involves the reaction
of nitrites with N-(1-naphthyl) ethylenediamine dihydrochloride in acid medium to form a highly
coloured azo dye which is measured at 540 nm. This method is known as Griess reaction [64,65].

4.6. Diaphorase Activity

The basic protocol used to detect diaphorase activity in animal neurons [66,67] was used in a
modified manner in this study. Diaphorase activity was observed after 2 h. During these times, lichen
thalli were incubated in a solution of 0.5 mg/mL NADPH and 0.2 mg/mL NBT in phosphate buffered
saline (PBS) with 0.25% of Triton X-100. Then, thalli were washed three times with deionized water and
frozen at –20 ◦C. The samples were then placed in a freezing microtome (CM 1325; Leica, Germany)
and cut in sections of 30 μm. The slices were washed with deionized water and mounted on slides
prior to their observation by optical microscopy (OLYMPUS Provis AX 70 optical microscope) at the
Jardí Botànic and SCSIE (UVEG, Valencia).

4.7. Specific Activity of NR

The enzymatic assay of NR was performed as described in [39] with minor changes. Samples of
lichen thalli of R. farinacea (250 mg) were milled in a conical homogenizer and suspended in 5 mL
of extraction buffer (1 mM DTT, 5 mM EDTA, 1 mM cysteine, 0.3% BSA (w/v), and 0.2 M phosphate
buffer, pH = 7.5) to stabilize NR. Cell debris was removed by centrifugation at 17000 g for 15 min at
4 ◦C. An aliquot of the supernatant was taken for total soluble protein quantification. The supernatant
(crude extract) was recovered and kept on ice until the activity of the enzyme was analyzed. To 100 μL
of crude extract 20 μL of KNO3 500 mM, 20 μL of MgSO4 9.5 mM, and 50 μL of NADH 380 μM were
added to initiate the reaction. The reaction was interrupted after 10 min by adding 20 μL of ZnSO4

1.4 mM and 20 μL of cold ethanol 90% v/v. The precipitates were removed by centrifugation at 12,000 g
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for 10 min at 20 ◦C and the Griess method [68] was used to analyze nitrite production as described in
Chaki et al. [69] although some changes were applied. To 190 μL of sample 95 μL of 1% sulfanilamide
(w/v) in 1.5 M HCl and then 95 μL of 0.2% n-naphthylethylenediamine (w/v) in 0.2 M phosphate buffer
pH = 7.5 were added. A measurable azo dye at 540 nm was developed after 5 min. NaNO2 was
used as a standard in a range between 0–10,000 μg/L. Nitrate blanks were performed to account for
non-enzymatic nitrite content of lichen samples. Bradford method [70] with some modification was
used to quantify total soluble protein: 5 μL of sample were mixed with 250 μL of Bradford reagent, and
absorbance was measured at 595 nm after 10 min. A standard curve was made with concentrations
ranging from 0 to 1 mg BSA/ml extraction buffer. Blanks without the substrates were performed with
each sample analyzed. The activity value obtained in the absence of these substrates informed about
natural levels of nitrite in thalli. Nitrate blank was the highest and was subtracted from total activity to
account for non-enzymatic nitrite. NR activity units (U) were defined as μmoles nitrite produced/min
at 25 ◦C and pH 7.5.

4.8. Statistics

For each treatment and study times at least 12 replicates were prepared (n = 12). The results
are expressed as means ± standard error. Software used for statistical analysis was “R-commander”.
We determined the significant differences between treatments in each time using a Student’s t-test
when the variances were equal, and the Welch’s test when the variances were different. Comparison of
variances was made with a statistical test based on the distribution F of Snedecor. Before statistical
analysis, the normality of the data was verified by the application of Shapiro–Wilk test. in all cases was
considered significant a p-value < 0.05. For the quantification assay of NR activity, 3 replicates were
used. The results are expressed as means ± standard error.

5. Conclusions

Our results demonstrate the existence of NR activity correlated with NO generation in the lichen
R. farinacea under stress conditions. NO role seems to be determined by its source: NO related to NR
activity seems to have an important role in the hyphae of cortex and in phycobionts in the first hours,
while NO correlated with NOS-like seems to be more important for microalgae. NADPH-diaphorase
activity cytochemistry supports the existence of NOS-like activity in both the mycobiont and the
phycobionts of R. farinacea, where it is associated with big cytoplasmatic vesicles. Preliminary
quantification of NADH-NR specific activity has rendered 91.00 ± 13.23 μU/mg. Taken together
these data indicate that NO regulation and synthesis in lichens is complex involving both NR and
NOS-like activities.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/8/7/189/s1,
Figure S1: Tungstate inhibition of lichen R. farinacea nitrate reductase activity.
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Abbreviations

BHT 2,6-Di-tert-buthyl-4-methylphenol
BSA Bovine serum albumin
DTT Dithiothreitol
DW Dry weight
etOH Ethanol
EDTA Ethylenediaminetetraacetic Acid
L-NAME NG-nitro-L-arginine methyl ester
MDA Malondialdehyde
NBT Nitro blue tetrazolium
NOx Nitric oxide oxidation end-products
NOS Nitric oxide synthase
NR Nitrate reductase
PBS Phosphate buffered saline
ROS Reactive oxygen species
TBA 2-Thiobarbituric acid
TBARS Thiobarbituric Acid Reactive Substances
TCA Trichloroacetic acid
TEP 1,1,3,3- Tetraexthoxypropane
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Abstract: Nitric oxide (NO) is an immensely important signaling molecule in animals and plants. It is
involved in plant reproduction, development, key physiological responses such as stomatal closure,
and cell death. One of the controversies of NO metabolism in plants is the identification of enzymatic
sources. Although there is little doubt that nitrate reductase (NR) is involved, the identification of
a nitric oxide synthase (NOS)-like enzyme remains elusive, and it is becoming increasingly clear
that such a protein does not exist in higher plants, even though homologues have been found in
algae. Downstream from its production, NO can have several potential actions, but none of these
will be in isolation from other reactive signaling molecules which have similar chemistry to NO.
Therefore, NO metabolism will take place in an environment containing reactive oxygen species
(ROS), hydrogen sulfide (H2S), glutathione, other antioxidants and within a reducing redox state.
Direct reactions with NO are likely to produce new signaling molecules such as peroxynitrite and
nitrosothiols, and it is probable that chemical competitions will exist which will determine the
ultimate end result of signaling responses. How NO is generated in plants cells and how NO fits into
this complex cellular environment needs to be understood.

Keywords: antioxidants; hydrogen gas; hydrogen peroxide; hydrogen sulfide; nitric oxide; reactive
oxygen species

1. Introduction

Since nitric oxide (NO) was mooted to be an important signaling molecule in animals in 1987 [1],
and with the subsequent reporting of its role in plant signaling [2–4], there has been extensive work on
investigating its function in plants.

Higher plants would have evolved through a lineage that would have been exposed to a range
to toxic and reactive compounds and have therefore adapted to encompass them into their normal
metabolism [5]. NO, along with reactive oxygen species (ROS) such as the superoxide anion (O2

·−) and
hydrogen peroxide (H2O2), along with hydrogen sulfide (H2S), works as part of a suite of relatively
reactive small molecules in cells which help to control the cell’s activity and the function of proteins.
NO has been implicated in seed germination [6], root development [7], stomatal closure [8], pathogen
challenge [9], plant reproduction [10,11] and stress responses [12]. Therefore, how NO is produced,
perceived and leads to a range of effects is important to unravel.

The generation of NO in plants remains controversial, as discussed below, while the measurement
of NO [13] in plant materials is still contentious, and often it is not possible to give its sub-cellular
location or quantification. This can itself lead to problems with interpretation, as it is not known if
NO accumulates to significant, perhaps what could be referred to as threshold, levels, or whether the
accumulation of NO is compartmentalized, as reported for other signaling molecules [14], such as
cAMP [15,16] and Ca2+ [17] but also including ROS and redox signaling [18,19]. Therefore, the idea
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of compartmentalisation is important to consider here. It is often difficult, therefore, to interpret
the data generated. On top of this, NO will react with other signaling molecules, and this makes it
difficult to understand fully how NO integrates into a complex signaling pathway. This is also further
discussed below.

2. Nitric Oxide Generation in Plant Cells

There seems to be little doubt that plant cells generate NO and are able to respond to it. Therefore,
multiple routes to NO accumulation have been suggested, including some that are enzyme-dependent
and others that are enzyme-independent [20,21].

One of the major sources of NO is the enzyme nitrate reductase (NR) [22,23]. It has been shown to
be important, for example, in the control of stomatal closure [24]. Arabidopsis thaliana has two isoforms
of NR, and it is thought that both are important in signaling [25,26]. Furthermore, other proteins may
interact to create nitrite-dependent enzymes as well [22].

Another enzyme which can generate NO, albeit under hypoxic conditions, is xanthine
oxidoreductase (XOR) [27], while other molybdenum-based enzymes may also be important [22].
However, the enzyme which has attracted most attention, perhaps not surprisingly, is nitric oxide
synthase (NOS). Despite early reports of the isolation of a NOS from higher plants, it became apparent
that the protein which directly produces NO was not identified [28]. To date, this remains controversial.

In lower plants, NOS homologues have been identified [29]. Two green algae genomes showed
evidence of sequences for NOS, Ostreococcus tauri and Ostreococcus lucimarinus [30]. The O. tauri sequence
was 45% similar to human NOS and the structure was most similar to eNOS. On characterising this
enzyme, it was found that the km for L arginine, the likely substrate for this NOS enzyme, was found
to be 12 ± 5 μM, suggesting that it might have physiological relevance [30]. Such data give hope for
finding such an enzyme in higher plants. However, the literature on the nature of a plant NOS has
been reviewed widely, and it has been argued previously that higher plants do not contain a NOS
enzyme [31,32]. More convincing is the genomic search that was reported [33]. Here, the search involved
data sets from the 1000 Plants (1KP) international consortium. No typical NOS sequences were found
when 1087 sequenced transcriptomes from land plants were investigated. In contrast to this, 15 of the
265 algal species analyzed showed evidence of NOS sequences. The authors concluded that land plants
must produce NO using a different mechanism to that found in animals [33]. This makes it hard to
explain much of the data that has been published on NOS-like enzymes in plants, such as a recent study
on barley root tips [34] where the NOS inhibitor N(ω)-nitro-L-arginine methyl ester (L-NAME) was
shown to have effects. Such work leads researchers to refer to a NOS-like enzyme in plants, but as no
homologue, at the gene or protein level, to a mammalian NOS has been reported in any higher plant,
it is suggested here that the term NOS-like should not be used and such enzymes and proteins should
be referred to as nitric oxide generating (NOGs).

If an enzyme were to generate NO in manner similar to that reported for mammalian NOS,
there should be identifiable aspects. Butt et al. [35] used a proteomic approach to identify plant
proteins which cross-reacted with mammalian NOS antibodies. Using 2-D gels of extracts from
Zea mays L. they reported that 20 proteins were immunoreactive following Western blot analysis.
Fifteen of the proteins were identified using matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry and found not to be related to NO metabolism. Although five proteins remained
unidentified, the authors concluded that the immunological techniques so far used were not sufficient
to infer the presence of a plant NOS protein [35]. For an up-to-date summary of the discussion of the
presence of NOS in plants, see Santolini et al. [32] or Astier et al. [21].

However, it cannot be assumed that all elements of a mammalian NOS should be identifiable.
OtNOS lacks the autoregulatory control element, suggesting that it is most closely related to the iNOS
isoform in mammals [30]. This may also suggest that looking for a similar domain in a higher plant
NOS is futile. Here, as an example of the sorts of aspects that could be looked for, a bioinformatics
approach was used. This way of searching for a NOS-like enzyme is predicated on the fact that
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there should be domains or motifs which are important for NOS-like function, and therefore there
should be some level of conservation in these sequences, albeit perhaps hard to find. The mammalian
enzymes contain an oxidase domain, a reductase domain and regions which are able to interact with
calmodulin [36]. Here, small stretches of sequence have been used to search for possible NOS-like
candidates in Arabidopsis and Oryza (Table 1). These relatively short sequences have been derived
from the work of others [37,38], such as those looking for NOS-interactions in rat NOS, as well as using
the Prosite [39] NOS signature and sequences identified from alignments of the three human NOS
proteins using ClustalOmega [40] (data not shown). The relative positions of such sequences within
the rat nNOS peptide sequence is shown in Figure 1.

If a plant NOS-like enzyme were to function in a manner similar to a mammalian one, it should
have a reductase domain capable of oxidizing NAPDH and having a flavin prosthetic group, such as
flavin mononucleotide (FMN). The mammalian NOS reductase is homologous to that of the P450
family of enzymes [41]. Plants have reductases which are similar. Arabidopsis has two proteins which
can identified as p450 reductases: NP_001190823 and NP_194750. Some of the short sequences used
in Table 1, such as eNOS 952–980, found evidence of reductases in the plant genomes searched. It is
therefore possible that any NOS-like enzyme in plants does not have a dedicated reductase, but can
draw electrons from other reductases, which are possibly multifunctional.

If there is no need for a dedicated reductase domain, this is almost certainly not true for the
oxidase domain. To generate NO, this is the active site that would need to exist. It is very possible that
the plant NOS-like protein may only be an oxidase domain, lacking a reductase. It has been reported
that bacterial NOS enzymes are indeed like this, lacking a reductase but using electron donation from
a nonspecific reductase [42]. Therefore, a search for the oxidase domain is important.

Using the NOS signature from the rat nNOS sequence (NM_052799 XM_346438) in Blastp at NCBI
had the highest score hit of hypothetical protein OsI_24933 [Oryza sativa Indica Group] ID: EAZ02807.1.
This had the following match:

The same match was found for an Arabidopsis thaliana hypothetical protein (amino acids 115–122:
Table 1). Others on the Blastp output are annotated as F-box kelch-repeat proteins. Putting both the
Oryza and Arabidopsis sequences through Prosite revealed nothing of significance; only phosphorylation
sites and other Prorules for post-translational modifications. Therefore, these hypothetical proteins
look unlikely to be able to act as part of a NOS protein.

Using the NOS signature from the Prosite ProRule data (PS60001) revealed nothing in plants
of significance, but it did pull out NOS-like sequences from a range of other organisms, including
Staphylococcus and insects. Therefore, there is little evidence of this short NOS signature sequence
being in either Arabidopsis or Oryza databases, at least to date.

NOS is likely to interact with other peptides, and this would be a way to identify important
functional regions. The calmodulin-interacting regions (CaM) from the rat sequence revealed nothing
of note. When the three human NOS sequences were aligned, these CaM motifs were not represented
in all NOS peptides, and therefore it could be argued that they are not essential, and not finding them
does not rule out the presence of a plant NOS. Others have looked for other interacting regions as
well [37,38]; for example, between the FMN and oxidase domains. Taking interesting sequences such
as those thought to be involved in protein interactions from the literature also failed to reveal a likely
NOS sequence in Arabidopsis or Oryza (Table 1).

It can be concluded so far, in that case, that there is no significant evidence from the sequence
searching of a NOS-like protein in two plant sequences for which major genome sequencing projects
have been undertaken [43,44].
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Figure 1. Areas of the rat NOS sequence used to search for higher plant NOS-like proteins. Findings
shown in Table 1.

NOS in other species is not a stand-alone protein, but has interacting partners. NOS-interacting
proteins can be found in the literature (Table 1), such as nostrin [45], carboxyl terminal PDZ ligand [46]
and NOS-interacting protein [47]. Searching for evidence of such proteins in plant genomes may
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give circumstantial evidence of a NOS-like protein in plants. The nostrin sequence found plant
proteins which can interact, perhaps through SH3 domains (Table 1). However, the most intriguing
fact was that the Homo sapiens NOS interacting protein isoform (NP_057037) was revealed in both
the Arabidopsis and Oryza data proteins, which have already been annotated as NOS-interacting
proteins (XP_020890108.1 & XP_006649867.1, respectively). Such proteins may be used as lures to find
interacting partners in plant extracts, some of which may have NOS-like activity.

Overall, the bioinformatic searching carried out here, although by no means exhaustive,
showed no clear evidence of a NOS-like protein in plants, although elements such as a reductase do
clearly exist. These data are not contrary to those found and reported by others [33].

3. Interactions of Nitric Oxide with Other Reactive Signals

When the chemistry of nitric oxide is discussed, it is often assumed that this involves the radical
form: NO·. However, with the loss or gain of an electron, other forms are nitroxyl (NO−) and
nitrosonium (NO+) ions [48]. It is important to appreciate that NO will not be generated in cells in
isolation. It is often produced in response to a stress, and as such, other signals will be accumulating
at the same time, including ROS and H2S. If cadmium ion stress in plants is taken as an example,
the cellular response includes the generation of NO and ROS [49], as well as H2S [50], all presumably
being accumulated in the same sub-cellular location, such as the cytoplasm. Therefore, it is important
to consider how NO may interact with other compounds that are present.

One of the main downstream effects of NO is the post-translational modifications of thiols
(Figure 2) and other amino acids such as tyrosine. S-nitrosation (often referred to as S-nitrosylation)
is the modification of the –SH group to –SNO [51], which may cause a conformational change in the
protein, with a concomitant change in activity or function. However, the thiol group may also be
modified by oxidation, S-persulfidation by H2S, glutathionylation by GSH, or reaction with another
thiol to create a disulfide (reviewed previously [52]), and so a reaction with NO is not necessarily the
outcome. With such a range of possible reactions, the actual resultant change seen will be dependent
on the local concentrations of reactants and the kinetics of the possible reactions.

Figure 2. Some post-translational modifications of thiol groups. These include S-nitrosation and
oxidation. Many modifications are reversible, and so are akin to phosphorylation.

The protein modification by NO is, however, an important signaling process. Many proteins
in plants have been identified as being nitrosated [51], with a good example being glyceraldehyde
3-phosphate dehydrogenase (GAPDH). In mammalian cells, it has been shown that on S-nitrosation,
the enzyme translocates to the nucleus, thus abandoning its role in glycolysis to take up a new role
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in the control of gene expression [53]. In plants, GAPDH has also been shown to be S-nitrosated,
and cytosolic GAPDH can interact with nuclear DNA, specifically to a partial gene sequence of
NADP-dependent malate dehydrogenase [54]. However, GAPDH can also be modified through
oxidation by H2O2 [55] and in addition be S-persulfidated by H2S [56], with the latter known to lead to
its translocation to the nucleus. Clearly, there is competition between reactive signals in cells [52], and it
cannot be assumed that NO signaling will dominate. However, methods to identify thiol modifications
will help to unravel such signaling [57,58].

S-nitrosation also has a role in mediating the interplay between NO and other reactive signaling
mechanisms, such as those involving ROS. For example, key enzymes which generate ROS, such as
NAPDH oxidase, can be modified by NO. It has been reported that RBOHD is S-nitrosated at Cys890
which inactivates the enzyme and thus reduces its ROS-generating activity [59]. Therefore, NO has an
important role in controlling ROS levels and hence the potential downstream signaling here.

The second important modification of proteins brought about by NO is tyrosine nitration [60],
and again this may lead to alterations of function. As with S-nitrosation, NO interaction will lead
to conformational changes in the protein and commensurate changes in activity, either increased or
decreased. Some of these modifications may have the result of altering other signaling pathways
mediated by other reactive signals; for example, tyrosine nitration can alter superoxide dismutase
(SOD) activity and hence ROS signaling [61].

As NO and ROS are produced in the cell at the same time, it is important to consider their
interaction and the ramifications of this chemistry. The most well-known reaction of NO and ROS
it that between the superoxide anion and NO which produces peroxynitrite (ONOO−) (Figure 3).
This has two potentially important outcomes. Firstly, the reaction removes both O2

·− and NO from the
cell or the cell’s environment, thereby reducing the bio-availability of both. Thus both ROS-dependent
signaling, perhaps through H2O2, and NO signaling would be reduced. Secondly, there is a new
compound produced which itself can act as a signaling molecule [62], perhaps giving a different
response than would have resulted from ROS or NO signaling.

Figure 3. Some of the reactions in which NO can be involved, often leading to new signaling molecules.

The generation of NO will also be into an environment rich in antioxidants. NO may affect the
activity of enzymatic antioxidants, as mentioned above, where NO, through a peroxynitrite-mediated
mechanism, altered SOD activity [61], and hence reduced the cell’s capacity to remove superoxide
anions and produce H2O2, with the latter being important in signaling. In a similar manner, NO can
alter catalase activity [63], thus lowering the cell’s capacity to remove H2O2, perhaps prolonging
ROS-mediated signaling.

A large part of the antioxidant capacity of the cell is due to the presence of low molecular-weight
antioxidants. There are a range of small low molecular-weight thiols in cells [64], but one of the most
important is glutathione [65]. This exists in the reduced state (GSH) and the oxidized state (GSSG),
with the ratio of these compounds, along with the total GSH+GSSG concentration, being partly
responsible for the maintenance of the intracellular environment in a very reduced state [65], probably
below −200 mV. It is possible that the presence of NO—as it is a redox compound—will lead to the
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intracellular redox status being altered. It is known that the intracellular redox environment is not
static and becomes more oxidizing if cells are in an apoptotic state [65], but it is also possible that
the redox environment determines the state of any NO couple and hence the longevity of any NO
species, as previously discussed [64,66]. In some cases, for example as the cell becomes more oxidizing,
the presence of NO· will be prolonged, and so this will enhance NO·-mediated signaling.

Importantly, NO and glutathione can react together to produce GSNO. This potentially has
the capacity to reduce GSH/GSSG levels in cells, and hence potentially alter the intracellular redox
environment, especially if the reaction is compartmentalized. The reaction will also remove NO from
directly partaking in further signaling. However, GSNO has important roles as well. GSNO can
act as a donor and therefore a reservoir of NO, and it has been suggested that GSNO can mediate
some NO effects [67], having distinct and overlapping molecular targets when compared to NO itself.
GSNO has also been mooted as an important mechanism to transport NO around organisms [68],
perhaps through the vasculature system of plants. To terminate GSNO-mediated signaling, it can be
removed by the action of GSNO reductase [69,70], which would lower the bioavailability of NO.

Another reactive signal which may interfere with NO signaling is hydrogen sulfide (H2S). H2S
has recently been found to be an important signaling molecule in both animals and plants [71–73]. It
is produced in response to a range of stresses, such as cadmium ions, as mentioned above [50]. H2S
can react directly with NO to produce nitrosothiol (Figure 3). As discussed above, this will reduce the
bioavailability of both H2S and NO, but it will also create a new molecule with potential signaling
effects [74]. H2S will also increase GSH levels in cells [75] and therefore may have the potential to alter
the accumulation of GSNO.

Lastly, it has recently been suggested that signaling in animals and plants may involve hydrogen
gas (H2) [76]. The presence of H2 may alter antioxidant levels in cells [77] and so indirectly alter
NO metabolism. However, there is also potential for a more direct interaction with H2 and some
nitrogen compounds [78,79]. Certainly, H2 has been shown to have effects in plants [80,81] and has
touted as a future treatment for plants [82]. NO has been reported to be needed for some of the H2

gas effects [83,84] and no doubt more interactions between NO and H2 signaling will be revealed in
the future.

4. Conclusions and the Future

NO is a key signaling molecule in plants, being important in plant reproduction [85],
development [86] and plant cell death [87]. However, the production of NO in plants remains
controversial. Enzymes such as NR are known to be important [23], while others such as XOR
may be involved. Much data points to the existence of a NOS-like enzyme being present in higher
plants, and although there is such an enzyme in algae [29], the search for homologues in higher plants
remains elusive [33], and it appears that such an enzyme really does not exist. It is possible that a
novel peptide has oxidase-type activity which can produce NO, receiving electrons from a less specific
reductase, as seen in bacteria [42], but if such a peptide does exist, it is very difficult to identify.

If there is an oxidase-type enzyme in higher plants it would need to obtain its electrons from
somewhere; most likely a reductase, as seen with P450. As can be seen in Table 1, such reductases in
plants do exist and might serve this function. Furthermore, putative NOS-interacting proteins have
been identified in plants, as listed in Table 1. Therefore, by concentrating on proteins which are most
likely to interact with an oxidase-like protein and using these as bait in purification experiments, it is
possible that the future may see a novel NO-generating oxidase being discovered in higher plants.
However, with divergent evolution of plants and animals, and the fact that plants appear to have other
NO generating pathways such as nitrate reductase, it may be that such an NO-producing oxidase does
not exist.

The role of NO is also complex and not fully understood. NO is made in plants cells in response
to the same cues that initiate the generation of ROS and H2S, and so NO will not work in isolation.
The reaction of NO with ROS or H2S will lower the bioavailability of NO, but also produce new
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signaling molecules, such as peroxynitrite [62] and nitrosothiols [74], which will have their own
outcomes. The impact of NO on the cellular redox poise, especially if compartmentalized, needs
to be considered, as does the impact of the redox environment on the NO metabolism that may
ensue [64]. NO will interact with antioxidants, such as glutathione, which may even facilitate its
organismic transport [68]. Furthermore, one of the main actions of NO is to chemically modify proteins,
for example through S-nitrosation, but this may not be possible if other reactive compounds such as
H2S or ROS have already modified the relevant thiol. Therefore, the downstream actions of NO cannot
always be assumed.

In conclusion, two major barriers exist to the progression of NO research in plants.
Firstly, the controversy surrounding the presence of NO-generating enzymes needs to be resolved.
Here, is it suggested that the term NOS-like is dropped to avoid continual confusion by drawing
parallels with the mammalian system, as clearly the homology does not exist. The term nitric
oxide-generating (NOG) would be more accurate. Secondly, the way NO is interwoven into
the signaling of other important reactive chemicals needs to be understood. Is NO metabolism
compartmentalized in such a way that ROS, GSH or H2S do not interfere, or is there a competition
between all these signals, keeping each other in check, as already been mooted [88]? Until such issues
are resolved, the true nature of the role of NO in plants will remain elusive.
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Abstract: Nitric oxide (NO) is a gaseous free radical endogenously generated in plant cells. Peroxisomes
are cell organelles characterized by an active metabolism of reactive oxygen species (ROS) and are also
one of the main cellular sites of NO production in higher plants. In this mini-review, an updated and
comprehensive overview is presented of the evidence available demonstrating that plant peroxisomes
have the capacity to generate NO, and how this molecule and its derived products, peroxynitrite
(ONOO−) and S-nitrosoglutathione (GSNO), can modulate the ROS metabolism of peroxisomes,
mainly throughout protein posttranslational modifications (PTMs), including S-nitrosation and
tyrosine nitration. Several peroxisomal antioxidant enzymes, such as catalase (CAT), copper-zinc
superoxide dismutase (CuZnSOD), and monodehydroascorbate reductase (MDAR), have been
demonstrated to be targets of NO-mediated PTMs. Accordingly, plant peroxisomes can be considered
as a good example of the interconnection existing between ROS and reactive nitrogen species (RNS),
where NO exerts a regulatory function of ROS metabolism acting upstream of H2O2.

Keywords: catalase; monodehydroascorbate reductase; tyrosine nitration; nitric oxide; peroxisome;
reactive oxygen species; S-nitrosation; superoxide dismutase

1. Introduction

Peroxisomes are organelles with an essential oxidative metabolism present in almost all categories
of eukaryotic cells. In higher plants, these organelles are recognized to have a versatile metabolism
because their enzymatic composition can adapt to different cell and organ types, stages of development,
and environmental conditions [1–6]. However, there is a common battery of enzymes that are
present in all types of plant peroxisomes. This includes a set of antioxidant systems whose
functions are to keep under control the internal active metabolism of reactive oxygen species (ROS),
mainly superoxide radicals (O2

·−) and hydrogen peroxide (H2O2). These ROS are generated under
physiological conditions by different pathways, such as purine catabolism, fatty acid β-oxidation,
and photorespiration [7–10]. These antioxidant systems acquire a special relevance in those situations
where the ROS generation is intensified, like under plant stress conditions [11].

In recent years, different experimental data have demonstrated that plant peroxisomes also
have the capacity to generate another free radical—nitric oxide (NO)—and a family of derived
molecules designated as reactive nitrogen species (RNS), including peroxynitrite (ONOO−) [12] and
S-nitrosoglutathione (GSNO) [13]. The production of these two families of reactive species—ROS and
RNS—raises new questions about their potential functions in peroxisomes, either as simple byproducts
of the peroxisomal metabolism or perhaps having a regulatory function in the peroxisome and also
outside these organelles, due to the characteristic signaling properties of ROS and RNS.
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In this work, the interconnections existing between the metabolism of ROS and RNS in peroxisomes
are presented. In this relationship, NO exerts a regulatory function by controlling the activity
of some target enzymes through posttranslational modifications (PTMs), mainly S-nitrosation (or
S-nitrosylation) and tyrosine nitration. It should be pointed out that the NO-generating capacity
of peroxisomes may have significant implications in the cellular metabolism of plants under
physiological conditions, including leaf senescence [14], pollen tube growth [15], and auxin-induced
root organogenesis [16]. However, peroxisomal NO metabolism is particularly exacerbated under
oxidative stress situations induced by abiotic conditions like salinity [17], and the heavy-metals
cadmium [12,18], and lead [19].

2. Nitric Oxide Generation in Plant Peroxisomes

In higher plants, NO is a key signaling molecule [20,21] involved in numerous processes, including
seed germination [22,23], primary and lateral root growth [24,25], plant development [26,27], stomatal
closure [28], flowering [29], reproductive tissues [15,30,31], fruit ripening [32,33], senescence [14,34],
abiotic stresses [35–39] and biotic stresses [40]. However, the enzymatic source(s) of NO in plant cells
is still a controversial matter subject to intense discussions [41–43]. Different pieces of biochemical
evidence have demonstrated the presence of L-arginine-dependent nitric oxide synthase (NOS)-like
activity in plant peroxisomes. Data accumulated during the last twenty years indicate that the
hypothetical protein responsible for the NO generation in peroxisomes has biochemical requirements
similar to that of animal NOS, including substrate, cofactors and sensitivity to inhibitors [14,44],
dependence on calcium and calmodulin [45], as well as dependence on the mechanism of the import system
to peroxisomes through a peroxisomal targeting signal type 2 (PTS-2) [46]. The known biochemical
properties of the protein responsible for NO generation in plant peroxisomes, in comparison with
those described for animal NOS, are summarized in Table 1. Additionally, there are experimental
data that have corroborated the presence of NO in plant peroxisomes and that were obtained by
complementary approaches, including electron paramagnetic resonance (EPR) spectroscopy, ozone
chemiluminescence, and NO-specific fluorescence probes [14,19]. It should be mentioned that in other
cellular compartments a reductive NO generation involving nitrite/nitrate or nitrate reductase (NR)
has been described, as well as a non-enzymatic production of NO at acidic pH in the presence of
reductants like ascorbate [43,47]. However, peroxisomes have at oxidative metabolism and, to our
knowledge, there is not any experimental evidence of the presence of nitrite/nitrate or NR in these
plant organelles. Moreover, it has been reported that peroxisomes have an alkaline pH [48], what
suggests that the mentioned non-enzymatic generation of NO in peroxisomes is not likely under
normal physiological conditions.

Table 1. Biochemical requirements of the peroxisomal protein responsible for the L-arginine-dependent
nitric oxide synthase (NOS)-like activity in higher plants.

Requirements Peroxisomal NOS-Like Protein

Substrate L-Arginine

Cofactor requirement NADPH, Ca2+, FAD, FMN, BH4

Sensitivity to inhibitor Aminiguanidine, L-NNA, L-NAME, L-NMMA

Peroxisomal targeting signal (PTS) Type 2 (PTS2)

Dependence of peroxisomal protein import system PEX5, PEX7, PEX12, PEX13, Ca2+, CaM

Localization Matrix

BH4, tetrabiopterin; PEX, peroxin; L-NNA, L-NG-Nitroarginine; L-NAME, Nω-Nitro-L-arginine methyl ester
hydrochloride; L-NMMA, NG-Monomethyl-L-arginine, monoacetate salt; CaM, calmodulin.

Similarly, in animal peroxisomes, the presence of an inducible NOS isozyme [49,50], which is
imported to the peroxisomal matrix using a PTS2 [51], has also been demonstrated. In conclusion,
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the above data indicated for the protein responsible for NO generation in peroxisomes from plant
origin are in good agreement with the data reported for the animal peroxisomal NOS activity.

3. Peroxisomal Proteins: Targets of NO-mediated PTMs

At present, the number of potential targets that undergo NO-mediated PTMs is increasing. This is
due to the identifications obtained by specific proteomic methodologies combined with biochemical
analyses, such as the biotin switch method and labeling with isotope-coded affinity tags (ICAT).
These approaches have also allowed confirming whether a specific protein is S-nitrosated and/or
nitrated. In some cases, even the affected amino acid residues of the protein have been identified [52].
Furthermore, the existence of any NO-derived PTM is additional evidence of, at least, the presence
of NO and its derived molecules in a specific subcellular compartment [53]. So far, the number of
identified plant peroxisomal proteins susceptible to undergo a specific NO-derived PTM has also
increased with the development of the mentioned methodologies. The characteristic peroxisomal
proteins that have been identified as targets of NO in higher plants are summarized in Table 2. Among
the different peroxisomal proteins undergoing NO-derived PTMs, in this article, we have focused on
some of the key antioxidant enzymes of peroxisomes, including catalase (CAT), monodehydroascorbate
reductase (MDAR), and copper-zinc superoxide dismutase (CuZnSOD).

Table 2. Some proteins from higher plant peroxisomes that undergo nitric oxide (NO)-derived
posttranslational modifications (PTMs), either by S-nitrosation or tyrosine nitration.

Peroxisomal Enzyme NO-Derived PTM References

3-ketoacyl-CoA thiolase 1 S-nitrosation [52]

Hydroxypyruvate reductase S-nitrosation/nitration [54–56]

Glycolate oxidase S-nitrosation/nitration [55,57,58]

Malate dehydrogenase S-nitrosation/nitration [55,59]

Catalase S-nitrosation/nitration [55,56,60,61]

CuZn superoxide dismutase (CSD3) Nitration [62]

Monodehydroascorbate reductase S-nitrosation/nitration [63]

3.1. Catalase (CAT, EC 1.11.1.6)

CAT is a heme-containing protein and one of the key H2O2-scavenging enzymes present in
prokaryotic and eukaryotic cells [64–67]. Additionally, CAT is recognized as a constitutive enzyme of
all kinds of peroxisomes from eukaryotic cells, being used as a biochemical marker of these organelles.
The information available, at present, indicates that this enzyme is the main target of NO in animals
and plants. In fact, initial in vitro assays showed that the bovine liver CAT was rapidly and reversibly
inhibited by NO [68,69]. In plants, using purified tobacco CAT, similar studies demonstrated that both
NO donors and ONOO− (a nitrating molecule) had the capacity to inhibit the enzyme activity [70].
More recently, studies carried out in different plant species have shown that CAT is a target of
S-nitrosation in sunflower hypocotyls [60], pea leaves [55], and Arabidopsis [56], and of tyrosine
nitration in pepper fruits [61]. Moreover, it was demonstrated that both S-nitrosation and tyrosine
nitration inhibited CAT activity in pea leaves and pepper fruits [55,61]. It has been proposed that the
potential target of S-nitrosation in Arabidopsis CAT is Cys86 [56], although this should be corroborated
by specific mass spectrometry analyses. However, it must be taken into account that NO could also
interact with the Fe atoms present in the heme groups of CAT, forming a metal nitrosyl complex,
that perhaps could affect its activity, although, to our knowledge, there is no information on this
mechanism in plant CAT. In any case, all the data available suggest that NO acts upstream of H2O2,
thereby regulating CAT activity. This inhibition of CAT by NO could imply a lower capacity to remove
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H2O2, and consequently it could be well correlated with those physiological or adverse processes that
have associated an increase of their oxidative metabolism [18,61].

3.2. Monodehydroascorbate Reductase (MDAR, EC 1.6.5.4)

This enzyme is part of the ascorbate-glutathione (ASC-GSH) cycle, whose function is also to
control the cellular content of H2O2 [71]. The ASC-GSH cycle is present in different subcellular
compartments, including peroxisomes [72–74]. However, very little information is available on how
RNS can regulate the specific isozymes of this cycle present in peroxisomes. MDAR catalyzes the
NADH-dependent conversion of monodehydroascorbate to ascorbate, and peroxisomal MDAR has
been characterized in pea leaves [75] and Arabidopsis [76]. Further in vitro analysis of recombinant
MDAR from pea leaf peroxisomes in the presence of nitrating or S-nitrosylating agents (ONOO− or
GSNO, respectively) demonstrated that both processes caused inhibition of the MDAR activity [63].
Mass spectrometric analysis and site-directed mutagenesis confirmed that Tyr345 was the primary
site of nitration by ONOO− responsible for the inhibition of MDAR activity. On the other hand, in
silico analysis of the MDAR indicated that Cys68 was the best candidate for S-nitrosylation [63]. This
implies a possible modulation in peroxisomes of the ascorbate regeneration and the H2O2 scavenging
by RNS.

3.3. Superoxide Dismutase (SOD; EC 1.15.1.1)

Superoxide dismutases (SODs) are a family of metalloenzymes that catalyze the disproportionation
of O2

·− radicals into H2O2 and O2. In higher plants, there are three main types of SODs, containing
prosthetic metals Mn (Mn-SODs), Fe (Fe-SODs), or Cu plus Zn (Cu,Zn-SODs) [77,78]. The presence of
SOD activity in peroxisomes was reported for the first time in plant tissues—in pea (Pisum sativum L.)
leaves—in the early 1980s [79]. However, this report, in general, passed unnoticed and was even
questioned until it was described in human cells years later [80]. Since then, the occurrence of different
types of SODs in plant peroxisomes has been described in at least ten distinct plant species [11,78].
At present, SOD is considered a constitutive enzyme in all types of peroxisomes, although the family
of isozyme present depends on the organ and plant species.

In relation to the susceptibility of SOD to different RNS-induced modifications, previous reports
indicated that the recombinant human Mn-SOD and Cu,Zn-SOD were prone to be inactivated by
ONOO− [81,82]. In the case of plant peroxisomes, recently the recombinant peroxisomal Cu,Zn-SOD
(designated as CSD3) was obtained in Arabidopsis, and in vitro assays in the presence of nitrating or
S-nitrosylating agents showed that 500 μM ONOO− provoked a 65% inhibition of the Cu,Zn-SOD
activity, whereas GSNO did not cause any effect [62]. Regarding mass spectrometric analyses, Tyr115
was identified as the potential target of nitration [62]. Accordingly, SOD seems to be a relevant protein
to be further investigated as a target of NO-mediated PTMs, since it appears to be sensitive to exert
some discrimination between nitration and nitrosation processes.

4. Conclusions and Future Perspectives

Plant peroxisomes have relevant antioxidant systems comprised mainly of CAT, SOD, and the
ASC-GSH cycle, which are present in all types of plant peroxisomes [7]. Likewise, results obtained in
previous research works have demonstrated that besides an active ROS metabolism in peroxisomes,
these organelles also have an active RNS metabolism. Although there are few specific studies on how
distinct RNS can regulate the different peroxisomal antioxidant systems, the data available suggest
the NO may act upstream of the H2O2 metabolism. A scheme based on previous reports [7,11,83,84],
showing how NO can modulate the activity of peroxisomal antioxidant enzymes throughout either
nitration or S-nitrosation, is presented in Figure 1. The peroxisomal xanthine oxidoreductase (XOR)
activity catalyzes the oxidation of xanthine with the production of uric acid and O2

·− [85]. On the other
hand, L-arginine-dependent NOS-like activity generates NO, which can react with O2

·− to produce
ONOO−, a powerful oxidant and strong nitrating molecule that can mediate PTMs through tyrosine
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nitration [86]. NO can also interact with reduced glutathione (GSH) to form GSNO, a NO donor that
can mediate S-nitrosation of proteins [87]. Uric acid is a recognized inhibitor of ONOO−-mediated
toxicity [88,89], and this brings out a new potential mechanism of peroxisomal auto-regulation through
this powerful nitrating molecule. In this scenario, the identified targets of NO-derived PTMs in
peroxisomes, CAT, CuZnSOD, and MDAR, which are either directly or indirectly linked to the H2O2

pool, are key points to be modulated by nitration or S-nitrosation.

 

Figure 1. The interrelationship between nitric oxide (NO) metabolism and antioxidant enzymes

in plant peroxisomes. Peroxisomal xanthine oxidoreductase (XOR) activity produces uric acid
and superoxide radicals (O2

·−). On the other hand, an L-arginine-dependent nitric oxide synthase
(NOS)-like activity generates NO, which can react with O2

·− to give rise to peroxynitrite (ONOO−),
which is a powerful oxidant and strong nitrating molecule that can mediate posttranslational
modifications (PTMs), such as tyrosine nitration. NO can also interact with reduced glutathione
(GSH) to form S-nitrosoglutathione (GSNO), a NO donor that can mediate S-nitrosation reactions.
Uric acid is a recognized ONOO− scavenger that could be part of a mechanism of peroxisomal
auto-regulation. With all these components, the identified targets of NO-derived PTMs in peroxisomes,
catalase (CAT), copper, zinc superoxide dismutase (CuZnSOD), and monodehydroascorbate reductase
(MDAR) can undergo inhibition of their activity either by nitration or S-nitrosation.

In summary, the data presently available indicate that plant peroxisomes contain multiple
elements of ROS and RNS metabolism, where NO seems to act upstream of H2O2 routes throughout
the regulation of the peroxisomal antioxidant enzymes. Nevertheless, it should be taken into account
that both NO and H2O2 could be released to the cytosol, acting as signal molecules among the
different subcellular compartments. However, in plants under certain abiotic stress conditions an
overproduction of H2O2 and NO could take place in peroxisomes, and a high accumulation of these
signal molecules can mediate a nitro-oxidative stress in plant cells [11,90].
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Abstract: Nitrate reductase (NR) is important for higher land plants, as it catalyzes the rate-limiting
step in the nitrate assimilation pathway, the two-electron reduction of nitrate to nitrite. Furthermore,
it is considered to be a major enzymatic source of the important signaling molecule nitric oxide (NO),
that is produced in a one-electron reduction of nitrite. Like many other plants, the model plant
Arabidopsis thaliana expresses two isoforms of NR (NIA1 and NIA2). Up to now, only NIA2 has been
the focus of detailed biochemical studies, while NIA1 awaits biochemical characterization. In this
study, we have expressed and purified functional fragments of NIA1 and subjected them to various
biochemical assays for comparison with the corresponding NIA2-fragments. We analyzed the kinetic
parameters in multiple steady-state assays using nitrate or nitrite as substrate and measured either
substrate consumption (nitrate or nitrite) or product formation (NO). Our results show that NIA1 is the
more efficient nitrite reductase while NIA2 exhibits higher nitrate reductase activity, which supports
the hypothesis that the isoforms have special functions in the plant. Furthermore, we successfully
restored the physiological electron transfer pathway of NR using reduced nicotinamide adenine
dinucleotide (NADH) and nitrate or nitrite as substrates by mixing the N-and C-terminal fragments of
NR, thus, opening up new possibilities to study NR activity, regulation and structure.

Keywords: nitrate reductase; NIA1; NIA2; nitric oxide; nitrite; nitrate; methyl viologen; benzyl
viologen; NO analyzer; molybdenum cofactor; Arabidopsis thaliana

1. Introduction

In higher land plants, nitrate is the preferred nutrient for the nitrogen (N) assimilation pathway [1,2].
Nitrate reductase (NR, EC 1.7.1.1), which catalyzes the first intracellular and rate-limiting step in nitrate
assimilation, is a homodimer of two approximately 100 kDa polypeptide chains, each of which binds
three cofactors in individually folded domains. The enzyme functions as an internal electron transport
chain [1]. The C-terminal domain carrying a flavine adenine dinucleotide (FAD) cofactor accepts two
electrons from NADH or the phosphorylated form NADPH and passes them sequentially to the middle
domain containing a b5-type cytochrome heme. From here, the electrons are shuttled to the molybdenum
cofactor (Moco)-containing catalytic site in the N-terminal domain, and it is here that substrate reduction
takes place. Three non-conserved flexible regions are found in NR: an N-terminal peptide preceding
the Moco-domain, and two linkers connecting the central heme-domain to the Moco-domain (hinge 1)
and to the FAD-containing domain (hinge 2). Hinge 1 in NRs of higher plants has been demonstrated to
be crucial for reversible inhibition of NR at the protein level [3,4]. A highly-conserved phosphoserine
residue in hinge 1, as well as a motif rich in acidic residues in the N-terminal peptide, are the targets for
binding of one of several 14-3-3 protein isoforms, which leads to inhibition by steric hindrance of the
internal electron transfer between the heme and Moco [5,6].

In addition to its main anabolic function, NR has also been proposed to act as nitrite reductase
in plants resulting in the formation of nitric oxide (NO) [7–9]. This universal signaling molecule
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is involved in various physiological processes in plants, such as development or stress responses
(reviewed in [10–12]). Several NO sources are known in plants, among them the non-enzymatic,
pH-dependent NO formation in the apoplast [13], an arginine-dependent oxidative reaction
mechanism observed in peroxisomes and chloroplasts similar to the nitric oxide synthase activity of
mammals [14,15], and NO synthesis based on heme-proteins or the mitochondrial respiratory electron
transport chain [16]. All other members of the Moco-enzyme family, to which NR belongs, namely
sulfite oxidase (SO), xanthine oxidoreductase/dehydrogenase (XOR), aldehyde oxidase (AO), and
the amidoxime-reducing component (ARC) were shown to be capable of NO synthesis besides their
respective name-giving functions (reviewed in [17]).

Several studies using plants, plant cells, or nitrate reductase purified from native tissue have in
part quantified the NO formation by NR and suggested that it represents the major enzymatic source
of NO [18–21]. Recent studies with the eukaryotic algae Chlamydomonas reinhardtii demonstrated that
NR is also able to transfer electrons from its C-terminal FAD cofactor directly to other proteins, such as
truncated hemoglobins (THB) or ARC [22,23]. While Chlamydomonas THB1 has an NO dioxygenase
activity that consumes NO, ARC can act as an NO synthase. This finding, together with the observation
that both NR and ARC are co-regulated on the transcriptional level, and that the NO synthesizing
function of ARC is not inhibited by high nitrate concentrations (in contrast to plant NR, for which
a Ki

nitrate of 50 μM for the nitrite reductase activity was observed [24]), allowed the authors to
propose that this physiologically relevant NO synthase in Chlamydomonas might be made up of two
proteins, NR and ARC, forming a catalytic complex. Consequently, they suggested renaming ARC to
NO-forming nitrite reductase (NOFNiR) [22]. Considering that NR is also involved in the removal of
NO, these findings underline the complex role of NR in NO homeostasis (reviewed in [25]).

Interestingly, the function of NR in plants becomes even more complicated by the fact that
many plants including Nicotiana tabacum, Hordeum vulgare, Zea mays, Brassica napus, Glycine max,
Oryza sativa or Arabidopsis thaliana, possess two or more isoforms of NR, which might take over distinct
functions. For some isoforms, it is known that they differ in their preference for the co-substrate
NADH or NADPH [26,27], and in some plant species, the existence of both constitutively expressed
and inducible NR isoforms was reported [28].

Focusing on the model plant Arabidopsis thaliana, the transcription of the two isoforms NIA1 and
NIA2 is similar following the induction by nitrate, while several other factors including light or the
cytokinin benzyladenine produce specific expression patterns for each isoform [29–31].

In plant extracts of Arabidopsis thaliana, it is impossible to differentiate between the proteins NIA1
and NIA2 that share 78% sequence identity, because only antibodies recognizing both isoforms are
commercially available. Therefore, studies on the differences between NIA1 and NIA2 have mainly
relied on mutant plants, in which one and/or the other NIA gene has been knocked out. Based on
functional analyses of these mutant plants, some differences between NIA1 and NIA2 activity at the
whole-plant level have been identified. For example, it was found that nia2 knockout plants have only
10 to 20% residual nitrate reduction activity [32,33], or while ABA-induced NO synthesis to mediate
guard cell closure was attributed to NIA1 [34], others report that both NR isoforms contributed to
salicylic acid-induced NO production, mediating stomatal closure [35].

Information on the biochemical level about distinct functions of the NR isoforms is lacking to
date. Therefore, we have established in vitro systems to analyze both the nitrate and nitrite reduction
activities of plant NR. We produced functional proteins of the two NR isoforms from A. thaliana and
subjected them to steady-state enzymatic studies to characterize their functional properties. We found
that both isoforms are able to use either nitrate or nitrite as a substrate, with NIA2 having a clear
preference for nitrate reductase activity, while NIA1 is the more efficient nitrite reductase, and the
nitrite reducing activities of both were inhibited at low concentrations of nitrate.
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2. Results

2.1. Nitrate Reduction Activity

NR is modularly folded and individual domains retain a partial activity of the full-length
protein [36–38]. We have shown in the past that the N-terminal fragment of Arabidopsis thaliana
NIA2 comprising the Moco- and heme-domains connected by hinge 1 (residues 1–625, NIA2-Mo-heme)
exhibits similar nitrate reduction activity and 14-3-3 protein-mediated inhibition properties to the
full-length NIA2 when the artificial electron donor reduced methyl viologen (MV) is supplied for
nitrate reduction [5,6]. Therefore, we produced the corresponding N-terminal fragment of NIA1
(residues 1–627, NIA1-Mo-heme) to compare it to the kinetic properties of purified NIA2-Mo-heme.

Following successful purification of NIA1-Mo-heme and NIA2-Mo-heme, we first performed
the nitrate reduction assay with reduced MV at different pH values and confirmed that NIA1
has the same pH-optimum at pH 7.0 as NIA2 and is also comparable to other NRs, e.g., from
spinach [39,40] (Figure S1). Subsequently, we determined the steady-state kinetic parameters for
a range of nitrate concentrations (Figure 1), yielding a KM

nitrate = 2120 ± 160 μM for NIA1-Mo-heme,
which is approximately fivefold higher than the KM

nitrate for NIA2-Mo-heme (443 ± 26 μM), whereas
the turnover number kcat for NIA1-Mo-heme (51 ± 4 s−1) is slightly but significantly lower than the
one for NIA2-Mo-heme (69 ± 9 s−1). These results reveal distinct catalytic efficiencies kcat/KM of 24 s−1

mM−1 for NIA1-Mo-heme and 155 s−1 mM−1 for NIA2-Mo-heme indicating that NIA2 is a far ‘better’
nitrate reductase, which can be mainly attributed to the lower KM exhibited by NIA2.

Figure 1. Nitrate reduction by NR-Mo-heme proteins. (A) Anaerobic Michaelis–Menten kinetics of
NIA1-Mo-heme (red) and NIA2-Mo-heme (black) measured with the MV:nitrate assay. (B) Kinetic
parameters of multiple batches of NIA1-Mo-heme (red) and NIA2-Mo-heme (black) determined in
the MV:nitrate assay. The KM and kcat for NIA1-Mo-heme and NIA2-Mo-heme were compared via
unpaired t-test (GraphPad Prism 5). The means ± SEM of n = 33 kinetic series for NIA1-Mo-heme
(made with 23 protein batches) and n = 13 kinetic series for NIA2-Mo-heme (eight protein batches used)
are shown. p-value: *** < 0.001 < ** < 0.01 < * < 0.05.

2.2. Re-Constitution of Full-Length NR activity In Vitro

While full-length NIA2 can be obtained in high purity by recombinant expression in Pichia pastoris
cells [41,42], the expression of full-length NIA1 in Pichia pastoris has been of limited success, yielding
only trace amounts of protein (unpublished results). The expression strategy used here was, therefore,
adjusted, and recombinant expression of both NIA1 and NIA2 protein was performed as two separate
fragments in Escherichia coli—the N-terminal NR-Mo-heme fragment described above and a C-terminal
fragment containing hinge 2 and the FAD-domain (residues 628–917 for NIA1-FAD, residues 626–917
for NIA2-FAD) (Figure S1).

Different ratios of NR-Mo-heme and NR-FAD (1:1–200) were mixed to restore the original electron
transfer path using NADH and nitrate as substrates (Figure 2A). As the NR-FAD fragment was found
to exhibit substantial diaphorase (NADH:O2 oxidoreductase) activity, the assay was performed under
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anaerobic conditions. With increasing NR-FAD concentrations, increasing enzyme-specific nitrate
reductase activities were observed for both isoforms up to the maximal FAD concentrations of 10 or
20 μM (Figure 2B). Subsequently, we recorded nitrate-dependent NADH steady-state activity using
an enzyme re-constituted with a ratio of 1:50 for both isoforms and found that the re-constitution
of full-length activity was successfully achieved and that it was nitrate concentration dependent
(Figure 2C). These kinetic series yielded an apparent kcat = 9.6 s−1 for composite NIA1, and kcat = 13.4 s−1

for composite NIA2. Both of these activities were somewhat lower compared to those obtained
with MV as an electron donor and also compared to the reported parameters of full-length NIA2
(kcat = 33 s−1) [41]. This can be explained by the lack of covalent contact between the heme- and the
FAD-domain, which required the use of an excess of FAD fragment to increase the interaction between
the separated protein fragments. Consequently, the respective apparent KM values were found to be
lower due to the reduction in kcat, which is a result of the decreased electron transfer rate (apparent
KM

nitrate = 17 μM for NIA1, 35 μM for NIA2).

 

Figure 2. Re-constituted nitrate reductase activity. (A) Cartoon representation of the re-constitution of
full-length NR activity by combination of the separate NR-Mo-heme and NR-FAD fragments in vitro.
(B) Anaerobic NADH:nitrate assay of NR-Mo-heme (NIA1 red, NIA2 black) combined with increasing
ratios of NR-FAD fragment. Increasing nitrate reductase activity was observed with increasing ratio
of FAD-fragment. (C) Steady-state NADH:nitrate kinetics of re-constituted NIA1 (red) and NIA2
(black) activities.

2.3. Nitrite Reduction Activity

Reduced MV reacts non-enzymatically with nitrite at millimolar concentrations (Figure S2A).
Therefore, an assay with an alternative electron donor had to be established for steady-state
measurements of nitrite reductase activity. In contrast to MV, reduced benzyl viologen (BV) reacts
non-enzymatically with nitrate, but is stable in the presence of nitrite at pH 7.5 (Figure S2), within the
concentrations and time range required to conduct the experiments [43]. In initial tests, the optimal
pH for nitrite reduction was determined for both NIA1- and NIA2-Mo-heme to be at pH 7.5
(Figure S3). Analogously to the MV:nitrate assay, the BV:nitrite assay had to be performed under
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anaerobic conditions to prevent non-enzymatic electron transfer from reduced BV to molecular oxygen.
In contrast to MV which is known to donate electrons at the heme-domain [6], BV donates electrons
directly to the Moco-domain. We could show this using a NIA2-Mo-heme mutant protein (H600A)
with one of the heme-coordinating histidines mutated to an alanine, or a NIA1-fragment comprising
only the Moco-domain, both of which showed nitrite reductase activity using BV as the artificial
electron donor (Table 1).

Table 1. Kinetic parameters of nitrate reductase (NR)-fragments using the benzyl viologen
(BV):nitrite assay.

Protein KM
nitrite [μM] kcat

nitrite [s−1]

NIA1-Mo-heme 35.5 ± 2.7 19.8 ± 4.8
NIA1-Mo 35.3 ± 3.2 137.5 ± 2.5

NIA2-Mo-heme 13.7 ± 3.3 1.8 ± 0.3
NIA2-Mo-heme-H600A 10.3 ± 1.2 1.2 ± 0.02

For the calculation of the means ± SEM, two kinetic series (1 protein batch) were used for NIA1-Mo; one kinetic series
of one protein batch were used for NIA2-Mo-heme-H600A; see Figure 3 for NIA1-Mo-heme and NIA2-Mo-heme.

The kinetic parameters of the nitrite reducing activities with BV as electron donors are KM
nitrite of

35.5 ± 2.7 μM and 13.7 ± 3.3 μM and kcat values of 19.8 ± 4.8 s−1 and 1.8 ± 0.3 s−1 for NIA1-Mo-heme
and NIA2-Mo-heme, respectively (Figure 3A,B, and Table 1) indicating that both proteins are able to
act as nitrite reductases, with efficient substrate binding but slow turnover compared to the substrate
nitrate. Nonetheless, their catalytic efficiencies differ significantly with 557 s−1mM−1 (NIA1-Mo-heme)
and 131 s−1mM−1 (NIA2-Mo-heme). In this case, the difference in kcat, which is approximately ten-fold
higher for NIA1-Mo-heme than for NIA2-Mo-heme, mainly accounts for NIA1 being the more efficient
nitrite reductase.

Figure 3. Cont.
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Figure 3. Nitrite reduction by NIA1 and NIA2. (A) Anaerobic Michaelis–Menten kinetics of 50 nM
NIA1-Mo-heme (red) and 1 μM NIA2-Mo-heme (black) measured with the BV:nitrite assay. A higher
concentration of NIA2-Mo-heme enzyme than NIA1-Mo-heme was needed to obtain reaction velocities
in a similar order of magnitude. (B) Kinetic parameters of NIA1-Mo-heme (red) and NIA2-Mo-heme
(black) determined in the BV:nitrite assay. The KM and kcat for the NIA1-Mo-heme (red) and NIA2-Mo-
heme (black) are compared via unpaired t-test (GraphPad Prism 5). The means ± SEM of n = 21 kinetic
series for NIA1-Mo-heme (made with 12 protein batches) and n = 10 kinetic series for NIA2-Mo-heme
(made with eight protein batches) are shown. p-value: *** < 0.001 < **< 0.01 < * < 0.05. (C,D) Nitrite
reductase activity by re-constituted NIA1 (C) and NIA2 (D) measured using an NO-analyzer at
different nitrite concentrations (indicated by the numbers, μM). (E,F) Hyperbolic curve fit of the assays
from (C,D).

To complement these results, an NO analyzer for direct quantification of the nitrite-dependent NO
production by NR was used as it presents a very specific tool to record NO-release. However, despite
its specificity for NO, this method can only give qualitative information about the kinetic parameters of
enzyme-dependent NO production for two reasons: On the one hand, the NO is only quantified in the
gas phase and not in the solution, where the reaction has taken place. This adds an unknown diffusion
rate constant to the calculation. On the other hand, the weak interaction between the NR-Mo-heme
and the NR-FAD fragments lowers the turnover number and consequently, also the KM. At least four
different batches of NIA1-Mo-heme and NIA2-Mo-heme were re-constituted with 50-fold excess of
the respective NR-FAD, and nitrite-concentration dependent NO production was measured in the
presence of saturating NADH concentrations. All batches could efficiently produce NO down to very
low nitrite concentrations (Figure 3C–E), thus, clearly confirming the enzyme-specific nitrite reduction
by both composite NIA1 and NIA2.

2.4. Nitrate Inhibition of Nitrite Reductase Activity

The NO analyzer and the re-constituted NRs allowed us to measure the impact of nitrate on nitrite
reduction as a competing substrate for NR. This experiment cannot be performed using one of the
viologen assays due to their non-enzymatic reaction with either substrate. Using a saturating nitrite
concentration of 400 μM, increasing concentrations of nitrate (0–1 mM) were added to the reaction
mix and the amount of NO produced over time was measured (Figure 4). The nitrate concentration
resulting in half-maximal inhibition of NO generation rates was IC50 = 12 ± 1.7 μM for NIA1-Mo-heme
and 36 ± 2.7 μM for NIA2-Mo-heme with a maximal inhibition of up to 97% for both isoforms. This
confirms that nitrate is a potent inhibitor for both isoforms which is able to efficiently impair nitrite
reduction already at nitrate concentrations that are far below the respective KM

nitrate values for NIA1
and NIA2.
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Figure 4. Inhibition of nitrite reductase activity by nitrate. Using re-constituted NR-activity, NO
production by NIA1 (red) or NIA2 (black) was monitored on the NO analyzer with 400 μM nitrite.
Increasing concentrations of nitrate were added simultaneously with the nitrite, and NO production
decreased. The % residual activity was fitted with a hyperbolic curve (GraphPad Prism 7) and IC50

and Imax for nitrate determined.

3. Discussion

Nitrate reductase was originally recognized as the enzyme catalyzing the eponymous reaction of
nitrate reduction, the first step in plant nitrogen anabolism from the inorganic nutrient nitrate [44].
Decades of research have been dedicated to examining this very important and tightly regulated
process in the plant. The discoveries that NR is involved in NO synthesis and also in NO scavenging,
are by comparison new but probably no less important [8,28].

The role of NR in plants is further complicated in many plant species by the existence of two or
even more isoforms of NR, as well as the observation that NR may undergo various post-translational
modifications, such as phosphorylation [3,4] or sumoylation [45], which may affect its activity. Only
in soybean, have the different isoforms (some constitutively expressed, some inducible ones) been
comparatively analyzed with respect to their catalytic properties in nitrate and nitrite reduction,
revealing that there are significant differences between the isoforms that may result in distinct functions
in planta [46–48]. Other studies on NR activity did not differentiate between the isoforms, when
analyzing NR purified from a plant species comprising more than one isoform (e.g., from corn [24] or
tobacco [20]). In particular, the individual isoforms of Arabidopsis thaliana, NIA1 and NIA2, have to
our knowledge not yet been separately purified or recombinantly expressed and compared to date.
It has been reported, however, that the NR isoforms have individual expression patterns that are
distinctly affected by environmental conditions [29–31]. Furthermore, it has been reported that the NR
isoforms may have distinct roles in Arabidopsis, e.g., stomatal closure that is mainly mediated by NO
from NIA1 [34] or that the majority of nitrate-reducing activity is performed by NIA2 [32], but similar
contributions to NO formation by both isoforms have also been described [35].

Therefore, the aim of our study was to analyze the functional properties of the recombinantly
expressed NIA1 from Arabidopsis thaliana in comparison to the properties of NIA2 to reveal whether the
distinct functions in the plant are due to distinct isoform-specific kinetic properties or due to specific
expression and activation state of either isoform in different plant tissues. Using our well-defined
in vitro activity assays, we were able to measure the substrate-dependent velocities without any
inhibiting effects/modulators that might be present when using (partially) purified enzyme from
plant tissue.

The nitrate-reducing activity measurements using reduced MV as electron donor revealed a large
and significant difference between the KM

nitrate for NIA1-Mo-heme and NIA2-Mo-heme. These
values are in a similar range to the different KM values for the soybean NR isoforms [46] and result
together with the turnover numbers in a six-fold higher catalytic efficiency (kcat/KM) of Arabidopsis
NIA2 for nitrate as compared to NIA1. This lower catalytic efficiency of NIA1 is consistent with
the observation that nia2 knockout plants retained only about 10% of nitrate reduction activity [49].
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However, considering the physiological cytosolic nitrate concentrations that lie in the low millimolar
range [50–53], NIA1 also has the ability to act as an efficient nitrate reductase, which is manifested
in nia2 single-knockout plants that grow with a normal phenotype [49]. Furthermore, we found that
both isoforms clearly prefer NADH over NADPH as a substrate (Figure S4), which indicates that the
catalytic efficiencies are mainly due to differences at the catalytic site at the Moco-domain, and not at
the FAD-domain where NAD(P)H binds.

To assess the nitrite-reducing capabilities of the Arabidopsis NR isoforms, we used two different
methods. We first established an anaerobic assay using reduced BV as electron donor for the Moco
domain of NR and nitrite as substrate. Measurement of the nitrite-reducing activity of NR using
reduced BV is the first reported steady-state assay allowing direct and continuous measurement of
the initial nitrite-dependent velocities of NO synthesis by NR and may also be useful for testing
nitrite-reducing activity of NRs from other plant species in future. First, it has the advantage that
reduced BV is stable in the presence of nitrite, in contrast to MV, which has been used previously
to monitor nitrite reduction [28], but which reacts non-enzymatically with nitrite and, thus, causes
significant background activity making it difficult to determine the nitrite-reduction velocities with
varying nitrite concentrations. Second, the re-oxidation of BV due to electron transfer to the oxidized
Mo center following nitrate reduction is directly monitored via a spectral change at 595 nm, which
contrasts with the indirect NO quantification via the NO analyzer, in which the produced NO in
the gas phase over the reaction mix is quantified and, thus, yields inexact NO synthesis rates.
Nevertheless, as the NO analyzer specifically detects the released product NO, it serves as an important
complementary method to confirm that the consumption of nitrite by NR indeed leads to NO formation.

The kinetic parameters of in vitro nitrite reducing activity determined with reduced BV clearly
denote NIA1 as the more efficient nitrite reductase with a more than fourfold better catalytic
efficiency compared to NIA2. The KM

nitrite values (35.5 μM for NIA1, 13.7 μM for NIA2) are
considerably lower than those for nitrate, and are in a range similar to the physiological cytosolic
nitrite concentrations. Nitrite concentrations in the plant cytosol may vary by two orders of magnitude
depending on the environmental conditions but were determined not to exceed the low micromolar
range [24,54]. In contrast to earlier reports, which described a significantly higher KM

nitrite for plant
NR [24], the here determined values allow both NIA1 and NIA2 to bind nitrite as a substrate under
physiological conditions.

Interestingly, very low nitrate concentrations are already sufficient to efficiently inhibit nitrite
reductase activity of either NR isoform up to 97% (IC50

nitrate = 12 μM for NIA1, 36 μM for NIA2),
which are roughly 200- and 10-fold lower than the KM

nitrate values for the respective isoforms. In light
of the similarity of both substrates, a competitive inhibition mechanism by nitrite appears most likely.

Consequently, the question arises whether NR is at all able to directly produce NO under
physiological conditions when nitrate is usually the much more highly centrated substrate compared
to nitrite in the cytosol. The recent findings in Chlamydomonas [22] would support the hypothesis that
NR may rather act in complex with NOFNiR as an indirect NO synthase, by donating electrons via its
FAD-domain to NOFNiR which reduces nitrite to NO. However, this activity in higher land plants has
not yet been confirmed. And if it were the case, it is as yet unclear what would trigger the switch in the
electron transfer chain from the intra- to an inter-molecular pathway. In case of NIA2, it is possible that
this trigger could be represented by a 14-3-3 protein binding to phosphorylated NIA2, which quickly
inhibits the nitrate-reducing activity of NIA2 when the nutrient nitrate or reducing equivalents for
the N assimilation become limiting. Then, binding of the 14-3-3 protein impairs the electron transfer
from the heme cofactor to Moco by steric hindrance [5]. This would allow an immediate switch in the
electron transfer pathway to NOFNiR, THB1 or other proteins yet to be identified, as the FAD-domain
function is apparently not affected by the 14-3-3 protein binding. However, as no 14-3-3-mediated
inhibition of NIA1 has been described until now, this trigger would be limited to NIA2, which would
contrast with several reports that propose that NIA1 is the predominant isoform involved in NO
synthesis [34,55,56]. More experiments are needed to support or refute this hypothesis: On the
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one hand, in vivo studies with mutant plants are needed that focus on the NR-NOFNiR interplay.
On the other hand in vitro experiments with purified NIA1 are needed to analyze the impact of
phosphorylation and 14-3-3 binding on NIA1 as well as with purified NIA1 and NIA2 to analyze the
putative interaction with NOFNiR to produce NO.

Assuming that NR (NIA1 and/or NIA2) does not interact with NOFNiR, but is instead able to act
as an NO synthase, leads again to the question how the two functions of NR are triggered in planta.
Several arguments may help to answer this question: First, while nitrate reduction by NR is a crucial
reaction for higher land plants, as growth and, thus, survival of the plant largely depends on the
availability of nitrogen as a nutrient, the signaling molecule NO is only needed in trace amounts, so
a rather slow NO synthesis rate by NR should be sufficient to meet the plant’s demands. Second,
NO release is usually associated with a spike in nitrite concentration in the tissue, such as upon
transition from light into darkness [20,24]. This would point to the fact that a local increase in nitrite
concentration enhances the nitrite-reducing activity of NR as nitrite competes with nitrate for binding
in the catalytic site. Third, tiny local changes in pH might also play a role in rendering nitrite the
substrate for NR: In our in vitro system we determined the pH optimum for nitrate reduction to be at
pH 7.0, whilst the pH optimum for nitrite reduction was at pH 7.5 (Figures S1C and S3) suggesting that
a slight pH increase might push the function of NR from nitrate reductase towards nitrite reductase
activity. These factors in combination with isoform-specific differences in expression, protein activation
and their distinct kinetic properties described here might be the determinants for NR to act as a nitrate
or nitrite reductase.

Finally, with the successful re-constitution of nitrate reductase activity by mixing two NR
fragments, we could demonstrate that the second linker of NR (hinge 2) is not essential for electron
transfer from the FAD to the heme cofactor. This is consistent with our previous studies analyzing the
electron transfer from FAD to heme in different viscous solutions that indicated no domain movement
during intramolecular electron transfer [5] but is in contrast to a previous proposal that hinge 2 is
essential for electron transfer activity within NR [57]. The interaction between the FAD and heme
domains in the composite NR appears to be rather weak, resulting in activities below the maximum
possible compared to full-length NR. Nonetheless, the successful restoration of both nitrate and nitrite
reducing activities being able to use the physiological substrate NADH opens up new possibilities to
study the structure, activity, and regulation of NR.

Taken together, this study presents the first comparison of the functional properties of the NR
isoforms in Arabidopsis thaliana demonstrating that NIA2 functions mainly in nitrate reduction and
NIA1 mainly in NO synthesis. However, more studies are needed to elucidate the complex interplay
of nitrate reduction and nitrite reduction, in particular, whether an interaction with NOFNiR takes
place, and the regulation of these processes in vitro as well as in vivo.

4. Materials and Methods

4.1. Recombinant Proteins

The N-terminal fragment of Arabidopsis thaliana NIA2 (AGI code: AT1G37130) (NIA2-Mo-heme)
was expressed in E. coli TP1004 (kindly provided by Tracy Palmer, Newcastle University, UK)
using the plasmid described before [5] in LB-medium supplemented with ampicillin (100 μg/mL),
kanamycin (25 μg/mL), sodium molybdate (1 mM), magnesium chloride (2 mM), and iron (III)
chloride (10 μM) incubated at 37 ◦C to an OD600 of 0.2 to 0.4 and then induced by the addition of 50 μM
isopropyl-ß-D-thiogalactoside (IPTG). The culture temperature was reduced to 18 ◦C and culture
was continued for 70 h, then harvested by centrifugation. All subsequent steps were performed at
4 ◦C and all buffers for immobilized metal affinity chromatography (IMAC) were supplemented
with COmpleteTM EDTA-free protease inhibitor cocktail (Roche, Mannheim, Germany). Cells were
re-suspended in 10 mL lysis buffer (50 mM potassium phosphate pH 7.0, 200 mM sodium chloride)
per gram wet cells and frozen at −80 ◦C. The suspension was then thawed and lysed using a Sonifier
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250-D (BRANSON Ultrasonics Corporation, Danbury, CT, USA) and an EmulsiFlex-C5 (Avestin
Europe GmbH, Mannheim, Germany). The raw lysate was supplemented with 10 μM hemin (from
a 1 mM stock in 20 mM sodium hydroxide) [58]. Ni-NTA chromatography was performed in-batch
for 30 min as the manufacturer describes (HisPurTM, Thermo Scientific, Rockford, IL, USA). After
pouring the resin into a column, a wash with lysis buffer including 5 mM imidazole was performed
to remove unspecifically bound proteins. For elution, the imidazole concentration was increased
to 200 mM. The deep-red NIA2-Mo-heme-containing fractions were pooled and subjected to size
exclusion chromatography (SEC) using an Äkta Prime system (GE Healthcare Europe GmbH, Freiburg,
Germany) using a 16/60 Superdex 200 prep grade column (GE Healthcare Europe GmbH) and
SEC buffer (20 mM Tris/hydrochloric acid pH 7.5, 200 mM sodium chloride, 10 mM magnesium
acetate, 0.05% Tween 20). The protein peak eluting at about 60 mL was pooled. The concentration of
heme-containing protein was determined via absorption at 413 nm using the extinction coefficient
ε413 = 120,000 M−1 cm−1. Molybdenum co-factor (Moco) saturation was quantified after oxidation to
Form A and subsequent HPLC analysis by comparison to a Form A standard as described [59]. Protein
was shock frozen in droplets in liquid nitrogen and stored at −80 ◦C.

Using the RAFL plasmid pda08083 (RIKEN BRC, Ibaraki, Japan) as a template for the NIA1
gene (AGI code: AT1G77760), the sequence corresponding to Arabidopsis thaliana NIA1-Mo-heme
fragment (residues 1–627) was PCR-cloned into the SphI and SalI restriction sites of pQE80L plasmid.
The expression was similar to NIA2-Mo-heme with the following differences: Growth phase and
expression of the transformed cells was at 25 ◦C. Induction was at OD600 = 0.4 with 100 μM IPTG for
a duration of 20 h. The pH of the lysis, wash and elution buffers was adjusted to 7.5. Wash of the
immobilized metal affinity chromatography (IMAC) column was performed after addition of 20 mM
imidazole to the lysis buffer, while for the elution step, 250 mM imidazole was added. After SEC,
the fractions containing non-degraded NIA1-Mo-heme were pooled, and after cofactor quantifications,
the protein was shock-frozen in aliquots and stored at −80 ◦C.

The gene sequence corresponding to the NIA1-Mo fragment (residues 1–488) was PCR-amplified
from the pQE80L-NIA1-Mo-heme plasmid and cloned into the KpnI and SalI restriction sites of
pQE80L. Growth and expression were in E. coli TP1004 as described above for NIA2-Mo-heme, but
with 20 μM IPTG for induction at 30 ◦C and 30 h. The cells were suspended (1 g/10 mL) in lysis
buffer (50 mM potassium phosphate pH 7.5, 200 mM sodium chloride, 10 mM dithiothreitol, 1 mM
sodium molybdate, 10 mM imidazole, COmpleteTM EDTA-free protease inhibitor cocktail). After one
freeze-thaw cycle, the cells were lysed using an EmulsiFlex (Avestin). The His-tagged protein was first
affinity-purified and then applied to an SEC as described for NIA2-Mo-heme. The NIA1-Mo peak
was pooled, concentrated using an Amicon concentrator (Merck, Darmstadt, Germany) and Moco
quantification via Form A, shock-frozen in aliquots and stored at 80 ◦C.

The NIA2-Mo-heme-H600A variant was expressed and purified as described elsewhere [5].
The DNA for the FAD-domains of NIA1 and NIA2 were PCR-amplified out of the respective

full-length NR DNA sequences and had restriction sites introduced (BamHI and HindIII for
NIA1-FAD, and PstI and HindIII for NIA2-FAD) for cloning into pQE80L plasmid. Expression was
performed in E. coli BL21 Rosetta (Novagen, Darmstadt, Germany) using the same conditions for both
FAD-fragments. Transformed cells were cultured at 37 ◦C to an OD600 of 0.4 and then induced by the
addition of 400 μM IPTG. Induction was for 4 h at 37 ◦C. FAD-lysis buffer composition was 50 mM
potassium phosphate pH 7.0, 200 mM sodium chloride, 5 mM imidazole, and COmpleteTM EDTA-free
protease inhibitor cocktail. Wash of the IMAC was performed using the lysis buffer supplemented
with 20 mM imidazole, elution buffer was with 250 mM imidazole. After elution, buffer exchange
was performed using PD-10 columns (GE Healthcare) and SEC buffer. Concentration determination
was based on the FAD-cofactor specific absorption at 450 nm and using an extinction coefficient
ε450 = 11,300 M−1 cm−1.
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4.2. SDS-PAGE and Western Blot

Protein samples were separated by SDS-PAGE [60] and visualized by Coomassie Brilliant
Blue G250 staining [61]. Proteins for Western blotting were transferred after PAGE to a PVDF
membrane [62] using a semi-dry blotter, blocked with fat-free milk powder solution in TBST buffer
(20 mM Tris, 150 mM sodium chloride, 0.1% Twee 20) and probed using polyclonal NR-specific
antibody diluted 1:10,000 (AS08310, Agrisera, Vännäs, Sweden) and as secondary anti-rabbit horse
radish peroxidase-coupled antibody (1:5000 dilution, Thermo Scientific).

4.3. Enyzme Assays

All enzyme assays were performed in an anaerobic chamber at 22 ◦C to 25 ◦C (Coy Laboratory
Products, Grass Lake, MI, USA), and enzyme-free negative controls were included in all experiments
to confirm the enzyme-specific activities. For each single data point, three technical replicates
were measured.

The MV:nitrate assay was performed with NIA1- or NIA2-Mo-heme as described [5] in a modified
assay buffer (50 mM MOPS pH 7.0, 50 mM potassium chloride, 5 mM magnesium acetate, 1 mM
calcium dichloride) in 96-well plates (Greiner-bio-one, Kremsmünster, Österreich) using a Sunrise plate
reader (Tecan, Männedorf, Switzerland). Twenty-five nanomolar cofactor-saturated NR-Mo-heme
protein was used in a final volume of 120 μL in the well. The slope of oxidizing MV was monitored
at A595, and the initial velocities vi were calculated, with 2 mole MV consumed for 1 mole nitrate.
Triplicate values were used to determine mean and standard error of the mean (SEM) and then plotted
and fitted in GraphPad Prism 5 using the Michaelis–Menten curve fit to yield kcat and KM values.
Activity assays were performed with multiple protein purification batches on multiple days (n = 33 for
NIA1-Mo-heme and n = 13 for NIA2-Mo-heme).

The NADH:nitrate assay was performed using re-constituted NR. For re-constitution of NR
activity, 100 nM NR-Mo-heme and 50 nM–10 or 20 μM NR-FAD (NIA1 and NIA2, respectively) were
mixed in the pH 7.0 assay buffer (see above) in 96-well plates. Due to volume limitations in the
experimental setup, we could not exceed a ratio of 1:100 for composite NIA1. The reaction was
started by the addition of pre-mixed nitrate and NADH at a final saturating concentration of 220 μM
(calculated based on its absorption at 340 nm and ε340 = 6220 M−1 cm−1. For determination of the
optimal Mo-heme:FAD ratio, a constant nitrate concentration of 2 mM was provided. For steady-state
kinetic studies a range of nitrate concentrations from 0 to 6 mM were used and a constant FAD
concentration of 5 μM (=50-fold excess). All measurements were performed in triplicate, and multiple
NR-Mo-heme protein batches were used. The stoichiometric consumption of NADH was followed at
A340, and initial slopes were determined using the Magellan software (Tecan) to calculate the vi and
further evaluated using GraphPad Prism. The comparison of the co-substrate NADH and NADPH
were performed using 100 nM NIA1- or NIA2-Mo-heme supplemented with 5 μM of the respective
NR-FAD fragment, 2 mM nitrate and 220 μM NADH or NADPH in assay buffer (pH 7.0) as described
for the titration experiments.

The BV:nitrite assay was performed in a similar fashion to the MV:nitrate assay using the Mo-heme
fragments. The pH optimum for nitrite reduction was shown to be pH 7.5 (Figure S3). Therefore,
the buffer composition for nitrite reduction was: 50 mM MOPS pH 7.5, 50 mM potassium chloride,
5 mM magnesium acetate, 1 mM calcium dichloride. A nitrite dilution curve (0–435 μM) was prepared
from anaerobic sodium nitrite powder fresh daily. Typically, 50 nM NIA1-Mo-heme and 500 nM
NIA2-Mo-heme protein (unless otherwise indicated in the figure legends) were added to measure
the initial slopes of stoichiometric re-oxidation of BV at A595. Activity assays were performed for
multiple NR-Mo-heme purification batches on multiple days (n = 21 for NIA1-Mo-heme and n = 10 for
NIA2-Mo-heme). The mean KM and kcat ± SEM was determined using GraphPad Prism.
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4.4. NO Quantification Using the NO-Analyzer

For nitric oxide quantification, an NO analyzer (Sievers 280i, Analytix, Boldon, UK) and modified
assay buffer at pH 7.5 (as for BV:nitrite assay) was used, supplemented with Antifoam Y30 (Sigma,
Saint Louis, MO, USA) at a dilution of 1:2000. An oxygen-free argon gas stream was bubbled through
the glass reaction vessel containing the reaction components in a volume of 3 mL. The mixture was
pipetted in the following order: First, buffer was placed in the vessel and the argon pressure adjusted
to be equivalent to the vacuum coming from the analyzer. The vessel was closed and allowed to bubble
and become anaerobic. After 4 min, anaerobic sodium nitrite solution to yield final concentrations of
10 μM to 4 mM (or nitrite + nitrate for inhibition experiments) was added from a sealed vial using
a Hamilton syringe, followed at 6 min by anaerobic protein mix (100 pmol NR-Mo-heme + 5000 pmol
NR-FAD). At 8 min, NADH solution was added to a final concentration of 220 μM to start the reaction.
Steady-state NO release was recorded up to 20 min (or longer).

For the evaluation, the areas under the steeply increasing start of the curve were determined
(typically for 200 s) and converted to pmol NO by comparison with an NO standard curve that had
been prepared as described elsewhere [63]. It was assumed that the amount of detected NO in the gas
phase correlated with the concentration of NO in the solution. Therefore, by converting the amount of
NO released from the 3 mL (at a given concentration of substrate nitrite) to NO concentration, resulted
in an estimate of NO synthesis velocity (vi). By plotting this against the substrate concentration,
a Michaelis–Menten-like plot was generated. For the determination of inhibition of nitrite reduction
by nitrate, the NO synthesis velocity with 400 μM nitrite was set to 100% activity, and the reduced
activities in the reaction samples were compared with this.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/8/3/67/s1,
Figure S1: Recombinant proteins and pH optimum of nitrate-reducing activity with reduced MV as an electron
donor. A. Purified NIA1-Mo-heme (0.8 μg) and NIA2-Mo-heme (2.2 μg) on 10% SDS-PAGE with Coomassie
Brilliant Blue staining (C) and on a Western blot with anti-NR antibodies (WB). B. Purified FAD-fragment of NIA1
(3.6 μg) and NIA2 (0.9 μg) on 12% SDS-PAGE with Coomassie Brilliant Blue staining. C. The nitrate-reducing
activity using reduced MV by NIA1-Mo-heme was monitored and had a pH optimum at pH 7.0. Figure S2:
Unspecific re-oxidation of artificial electron donors (MV shown in blue, BV in brown) monitored at A595.
A, B. Enzyme-free reaction mix of reduced MV, assay buffer and 0.157–200 mM nitrite (A) or nitrate (B). C,
D. Enzyme-free reaction mix of reduced BV, assay buffer and 0.157–200 mM nitrite (C) or nitrate (D). Figure
S3: Determination of pH optimum for the BV:nitrite steady-state kinetic assay. The pH optimum for both
NIA1-Mo-heme (red, left panel) and NIA2-Mo-heme (black, right panel) for nitrite-reducing activity using
reduced BV is at pH 7.5. Figure S4: Comparison of NADH or NADPH as substrates for composite NIA1 and NIA2.
Initial velocities of 100 nM NIA1- (red) or NIA2- (black) Mo-heme supplemented with 5 μM of the respective
NR-FAD at saturating nitrate and NADH or NADPH concentrations were recorded.
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Abstract: Nitric oxide is a gaseous secondary messenger that is critical for proper cell signaling
and plant survival when exposed to stress. Nitric oxide (NO) synthesis in plants, under standard
phototrophic oxygenic conditions, has long been a very controversial issue. A few algal strains contain
NO synthase (NOS), which appears to be absent in all other algae and land plants. The experimental
data have led to the hypothesis that molybdoenzyme nitrate reductase (NR) is the main enzyme
responsible for NO production in most plants. Recently, NR was found to be a necessary partner in a
dual system that also includes another molybdoenzyme, which was renamed NO-forming nitrite
reductase (NOFNiR). This enzyme produces NO independently of the molybdenum center of NR
and depends on the NR electron transport chain from NAD(P)H to heme. Under the circumstances
in which NR is not present or active, the existence of another NO-forming system that is similar to
the NOS system would account for NO production and NO effects. PII protein, which senses and
integrates the signals of the C–N balance in the cell, likely has an important role in organizing cell
responses. Here, we critically analyze these topics.

Keywords: nitric oxide; nitrate reductase; NOFNiR; nitrogen metabolism

1. Introduction

Nitric oxide (NO) is a gaseous secondary messenger in humans, animals, plants, fungi, and
bacteria. In plants, NO is involved in important physiological processes, such as growth, development,
metabolism, leaf senescence, biotic and abiotic stress, defense processes, and plant–pathogen
interactions, which have been extensively reviewed [1–5]. In particular, in algae, such as the green alga
Chlamydomonas reinhardtii, NO also participates in fundamental cell functions, such as the regulation
of N-metabolism, N- and S-starvation stress, chloroplast biogenesis, programmed cell death, and
responses to darkness, hypoxia, or salt stress [6–11].

In the last two decades, it has been clarified that NO is a signaling molecule in plant defense during
plant–pathogen interactions [12,13]. Since then, different strategies have been used to understand NO
biosynthesis in plant cells, and this subject has not been short of controversies [5,14], with some aspects
yet to be understood. Two main pathways, reductive and oxidative, appear to explain NO synthesis
in plants. One is based on the reduction of nitrite, and the other involves the oxidation of aminated
molecules, such as the amino acid arginine [15].

In spite of the seminal work of Foresi and collaborators, who identified the first NO synthase
(NOS) from the plant kingdom in the green alga Ostreococus taurii [16], the existence of a plant NOS
that has the characteristics of the animal NOS has been puzzling [14,17] since no plant genome contains
such a conserved gene. In fact, Jeandrof and collaborators analyzed over 1000 species of land plants
and algae and found no typical NOS sequences in the 1087 sequenced transcriptomes of land plants,
but they did find said sequences in 15 of the 265 algal species. Thus, it was concluded that land plants
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had evolved a mechanism to synthesize NO in a manner that is different from that used in animals [18].
In this review, the different biosynthetic processes of nitric oxide formation are critically analyzed,
together with their physiological relevance.

2. Nitrite: The Substrate for Reductive NO Production

Nitrite is a product of nitrate reductase (NR)-catalyzed nitrate reduction within the nitrate
assimilation pathway. Nitrogen acquisition is a fundamental process for living beings, including plants
in crops, in which N is usually a limiting factor that determines crop productivity [19]. Nitrate used to
be the preferred form of inorganic N that was available in soils and, thus, was used in fertilizers [20].

The incorporation of nitrogen from nitrate first requires its acquisition from the medium
by specific transporters, which are responsible for the sensing, uptake, storage, and distribution
of nitrate among plant tissues. Plant nitrate transporters belong to several families: the nitrate
transporter 1/peptide transporter/nitrate peptide transporter family (NRT1/PTR/NPF), NRT2/nitrate
nitrite porter (NRT2/NNP), chloride channels (CLC), slow anion channel-associated 1 homolog 3
(SLAC1/SLAH), and aluminum-activated malate transporters (ALMT). These have all been reviewed
in detail [21–25]. In the Chlamydomonas alga, this complexity is less but still significant, reflecting
the importance of this step. Here, we highlight the three families of transporter proteins found in
Chlamydomonas: NRT1/NPF, NRT2, and NAR1 (Figure 1). NRT1 has been described in Arabidopsis
as a dual-affinity nitrate/nitrite transporter, and NRT2 (with the accessory protein NAR2) mediates
the high-affinity transport (HAT) of nitrate and nitrite.

 

Figure 1. The schematic model for the coordinated regulation of Nitric Oxide (NO) synthesis and N
metabolism. Blue arrows indicate activation and red lines indicate inhibition by trans-nitrosylation.
Dashed lines represent hypothetical steps. The NOS-like component represents the L-Arg-dependent
NOS activity reported in different plant species.

Nitrite in the cytosol, either produced from nitrate or absorbed from the medium, has to be
transported to the chloroplast by a HAT system. In Chlamydomonas, HAT of nitrite is facilitated
by NAR1, which belongs to the FNT family and is absent in land plants. In higher plants, nitrite
transport to chloroplasts is typically mediated by members of the CLC family [26], and it is
exported from the chloroplast by a transporter from the NRT1 family, as is found in cucumber,
Cucumis sativus [27,28]. Regardless, nitrite concentrations in the cytosol are maintained at very low
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levels (micromolar range) [29] to prevent nitrite toxicity in the cell [30]. Once in the chloroplast,
nitrite is reduced to ammonium in a reaction catalyzed by nitrite reductase (NiR). All of these
genes (NRT2/NAR2/NR/NAR1/NiR) in Chlamydomonas are controlled by the master regulatory
gene for nitrate assimilation: NIT2 [31]. Orthologous regulatory genes in land plants—NLP
genes—show a similar structural organization and signaling for nitrate [32–34]. Finally, ammonium
is incorporated into C-skeletons in the form of glutamate by the glutamine synthetase/glutamate
synthase (GS/GOGAT) cycle [35] (Figure 1).

It is important to point out here that in contrast to the low cytosolic concentrations of nitrite,
those of nitrate are high (1–6 mM). Cytosolic nitrate levels are also more stably maintained than
vacuolar concentrations (5–75 mM), considering that external nitrate concentrations may change by
about 10,000-fold [36–38]. This is important for ensuring efficient nitrate assimilation, together with
proper nitrate signaling in the tissues [38,39]. Nitrate homeostasis is the result of the membrane
transporter-mediated supply of nitrate from vacuoles and the outer medium, as well as by nitrate
efflux transporters such as NAXT1 [40]. NAXT1 belongs to the NRT1 family. In addition, the
NR-catalyzed reaction has an effect, facilitating the conversion of nitrate into nitrite [37,38,41]. In the
yeast Hansenula polymorpha, the sulfite transporter SSU2 and the nitrite transporter NAR1 have been
characterized as essential components of the nitrate/nitrite efflux system [42].

3. Nitrate Reductase Is a Multidomain Protein

NR reduces nitrate to nitrite using electrons from NAD(P)H. The plant enzyme is about 200 KDa
and contains two subunits, each bearing three prosthetic groups: FAD, heme b557, and molybdenum.
In an NR subunit, molybdenum is bound to a tricyclic pyranopterin and chelated by a dithiolene,
which is named the molybdenum cofactor (Moco). These domains are joined by two protease-sensitive
hinge regions. The domains are redox centers, and electrons flow from NAD(P)H→FAD→ heme
→Moco, which is within the active site for nitrate reduction [43,44]. Interestingly, the enzyme has
two partial activities, which can be assayed in vitro: diaphorase, which catalyzes the reduction of
artificial acceptors (ferricyanide or cytochrome c with NAD(P)H), and terminal-NR, which catalyzes
nitrate reduction using electrons supplied by FAD, FMN, viologens, or bromophenol blue, chemically
reduced by dithionite [43,44]. The crystal structure of the dimerized form of NR and Moco domains
was solved [45].

4. Does NR Catalyze Nitrite Reduction to NO?

The experimental data have led to the proposal that the molybdoenzyme NR is the main enzyme
responsible for NO production in most plants. This proposal was based on the experimental findings
described below.

The first evidence linking NR and NO production was their co-elution by NADH from Blue
Sepharose columns loaded with Soybean extracts with both NR and NO(X) evolution activities.
In their main conclusion, the authors inferred their linkage from the fact that inhibiting the partial
activities of NR and NO(X) evolution activities led to the same pattern. However, they went further
by indicating that the terminal molybdenum-containing portion of NR is involved in the reduction
of nitrite to NO(X) [46]. Other studies showed that several plant species emitted in vivo NO when
there was nitrate in the soil, and the function was abolished in all plants in the study when they were
grown on ammonium-containing soil, indicating a role for NR [47]. In addition, isotopically labeled
15N-nitrate resulted in the emission of 15NO [48]. Moreover, using NR from corn led to the production
of significant amounts of NO from both nitrite and nitrate [49]. Those findings reinforced the idea that
NR reduces nitrate to nitrite and further converts de novo-generated nitrite into NO. The proposal
would be feasible if it could account for several facts. First, the nitrite-reducing activity of NR is very
low (only 1% of the nitrate-reducing activity), and the Km of nitrite is about 10 times higher than that of
nitrate, in agreement with the competitive character of nitrite (Ki = 50 μM) in nitrate reduction [50,51].
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Taking into consideration the intracellular concentrations of nitrite (in the micromolar range) and
nitrate (in the millimolar range), this nitrite-reducing activity would be irrelevant.

Another piece of evidence indicating the involvement of NR in NO production originated from
the use of tungstate—an NR inhibitor—and NR-deficient mutants. In addition to its uncontrolled
effects, such as metal toxicity, tungstate is a very unspecific inhibitor of Mo-enzymes. When exchanging
Moco for the inactive tungsten cofactor (Wco) [52], all molybdoenzymes are inactivated, including
mitochondrial amidoxime-reducing component (mARC), which is presented below as the most
important enzyme in NO production under phototrophic conditions. Thus, tungstate is a clear
inhibitor of NO production because of the resulting mARC inhibition and not because of NR inhibition.
In agreement with this, Moco-deficient mutants are deficient in molybdoenzymes, as described in
barley with a thermo-sensitive, wilty phenotype [53]. The most used Arabidopsis NR mutant to
support the involvement of NR in NO production is the double mutant deficient in NIA1 and NIA2
genes. This nia1/nia2 double mutant has only 0.5% of the activity of wild-type NR and grows very
poorly on medium with nitrate as the only nitrogen source [54]. As described below, NR is in fact
involved in NO production but not through its Moco-dependent activity.

All five molybdoenzymes in plants (nitrate reductase, xanthine oxidase reductase (XOR), aldehyde
oxidase (AO), sulfite oxidase (SO), and mARC) are able to catalyze the one-electron reduction of nitrite
to NO. The molybdoenzymes are classified depending on how Moco binds to the enzyme’s active site:
either covalently through an enzyme cysteine thiol group (NR, SO, and mARC) or with inorganic sulfur
(XOR and AO) [55,56]. All of these enzymes show nitrite reductase activity to produce NO in vitro
and in anaerobic conditions [44]. The four known human molybdenum-containing enzymes are the
same as those in plants, except for NR, and they can also function as nitrite reductases under hypoxic
conditions [56]. In mammals, two known pathways for NO formation are known: arginine oxidation
under normoxic or aerobic conditions and nitrite reduction during hypoxia or anaerobiosis [56].
Plant SO seems to have a less potent nitrite reductase activity than human XOR and AO [57]. Whereas
plant AO participates in the synthesis of phytohormones and contributes to reactive oxygen species
(ROS) production, there is no information about its in vivo NO-producing activity [5].

Other processes that might produce NO from nitrite are associated with the plasma membrane-bound
NR, which appears to be related to the mycorrhizal colonization of tobacco roots [58] and the mitochondrial
electron transport chain (mETC), as demonstrated in several plants [59–62]. The mitochondrial complex
III and IV are primarily implicated in the nitrite reaction (Km of 175 μM), which requires anaerobic
conditions since oxygen is a strong inhibitor. Therefore, this reaction can occur in plant tissues
exposed to hypoxia, such as roots, and its occurrence might be important to the plant by protecting
the respiratory chain and mitochondrial metabolism when oxygen is lacking [63]. Recently, a role for
Alternative Oxidase (AOX) in the production of large amounts of NO, observed under hypoxia, has
been shown. In this pathway of NO production, AOX has a role in scavenging the NO and ROS linked
to the hemoglobin–NO cycle, thus increasing energy efficiency without contributing to the formation
of toxic peroxynitrite [64]. The implication of mitochondria in NO production from nitrite has also
been shown in Chlamydomonas in the presence of high concentrations of nitrite [65].

In light of the biological importance of NO production, one would expect this process to be
efficiently and finely regulated. Some of the Moco-dependent enzymes described above can mediate
NO production under certain conditions, though it is difficult to currently envisage how to control this
diversity of processes; even mitochondrial NO production requires anaerobiosis, suggesting a burst of
NO synthesis from nitrite when this condition appears.

5. NR Does Not Catalyze In Vivo Nitrite Reduction to NO but Provides the Needed Electrons

Recently, NR was shown to be a necessary partner for NO production in a dual system,
which, besides NR, includes another molybdoenzyme, mARC, since renamed NO-forming nitrite
reductase (NOFNiR).
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mARC has been extensively characterized in prokaryotic and eukaryotic organisms [66–69].
mARC proteins are about 35 KDa and require two electron transport proteins—NADH-cytochrome b5
reductase and cytochrome b5—to be functional. mARC is a very efficient reductase [70] for a number of
N-oxygenated compounds, some of which are toxic or mutagenic [71–73]. This is why mARC has been
related to cell detoxification processes. Both human mARC isoforms are associated with mitochondria,
but mARC could also be located in peroxisomes because its two partners, NADH-cytochrome b5
reductase and cytochrome b5, were found in this organelle using a proteomic approach [74]. mARC
was also connected to NO metabolism because of its activity on Nω-hydroxy-Nδ-methyl-L-arginine, an
intermediate in the L-arginine-dependent biosynthesis of NO using NADH-cytochrome b5 reductase
and cytochrome b5 [75]. In addition, human mARCs have nitric oxide synthase activity from nitrite
with NADH and its two above-indicated partners [76].

In the eukaryotic alga Chlamydomonas, NO synthesis is carried out by a dual system comprising
NR and NOFNiR (mARC). These two components are closely connected at both the transcriptional
and activity levels, so mutants lacking one of them overexpress the other [77]. NR supplies NADH
electrons to NOFNiR for the reduction of nitrite to NO much more efficiently than NADH-cytochrome
b5 reductase and cytochrome b5. Both NR and NOFNiR are located in the cytosol [77].

NR mutants were found to be unable to provide electrons both in vitro and in vivo for NO
synthesis. Some exceptions are NR mutants such as Chlamydomonas strain 301, whose NR lacks
nitrate-reducing activity since its Moco domain is affected; however, it has functional diaphorase
activity with intact FAD and heme domains [77]. So, the dual complex NR:NOFNiR produces NO
independently of the molybdenum center of NR and depends on the NR electron transport chain from
NAD(P)H to heme.

NR:NOFNiR has been proposed to be the main system producing NO during standard
phototrophic, oxygenic plant growth, which corresponds to most of its aerial part [77]. In tissues
exposed to hypoxia, such as roots, other molybdoenzymes or mETCs could be involved in the synthesis
of NO, as discussed above.

6. NO Levels in the Cells Are Regulated

The first line of control of NO levels is the regulation of its synthesis and degradation within the
NO cycle (Figure 1). Members of the hemoglobin (HB) superfamily can oxygenate NO to nitrate, as
was shown for Chlamydomonas THB1 [78], a class 3 truncated hemoglobin (THB) [79]. In different
plant species, nitrate, nitrite, and NO upregulate HB expression [80,81]. In maize roots, the coordinated
expression of both NR and HB also occurs [82]. Similarly, in Chlamydomonas, the expression of
two truncated HBs, THB1 and THB2, respond selectively to N signals (nitrate, nitrite, and NO) and,
interestingly, also to NIT2, the major regulatory gene of the nitrate assimilation pathway [78,83].
This regulatory gene is also essential for NR upregulation by nitrate [19]. The activity of THB1 requires
electrons to be supplied by the NADH-diaphorase of NR, and the electron flow is likely from NADH
to FAD [78]. Similarly, the activity of NOFNiR also requires the NADH-diaphorase of NR, but the
electron flow is now from NADH to heme b [77]. Thus, nitrate through NIT2 would stimulate NO
production because of NR’s increased expression (NOFNiR is not under NIT2 control), and in turn,
NO degradation would occur as a result of stimulating both THB1 and NR. The homeostasis of NO is
controlled by the activities of NR, NOFNiR, THB1, and THB2, which, in turn, depend on the relative
concentrations of nitrate, nitrite, and NO, as well as NIT2.

So, just-synthesized NO, which is highly reactive, can react with different targets. Glutathione
(γ-glutamylcysteinylglycine, GSH) is an essential metabolite in plants that participates in important
functions, such as primary metabolism, redox signaling, and defense and detoxification processes [84].

GSH can react with NO to produce S-nitrosylated glutathione (GSNO). As a result, the half-life of
NO in tissues available as a free radical gas changes from seconds to a few minutes. Thus, there are very
sensitive mechanisms for regulating cellular processes. GSNO, which is considered the main reservoir
for NO, provides NO signals to proteins. Protein S-nitrosation is considered the most important mode
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of action of NO. This is the covalent binding of NO to the thiol group of protein cysteine residues, and
the creation of these bonds modifies the protein and can alter gene expression and/or lead to metabolic
changes, all of which ultimately translate into physiological responses. Thousands of nitrosation
sites have been identified in proteins [85]. GSNO is metabolized with GSNO reductase (GSNOR1) to
convert it to glutathione disulfide (GSSG) and ammonia (NH3) [86,87]. GSNOR1 is a cytosolic enzyme
that controls GSNO levels and, in this way, the nitrosation of proteins. GSNOR1 seems to be inhibited
by NO, in which case, the scavenging of GSNO is prevented. Thus, NO controls its production and
scavenging by regulating both nitrate assimilation efficiency and GSNOR1 activity [87,88] (Figure 1).

Other posttranslational modifications of proteins mediated by NO are the nitration of tyrosine
and amine groups and the oxidation of thiols and tyrosine [89]. NO can react with superoxide (O2

−)
to form peroxinitrite (ONOO−), which is a powerful oxidant contributing to the nitration of protein
tyrosine residues to form 3-nitrotyrosine, which results in regulatory responses. Nitration seems to be
a reversible process that might occur at specific tyrosine residues depending on the local environment
and the secondary and tertiary structure of the protein. A putative specific denitrase removes the nitro
group without degrading the protein, as has been shown in animal systems [89,90].

Reactive oxygen species (ROS), such as oxygen, singlet oxygen, hydroxyl radical, hydrogen
peroxide, and superoxide anion, all of which are important signaling compounds produced under
several environmental conditions, interact with NO and other reactive nitrogen species (RNS). They
mediate the responses to different environmental situations, even promoting the systemic adaptation
of plants to stress situations [2,91,92].

7. The NO Synthesis Systems Are Coordinated with Nitrogen Metabolism

Under circumstances in which NR is not present or active, another NO-forming system accounts
for NO production and NO effects. Analysis of this topic and possible future directions are
presented here.

With an ammonium medium as the sole N-source or in null NR-deficient mutants, NR is absent,
and thus, the dual system NR–NOFNiR is not functional. Nevertheless, NO is being synthesized,
probably due to the existence of a NOS-like activity in algae and plants. This activity can be inhibited
by some compounds, which are primarily arginine analogs acting on the animal-type NOS [6,17].

Plant peroxisomes are single-membrane-bound organelles with an oxidative metabolism and a
simple morphology, but they also have a complex composition of enzymes involved in the metabolism
of oxygen free-radicals. Peroxisomes can generate ROS and nitric oxide and thus important signal
molecules with implications for cellular metabolism in plants [91,93].

Many studies of different plant species have shown the presence of L-Arg-dependent NO
synthase-like enzyme activity, which has biochemical requirements similar to animal NOS (L-Arg,
NADPH, FMN, FAD, Calmodulin, and Ca2+) [94,95]. Corpas and Barroso (2017) postulated that the
L-Arg-dependent NO synthesis that occurs in plants could correspond to cooperation among discrete
proteins, resulting in the formation of a protein complex with requirements for enzyme activity that are
similar to animal NOS [96]. This would explain the lack of success in finding canonical NOS proteins
at the molecular level.

On the other hand, coordination between nitrogen assimilation and the nutritional status
within plant metabolism is a critical issue for plant viability. A very abundant family of N- and
C-signaling proteins, widely distributed in nature, is the PII protein family from bacteria, archaea,
and plants [97]. In plants, these nuclear-encoded PII proteins localize in the chloroplast and are
not subject to the covalent modification reported for bacterial PII [98]. PII senses and integrates the
signals of the C–N balance in the cells using 2-ketoglutarate as an indicator, together with the energy
status by competitive ADP/ATP binding [99,100]. Plant PII proteins are conserved throughout the
evolutionary history of the Chloroplastida—green algae and land plants [97]—and participate in a
complex signal-transduction network that mediates nitrogen regulation [101]. In Arabidopsis, the PII
protein controls arginine biosynthesis [102], and PII mutants show an enhanced nitrite uptake by the
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chloroplast [103]. By binding effector molecules, PII interacts with and signals to other chloroplast
proteins, such as N-acetyl-L-glutamate kinase (NAGK), which catalyzes the committed step in the
arginine biosynthesis pathway [102] (Figure 1). Among the effectors binding plant PII protein is
glutamine, which was shown to bind to the termed Q-loop of the C-terminus crystalized plant PII
protein [104]. The binding of glutamine to PII changes its conformation to one that interacts and
activates NAGK for the synthesis of arginine and polyamines. PII–glutamine sensing is a widespread
mechanism in the plant kingdom [104]. In Chlamydomonas, arginine is a component of the same
repressive pathway as ammonium and CYG56, which is a guanylate cyclase activated by NO and
needed to repress nitrogen assimilation genes [105].

Interestingly, plant PII seems to be connected to the regulation of nitrite metabolism, so PII
knockout mutants show an increased sensitivity to nitrite and a decrease in total amino acids, especially
glutamine. Lack of PII seems to increase the C/N balance, as previously shown in cyanobacteria [30].
Recently, Chlamydomonas PII levels have been shown to be tightly controlled by the nitrogen source
and the physiological status of the cells [106]. In fact, PII expression is subject to positive (nitrate and
nitrite) signaling and is downregulated by ammonium via an NO-mediated process that involves an
NO-dependent guanylate cyclase, similar to the negative effect of ammonium on NR expression [6].
PII expression is very similar to that of nitrate assimilation genes [25], so an interaction/coordination
between PII and nitrate assimilation pathways has been suggested [106].

Under standard phototropic conditions, nitrate assimilation takes place under the positive control
of nitrate, mediated by the regulatory gene NIT2 [25]. When both nitrate and ammonium are present,
there is a balance between the positive and negative signals, and NR expression follows that balance;
the NR transcript is detectable even in the presence of ammonium, provided that nitrate is also
present [107]. The negative signal of ammonium on Chlamydomonas NIA1 gene expression depends
on NO and its mediation by an NO-dependent guanylate cyclase (CYG56). So, NO concentrations in
the cells increase with ammonium concentration, leading to complete NR repression [107] by means of
a mechanism that is dependent on a possible NOS, which is inhibited by L-NAME.

In different plants, NO production is also sensitive to the mammalian NO synthase inhibitor
L-NAME [2,5]. L-NAME was also shown to affect NO production by interfering with NR activity [108],
which seems to question the mechanisms of action of this compound. However, it has to be considered
that in the double nia1/nia2 Arabidopsis mutant commonly used to study NO effects [54], the content
of nitrite, as expected from the NR deficiency, and of free amino acids, particularly L-arginine, are much
lower than in wild-type plants [109]. Thus, both substrates for NO synthesis would be compromised.

In conclusion, PII proteins mediate the signaling of the N-source with respect to the carbon status
(2-ketoglutarate). This N can be either oxidized (nitrate, nitrite) with a generally high C/N balance, or
it can be reduced (ammonium) with a generally low C/N balance. With a high C/N balance, the nitrate
assimilation pathway is operative, and NR expression would favor the increase in N capture and its
incorporation into C-skeletons (2-ketoglutarate), which would be abundant. When the C/N balance is
low, NR would be repressed, and the biosynthesis of arginine would be stimulated. So, under these
two extreme conditions, the substrates to produce NO would change. In conditions of high C/N, nitrite
would be efficiently produced; however, with low C/N, arginine biosynthesis would predominate
with low nitrite production. So, it is proposed that the dual NR:NOFNiR system will preponderate at
high C/N, whereas the NOS-like system will be mostly operative at low C/N. PII protein expression
will follow a pattern similar to that of NR [110] to enhance N acquisition and balance the C/N ratio.
These two extreme situations might be changed to intermediate ones, depending on the C/N balance
of the cells.

8. Conclusions

Nitric oxide is such an important signaling molecule that its production and scavenging must be
tightly regulated. Some of the biosynthetic mechanisms are starting to be disentangled, while others
still require additional useful information for their elucidation. Part of the confusion regarding the
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primary source of NO might come from the fact that several pathways might function simultaneously
to different extents, depending on nutritional and environmental conditions. Many points still have to
be clarified for plants.
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Abstract: The cue1 nitric oxide (NO) overproducer mutants are impaired in a plastid
phosphoenolpyruvate/phosphate translocator, mainly expressed in Arabidopsis thaliana roots.
cue1 mutants present an increased content of arginine, a precursor of NO in oxidative synthesis
processes. However, the pathways of plant NO biosynthesis and signaling have not yet been fully
characterized, and the role of CUE1 in these processes is not clear. Here, in an attempt to advance our
knowledge regarding NO homeostasis, we performed a deep characterization of the NO production
of four different cue1 alleles (cue1-1, cue1-5, cue1-6 and nox1) during seed germination, primary root
elongation, and salt stress resistance. Furthermore, we analyzed the production of NO in different
carbon sources to improve our understanding of the interplay between carbon metabolism and NO
homeostasis. After in vivo NO imaging and spectrofluorometric quantification of the endogenous
NO levels of cue1 mutants, we demonstrate that CUE1 does not directly contribute to the rapid
NO synthesis during seed imbibition. Although cue1 mutants do not overproduce NO during
germination and early plant development, they are able to accumulate NO after the seedling is
completely established. Thus, CUE1 regulates NO homeostasis during post-germinative growth
to modulate root development in response to carbon metabolism, as different sugars modify root
elongation and meristem organization in cue1 mutants. Therefore, cue1 mutants are a useful tool to
study the physiological effects of NO in post-germinative growth.

Keywords: nitric oxide homeostasis; cue1/nox1; reactive nitrogen species; germination; root
development; stress responses; sugar metabolism

1. Introduction

Since the establishment of nitric oxide (NO) as an endogenous signaling molecule in plants over
twenty years ago [1–4], a lot of progress has been made towards understanding NO synthesis and
signaling in these organisms. In contrast to other eukaryotes, at least seven different sources of NO
generation have been characterized in plants [5–8]. While in mammalian cells NO is synthesized from
either nitrite or arginine oxidation in a reaction catalyzed by the enzyme NO synthase [9]; in plants,
the existence of this last pathway is controversial [5,10]. Plant NO synthesis is controlled by a number
of enzymatic synthesis reactions, catalyzed by the enzyme nitrate reductase, by the mitochondrial
electron transport chain, or by the enzyme xanthine amine oxidoreductase during anaerobic conditions
(reviewed in [5–11]). Moreover, NO can also be produced non-enzymatically, from acid solutions of
nitrite in the presence of compounds that can act as antioxidants [12]. However, we only identified
some of the components implicated in the different pathways and it is still unknown how they interact,
how they fit in the larger context of carbon and nitrogen metabolism, and how much they contribute to
the general NO homeostasis of the plant. The concentration of NO is also tightly regulated through the
interactions of NO with other compounds, such as reactive oxygen species (ROS), proteins or lipids.
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Because of its physicochemical characteristics, NO exerts its functions mainly through modification of
these molecules, leading to changes in protein activity, gene expression, and modulation of the redox
environment, both during physiological and stress responses (reviewed in [6–8,13]). In an attempt to
answer these fundamental questions about when and where NO is produced, researchers have used
both pharmacological and genetic approaches.

The use of pharmaceutical NO donors such as sodium nitroprusside (SNP),
S-nitroso-N-acetyl-d,l-penicillamine (SNAP), or S-nitrosoglutathione (GSNO), although very extended,
does not always replicate the endogenous effects of NO. SNP is in fact a nitrosonium cation donor
that also generates cyanide [14]. On the other hand, SNAP and GSNO, in addition to releasing NO,
can act mainly through trans-S-nitrosation reactions. Furthermore, the application of NO donors might
result in nitrosative stress since there have been very few attempts to understand the kinetics of NO
generation in planta by NO donors [15–17]. Thus, the use of mutants with altered endogenous NO
content seems to be a more suitable way of assessing NO-modulated responses.

In Arabidopsis thaliana, only four groups of NO overproducer mutants have been described so
far, gsnor1/hot5, glb, argah, and cue1/nox1 mutants. gsnor1/hot5 mutants accumulate GSNO, since they
are defective in the enzyme S-nitrosoglutathione reductase 1 (GSNOR1) [18], responsible for the
degradation of GSNO, a stable NO reservoir, to glutathione disulfide (GSSG) and ammonium [19].
Thus, gsnor1 mutants accumulate both NO and GSNO [20]. The glb mutants are also impaired in a
NO scavenging system, since they have reduced levels of non-symbiotic hemoglobins, which usually
eliminate NO by binding it to their heme group [21]. The last two groups, argah and cue1, are both
thought to be implicated in the oxidative synthesis of NO from arginine [22,23]. argah mutants have
decreased arginase activity, which results in an increase in the available arginine pool, since arginases
control the catabolism of this amino acid. This, in turn, leads to the accumulation of NO in these
mutants [22].

The first A. thaliana cue1 mutant was isolated in a screening to identify new mutants in light
signaling components with an altered light-regulated expression of nuclear genes [24]. CUE stands
for ‘chlorophyll a/b binding protein (CAB) underexpressed’ because mutations at this locus result in
expression defects of photosynthesis genes in mesophyll cells, such as the light-harvesting chlorophyll
a/b-binding protein 1 (LHCB1) of photosystem II, formerly known as CAB. Besides cue1, another eight
cue mutants were isolated [25]. All of them are defective in greening and present an altered mesophyll
structure. These defects result from a delayed differentiation of chloroplasts and a reduction in plastid
size and granal stack size, along with defective etioplast development [25]. In cue1, LHCB1 is expressed
at low levels in the mesophyll cell layers but at wild-type levels in the bundle sheath cells, which causes
a striking reticulate leaf phenotype with pale-green mesophyll cells and dark-green veins. At the same
time, it entails a severe deficiency in the establishment of photoautotrophic growth because of the lack
of sufficient carotenoids and chlorophylls, especially during early leaf development in response to
light [24].

Of the nine CUE genes, only CUE1 does not directly take part in the phytochrome-controlled
expression of photosynthetic genes [25,26]. Instead, CUE1 encodes plastid phosphoenolpyruvate
(PEP)/phosphate translocator (PPT) expressed mainly in roots, but also in leaves and flowers [27].
PEP is the precursor for the shikimate pathway of aromatic amino acids and can be utilized as an
alternative source for ATP in non-photosynthetic plastids. Most plastids either lack or have a very low
expression of the complete set of glycolytic enzymes for the conversion of hexose and triose phosphates
into PEP, so glycolysis cannot proceed further than 3-phosphoglycerate. PPT is thus the only source of
PEP in the chloroplast stroma [28]. In line with this role, cue1 mutants present an altered content of
several amino acids and secondary metabolites. Among them, there is an increase in nitrate, arginine
and two products of arginine catabolism, citrulline and urea [27].

Both nitrate and arginine are precursors of NO biosynthesis [29], so it was to be expected that
cue1 mutants also showed increased NO content. Indeed, in screening for NO overproducer (nox)
mutants, the locus NOX1 was identified as CUE1 [23]. The isolation of putative nox mutants was based
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on their hypersensitivity to root growth inhibition by NO donor SNP. nox1/cue1 was confirmed to have
higher levels of NO in rosette leaves when analyzed with NO-sensitive dye 4,5-diaminofluorescein
diacetate (DAF-2DA). Since then, cue1 mutants have been described to have delayed flowering [23],
smaller rosettes, leaves and cotyledons [30], increased stomatal development [31], reduced root length
and meristem size [32–34], decreased mitosis and increased endoreduplication [32,35], reduced auxin
response [32], decreased cytokinin content [36], higher iron uptake [37], better copper tolerance [38],
and less pathogen resistance [39–41].

Because cue1 mutants display a complex pleiotropic phenotype, understanding the role of
CUE1/PPT1 in NO synthesis and signaling is not trivial. Here, we sought to establish the growth
conditions in which cue1 mutants overproduce NO and to identify which phenotypes can be
unequivocally ascribed to an altered NO homeostasis in order to close the current gap between
pharmacological and genetic studies. For this purpose, we analyzed the phenotype of four different
cue1 alleles during physiological processes and stress responses in which NO is known to have an
important role: promotion of germination [42–45], inhibition of primary root elongation [23,32,33],
and improvement of salt stress resistance [46–48]. This was done alongside the in vivo NO imaging
and quantification of the NO content of each mutant by spectrofluorometry using the fluorescent
NO-sensing dye 4-amino-5-methylamino-2′,7′-difluorofluorescein diacetate (DAF-FM DA) according
to the method described in [49], to find out if there is a link between NO levels and the observed
phenotypes. Furthermore, we analyzed the production of NO in different carbon sources to improve
our understanding of the interplay between carbon metabolism and NO homeostasis, for which cue1
mutants are an excellent model, as the primary role of PPT1 is likely to be related to glycolysis and
gluconeogenesis in the plastids.

2. Results

2.1. cue1 Mutants Accumulate Wild-Type NO Levels during Early Post-Germinative Plant Development

A rapid increase in NO levels appears in the endosperm of A. thaliana seeds after imbibition [50].
NO then promotes germination both by relieving dormancy [42,51] and by directly promoting embryo
growth [45]. In order to study the response of cue1 mutants during germination, we chose four different
knockdown and knockout alleles that have been extensively used in the literature and are known
to have increased NO in rosette leaves [23,31,36,39,40] (Figure 1A). Three of the alleles come from
a mutagenized Col-0 line, cue1-5, cue1-6, and nox1-1. cue1-5 is a weak allele with an Arg to Cys point
mutation [27], cue1-6 is a strong allele with a premature stop codon instead of a Trp caused by a point
mutation [27], and nox1-1 is a knockout mutant which was obtained by fast neutron mutagenesis and
lacks most of the genomic CUE1/PPT1 sequence [23]. cue1-1 is another deletion mutant, but it was
obtained by gamma radiation mutagenesis of a transgenic line, pOCA108 (Be-0), that is also an alcohol
dehydrogenase null mutant [24].

Although these mutants are routinely used as constitutive NO-overproducer mutants, there is no
data on their NO levels during early plant development. While the link between PPT1, light signaling,
and NO production is not understood, it is known that CUE1 strongly regulates the expression of
LHBC and other photosynthetic genes when plants are initially exposed to light, but cue1 mutants
show a greater degree of plasticity at later stages of development [27]. Therefore, we quantified
the NO content of the four alleles and their respective wild-type controls 4 days after completion of
stratification (das), once the radicle was visible in most of the seeds in the population. Contrary to
what was expected, all four cue1 alleles had similar or less DAF fluorescence than their respective
controls, suggesting that the mutants do not overproduce NO at this developmental stage. cue1-6
and nox1 had the same fluorescence intensity than Col-0 (0.77 ± 0.01 a.f.u./μg protein and 0.74 ± 0.01
a.f.u./μg protein compared to 0.72 ± 0.05 a.f.u./μg protein), whereas cue1-5 (0.49 ± 0.05 a.f.u./μg protein)
had 36% less than Col-0 (p < 0.001) and cue1-1 (0.68 ± 0.06 a.f.u./μg protein), 25% less than pOCA108
(0.91 ± 0.05 a.f.u./μg protein; p < 0.001) (Figure 1B).
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Figure 1. Phenotype (A) and nitric oxide (NO) content (B) of 4-day-old seedlings. Scale bar, 1 mm.
DAF fluorescence intensity of extracts of 4-day-old seedlings grown on Murashige and Skoog (MS) with
and without 100 mM NaCl. Values represent the mean ± CI (n = 3). Bars with common letters (a–d) do
not show significant statistical differences. A two-way analysis of variance (ANOVA) with post-hoc
Tukey’s honestly significance difference (HSD) test showed a statistically significant interaction between
genotype and salinity ((F(5,24) = 23.13, p < 0.001, eta2[g] = 0.83). An analysis of simple main effects for
each factor was performed with statistical significance after a Bonferroni correction (Table S2).

High salinity delays germination and impairs seedling establishment [52]. Endogenous NO is
increased when plants are exposed to salt stress and might act as an antioxidant by quenching the
ROS produced in response to salinity [53–56]. In order to see whether cue1 mutants would accumulate
NO during salt stress, we indirectly quantified the NO content of 4-day-old seedlings grown on a
medium supplemented with 100 mM NaCl through quantification of DAF fluorescence. This salt
concentration was chosen because it has been previously shown that it is enough to cause salt stress to
A. thaliana seedlings [53]. Under our growth conditions, the DAF fluorescence significantly decreased
in all the examined lines after salt stress, suggesting an inability to overproduce NO at this stage
(Figure 1). In this case, cue1-5 had 0.4 ± 0.02 a.f.u./μg protein, only 23% less than Col-0, which
had 0.52 ± 0.03 a.f.u./μg protein. The rest of the lines had similar fluorescence levels to those of Col-0,
ranging from 0.44 ± 0.02 a.f.u./μg protein to 0.47 ± 0.01 a.f.u./μg protein. The greatest decrease in the
presence of high salinity was observed in pOCA108, which had 48% of the fluorescence intensity it
accumulated in control conditions.

2.2. NO Is Necessary to Maintain Germination Vigor

Given the role of NO in the promotion of seed germination [45], we decided to analyze the
germination rate of the different cue1 alleles. While most of the Col-0, cue1-6, nox1-1, pOCA108,
and cue1-1 seeds had fully germinated after 4 das (between 96.5% and 99.5% of the population),
the maximum germination (Gmax) of cue1-5 was only 67%, in accordance with the decrease in DAF
fluorescence and supporting a reduced NO content at this stage (Figure 2A). In the presence of high
salinity, the germination of all the lines decreased consistently with a reduction in endogenous NO.
This germination delay was especially apparent for cue1-5, which had a Gmax of 48% while the rest of
the lines had similar Gmax that varied between 66% and 88% (Figure 2A). Despite the stark decrease in
DAF fluorescence after salt stress (Figure 1), the germination of pOCA108 was almost unaffected by
the stress, with only an 11% decrease in its germination rate with respect to control conditions.
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Figure 2. NO is required for germination vigor. Values represent the mean ± CI (n = 12). Bars with
common letters do not show significant statistical differences as determined by the respective statistical
tests: (A) Maximum germination of seedlings 4 das with and without 100 mM NaCl. Welch’s one-way
ANOVA with post-hoc Games–Howell test was F(5,29) = 7.98. p < 0.001. (B) Germination parameters
t50 and U7525 for seeds germinated in control conditions. (C) Representative cumulative germination
curve for seeds germinated in control conditions as predicted by GERMINATOR. (D) Germination
parameters t50 and U7525 for seeds exposed to high salinity. (E) Representative cumulative germination
curve for seeds germinated in the presence of 100 mM NaCl as predicted by GERMINATOR.

The speed and uniformity of germination were analyzed using t50 and U7525. t50 is a parameter
that summarizes the time required for 50% of the viable seeds to germinate [57]. We found an inverse
correlation between DAF fluorescence and speed germination parameter t50 (r = −0.94, p < 0.001).
It took 69.99 ± 4.96 h for half of the cue1-5 seeds to germinate, whereas the t50 of Col-0 was only
49.12 ± 1.69 h, 30% faster than the mutant. Equally, the t50 of pOCA108 was 44.92 ± 1.04 h, 19% faster
than that of cue1-1, 55.19 ± 1.8 h (Figure 2B). U7525 measures the time interval between the germination
of 25% and 75% of the viable seeds. A lower U7525 indicates greater uniformity [58]. The analysis of
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uniformity supported an inverse correlation between NO levels and germination (r = −0.87, p < 0.001).
The U7525 of cue1-5 was 22.65 ± 2.64 h, 13.16 h longer than its control, while on the other end of the
spectrum pOCA108 had a U7525 of 6.9 ± 1.03 h (Figure 2B). These results suggest that a certain level of
NO is necessary for seeds to germinate uniformly once dormancy is broken. Cumulative germination
over 7 das showed a similar exponential curve for Col-0 and pOCA108, with a steeper slope for
pOCA108, the line that showed the highest endogenous NO levels. On the other hand, all cue1 mutants
showed a longer lag phase that lasted up to 48 h after completion of stratification, which suggests that
endogenous NO levels might be even lower in cue1 mutants prior to radicle emergence (Figure 2C).

In the presence of high salinity, the t50 and U7525 of all the lines were similar (Figure 2D),
in agreement with their similarity in NO production (Figure 1). While cue1-1 seemed to have the
highest t50 at 87.0 ± 6.1 h, this difference was not significant when compared to its control or other lines,
which showed t50 ranging from 73.4 ± 3.3 h to 82.3 ± 2.0 h. Even though germination was generally
slower under salt stress, uniformity of germination was more stable for all genotypes. Control lines had
slightly more uniform germination with a U7525 of 15.0 ± 1.4 h for Col-0 and 13.8 ± 1.9 h for pOCA108,
while the U7525 of the cue1 mutants ranged between 15.6 ± 2.2 h and 21.0 ± 2.1 h. The analysis of
cumulative germination showed that all the lines had a longer lag phase in the presence of salt stress
than in control conditions (Figure 2E, compare to Figure 2C).

2.3. The Severe Germination Delay of cue1-5 Is Caused by Stabilization of the Germination Repressor ABI5

The plant hormone abscisic acid (ABA) maintains dormancy and post-germinative seedling arrest
under unfavorable environmental conditions [59]. ABA exerts these functions mainly through the basic
leucine zipper (bZIP) transcription factor ABSCISIC ACID INSENSITIVE5 (ABI5), a key repressor of
seed germination [60,61]. The antagonistic effects of ABA and NO during germination occur through
a crosstalk during the regulation of ABI5 transcription [62] and protein stability [45]. NO-mediated
S-nitrosation of ABI5 at Cys 153 facilitates the degradation of this germination repressor, and it has
been proven that ABI5 protein levels are high in NO-deficient mutant backgrounds [45]. As well as
during germination, ABA has a prominent role during the regulation of the response to most abiotic
stresses [63]. The regulation of seed germination and seedling establishment in response to stress is
also regulated by ABI5, as it has been shown that loss-of-function abi5 mutants were able to germinate
and green even in the presence of 200 mM NaCl [60].

In order to confirm that the germination deficiency observed in the cue1-5 mutant is indeed due to
its lack of sufficient NO, we analyzed the protein levels of ABI5 in 4-day-old seedlings. In agreement
with the marked NO deficiency of cue1-5 and its inability to reach a similar Gmax to that of the other
lines, we found that this mutant accumulated higher ABI5 protein levels (Figure 3). The quantity of
ABI5 was comparable in the rest of lines, in accordance with their similar NO levels. Confirming the
role of NO in the stability of the protein, we also found equally elevated ABI5 levels in all the lines in
the presence of high salinity in the Col-0 background, consistent with the presence of abiotic stress and
the decreased NO levels and germination rate.

2.4. Early Root Elongation Is Impaired in cue1 Mutants Independently of Their NO Levels, but Root Cell
Patterning Is Not Altered

Studies carried out mainly with pharmacological NO donors and scavengers show that both
excessive and insufficient NO result in the inhibition of root elongation [32,33,64,65]. Analysis of
the root length of 5-day-old seedlings showed that all the cue1 mutants had shorter roots than their
respective controls (Figure 4A). The root lengths of Col-0 and pOCA108 were equivalent (0.85 ± 0.04 cm
and 0.77 ± 0.05 cm, respectively), despite their differences in DAF measurements of NO at 4 das. At the
same time, the root lengths of cue1-6 and nox1 were 40% and 28% shorter than Col-0, respectively,
even though both lines showed as much DAF fluorescence as Col-0. On the other hand, cue1-1 and
cue1-5, the mutants that accumulated less NO according to the DAF measurements, also had the
shortest primary roots.

82



Plants 2020, 9, 1484

 

Figure 3. Germination inhibitor ABI5 is stabilized in cue1-5 and in the presence of salt stress. Western
blot analysis of ABI5 accumulation in the different cue1 lines grown on MS with and without 100 mM
NaCl for 4 das. Actin levels are shown as loading controls.

The root is organized into cell layers of different cell types that originate from a small set of cells
at the core of the root, called the quiescent center (QC). QC cells divide infrequently and maintain the
undifferentiated state of the adjacent cells, which are called stem cell initials. Stem cells continuously
undergo asymmetric cell divisions that give rise to daughter cells that will divide symmetrically and
start to differentiate [66]. This results in clear developmental zones along the longitudinal axis of the
root. In the proximal meristem or meristematic zone (MZ), cells divide frequently until they are far
enough from the stem cell niche. Once they reach the elongation/differentiation zone (EDZ) they start
to expand quickly, beginning the process of differentiation. Maintaining these structures requires
a balance between the generation of new cells in the meristem and the differentiation of cells in the
EDZ. This balance determines the size of the root apical meristem (RAM) [67]. In accordance with their
shorter roots, all the cue1 mutants seemed to have a narrower vascular bundle than both wild-type
lines, and a high accumulation of amyloplasts in the epidermis, cortex, and endodermis from the
transition zone upwards (Figure 4B). A closer look at the meristematic zone showed that the altered
organization of the stem cells around the QC that has been described to be caused by NO [32] was not
apparent at this developmental stage (Figure 4B). This agrees with the fact that cue1 mutants do not
overproduce NO 4 days after completion of stratification.

2.5. Sugar Supplementation Modifies NO Production

In the absence of CUE1, plants are unable to establish photoautotrophic growth if they are not
supplemented with exogenous metabolizable sugars, such as sucrose or glucose [24]. Chloroplasts
are an important node of NO production [68], so we wanted to explore whether sugars have a role in
NO homeostasis, since there are some reports that point to a possible role for NO in the regulation of
energy production [69–71]. We tested the NO levels of cue1-5, cue1-1, and their respective controls after
growing them for 7 das in a medium supplemented with either 2%(w/v) glucose or 0.75%(w/v) sucrose.
Our results show that cue1 mutants do indeed accumulate NO at this developmental stage (Figure 5A,
Figure S1).
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Figure 4. Root elongation is defective in all cue1 mutants. (A) Primary root length of 5-day-old
seedlings. The diagram shows data between the lower (Q1) and upper (Q3) quartiles, the median and
the mean (x) for each genotype. Bars with common letters (a–d) do not show significant statistical
differences as determined by one-way ANOVA with post-hoc Tukey’s HSD test (F(5,214) = 57.8, p < 0.001).
(B) Representative images of the root apex of 5-day-old seedlings stained with Schiff propidium iodide.
Scale bars on the bottom right corner correspond to 50 μm. The width of the vascular bundle is
indicated with a white line in each root.
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Figure 5. (A) The NO content of cue1 alleles depends on their developmental stage. DAF fluorescence
intensity of extracts of 7-day-old seedlings grown on MS-Root medium supplemented with either
2%(w/v) glucose or 0.75%(w/v) sucrose. Values represent the mean ± CI (n = 4). A two-way ANOVA
with post-hoc Tukey’s HSD test showed a statistically significant interaction between genotype and
carbon source ((F(3,24) = 33.99, p < 0.001, eta2[g] = 0.81). An analysis of simple main effects for each
factor was performed with statistical significance after a Bonferroni correction (Table S2). (B) Primary
root length is influenced by NO and sugar. Primary root length of 7-day-old seedlings grown on
MS-Root supplemented with either 2%(w/v) glucose or 0.75%(w/v) sucrose (n = 50). The diagram shows
data between the lower (Q1) and upper (Q3) quartiles, the median and the mean (x) for each genotype.
Common letters (a–f) indicate there are no significant statistical differences as determined by Welch’s
one-way ANOVA with post-hoc Games–Howell test (F(7,571) = 203.57, p < 0.001).

While the differences in NO levels are greater in the presence of glucose, the mutants also
overproduce NO when grown with sucrose as a carbon source. cue1-5 was the allele which exhibited
greater DAF fluorescence, with 2.27 ± 0.05 a.f.u./μg protein in glucose and 1.48 ± 0.01 a.f.u./μg protein
in sucrose. Compared to its control Col-0, this meant a 46% increase in NO content when grown with
glucose, and a 23% increase in the presence of sucrose. cue1-1 also showed a significant enhancement
in NO levels compared to its control pOCA108, with 1.81 ± 0.14 a.f.u./μg protein in glucose compared
to 1.49 ± 0.04 a.f.u./μg protein (18% increase), and 1.41 ± 0.04 a.f.u./μg protein in sucrose compared to
1.19 ± 0.03 a.f.u./μg protein (16% increase).

Since the mutants present an increased NO content in these growth conditions, we decided to
measure primary root length to check whether there was a link between the carbon source, NO content,
and root length in cue1 mutants. We found that the root length of cue1-5 and cue1-1 was indeed
significantly shorter (Figure 5B, Table S1). After 7 days of growth, cue1-5 had a 1.2 ± 0.06 cm root in
sucrose, which meant a 32% reduction compared to Col-0, with 1.78 ± 0.05 cm. The reduction was even
more apparent in glucose, where the primary root of cue1-5 only elongated to 0.86 ± 0.09 cm, a 50%
reduction compared to Col-0, with a 1.73 ± 0.04 cm root. Primary root growth was also inhibited in
cue1-1 with respect to pOCA108, in sucrose (1.10 ± 0.06 cm compared to 1.85 ± 0.06 cm, 41% reduction)
as well as in glucose (1.01 ± 0.07 cm compared to 2.20 ± 0.07 cm, 54% reduction). Previous studies
have suggested that an optimal concentration of NO is needed for proper root development, and that
both excessive and deficient NO levels are detrimental for the plant [32,33], which coincides with our
results. Interestingly, the NO content of cue1-5 and cue1-1 in sucrose was similar to the NO content of
pOCA108 in glucose, but the root length of the cue1 mutants was vastly different to that of pOCA108,
which suggests that both NO content and the sugar available as a carbon source have a role in the
modulation of primary root growth.

We also explored the primary root apical meristems of these roots to analyze meristematic cortical
cell length, meristem size, and meristem cell number of the mutants (Figure 6, Table S1). Morphological
observation showed that all the lines accumulated amyloplasts in the cortical and epidermal cells
upwards of the transition zone when they were grown in the presence of glucose (Figure 6A), but not
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in the presence of sucrose, where only cue1-5 and cue1-1 accumulated them (Figure 6B). Furthermore,
we noticed that the cue1 mutants presented amyloplasts in the columella stem cell layer, an indication
of earlier differentiation. As described in [32], we observed disorganization of the cells surrounding the
QC in some of the cue1-1 and cue1-5 plants, especially in the presence of glucose, where the endogenous
NO levels were higher.

Figure 6. Increased NO causes disorganization of root meristematic stem cells. (A) Representative
images of the root meristem of 7-day-old seedlings grown on MS-Root medium supplemented with
2%(w/v) glucose. (B) Representative images of the root meristem of 7-day-old seedlings grown on
MS-Root medium supplemented with 0.75%(w/v) sucrose. Seedlings were stained with Schiff propidium
iodide. Scale bars on bottom left corner correspond to 50 μm. A white rectangle was drawn around
the stem cells. Differentiation parameters were quantified from these images. Statistical differences as
determined by two-way ANOVA with post-hoc Tukey’s HSD test are represented by different letters
(a–c). (C) Meristematic size (F(3,70) = 6.65, p < 0.001, eta2[g] = 0.22). An analysis of simple main effects
for each factor was performed with statistical significance after a Bonferroni correction (Table S2).
(D) Number of cells in the root apical meristem (F(3,70) = 6.16, p < 0.001, eta2[g] = 0.21). An analysis
of simple main effects for each factor was performed with statistical significance after a Bonferroni
correction (Table S2). (E) Bars with common letters (a–c) are not significantly different according to
Welch’s ANOVA with post-hoc Tukey’s HSD test. Average cortical cell sizes are shown for cortical
cells 1–10 (F(7,73) = 3.99, p < 0.001), 11–20 (F(7,73) = 5.45, p < 0.001) and 21–30 (F(7,73) = 7.23, p < 0.001)
counted from the QC. Values represent the mean ± CI (n = 10).
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An analysis of root cortical cells showed that the differences among genotypes were clearer when
the plants had been grown with glucose as a carbon source. In those conditions, cue1-5 and cue1-1
differentiated earlier than their controls, since the EDZ occurred closer to the initial cells than in their
respective wild-type controls. While a statistical analysis showed that the carbon source only caused
a significant difference in meristem size in cue1-5 seedlings (Figure 6C), the variations observed in
the rest of the lines supported the divergences observed in the root length of the mutants. Thus,
the RAM size in cue1-5 was 21% smaller than its control in glucose and 18% smaller in sucrose, while
cue1-1 presented only a 2% reduction in sucrose, but a 15% decrease in glucose compared to pOCA108.
The same was true for the number of cortical cells in the apical meristem, as both cue1-5 and cue1-1
had significantly fewer cells than their respective controls in glucose, but not in sucrose (Figure 6D).
This decrease in meristematic cell number was compensated by an increase in meristematic cell length
(Figure 6E). These observations support the existence of an interplay between NO content and sugar
metabolism in the modulation of primary root growth. At the same time, these results have allowed us
to identify cue1 mutants as suitable NO-overproducer plant lines to explore the role of NO during
root growth.

3. Discussion

3.1. CUE1 Does Not Directly Contribute to the Rapid NO Synthesis during Seed Imbibition

NO is a stimulator molecule in plant photomorphogenesis, as it promotes seed germination and
de-etiolation, and inhibits hypocotyl and internode elongation [42]. It has been demonstrated that
NO-deficient mutants exhibit increased dormancy, hypersensitivity to ABA during seed germination
and seedling establishment, as well as resistance to dehydration [72,73]. The decrease in NO during
germination observed in cue1-5 induces a general decline in germination parameters, since it presents
a reduced maximum germination rate, decreased uniformity of germination among seeds of the
same population, a delay in the initiation of germination and slower germination overall. Moreover,
the rest of cue1 mutants were unable to accumulate more NO than their controls at this developmental
stage. It has been previously demonstrated that a NO burst is required for proper germination and
post-germinative growth [12,50,74], possibly to counteract the inhibitory effect of the ABA-regulated
transcription factor ABI5 [45,62,75], which acts as the main regulator of one of the earliest developmental
checkpoints to spare the plant from pouring resources into growth when the environmental conditions
are not optimal for the development of the seedling [60,61].

During germination, when the quiescent seed reactivates its metabolism, there is a surge in the
production of NO that slows down three hours after imbibition [50,74], although NO synthesis can
be detected in the aleurone layers as early as fifteen seconds after exogenous nitrate addition [12].
It is thought that the generation of NO by the seed is non-enzymatic because of its quick response,
and that this non-enzymatic synthesis requires acidic pH and the presence of compounds that can act
as antioxidants, so this synthesis pathway would be restricted to the apoplast of aleurone cells and
maybe local areas of the root during transient acidification caused by alteration of nutrient supply.
The aleurone layer fulfills both requisites, as its pH is usually between 3 and 4, and its plastids
contain proanthocyanidins, phenolic compounds with antioxidant capacity [12]. The early stages
of germination coincide with a depletion of oxygen, so it is assumed that seeds are in an anaerobic
state until the radicle breaks through the testa, when oxygen gradually returns the seed to aerobic
conditions [76]. Thus, it is highly unlikely that the seed can offer the oxidative environment necessary
to obtain NO from arginine, and it would explain why cue1 mutants, which are thought to be involved
in the oxidative biosynthesis of NO, do not overproduce NO during germination.

Among all studied cue1 mutants, only cue1-5 mutants do not germinate as well as wild-type seeds
in response to advantageous environmental conditions even after dormancy is broken by stratification.
Our results show that this is due to its inability to de-stabilize ABI5, as shown by its increased
ABI5 protein levels. The increase in ABI5 is a direct consequence of the reduced endogenous NO
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content of cue1-5. However, we do not think this is directly caused by the loss of function of CUE1,
as the other alleles behave closer to their wild-type controls, both in endogenous NO levels and
germination parameters. This mutant line contains an additional transparent testa mutation that affects
seed pigmentation, testa solidity and germination [27].

Interestingly, data from the Arabidopsis Seed Coat eFP Browser [77] and the ePlant Browser [78]
indicate that the expression of CUE1 in the mature embryo and in dry seeds is almost negligible,
but it increases steadily one day after imbibition, well after the rapid production of NO that starts
germination. On the other hand, it is highly expressed in the ovaries of the plant, which will give
rise to the seed coats. The expression of CUE1 increases in the developing embryo until the walking
stick stage, 7–8 days post-anthesis, at the end of the cellularization of the endosperm and before the
accumulation of reserves. It is possible, then, that its role in NO generation during germination is
carried out during embryo development and seed maturation, likely in an indirect fashion. Since the
non-enzymatic synthesis of NO requires proanthocyanidins [12], which are generated as one of the end
products of the shikimate pathway, it could be expected that cue1 seeds have less of these polyphenolic
compounds available for the quick apoplastic formation of NO and thus a longer lag phase. Indeed,
cue1 mutants have reduced flavonoids, hydroxycinnamic acids, and simple phenolics [27], in agreement
with this hypothesis.

3.2. High Salinity Impairs Germination by Increasing ABI5 and Decreasing NO Levels

Plants respond to abiotic stress by increasing the production of ABA and reactive oxygen and
nitrogen species, so we also tested the behavior of cue1 mutants in response to salt stress during
early plant development. Depending on its concentration, NO can protect plants against salt stress
by lessening the secondary oxidative stress induced by high salinity [46,47,79,80], or it can enhance
sensitivity to the stress if its accumulation is excessive, causing additional nitrosative stress [36,81,82].
It is thought that the protective role of NO is exerted mainly through redox modification or S-nitrosation
of ROS scavenging enzymes, antioxidant systems, and respiratory pathways [83]. Reports on the
accumulation of NO in A. thaliana in response to high salinity are sometimes contradictory, possibly
because of differences in biological material, the extent of the stress, and the developmental stage at
which the plant was subjected to salt stress [46,47,53–56,84,85].

In our growth conditions and developmental stage, the NO content of the seedlings decreased
when seeds had been germinated on MS medium supplemented with 100 mM NaCl, regardless of
their genotype and in agreement with [46]. Contrary to other salt stress treatments performed in
A. thaliana, this may not be enough to cause secondary nitrosative stress. It has been demonstrated that
the induction of NO by salt requires peroxisomal NO synthase activity [53], which needs oxygen to be
able to oxidize arginine. Thus, it is possible that, in the anoxic state of the germinating seed, 100 mM
NaCl is too mild a stress to generate enough ROS for creating the oxidative environment required for
the function of NO synthase. Because of the reduced NO levels, germination was equally impaired in
all the lines, as evidenced by the analysis of different germination parameters. This was explained
by an increase in ABI5 protein levels, which was easily detected after germination during salt stress,
since ABI5 is stabilized by ABA and degraded in a NO-mediated process [33], and it accumulates in
seeds that undergo salt stress [60]. In fact, ABI5 expression is highly induced by abiotic stress at the
transition from mature seeds to seedling growth. Salt delays the decline of ABI5 levels and promotes
its expression throughout the seedling, while in unstressed conditions it would be undetectable [86].

3.3. Initial Seedling Establishment Is Impaired in cue1 Mutants Independently of Their NO Levels

In addition to the characterization of the role of CUE1 during germination, we explored its role
during early post-germinative growth by quantifying the primary root length and exploring the root
apical meristem of cue1 mutants 5 das. However, we were unable to find a relationship between their
NO content and these parameters, since all cue1 lines showed a significant reduction in root growth
independently of the differences in their NO levels. This observation further stresses the need for
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a careful assessment of NO levels when working with NO mutants. Understanding the effect of the
loss of a translocator involved in glycolysis and photosynthesis during root development can prove
to be quite complex, as phenotypes are the result of an intricate interplay between hormones, other
growth regulators, and environmental cues.

Early plant development is mostly supported by the storage reserves found in the endosperm [87],
which in A. thaliana cannot last more than 4–5 days and are mostly used to elongate the hypocotyl until
it reaches light, when cotyledons start greening and are converted into photosynthetic organs [88].
cue1 mutants have been described to be defective in the maturation of eoplasts to chloroplasts and in the
initial establishment of photoautotrophism in the absence of an exogenously supplied metabolizable
sugar [24]. Sugars mobilized from the endosperm and synthesized in the green parts of the plant
function as energy sources as well as signaling molecules. In particular, photosynthetic sugars
delivered from the cotyledons to the root act as interorgan signals to initiate root growth and have
a dominant role during the cotyledon stage of seedling development, even over the phytohormone
auxin, which is thought to be essential for the regulation of root development [88]. Since all cue1
mutants are photosynthetically defective, we cannot rule out that their initial inability to start root
elongation stems from the lack of a photosynthetic signal.

3.4. Sugars Alter Root Development through Modulation of NO Homeostasis

After exposure to exogenous NO, the content of several glycolysis intermediates, metabolites of
the TCA cycle and intermediates of the Calvin cycle were reduced [70]. On the other hand, the content
of sucrose and different monosaccharides, disaccharides, amino and nucleotide sugars increased [70,71].
These metabolic changes are caused by the transcriptional upregulation of glycolytic enzymes and the
downregulation of photosynthetic proteins [69], and by the regulation via S-nitrosation of enzymes
involved in sugar metabolism, such as ATP synthase, enolase, or phosphoglycerate kinase [71].

CUE1/PPT1 has a central role in sugar metabolism because it is the only source of PEP into the
chloroplast and its absence directly impacts carbon partitioning [27,89]. Interestingly, cue1 mutants
are unable to establish photoautotrophic growth right after germination and need to be exogenously
supplemented with a fixed carbon photoassimilate [24]. These mutants have impaired light signaling
and a reduced capacity of de-etiolation [24,26], possibly because they are defective in chloroplast
maturation [24]. Essentially, cue1 mutants behave as heterotrophs during early plant development.

cue1 mutants have not been the first NO mutants to be linked to sugar metabolism. noa1,
which encodes a cGTPase necessary for assembling plastid ribosomes [90], was initially isolated as a
mutant with less endogenous NO content and essential for its production [91]. Interestingly, the levels
of NO in noa1 mutants can be partially recovered by exogenous addition of sucrose [92], and the mutant
presents chloroplast biogenesis defects [93] and reduced fumarate, even though its energy status and
redox potential seem unaffected [92]. The NO deficiency in noa1 was explained as an indirect effect
of its reduced ability to generate photosynthates [93]. However, cue1 mutants are also defective in
chloroplast biogenesis and contain fewer photoassimilates than wild-type lines, whereas their NO
levels are enhanced. Thus, a reduced photosynthetic capacity cannot solely be the reason for reduced
NO content in noa1.

We analyzed the endogenous NO status of cue1 mutants in the presence of two different sugars
that can be used by the plant as a source of reduced carbon and energy, glucose and sucrose. If a general
decrease in reduced carbon availability explained the alteration in NO content, the mutants would
be expected to produce the same NO in any case. However, our results showed the differences
between cue1 mutants and their controls were greater when the seedlings had been grown in the
presence of glucose. Sucrose did not revert the NO overproducing phenotype of cue1 plants, but it did
diminish the differences among the lines, as in the case of noa1 [93]. The increased NO production
in the presence of glucose in cue1-5 and cue1-1 caused a decrease in primary root elongation rate,
meristem size, meristematic cell number, and longer root cell length, corroborating the findings of [29].
These differences were not as obvious when the plants were grown in the presence of sucrose, but the
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root growth of cue1-5 and cue1-1 was still affected. Our findings show that NO accumulation depends
on sugar metabolism. Nitrate reductase (NR) is an enzyme that also participates in the production
of NO [94] and it has been previously shown that the expression of NIA2, the gene encoding NR,
is light-induced, while NR activity is linked to photosynthesis [95]. NR could be a good candidate
linking NO homeostasis and carbon metabolism, but, surprisingly, noa1 has higher NR levels [92],
while cue mutants have reduced NR activity [26]. Understanding the role of carbon metabolism will
help elucidate the molecular mechanisms underlying NO production in plant development, but further
experiments are required.

4. Materials and Methods

4.1. Plant Lines

Arabidopsis thaliana cue1-5 [26], cue1-6 [27] and nox1-1 [23] plants are in the Columbia (Col-0)
ecotype background, while cue1-1 [24] is in the Bensheim (Be-0) ecotype background. All cue1 mutants
are defective in the CUE1 locus (AT5G33320). The cue1-5 (CS3156) and cue1-6 (CS3168) alleles were
generated by mutagenizing a Col-0 population with ethyl methanesulfonate (EMS) [27], while the
nox1-1 allele was generated by fast neutron mutagenesis [23]. Additionally, cue1-5 seeds are yellow and
lack brown pigments in the seed coat, as the mutant contains an additional transparent testa/glabrous
mutation [96]. The cue1-1 allele was generated by mutagenizing a population of line pOCA108-1
with gamma radiation [24]. pOCA108-1 is a single-insertion line that contains the reporter construct
pOCA108 on chromosome 2. This construct contains the alcohol dehydrogenase (ADH) gene under
the control of chlorophyll a/b binding protein (CAB3) promoter, and was transformed into Bensheim
line R002, which contains a null mutation in the endogenous ADH gene [24].

4.2. Plant Growth Conditions

Seeds grown in vitro were surface sterilized using a bleach solution (25% bleach, 0.1% Tween).
Sterilized seeds were stratified in water for 48–72 h at 4 ◦C to help synchronize germination. Stratified
seeds used for root elongation assays and NO quantification in different carbon sources were grown
on plates containing a modified Murashige and Skoog (MS) medium [97] optimized for root growth,
MS-Root [2.3 g/L MS (Duchefa Biochemie, Haarlem, The Netherlands), 15 g/L agar], supplemented
with either sucrose or glucose as indicated. The greater agar content allows for vertical growth of
seedlings on the surface of the medium. For the rest of the experiments, plants were grown on plates
containing 4.9 g/L MS, 2% glucose, 6 g/L agar. Stratified seeds used for NO quantification, germination
and high salinity assays were grown on plates containing MS medium supplemented with 2% glucose.
To analyze sensitivity to salt stress, MS was supplemented with 100 mM NaCl (PanReac AppliChem,
Darmstadt, Germany). Plants were grown under a 16 h light/8 h dark photoperiod at a constant
temperature of 21 ◦C and 50–60% humidity.

4.3. Germination Assays

Germination was determined as radicle emergence at indicated times. The analysis of germination
parameters was carried out using the GERMINATOR software [58]. The parameters used are t50,
the time it takes for 50% of the viable seeds to germinate, for speed of germination, and U7525,
the elapsed time from 25% to 75% of the viable seeds to germinate, for uniformity of germination.
Germination was also represented with a time course graph as cumulative germination.

4.4. Western Blotting

Total proteins were extracted from 4-day-old stratified and imbibed seeds (500–600 per genotype)
for western blot analysis. Tissue was homogenized using a Silamat S6 homogenizer (Ivoclar Vivadent,
Madrid, Spain) until all tissue was completely powdered. Samples were incubated with an extraction
buffer containing 100 mM Tris-HCl, 150 mM NaCl, 0.25% NP-40 and 1× cOmplete EDTA-free Protease
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Inhibitor Cocktail (Sigma, Saint Louis, MO, USA). Protein concentration was determined by the Bio-Rad
Protein Assay (Bio-Rad, Hercules, CA, USA) based on the Bradford method [98]. An amount of 90
μg of total protein was loaded per well in 10% SDS-acrylamide/bisacrylamide gel electrophoresis
using Tris–glycine–SDS buffer. Proteins were electrophoretically transferred to an Immobilon-P
polyvinylidene difluoride membrane (Merck Millipore, Burlington, VT, USA) using the semi-dry
Trans-Blot Turbo Transfer system (Bio-Rad). Membranes were blocked in Tris-buffered saline-0.1%
Tween 20 containing 5% Blocking Agent and probed with antibodies diluted in blocking buffer.
Anti-ABI5 Purified Rabbit Immunoglobulin (Biomedal, Sevilla, Spain, 1:10,000) and anti-Actin clone
10-B3 Purified Mouse Immunoglobulin (Sigma-Aldrich, A0480, 1:10,000) antibodies were used in the
Western blot analyses. Detection was performed using ECL Advance Western Blotting Detection Kit
(Amersham, Chicago, IL, USA) and the chemiluminescence was detected using an Intelligent Dark-Box
II, LAS-1000 scanning system (Fujifilm, Tokyo, Japan).

4.5. Detection of NO Production

Freshly prepared protein extracts prepared as for western blotting were used to assay NO content.
An amount of 20 μL of each protein extract was incubated with 180 μL of a solution containing 10 μM
of DAF-FM DA (Sigma-Aldrich) in 50 mM HEPES buffer pH 7.5 in microtiter plates, following the
method described in [49]. Samples were incubated at 37 ◦C for 2 h in the dark. After incubation,
the emitted fluorescence of each well was measured in a Varioskan LUX Multimode Microplate Reader
(ThermoFisher Scientific, Waltham, MA, USA). Samples were normalized by their total protein content
(Table S3) and against a control condition in each experiment. Blanks included in all experiments
behaved similarly and emitted a negligible signal, that was subtracted from all experimental samples.

Detection of NO through confocal microscopy was performed using the same experimental
conditions and DAF-FM DA staining protocol for the former spectrofluorometry measurements. λ scan
500–666 nm was used to set the emission window and FIRE LUT to represent a fluorescence heatmap
of intensity.

4.6. Root Growth Analysis

After full germination, root growth was captured by scanning plates with an Epson flatbed scanner
and a resolution set to 600 ppi. Primary root length of individual seedlings was then measured using
Fiji [99]. Average root elongation rate (mm/d) was calculated as an average of daily root elongation
rates following the protocol described in [100].

Primary root apical meristems were analyzed to measure meristematic cortical cell length (μm),
meristem size (μm), and meristem cell number by performing a propidium iodide (PI) stain following
the protocol described in [101]. Root tips were examined using a Leica SP2 confocal microscope with
a 40× oil immersion objective. The resulting image data was processed with semi-automatic image
analysis software, Cell-O-Tape [102].

4.7. Statistical Analysis

For each dataset, the distribution was initially assessed by plotting all the values of the dependent
variable as a histogram. Normality and homoscedasticity of the populations were determined using
the Shapiro–Wilk and Levene’s tests, respectively. An appropriate statistical model was then selected
depending on the number of independent variables, the distribution of the dependent variable,
and whether it was categorical or continuous. To account for type I error, data was presented with
a 95% confidence interval (CI). Generalized linear models (ANOVAs) and Pearson’s product-moment
correlation tests were performed using R Statistical Software (R version 4.0.2, R Foundation for Statistical
Computing) [103] in the RStudio environment (RStudio version 1.3.959, PBC) [104]. Excel (Microsoft
Office 365 ProPlus, v.1902) was used for other statistical tests and graph plotting. The statistical power
of the chosen tests was performed using G*Power v.3.1.9.2 (Franz Faul, Universität Kiel).
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5. Conclusions

Despite the ample research performed to elucidate the role of NO during development,
no systematic study of the production of NO during different developmental stages has been performed
to date. The reports discussed in this article point to specific roles that would require tightly controlled
spatio-temporal NO accumulation. To our knowledge, the only analysis comparing the production
of NO at two different plant developmental stages was published using Medicago truncatula [105].
In this study it was shown that senescing plants had an increased sensitivity to nitrosative stress,
as well as repression of nitrate uptake and NR activity, suggesting that accumulation of NO and
regulation of its homeostasis depends on the developmental stage. Our results support this statement,
as a careful characterization of the NO production of different cue1 mutants, routinely used as
NO overproducer mutants, proved that cue1 mutants do not accumulate NO during early plant
development, but they do at later stages. Since most NO mutants are defective in proteins involved in
primary metabolism [68,106], we recommend that NO quantification be performed for NO mutants at
early developmental stages, given that their alteration of NO homeostasis might stem from unexpected
effects of their mutations. In conclusion, our results demonstrate that cue1 is a useful tool to study
the physiological functions of NO, since this mutant accumulates NO under controlled experimental
conditions that require awareness of the developmental stage and growth conditions of the plants,
especially in terms of stress trade-off.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/11/1484/s1,
Figure S1: (A) Detection of NO by confocal microscopy using root tips of 7-day-old Col-0 seedlings stained with
DAF-FM DA incubation after treatment with NO scavenger (cPTIO) and donor (GSNO). cPTIO is able to scavenge
DAF and GSNO increases local maxima. (B) DAF fluorescence by confocal microscopy using root tips of 7-day-old
seedlings from Col-0, pOCA108 and cue1 alleles grown on MS-Root medium supplemented with either 2%(w/v)
glucose or 0.75%(w/v) sucrose. FIRE LUT was used as a fluorescence heatmap. Table S1: Sugar and NO affect root
meristem size. Meristem size parameters of 7-day-old seedlings grown on MS-Root medium supplemented with
either 2% glucose or 0.75% sucrose. Values represent the mean ± CI (N = 104). All units were in μm and 10 roots
were analyzed per genotype and carbon source. Table S2: Two-way ANOVA statistical parameters and simple
main effects results. Table S3: Protein content of 4-day-old and 7-day-old seedlings (μg/mL).
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Abstract: Nitrate fatty acids (NO2-FAs) are considered reactive lipid species derived from the
non-enzymatic oxidation of polyunsaturated fatty acids by nitric oxide (NO) and related species.
Nitrate fatty acids are powerful biological electrophiles which can react with biological nucleophiles
such as glutathione and certain protein–amino acid residues. The adduction of NO2-FAs to protein
targets generates a reversible post-translational modification called nitroalkylation. In different animal
and human systems, NO2-FAs, such as nitro-oleic acid (NO2-OA) and conjugated nitro-linoleic acid
(NO2-cLA), have cytoprotective and anti-inflammatory influences in a broad spectrum of pathologies
by modulating various intracellular pathways. However, little knowledge on these molecules in the
plant kingdom exists. The presence of NO2-OA and NO2-cLA in olives and extra-virgin olive oil and
nitro-linolenic acid (NO2-Ln) in Arabidopsis thaliana has recently been detected. Specifically, NO2-Ln
acts as a signaling molecule during seed and plant progression and beneath abiotic stress events.
It can also release NO and modulate the expression of genes associated with antioxidant responses.
Nevertheless, the repercussions of nitroalkylation on plant proteins are still poorly known. In this
review, we demonstrate the existence of endogenous nitroalkylation and its effect on the in vitro
activity of the antioxidant protein ascorbate peroxidase.

Keywords: nitro-fatty acids; nitroalkenes; nitroalkylation; electrophile; nucleophile; signaling
mechanism; post-translational modification; reactive lipid species; nitro-lipid-protein adducts

1. Introduction

Reactive lipid species (RLS), or so-called lipid-derived electrophiles (LDEs), are caused by
polyunsaturated fatty acids (PUFAs) peroxidation [1–4]. Reactive lipid species have been identified in
sanguine fluid, plasma, urine, human tissues, and animal models using array techniques. Recently, they
have also been detected in plant systems with the aid of mass spectrometry. A rise in RLS abundance
under pathological and stress circumstances has been broadly reported [4–10].

Polyunsaturated fatty acids are targets of peroxidation due to their unsaturated double bonds [4,11].
The main mechanisms of PUFA peroxidation are non-enzymatic autocatalytic oxidation reactions [1,12],
while enzymatic oxidation reactions involving three heme-containing metallo-enzyme families
(lipoxygenases (LOXs), cyclooxigenases (COXs) [1,13], and cytochromes P450 (CYPs) [1]), as well
as NADP+-dependent dehydrogenases [1,14] which can also occur. Non-enzymatic mechanisms
include PUFA nitration triggered by reactive nitrogen species (RNS) such as nitric oxide (NO) and its
derived molecules [1,15,16]. A preferential target for lipid peroxidation is arachidonic acid, whose
oxidation yields several products. The non-enzymatic oxidation reactions of PUFAs yield aldehydes
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such as 4-hydroxynonenal (HNE) and malondialdehyde (MDA), as well as the J- and A-series of
isoprostanes [4,17]. Prostaglandins (15-deoxy-Δ12,14-prostaglandin J2) and lipoxins are generated by
enzymatic oxidation reactions catalyzed by COX and LOX, respectively [4,18,19]. The oxidation of
arachidonic acid by NO-derived species yields 12-nitroarachidonic acid (12-NO2-AA) [4,20].

The addition of aldehyde, α-β-unsaturated carbonyl, epoxide or nitroalkene substituents to PUFAs
during the peroxidation process causes the formation of lipid-derived species with electrophilic properties.
From a chemical perspective, electrophilic molecules contain an electron-poor moiety, which makes
them chemically reactive with nucleophiles (electron-rich molecules) [1]. Nucleophiles and electrophiles
can be classified according to a hard/soft acid–base (HSAB) model [21]. Hard electrophiles, whose
outer layer electrons are not readily excited, are difficult to polarize. Conversely, soft electrophiles
have a more diffused electron distribution or partial positive charges due to the possession of
electron-withdrawing substituents such as nitro groups. Nucleophiles can be characterized in a
similar manner. Hard nucleophiles are highly electronegative and difficult to polarize, in contrast to soft
nucleophiles, which have empty, low-lying electron orbitals. The softest biological nucleophiles, cysteine
thiols, which integrate proteins, are also present in the antioxidant tripeptide glutathione (GSH). Primary
and secondary amines of lysine, arginine, and histidine residues are regarded as hard nucleophiles [22].
The reactivity of nucleophiles does not only depend on the presence of hard and soft electrophiles in
their vicinity, other factors such as their microenvironment (including hydrogen bonding reactions with
neighboring amino residues) can influence nucleophile ionization too. For instance, as the reactivity of
thiolate anions is higher than that of protonated thiols, the decrease in cysteine pKa induced by protein
conformation increases its nucleophilicity [23,24]. As a general rule, hard electrophiles preferentially
react with hard nucleophiles, while soft electrophiles interact with soft nucleophiles [1,25].

The importance of RLS resides in their electrophilic reactivity, which enables them to establish
covalent adducts with GSH and nucleophilic amino acid residues of proteins such as cysteine, histidine,
and lysine, generating post-translational modifications (PTMs) of proteins [4,26–30]. The endogenous
occurrence of electrophilic fatty acids has been detected at low concentrations in plasma and animal
tissues, whose biological significance is still little known [1,31]. Due to their innate reactivity,
the rapid adduction process of RLS with susceptible GSH and nucleophilic residues of proteins may be
functionally significant in relation to signaling responses [1,32]. However, it should be mentioned that
an equilibrium between adducted and free forms exists in the milieu [1,33].

Pathological conditions promote the enzymatic and non-enzymatic generation of endogenous RLS.
In these situations, an increase in the expression of oxidases and oxygenases and in the non-enzymatic
production of reactive oxygen and nitrogen species (ROS and RNS), such as reduced oxygen species
and oxides of nitrogen (NO, peroxynitrite (ONOO−), nitrogen dioxide (·NO2), nitronium cation
(NO2

+), takes place. All these species could react with PUFAs yielding RLS. Macrophage, eosinophil,
and neutrophil cells in the immune system alter lipase activation, causing the scission of fatty
acids from membranes. Thus, these disengaged fatty acids may be substrates for subsequent RLS
formation [1,22,34]. The electrophilic nature of RLS induces the nucleophilic attack of proteins,
leading to modifications in tertiary and quaternary structures, in catalytic activities, in charge and
hydrophobicity, in subcellular localization, and in protein cross-linking. The main proteins susceptible
to adduction perform metabolic functions such as cytoskeletal function, transcriptional regulation,
host defense, ion and macromolecule transport, and enzyme catalysis. These proteins are involved in
manifold physiological processes comprising resolution of inflammation, cell death, and induction
of cellular antioxidants. In this respect, the anti-inflammatory and antioxidant responses stimulated
by RLS adduction suggest the existence of an equilibrium between prompting events, electrophile
production, protein adduction, and adaptive cellular responses. Therefore, RLS adduction allows
organisms to cope with alterations generated under conditions of metabolic stress, inflammation,
and modification in cells and tissues [1,4,35–39].

In plant systems, PUFA peroxidation caused by non-enzymatic or/and enzymatic (LOX-mediated)
reactions generates some products with cytotoxic effects and others with protective anti-stress effects.
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The LOX pathway yields RLS related to plant defense responses to pathogen infections [40] and
wounding [41], and in the regulation of hypersensitive programmed cell death [42] and senescence [43].
Non-enzymatic processes can generate both harmful products with damaging actions [44] and
phytoprostanes, which have biological properties similar to those of jasmonic acid [45]. Recent
knowledge has illustrated the formation of RLS that perform signaling roles and are implicated in
antioxidant responses as a result of the oxidation of NO-derived molecules [9].

This review focuses on the study of reactive lipids species called nitroalkenes. Specifically, we will
argue the biological properties of nitroalkenes both in animal and plant systems, as well as their
signaling potential generated by a post-translational modification of proteins called nitroalkylation.

2. Nitro-Fatty Acids in Animals

The reactive lipids species resulting from the interaction of unsaturated fatty acids with NO
and derived species, such as NO2 and ONOO−, are called nitro-fatty acids (NO2-FAs), nitrolipids or
nitroalkenes [46].

Although the interaction between unsaturated fatty acids and RNS has been widely studied, two
distinct mechanisms have been suggested to explain the in vivo nitration of fatty acids, a process which
remains unknown [47]. One mechanism involves the generation of an alkyl radical through a radical
hydrogen abstraction from a bis-allylic carbon followed by a double-bond rearrangement and the
incorporation of a NO2 radical (Figure 1A) [48,49]. The other mechanism consists on the generation of
a carbon-centered radical through the direct addition of NO2, which can be further oxidized either with
or without a second insertion of NO2 in order to form the nitro-fatty acid. When the carbon-centered
radical reacts with the second NO2, an unstable nitro-nitrite or dinitro compound appears which
rapidly decomposes and releases nitrous acid (HNO2), yielding the nitro-fatty acid (Figure 1B) [49,50].

Figure 1. Possible mechanisms of nitrate fatty acid (NO2-FA) formation. (A) Alkyl radical generation
through a radical hydrogen abstraction from a bis-allylic carbon followed by the insertion of NO2.
(B) NO2-FA formation by the direct addition of NO2 and its oxidation (modified from Reference [49]).

In recent years, important progress in the endogenous detection of NO2-FAs has been achieved in
animal and human models. In animal systems, it is worth highlighting the detection of nitrated oleic
(NO2-OA) and linoleic acid (NO2-LA) in the murine model of focal cardiac ischemia-reperfusion (I/R).
The formation of these NO2-FAs was due to reoxygenation-induced tissue damage which generated
acidification, hypoxia, as well as ROS and RNS [49,51]. It should be mentioned that other NO2-FAs were
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detected in an experimental rat model of ischemic preconditioning (IPC) [49,52]. High-resolution liquid
chromatography mass spectrometry (LC-MS/MS) procedures have revealed a preferential nitration of
conjugated linoleic acid (cLA) in animal systems. This fatty acid presents positional and geometric
isomers of linoleic acid which have conjugated dienes in cis and trans configurations. These species
have conjugated double bonds which are not separated by a methylene group [53]. Conjugated
linoleic acid, which displays more reactivity with ·NO2 than bis-allylic fatty-acids, is the main in vivo
endogenous nitration target [47,49]. The formation of nitrated cLA has been detected in activated
macrophages under inflammatory conditions and in the gastric compartment following the ingest of
cLA and NO2

− [47,49,54].
Advances in chromatography mass spectrometry techniques, in vitro nitration, and animal model

studies have increased our understanding of the nitration of unsaturated fatty acids in humans. Dietary
products such as oils and seeds are the principal sources of unsaturated fatty acids such as oleic acid
(OA), conjugated linoleic (cLA), and linolenic (cLn) acids. Pomegranates are regarded as sources
of cLn, while dairy products and meat are a source of cLA. Interestingly, cLA is absorbed at much
higher levels than cLn [49,55]. Dietary products such as vegetables and herbs are sources of nitrate
(NO3

−) and nitrite (NO2
−) [49,56,57]. These NO-derived species are necessary to generate nitrated

PUFAs, as nitrite is a nitrating compound derived from nitrate. However, the low level of nitrite in
basal metabolic conditions is increased through the conversion of nitrate by commensal bacteria in the
gastrointestinal tract [58]. As with animal models, NO2-cLA is the principal nitroalkene generated in
humans (Table 1) [47].
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In addition to those mentioned above, other NO2-FAs, such as nitro-oleic acid (NO2-OA),
nitro-linoleic acid (NO2-LA), conjugated nitro-linoleic acid (NO2-cLA), nitro-arachidonic acid
(NO2-AA), and cholesteryl nitrolinoleate (NO2-CL) have been detected in vivo through quantitative
analyses of blood and urine under both healthy and inflammatory conditions (Table 1) [59,60].

Nitrate fatty acids are endowed with a specific chemical reactivity which facilitates cellular
signaling events. In addition, these molecules have potent biological properties such as a NO-releasing
capacity which was observed for the first time in aqueous milieu in animal systems [15,61–63].
Two possible NO-releasing mechanisms have been proffered. The first one consists of a modified Nef
reaction which generates a nitrous intermediate with an especially weak C–N bond that quickly decays
to yield NO and a radical stabilized by conjugation with alkene and the OH group (Figure 2) [15,46].
The second mechanism involves the rearrangement of the nitroalkene to a nitrite ester followed by a
process of homolysis to form NO and an enol group (Figure 3) [46,64,65]. Another biological property
of these compounds is their hydrophobic stability in cell membranes and lipoproteins, which act as
endogenous NO2-FA reservoirs which can be supplied to other locations in the cell in order to act as
signaling molecules [15]. An additional biological property of NO2-FAs is their capacity to mediate
post-translational modifications through nitroalkylation, which will be discussed below [46,51,66–68].

NO2

Acid
pKa ~ 5-7

R

H H R’

Important part of the
nitro-fatty acids for the

generation of NO 

R

OH

R’

+

Nitric oxide

N=O

Radical 
stabilized by
conjugation
with alkene

and by the OH 
groupR

HO R’

N O

Nitrous intermediate

Break of weak
link C-N 

Figure 2. Mechanism of NO release through the modified Nef reaction. This mechanism consists of the
generation of a nitrous intermediate which can homolyze in the aqueous medium to yield a carbon
radical and nitric oxide (modified from Reference [62]).

R

NO2

R’

R R’

O

NO

Nitrite ester

Nitroalkene
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nitroalkene

R

O

R’ + NO

Enol radical Nitric oxide

Figure 3. Release of nitric oxide from nitroalkenes through a rearrangement process. A nitrite ester is
formed and homolyzed to yield NO and an enol radical (modified from Reference [15]).
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Following the discovery of the presence of endogenous NO2-FAs and their biological properties
in animal and human systems, their metabolism and distribution have been examined. In this
regard, NO2-FAs have been shown to bind carrier proteins such as albumin, may be subjected to
the normal lipid metabolism processes such as saturation and β-oxidation and can be esterified
into complex lipids [22,49,69,70]. A recent study has shown that prostaglandin reductase leads to
the reduction of NO2-FA to electrophilic nitroalkanes and that both alkenes and nitroalkanes are
subjected to β-oxidation [71]. On the other hand, gastric digestion and inflammatory conditions
lead to the formation of complex lipids containing NO2-FAs, as the formation of triglycerides (TGs)
containing NO2-FAs has been detected in adipocytes and rat plasma following the in vitro acidic
gastric digestion of TGs with NO2-OA supplementation [69]. Phospholipids containing NO2-FAs have
also been uncovered in cardiac mitochondria and cardiomyoblasts from a diabetes mellitus animal
model [72]. All these studies illustrate the presence of NO2-FAs and their metabolites in complex
lipids. Lipase action can cause these NO2-FA-containing complex lipids to release electrophilic species.
In addition, free electrophilic species may travel to remote tissues to regulate cell homeostasis and
tissue signaling [49].

3. Nitro-Fatty Acids in Plants

Nitrate fatty acids have been widely regarded as novel mediators of cell signaling in animal
organisms. However, the knowledge about them in the plant kingdom is limited. The constitutive
presence of NO2-FAs in plant systems was initially characterized in extra-virgin olive oil (EVOO) (a
basic component of the Mediterranean diet) in which oleic acid, followed by palmitic (PA), linoleic
(LA), and linolenic (Ln) acids are present [73–75]. Given their properties mentioned above, the inherent
occurrence of NO2-FAs in EVOO and olives was analyzed using mass spectrometry techniques.
Different endogenous NO2-cLA isomers were detected in EVOO, while intrinsic NO2-OA-cysteine
adducts (higher levels in the olive peel) were found in olives. These reports demonstrate that both
EVOO and olives are sources and endogenous reservoirs of NO2-FAs, which could be responsible of
the anti-inflammatory and anti-hypertensive properties of EVOO [10,70].

Additionally, the presence of NO2-FAs has been recently reported in both cell–suspension cultures
(ACSC) and seedlings of the model plant Arabidopsis thaliana. Originally, the model plant’s lipid
composition was analyzed, with a predominance of Ln, followed by LA and OA [10]. The biological
occurrence of NO2-Ln (Table 1) was only detected in ACSC (0.28 pmol/g FW) and seedlings (3.84 pmol/g
FW) [9,10], while a modulation in NO2-Ln levels was detected during plant growth. Seeds, 14-day-old
seedlings and leaves from 30- and 45-day-old Arabidopsis plants were used. The higher NO2-Ln
content (11.18 pmol/g FW) was quantified at the seeds stage, with a continuous decline observed
in the final vegetative and reproductive stages of the life cycle (0.54 pmol/g FW) [9,10]. In addition,
the potential of NO2-Ln to emit NO has been recently evidenced [9,76], and the high NO2-Ln content
in seeds could provide an additional source of NO which could favor germination and the onset of
vegetative development [9,77–79].

Mass spectrometry techniques were also used to analyze the profile of NO2-FAs in other plant
species. In this sense, NO2-Ln was detected in rice (Oryza sativa) leaves (0.748 pmol/g FW). The same
type of NO2-FA was identified in pea leaves (Pisum sativum) mitochondria (0.084 pmol/g FW) and
peroxisomes (0.282 pmol/g FW) and roots (0.072 pmol/g FW). These analyses show the wide spread of
NO2-FAs in plant organisms [10,76]. Furthermore, the levels of NO2-Ln detected in plants are similar
to those found in animal systems [31], which reinforces their essential role as signaling contributors in
plants [10,80].

On the other hand, the NO2-Ln abundance was also quantified in Arabidopsis under adverse
environmental conditions such as mechanical wounding, salinity, low temperature, and heavy-metal stress.
Under these stress situations, a meaningful rise in NO2-Ln content was monitored accompanied by an
induction of genes associated with oxidative stress and oxygen-containing compound responses [9,80,81].
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After demonstrating its relationship with plant development and plant adverse situations,
a transcriptomic analysis by RNA-seq technology allowed us to analyze the signaling role played
by NO2-Ln. Initially, ACSC treated with increasing concentrations of NO2-Ln (10 μM and 100 μM)
showed this molecule’s clear signaling response in terms of plant physiology and dose-dependence
responses [9] previously described in animal systems [47,82]. A set of overexpressed genes related to
abiotic and oxidative stress responses were detected after treatment with NO2-Ln, while other genes
implicated in biological procedures, such as biosynthesis of cellular metabolites, were downregulated,
with a similar pattern being observed in seedlings. It is important to highlight the involvement of
upregulated genes in protein folding as well as in responses to heat and H2O2 stress. Unexpectedly,
around 40% of the genes which responded to NO2-Ln were involved in heat-shock responses (HSRs) [9].
In animal systems, the treatment with NO2-OA also activates a considerable number of genes related
to HSRs, which reveals the presence of a conserved mechanism of response to NO2-FAs in both animal
and plant systems [9,82].

Among the upregulated genes which responded to reactive oxygen species (ROS) is a gene
encoding for cytosolic ascorbate peroxidase 2 (APX2), which is a relevant enzyme involved in
defending plants against H2O2. Additionally, under abiotic stress situations such as high temperatures
and light intensity, interactions between APX2 and the heat shock transcription factor (HSFA2) have
been detected [10,83].

Although the participation of NO2-Ln in plant biology and responses to abiotic stress conditions
has been previously described, the mechanisms involved in NO2-Ln’s defense responses to stress in
plants are still little known. As with animal systems, the release of NO by NO2-Ln in aqueous medium,
which could be a signaling mechanism, has been demonstrated in Arabidopsis cell cultures by various
in vitro experimental techniques such as ozone chemiluminescence, 4,5-diaminofluorescein (DAF-2)
spectrofluorometric probes, confocal laser scanning microscopy, and the oxyhemoglobin oxidation
method. Ozone chemiluminescence showed that NO-releasing from NO2-FA was not propitious in
acidic locations, since at neutral pH (7.4) the maximum releasing of NO was achieved. This finding
may be of considerable importance inside the cells, as mitochondria, peroxisomes, and the cytosol have
a basic or neutral pH [10,76]. In addition, when the leaves and roots of Arabidopsis seedlings were
treated with NO2-Ln, green fluorescence arose as a consequence of the increase in NO content, thus
demonstrating the in vivo capability of NO2-Ln to provide NO. In addition, the subsequent treatment
of samples with the NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide
(cPTIO) causes a decrease in fluorescence [9,84]. These results emphasize the important role of
NO2-Ln as a NO reservoir, and thus, the indirect involvement of NO2-FAs in plant growth, in the
response to (a)biotic stress processes and in a variety of NO-related post-translational modifications
(NO-PTMs) [80,85–87].

4. Nitroalkylation

Nitro-fatty acids, which are potent electrophiles owing to the presence of electron-withdrawing
nitro (-NO2) substituents in the beta carbon, mainly act via post-translational modifications. For this
reason, they are able to react with nucleophiles like glutathione or target amino acid residues,
which affects their protein structure and eventually their function and subcellular localization [67,88].
The nitroalkylation PTM involves the establishment of a nitro-lipid-protein adduct with the cession
of a couple of electrons from the nucleophile to the electrophile (NO2-FA) to form a covalent bond,
via a Michael adduction. This process generates lipoxidation adducts (Figure 4). Nitroalkylation
provokes a chain of signaling phenomena that concludes with anti-inflammatory, anti-hypersensitive,
anti-tumorigenic, cytoprotective, and antioxidant effects arbitrated by NO2-FAs [46,89].
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Figure 4. Nitroalkylation or formation of nitro-lipid-protein adducts. The attack of electrophilic
nitro-fatty acids by nucleophilic protein residues leads to the establishment of a Michael adduct.

Diverse studies have displayed the reversible character of nitroalkylation which enables it to act
as a selective signaling pathway in stressful environments. Under these conditions, the rise in the ROS
and RNS levels could affect the stability of nitroalkylation. Reactive oxygen and nitrogen species (ROS
and RNS) can cause the oxidation of the bond between the sulfur residues and the α-carbon of the
NO2-FAs (Michael adduct) resulting both in the generation of sulfoxides and derived species and the
scission of the Michael adduct. This process results in the releasing of the nitroalkene which enables
the protein to recover its initial state [22,66,81,88,90,91]. The reversible possibilities of nitroalkylation
in biological processes are of considerable importance, as irreversible PTMs usually lead to permanent
loss of function, and thus protein degradation [22,46,68]. Although the main nucleophiles which
react with NO2-FA are cysteine thiols (Cys-SH), and not all are able to react with electrophiles, in
this sense, the deprotonated cysteine thiolate (Cys-S−) is specifically the most prone to react [92,93].
Other nucleophiles are the amino substituents of lysine and arginine residues and the imidazole moiety
of histidine [89].

4.1. Nitroalkylation in Animals

Nitrate fatty acids act as signaling mediators, since a scant amount of them act as powerful signal
transduction cascade mediators that carry out changes in protein function through PTMs [1,66,68,94].
As mentioned above, processes such as digestion and inflammation lead to the genesis of NO2-FAs,
predominantly NO2-cLA. In animal systems, NO2-FAs protect against a broad cluster of diseases
such as atherosclerosis, restenosis, ischemia-reperfusion, renal injury, diabetes, metabolic syndrome,
endotoxemia, and triple-negative breast cancer [95,96]. Their pluripotent cell signaling capacity enables
NO2-FAs to modulate various intracellular pathways. In this line, the capacity of NO2-FAs to release
NO via the Nef reaction generates low concentrations of NO which modulates cyclic monophosphate
guanosine (cGMP)-dependent cell signaling activity. Nitrate fatty acids also control the generation of
NO by regulating endothelial and inducible nitric oxide synthase (eNOS and iNOS) independently of
cGMP mechanisms [34,62,76].

In addition, NO2-FAs can regulate the expression levels of differentiation-related, key inflammation,
and cell proliferation genes [82,97–101]. Signaling via the Kelch-like ECH-associated protein 1 (Keap
1)-nuclear factor erythroid-derived 2-like 2 (Nrf2) pathway is a primary regulator of cellular responses
to oxidative stress. The transcription factor Nrf2, which controls antioxidant protein expression,
is located in the cytosol in its inactive form due to Keap1 activity which promotes Nrf2 ubiquitination
and subsequent degradation by the ubiquitin–proteasome system. Keap 1 contains reactive cysteines
(Cys 151, 273, and 288) which can be modified by oxidation or alkylation and used as redox state
sensors. When electrophiles such as NO2-OA, NO2-LA, and NO2-AA are formed, the interaction
between Nrf2 and Keap1 is interrupted. This facilitates the transfer of Nrf2 to the nucleus, where
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it will link to specific cis targets and activate the regulation of antioxidant response element (ARE)
genes [1,55,97,102–105]. The NO2-FA-sensitive system involving heat-shock responses (HSRs) is a
complex alliance of regulatory proteins and transcription factors which promotes cytoprotective and
anti-inflammatory target gene expression [46]. Heat-shock proteins (HSPs) are chaperones whose
expression is triggered by stress conditions, including heat, as well as by electrophilic and reactive
species caused under inflammatory injury. Chaperones prevent the aggregation of denatured or
oxidized proteins, collaborate in the transfer of these proteins to intracellular locations, and thus
contribute to cellular redox homeostasis [106]. Nitro-oleic acid in human endothelial cells has been
reported to activate HSF1 (Heat Shock Factor 1), the most important regulator of HSRs, followed by a
remarkable induction of a large group of heat shock genes (Table 2) [82,102,107].

Nitro-fatty acid can also activate the peroxisome proliferator-activating receptor (PPAR),
particularly PPARγ, which is included in the family of nuclear hormone receptors. This receptor
plays a marked role in the expression of transcription factors associated with lipid generation, lipid
and glucose metabolism, macrophage differentiation, and immune responses. The PPARγ regulatory
domain is located in the C-terminal side which coincides with the ligand binding domain. The location
of a cysteine at position 285 makes this hydrophobic region susceptible to nitroalkylation by NO2-FAs
such as NO2-OA and NO2-LA (Table 2) [1,101,108–110].

Another example is the nuclear factor kappa betta (NF-kβ) involved in transcriptional regulation
under inflammatory and immune processes. The nuclear factor kappa betta is a protein complex with
two subunits (p50 and p65) [1,98,111,112]. Experimental studies have shown that NF-kβ is regulated by
NO2-FAs at multiple levels including the inhibition of Toll-like receptor 4 (TLR4) by NO2-OA. Toll-like
receptor 4 is a transmembrane protein which pertains to the pattern recognition receptor (PRR) family
which is able to recognize bacterial lipopolysaccharide (LPS). Its activation triggers the intracellular
NF-κB signaling pathway and inflammatory cytokine production which activate the innate immune
system. Thus, the inhibition of TLR4 by NO2-FAs also triggers the inhibition of NF-kβ [101,113].
Another level of regulation is the inhibition of NF-kβ by nitroalkylation, specifically, the residue
Cys38, placed in the DNA-binding domain of the p65 subunit, is susceptible to nitroalkylation [96,98].
The final level of regulation is the activation of PPAR by NO2-FAs which causes the trans-repression of
inflammatory genes such as NF-kβ (Table 2) [101,114].

In animal systems, nitroalkylation is considered to be a decisive signaling resource in
anti-inflammatory processes. Nitrate fatty acids modify the anti-inflammatory response at multiple
levels including gene expression, protein translation (acting on transcription factors and lipid receptors),
as well as cell function, as many inflammatory proteins contain numerous nucleophilic amino acid
residues which can be nitroalkylation targets. Table 2 shows a summary list of NO2-FA protein targets
in animal systems and how they are affected by nitroalkylation.

Table 2. NO2-FA protein targets in animal systems and their effects on protein function (modified from
Reference [24]).

Nitro-Fatty Acid Protein Nucleophile Site Effect References

NO2-OA

GAPDH Catalytic Cys, other
Cys and His

Inhibition, increase in
hydrophobicity and
change in subcellular
distribution

[66]

Pro-MMP7 and
Pro-MMP9

Zinc coordination
Cys in the active
site

Zinc release,
autocatalytic cleavage of
the pro-domain. MMP
activation

[115]

TRPV1 and TRPA1 Not detected Activation of TRP
channels [116,117]
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Table 2. Cont.

Nitro-Fatty Acid Protein Nucleophile Site Effect References

NO2-OA

AT1R Not detected

Decrease in coupling
with G-protein,
inhibition of
downstream signaling

[118]

PknG

Iron coordination
Cys in
non-catalytic
domain and His

Inhibition of kinase
activity [119]

XOR
Pterindithiolene
which coordinates
molybdenum

Inhibition of electron
transfer reactions at the
molybdenum cofactor

[120]

HSF1 Not detected

Activation of HSFA1 and
subsequent robust
induction of heat shock
genes

[82,107]

NO2-LA ANT1 Cys Cardio-protection [121]

NO2-cLA HSA
Cys and
non-covalent
binding

[122]

NO2-AA

PGHS
Disruption of heme
binding to the
protein

Inhibition of PGHS-1
cyclooxygenase activity
and both PGHS-1 and -2
peroxidase activity

[123]

PKC Probable covalent
modification

Inhibitory effect on PKC
activation [124]

NOX2 Inhibition of
assembly

Inhibition of superoxide
production [125]

PDI Cys at active site Inhibition of reductase
and chaperone activities [126]

NO2-OA and
NO2-LA

NF-κB p65 DNA binding
domain Cys

Inhibition of NF-κB
DNA binding, abolition
of pro-inflammatory
responses

[98]

PPARγ
Cys in
ligand-binding
domain

Agonist activation of
PPARγ [110]

NO2-OA, NO2-LA
and NO2-AA Keap 1 Cys

Stabilization of the
complex with Nrf2,
newly synthesized Nrf2
translocated to the
nucleus

[97,103–105]

Abbreviations: Glyceraldehyde-3-phosphate dehydrogenase (GAPDH); Pro-matrix metalloproteinases, (Pro-MMP7
and Pro-MMP9); Transient receptor potential (TRPV1, TRPA1); Angiotensin II receptor (AT1R); Protein kinase G
(PknG); Xanthine oxidoreductase (XOR); Heat Shock Factor 1 (HSF1); Adenine nucleotide translocase 1 (ANT1);
Human serum albumin (HSA); Prostaglandin endoperoxide H synthase (PGHS); Protein kinase C (PKC); NADPH
oxidase 2 (NOX2); Protein disulfide isomerase (PDI); Nuclear factor κB subunit p65 (NF-κB p65); Peroxisome
proliferator-activated receptor (PPARγ); Kelch-like ECH-associating protein 1 (Keap 1).

4.2. Nitroalkylation in Plants

Although the effects of nitroalkylation have been extensively studied in animal organisms,
the impact of NO2-FA action in plants, which has not been fully explored, constitutes an emerging
area of interesting research work. Probably, the signaling function of NO2-Ln is due to nitroalkylation
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processes. In this context, the endogenous presence of 37 proteins adducted with NO2-Ln in Arabidopsis
cell cultures has been identified. However, cell cultures treated with 100 μM NO2-Ln showed an
increase in the number of nitroalkylated proteins (342), belonging to different areas of cell metabolism,
which included APX2 (unpublished results), whose encoding gene expression, according to the
transcriptomic studies mentioned above, was induced [9].

Ascorbate peroxidase (APX2) is one of the primary antioxidant systems in plants. This enzyme
belongs to the ascorbate–glutathione cycle, which detoxifies hydrogen peroxide and contains
non-enzymatic antioxidants (ascorbate and glutathione) and enzymatic antioxidants such as
monodehydroascorbate reductase (MDAR), glutathione reductase (GR), and dehydroascorbate
reductase (DHAR), as well as the reductive coenzyme NADPH [127,128].

In this study, the APX recombinant protein from Arabidospsis thaliana was incubated with increasing
concentrations of NO2-Ln (1 μM and 10 μM). The enzymatic activity was spectrophotometrically
monitored [129]. Furthermore, the nitroalkylation targeted residues of the treated recombinant protein
were detected and characterized using LC-MS/MS. Thus, the protein was digested by trypsin and
desalted by C18 columns to obtain the peptide fraction which was analyzed using an Exactive Q
mass spectrometer attached to a nano-flow liquid chromatograph (nanoLC) (Thermo Fisher Scientific).
The LC-MS/MS spectrum deconvolution was carried out employing Proteome Discoverer version 1.4.
bioinformatics software (Thermo Fisher Scientific). The Percolator node was used to filter the peptides
at a 1% false discovery rate (FDR) at the peptide-spectrum matches (PSMs).

In order to identify the position of the nitroalkylation-targeted nucleophilic residues, an in silico
modeling was carried out using Raptor X bioinformatics software (http://raptorx.uchicago.edu/).
The APX model was based on the structure of isoniazid (INH) bound to cytosolic soybean ascorbate
peroxidase (PDB:2VCF) [130].

The treatment of recombinant APX with NO2-Ln modulates its enzymatic activity, showing
a significant decrease in the presence of 10 μM NO2

−Ln (Figure 5). This decreased activity was
associated with the post-translational modification caused by nitroalkylation, which was detected by
mass spectrometry. Comparison of the spectra of control and NO2-Ln-treated samples displayed a rise in
the mass of nucleophilic residues due to treatment with NO2-Ln. The electrophilic attack by NO2-Ln
generated the nitroalkylation of the residues showed in Figures 6 and 7A. with histidine 43 and histidine
163 being preferentially nitroalkylated. This could have functional implications (Figure 7B), as histidine
43 and histidine 163 are located at the active and metal-binding site, respectively. This fact suggests that
the nitroalkylation of these residues blocks APX enzymatic activity, modulating protein function.

A
PX

 A
ct

iv
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Control

Ln

NO2-Ln

Figure 5. Modulation of the enzymatic activity of cytosolic recombinant APX following the treatment with
increasing concentrations of NO2-Ln. The negative controls methanol (NO2-FA vehicle) and linolenic acid
(non-nitrated fatty acid) were used. Vertical bars represent the mean ± standard deviation of at least three
replicates. Statistically significant differences p < 0.05 (*) and p < 0.01 (**). (Ascorbate peroxidase: APX).
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Figure 6. Detection of nitroalkylated residues in cytosolic recombinant APX by mass spectrometry
(LC-MS/MS). The number on each column represents the number of PSMs of the unmodified residue
related to the nitroalkylated residue. PSM: peptide-spectrum match.

Figure 7. (A) In silico molecular model of cytosolic recombinant APX and localization of nitroalkylated
residues. (B) Zoomed in illustration of the in silico molecular model where nitroalkylated histidines 43
and 163 located in the active site and in a metal-binding site, respectively, are highlighted.

Figure 8 explains the model of the nitro-lipid-protein adducts signaling mechanism in plants.
Nitro-lipid-protein adducts stability can be affected by the accumulation of ROS and RNS, which
could cause the oxidation of sulfhydryl substituents in proteins, and consequently the scission of
the Michael adduct releasing NO2-Ln. As was previously mentioned, the nitroalkylation of APX by
NO2-Ln generates function loss. Under nitro-oxidative conditions, the function of APX would be
reactivated due to the reversibility of the nitroalkylation PTM. On the other hand, the levels of free
NO2-FA increase, being able to stimulate the expression of heat shock proteins (HSPs) and certain
antioxidant systems such as APX and methionine sulfoxide reductase B (MSRB). Another possibility is
that NO2-FA could donate ·NO in the cellular aqueous environment which could act in a broad set of
plant activities such as plant development, (a)biotic disorders, antioxidant responses, and NO-PTMs.
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Figure 8. Model of the NO2-FA signaling mechanism by nitro-lipid-protein adduct in plants. Nitro
oxidative conditions triggers the oxidation of the protein, the subsequent scission of the Michael adduct
and the releasing of the NO2-FA. Free NO2-FAs display signaling actions by activating the chaperone
network expression and several antioxidant systems. Moreover, NO2-FAs, which can also act as NO
donors, are involved in NO signaling processes. ROS: reactive oxygen species; RNS: reactive nitrogen
species; NO: nitric oxide.

The ability of NO2-Ln to trigger pleiotropic signaling actions mainly depends on the nitroalkylation
of regulatory proteins involved in plant biology and numerous types of (a)biotic-stress. Being a
reversible post-translational modification, which can affect a large number of target amino acid residues
(Cys, His, Lys, and Arg), together with the features outlined above, render nitroalkylation an important
cell signaling mechanism mediated by NO2-FAs.

5. Conclusions and Future Perspectives

The potent electrophilic molecules NO2-FAs, whose electrophilicity triggers potential signaling
mechanisms via nitroalkylation, were recently discovered in both animal and plant systems.
This NO2-FA-mediated PTM can be considered a NO-PTM similar to S-nitrosylation, because NO2-FAs
are RLS formed as a result of the oxidation of PUFA by NO-derived species. The importance of
nitroalkylation resides in its reversibility and in the presence of a considerable amount of target
amino acids residues that generate the formation of nitro-lipid-protein adducts, which enables this
NO-PTM to trigger pleiotropic signaling actions. In animal systems, nitroalkylation is associated with
signaling mechanisms in anti-inflammatory processes. However, in plant systems, this little-known
NO-PTM constitutes an emerging area of research which should be developed through advances in
mass spectrometry techniques.
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Abstract: Exposing Arabidopsis thaliana (Arabidopsis) seedlings fed with soil nitrogen to 10–50 ppb
nitrogen dioxide (NO2) for several weeks stimulated the uptake of major elements, photosynthesis,
and cellular metabolisms to more than double the biomass of shoot, total leaf area and contents of N,
C P, K, S, Ca and Mg per shoot relative to non-exposed control seedlings. The 15N/14N ratio analysis
by mass spectrometry revealed that N derived from NO2 (NO2-N) comprised < 5% of the total plant
N, showing that the contribution of NO2-N as N source was minor. Moreover, histological analysis
showed that leaf size and biomass were increased upon NO2 treatment, and that these increases
were attributable to leaf age-dependent enhancement of cell proliferation and enlargement. Thus,
NO2 may act as a plant growth signal rather than an N source. Exposure of Arabidopsis leaves to
40 ppm NO2 induced virtually exclusive nitration of PsbO and PsbP proteins (a high concentration of
NO2 was used). The PMF analysis identified the ninth tyrosine residue of PsbO1 (9Tyr) as a nitration
site. 9Tyr of PsbO1 was exclusively nitrated after incubation of the thylakoid membranes with a
buffer containing NO2 and NO2

− or a buffer containing NO2
− alone. Nitration was catalyzed by

illumination and repressed by photosystem II (PSII) electron transport inhibitors, and decreased
oxygen evolution. Thus, protein tyrosine nitration altered (downregulated) the physiological function
of cellular proteins of Arabidopsis leaves. This indicates that NO2-induced protein tyrosine nitration
may stimulate plant growth. We hypothesized that atmospheric NO2 at ambient concentrations may
induce tyrosine nitration of PYR/PYL/RCAR receptors in Arabidopsis leaves, followed by degradation
of PYR/PYL/RCAR, upregulation of target of rapamycin (TOR) regulatory complexes, and stimulation
of plant growth.

Keywords: nitrogen dioxide; Arabidopsis thaliana; plant growth; cell enlargement; cell proliferation;
early flowering; tyrosine nitration; PsbO

1. Introduction

Atmospheric nitrogen dioxide (NO2) originates equally from natural sources, including soil microbes
and lightning, and anthropogenic sources, including the combustion of fossil fuels [1,2]. Globally,
atmospheric NO2 is a main pollutant in urban areas and a key precursor of ozone and particulate matter
(PM) [3,4]. The current World Health Organization (WHO) annual guideline value for atmospheric NO2

is 40 μg/m3 (21.3 ppb) [4]. It has been reported that the average NO2 concentration in 141 countries is
50.6 μg/m3 (~27.3 ppb) [5]; this value is clearly higher than that recommended by the WHO.

Plants emit nitric oxide (NO) and NO2 [6–9]. Plants also absorb NO2 and assimilate NO2-derived
nitrogen into amino acid nitrogen [10,11]. The compensation point concentration at which the emission
of NO2 from plants and absorption into plants balance is reported to be 0.3–3 ppb [12]. Therefore,

Plants 2019, 8, 198; doi:10.3390/plants8070198 www.mdpi.com/journal/plants121



Plants 2019, 8, 198

at 27 ppb NO2 (see above), plants are a sink for NO2. These nitrogen oxides (NO and NO2) are often
considered as air pollutants [13]. For humans, NO2 at ambient concentrations is definitely toxic [14].
In contrast, the effects of atmospheric NO and NO2 are either toxic or non-toxic on plants contingent
on their concentrations and the plant species [13,15–18]. It is noteworthy that in the nineteenth
century, von Liebig (1827) [19] first proposed that lightning is important in the global nitrogen cycle to
produce atmospheric NO and NO2 by the oxidation of N2, and that these nitrogen oxides serve as a
natural fertilizer.

We discovered that atmospheric NO2 at ambient concentrations (10–50 ppb) acts as a stimulant
signal for plant growth. We also sought understanding of why an air-pollutant such as NO2 can act as
a stimulant factor for plant growth. Recently, based on previous research, we devised a hypothesis to
answer this fundamental question, which is described below.

2. Nitrogen Dioxide at Ambient Concentrations of 10–50 ppb Acts as a Positive Plant Growth
Signal in Arabidopsis Thaliana

Initially, we investigated the potential of plant material to mitigate atmospheric NO2 [20–22].
We found a higher than 600-fold difference in the assimilation ability of NO2 among 217 plant taxa [20].
We investigated hypothetical air-pollutant-philic plants [23,24] that utilize NO2 as the sole nitrogen
source. During our research, we discovered that atmospheric NO2 at concentrations as low as 10−50 ppb
positively regulates plant growth [25–32].

Arabidopsis thaliana (Arabidopsis) was grown in air without NO2 for the first week after sowing,
and then for 1–4 weeks in air with (abbreviated as +NO2-treated plants) or without (–NO2 control
plants) NO2 [26]. Seedlings were watered semiweekly with half-strength inorganic salts of Murashige
and Skoog (M&S) medium [33] containing 19.7 mM nitrate and 10.3 mM ammonium. Plant age is
expressed in weeks after sowing and corresponds to the time of harvest. The plant type utilized was
accession C24 or Columbia. Their responses in terms of biomass increase and flowering time to NO2

were very similar qualitatively, but differed quantitatively (see below) [28].
NO2 concentration effect on the yield of shoot biomass in 4-week-old plants was first determined.

Shoot biomass of +NO2-treated C24 plants under 10 ± 0.2 and 50 ± 0.3 ppb NO2 was 3.2-fold [29]
and 2.5-fold greater relative to the –NO2 control plants. Treatments of 100 ± 20 and 200 ± 50 ppb
NO2 produced no stimulation of growth, or somewhat repressed the growth of plants. In this study,
50 ± 0.3 ppb NO2 treatments were used. Images of typical 4-week-old + NO2 and –NO2 control plants
(Columbia) are shown in Figure 1.

 
Figure 1. Typical 4-week-old plants of Arabidopsis thaliana accession Columbia grown in the presence
(right) or absence (left) of 50 ppb nitrogen dioxide (NO2). Bar = 1 cm.

Increase in shoot biomass by NO2 treatment was accompanied by increase in uptake of seven major
elements, such as carbon(C), N, phosphorus (P), potttasium (K), calcium (Ca), magnesium (Mg) and
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sulfur (S) into shoots. The contents of these elements per shoot dry weight (DW) were virtually the same
for +NO2-treated plants and –NO2 control plants, and the contents of these elements per shoot were two
times greater in +NO2-treated plants than in –NO2 control plants (Table S1) [26]. These findings agreed
with our previous work on Nicotiana plumbaginifolia [24] and other vegetable plant species [27].

Arabidopsis thaliana accession Columbia also increased shoot biomass in response to NO2 treatment
as in the case of accession C24 [26]. This is consistent with the report of Xu et al. (2010) [34]. Columbia
grew faster than C24, and 4-week-old Columbia appeared to be close to the end of the vegetative
growth. Shoot biomasses of +NO2-treated plants and –NO2 control plants of 4-week-old Columbia
were 24.2 ± 5.5 and 14.3 ± 2.5 mg (mean ± SD, n = 5), respectively [26]. This difference in shoot biomass
(1.7-fold) was smaller than that in C24 (2.5-fold, see above).

NO2 treatment significantly shortened flowering time in both the C24 and Columbia accessions.
In accordance with Kotchoni et al. [34], the number of days after sowing when the flower bolts became
1 cm long was a measure of flowering time.

The accession C24 exhibited a median flowering time of 41 and 42 d in +NO2-treated and –NO2

control plants, respectively. This difference was statistically significant by Student’s t-test (P < 0.05) [25].
In the case of the accession Columbia, flowering time was remarkably shortened by NO2 treatment.
The median flowering time of this accession was 34 and 40 d in +NO2-treated plants and –NO2 control
plants, respectively [31]. This was statistically significant (P < 0.001) by Student’s t-test [25]. A similar
flowering acceleration was observed in other plants. NO2 treatment shortened the flowering time by
3.2 days and increased fruit yield by 1.4 times in tomato [31]. In addition, NO2 has accelerated the
flowering of mulkhiya plants [35].

NO at the same concentration as NO2 increased shoot biomass in Arabidopsis C24 [25,26] and
Columbia [36]. This agrees with those reports that sodium nitroprusside, a NO donor, accelerates
vegetative growth of Arabidopsis [37], and that NO gas stimulates the expansion of leaf discs of
pea [38] and the vegetative growth of spinach [39].

As NO2 stimulate shoot biomass production, we expected a similar NO2 effect on the root
biomass production. Among 6 plant species we studied so far, 2 showed NO2-stimulated root biomass
production, but the remaining 4 showed no NO2-stimulated root biomass production: Sunflower [27]
and Arabidopsis C24 [25] plants that were exposed with NO2 exhibited 0.4± 0.04 and 4.8 ± 0.08 (g/plant)
root biomass (mean of 3 or 10 plants, respectively, ± SD) which were significantly higher (P < 0.05 or
0.001 by Student’s t test) than corresponding value of non-exposed plants (0.2 ± 0.08 and 2.5 ± 0.6).
However, NO2 showed no statistically significant increases in the root biomass in lettuce, cucumber,
pumpkin [27] and Nicotiana plumbaginifolia [24]. The causes and mechanisms for this result are
completely unknown, and will be an important and intriguing subject for future studies. Interestingly,
NO2 did stimulate the seed production of mulkhiya plants [35] although whether NO2 exhibits similar
effects on other plant species such as Arabidopsis is not known yet. Similarly, how NO2 stimulates other
aspects of whole life cycle of plants also is an important and intriguing subject of the future studies.

To investigate the physiological role of N derived from NO2 (NO2–N), Arabidopsis seedlings were
fed with 15N-labeled gaseous NO2 (50 ppb) and unlabeled nitrate (19.7 mM) and ammonium (10.3 mM),
and mass spectrometric N analysis [40] including the 15N/14N ratio analysis on the aboveground parts
of plants was performed. The 15N/14N ratio is a measure of the content of NO2–N as a relative amount
of the total plant N. We found that NO2–N occupied < 5% (4.05 ± 0.75%; mean ± SD, n = 3) of the total
N in the +NO2-treated Arabidopsis C24 shoots. Therefore, NO2–N plays only a minor role as an N
source, but instead plays an important role as a plant growth signal. Similar results indicating that
NO2 plays an important role as a plant growth signal were obtained in Nicotiana plumbaginifolia [24]
and other vegetable plant species [27].

The increased total leaf area following NO2 treatment (Table S1) indicated that NO2 treatment
increases the sizes of individual leaves. Therefore, the sizes of individual rosette leaves in positions
1–25 on 5-week-old +NO-treated plants and –NO2 control plants, which had 28 and 25 rosette leaves,
respectively, were measured. Leaves 1–11 and leaves 12–25 were in almost maturity stages and
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developing stages, respectively. Each of rosette leaves was separated by an angle of approximately
137◦ [41]. The oldest leaf located at the bottom (root side) was numbered as leaf 1, and progressively
leaves were numbered as leaf 2, 3, 4 etc. to the youngest one located at the tip of the stem (close to
apical meristem) as leaf 25 or 28. Leaves 1–11 and leaves 12–25 or 28 were in almost maturity stages
and developing stages, respectively.

Microscopic study was performed according to Tsuge et al. (1996) [42]. The leaves of Arabidopsis
C24 plants were fixed with a FAA solution (formaldehyde-acetic acid-ethanol), and microscopic
observations were carried using a stereo microscope and a differential interference microscope.
Microphotographs were taken to measure leaf area, cell number, and cell size (Figure 2). Leaves 1 (the
oldest) to 25 (the youngest) in +NO2-treated plants had 1.3–8.4 times greater leaf areas compared with
–NO2 control plants in the corresponding leaf positions (Figure 2A). The observed differences were
significant statistically at all positions according to the Student’s t-test (Figure 2A) [25].

It is known that determinants of organ size are cell number and cell size [43–45]. Therefore,
we investigated whether the increases in leaf areas following NO2 treatment were ascribable to
increases in cell numbers or cell sizes, or both. In both the +NO2-treated and–NO2 control plants of
Arabidopsis, palisade cells in the adaxial sub-epidermal layer were neatly aligned in the paradermal
plane throughout leaf development [42], as reported previously [25]. Thus, the sizes and numbers of
palisade cells in leaves of positions 1 to 25 in 5-week-old +NO2-treated plants and –NO2 control plants
of Arabidopsis C24 were determined. (Figure 2B,C).

Figure 2. Area of leaves (A), size of cells (B), and number of cells (C) in 5-week-old Arabidopsis thaliana
C24 plants as a function of leaf position. Plants were grown in the presence (+NO2-treated plants,
blue columns) or absence (–NO2 control plants, black columns) of NO2. Values are expressed as
means ± SD; n = 5. Statistical significance assessed by Student’s t-test (* P < 0.05; ** P < 0.01; *** P <
0.001).
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Leaf area as a function of leaf position was more or less asymmetric in both –NO2 control (black
columns) and +NO2-treated plants (blue columns) (Figure 2A); –NO2 control plants exhibited a
positively-skewed bell-shaped pattern, while +NO2-treated plants exhibited less skewed and less
asymmetric pattern [25]. The ratio of leaf area of +NO2-treated plants to that of –NO2 control plants at
the corresponding leaf positions (designated RLA) was calculated [25]. The RLA varied from 1.3–2.5 in
leaves 1–11, while varied from 2.9–8.4 in leaves 12–25. This difference in RLA between leaves 1–11 and
12–25 was significant (P < 0.01), as assessed by Mann-Whitney U test [25].

The size of the cells decreased as a linear function of leaf position in plants with or without NO2

treatment (Figure 2B). This suggests that increase in cell size is a linear function of leaf age. Presence or
absence of NO2 did not affect this result. Student’s t test showed that these results in the cell size at all
positions, except leaf 2, were statistically significant (Figure 2B) [25].

The ratio of the cell size of +NO2-treated plants to that of the –NO2 control plants at the
corresponding leaf position (designated RCS) was calculated. The RCS of leaves 12–25 (2.0–3.2) was
larger than that of leaves 1–11 (1.3–1.9). This difference in RCS between leaves 12–25 and 1–11 was
significant statistically (P < 0.01) by Mann-Whitney U test. This finding is in line with our previous
observation that NO2 exerts a greater effect on leaf expansion in younger leaves than in older leaves [24].

Cell number as a function of leaf position exhibited a normal distribution for both the+NO2-treated
plants and–NO2 control plants (Figure 2C). Plants with or without NO2 treatment did not show
significant differences in cell numbers in almost all maturing leaves (positions 1–11, except leaf 4).
This suggest that the NO2 treatment did not affect cell numbers in the leaves in maturity. Almost all
younger leaves (positions 13–24 of leaves 12–25) showed statistically significant differences in cell
number, suggesting that NO2 did increase cell numbers in developing leaves.

The ratio of the cell number of the +NO2-treated plants to that of the –NO2 control plants at the
corresponding leaf position (designated RCN) was calculated. Leaves 12–25 had larger RCN (1.2–3.1)
than that of leaves 1–11 (0.9–1.5). This difference in RCN between leaves 12–25 and 1–11 was found to
be significant (P < 0.01) by the Mann-Whitney U test [25]. This observation indicated that the effect of
NO2 on cell proliferation changed depending on developmental stage of the leaves, and was greater in
younger leaves than in older leaves.

To investigate the correlations between ratio in leaf area and the ratio in cell size (or cell number),
log(RLA), log(RCS) and log(RCN) values were calculated and analyzed using Pearson’s correlation
analysis and Bonferroni’s correction (Table S2). The correlation between leaf area and cell size was
found to be high and significant in leaves 1–25 (R = 0.9, P < 0.001). Interestingly enough, the correlation
between leaf areas and cell size was found to be stronger in older leaves than in younger leaves;
R = 0.7, P < 0.05 for 1–11 leaves, while R = 0.3, P > 0.5 for 12–25 leaves (Table S2). This means that the
correlation between NO2-induced leaf expansion and cell size expansion was higher in older leaves
than in younger leaves. Leaf area and cell number in leaves 1–25 were found to have a significantly
high correlation (R = 0.9, P < 0.001). The same was found to be true when developing (12–25) (R = 0.9,
P < 0.001) and maturing (1–11) (R = 0.7, P < 0.05) leaves were separately analyzed (Table S2) [25].

Thus, NO2-induced leaf expansion correlated well with cell proliferation in both younger and older
leaves. It is concluded that NO2-mediated leaf expansion can largely be ascribed to cell proliferation
in younger leaves, while the NO2 effect can be ascribed to both cell proliferation and enlargement in
older leaves [25].

3. NO2 Selectively Nitrates Specific Cellular Proteins in Arabidopsis Leaves

Nitration of protein tyrosine is the addition of a nitro group on the carbon-3 of tyrosine residues
of proteins to produce 3-nitrotyrosine (3-NT), which accompanies a drastic decrease (from 10.0 to 7.2)
in the pKa of the tyrosine hydroxy group. Protein tyrosine nitration is an important post-translational
modification in cell physiology, including cellular signaling [46,47]. According to a free radical
mechanism [46–48], prior to their nitration, tyrosine residues are oxidized to tyrosyl radicals by an
oxidation mechanism. Tyrosyl radicals undergo rapid radical-radical combination with NO2 radicals
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that exist in the close vicinity of the tyrosyl radicals to produce 3-NT. Nonetheless, biological protein
nitration is not a simple chemical process, but is instead a characteristic selective process in which only
a restricted number of proteins are nitrated [46–48].

Selectivity of protein nitration is central for protein nitration to play a vital role in signal
transduction that reflects the cellular redox state [46–50]. Selectivity of protein tyrosine nitration has
been investigated mainly in mammals [45–47,50,51]. Although a number (12–127 kinds) of plant
proteins are reported to be nitratable [47,51–53], experimental substantiation on this issue in plant
protein nitration is rather scarce. NO2 is a potent nitrating agent that nitrates tyrosine residues
on proteins to yield NT [54,55] (see Section 4). Furthermore, NO2 is a hydrophobic molecule (less
hydrophobic than NO but more so than carbon dioxide), and thus is almost freely permeable to cell
membranes [56]. In addition to its signaling role in plant growth, NO2 is an in vivo intermediate
involved in biological protein tyrosine nitration in animals [51] and plants [49]. Therefore, we used
NO2 as a nitrating agent; for the sake of facilitating nitrated protein and nitration site identification,
plants were exposed to high (4–40 ppm) concentrations of NO2 [57].

Arabidopsis (accession C24) plants were exposed to air containing or not containing 40 ppm
NO2 for 8 h under illumination. Proteins were extracted from whole leaves (abbreviated as whole
leaf protein). Alternatively, chloroplasts were isolated and fractionated into soluble (stromal and
lumenal) and insoluble (thylakoid membrane) fractions, and proteins were extracted from each
fraction (abbreviated as chloroplast protein) [57]. Proteins were analyzed using two-dimensional
polyacrylamide gel electrophoresis (2D PAGE), followed by staining with SYPRO Ruby stain and
Western blotting using a 3-NT-specific antibody.

The 2D PAGE images of whole leaf proteins and chloroplast proteins are shown in Figures 3 and 4,
respectively. The relative intensities of spots on Western blots (abbreviated as RISI), and those of the
spots on SYPRO Ruby gels (abbreviated as RISS) were determined. Nitrated proteins identified in
chloroplast protein fractions and their electrophoretic and proteomic characteristics are summarized in
Table S3. Proteins that showed a high RISI and/or a high RISI/RISS were concluded to be selectively
nitrated [57]. Seven 3-NT-positive spots were detected on a Western blot of whole leaf proteins from
exposed leaves (Figure 3), all of which were identified as PsbO1, PsbO2 or PsbP1 by peptide mass
fingerprinting (PMF) [57].

Figure 3. 2D PAGE gel patterns of Arabidopsis whole leaf proteins extracted from +NO2-treated (right)
and –NO2 control (left) plants. Western blots detected using 3-NT-specific antibody (upper panels) and
gels stained with SYPRO Ruby (lower panels). Each gel was loaded with 100 μg protein.
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PsbO and PsbP are external proteins localized on the stromal side of the thylakoid membrane in
PSII. PsbO and PsbP stabilize the oxygen-evolving complex (OEC) of PSII together with other external
proteins, including PsbQ and PsbR [58–60]. No nitration of PsbQ or PsbR was detected. Thus, nitration
was specific to PsbO and PsbP, while their RISI/RISS ratio was low (≤ 1.5) (Table S3). Non-exposed
control plants exhibited very faint 3-NT-positive spots.

The number of 3-NT-positive spots was markedly increased in purified and fractionated chloroplast
proteins (Figure 4, Table S3) [57]. Distinct 3-NT-positive protein spots were lined at 32 kDa (SL7–12),
and distinct but clearly visible spots were lined at 27 kDa (SL13–18) on the Western blot of the soluble
(stromal and lumenal) chloroplast protein fraction from +NO2-treated plants (Figure 4A, upper panel).
Lined spots of less in number at 32 kDa (IS7–10) were detected on the Western blot of the thylakoid
membrane protein fraction from +NO2-treated plants (Figure 4B, upper panel). PsbO and PsbP
accounted for > 80% of the total RISI values [Table S3], and high RISI/RISS ratios (2.5–6.6) were
exhibited by four non-PSII proteins such as peroxiredoxin II E (PRXII E) (spot SL21), thylakoid lumenal
protein (SL22), RuBisCO activase (RCA, SL31), and the delta subunit of chloroplast ATP synthase (SL19)
[Table S3]. Thus, PsbO, PsbP and these four non-PSII proteins are concluded to be selectively nitrated.

Despite that use of purified/fractionated chloroplast proteins markedly increased the number of
3-NT positive spots on Western blots (Figure 4), no 3-NT-positive spots attributable to other extrinsic
(such as PsbQ and PsbR) or intrinsic (such as D1 and D2) proteins of PSII were detected, and nor
were 3-NT-positive spots attributable to RuBisCO subunits (Figure 4, Table S3). Thus, NO2 selectively
nitrates two PSII and four non-PSII proteins in Arabidopsis. PMF analysis using MALDI-TOFMS
provided evidence that the ninth tyrosine residue (9Tyr) of PsbO1 is a nitration site [57].

Figure 4. 2D PAGE gel patterns of chloroplast proteins extracted from+NO2-treated plants. The stromal
and lumenal protein fraction (A), and the thylakoid membranous protein fraction (B) are shown. Spots
on gel (A) and (B) were numbered as SLn and ISn, respectively. Upper and lower panels of (A) and (B)
correspond to Western blots detected using 3-NT-specific antibody and gels stained with SYPRO Ruby,
respectively. Each lane of stromal and lumenal protein fraction and thylakoid membranous protein
fraction was loaded with 40 and 20 μg protein, respectively.

4. PsbO1 May Function as an Electron Element Like Yz in PSII Electron Transport Chain

To investigate the physiological significance of protein nitration, thylakoid membranes were
isolated from Arabidopsis leaves and incubated in a buffer solution bubbled with NO2 gas or a
buffer solution of potassium nitrite (KNO2). The former buffer contains NO2 and nitrite (NO2

−),
while the latter contains NO2- alone [61]. NO2 dissociates in water as shown in reaction 1 [62],

127



Plants 2019, 8, 198

as described previously [61]. Concentrations of NO2 in the buffer were quantified by numerical
solution of kinetic Equations (1)–(3). Nitrite (NO2

–) concentrations in the buffer were quantified by
capillary electrophoresis [63].

NO2

k1→
←
k2

N2O4
k3→ NO2− + NO3− (Reaction 1)

d[NO2]

dt
= −2k[NO2]

2 + 2k2[N2O4] (1)

d[N2O4]

dt
= k1[NO2]

2 − k2[N2O4] − k3[N2O4] (2)

d[NO2
−]

dt
= k3[N2O4] (3)

where k1, k2 and k3 are rate constants 4.5 × 108 mol−1 s−1, 6.4 × 103 s−1, and 103 s−1, respectively [62].
A distinct 3-NT-positive band of 32.5 kDa was detected on a Western blot of proteins extracted from

thylakoid membranes that were incubated in a buffer containing NO2 and NO2
− under illumination

(Figure 5A). This band was assigned to PsbO1 by liquid chromatography/mass spectrometry (LC/MS),
followed by a Mascot search analysis [64]. On the other hand, no such band was detected following
incubation thylakoid membranes in the same buffer in the dark at all concentrations of NO2 and NO2

−
(Figure 5). Thus, illumination is essential in NO2/NO2

−-mediated protein nitration. The intensities
of the PsbO1 band on the Western blots were quantified using PDQuest software (ver. 7.0; Bio-Rad,
Hercules, CA, USA) [64]. The intensity of the 3-NT-positive PsbO1 band after incubation in a buffer
containing NO2 and NO2

− was divided by the intensity of the 3-NT-positive PsbO1 band before
incubation in the buffer. This value was designated fold-change in the PsbO1 band intensity, and plotted
against the concentrations of NO2 and NO2

– (Figure 5B). Incubation in the dark resulted null intensity
of PsbO1 band at all concentrations of NO2 and NO2–except 44.4 μM NO2 and 6.52 mM NO2

−
(Figure 5). This confirms that illumination is essential in NO2/NO2

–-mediated protein nitration of
PsbO1 in Arabidopsis thylakoid membranes.

Redox-active tyrosines play a key role in the photosynthetic electron in PSII. Yz (161Tyr of the D1
protein) in PSII is the most well-studied redox-active tyrosine residue in plants. Under illumination,
it donates an electron to the PSII electron transport chain and itself is oxidized to tyrosyl radical [65,66].
It is reduced back to tyrosine by an electron derived from oxidation of water at the OEC. Thus,
Yz functions as an electron relay element between P680 and OEC Mn4 cluster (Mn4Ca) through
photosynthetic electron transfer [67]. Another tyrosine that has a similar function, YD (161Tyr of the
D2 protein), is also known [65,66].

In light of our finding of the illumination-triggered nitration of 9Tyr of PsbO, it is conceivable that
this tyrosine residue of PsbO1 is also redox-active, and that the photosynthetic electron transport chain
can oxidize, upon illumination, this tyrosine residue to tyrosyl radical that is highly sensitive to nitration.
The formed tyrosyl radical may rapidly react with NO2 to yield 3-NT. Therefore, we hypothesized
a nitration mechanism that prior to nitration PSII photosynthetic electron transport, in response to
illumination, oxidizes the nitratable tyrosine residue of PsbO1 to tyrosyl radical to react with NO2 to
yield 3-NT [64].

Thylakoid membranes were incubated in a buffer containing NO2 and NO2
− in the presence

or absence of electron transport inhibitors such as 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU),
sodium azide and 1,5-diphenylcarbazide (DPC). Proteins were extracted from the treated thylakoid
membranes, nitration of PsbO1 was determined by quantification of intensity of PsbO1 band.
The results are shown in Figure 6. Fold-change in PsbO1 band intensity is given by (intensity
of PSBO1 band after incubation in a buffer containing NO2 and NO2

−)/(intensity of PSBO1 band before
incubation in the buffer). DCMU inhibits the photosynthetic electron transport by inhibiting binding
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of plastoquinone [68], and decreased the fold-change in PsbO1 band intensity to about one-fifth of
the control value (Figure 6). Azide inhibits the photosynthetic electron transport by inhibiting a
variety of reactions, including oxidation of water [69]. Azide also decreased the fold-change in PsbO1
band intensity to one-tenth of the control value (Figure 6). DPC inhibits the photosynthetic electron
transport by inhibiting photosynthetic electron flow [70]. DPC decreased the fold-change in PsbO1
band intensity to one-tenth of the control value (Figure 6). Our present findings that nitration of PsbO1
was substantially inhibited by photosynthetic electron transport inhibitors substantiate our postulated
nitration mechanism, whereby nitratable tyrosine residue of PsbO1 undergoes one-electron oxidation
to tyrosyl radical that is highly reactive with NO2 under illumination through PSII photosynthetic
electron transport.

Figure 5. Demonstration that light is essential to induce nitration of PsbO1. (A) Arabidopsis thylakoid
membranes were incubated in a buffer containing NO2 and NO2

− with or without illumination. Upper
and lower panel show 3-NT-positive band and SYPRO-Ruby-stained band of PSBO1, respectively.
(B) Fold-change in the PsbO1 band intensity (FCPSBO1) as a function of NO2 and NO2

− concentrations
in a buffer solution bubbled with NO2 gas. FCPSBO1 = (PsbO1 band intensity following incubation in
a buffer bubbled with NO2 gas)/(PsbO1 band intensity following incubation in buffer without NO2 or
NO2

−). Data represent means of 3 independent experiments ± SD. *, P < 0.05; ***, P < 0.001. Student’s
t-test was done using GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA).

We next investigated oxygen evolution from isolated thylakoid membranes that had been treated
or not treated with a buffer containing NO2 and NO2

− [71]. This buffer contained NO2 and NO2
− as

nitrating agent [61]. As it is reported that nitrite anion inhibits PSII to decrease oxygen evolution [72–74],
it is necessary to separately evaluate these two effects of nitrite on the oxygen evolution. Thylakoid
membranes isolated from Arabidopsis leaves were incubated in a buffer containing NO2 and NO2

− or
a buffer containing NO2

− alone in the light or in the dark [71]. After incubation, each of the treated
thylakoid membrane samples was divided into two portions. The first portion was analyzed for
nitration of PsbO1 by Western blotting using 3-NT-specific antibody. The intensity of the 3-NT-positive
PsbO1 band was quantified. Using the second portion, oxygen evolution was quantified [71]. Results
are shown in Figure 7.
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Figure 6. Demonstration that PSII electron transport inhibitors inhibit the nitration of PsbO1.
Thylakoid membranes were incubated in a buffer bubbled with NO2 gas (containing 36.8 μM NO2

and 4.35 mM NO2
−). Inhibitors such as 30 μM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU),

10 mM sodium azide, or 1 mM 1,5-diphenylcarbazide (DPC) were added or not added to the buffer.
Proteins were extracted, electrophoresed and Western blotted using a 3-NT-specific antibody followed
by quantification of the PSBO1 band intensity. See text for details. Fold-change in PsbO1 band intensity
= (intensity of PSBO1 band following incubation in a buffer containing NO2 and NO2

−)/(intensity of
PSBO1 band before incubation in the buffer). Mean ± SD of three independent experiments. One-way
ANOVA with Tukey’s multiple comparison test was used to assess statistical significance: ***, P < 0.001.

Figure 7. Demonstration that nitration of PsbO1 inhibits oxygen evolution. Arabidopsis thylakoid
membranes were incubated in light in a buffer containing NO2 and NO2

− or a buffer containing NO2
−

alone. Incubated thylakoid membranes were divided into equal parts: first one for Western blot
analysis and second one for oxygen evolution analysis. (A) Relative nitration of PsbO1 as a function of
concentrations of NO2 or NO2

−. (B) Oxygen evolution as a function of concentrations of NO2 or NO2.
The data represent the mean ± SD of three independent experiments.
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Incubation of thylakoid membranes in a buffer containing NO2
− alone at concentrations higher

than 3.80 mM NO2
− did not decrease oxygen evolution to null, but decreased it to one-third to half

of the initial value (Figure 7B). On the other hand, oxygen evolution was decreased to almost null
when co-existing NO2 concentration exceeded 34.6 μM (Figure 7B). This indicates that the effect of
NO2 higher than 34.6 μM exceeds the effect of NO2

− to inhibit oxygen evolution when thylakoid
membranes were incubated in a buffer containing NO2 and NO2

−. This decrease in oxygen evolution
is primarily ascribable to nitration of PsbO1 by NO2. This substantiates our hypothesis [71,75] that
PsbO1 functions as an electron element, like Yz in photosynthetic electron transport.

In light of the present findings regarding the nitration characteristics of 9Tyr of PsbO1, selectivity,
light dependence, inhibitor-inhibitable and inhibiting oxygen evolution [61,71], and the widely accepted
free radical mechanism of tyrosine nitration [45,46], we suggest that illumination induces selective and
preferential photo-oxidation of 9Tyr of PsbO1, similar to Yz. 9Tyr may act as an electronic element,
similarly to Yz in PSII electron transport chain.

The 3D structure for plant PSII from pea [76] is the only currently available crystal structure of
higher-plant PSII. Using this structure for plant PSII from pea [76] and a molecular graphics software
(PyMOL Molecular Graphics System Software, ver. 2.0.7; Schrödinger, New York, NY, USA), 9Tyr of
PsbO1 and the OEC were calculated to be 36.1Å apart. This is approximately five times greater than
the distance between Yz and the OEC Mn4 cluster (Mn4Ca) (7.5–8.0 Å) [77,78], making it too large for
direct interactions [77,79] between the 9Tyr of PsbO1 and OEC. However, electron transfer via peptide
bonds as distant as more than 40 Å is reported [80]. Furthermore, a 134-Å electron transfer through the
helical peptide was also reported [81]. In these cases, the amide groups reportedly act as quantum
mechanical hopping sites for electron transfer. Long-range inter-protein electron transfer such as from
cytochrome c to cytochrome c peroxidase has also been reported [82]. Moreover, electron transfer
between the photosynthetic reaction center and cytochrome c across in Rhodobacter sphaeroides has been
reported [83]. Taken together, inter-protein electron transfer plays a vital role in cellular metabolism
including photosynthesis [82,83]. It is therefore postulated that long-range intra- and inter-protein
electron transfer from PSII Mn cluster→9Tyr of PsbO1→P680+ (PSII primary electron donor) could
support a hypothesis that 9Tyr of PsbO1 functions as an electronic element, like Yz, in PSII electron
transport (Figure 8) [75].

Figure 8. A model to hypothesize a novel role of the ninth tyrosine residue of PsbO1 (9Tyr) in
photosynthetic electron transport in PSII. Hypothetical long range inter- and intra-molecular electron
transfer from manganese cluster to P680+ via 9Tyr of PsbO1 supported the 9Tyr as a novel electronic
element, like Yz, in the PSII electron transport.
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5. NO2 May Induce Tyrosine Nitration of PYR/PYL/RCAR ABA Receptors Leading to
Degradation of the Receptors and Upregulation of TOR, to Stimulate Plant Growth

Our finding that NO2-induced nitration of PsbO1 results in reduced oxygen evolution from
Arabidopsis thylakoid membranes shows that protein tyrosine nitration alters (downregulates) the
physiological function cellular proteins of Arabidopsis leaves. This finding indicates that NO2-induced
protein tyrosine nitration may be involved in NO2-stimulated plant growth. However, as the
concentration of NO2 used in the study of plant growth (10–50 ppb) was about 800-4000 times lower
than that used in the study of protein nitration (40 ppm), further investigations are required to clarify
the physiological significance of the NO2-mediated nitration of cellular proteins.

Protein nitration always inhibits protein function in plants [49,84]. In mammalian cells, protein
nitration also usually inhibits protein function [45–47,50,51], as in plants, but rarely results in
gain-of-function of proteins [51]. It remains unknown how protein nitration, a negative regulator,
stimulates plant growth. This question is similar to the fundamental and long-standing question as
to why an air-pollutant and toxic compounds, such as NO2, act as a positive signal for plant growth.
Inhibition of negative factors should induce plant growth. Figure 9 depicts a hypothetical model of
how NO2-induced protein nitration stimulates plant growth. The rationale for this model is as follows:

Plant growth requires the orchestration of a variety of cellular processes, which are controlled by
regulatory proteins such as the serine/threonine protein kinase target of rapamycin (TOR), which forms
complexes with regulatory proteins [82,85,86]. TOR plays a central role in auxin signal transduction in
Arabidopsis [87]. TOR is downregulated by the plant hormone abscisic acid (ABA). ABA detection and
signaling are mediated by the pyrabactin resistance1/PYR1-like/regulatory components of the ABA
receptor (PYR/PYL/RCAR) family [83,88,89]. Tyrosine nitration of PYR/PYL/RCAR proteins reportedly
results in polyubiquitylation and proteasome-mediated degradation [89]. Thus, the degradation of
PYR/PYL/RCAR receptor proteins eventually results in upregulation of TOR and stimulation of plant
growth [85]. Therefore, it is conceivable that NO2 may induce tyrosine nitration of PYR/PYL/RCAR
proteins, to degrade these proteins and upregulate TOR regulatory complexes to stimulate plant
growth (Figure 9).

Figure 9. NO2 may induce tyrosine nitration of PYR/PYL/RCAR to degrade PYR/PYL/RCAR,
and upregulate target of rapamycin (TOR) to stimulate plant growth.

6. Future Perspectives

In future studies, antibody-assisted proteomic analysis is needed of nitratable proteins in
Arabidopsis leaves that are exposed to low concentrations of NO2 (10–50 ppb), to ascertain whether
PYR/PYL/RCAR proteins from Arabidopsis leaves are nitratable at such low concentrations of NO2.
Future studies should also investigate whether auxin signal transduction in Arabidopsis leaves [90]
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is increased following exposure to ambient concentrations of NO2. In both cases, special care is
needed to ensure that the samples are always isolated from ambient air that contains 10–50 ppb NO2.
If NO2-mediated nitration of PYR/PYL/RCAR proteins cannot be detected, or the involvement of
TOR/ABA in NO2-mediated plant growth stimulation cannot be ascertained, other target proteins of
NO2, such as hexokinase-like (HKL) proteins [91], a negative effector of plant growth in Arabidopsis,
should be investigated in Arabidopsis leaves.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/8/7/198/s1,
Table S1: Shoot biomass (mg), total leaf area (mm2), and content (μg/shoot) of carbon (C), nitrogen (N), phosphorus
(P), potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S) in 5-week-old Arabidopsis thaliana C24 plants
grown with (+NO2-treated plants) and without (–NO2 control plants) NO2 treatment, Table S2: Correlation
analysis between leaf area (RLA) and cell size ( RCS), and that between leaf area (RLA) and cell number RCN),
Table S3: Identified nitrated proteins and their electrophoretic and mass spectrometric characteristics in chloroplast
proteins extracted from Arabidopsis thaliana leaves exposed to NO2.
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Abstract: S-nitrosation has been recognized as an important mechanism of protein posttranslational
regulations, based on the attachment of a nitroso group to cysteine thiols. Reversible S-nitrosation,
similarly to other redox-base 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. In plant, S-nitrosation is involved in a wide array of cellular processes
during normal development and stress responses. This review summarizes current knowledge
on S-nitrosoglutathione reductase (GSNOR), a key enzyme which regulates intracellular levels
of S-nitrosoglutathione (GSNO) and indirectly also of protein S-nitrosothiols. GSNOR functions
are mediated by its enzymatic activity, which catalyzes irreversible GSNO conversion to oxidized
glutathione within the cellular catabolism of nitric oxide. GSNOR is involved in the maintenance of
balanced levels of reactive nitrogen species and in the control of cellular redox state. Multiple
functions of GSNOR in plant development via NO-dependent and -independent signaling
mechanisms and in plant defense responses to abiotic and biotic stress conditions have been
uncovered. Extensive studies of plants with down- and upregulated GSNOR, together with
application of transcriptomics and proteomics approaches, seem promising for new insights into
plant S-nitrosothiol metabolism and its regulation.

Keywords: S-nitrosation; S-nitrosothiols; nitric oxide; S-nitrosoglutathione reductase;
S-(hydroxymethyl)glutathione

1. Introduction

Nitric oxide (NO) is an important messenger included in many physiological processes. It is
an uncharged, relatively stable free radical with unpaired electrons allowing diverse chemistry.
Rapid reactions with other radicals including reactive oxygen species (ROSs) [1] lead to the formation
of reactive nitrogen species (RNSs), substances with versatile chemical properties triggering specific
physiological responses. NO is involved in the regulation of plant growth and development, immunity
and environmental interactions with the inclusion of signaling cascades of responses to stress
conditions [2,3].

In general, the biosynthesis of NO in plants can proceed by pathways either oxidative or reductive,
either enzymatic or non-enzymatic reactions, anyway depending on the site and the nature of stimulus
for NO production [3–5]. The nitrate reductase (NR; EC 1.6.6.1) pathway, localized in the cytosol,
is the best-characterized production pathway of NO in plants [4]. Another well-described way of NO
production is the nitrite reduction in electron transport chains of mitochondria or chloroplasts [5].
In mammals, constitutive and inducible isoforms of nitric oxide synthase (NOS, 1.14.13.39) are the
major enzyme sources of NO. NOS-like enzymatic activities were described in plants, however neither
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gene with significant homology nor protein with similarity to bacterial or animal NOS have been
found [6–9]. It is assumed that NOS-like activity in plants is carried out by several enzymes, which can
together generate NO from L-arginine and have the same cofactors requirements as the NOS in
mammals and bacteria [6,7]. However, a recent analysis of 1087 land plant transcriptomes confirmed
the absence of evolutionarily conserved NOS sequences within the plant kingdom [9].

S-nitrosothiols (SNOs) represent relatively a stable reserve and transport form of NO
in vivo [10,11]. They are formed by S-nitrosation, a selective and reversible covalent addition of
nitric oxide moiety to the sulfur atom of cysteines both in low-molecular weight thiols and proteins.
S-nitrosation is considered to be an important redox-based post-translational protein modification,
an integral part of signaling pathways of NO and RNSs [12]. It is supposed to be implicated in the
regulation of a variety of protein functions and cell activities—programmed cell death, metabolism,
control of redox balance, iron homeostasis, control of protein quality, and gene transcription [13].
Importantly, S-nitrosothiols are considered key elements of the interplay between RNSs and ROSs,
both under physiological and stress conditions leading to various scenarios of oxidative, nitrosative, or
nitro-oxidative stress [14].

The most abundant low-molecular weight S-nitrosothiol is suggested to be S-nitrosoglutathione
(GSNO), generated by an O2-dependent reaction of NO-derived RNSs and the major antioxidant
tripeptide glutathione (GSH; γ-Glu-Cys-Gly). GSNO is regarded to be an intracellular reservoir of NO
bioactivity and a transport form of NO as well, even though NO and GSNO do not always interact
with the same target proteins [15]. Reactions including S-nitrosation, transnitrosation, when nitroso
group is transferred from SNO to the thiol group of another molecule, S-glutathionylation are involved
in its metabolism [16,17]. Acting as a buffer for NO, GSNO could maintain the level of protein
S-nitrosation [18]. However, more detailed knowledge on the distribution, intracellular levels, and
modulation of GSNO under natural and stress conditions is needed [17].

2. S-Nitrosoglutathione Reductase: Key Enzyme of the Regulation of S-Nitrosation and
Formaldehyde Detoxification

GSNOR is an evolutionarily conserved, cytosolic enzyme that catalyzes the NADH-dependent
reduction of GSNO, leading to the formation of glutathione disulfide (GSSG) and ammonium [18].
Sakamoto et al. [19] demonstrated for the first time in plants that GSNOR is glutathione-dependent
formaldehyde dehydrogenase (FALDH; EC 1.2.1.1). The proper substrate for FALDH is the
hemithioacetal S-hydroxymethylglutathione (HMGSH), formed nonenzymically from formaldehyde
and glutathione [20]. HMGSH is oxidized to S-formylglutathione using NAD+ as a coenzyme
(Figure 1A). After the elucidation of an exact reaction mechanism, the enzyme was reclassified as
S-(hydroxymethyl)glutathione dehydrogenase (EC 1.1.1.284). Formerly, Koivusalo et al. [21] reported
evidence that FALDH and ADH3 are identical enzymes. Thus, in accordance with the formal enzyme
classification, GSNOR is a Zn-dependent medium-chain class III alcohol dehydrogenase (ADH3;
EC 1.1.1.1). Since the GSNO has been uncovered as among the most effective substrates for this
enzyme [18,22,23], the designation as GSNOR is currently widely extended within the scientific
literature. However, the denomination has not been accepted by IUBMB nomenclature commission up
to the present day.

Via removing GSNO, GSNOR plays a critical role in the metabolism of RNSs, in the
homeostasis of intracellular levels of NO and in control of the trans-nitrosation equilibrium between
S-nitrosylated proteins and GSNO, the most common low-molecular weight S-nitrosothiol [15,18,22,24].
In trans-nitrosation reactions, the nitroso group is transferred among thiols on proteins and
low-molecular weight peptides. GSNO reduction by GSNOR is an irreversible reaction, and the
products can no longer nitrosate cellular proteins.
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Figure 1. Reaction mechanisms of alcohol dehydrogenase/S-nitrosoglutathione reductase
(ADH3/GSNOR) in formaldehyde and S-nitrosoglutathione catabolism. (A) In the dehydrogenase
mode, GSNOR using NAD+ as a coenzyme catalyzes the oxidation of S-hydroxymethylglutathione
(HMGSH), spontaneously formed from formaldehyde and glutathione to S-formylglutathione,
which was further hydrolyzed to glutathione and formate by S-formylglutathione hydrolase. (B) In the
reductase mode, GSNOR catalyzes the reduction of S-nitrosoglutathione (GSNO) using NADH to an
unstable intermediate N-hydroxysulfinamide (GSNHOH). Depending on the local concentration of
GSH, GSNHOH is either decomposed to glutathione disulfide (GSSG) and hydroxylamine at high GSH
levels, or at low GSH levels spontaneously converts to glutathione sulfinamid (GSONH2), which can
be hydrolyzed to glutathione sulfinic acid (GSOOH) and ammonia.

Through the GSNO reductase activity, GSNO is reduced to an unstable intermediate
N-hydroxysulfinamide (GSNHOH) in the first reaction step, using NADH as a specific co-substrate
(Figure 1B). Different final products are produced in the next reaction step, depending on the local
concentration of GSH. Thus, the cellular redox potential in terms of NADH and GSH levels is an
important factor in control of the product formation [25]. Common cellular concentrations of GSH
are found in a millimolar range, which favors a reaction shift from GSNHOH to the formation of
glutathione disulfide (GSSG) accompanied with the release of hydroxylamine [23,25]. However,
the cellular levels of GSH are widely fluctuating under different biotic and abiotic stress conditions.
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In vitro studies have demonstrated that, at low levels of GSH, GSNHOH spontaneously converts
to glutathione sulfinamide (GSONH2). GSONH2 is further hydrolyzed to glutathione sulfinic acid
(GSO2H), which can be oxidized even to glutathione sulfonic acid (GSO3H) under oxidative stress
induced by various stress conditions [25]. The latter metabolites inhibit glutathione transferases,
enzymes with an important role in the glutathione-dependent detoxification of xenobiotics by their
conjugation with GSH [26].

Another factor involved in the regulation of GSNO turnover is the accessibility of NADH,
a co-substrate in the reduction of GSNO. The cellular ratio of free oxidized and reduced form of
dinucleotides (NAD+/NADH) is high under physiological conditions, which is not favorable for
reductive pathways [27]. The NADP+/NADPH ratio is much lower, which enables NADPH to be
used in biosynthetic reductive pathways [28]. Since GSNOR cannot use NADPH in the reduction of
GSNO, it is controlled by NADH availability and increasing levels of NADH are proposed to trigger
the GSNO reduction. GSNOR enzymes themselves produce NADH in the process of the oxidation of
formaldehyde; formaldehyde likely triggers the reduction of GSNO [25].

In plants, formaldehyde can originate from various processes. Among them, the major
sources of formaldehyde include the dissociation of 5,10-methylene-tetrahydrofolate and the
oxidation of methanol formed by demethylation of pectin. Formaldehyde can also be formed by
oxidative demethylation reactions, decarboxylation of glyoxylate, and P450-dependent oxidation of
xenobiotics [29,30]. The compound is highly reactive because of the polarized carbonyl group and can
participate in a nucleophile as well as an electrophile addition and substitution reactions. The carbonyl
group can react with DNA and proteins producing stable carboxylated products. GSNOR, by another
name FALDH, is the main enzyme metabolizing formaldehyde [23]. This is implicated in this process
by oxidation of HMGSH, spontaneously formed from formaldehyde and glutathione. Emergent
S-formylglutathione is decomposed by S-formylglutathione hydrolase (EC 3.1.2.12) to glutathione and
formate [29].

3. Molecular Properties of S-Nitrosoglutathione Reductase

3.1. GSNOR Structure

A few studies on kinetic and structural analysis of plant GSNOR enzymes indicate a high similarity
between the plant and human homologues [31–35]. GSNOR described in tomato (Solanum lycopersicum;
SlGSNOR) plants is a homodimeric enzyme consisting of two 40 kDa subunits containing a big
catalytic and a small coenzyme-binding domain with an active site localized in a cleft between
them [34]. Non-catalytic domain includes a binding site for NAD+ coenzyme; six beta-strands of each
coenzyme-binding domain form 12 pseudo-continuous beta-sheets. Each catalytic domain includes
two zinc atoms. One of them is involved in the catalytic mechanism by activating the hydroxyl and
carbonyl groups of substrates for transfer of hydride, and is bonded to Cys47, Cys177, His69, and either
Glu70 or a water molecule. The second zinc atom is considered to have purely a structural role and is
coordinated to four cysteine residues, Cys99, Cys102, Cys105, and Cys113 [34].

Crystal structures of SlGSNOR apoenzyme, binary complex with NAD+ and a structure
crystallized in the presence of NADH and GSH were described to understand the role of specific
residues in the active site and the structural changes occurring during the catalytic cycle of GSNOR
activity [34]. Catalytic domains of the apoenzyme and of the binary complex with NAD+ are both
in the semi-open conformation. The catalytic zinc atoms in the apoenzyme are in a tetrahedral
configuration, H-bonded to Cys47, Cys177, His69 and coordinated to the molecule of water in the active
site. The coenzyme binding is associated with the catalytic zinc atoms movement towards Glu70 in the
catalytic domain in a hydrogen-bonding interaction with the carboxylate oxygen of Glu70. Zinc atoms
are in a tetrahedral configuration coordinated with Cys47, Cys177, His69, and Glu70, and they are no
longer coordinated with the water molecule. In the SlGSNOR structure crystallized with NADH and
GSH, the enzyme appears in closed conformation; rotation of the catalytic domains by approximately
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3◦ towards the coenzyme-binding domains was observed [34]. This structure is highly similar to the
complex of human GSNOR (hGSNOR) with NADH and HMGSH, where a catalytic domain moves
towards the coenzyme-binding domain during the formation of the ternary complex [32,33,36]. In the
hGSNOR, the domain closure brings one molecule of water close to 2′-hydroxyl of nicotinamide
riboside moiety, suggesting that the proton from the substrate is transferred to the solvent directly
from the coenzyme. Similarly, in SlGSNOR, the domain closure brings Thr49 and His48 closer to the
2′-hydroxyl of nicotinamide riboside moiety, which might facilitate the proton transfer [34]. In the
hGSNOR, the HMGSH substrate is directly coordinated to active site zinc atoms and interacts with
highly conserved residues Arg114, Asp55, Glu57, and Thr46, and the zinc atom is in a tetrahedral
configuration coordinated with Cys44, Cys177, His66, and HMGSH [32,33].

Eukaryotic GSNORs are highly conserved and unusually cysteine-rich proteins [35]. Most of
the cysteines are inaccessible to the solvent, having usually only a structural function [37].
Three positionally conserved cysteines accessible to the solvent are predicted to be the site
of post-translational modifications, e.g., S-nitrosation or glutathionylation [35]. Regulation of
GSNOR activity through S-nitrosation of that conserved cysteines was observed in A. thaliana
plants [15,38]. In vitro studies showed susceptibility of the enzymatic activity to NO donors and
its subsequent restoration after treatment with dithiothreitol (DTT), a reducing agent [38]. Mono-, di-,
and trinitrosation, which were confirmed by mass spectrometry, lead to subtle changes in enzyme
conformation. GSNOR monomers within the same dimer interact with each other and the substrate
binding cleft alters the shape. Thus, GSNOR activity might be regulated by high levels of NO donors.

3.2. GSNOR Substrate Specificity and Inhibition

Enzymes from the alcohol dehydrogenase class I (ADH1) and class III (ADH3) families have a
very similar tertiary structure, but despite this fact their substrate specificity and kinetic mechanism
are very different [39,40]. GSNOR, belonging to the class III family, can work in two modes
catalyzing a conversion of plenty of substrates, including long-chain primary alcohols, aldehydes,
and ω-hydroxyfatty acids. In the dehydrogenase mode, it catalyzes oxidation in the presence of
NAD+, whereas in the reductase mode it catalyzes reduction in the presence of NADH. NADP+ and
NADPH are very poor coenzymes reaching negligible reaction rates compared to those with NAD+

and NADH [34].
Several studies on hGSNOR showed that an anion binding pocket, containing Gln111, Arg114,

and Lys283, is presented in the active site of hGSNOR, and the positive charge of Arg114 enables
correct orientation of negatively charged substrates, HMGSH and GSNO [26,32,33,36]. The plant
GSNOR enzyme exhibits significant difference in the anion-binding pocket of the active site, which is
composed of only two residues, Arg117 and Lys287, while the glutamine (Gln111 in hGSNOR) is
missing and replaced by Gly114. Since the Gln111 in hGSNOR forms a hydrogen bond with carboxyl
oxygen atoms of substrate, the different composition of the anion binding pocket of plant GSNOR
results in the reduced affinity for the carboxyl group of ω-hydroxyfatty acids [34].

Plant GSNOR catalyzes the oxidation of HMGSH, geraniol, cinnamyl alcohol, ω-hydroxyfatty
acids, and aliphatic alcohols with chains longer than four carbons, to corresponding aldehydes using
NAD+ as a coenzyme. Short-chain alcohols, e.g., ethanol and propanol, are not enzyme substrates.
In the reductase mode, plant GSNOR preferentially catalyzes the reduction of GSNO, while reactions
with either aliphatic or aromatic aldehydes are insignificant. The observed Km values for various
plausible substrates of SlGSNOR were in the same range as those for AtGSNO, which indicates that
the substrate preferences of plant GSNOR are similar [34,41]. SlGSNOR shows similar Km values for
HMGSH and GSNO, 58 and 57 μM, respectively, while GSNO is reduced with 15–20 times higher
catalytic efficiency compared to the oxidation of HMGSH [34]. Similarly, higher reaction rates of GSNO
reduction compared to HMGSH oxidation were described in hGSNOR [42].
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Fatty acids with medium chains (e.g., dodecanoic, decanoic, and octanoic acid), glutathione,
and its derivatives (e.g., S-methylglutathione) were described as non-competitive inhibitors of plant
GSNOR. Lacking an S-nitrosyl or S-hydroxymethyl group that binds to the active site zinc atom,
the affinity of inhibitors GSH and S-methylglutathione is reduced by 2–3 orders of magnitude
compared to GSNO and HMGSH. N6022, a pyrolle-based compound, was found to be a significantly
stronger non-competitive inhibitor compared to fatty acids, inhibiting SlGSNOR at nanomolar
concentrations [34].

4. The GSNOR Role in Plants

Biochemical and genetic characterizations of plant GSNOR enzyme, previously named either
glutathione-dependent formaldehyde dehydrogenase (FALDH) or class III alcohol dehydrogenase
(ADH3), have been well described in several reports [43–45]. Sakamoto et al. [19] identified FALDH
in Arabidopsis thaliana as GSNOR, an enzyme able to catalyze GSNO reduction and thus regulate
intracellular levels of protein S-nitrosation. GSNOR activity has been demonstrated in many plant
species, e.g., A. thaliana, lettuce, maize, pea, rice, sunflower, and tomato [34,43–50]. Available data
indicate that GSNOR is involved in numerous developmental processes and metabolic programs
in plants via regulation of NO homeostasis. The enzyme is highly evolutionarily conserved [18].
Most sequenced green plant genomes encode a single copy of a GSNOR protein, predicted to be
localized in cytosol [35]. The presence of multiple gene copies has only been reported in several
plant species.

GSNOR is found throughout the plant suggesting the regulation of GSNO concentration in all
plant cell types [51]. Experimental evidence suggests localization in the cytosol, nucleus (excluding
nucleolus), and peroxisomes of A. thaliana [35]. Since GSNOR lacks a nuclear targeting signal,
a transportation step in association with another protein is supposed. Studies on pea leaves cells
showed GSNOR localized identically with A. thaliana in cytosol and peroxisomes and in chloroplasts
and mitochondria [52]. Mitochondrial targeting peptide was predicted for Physcomitrella GSNOR
paralog [35]. Modulation of the mitochondrial functionality by GSNOR, using cell suspension cultures
with both higher and lower GSNOR levels, was demonstrated in A. thaliana plants [53]. Changes
in GSNOR levels have an influence on the activities of mitochondrial complex I, external NADH
dehydrogenase, alternative oxidase and uncoupling protein. GSNOR modulates the activity of
the mitochondrial respiratory chain through controlling NO/SNO homeostasis under physiological
conditions and under nutritional stress. In addition to its role in the reduction of GSNO, it may control
the redox state of cells by affecting to intracellular levels of NADH and GSH.

Similarly to other organisms, plant GSNOR regulates levels of S-nitrosothiols through an
irreversible NADH-dependent degradation of S-nitrosoglutathione, and it plays an important
regulatory role in overall NO metabolism. Modulations of GSNOR both on the transcriptional and
post-translational level can therefore contribute to a fine-tuning of NO signaling pathways in plants
(Figure 2). Interestingly, reversible oxidative modification of GSNOR cysteine residues are known to
inhibit its enzyme activity in vitro, suggesting a potential direct crosstalk of RNSs and ROSs signaling at
this point [51,54]. Moreover, negative regulation of GSNOR activity by nitrosative modifications might
present another important mechanism to control GSNO levels, a critical mediator of the downstream
signaling effects of NO [38], as well as for formaldehyde detoxification in the enzyme dehydrogenase
reaction mode.
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Figure 2. Regulatory mechanisms of GSNOR in protein denitrosation on the intersection of signaling
pathways of ROSs and RNSs. Trans-nitrosation reactions of S-nitrosated proteins and reduced
glutathione (GSH) can be shifted by the GSNOR activity through irreversible NADH-dependent
reduction of S-nitrosoglutathione. GSH can be eventually regenerated by an NADPH-dependent
reduction of GSSG catalyzed by glutathione reductase (GR). GSNOR activity can be inhibited by
oxidative modification, resulting in GSNO accumulation and hence increased NO bioactivity, which can
in turn regulate activities of enzymes of ROS metabolism. GSNOR activity can be also inhibited by
S-nitrosation, to enable transient accumulations of its substrate GSNO and eventually to influence the
cellular status of protein S-nitrosation.

4.1. GSNOR in Plant Growth and Development

Nitric oxide is well-known to be involved in regulation of a broad spectrum of activities
during plant growth and development. Its action is supposed to be mediated via formation of
S-nitrosothiols and trans-nitrosation reactions. Relative stable S-nitrosothiols enable signal transfer
at large distances, S-nitrosation and denitrosation reactions are strongly controlled by the GSNOR.
Although a constitutive GSNOR expression was suggested through the plant, different expression in
organs of A. thaliana was found using histochemical activity staining and immunolocalization [30,55].
Higher levels of GSNOR were observed in the roots and leaves from the first stages of development.
In transgenic A. thaliana plants, both up- and down regulation of GSNOR levels resulted in noticeable
changes in the phenotype, namely a shortening of root length [30]. Experiments with A. thaliana
HOT5 (sensitive to hot temperatures) mutants demonstrated that GSNOR function was necessary
for normal plant growth, fertility, and plant acclimation to high temperatures [56]. Mutant plants
failed to grow on nutrient plates and showed increased reproductive shoots and reduced fertility.
Both hot5 missense and null mutations showed increased NO species, supporting the statement
that GSNOR regulates NO homeostasis. Furthermore, A. thaliana null mutants exhibit defects in
stem and trichome branching [35]. The ubiquitous expression throughout the plant was confirmed
using GFP-tagged GSNOR, with especially high fluorescent signal in the root tip, apical meristem,
and flowers. Additional experiments [24,57,58] demonstrate that GSNOR has an influence on shoot
branching, hypocotyl growth, seed yield and flowering time, decreased stature or loss of apical
dominance, and fewer rosette leaves. Defective growth and development of the gsnor1-3 mutant
of A. thaliana with reduced GSNOR activity result from impaired, but not completely abolished,
auxin signaling, auxin polar transport, and auxin distribution [58]. The processes mentioned here
might be regulated by S-nitrosation of components in auxin signaling and transport, e.g., integral
membrane proteins transporting auxin, intracellular receptor TIR1 (transport inhibitor response 1),
and ubiquitin-conjugating enzyme E2.
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Abscisic acid (ABA) is another phytohormone important for plant growth, development, and
adaptation to stress conditions. ABA signaling in guard cells is impaired in gsnor1–3 plants via
S-nitrosation of sucrose nonfermenting 1 (SNF1)-related protein kinase 2.6 (SnRK2.6), which is one
of the central components of the ABA signaling pathway, at cysteine 137, a residue close to kinase
catalytic site [59]. Frungillo et al. [15] described the influence of GSNOR on the assimilation of nitrogen,
which is a major nutrient in plant growth and development. A. thaliana plants overexpressing the
GSNOR gene exhibit increased nitrate reductase (NR) activity; conversely, GSNOR mutant plants
show a significant decrease in NR activity. Simultaneously, GSNOR enzymatic activity, but not gene
expression, is inhibited by the nitrogen assimilatory pathway via post-transcriptional S-nitrosation,
preventing any scavenging of GSNO. These data indicate that NO and S-nitrosothiols control their
own generation and scavenging via modulation of GSNOR activity and nitrate assimilation [15].
Taken together, acquired data show that GSNOR is essential for normal growth and development of
A. thaliana.

The spatial distribution of GSNOR activity and gene expression in pepper plants
(Capsicum annuum) [60] was found to be in agreement with the data from A. thaliana [30]. At the
early stages of development up to 14 days after germination, the highest activity of GSNOR was found
in roots in comparison to hypocotyls and cotyledons. The activity of the enzyme decreased with age in
roots and, on the contrary, increased in hypocotyls and cotyledons; however, no relevant changes in
the gene expression were observed [60]. Different GSNOR gene expression was observed in organs of
tomato (Solanum lycopersicum), with a contradictory trend during plant ageing [34]. At the early stage
of development, both GSNOR gene expression and activity were found to be higher in cotyledons
compared to roots, whereas the expression is higher in roots and stem compared to leaves and shoot
apex at later stages. The GSNOR gene is highly expressed in stamens and pistil and in fruits during
ripening. Similar to phenotypes of A. thaliana mutants, GSNOR overexpression in tomato plant had
little effect on growth and development, whereas GSNOR downregulated plants are significantly
smaller, suggesting a role for NO and S-nitrosothiol signaling [61].

4.2. GSNOR in Plant Responses to Abiotic Stress

Accumulated experimental evidence has delineated the importance of GSNOR in plant responses
to diverse abiotic stress conditions (reviewed in [3,62]). GSNOR gene expression and enzymatic activity
are altered by plant exposure to abiotic stress stimuli, e.g., low and high temperatures, wounding,
continuous light and darkness and exposure to heavy metals [63–68]. Here we present an updated
overview including recent advances and reports on the modulation of GSNOR gene expression
and enzymatic activity by plant exposure to abiotic stress stimuli, e.g., low and high temperatures,
wounding, continuous light and darkness, and exposure to heavy metals.

4.2.1. Mechanical Injury and Wounding

GSNOR gene expression is downregulated in Arabidopsis after wounding; moreover,
both GSNOR mRNA and protein levels are decreased in tobacco plants after treatment with jasmonic
acid, the hormone implicated in the wounding signal transduction [69]. Another study with A. thaliana
plants described the role of GSNOR in modulating levels of GSNO and its consequence for wound
response [68]. Using wild-type and GSNOR-antisense plants, the data showed wounding-induced
GSNO accumulation controlled by GSNOR. The rapid increase of GSNO was observed in the
injured leaves, whereas it was detected later in vascular tissues and parenchyma of systemic leaves,
suggesting the role of GSNO in the wound signal transmission through vascular tissue. In addition,
GSNO accumulation was required to activate the jasmonic acid-dependent wound responses at local
and systemic levels [68]. GSNOR is downregulated, at the level of gene and protein expression and
enzymatic activity, in mechanically damaged sunflower (Helianthus annuus) seedlings, which in turn
leads to an accumulation of S-nitrosothiols, specifically GSNO [64]. An increase in GSNOR activity
in roots, stems, and leaves was observed in two genotypes of Cucumis spp., C. sativus and C. melo,
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and pea (Pisum sativum) exposed to mechanical damage of stem and leaf [67]. GSNOR activity was
generally higher, but any unequivocal tendency in changes in the activity in the time of experiment
relevant for all studied plants was found.

A potential role of GSNOR in plant resistance to herbivory Manduca sexta was examined in tobacco
(N. attenuata) plants using a virus-induced silencing of GSNOR [70]. GSNOR-silenced plants were more
susceptible to herbivore attack and decreased the herbivore-induced accumulation of phytohormones
jasmonic acid (JA) and ethylene and activity of trypsin proteinase inhibitors. Moreover, it was
found that GSNOR mediates some jasmonate-dependent responses, e.g., the accumulation of defense
secondary metabolites.

4.2.2. Thermotolerance

GSNOR is involved in plant responses to cold and heat stress. Enzymatic activity of GSNOR is
essential for the acclimation of A. thaliana plants to high temperature, since HOT5 mutants, plants with
defect GSNOR gene, are more sensitive to high temperature as a consequence of disturbed homeostasis
of S-nitrosothiols and NO-derived ROS signaling pathways [56]. GSNOR is expressed constitutively
during plant development, and any significant regulation at the transcriptional level or at the level
of protein induced by heat was observed. Posttranscriptional redox regulation, possibly by cysteine
modifications, might be a mechanism by which the enzymatic activity is controlled [56]. NO and GSNO,
as S-nitrosating agents, and GSNOR were found to be involved in the programmed cell death (PCD)
induced by heat shock or H2O2 in tobacco (Nicotiana tabacum) bright yellow-2 cells [71]. NO increased
in both experimentally induced PCDs, and GSNO level increased in H2O2-treated cells and decreased
in cells exposed to heat shock, which is in accordance with lower GSNOR expression and activity
observed in H2O2-treated cells and with higher GSNOR expression and activity in heat-shocked cells.

Low and high temperatures induce nitrosative stress in pea plants, since higher levels of NO,
SNOs, and protein tyrosine nitration, markers of nitrosative stress, were detected, together with
increased GSNOR activity [63]. Similarly, GSNOR activity is induced by cold stress in leaves of
pepper (Capsicum annum L.) plants, while NO content is lower [65]. Coincidently with previous
experiments, Kubienová et al. [67] described the same trend, an increase in activity of GSNOR
in pea, Cucumis sativus, and Cucumis melo plants, with differences among the studied plants and
their organs and in general with stronger changes induced by cold stress in comparison with
heat stress. GSNOR regulates germination of recalcitrant Baccaurea ramiflora seeds under chilling
stress probably by modulating the total RNSs content, as enzyme inhibitors dodecanoic acid
and 5-chloro-3-(2-[(4-ethoxyphenyl)ethylamino]-2-oxoethyl)-1H-indole 2-carboxylicacid caused a
significant increase in total RNSs and reduced germination [72]. Chilling stress enhanced the
GSNOR activity and increased the level of S-nitrosothiols, while exogenous NO and CO treatment
suppressed the chilling-induced accumulation of S-nitrosothiols and induced GSNOR activity.
Similarly, an increase in both S-nitrosothiols and non-protein thiols was observed in plants of Brassica
juncea under cold-stress, suggesting that S-nitrosation might regulate redox and stress-related proteins
in apoplasts [73].

The role of GSNOR in the nitrosative responses was examined in citrus plants exposed to various
types of abiotic stresses. GSNOR was considerably downregulated at the level of mRNA by continuous
light, salinity, and especially cold, and together the enzymatic activity was decreased in plants exposed
to continuous light or dark and cold [66]. A possible role for GSNOR in regulating of cytosolic redox
status and SNOs content during chilling stress was also suggested in poplar (Populus trichocarpa), a fast
growing woody plant. NO and SNO content as well as GSNOR protein and enzymatic activity were
increased in poplar leaves after chilling treatment [74].

4.2.3. Toxic Metals

Heavy metals have a toxic effect on plants, e.g., an induction of oxidative and nitrosative stress,
leading to a severe growth inhibition, decreased photosynthesis, transpiration and chlorophyll content.
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The relation between ROSs and RNSs and the role of NO and enzymes affecting the NO level were
examined in several plant species. Peto et al. [75] described the behavior in wild-type Nox1 and
Gsnor1-3 mutant A. thaliana plants during copper stress. Nox1 is an NO overproducing plant with
higher levels of L-arginine and L-citrulline, and Gsnor1-3 is a plant with reduced GSNOR activity with
higher levels of NO, S-nitrosothiols, and nitrate [24,55,56]. The strength of the stress determines the
role of NO [75]. A high NO level, due to the reduced GSNOR activity, increases sensitivity under
mild stress conditions, while it supports tolerance under severe stress conditions. A forty percent
increase in GSNOR activity was observed in A. thaliana plants grown in the presence of 0.5 mM
arsenate, accompanied with a significant reduction of GSNO content and a significant increase in NO
content [76]. Gsnor1-3 mutant A. thaliana plants with a high S-nitrosothiols level show an increased
selenite tolerance [77].

GSNOR modulates NO-induced nitrosative stress in rice plants grown under aluminum stress,
which leads to accumulation of both ROSs and RNSs. GSNOR gene expression and enzymatic activity
were slightly higher and the enzymatic activity was significantly increased by NO treatment in rice
plants grown under aluminum stress [78]. A fast increase in S-nitrosothiol content and a reduction of
the leaf photosynthesis ratio is a result of suppressed GSNOR activity with specific inhibitors. In potato
plants exposed to aluminum, GSNOR activity is not affected in roots and it is increased by about 20
and 45% in leaves and stems, respectively [79]. A contrary trend in the regulation of GSNOR during
heavy metal stress was observed in pea leaves treated with 50 μM cadmium, where GSNOR expression
and activity were decreased by about 30% [46].

4.2.4. Soil Salinity and Alkalinity

Salinity and alkalinity of soil are significant factors limiting plant growth, where NaHCO3

and Na2CO3 are the main contributors, leading to the creation of osmotic stress, high soil pH,
and excess Na+. Metabolic regulation of NO and S-nitrosothiols was examined in tomato plants
grown under alkaline stress [61]. GSNOR expression as well as protein is significantly inhibited in
response to alkaline stress with levels fluctuating during the alkaline treatment. Plants overexpressing
GSNOR are alkaline-tolerant, while under-expressing plants are alkaline-sensitive. During the
alkaline treatment, overexpressing plants exhibit significantly increased efficiency of ROS scavenging,
while under-expressing plants accumulate both ROSs and RNSs, thus leading to oxidative stress and
programmed cell death. GSNOR may regulate tolerance of tomato plant to alkaline stress, having
a role in regulating redox balance [61]. Similarly, a decrease in the GSNOR enzymatic activity was
observed in roots of tomato (Solanum lycopersicum) plants treated with 120 mM NaCl [80]. Salinity
caused an overall decrease in the content of redox molecules nicotinamide adenine dinucleotide
phosphate (NADPH) and reduced glutathione (GSH), in contrast to increased NO levels. Salt stress
upregulates GSNOR in citrus plants, and the GSNOR function is controlled by polyamines, substances
involved in plant responses to abiotic stress. Significant suppression of GSNOR gene expression
and enzymatic activity by polyamines in salinized citrus plants was reported, suggesting the role of
GSNOR in modulating of nitrosative signaling [81].

Actions of NO, calmodulins (CaM), and GSNOR in A. thaliana plants in response to salt stress
were described by Zhou et al. [82]. CaM is a significant Ca2+ sensor protein in plants acting as signaling
molecule mediating reactions against various stresses; two isoforms AtCaM1 and AtCaM4, encoding
the same protein, are induced by salinity. Both AtCaM1 and AtCaM4 proteins bind directly to GSNOR.
The protein–protein interaction inhibits GSNOR enzymatic activity and results in an increased NO
level. Moreover, AtCaM4–GSNOR interaction regulates the ion balance, so it increases plant resistance
to saline stress [82].

An important role of NO, GSNOR, and S-nitrosation in response to salt stress was described in a
unicellular green alga Chlamydomonas reinhardtii [83]. NO production via increased nitrate reductase,
but not NOS-like enzyme, activity was induced by salt stress to trigger the defense response. Induction
or inactivation of antioxidant enzymes and GSNOR varied in connection with the duration of salt
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stress. Short-term stress caused the enzymes to scavenge ROSs and RNSs and balance cellular redox
status. Long-term stress inactivated them significantly by RNS-induced protein S-nitrosation, resulting
in oxidative damage and reduced cell viability. Salt stress induced the accumulation of S-nitrosothiols
and S-nitrosation of GSNOR, glutathione S-transferase, and ubiquitin-like protein; S-nitrosation was
reduced by thioredoxin-h5 (TRXh5), while it was enhanced by GSNOR inhibitor DA, suggesting the
important role of GSNOR and S-nitrosation in adaptation of C. reinhardtii to salt stress [83].

4.2.5. Other Abiotic Stresses

GSNOR activity is modulated in response to altered light conditions, as described for the first time
in A. thaliana HOT5 plants grown in the dark [56]. A significant increase was observed in leaves of pea
plants exposed to continuous light and continuous dark [63]. A distinct trend was observed in plants
of pea, Cucumis sativus and Cucumis melo, grown either in continuous darkness (etiolated plants) or
transferred to a normal light regime after 7 days in the dark (de-etiolated plants) [67]. GSNOR activity
in roots decreased in time in all studied plants and was not affected by different light conditions.
Continuous darkness led to a significant decrease in GSNOR activity in etiolated hypocotyls, which did
not recover to values of control green plants until 168 h after de-etiolation.

Water stress, a problem for plant growth and productivity, in Lotus japonicus leads to both
oxidative and nitrosative stress. Among others, cellular NO and S-nitrosothiol content are increased,
GSNOR activity is reduced, and protein tyrosine nitration is stimulated [84]. The role of GSNOR in
plants of Lamiophlomis rotata at high altitude was described by Ma et al. [85]. The GSNOR protein level
and enzymatic activity increases in connection with a rising altitude. Since GSNOR is supposed to
scavenge excess RNSs, the enzyme restricts RNA damage by decomposition of RNSs.

A direct crosstalk between ROS- and NO-dependent signaling pathways was described in
A. thaliana plants. GSNOR activity is inhibited both by H2O2 in vitro and by oxidative stress induced
by paraquat treatment in vivo, which leads to enhanced S-nitrosothiol and nitrite levels. The loss of
enzymatic activity is caused by the release of one Zn2+ per subunit, probably that one from the active
center of the protein [86]. A. thaliana GSNOR1/HOT5 mutant was identified to be identical to the
paraquat resistant2-1 (par2-1) mutant, showing an anti-cell death phenotype, supporting the role of
GSNOR in regulation of cell death in plants via modulation of intracellular level of NO [48]. A higher
NO level was found in paraquat-resistant mutant plants and, in a similar way, wild-type plants treated
with an NO donor were also resistant to paraquat. The protein level of GSNOR was increased by
paraquat and decreased by NO donors, while the mRNA level was not influenced.

The role of GSNOR and the regulation of intracellular SNO levels were studied in an
NO accumulation mutant (nitric oxide excess1, noe1) in rice (Oryza sativa) [87]. NOE1 was
identified as a rice catalase, and an increased level of H2O2 was a result of its mutation,
promoting the nitrate reductase-dependent induction of NO production. The overexpression
of GSNOR gene reduces intracellular S-nitrosothiol content and alleviates cell death in the
leaves of noe1 plants. GSNOR is supposed to have a role during the desiccation of seeds of
recalcitrant Antiaris toxicaria. Desiccation induces ROS accumulation leading to oxidative stress,
enhances carbonylation, and reduces the S-nitrosation of antioxidant enzymes, antioxidant enzyme
activities, and the seed germination rate. Treatment with GSNOR inhibitors dodecanoic acid or
3-[1-(4-acetylphenyl)-5-phenyl-1H-pyrrol-2-yl]propanoic acid further increases the level of antioxidant
enzymes S-nitrosation and reverses seed germination inhibited by desiccation [88]. Exposure to both of
these GSNOR inhibitors prior to NO gas, which is a well-known inducer of seed germination, leads to
enhanced S-nitrosation and the activity of antioxidant enzymes ascorbate peroxidase, dehydroascorbate
reductase, and glutathione reductase [88].

4.3. GSNOR in Plant Responses to Biotic Stress

NO and S-nitrosylated proteins are important signal molecules activating an immune response
of plants to microbial pathogens. Thus, plant defense response to the pathogen is expected
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to be controlled by GSNOR, which manages NO/S-nitrosothiol homeostasis (reviewed in [89]).
Díaz et al. [69] demonstrated for the first time that GSNOR gene expression is transcriptionally
regulated in response to signals associated with plant defense in A. thaliana and tobacco. The gene
expression in both mentioned plant species is induced by salicylic acid (SA), a mediator of biotic stress.
The following experiments with A. thaliana transgenic plants [55] described GSNOR as an important
component of resistance protein signaling networks. Transgenic plants with decreased GSNOR gene
expression, achieved by antisense strategy, show increased content of intracellular S-nitrosothiols,
constitutive activation of the pathogenesis-related (PR-1) gene, and enhanced basal resistance against
biotrophic pathogen Peronospora parasitica. Systemic acquired resistance (SAR) was demonstrated to be
enhanced in plants under-expressing GSNOR and decreased in overexpressing plants; in agreement
with the rate of GSNOR expression, the level of S-nitrosothiols changed in local and systemic leaves.
The SAR signal transmission might be regulated by GSNOR through the vascular system, as the
enzyme was found to be localized in the phloem. Taken together with the previous published data [69],
downregulation of GSNOR accompanied by an increase in the level of S-nitrosothiols is suggested to
result in enhanced plant immunity [55]. The hypothesis that GSNOR is a key regulator of systemic
defense responses in pathogenesis was supported by another study [68], where GSNO was found to
act synergistically with salicylic acid in SAR.

Rather opposing results, when GSNOR was proposed to be a positive regulator of plant immune
responses suppressing pathogen growth early in the infection process, were described earlier by
Feechan et al. [24] in A. thaliana plants exposed to diverse microbial pathogens, e.g., bacteria
Pseudomonas syringae, powdery mildew Blumeria graminis, and downy mildew Hyaloperonospora
parasitica. Basal disease resistance was strongly reduced in the absence of GSNOR, accompanied
with reduced and delayed expression of SA-dependent genes, while non-host resistance was
increased in A. thaliana mutants overexpressing GSNOR, accompanied with accelerated expression
of SA-dependent genes [24]. The content of SNOs and GSNOR activity was studied in two types
of sunflower (Helianthus annuus L.) cultivars with different sensitivity to the pathogen Plasmopara
halstedii, susceptible and resistant ones [47]. After infection, enzymatic activity slightly increased in
a susceptible cultivar, while more explicit increase was observed in a resistant cultivar. As for the
level of S-nitrosothiols after infection, it was enhanced 3.5-fold and reduced 1.5-fold in susceptible
and resistant cultivars, respectively. Different spatial localization of S-nitrosothiols in hypocotyls
depending on the susceptibility was observed. Different GSNOR activity was found under normal
conditions in leaves of two genotypes of Cucumis spp. varying in susceptibility to biotrophic pathogen
Golovinomyces cichoracearum [67]. Significantly higher enzymatic activity was found in leaves of the
susceptible one compared to the moderately resistant one.

GSNOR might have an important role in NO-mediated biochemical modifications that
subsequently lead to the more effective defense responses of potato plants to an attack of Phytophthora
infestans. Potato leaf treatment with SAR inducers β-aminobutyric acid (BABA) and laminarin
decreased GSNOR activity and provoked accumulation of NO and ROSs. Pre-treatment with
mentioned SAR inducers before inoculation with P. infestans by contrast increased GSNOR activity
significantly, the S-nitrosothiol pool was depleted, and potato defense responses to the pathogen were
enhanced, while non-inducer pre-treated plants showed unaltered enzymatic activity, a high level of
S-nitrosothiols, and lower defense responses [90]. Interestingly, no significant changes in the activity of
GSNOR and S-nitrosothiols levels were observed in plants of Medicago truncatula after infection with
Aphanomyces euteiches [91]. Data in that study show that resistance of M. truncatula against A. euteiches
is connected with NO homeostasis, which is closely related with N nutrition.

In the plant immune response, oxidoreductase TRXh5 was found to be an effective protein-SNO
reductase, providing reversibility and specificity to signaling via protein-SNO [92]. The data indicate
that TRXh5 and GSNOR, enzymes exhibiting similar subcellular localization, might have partially
distinct groups of protein-SNO substrates, thus regulating different immune signaling pathways.
Significantly enhanced transcription of TRXh and GSNOR genes was found in transgenic plants
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of Nicotiana tabacum overexpressing γ-glutamylcysteine synthetase with higher glutathione levels,
which have increased tolerance to biotrophic Pseudomonas syringae pv. tabaci [93]. GSNOR, the TRXh
gene, and other genes of SA-mediated pathway dependent on non-expressor of pathogenesis-related
gene 1, a transcriptional coactivator, were upregulated in tobacco BY-2 cells treated with exogenous
GSH. Accumulation of NPR1 was induced by GSNO together with an enhanced SA concentration
and subsequent activation of pathogenesis-related genes, leading to enhanced resistance of A. thaliana
plants to Pseudomonas syringae pv. tomato [94]. NO induced an increase in GSH, which is indispensable
to SA accumulation and non-expressor of pathogenesis-related gene 1-dependent activation of defense
response. Interestingly, both SA synthesis and signaling are decreased in Nox1, a NO-overproducing
mutant of A. thaliana [95]. Those plants show disabled basal resistance and resistance gene-mediated
protection. Moreover, using different double mutant plants Nox1 and atgsnor1-1 (plant overexpressing
GSNOR) or atgsnor1-3 (plant under-expressing GSNOR), the authors suggest that NO and GSNO
control cellular processes in different ways via distinct or overlapping molecular targets.

Understanding of GSNOR, thioredoxin (TRX), and their roles during biosynthesis of
phenylpropanoid-derived styrylpyrone polyphenols, components inhibiting tumor proliferation and
reducing hypertension and various neurodegenerative disorders [96], in co-cultured Inonotus obliquus
and Phellinus morii might be, in future, employed for medicinal applications. Zhao et al. [97] described
the interplay between GSNOR and TRX and their regulation via S-nitrosation/denitrosation and
an impact to styrylpyrone biosynthesis. 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 the S-nitrosation of GSNOR via a protein–protein interaction
and thus a decrease in its enzymatic activity.

5. Conclusions

S-nitrosation has emerged among the key components of redox-based NO signaling that regulate
the structure and activity of proteins through reversible post-translational modification of cysteine
thiols. Despite the important advances in the understanding of the functions of S-nitrosation and
S-nitrosothiols in plant metabolism and stress responses, major gaps in the picture of S-nitrosation on
the intersection of signaling pathways of NO and ROSs still remain. Among them, the identification
of NO sources and their localization contributing to S-nitrosation reactions in distinct tissues, cells,
and subcellular compartments continues to be crucial in plant NO research in general. On the other
hand, the mechanisms of in vivo regulations regarding the activity of GSNOR, and potentially of
other more specific denitrosylases acting directly on proteins S-nitrosothiol, are still poorly described.
Moreover, the development of highly specific and sensitive analytical tools to evaluate levels of both
low molecular- and protein S-nitrosothiols will certainly contribute to advancement in the plant
S-nitrosation field. Finally, the transfer of the knowledge obtained with model plants such as A. thaliana
to important agricultural crops is expected to be exploited through genetic manipulation of GSNOR
levels to eventually achieve desired improvements in crop yields and stress tolerance.
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