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Abstract

:

Nitric oxide (NO) is a free radical and a component of the N-cycle. Nevertheless, NO is likewise endogenously produced inside plant cells where it participates in a myriad of physiological functions, as well as in the mechanism of response against abiotic and biotic stresses. At biochemical level, NO has a family of derived molecules designated as reactive nitrogen species (RNS) which finally can interact with different bio-macromolecules including proteins, lipids, and nucleic acids affecting their functions. The present review has the goal to provide a comprehensive and quick overview of the relevance of NO in higher plants, especially for those researchers who are not familiar in this research area in higher plants.
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1. A Short Historical Perspective about NO


The molecule nitric oxide (NO), formally nitric monoxide, has been well known for a long time to be part of the nitrogen cycle. However, during the last 30 years this molecule has become in the center of many physiological and pathological processes in animal and plant organisms. This is because NO has pleiotropic functions at different levels (biochemical, cellular, tissue, and organ) either under physiological and adverse environmental conditions. For many years, the attention on NO was only focused in its contribution to atmospheric pollution since along with nitrogen dioxide (NO2) they constitute the group of nitrogen oxides (NOx) which affects the air quality and plant growth [1,2]. However, two scientific reports published in 1987 by two independent groups demonstrated that NO, previously designated as endothelium-derived relaxing factor (EDRF), was involved in the regulation of vasodilation of the blood vessels [3,4]. Then, it was shown that this molecule was generated in mammalian cells from the amino acid l-arginine by a family of enzymes designated as nitric oxide synthases (NOSs) [5]. Later, it was revealed that NO is also involved in both nervous and immune systems in animal organisms. As a historical curiosity, it could be mentioned that in 1960 Fewson and Nicholas published the first report where it was revealed that microorganisms and higher plants could use NO as an intermediate in nitrogen metabolism [6]. Then, in 1979, Keppler (1979) reported that plants treated with different herbicides can generate NO [7]. However during the 1990s, NO research was extended to plant cells, this molecule being involved in a wide spectrum of functions during plant growth and development, as well as in the mechanism of interaction with beneficial microorganisms, defenses against pathogens, and adverse environmental stresses [8,9,10,11]. The main goal of this work is to provide a brief overview of the relevance of NO and derived molecules designated as reactive nitrogen species (RNS) in higher plants.




2. Nitric Oxide Biochemistry. How NO Affects Plant Protein Function?


The function of NO is mainly due to its derived molecules designated as reactive nitrogen species (RNS), which finally interact with different macromolecules affecting their functionalities. Among the most studied RNS, peroxynitrite (ONOO−), which results from the reaction of NO with superoxide radicals (O2•−), and S-nitrosothiols (SNOs), produced by the reaction of NO with thiol groups. With respect to the latter group, can be mentioned, and it is particularly worth highlighting the interaction of NO with the tripeptide glutathione (GSH) leading to the formation of S-nitrosoglutathione (GSNO) within cells [12]. Moreover, there is increased information about how NO can modulate gene expression [13,14,15,16], as well as new related molecules, like nitro-fatty acids (NO2-FA), which have signaling properties [17]. The majority of the research reports on plants have been basically focused on how NO regulates protein functions. Thus far, there are three main processes which have been described to affect protein function: nitration, S-nitrosation, and interaction with protein metal centers (metal nitrosylation).



2.1. Nitration (P-Tyr-NO2)


Nitration is a reaction which allows adding a nitro group (–NO2) into a chemical compound, including proteins, fatty acids, or nucleic acid. In the case of proteins, the most studied modification involves nitro-tyrosine, although there are other amino acids susceptible to be nitrated, including tryptophan, cysteine, and methionine [18,19]. Accordingly, this nitro group can cause a gain of function, loss of function, or no effect in the targeted protein, the most usual one being the loss of function. The number of identified nitrated proteins in higher plants and how this modification affects its function has increased [18,20,21,22,23,24]. Thus far, most of the identified proteins in plants that undergo this post-translational modification, usually mediated by peroxynitrite, have been found to provoke a loss of function. Good examples of this issue are some antioxidant enzymes, such as catalase or some components of the ascorbate-glutathione cycle, like ascorbate peroxidase (APX) and monodehydroascorbate reductase (MDAR). However, there are other cases where nitration has no effect, such as has been reported for glutathione reductase [25,26].




2.2. S-nitrosation (P-SNO)


S-nitrosation, also called S-nitrosylation, consists of the covalent attachment of an NO group to the thiol (–SH) side chain of a cysteine (Cys). This post-translational modification (PTM) is recognized as one of the most relevant mechanisms for NO signaling and, consequently, it allows transducing changes in cellular NO to exert its effects. In fact, protein S-nitrosation (SNO-protein), as well as glutathione S-nitrosation, giving rise to S-nitrosoglutathione (GSNO), should be considered as NO reservoirs [27].



In plants, the number of identified proteins susceptible to undergo this NO-mediated modification under physiological and stress conditions, as well as how this NO-PTM could affect the function of the target proteins, is continually increasing [28,29,30,31,32,33,34,35]. Taking into consideration that this process is reversible, S-nitrosation should be assessed as a relevant mechanism of NO signal transduction in the cells.




2.3. Metal Nitrosylation


This reaction implies the interaction between NO and transition metals present in target metalloproteins, rendering the formation of metal–nitrosyl complexes. Thus far, in plants, there is insufficient data and the available information comes from haemoproteins identified in animal cells, such as guanylate cyclase and cytochrome c oxidase [36,37]. In this context, the case of non-symbiotic haemoglobins should be mentioned, which are induced under stress, especially in root growth under hypoxic conditions, thus, nitrosylhaemoglobins increase when NO is present under low-oxygen tension [38,39,40].



More research is necessary on these subjects (nitration, nitrosation, and metal nitrosylation) to understand why, and how, proteins are selectively modified by any of these post-translational modifications (PTMs).



Figure 1 depicts a simple model of the NO networking metabolism in plant cells where the main biochemical reactions including the mechanism of generation from l-arginine and nitrate/nitrite is outlined, as well as its interactions with other biomolecules. The generated NO, either from l-arginine by a NADPH-dependent NOS activity, or from nitrite/nitrite NADH-dependent NR activity, can react with different molecules, such as superoxide radicals (O2•−), to generate peroxynitrite (ONOO−), which can mediate a process of protein tyrosine nitration and lead to nitro-oxidative stress. Alternatively, NO can react with reduced glutathione (GSH) in the presence of O2 to form S-nitrosoglutathione (GSNO). This metabolite can also interact with thiol-containing proteins by a process of S-nitrosation affecting their function, thus participating in cell signaling events. In this cascade of interactions, GSNO, through transcription factors, could also regulate a battery of genes involved in different metabolic pathways implicated in the mechanism of either cell signaling or in response to nitro-oxidative processes.



In addition to these NO-mediated PTMs, and as it has be mentioned previously, there are other bio-molecules in plants which can undergo functional modifications mediated by NO-derived molecules, such as fatty acids, which are converted into nitro-fatty acids (NO2-FA). Thus, recently, the presence of nitro-linolenic acid has been identified in the model plants Arabidopsis thaliana, the abundance of nitro-linolenic acid which changes during the development, the seeds being the organ with the higher concentration. Moreover, it was found that this molecule had signal functions under several abiotic stresses [17] with the capacity to release NO [41].





3. NO Contributes to Plant Growth and Development


The implication of NO in almost all physiological processes during the plant cycle has been demonstrated in many plant species. Some of those processes include seed and pollen germination [42,43,44,45,46], root development and plant growth [47,48,49], stomata movement [50,51], senescence [52,53], flower development [54], and fruit ripening [55,56,57,58].



As examples of this involvement of nitric oxide in plant physiology, the inverse correlation of NO content throughout fruit ripening and leaf senescence is established here. Figure 2a shows the phenotype of California sweet pepper (Capsicum annum L.) fruits at different ripening stages: green, breaking point, and red. This fruit is a non-climacteric one where it has been demonstrated that NO content diminishes during ripening, whereas other elements of the RNS metabolism change following patterns, such as an increase of protein nitration and SNOs content accompanied by a decreased S-nitrosoglutahione reductase activity [56,57,58]. In the case of pea (Pisum sativum) plants, behind the characteristic loss of chlorophyll during leaf senescence (Figure 2b), there is also a lower NO content accompanied by a strong enhancement in the generation of ROS and the decline of the antioxidative systems [52,59].




4. NO is Involved in the Mechanism of Response against Both Abiotic and Biotic Stresses


Plants are continuously exposed to a wide range of adverse environmental conditions, including drought, extreme temperature, atmospheric pollutants, salinity, heavy metals, nutrient deficiencies, and pathogens, among other factors, which usually limit agricultural production considerably. It is well known that many of these stresses may lead to an oxidative stress characterized by uncontrollable overproduction of ROS that generates molecular damage in proteins, lipids, and nucleic acids. However, it is also well documented that all these stresses trigger an imbalance of RNS production [8,61,62]. Nevertheless, in all these mechanisms of response it is important to elucidate if any of these reactive species act as signal molecules or could promote cellular damage. Moreover, the close metabolic interplay between these two families of molecules (ROS and RNS) should be considered in which many enzymes involved in ROS metabolism are modulated either by nitration, S-nitrosation, or both [63]. Another example of the connection between ROS and RNS has been described in the enzymatic system involved in the generation of O2•− during pathogen infection. In Arabidopsis, this enzyme is the respiratory burst oxidase homologue (Rboh) D, also known as NADPH oxidase, which can undergo a process of S-nitrosation at Cys890, which provokes its inhibition and, consequently, the lower production of O2•− [64].




5. Plant NO and Surrounding Atmosphere


Thus far, the available information about the interchange (emission and uptake) of NO between plants with the surrounding atmosphere is relatively scarce [65]. One of the first observations on the capacity of plants to release NO to the atmosphere was detected in soybean plants treated with herbicides [66]. Years later, this phenomenon was also observed under physiological conditions [67]. However, the physiological reasons of this emission are not clear and some authors consider that it could be a mechanism to eliminate the excess of nitrite, thus avoiding its toxicity. In relation to the atmospheric NO uptake by plants, there are several potential concerns considering that the absorption of NO could mimic the function of the endogenous NO or substitute a potential NO deficiency [68,69]. In any case, one of the beneficial effects of this NO uptake by plants is that it can reduce the overall concentration of NOx in the atmosphere and potentially improve the air quality [70].




6. Potential Agricultural Applications of NO


The number of reports showing the beneficial effects of exogenous application of NO by different procedures is increasing with time. Thus, it has been demonstrated that the provision of exogenous NO can mitigate the adverse effects of different environmental stresses such as heavy metal stress, salinity, or UV radiation, regulates seed germination, delays fruit ripening, and increases shelf-life and improved life quality of detached flowers [71]. It is remarkable that, in many cases, the beneficial effects of NO are through the stimulation of the antioxidant systems [57,72,73] which, again, highlights the close interrelationship between RNS and ROS metabolisms.




7. Conclusions and Future Perspectives


In plants, NO and its RNS-derived family have become a new area of research since they have multiple interactions under physiological and adverse stress conditions. Moreover, our knowledge about the potential beneficial effects of the exogenous application of NO throughout different approaches, either by gas or using NO donors, which allows palliating adverse effects of plant of agronomical interest in different areas (alleviating heavy metals contaminations, improving seed germination, or extending postharvest management of fruits and vegetables) opens new avenues of research. Although significant advances have been obtained about the NO roles in higher plants, there are still challenges to understand how NO and derived molecules can function at the molecular level and how the intimate mechanisms of interaction with other signaling molecules work out.
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Figure 1. Outline of nitric oxide (NO) metabolism in plant cells. Nitric oxide can be generated, among others, by either nitrate reductase (NR) or by l-arginine-dependent nitric oxide synthase (NOS). Then, NO can react with reduced glutathione (GSH) to form S-nitrosoglutathione (GSNO) through a process of S-nitrosation (S-nitrosylation). This metabolite can be converted by the enzyme S-nitrosoglutathione reductase (GSNOR) into oxidized glutathione (GSSG) and NH3. GSNO and other S-nitrosothiols can interact with specific protein sulfhydryl groups (P-SH) to produce S-nitrosated proteins (P-SNO) in a process called S-transnitrosation, which can mediate signaling processes. Nitric oxide also interacts rapidly (K ~ 1010 M−1 s−1) with superoxide radicals (O2•−) to generate peroxynitrite (ONOO−), a powerful oxidant molecule that can mediate the tyrosine nitration of proteins (P-Tyr-NO2) and also the nitration of fatty acids (NO2-FAs). Alternatively, NO in the presence of oxygen is converted into dinitrogen trioxide (N2O3) and nitrogen dioxide (NO2) which, in aqueous solutions, are transformed into nitrite and nitrate. Nitric oxide and related molecules could be part of cell signaling or nitro-oxidative stress processes. 
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Figure 2. Nitric oxide (NO) content decreases during ripening of sweet pepper (Capsicum annum L.) fruits and senescence of pea (Pisum sativum L.) leaves. (a) Phenotype of pepper fruits at different ripening stages: green, breaking point and red); (b) Pea leaves from young and senescent pea plants (reproduced with permission from Photosynth. Res. (2013) 117: 221–234 [60] by Springer Nature and Copyright Clearance Center). 
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