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Nitric oxide (NO) and various reactive nitrogen species (RNS) produced in cells in normal growth 

conditions and their enhanced production under stress conditions, are responsible for a variety of 

biochemical aberrations. Present findings demonstrate that sunflower seedling roots exhibit high 

sensitivity to salt stress in terms of nitrite accumulation. A significant reduction in S-nitrosoglutathione 

reductase (GSNOR) activity is evident in response to salt stress. Restoration of GSNOR activity with 

dithioerythritol (DTT) shows that the enzyme is reversibly inhibited under conditions of 120 mM NaCl. 

Salt stress mediated S-nitrosylation of cytosolic proteins was analyzed in roots and cotyledons using 

biotin switch assay. LC-MS/MS analysis revealed opposite patterns of S-nitrosylation in seedling 

cotyledons and roots. Salt stress enhances S-nitrosylation of proteins in cotyledons whereas roots exhibit 

denitrosylation of proteins. Highest number of proteins having undergone S-nitrosylation belonged to the 

category of carbohydrate metabolism followed by other metabolic proteins. Of the total 61 proteins 

observed to be regulated by S-nitrosylation, 17 are unique to cotyledons, 4 are unique to roots whereas 

40 are common to both. Eighteen S-nitrosylated proteins are being reported for the first time in plant 

systems, including pectinesterase, phospholipase D alpha and calmodulin. Further physiological analysis 

of glyceraldehyde-3-phosphate dehydrogenase and monodehydro-ascorbate reductase showed that salt 

stress leads to a reversible inhibition of both these enzymes in cotyledons. However, seedling roots 

exhibit enhanced enzyme activity under salinity stress. These observations implicate the role of S-

nitrosylation and denitrosylation in NO signaling thereby regulating various enzyme activities under 

salinity stress in sunflower seedlings. 
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Abbreviations- RNS, Reactive nitrogen species; GSNOR, S-nitrosoglutathione reductase; SNO, S-

nitrosothiol; GSNO, S-nitrosoglutathione; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; 

MDHAR, Monodehydroascorbate reductase; DTT, Dithioerythritol; NO, Nitric oxide; BST: Biotin 

switch technique 

 

 

 

 

 

Introduction 

Nitric oxide is a bioactive, gaseous free radical which plays critical roles as a diffusible intracellular 

signaling molecule in plant and animal cells. ubiquitous signaling molecule involved in various 

biochemical and physiological processes in plants (Neill et al. 2003, Mur et al. 2013). Nitric oxide is 

endogenously produced through established biochemical routes namely, action of arginine- dependent 

enzymatic pathway, nitrite reduction by nitrate reductase or in the apoplast through non-enzymatic 

mechanisms (del Rio et al. 2004). Thus, nitrite content in plant tissues indirectly correlates with the level 

of nitric oxide. Nitrite is considered as a biomarker of NO metabolism, thereby necessitating the 

quantification of nitrite levels in various plant organs and tissues (Salgado et al. 2013). NO has been 

shown to play critical role in seed germination (Beligni and Lamattina 2000), flowering (He et al. 2004), 

induction of lateral roots (Creus et al. 2005), abiotic and biotic stress tolerance (Jain and Bhatla 2017), 

adventitious root formation (Yadav et al. 2010) and various hormonal responses (Zhou et al. 2005). 

Nitric oxide-induced signaling is mediated through generation of a variety of molecules collectively 

termed as reactive nitrogen species (RNS). These include peroxynitrite (ONOO-), NO2, GSNO and 

N2O3 (Corpas and Barroso 2013). All these RNS serve as nitrosative stress biomarkers in plants, and 

together with reactive oxygen species (ROS), their overproduction may be involved in cell 

damage/death. NO and various RNS produced in cells in normal conditions and their enhanced 

production under stress conditions is responsible for a variety of biochemical aberrations most of 

which are caused by post-translational modifications (PTMs) of proteins.  

S-nitrosylation is an established and important PTM in context of NO-mediated signaling in plants. It 

involves covalent attachment of NO to thiol groups of cysteine residues leading to the production of S-

nitrosothiols (SNOs) which further play roles in signaling, transport and storage of NO. S-nitrosothiols 

(SNOs) are highly unstable and can thus be quickly diminished by low-molecular weight thiols, like 

glutathione (GSH). They are capable of mediating S-nitrosylation of specific target proteins and are 

involved in storage and transport of nitric oxide (Wang et al. 2006). Because of the labile nature of 

SNOs, the extent of S-nitrosylation of a protein is governed by the rate of nitrosylation and 

denitrosylation (Benhar 2015). Denitrosylation can occur both by enzymatic and non-enzymatic 

processes. Nitrosoglutathione reductase (GSNOR) is so far the most worked out and an established 

enzyme known to control nitrosylation in both plant and animal systems (Benhar et al. 2009, Xu et al. 
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2013). GSNOR indirectly affects the extent of protein nitrosylation by modulating the intracellular 

levels of GSNO by catalyzing the reduction of GSNO to GSSG and ammonia in the presence of GSH 

(Kubienova et al. 2013). Impaired activity of GSNOR leads to increased levels of nitrosylated proteins 

in Arabidopsis thereby indicating the role of this enzyme in maintaining the levels of nitrosothiols in 

plant cells. Homeostasis of endogenous NO and RSNO appears to be strongly modulated by GSNOR 

(Feechan et al. 2005). A signaling role for GSNOR has also been proposed in plants and animals 

(Rusterucci et al. 2007). Plant stress responses observed to be modulated by GSNOR include disease 

resistance (Feechan et al. 2005), cell death (Chen et al. 2009) and protection against nitrosative stress 

(Lamotte et al. 2005). GSNOR activity has been observed to be induced by mechanical wounding, 

darkness and low and high temperatures (Corpas et al. 2008, Chaki et al. 2011). S-nitrosylation 

positively or negatively regulates enzyme activity by affecting protein function, cellular localization 

and stability (Astier et al. 2012).  

A variety of abiotic stress conditions bring about noteworthy modulation of S-nitrosylation of proteins 

(Jain and Bhatla 2017). These include hypoxia (Perazzolli et al. 2004), low temperature (Abat and 

Deswal 2009), salt stress (Tanou et al. 2009, Camejo et al. 2013), dessication (Bai et al. 2011) and 

high light (Lin et al. 2012). Among all these, S-nitrosylation has been most intensively examined 

under saline conditions. In vitro S-nitrosylation of proteins using NO donors such as, GSNO, has been 

studied in various plant species (Lindermayr et al. 2005). Although several studies have reported the 

impact of salt stress on total proteome in various plant species, reports on the modulation of S-nitroso 

proteome in the presence of NaCl are limited. A small proportion of S-nitrosylated proteome modified 

by NaCl stress has been shown in Arabidopsis (Wawer et al. 2010, Fares et al. 2011). In Pisum 

sativum, however, a detailed proteomic study of mitochondrial proteins revealed a reduction of S-

nitrosylation in response to salt treatment (Camejo et al. 2013). Proteins of the pathways of 

photorespiration, respiration and antioxidant enzymes have been observed to exhibit changes in the 

pattern of S-nitrosylation (Fares et al. 2011, Camejo et al. 2013). Earlier reports suggest that S-

nitrosylation generally leads to reduction of enzyme activity in plants (Abat and Deswal 2009). 

However, denitrosylation has been shown to activate enzyme activity (Mannick et al. 1999). S-

nitrosylation and denitrosylation together regulate the activities of various enzymes, especially under 

conditions of abiotic and biotic stress. Biotin switch technique (BST), developed by Jaffrey and 

Snyder (2001), is the most widely used method for identification of S-nitrosylated proteins. LC-

MS/MS analysis coupled with biotin switch method allows identification of target proteins 

undergoing S-nitrosylation.  

Author’s laboratory has been engaged in extensive research over the past more than a decade in 

understanding physiology and biochemistry of oil body mobilization and its associated signaling 

mechanisms during seedling growth in sunflower (Sadegipour and Bhatla 2002, 2003), developing 

novel tools and methodologies for localization and biochemical detection of lipase (Gupta et al. 2003, 

Gupta and Bhatla 2005), phospholipase (Gupta and Bhatla 2007), lipoxygenase (Yadav and Bhatla 
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2011) and protease (Sadegipour and Bhatla 2003, Vandana and Bhatla 2006). In continuation of our 

deeper understanding of the signaling mechanisms associated with seed germination in this important 

oilseed crop, over the past decade we have further undertaken critical analysis of various salt stress 

tolerance mechanisms in sunflower seedlings, both as a rapid response to salt and also in long 

distance sensing of salt stress by the seedling cotyledons. In this context, we have very recently 

reported the crucial role of superoxide dismutase (Arora and Bhatla 2015), glutathione reductase 

(Kaur and Bhatla 2016) and heme oxygenase (Singh and Bhatla 2016) in modulating salt stress 

tolerance by sunflower seedlings in coordination with endogenous NO. Thus, on the basis of these 

strong evidences available from our previous publications on NO crosstalk with the above stated ROS 

scavenging enzymes, our current objective is to understand further these molecular interactions at the 

proteome level. In view of the crucial role known to be played by nitrite accumulation in the tissue, its 

correlation was also analyzed in seedling roots and cotyledons in response to salt stress. NaCl (120 

mM) stress-induced modulation of nitrosothiol content and S-nitrosoglutathione reductase (GSNOR) 

was compared in seedling roots and cotyledons. In order to understand the role of nitric oxide in 

abiotic stress signaling, a comparative analysis of the status of S-nitrosylation in control and salt stress 

sunflower seedlings was undertaken. In terms of the extent of S-nitrosylation, many proteins of 

primary metabolism, cytoskeletal proteins, regulatory proteins, defense-related, transport, chaperones 

and other metabolic proteins exhibited significant modulation in the extent of their S-nitrosylation. 

These differential expression patterns in terms of S-nitrosylation have been discussed with reference 

to the impact of salt stress and its long-distance sensing. 

 

Materials and methods 

Seed germination and treatments 

Sunflower seeds (Helianthus annuus, var. KBSH 54) were washed with a liquid detergent and kept 

under running tap water for 1 hr. Seed sterilization was done using 0.005% mercuric chloride (HgCl2) 

and sterilized seeds were then imbibed in distilled water for 2 h which were thereafter sown on pre-

soaked germination paper in plastic trays. Seedlings were grown in dark at 25°C and were irrigated with 

half-strength Hoagland nutrient solution. A treatment of sunflower seedlings with 120 mM NaCl 

supplemented in Hoagland medium is based on our earlier investigations on the extent of salt stress 

tolerance by sunflower seedlings at varying concentrations of NaCl (20-180 mM). Based on these earlier 

findings, 120 mM has been adopted for all further experiments since at this concentration the seedling 

survives though it shows significant reduction in growth. Any further increase in NaCl concentration 

leads to seedling death. So we are working at a concentration at which the seedling is able to tolerate salt 

stress provided. Salt treatment was provided by supplementing Hoagland solution with 120 mM NaCl 

according to David et al. (2010). Cotyledon and root tissues from seedlings showing uniform growth 

pattern (hypocotyl length and root growth) were harvested and stored at -80o C until further use. Present 

work is focused on the analysis of roots and cotyledons of 2-day old seedling only so as to monitor 
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various biochemical changes expected as rapid signaling response (within 48 hrs of salt application) both 

in the vicinity of the NaCl molecules in solution (i.e., roots) and also the effect of NaCl over long 

distance signaling response (transcellular, from roots to cotyledons). 

Determination of nitrite and nitrosothiol contents 

The amount of nitrite and nitrosothiol was determined using Sievers’ Nitric Oxide Analyzer (NOA 280i, 

Munich, Germany). 500 mg root and cotyledon tissues were powdered in liquid nitrogen and mixed 

with 1 ml extraction buffer (50 mM Tris-HCl pH 7.5, 10 mM NEM, 2.5 mM EDTA) and followed by 

centrifugation twice at 10,000 g for 20 min each at 40C. 100 µl and 200 µl of the homogenate for nitrite 

and nitrosothiol content measurements, respectively, were injected into the reaction vessel which was 

filled with Trijodide solution containing iodine, potassium iodide and acetic acid. The homogenate was 

pre-treated with 5% sulfanilamide (prepared in 1 M HCl) to remove nitrite for measurement of SNO 

content. Sievers NO Analysis Software (v3.2) was used to quantify nitrite and SNO contents by 

integrating peak areas and using standard curve of nitrite. Standard curve was generated using known 

concentrations of sodium nitrite. 

Analysis of S-nitrosylated proteins by Biotin Switch Technique (BST) 

S-nitrosylated proteins were isolated and purified using Biotin Switch Technique (BST), according to 

Lindermayr et al. (2005). Cotyledon and root tissues were ground to fine powder with liquid nitrogen 

and homogenized in grinding medium (50 mM Tris-HCl, 1 mM EDTA, 0.1 mM Neocuproine pH-7.8). 

The homogenate was centrifuged at 10 000 g for 20 min at 4°C to obtain total soluble protein (TSP). 

Protein was quantified according to Bradford (1976) and protein concentration was adjusted to 1 mg.ml-

1. Samples were then treated with 250 µM GSNO for 30 min at RT in dark. Samples treated with H2O 

served as negative controls. All protein samples were treated with 25 mM MMTS 

(methylmethanethiosulphonate), 2.5% SDS and incubated at 50ºC for 20 min with frequent vortexing. 

Acetone precipitation of proteins was undertaken to eliminate residual MMTS. 1 mM sodium ascorbate 

(reducing agent) and 1 mM biotin-HPDP (to biotinylate the proteins) were then added and samples were 

mixed thoroughly and incubated at 37ºC for 1 hr. Acetone precipitation of proteins was done again to 

remove excess biotin and ascorbate. The biotin-labelled S-nitrosylated proteins were then subjected to 

Western blot analysis or were purified by affinity chromatography. 

Western blot analysis for detection of biotin-labelled S-nitrosylated proteins 

The acetone precipitated biotin-labelled proteins were resuspended in HENS buffer (25 mM HEPES, 1 mM 

EDTA, 0.1 mM neocuproine and 1% SDS, pH- 7.7). Protein was mixed with non-reducing Laemmli buffer 

containing 0.06 M Tris, pH 6.8, 10% (v/v) glycerol, 0.008% (w/v) bromophenol blue and loaded on 10% 

gel for separation of proteins using Miniprotean Tetra Cell (Biorad, Hercules, CA). Electrophoresis was 

performed at 75V for 0.5 h, on 100V for 0.5 h and 150V for 2 hrs. After electrophoresis, the gel was taken 

out of the cassette and washed in transfer buffer (0.025 M Tris, 0.192 M glycine, 0.1% (w/v) SDS and 20% 

methanol) at 4°C for at least 15 min. The gel was subjected to Western blot transfer of proteins onto NC 

membrane at a current of 400 mA for 1 h at 4°C to achieve complete transfer of proteins (as judged by 
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Ponceau staining). The blot with transferred proteins was then incubated in blocking buffer [3% BSA, 0.2% 

Tween 20 in TBS] for 2 hrs at RT. The membrane was then incubated overnight with anti-mouse 

monoclonal antibody against biotin conjugated with alkaline phosphatase enzyme (anti-biotin antibody 

obtained from Sigma-Aldrich, St. Louis, MO) in a dilution of 1:10000 in blocking buffer, at 4°C on an 

orbital shaker. Thereafter, the membrane was washed in wash buffer (0.2% Tween-20 in TBS) three times 

for 5 min each and developed using freshly prepared BCIP/NBT (1 Sigma Fast tablet dissolved in 10 ml 

milliQ water) for 10–15 min. Once the desirable color intensity was obtained, the membrane was placed in 

MilliQ water.  

Affinity chromatography for purification of biotinylated proteins 

The biotinylated proteins were purified by affinity chromatography according to Sell et al (2008). The 

proteins resuspended in HENS buffer were mixed with 2 volumes of neutralization buffer (25 mM 

HEPES pH 7.7, 0.5% Triton-X-100, 1 mM EDTA, 100 mM NaCl). 30 μl of equilibrated neutravidin 

agarose slurry/mg protein was then added to the protein mixture incubated at RT for 1–2 h with gentle 

shaking. The protein sample was centrifuged at 100 g for 5 minutes and supernatant was removed. The 

beads attached to biotinylated proteins were washed twice with 20 volumes of washing buffer (25 mM 

HEPES pH 7.7, 1 mM EDTA, 600 mM NaCl, 0.5% Triton-X-100). After washing out non-specific 

proteins, the proteins bound to the matrix were eluted by incubating for 20-30 min with 100 mM β-

mercaptoethanol in neutralization buffer. The sample was centrifuged and the supernatant (containing S-

nitrosylated proteins) was stored at -20ºC until further analysis. 

Proteomic analysis of S-nitrosylated proteins 

The preparation of samples and mass spectrometric analysis of S-nitrosylated proteins was done 

according to Merl et al. (2012) and von Toerne et al. (2013). The proteins were first purified using 1D 

Gel clean-up kit. Protein was quantified using BCA protein assay and 30 µg of each sample was loaded 

on 12% SDS-PAGE gel. The gel with resolved proteins was then fixed and stained with Coomassie 

Brilliant Blue. Complete lanes were subjected to in-gel digestion. The gel was cut into cubes and gel 

pieces were then destained by washing for 10 min in 60% acetonitrile (ACN) and then with water for 10 

min. The gel cubes were then dehydrated by further incubating with 100% acetonitrile (ACN) for 10 

min. 5 mM DTT was then added and gel pieces were incubated at 60ºC for 10 min to reduce the 

proteins. The reduced proteins were then incubated with 25 mM iodoacetamide solution for 15 min at 

RT in dark. The excess DTT and IAA were removed by incubating the samples with 100% ACN for 10 

min and samples were washed three times with 50 mM ammonium bicarbonate (ABC), 100% ACN and 

60% ACN. The washed samples were air dried at 37ºC for 15 min and 0.01 µg.µl-1 trypsin solution 

(Sigma Aldrich, St. Louis, MO) in 50 mM ABC was added and incubated for 10 min. Further, 25 mM 

ABC was added and the solutions were left overnight at 37ºC. The proteins were then eluted from the 

gel using 60% ACN/0.1% TFA and incubating for 15 min with gentle shaking. The supernatant so 

obtained was then transferred to a new tube and remaining gel pieces were incubated with 99.9%/0.1% 

TFA solution for 30 min. The supernatants containing the eluted peptides were then dried in speedvac 
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and stored at -200C until further analysis. The pre-fractionated dried samples were dissolved in 2% 

ACN/0.5% TFA and incubated at RT for 30 min under agitation. LC-MS/MS analysis was performed 

on a LTQ-Orbitrap XL (Thermo Scientific, Waltham, MA). Samples were injected automatically and 

loaded onto the trap column and peptides were eluted after 5 min and separated on an analytical column 

by reversed phase chromatography operated on nano-HPLC (Ultimate 3000, Dionex, Thermo Scientific, 

Waltham, MA) with a non-linear 170 min gradient using 5 % ACN in 0.1 % formic acid in water (A) 

and 0.1 % formic acid in 98 % ACN (B) at a flow rate of 300 nl min-1.  The gradient settings were: 5–

140 min:  14.5-90% A, 140–145 min: 90% A - 95 % B, 145–150 min: 95 % B and followed by 

equilibration for 15 min to starting conditions. From the MS prescan, the 10 most abundant peptide ions 

were selected for fragmentation in the linear ion trap if they exceeded an intensity of at least 200 counts 

and were at least doubly charged. During fragment analysis, a high-resolution (60 000 full-width half 

maximum) MS spectrum was acquired in the Orbitrap with a mass range from 200 to 1500 Da. For 

peptide identification, Swiss-Prot database was used and results were displayed using Scaffold software. 

S-nitrosoglutathione reductase (GSNOR) activity assay 

GSNO reductase activity was measured spectrophotometrically according to Sakamoto et al (2002) by 

monitoring the rate of NADH oxidation in the presence of GSNO at 340 nm.  Briefly, protein was 

extracted from cotyledon and root tissues (1 g each) in 1 ml extraction buffer (0.1 M Tris-HCl pH 7.5, 

10% glycerol, 0.1 mM EDTA, 0.2% Triton X-100 and protease inhibitor cocktail). The homogenate 

obtained was then centrifuged at 10 000 g for 20 min at 4˚C to get total soluble protein (TSP). Protein 

concentration was measured using Bradford reagent (Bradford 1976). Aliquot from each sample 

containing 50 µg protein was added to reaction mixture containing 20 mM Tris-HCl buffer (pH 8.0), 0.2 

mM NADH and 0.5 mM EDTA. Reaction was started by adding 0.5 mM GSNO and absorbance was 

recorded for 5 minutes at 340 nm. Enzyme activity was calculated using molar extinction coefficient for 

NADH (6.22 mM-1 cm-1). 

Native PAGE for analysis of S-nitrosoglutathione reductase (GSNOR) activity 

Protein extracted and quantified as described above was loaded for single dimension separation on a 6% 

vertical native polyacrylamide gel at 4°C (conditions: 75V for 20 minutes, 150 V for 2 h) using 

Miniprotean Tetra Cell (Biorad, Hercules, CA). The gel with resolved proteins was soaked in 0.1 M 

sodium phosphate buffer, pH 7.4, containing 2 mM NADH, for 15 min, in an ice-bath. Excess buffer 

was drained and gels were covered with filter paper strips soaked in freshly prepared 3 mM GSNO. 

After 10 min, the filter paper was removed and gels were exposed to ultraviolet radiation (340 nm) and 

analysed for the disappearance of the NADH fluorescence due to GSNOR activity (Chaki et al. 2011b). 

Western blot analysis of S-nitrosoglutathione reductase (GSNOR) 

Protein was extracted and quantified as described above was constituted in reducing Laemmli buffer and 

loaded on 12% precast gels (Biorad, Hercules, CA) (conditions: 75V for 20 minutes, 150 V for 2 h) 

using Miniprotean Tetra Cell (Biorad, Hercules, CA). The gel with resolved proteins was then washed in 

transfer buffer [0.025 M Tris, 0.192 M glycine, 0.1% (w/v) SDS and 20% methanol] at 4°C for at least 
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15 min. The gel was subjected to a current of 400 mA for 1 h at 4˚C to achieve complete transfer of 

proteins onto NC membrane. Subsequently the blot with transferred proteins was then incubated in 

blocking buffer (3% BSA, 0.2% Tween 20 in PBS, pH 7.4) for 2 hrs at RT. The membrane was then 

incubated with a rabbit polyclonal antibody against GSNOR (anti-GSNOR antibody obtained from 

Agrisera, Vännäs, Sweden) in a dilution of 1:2000 in blocking buffer, for overnight at 4°C on an orbital 

shaker. Thereafter, the membrane was washed in wash buffer (0.2% Tween-20 in TBS) three times for 5 

min each and incubated in secondary antibody (antirabbit IgG conjugated to alkaline phosphatase 

antibody, Sigma-Aldrich Chemicals Pvt. Ltd., St. Louis, MO) (1:2500 in wash buffer) for 1 h at RT on 

an orbital shaker. Finally, the membrane was washed in wash buffer three times for 5 min each and 

developed using freshly prepared BCIP/NBT (1 Sigma Fast tablet dissolved in 10 ml MilliQ water) for 

10–30 min.  

Glyceraldehyde-3- phosphate dehydrogenase (GAPDH) activity assay 

Glyceraldehyde-3- phosphate dehydrogenase (GAPDH) activity was measured according to Lindermayr 

et al. (2005) by estimating the increase in absorbance due to reduction of NAD + to NADH. Cotyledons 

(500 mg) and roots (1 g) were ground to fine powder with liquid nitrogen and homogenized in grinding 

medium (0.1 M Tris-HCl, pH 7.5). The homogenates were then centrifuged at 10 000 g for 20 min at 4°C 

to obtain total soluble proteins (TSPs). The supernatant obtained was treated with 10 mM DTT, 250 µM 

GSNO and 250 µM GSH for 20 min at RT. Residual DTT and GSNO was removed using PD-10 

desalting columns. Protein was quantified according to Bradford (1976). Each aliquot containing 150 µg 

protein was added to a reaction mixture containing 0.1 M Tris-HCl, 50 µM arsenate, 100 µg. ml-1 

glyceraldehyde-3-phosphate and the reaction volume was adjusted to 950 µl. The reaction was initiated 

by addition of 50 µl of 10 mM of NAD + and the change in absorbance was monitored at 340 nm for 1 

min. Enzyme activity was calculated using extinction coefficient of 6.22 mM-1cm-1 for NADH. One unit 

of enzyme activity was defined as the amount of enzyme required to reduce 1 mM NAD + min -1 at 25°C. 

Monodehydroascorbate reductase (MDHAR) activity assay 

Spectrophotometric estimation of monodehydroascorbate reductase (MDHAR) activity was done 

according to Hossain et al. (1984), with some modifications. Cotyledons (500 mg) and roots (1 g) 

harvested from etiolated seedlings were homogenized in grinding medium (0.1 M Tris-HCl, pH 7.0). The 

homogenates obtained after centrifugation at 10 000 g for 20 min at 4ºC were treated with 10 mM DTT, 

250 µM GSNO and 250 µM GSH for 20 min at RT. Residual DTT and GSNO was removed using PD-

10 desalting columns. Protein content was estimated according to Bradford (1976). Total soluble 

proteins (TSPs) obtained from respective samples were analyzed for MDHAR activity by measuring 

decrease in absorbance due to oxidation of NADH at 340 nm. The reaction mixture (1 ml) contained 0.1 

M Tris-HCl (pH 7.0), 2.5 mM ascorbate, 0.2 mM NAPH and sample. The reaction was initiated by 

addition of 1 U of ascorbate oxidase and thereafter, monitoring the change in absorbance at 340 nm for 1 

min. Enzyme activity was calculated using extinction coefficient of 6.22 mM -1 cm-1 for NADH. One unit 
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of enzyme activity was defined as the amount of enzyme required to oxidize 1 mM NADH min-1 at 

25°C. 

Statistical analysis 

The S-nitroso protein intensities in both control and salt treated samples were normalized and log 2-fold 

changes (salt-treated/control) were calculated before comparison. SPSS 22.0 statistical program (SPSS 

Inc, Chicago, IL) was used for statistical analysis of the data. Effects of various treatments were 

analyzed using one-way ANOVA. The effects of treatments were accordingly categorized into various 

levels of significance (*p < 0.05, **p < 0.01 and ***p < 0.001). All experiments were performed at least 

thrice. 

 

Results 

Seedling roots exhibit much higher sensitivity to salt stress than cotyledons in term of nitrite 

accumulation 

Analysis of 2-day old, dark-grown sunflower seedling cotyledons and roots raised in the absence or 

presence of 120 mM NaCl showed striking differences in the content of nitrite in the respective control 

tissues (Fig. 1). In general, cotyledons were observed to be low accumulators of nitrite in contrast with 

roots. Roots had almost 23-fold higher nitrite content in the control seedlings. Additionally, salt stress 

sensitivity of roots was also much higher than that of cotyledons in terms of its impact on nitrite 

accumulation. Thus, as compared to the respective controls, salt stressed roots exhibited 71.5% increase 

in nitrite content as compared to 27% in cotyledons. To sum up, salt stress-sensitized accumulation of 

nitrite content in seedling roots and cotyledons may be considered an index/marker of nitrosative stress. 

Roots and cotyledons exhibit similar sensitivity for accumulation of nitrosothiols in response to salt 

stress 

In absolute terms nitrosothiol content in the homogenates derived from seedling roots was found to be 3-

fold higher than seedling cotyledons (control conditions). Roots derived from seedlings subjected to 120 

mM NaCl stress exhibited further increase in nitrosothiol content by 61% (Fig. 1). Seedling cotyledons 

also exhibited a substantial increase in nitrosothiol content in response to salt stress (72% of control). 

Thus, it is evident that both the tissue systems exhibit almost similar sensitivity for nitrosothiol 

accumulation in response to salt stress. 

120 mM NaCl reversibly inhibits GSNOR activity in sunflower seedling roots and cotyledons 

GSNOR activity and its protein abundance were analyzed in 2-day old, dark-grown sunflower seedlings 

cotyledons and roots grown in the absence or presence of 120 mM NaCl. GSNOR catalyzes the 

reduction of GSNO (a reservoir of NO) to oxidized glutathione (GSSG) and ammonium (NH4
+) using 

electrons from NADH. Spectrophotometric and zymographic (native-PAGE) analysis of GSNOR 

activity revealed that GSNOR activity is higher in cotyledons than in roots. A significant reduction 

(∼50%) in enzyme activity was evident upon salt treatment both in sunflower seedling roots and 

cotyledons both from spectrophotometric and zymographic analysis (Fig. 2). However, treatment with 10 
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mM DTT (a reducing agent) reversed the inhibitory effect of salt treatment on enzyme activity, thereby 

suggesting that some kind of reversible oxidative modification, such as S-nitrosylation or sulfenation, is 

involved in impairing the catalytic activity of GSNOR under salt stress conditions. Western blot analysis 

interestingly showed no difference in the protein content under salt stress conditions as well as after DTT 

treatment (Fig. 2). This shows that salt stress modulates the activity of GSNOR. However, the amount of 

protein remained unaltered. Restoration of GSNOR activity (up to 80%) with DTT both in seedling 

cotyledons and roots, further reveals that enzyme is regulated by S-nitrosylation. 

S-nitrosylation of cytosolic proteins in sunflower seedling roots and cotyledons is modulated both 

by salt stress and GSNO 

Raising sunflower seedlings in dark for 2 days in the absence or presence of 120 mM NaCl and also 

subjecting the 10 000 g supernatant from the homogenates of seedling roots and cotyledons to 250 µM 

GSNO revealed a general upregulation of the extent of S-nitrosylation of cytosolic proteins of varying 

molecular masses. Both salt stress and GSNO application brought about enhanced S-nitrosylation in 

sunflower seedling cotyledons as is evident from the indicated (arrowheads) 10 protein bands (Fig. 3). 

Compared to control (- NaCl), (+) NaCl condition (salt stress) led to enhanced S-nitrosylation in the 

homogenates which is further enhanced upon treatment with 250 µM of GSNO. In the case of seedling 

roots, the extent of S-nitrosylation of soluble proteins was less noteworthy than in cotyledons. Although 

enhanced S-nitrosylation was evident in most protein bands highlighted with arrow heads in response to 

salt stress and GSNO, proteins indicated in the highlighted zone clearly showed a downregulation of S-

nitrosylation as a response to GSNO treatment in both (-) NaCl and (+) NaCl conditions (Fig. 3). It is 

evident that S-nitrosylation of cytosolic proteins is a stronger biomarker of stress in seedling cotyledons 

than in roots thereby highlighting its role in long distance signaling. Samples treated with GSH and those 

devoid of ascorbate served as negative controls and these homogenates, therefore, did not exhibit any S-

nitrosylation of proteins. These results show that biotin switch method is a specific technique for 

detection of S-nitrosylated proteins. 

LC-MS/MS analysis of S-nitrosylated proteins reveals opposite trends in seedling cotyledons and 

roots 

Cotyledons and roots derived from 2-day old sunflower seedlings (-/+ 120 mM NaCl) were homogenized 

and 10 000 g supernatant was subjected to biotinylation followed by affinity chromatography to purify 

S-nitrosylated proteins. The eluates so obtained were subjected to LC-MS/MS analysis to study the 

impact of salt stress on S-nitrosylation of cytosolic proteins. A total of 61 proteins both from seedling 

roots and cotyledons were found to be S-nitrosylated (Table 1, 2). These proteins were grouped into 8 

functional categories namely, those belonging to carbohydrate metabolism, other metabolic proteins, 

chaperones, defense-related proteins, regulatory proteins, transport proteins, cytoskeletal proteins and 

miscellaneous proteins. In sunflower seedling cotyledons, highest number of proteins having undergone 

S-nitrosylation (37%) belonged to the category of carbohydrate metabolism followed by other metabolic 

proteins (18%), 9% each in the category of regulatory proteins, chaperones and defense-related proteins 
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and 5% and 3% belonged to transport and cytoskeletal proteins, respectively (Fig. 4). The relative 

distribution of S-nitrosylated proteins in seedling roots remained by and large similar to that observed in 

seedling cotyledons (Fig. 4). Thus, both the tissue systems respond in a similar manner in terms of the 

proportion of S-nitrosylation of proteins of different categories. It was further noted that 18 S-

nitrosylated proteins are being reported for the first time in plant systems of which 9 were common in 

both cotyledons and roots, 8 are specific to cotyledons only and 1 (calreticulin) was reported to be 

modulated by S-nitrosylation in roots (Table 3).  Of the total proteins being regulated by S-nitrosylation, 

17 are unique to cotyledons, 4 are unique to roots whereas 40 are common to both the tissue systems 

(Fig. 4). 

S-nitrosylation and denitrosylation together regulate GAPDH and MDHAR activity in sunflower 

seedling roots and cotyledons 

Spectrophotometric analysis of GAPDH and MDHAR activity in sunflower seedling cotyledons   

revealed that the activities of both the enzymes decrease in the presence of 120 mM NaCl. It was also 

observed that the inhibition of enzyme activity under salt stress was reversible and could be restored 

upon treatment with 10 mM DTT (reducing agent). Treatment of homogenates with 250 µM GSNO led 

to reduction in enzyme activity thereby suggesting the role of S-nitrosylation in regulating enzyme 

activity in seedling cotyledons (Fig. 5).  In case of sunflower seedling roots however, GAPDH and 

MDHAR activity increased in response to 120 mM NaCl stress. Treatment with 10 mM DTT led to 

restoration of enzyme activity in control homogenates (Fig. 5). 

Discussion 

Nitrite is considered as a biomarker of NO metabolism, thereby necessitating the quantification of nitrite 

levels in various plant organs and tissues (Salgado et al. 2013). The non-enzymatic production of NO 

from nitrite in acidic conditions has been demonstrated in the apoplast of aleurone layer in barley 

(Bethke et al. 2004), in tobacco leaves and cell suspensions (Planchet et al. 2005), in the leaf 

homogenates of Arabidopsis thaliana (Modolo et al. 2006) and in the chloroplasts of soybean leaves 

(Jasid et al. 2006). NO synthesis has also been reported by the action of nitrite-NO oxidoreductase (Ni-

NOR) activity in the root plasma membrane of Nicotiana tabaccum (Stöhr et al. 2001, Stöhr and 

Stremlau 2006). Present observations have demonstrated preferential nitrite accumulation in seedling 

roots than in cotyledons. Furthermore, nitrite level in the tissue is enhanced both in response to NaCl 

stress and NO donor treatment. Thus, nitrite accumulation serves as a biomarker of salt and/or 

nitrosative stress. An increase in the levels of nitrite has been observed in citrus plants subjected to 

various abiotic stress factors, including salinity (Ziogas et al. 2013). It has been suggested that elevated 

levels of nitrite promote its reduction to nitric oxide either enzymatically by the action of nitrate 

reductase (NR) or non-enzymatically at acidic pH (Yamasaki 2000, Rockel et al. 2002). Elevated levels 

of nitrite have also been reported in Arabidopsis leaves from NO-fumigated plants 

(Kuruthukulangarakoola et al. 2016). S-nitrosothiols (RSNOs), particularly GSNO, act as major 

intracellular reservoirs and carriers of nitric oxide in plants. Information on modulation of nitrosothiol 
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content in response to a specific stress is limited as compared to that available on alterations in NO 

content in response to abiotic or biotic stress (Leterrier et al. 2012a). Nitrosothiol content has been 

shown to regulate disease resistance in plants (Feechan et al. 2005). Salinity stress has been 

demonstrated to elevate total nitrosothiol content by 2-fold in olive plants (Valderrama et al. 2007). 

Similar observations have also been reported from the leaves of pea plants in response to mechanical 

wounding and low temperature (Corpas et al. 2008). Present observations also indicate an increase in 

total RSNO content upon 120 mM NaCl treatment in both seedling root and cotyledon tissues thereby 

suggesting role of RSNOs in plant response to salinity stress. Arabidopsis plants fumigated with NO 

also show 2.5 times higher RSNO levels than control plants suggesting that the endogenous level of NO 

rapidly increases after fumigation with NO (Kuruthukulangarakoola et al. 2016). SNOs are more stable 

as compared to NO in cell systems and participate in signal transduction pathway thus indicating the 

importance of this biomolecule in stress conditions. 

GSNO (S-nitrosoglutathione) is formed as a result of reaction between glutathione (GSH) and NO. The 

level of GSNO in plant cells is regulated by the activity of GSNOR (S-nitrosoglutathione reductase; EC 

1.1.1.284). It catalyzes the NADH-dependent reduction of GSNO to GSSG and NH4
+. In the recent past, 

GSNOR-mediated reduction of GSNO has been demonstrated in tobacco (Diaz et al. 2003), Arabidopsis 

(Sakamoto et al. 2002) and pea (Barroso et al. 2006). GSNOR activity and its gene expression have been 

shown to be downregulated in pea plants in response to cadmium stress (Barroso et al. 2006). The above-

stated earlier reports together with present observations on sunflower seedling roots and cotyledons 

indicate that in general plant tissues maintain a relatively higher level of SNOs. This can be attributed to 

both enhanced NO/nitrite level and downregulation of GSNOR activity in response to stress. This is 

evident through the present observations both in roots (which are in direct contact with the stress inducer, 

NaCl) as well as in cotyledons as a long-distance salt stress response. As evident from present 

observations, it has also been suggested earlier that a downregulation of GSNOR activity, leading to 

accumulation of RSNOs, may mediate nitrosative stress in plants (Airaki et al. 2011, Lee et al. 2008, 

Barroso et al. 2006). Signaling network controlled by salicylic acid has also been observed to be 

positively regulated by the modulation of cellular levels of S-nitrosothiols and GSNOR activity in 

Arabidopsis thaliana (Feechan et al. 2005). In this context transgenic plants of Arabidopsis exhibiting 

low GSNOR activity show enhanced resistance against Peronospora parasitica (Rusterucci et al. 

2007). Two cultivars of sunflower with different sensitivity to the pathogen Plasmopara halstedii also 

show difference in GSNOR activity (Chaki et al. 2009b). Detailed investigations undertaken by 

Kubienova et al. (2014) on the impact of a variety of stress factors (heat, cold, injury and light) have 

demonstrated the significance of GSNOR activity modulation both during normal plant development 

and also in response to a variety of abiotic stress conditions in Cucumis and Pisum sativum. These 

investigations highlighted diverse changes in GSNOR activity as well as the parallel changes in 

GSNOR protein levels. In contrast, present observations highlight the impact of salt stress on 

modulation of GSNOR activity without any noteworthy changes in GSNOR protein levels. 
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Present investigations on deciphering the qualitative and quantitative variations in the S-nitrosylation of 

cytosolic proteins from sunflower seedling roots and cotyledons in response to salt stress highlight 

noteworthy differences in the pattern and extent of their S-nitrosylation. Immunoblot analysis of S-

nitrosylated proteins in seedling cotyledons consistently shows accumulation in at least 10 protein zones 

in response to salt stress as well as GSNO treatment resolved by electrophoresis. The number of zones of 

proteins from root homogenates showing upregulation of S-nitrosylation in response to salt stress and 

GSNO treatment was, however, less than that in seedling cotyledons. Interestingly proteins in the 

indicated zone showed downregulation in response to GSNO treatment irrespective of salt stress. Vanzo 

et al. (2014) analyzed the abundance of S-nitrosylated proteins in callus and leaf extracts from poplar and 

observed enrichment of S-nitrosylation of several proteins in response to ozone stress. In the recent past, 

differential modulation of S-nitrosoproteome of Brassica juncea by low temperature revealed both 

enhanced S-nitrosylation of atleast 9 proteins and denitrosylation of 8 proteins (Abat and Deswal 2009). 

Similar pattern of S-nitrosylation was also observed in citrus plants in response to salinity (Tanou et al. 

2009). NaCl stress has been reported to bring about minor changes in the extent of S-nitrosylation of 

proteins in the homogenates from Arabidopsis cell suspensions (Fares et al. 2011). Furthermore, analysis 

of pea mitochondrial proteins showed a decrease in the extent of S-nitrosylation in response to short and 

long-term salt treatment (Camejo et al. 2013). Similar observations were also recorded in citrus plants in 

response to varied abiotic stress conditions (Ziogas et al. 2013). Present observations and earlier reports 

thus indicate that stress can lead to both enhanced S-nitrosylation and also denitrosylation of different 

proteins. In this context, it may be noted that GSNO reductase and thioredoxin/thioredoxin reductase 

have recently been classified as denitrosylases and these enzymes might themselves also be regulated by 

NO (Vanzo et al. 2014). Furthermore, non-enzymatic denitrosylation of proteins has also been reported 

in response to changes in the cellular redox environment (Singh et al. 1995). LC-MS/MS analysis of S-

nitrosylated proteins in sunflower seedlings shows that many enzymes belonging to primary carbohydrate 

metabolism undergo S-nitrosylation (upregulation in seedling cotyledons and downregulation in seedling 

roots). These enzymes belong to glycolysis, photorespiration, photosynthesis, tricarboxylic acid cycle, 

glyoxylate cycle and gluconeogenesis. Since these investigations have been undertaken on dark-grown 

seedling cotyledons and roots, the observed enhanced or decreased S-nitrosylation of various enzymes 

from the above-stated pathways is on expected lines. It is, however, not clear which of these enzymes upon 

getting S-nitrosylated or denitrosylated will show enhanced or reduced enzyme activity. S-nitrosylation of 

proteins is often observed to inhibit the enzyme activity while denitrosylation may promote the enzyme 

activity (Lindermayr et al. 2006, Romero-Puertas et al. 2007, Palmieri et al. 2010, Yun et al. 2011). Thus, 

denitrosylation may be associated with fast upregulation of various metabolic processes required to combat 

stress in seedling roots. This view, however, needs to be proved through further detailed biochemical 

analysis of the respective enzymes. It may further be noted that sunflower is an unconventional research 

material for proteomic analysis under abiotic stress on two accounts: 1. Most of the available data on 

proteomic analysis pertains to Arabidopsis, 2. Most of the cell volume in cotyledon tissue is filled with oil 
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bodies encased in a phospholipid monolayer impregnated with a variety of intrinsic and extrinsic structural 

and signaling proteins. Keeping these facts in view the noteworthy large number of enzymes exhibiting 

upregulation of S-nitrosylation highlights the metabolic tendency of the seedling cotyledons to modulate 

various carbohydrate biosynthetic and catabolic routes to enable the seedling to survive in the harsh 

conditions of salt stress. It may further be noted that most of these observations on S-nitrosylation of 

proteins are in agreement with earlier reports (Marcus et al. 2003, Lindermayr et al. 2005, Abat and Deswal 

2009, Abat et al. 2008, Tanou et al. 2012, Vanzo et al. 2014).  

Substantial S-nitrosylation of a variety of enzymes associated with carbohydrate metabolism in 

response to salt stress observed in the present work suggests that nitric oxide can modulate the 

concentration of various metabolites and energy balance in salt stressed seedlings. S-nitrosylation of 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH), triose phosphate isomerase and 

phosphoglycerate kinase has earlier been reported in Arabidopsis thaliana (Lindermayr et al. 2005). 

GAPDH exhibits S-nitrosylation dependent reversible modulation of enzyme activity, indicating how 

such a modification can affect protein function by the inactivation of cysteine residue in the active 

center of the protein (Padgett and Whorton 1995, Lindermayr et al. 2005). This enzyme is involved in 

various nuclear events such as RNA transport, DNA replication and transcription (Sirover 1999). S-

nitrosylation of cytosolic GAPDH has been shown to inhibit its catalytic activity (Holtgrefe et al. 2008, 

Zaffagnini et al. 2013). Phosphoribulokinase (PRK), an enzyme of the reductive pentose phosphate 

pathway, primarily functions to generate reducing equivalents (NADPH) and provides ribose 5-

phosphate for nucleotide biosynthesis. Thus, S-nitrosylation of such an enzyme (as observed in the 

present work) is likely to affect its above-stated functions. As also observed in the present work, 

RuBisCo, the key enzyme of Calvin-Benson cycle, has earlier been reported to exhibit S-nitrosylation of 

its large subunit in Arabidopsis in response to NO donor treatment (Lindermayr et al. 2005). The Cys 

residue in this subunit of RuBisCO residing adjacent to the active site is believed to play a role in the 

modulation of enzyme activity and degradation of the protein thereby altering its turnover (Marcus et al. 

2003). RuBisCO and triose phosphate isomerase have been characterized and shown to be inhibited by 

S-nitrosylation (Abat et al. 2008, Abat and Deswal 2009). Enzymes of TCA cycle, such as malate 

dehydrogenase and aconitase, were also found to be regulated by S-nitrosylation upon salt stress. Malate 

dehydrogenase is involved in ATP generation through NADH and it shows modulation of its S-

nitrosylation pattern accompanying salt stress in sunflower seedling cotyledons and roots (present 

work). Both malate dehydrogenase and aconitase have been earlier shown to be inhibited by S-

nitrosylation (Ortega-Galisteo et al. 2012). Present results along with supporting data from previous 

reports on S-nitrosylation of proteins in various plant proteins suggests that different enzymes involved 

in various plant metabolic pathways are regulated differentially in response to salt stress or NO donor 

treatment or any other kind of stress stimuli. 

In the category of “other metabolic proteins”, present observations on the modulation of the extent of 

S-nitrosylation/denitrosylation in sunflower seedling cotyledons and roots in response to salt stress are 
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in conformity with S-nitrosylation of adenosylhomocysteinase, methionine synthase and S-

adenosylmethionine synthetase in Arabidopsis (Lindermayr et al. 2005). These enzymes are part of 

methylMet cycle which provides activated methyl groups as SAM for methylation of various cell 

components such as flavonoids, lignin and DNA. SAM is also the precursor for ethylene biosynthesis in 

plants and S-nitrosylation of SAM synthetase or the associated enzymes of methylMet cycle are likely 

to mediate a crosstalk between NO and ethylene. A significant modulation of S-nitrosylation of 

chaperones in response to salt stress is evident in sunflower seedling cotyledons and roots, though in 

opposite manner. The common proteins getting modulated in this category in both the tissue systems 

include Hsp 90-1, endoplasmin homolog and luminal binding protein. Camejo et al. (2013) reported S-

nitrosylation of Hsp-90 from the mitochondrial proteins. Similar reports on S-nitrosylation of Hsp 70 

and Hsp 90 are also available (Lindermayr et al. 2005, Molassiotis et al. 2010, Fares et al. 2011). 

Calreticulin is a new report from the present work under the category of chaperones exhibiting 

denitrosylation in seedling roots in response to salt stress. In the category of defense-related proteins, 

well known ROS-scavenging enzymes have been found to be modulated by S-nitrosylation in both the 

tissue systems, although monodehydroascorbate reductase and annexin D1 are the two which are 

common to both the tissue systems and exhibit enhanced S-nitrosylation in cotyledons and 

denitrosylation in seedling roots. This observation highlights the significant role these two proteins 

might be playing in tolerating salt stress in direct contact with salt (roots) v/s long distance mechanisms 

to combat NaCl stress in seedling cotyledons through changes in ROS scavenging mechanisms. The 

other defense related proteins exhibiting modulation of the extent of S-nitrosylation/ denitrosylation in 

sunflower includes phenylalanine ammonia lyase and Mn-SOD in seedling roots (denitrosylation) and 

L-ascorbate peroxidase, 2-cys peroxiredoxin and catalase in seedling cotyledons (upregulation). In this 

context, Camejo et al. (2013) reported S-nitrosylation of Mn-SOD and peroxiredoxin in the 

mitochondrial proteins of pea 14 days after salinity stress. In citrus plants, salt stress leads to modulation 

of S-nitrosylation of Fe-SOD and Mn-SOD (Tanou et al. 2009). Furthermore, Marti et al. (2011) 

reported that pea plants subjected to salinity stress exhibited post-transcriptional and post-translational 

regulation of Mn-SOD, AOX and Prx II. In view of present observations on the modulation of S-

nitrosylation status of APX and MDAR in sunflower seedling cotyledons and roots, it may be possible 

that S-nitrosylation plays a critical role in the ascorbate-glutathione cycle. Both these enzymes are 

essential components of this pathway and they have been reported to be induced at the level of both 

transcription and translation in response to salt stress (Begara-Morales et al. 2014; 2015). Furthermore, 

APX has been found to be S-nitrosylated by salt stress leading to enhanced activity of the enzyme 

(Begara-Morales et al. 2014). These investigators reported that S-nitrosylation of APX at Cys-32 

enhanced its activity thereby promoting H2O2 turnover, causing enhanced resistance to oxidative stress. 

In contrast, blocking of S-nitrosylation results in reduction of APX activity (Begara-Morales et al. 

2014). S-nitrosylation of MDAR under salinity stress has earlier been found to inhibit enzyme activity. 

Differential status of S-nitrosylation of various ROS-scavenging enzymes suggests the role of these 
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enzymes in regulating cellular redox homoestasis. Changes in the S-nitrosylation status of various 

regulatory proteins observed in the present work as a response to salt stress suggests the possible role 

of nitric oxide in protein synthesis. Lindermayr et al. (2005) identified different elongation and initiation 

factors as targets for S-nitrosylation in Arabidopsis in line with present observation on sunflower 

seedlings. A variety of cytoskeletal proteins such as actin, actin polymerizing factor, tubulin alpha and 

tubulin beta have earlier been reported to undergo variations in S-nitrosylation in Arabidopsis 

(Lindermayr et al. 2005). Present work highlights both up- and downregulation of actin-2 and tubulin 

alpha 2 in sunflower seedling cotyledons and roots, respectively, in response to salt stress. The opposite 

trends of S-nitrosylation patterns of these cytoskeletal proteins in sunflower seedling roots and 

cotyledons signify the role of cytoskeleton filaments in transfer of rapid long distance signals in 

response to stress factors. Any conformational changes in the components of cytoskeleton due to S-

nitrosylation might affect loading of vesicles with various metabolites and their long distance transport. 

Quite a few novel proteins have also been identified as targets of S-nitrosylation in sunflower seedlings. 

These include pyruvate phosphate dikinase, oleosins, calmodulin, calreticulin, pectinesterases, 

aquaporin, phospholipase D, malate synthase, 11S globulin seed storage protein, citrate synthase and 

chaperones such as endoplasmin homolog, chaperone protein ClpB1.  

S-nitrosylation/denitrosylation together regulate the activities of various enzymes. It has been 

demonstrated that S-nitrosylation often leads to inhibition of enzyme activity while denitrosylation 

promotes enzyme activity (Lindermayr et al. 2006, Romero-Puertas et al. 2007, Belenghi et al. 2007, 

Palmieri et al. 2010). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 

monodehydroascorbate reductase (MDHAR) are two important regulatory enzymes which were found 

to be S-nitrosylated in sunflower seedling roots and cotyledons (present work). Salt stress-induced 

inhibition of GAPDH and MDHAR activity in sunflower seedling cotyledons correlates with LC-

MS/MS data. However, denitrosylation of proteins in seedling roots in the presence of 120 mM NaCl 

promotes activities of both the enzymes. Denitrosylation of proteins in sunflower seedling roots leading 

to increase in enzyme activity might act as an early response to salt stress. These results together 

highlight the role of both S-nitrosylation and denitrosylation by regulating enzyme activities during long 

distance sensing of salt stress in sunflower seedlings.  

To sum up, present observations have demonstrated that nitrite accumulation serves as a biomarker of 

salt and/or nitrosative stress. S-nitrosothiols (RSNOs), particularly GSNO, act as major intracellular 

reservoirs and carriers of nitric oxide in plants. Present observations also suggest the role of RSNOs in 

plant response to salinity stress. SNOs are more stable as compared to NO in cell systems and 

participate in signal transduction pathway thus indicating the importance of this biomolecule in stress 

conditions. In general, plant tissues maintain a relatively higher level of SNOs. This can be attributed to 

both enhanced NO/nitrite level and downregulation of GSNOR activity in response to stress (Fig. 2,3). 

Downregulation of GSNOR activity, leading to accumulation of RSNOs, may mediate nitrosative stress 

in plants. Stress can lead to both enhanced S-nitrosylation and also denitrosylation of different proteins. 
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In this context it may be noted that GSNO reductase and thioredoxin/thioredoxin reductase have 

recently been classified as denitrosylases and these enzymes might themselves also be regulated by NO. 

Furthermore, non-enzymatic denitrosylation of proteins has also been reported in response to changes in 

the cellular redox environment. 

LC-MS/MS analysis of S-nitrosylated proteins in sunflower seedlings has shown that many enzymes 

belonging to primary carbohydrate metabolism undergo S-nitrosylation (upregulation in seedling 

cotyledons and downregulation in seedling roots, Fig. 6). Further work is required to demonstrate which 

of these enzymes upon getting S-nitrosylated or denitrosylated will show enhanced or reduced enzyme 

activity. S-nitrosylation of proteins is often observed to inhibit the enzyme activity while denitrosylation 

may promote the enzyme activity. Thus, denitrosylation may be associated with fast upregulation of 

various metabolic processes required to combat stress in seedling roots. The noteworthy large number of 

enzymes exhibiting upregulation of S-nitrosylation highlights the metabolic tendency of the seedling 

cotyledons to modulate various carbohydrate biosynthetic and catabolic routes to enable the seedling to 

survive in the harsh conditions of salt stress. 
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