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ABSTRACT
Plant resilience to oxidative stress possibly operates through the restoration of intracellular redox milieu 
and the activity of various posttranslationally modified proteins. Among various modes of redox regula-
tion operative in plants cys oxPTMs are brought about by the activity of reactive oxygen species (ROS), 
reactive nitrogen species (RNS), and hydrogen peroxide. Cysteine oxPTMs are capable of transducing ROS- 
mediated long-distance hormone signaling (ABA, JA, SA) in plants. S-sulphenylation is an intermediary 
modification en route to other oxidative states of cysteine. In silico analysis have revealed evolutionary 
conservation of certain S-sulphenylated proteins across human and plants. Further analysis of protein 
sulphenylation in plants should be extended to the functional follow-up studies followed by site-specific 
characterization and case-by-case validation of protein activity. The repertoire of physiological methods 
(fluorescent conjugates (dimedone) and yeast AP-1 (YAP1)-based genetic probes) in the recent past has 
been successful in the detection of sulphenylated proteins and other cysteine-based modifications in 
plants. In view of a better understanding of the sulfur-based redoxome it is necessary to update our timely 
progress on the methodological advancements for the detection of cysteine-based oxPTM. This substan-
tiative information can extend our investigations on plant–environment interaction thus improving crop 
manipulation strategies. The simulation-based computational approach has emerged as a new method to 
determine the directive mechanism of cysteine oxidation in plants. Thus, sulfenome analysis in various 
plant systems might reflect as a pinnacle of plant redox biology in the future.
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1. Introduction

Plant resilience to oxidative stress is attained through a tight 
regulation of reactive oxygen species (ROS) and reactive nitro-
gen species (RNS) homeostasis which is mediated by various 
enzymatic and non-enzymatic mechanisms. The high amount 
of dissolved oxygen in the cells is associated with low potential 
electron carrier thus leading to the formation of an oxidizing 
environment. Reduction of molecular oxygen results in the 
formation of superoxide radicals which are readily metabolized 
by the activity of superoxide dismutase (SOD) to form hydro-
gen peroxide.1 A subtle change in the redox milieu of plant cells 
triggers a series of signaling responses which are mediated by 
ROS and RNS activity. Nitric oxide is produced by enzymatic 
and non-enzymatic pathways and can stoichiometrically react 
with superoxide anions and oxygen to produce RNS molecules 
like peroxynitrite (ONOO_) and dinitrogen trioxide (N2O3).2 

Pertubation of ROS homeostasis has been reported to be asso-
ciated with phytohormone signaling, wound response, osmotic 
adjustment, and various developmental processes like root 
growth (gravitropic) and pollen tube elongation.3–8

Among various mechanisms of ROS and RNS sensing in 
cells, their reactivity with protein cysteine residues appears to 
be a major oxidative post-translational modification (oxPTM) 
among living kingdoms.9,10 The differential state of oxidation 
of sulfur-containing amino acids in proteins result in the for-
mation of a wide range of oxPTMs like S-nitrosylation (-SNO), 

S-glutathionylation (-SSG), sulfhydration, sulfenylation (-SO2 
H), and sulfonylation (-SO3H) (Figure 1). The protein micro-
environment and pKa value of the cysteine-based sulfur atom 
determine the reactivity of their thiol groups. The thiolate form 
of cysteine side chains is highly prone to oxidation by ROS. An 
interesting review by Ref.11 states the chronological advance-
ments in the concept of reactive sulfur species (RSS) since 
2001. The author addresses various questions on the nature 
and function of RSS. These molecules have been stated to 
constitute a group of redox-active inorganic (sulfenic acid, 
sulfinic acid) and organic (disulfane) species. Organic RSS 
has been reported to be formed by reaction with H2S or oxida-
tive thiols (RSH) which in turn participate in various signaling 
processes in plant and animal cells. Cysteinyl-sulfenic acids are 
the primary molecules associated with redox signaling which 
further undergo various reversible and irreversible secondary 
modifications.

Various investigations across the last decade have enhanced 
our fundamental knowledge on the physiological role of cys 
oxPTM and protein sulfenylation in plants. Various qualitative 
and quantitative methodologies have been devised to perform 
the detection of sulphenylated proteins and other cysteine- 
based modifications in plants. In view of a better understand-
ing of the sulfur-based redoxome it is necessary to update our 
timely progress on the methodological advancements for the 
detection of cysteine-based oxPTM. Medicago truncatula and 
Arabidopsis thaliana have been analyzed for deciphering the 
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spatio-temporal regulation of sulfenylated proteins and sulfe-
nome expression, respectively.12,13 Interesting updates in the 
recent couple of years reveal the conserved homology of sulfe-
nylated proteins which constitute a significant part of the plant 
and human sulfenomes.

Although a number of reviews has been published on the 
aspect of protein sulfenylation in plants, it has been necessary 
to critically summarize the recent developments on sulfenome 
analysis in plants. The review briefly analyzes the physiological 
role of cysteine-modifications and recent advancements in 
sulfenome analysis (in reference to certain plant systems – 
Arabidopsis and Medicago). This shall enable researchers to 
undertake future investigations for deciphering sulfenome of 
various plant systems during developmental and stress 
response.

2. Cysteine modifications (oxPTM) and their role in 
plant signaling

ROS and RNS in plant cells regulate various physiological 
processes associated with stress sensing, pathogen signaling, 
wound response, and developmental changes.3–8 ROS and RNS 
interaction and their role in redox regulation have been deci-
phered in the last decade of investigations in plants.14,15 

Among the various mechanisms of ROS and RNS-mediated 
sensing of redox stimuli protein modification at the cysteine 
and methionine residue lead to a diverse set of oxPTMs in 
cells.16,17 NO and H2S-mediated oxPTM of proteins are man-
ifested mostly in the form of S-nitrosylation and 
S-sulfhydration, respectively.18–21 Among the various proteins 
undergoing ROS-mediated oxPTM (protein sulfenylation, sul-
finylation and sulfonylation) enzymes associated with calvin 
cycle, sulfur, and starch metabolism have been extensively 
studied in plants.15,22,23 Cys-mediated PTMs in plants have 
been associated with ROS-phytohormone crosstalk during 
stressful environments. Extensive reviews on the aspect of 
plant development and redox regulation have been evident by 
various authors.24–26 ROS levels in cells are preferentially kept 

under the tight control of enzymatic and nonenzymatic anti-
oxidative systems.27–30 A critical analysis of the physiological 
state of plant cells has been supplemented with our current 
knowledge of the redox nature of cysteine residues present in 
various proteins. Cysteine-mediated oxPTM largely depends 
upon the redox environment of the protein.

Since all cysteine residues in proteins are not prone to ROS, 
RNS, or H2S-mediated modifications, it is likely that the local 
redox environment is an important determinant of cysteine 
reactivity in proteins. The pKa value of each cysteine residues 
in proteins exerts a strong influence on the reactivity of 
cysteine molecules. Furthermore, electrostatic environment, 
steric accessibility, hydrogen bonding (between thiols and thio-
lates) and nucleophilicity of cysteine residues are some of the 
important factors which regulate cysteine OxPTMs in plants.31 

The reduced form of the thiol group (R-SH) in cysteine- 
oxPTMs is represented by the −2 oxidation state of the sulfur 
atom. The anionic (thiolate) form of sulfur present in cysteine 
is prone to oxidation, which in turn, is regulated by its pKa 
value.32 According to Ref.9 an increased number of hydrogen 
bonds associated with cysteine-sulfur lowers the pKa value and 
stabilizes the thiolate form. Most importantly, it has been 
evident that the three-dimensional conformation of the protein 
and the steric accessibility of cysteine are important regulators 
of its reactivity with ROS and other biomolecules.33 ROS- 
mediated reversible oxidation of cysteine residue results in 
the formation of sulfenic acid (R-SOH). This oxidative mod-
ification may be unstable in the protein microenvironment 
thus leading to its oxidation into sulfinic acid (R-SO2H) and 
subsequent irreversible oxidation into sulfonic acid (R-SO3 
H).17 The formation of sulfenic acid (R-SOH) has been 
reported to be catalyzed by the activity of sulfiredoxin (Srx) 
which reversibly reduces R-SO2H to R-SOH in Arabidopsis.13 

This mechanism has been known to be operative in the pre-
sence of two known substrates, namely,- chloroplast-2cys Prx 
and mitochondrial PrxIIF.13,34 Sulfenic acid residues are cap-
able of further reaction with free protein thiols which lead to 
the formation of intra/intermolecular disulfide bonds (R-SS-R/ 

Figure 1. Cysteine modifications in plants. ROS-mediated reversible oxidation of cysteine residue results in the formation of sulfenic acid (R-SOH]. This oxidative 
modification may be unstable in the protein microenvironment thus leading to its oxidation into sulfinic acid (R-SO2H) and subsequent irreversible oxidation into 
sulfonic acid (R-SO3H). S-nitrosylation is a reversible cys oxPTM where NO is covalently linked to the reactive cysteine thiol (-SNO) (a-g).

e1831792-2 S. MUKHERJEE



R-SS-R’) or may produce low molecular weight thiols (GSH) 
thus leading to cys S-glutathionylation in plants. Recent inves-
tigations reveal the role of S-glutathionylation in the regulation 
of stress tolerance, prevention of cysteine oxidation at the 
active site of proteins, and regulation of redox signaling. 
Glutredoxins (Grxs) and thioredoxins (Trxs) exert regulatory 
roles in the reduction of disulfide bonds and deglutathionyla-
tion of proteins. Unlike in prokaryotes and animal systems, the 
Trx/Grx system is known to exhibit much complex regulation 
in plants. Chloroplast has been known to be a major site of Trx 
and Grx activity where the enzymes are energized by the pre-
sence of NADPH.15,35

Hydrogen sulfide-mediated modification of cysteine resi-
dues is mostly manifested by the formation of protein 
S-sulfhydration which further enhances the catalytic activity 
of targeted proteins in animal systems.20 Glyceraldehyde- 
3-phosphate dehydrogenase (GAPDH) (38 kDa), β-tubulin 
(55 kDa), and actin (43 kDa) exhibit a higher degree of 
sufhydration.19 Proteomic analysis of H2S-mediated endogen-
ous S-sulfhydration in Arabidopsis has been reported by Ref.36 

The authors describe the implication of the biotin-switch 
method in the identification of 176 S-sulfhydrated proteins in 
Arabidopsis leaf (ecotype Col 0). The S-sulfhydrated proteins 
were mostly related to primary metabolic pathways (TCA 
cycle, glycolysis) and cytoskeletal components. Functional ana-
lysis of S-sulfhydrated proteins reveals the significance of H2 
S-mediated sulfide signaling in regulating metabolism during 
stress tolerance. Furthermore, S-sulfhydrated proteins in 
Arabidopsis appear similar to those in the mammalian system. 
According to Aroca et al.37,38 H2S-mediated cysteine signaling, 
therefore, primarily operates through protein sulfhydration in 
plants. This phenomenon involves modification in the activity 
of major enzymes like ascorbate peroxidase, glyceraldehyde- 
3-phosphate dehydrogenase, and glutamine synthetase in 
Arabidopsis. A recent review by Ref.39 summarizes the role of 
H2S in triggering persulfidation and sulfenylation of protein 
cysteine residues. Among various proteins undergoing persul-
fidation and sulfenylation, ABA receptor (PYL1), calcium- 
dependent protein kinase (CPK 3, 5, 6, 9), SNF1-related pro-
tein kinases (2.1, 2.2, 2.3 2.4), and protein phosphatases exert 
regulatory functions in ABA signaling of guard cells.

Last decade of investigations has revealed the multiple roles 
of S-nitrosylation in regulating plant growth and 
development.40 S-nitrosylation is a reversible cys oxPTM 
where NO is covalently linked to the reactive cysteine thiol (- 
SH) to form S-nitrosothiol. S-nitrosylation is also associated 
with denitrosylation and transnitrosylation.41 This cys oxPTM 
has been considered to be a nonenzymatic process which is 
mediated by NO or nitrogen oxides (NOx), or through metal- 
NO intermediates, SNOs, or ONOO.42 The redox potential 
difference between the NO donors regulates the extent of 
S-nitrosylation in cells. Detailed structural analysis of the 
S-nitrosylated proteins has been investigated in plants and 
other organisms.43–46 Recent investigations suggest that trans-
nitrosylation involves the transfer of NO bearing moiety from 
one protein to another, thus nitrosylating the latter. 
Transnitrosylases are capable of transferring the nitroso 
group between the cysteine residues of the two proteins.41 

Unlike in bacteria and mammals, no transnitrosylase has yet 

been reported in plants. Denitrosylation of proteins is 
mediated by the activity of thioredoxins and thioredoxin 
reductases.

The chloroplast localized 2-cysteine peroxiredoxin 
(2-CysPrx) essentially serves as an electron sink and is capable 
of oxidizing reductively activated proteins (fructose- 
1,6-bisphosphatase and NADPH-dependent malate 
dehydrogenase).47 This finding provides important insights 
into cysteine peroxiredoxin-mediated thioredoxin signaling 
and regulation of metabolic proteins in chloroplast. Recent 
investigation by,48 in seeds of Arabidopsis report tandem 
mass tag [iodoTMT)-based thiol redox proteomic approach 
to monitor protein thiol switches which are characterized by 
redox-sensitive cysteine residues in organellar proteins. Seed 
metabolism and efficient energy usage is crucial for maintain-
ing germination vigor in seeds. An investigation by Ref.48 

emphasizes on the role of operational protein thiol switches 
in regulating seed metabolism in mitochondria and cytosol. 
Cysteine containing peptides (412] were observed to undergo 
redox switching and were mostly related to the tricarboxylic 
acid (TCA) cycle, glutathione reductase 2, NADPH- 
thioredoxin reductase a/b, and thioredoxin-o1. Thus, proteins 
with functional redox cysteine residues were mostly associated 
with improved energy efficiency in mitochondria, increased 
ATP accumulation, and oxygen uptake in germinating seeds. 
Plant cysteine oxidases (PCOs) in Arabidopsis thaliana have 
been emphasized to function as oxygen sensors during hypoxia 
and stress tolerance.49 Redox-post translational modifications 
precisely control the process of protein compartmentation and 
regulate the activity of various antioxidant or redox-associated 
enzymes.50

2.1. Crosstalk among phytohormones, ROS, and 
metabolic enzymes is orchestrated by the formation of 
cysteine oxPTMs

2.1.1. Plant growth and immune response
Various S-nitrosylated proteins have been characterized in 
Arabidopsis which are mostly associated with growth and 
development, hormone signaling, ROS homeostasis, and abio-
tic stress tolerance. ABI5 transcription factor is an important 
regulator of seed germination and seedling growth in response 
to ABA and NO. S-nitrosylation of ABI5 results in its proteo-
somal degradation and subsequent promotion of seed 
germination.51 Furthermore, NO-mediated S-nitrosylation of 
SnRK2.6/OST1 components can negatively regulate ABA sig-
naling during abiotic stress. VASCULAR-RELATED NAC- 
DOMAIN (VND), and a small family of NAM/ATAF/CUC 
(NAC) transcription factors are important regulators of xylem 
element differentiation. S-nitrosylation in the cys 264 and cys 
320 of VND7 has been detected by biotin-switch assay.52 Thus, 
cys oxPTM of this protein is crucial for modulation of xylem 
differentiation. S-nitrosylation has been reported to regulate 
auxin signaling by mediating proteolytic degradation of Aux/ 
IAA repressors.53 Auxin dependent-interaction with TIR1/ 
AFBs elements lead to proteolytic degradation of AUX/IAA 
complex. S-nitrosylation of the TIR 1 receptor at cys 140 and 
cys 37 result in enhanced degradation of AUX/IAA complex. 
Interestingly, cytokinin signaling is negatively regulated by 
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S-nitrosylation. The two component system of cytokinin sig-
naling comprises of a histidine phosphotransfer protein which 
is S-nitrosylated at the cys 115 residue thus repressing its 
phosphorylation.40 The chloroplast-localized peroxiredoxin II 
E (PrxII) is an important component of the antioxidant 
machinery of cells that detoxifies H2O2. S-nitrosylation at the 
cys 121 residue of PrxII results in its decreased activity. This is 
further accompanied by tyrosine nitration and lipid peroxida-
tion which elicits immune response during pathogen attack.54 

S-nitrosylation of RBOHD at Cys-890 also reduces ROS gen-
eration in plants subjected to oxidative stress.55 Investigations 
therefore reveal the regulatory role of S-nitrosylation in biotic 
and abiotic defense in plants. Chlorophyll metabolism is regu-
lated by S-nitrosylation, where NO plays an important role in 
regulation of GSNOR activity. Various component proteins 
associated with light and dark reaction have been reported to 
undergo S-nitrosylation. NAB1 is a cytosolic RNA-binding 
protein that represses the translation of light-harvesting pro-
tein at (LHCBM) PSII in Chlamydomonas reinhardtii. During 
low light intensity S-nitrosylation of NAB1 at cys 226 results in 
increased translation of LHCBM thus optimizing light 
harvest.56

2.1.2. ABA and Ca2+ signaling
Among the various plant hormones, abscisic acid (ABA) and 
salicylic acid signaling has been known to be mediated by cys 
oxPTMs. During abiotic and biotic stress increased ABA con-
centrations impart drought tolerance, regulate stomatal clo-
sure, and facilitate nutrient homeostasis in various plant 
organs. ABA can preferably bind to PYRABACTIN 
RESISTANCE/PYR1-LIKE/REGULATORY COMPONENT 
OF ABA RECEPTOR PYR/PYL/RCAR thus activating 
SnRK2/OST1 kinases.57 The ABA-mediated downstream sig-
nal cascade is further transduced by the activation of NADPH 
oxidases and RbohF thus promoting ROS formation in cells. In 
this context glutathione peroxidase 3 (GPX3) mediated ROS 
signaling is accompanied by thiol-disulfide exchange with the 
negative regulatory protein of ABA signaling named- ABI2 
(PROTEIN PHOSPHATASE 2 C – PPC family of ABA insen-
sitive 2).58 Similar mechanism of thiol-disulfide exchange has 
been reported in yeast and mammalian cells subjected to oxi-
dative stress.59 Thiol peroxidases are widely known to function 
as redox sensors within the plant and animal kingdoms 
(Margis et al 2008). H2O2 sensor oxidant receptor Peroxidase 
1 (ORP1/Gpx3) is also involved in thiol-disulfide signaling in 
yeast.60 ANNEXIN 1 (At ANN1) has been reported to mediate 
ROS-dependent Ca2+ flux in Arabidopsis roots. ANNEXIN 1 
undergoes S-glutathionylation on cys111 and cys239 residues 
thus decreasing its Ca2+ affinity. This mechanism is effective in 
the prevention of ROS-mediated Ca2+ flux in plant cells sub-
jected to biotic stress.61

2.1.3. Modulation of SA and JA signaling
Salicylic acid (SA) exerts regulatory effects on local and sys-
temic acquired resistance to pathogen infection. 
NONEXPRESSOR of PR GENES 1 (NPR1) is 
a transcriptional coactivator that regulates SA-governed tran-
scriptional response in cells. Interestingly, NPR1 (cytoplasm 
localized) undergoes oligomerization in cys82 and cys216 

residues formed by the virtue of intramolecular bonds (R-SS- 
R).62 SA-signaling further triggers Trxh3/h5-dependent reduc-
tion of disulfide bonds. This leads to the monomerization of 
NPR1 proteins. S-nitrosylation at the cys 156 residue of NPR1 
competes with oligomerization of the protein. Thus, cys mod-
ification of NPR1 is a precise switch-off mechanism for NPR- 
1-dependent signaling operative between cytoplasm and 
nuclei.63 Furthermore, NPR1-TGA2 (transcription factor) 
interaction is regulated by the modifications at cys521 and 
cys529 residues. TGA undergoes cys modifications at residues 
cys260 and cys266. This modification is an important determi-
nant of TGA-NPR1 interaction which leads to downstream 
activation of PR genes during biotic stress.64 Similarly, 
S-nitrosylation has been known to play a pivotal role in SA 
biosynthesis and modulate its signaling.65 NPR1 has also been 
reported to undergo S-nitrosylation at the cys 156 residue thus 
modulating SA-induced gene expressions. Furthermore, TGA 
and SRG transcription factors are also regulated by 
S-nitrosylation which in turn regulates SA-mediated defense 
response.

JA signaling in plants is known to be modulated by cys 
oxPTMs. JA precursor 12-oxo-phytodienoic acid (OPDA) 
exerts transcriptional changes during the surge in JA 
biosynthesis.66 OPDA signaling is mediated by chloroplastic 
receptor CYCLOPHYLIN 20–3 (CYP20-3) in the 
chloroplast.67 The CYP20-3 receptor undergoes oxidative inhi-
bition brought about by the formation of R-SS-R (intramole-
cular) bonds between cys53-cys170 and cys128-cys175 
residues.68 CYP-20-3 is a redox-sensitive protein that exerts 
regulatory influence on JA and OPDA signaling. In 
Arabidopsis, CYP-20-3 binds to its target protein chloroplast 
SERINE ACETYL-TRANSFERASE1 (SAT1). The CYP-20-3 
and SAT1 interaction is crucial for the regulation of cysteine 
biosynthesis in chloroplasts. The OPDA-CYP20-3 binding is 
crucial for JA-mediated stimulation of antioxidants.67

2.1.4. MAPK signaling and oxidative stress
MAPK signaling is associated with various aspects of plant 
growth, development and stress tolerance.69–72 MAPK func-
tions as a three component signal cascade which is initiated by 
MAPK kinase kinases (MAPKKKs) that phosphorylates 
MAPK kinases (MAPKKs) which in turn phosphorlaytes spe-
cific MAPKs. Apart from plant MAPKs, yeast and mammalian 
MAPKs have also been reported to undergo cys oxPTM.73–75 

Plant MAPKs are often known to be activated during oxidative 
stress. Among various MAPKs present in plants MAPK12 is 
stimulated both by the activity of H2O2 and ABA. MAPK3 and 
MAPK 6 are activated by OXIDATIVE SIGNALINDUCIBLE1 
(OXI1) kinase which is also regulated by ROS levels in the cells. 
Tomato and Arabidopsis plants exhibit evolutionary conserved 
redox-regulation of MAPK signaling cascades (MAPK1/2 and 
MAPK6).76 Rice MAPKs-osMPK3 and osMPK6 also exhibit 
precise redox control. Rice thioredoxin (osTrx 23) negatively 
regulates the activity of rice MAPKs.77 Cys179 and cys210 are 
important regulatory sites of both the rice MAPKs (osMPK3 
and osMPK6). Oxidative stress is known to induce sulfenyla-
tion of both the MAPKs in rice plants. Furthermore, subse-
quent reduction of the sulfenylated forms of MAPK produces 
S-glutathionylated forms which render the MAPKs inactive. 
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MAP triple kinase 1 (OMTK1)-MMK3 pathway in alfalfa is 
known to regulate H2O2-dependent cell death during oxidative 
stress.78 MAPK 2, 4, and 7 in Arabidopsis have been reported 
to undergo H2O2-dependent sulfenylation. Mutation in cys32 
of AtMAPK4 orthologue in B. napus (BnMPK4) also reveals 
a similar mode of cys modification. In this context, it is worth 
mentioning that Protein Tyrosine Phosphatase (PTPs) and 
Protein phosphatase Dual specificity phosphatase (DsPTPs) 
have been considered to be important regulators of MAPK 
signaling. AtDsPTP1 and AtPTPi exhibit sequence similarity 
in cys265 residue and their activity is negatively regulated by 
H2O2.79 Contrastingly, soybean GmPTP exhibits low sensitiv-
ity to H2O2-induced inhibition but undergoes GSSG induced 
S-glutathionylation at cys 78 and cys176.80 MAPK signaling 
and regulation of ROS generation provide control to the cys 
oxPTM of proteins during oxidative stress.

2.1.5. Modulation of metabolic enzymes and regulation of 
root hair growth
S-sulfhydration is an important H2S-mediated cys ox PTM 
which is known to modulate the activity of various metabolic 
and antioxidative enzymes.37,38 Biotin-switch method in 
Arabidopsis has been implied to detect sulfhydrated proteins 
namelychloroplastic glyceraldehyde-3-phosphate dehydrogen-
ase (GAPA; 42 kD), Glyceraldehyde-3-phosphate dehydrogen-
ase B (GAPB; 48 kD), cytosolic isoform of glyceraldehyde- 
3-phosphate dehydrogenase (GAPDH; 37 kD), chloroplastic 
Glutamine synthetase (GS2 isoform 43 kD) and cytosolic 
ascorbate peroxidase (Apx; 27 kD).38 Interestingly, functional 
analysis of the enzymes revealed that GS and APx/GAPDH 
exhibited contrasting nature in the modulation of their activity 
in response to NaHS (1 nM)-induced S-sulfhydration. GS 
exhibited a reduction in activity while APx and GAPDH 
showed a 40–60% enhancement in the activity after 
S-sulfhydration.38

Investigations have revealed that cytoskeletal proteins are 
likely to be regulated by S-sulfhydration and S-nitrosylation 
in plants.80,81 H2S-mediated inhibition of root hair growth 
in Arabidopsis involves S-sulfhydration of ACTIN-2 fila-
ments. Increased H2S content in the L-CYSTEINE 
DESULFHYDRASE/O-acetylserine (thiol) lyase isoform a1 
(LCD/oasa1) mutant results in enhanced S-sulfhydration in 
cys 287 residue of F-ACTIN filaments thus imparing root 
hair growth.82

2.1.6. Modulation of antioxidative defense and regulation 
of plant receptor kinase
Apart from its role in the protection of oxidative stress, 
S-glutathionylation has been suggested to be involved in 
the signaling process and modulates various target pro-
teins in plants. Glutaredoxins invariably control the extent 
of protein S-glutathionylation in the cells. Plant cells 
subjected to oxidative stress are followed by a decrease 
in GSH/GSSG ratio thus triggering increased S-glutathio-
nylation of proteins. Glutathione-mediated cellular redox 
homeostasis is further regulated by the S-glutathionylation 
of major metabolic and antioxidative enzymes. Although 
various proteins have been identified to undergo 

S-glutathionylation in plants, fewer reports depict the 
functional or structural modulation of proteins brought 
about by this cys oxPTM. GAPDH has been extensively 
studied for S-glutathionylation in plants.83 The modula-
tion of GAPDH activity (inhibition) due to 
S-glutathionylation has been known to exert regulatory 
influence on certain primary metabolic pathways namely 
calvin cycle, glycolysis, and gluconeogenesis. Oxidative 
stress in Arabidopsis leads to S-glutathionylation of 
enzymes associated with ascorbate-glutathione (Asa-GSH 
cycle) namely monodehydroascorbate reductase (MDAR), 
dehydroascorbate reductase (DHAR 1), NADP-malic 
enzyme, and methionine sulfoxide reductase B1 
(MSRB1).80). DHAR1 ACTIVITY is known to be inhibited 
by S-glutathionylation at the catalytic cys 20 residue.84 

MSRB activity and its cys modification is likely to regulate 
methionine generation in cells. Similar to S-nitrosylation, 
S-glutathionylation also regulates the Asa-GSH cycle dur-
ing environmental stress conditions. MSRB activity is cru-
cial to prevent methionine oxidation in cells which might 
otherwise affect the function of various proteins. Treatment of 
Arabidopsis with GSH leads to downregulation of MSRB1 and 
MSRB2.85 Thus, S-glutathionylation is an important cys 
oxPTM which regulates redox homeostasis and abiotic stress 
tolerance in plants.86

S-glutathionylation causes functional deactivation of 
Arabidopsis thaliana kinase – (BRASSINOSTEROID- 
INSENSITIVE 1-ASSOCIATED RECEPTOR LIKE 
KINASE; (BAK1).86 Reports from the animal system also 
reveal S-glutathionylation-mediated reduction in enzyme 
activity in mouse cDPK and other kinases.87 BAK1 is 
known to interact with glutaredoxin (GRXC2), thus cata-
lyzing S-glutathionylation of BAK1 at cys353, 374, and cys 
408 residues. The conserved cysteine residues at 
Arabidopsis kinome exhibit S-glutathionylation during oxi-
dative stress in cells. Investigations by Moffett et al. 
(2015)88 reveal that S-glutathionylation at the cys 408 site 
of BAK1 exerts allosteric control over the activity of this 
protein kinase.

The summary of various proteins undergoing cys oxPTM 
and their functional significance have been summarized in 
Table 1.

3. Mechanism of protein sulfenylation in plants

Primary redox modifications occurring in the cysteine resi-
due of proteins mostly form sulfenic acid molecules. The 
oxidation state of sulfur in the sulfenic acid residue is 
represented with a value of 0. This renders it to function 
both as an electrophile and a nucleophile thus exchanging 
electron among several other biomolecules like ROS, H2O2, 
and thiol groups.115 Apart from forming sulfinic and sulfo-
nic acid residues, the protein cystenyl sulfenic groups are 
also capable of reacting with protein disulfides, glutathio-
nylated proteins, or amide backbone of proteins to produce 
cyclic sulphenamyde. The secondary redox forms of sulfe-
nic acid are more stable in nature. The acidity of the 
cysteine thiols is largely regulated by multiple factors 
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prevalent in the microenvironment of the protein (Figure 
1). The presence of positively charged amino acids and 
likeliness of forming a hydrogen bond with cysteine thiolate 
of proteins modulate the biochemical property of cysteine 
thiols.10,99,100 The position of cysteine in the N-terminal 
end of the α-helix essentially creates a macro-dipole. 
Furthermore, the decrease of the dielectric constant of the 
cysteine group increases its overall electrostatic 
interactions.101–103 Precise investigations are therefore con-
clusive of the fact that the pKa of acidic cysteine thiols in 
certain proteins are usually lower than that of free cysteine. 
According to,104 the molecular environment of the cysteine 
thiol is capable of modulating the stability of sulfenic acid 
residues. Multiple cysteine residues at more than one site 
may undergo sulfenylation in wide classes of functional 
proteins.105 The formation and stability of sulfenic acid 
increases in the absence of neighboring cysteine thiols.

Although fewer plant-proteins with sulfenic residues 
have been characterized in crystallized form, our 

understanding of the formation of sulfenic acid residues 
has been assimilated from instances in human and animal 
systems. Certain instances of stabilization of sulfenic acid 
residues by adjacent hydrogen bonding in functional 
enzymes have also been reported by,106 and.107 

Interestingly, the sulfenic acid residues have been observed 
to associate with polar and positively charged amino acids 
(serine, threonine, or argentine) in its vicinity.105 Apart 
from the acidic nature of cysteine, various extrinsic factors 
regulate the process of sulfenylation in the microenviron-
ment of the protein. According to,35cysteine involves in 
prominent redox reactions with H2O2. However, the lower 
pKa value of cysteine in acidic pH reduces its chances of 
being oxidized.101,108 In order to react with H2O2, thiolates 
of strongly acidic cysteine require to overcome higher 
energy barriers.101,109 Investigations in the last decade 
have deciphered the role of sulfenic acid residues in impos-
ing regulatory and catalytic activity in various enzymes 
during oxidative stress.110,111

Table 1. Various cys (oxPTM) modifications aand their functional relevance in plants.

Protein Cys oxPTM Functional significance References

ABI2 [PROTEIN PHOSPHATASE 2 C – PPC family of ABA 
insensitive 2)

thiol-disulfide 
exchange

Inhibition of ABI2 and activation of ABA signaling cascade 58

H2O2 sensor oxidant receptor Peroxidase 1 (ORP1/Gpx3 thiol-disulfide 
exchange

Redox regulation 60

ANNEXIN 1 [At ANN1] S-glutathionylation Decrease in its Ca2+ affinity 61

NONEXPRESSOR of PR GENES 1 [NPR1] Oligomerization R-SS-R Inhibition of NPR1 activity 63, Mou et al. 
[2013]

TGA Oligomerization R-SS-R Regulates TGA-NPR1 interaction 64

CYCLOPHYLIN 20–3 (CYP20-3] formation of R-SS-R 
(intramolecular) 
bonds

Regulates its binding to JA precursor 12-oxo-phytodienoic 
acid [OPDA)

67,68

(MAPK1/2 and MAPK6] in rice- osMPK3 and osMPK6 S- sulfenylation and 
S-glutathionylation

Regulation of down- stream signal cascade during oxidative 
stress

77

AtDsPTP1 [protein tyrosine phosphatase) and AtPTPi GSSG induced 
S-glutathionylation

Regulation of MAPK signaling 79

]chloroplastic GAPA S-sulfhydration Regulation of oxidative stress 38

GAPDH S-sulfhydration Primary metabolism 38

ascorbate peroxidase S-sulfhydration Regulation of oxidative stress 38

chloroplastic Glutamine synthetase S-sulfhydration Nitrogen metabolism 38

ACTIN-2 filaments S-sulfhydration Inhibition of root hair growth 82

BRASSINOSTEROID- INSENSITIVE 1- ASSOCIATED 
RECEPTOR LIKE KINASE- BAK 1

S-glutathionylation Allosteric control of BAK1 Moffetl et al. 
(2015)

MDAR, DHAR 1, NADP-malic enzyme, methionine 
sulfoxide reductase B1 (MSRB1)

S-glutathionylation Abiotic stress tolerance, ROS homeostasis Beger-Morales 
et al. (2016)

AtMAPK4 S-sulfenylation Abiotic stress tolerance, ROS homeostasis 86,87

Glyceraldehyde-3- phosphate dehydrogenase [GAPDH] S-sulfenylation Metabolic regulation of calvin cycle, regulation of regulate 
glycolysis and gluconeogenesis

88

GLUTATHIONE PEROXIDASE 3 (GPX3 S-sulfenylation Mediates the oxidation equivalent to AB12 [PP2C family ABA 
INSENSITIVE 1-negative regulator of ABA signaling]

58,89

MAPK9 and MAPK12 S-sulfenylation Regulates ABA-dependnet stomatal closure in Arabidopsis 90

SNF1-related protein kinase2 family proteins S-sulfenylation Regulates downstream signaling components (respiratory 
burst oxidase homolog RbohF and TFs]

91

SALT OVERLY SENSITIVE 1 [SOS1) S-sulfenylation Increased stability of SOS 1 and ion homeostasis 92

PLASTIDIC TYPE I SIGNAL PEPTIDASE 1 (PLSP1 S-sulfenylation Regulates proteolysis 93

Monodehydroascorbate reductase 1; glutathione-disulfide 
reductase; Acyl-CoA oxidase 1 and glyoxalase 1

S-sulfenylation redox signaling and β-oxidation of fatty acids 94

peroxidase S-sulfenylation Redox signaling 95,96

REGULATORY PARTICLE NON-ATPASE 12A (cytoplasmic 
thioredoxin h (Trxh] [RPN12A)

S-sulfenylation Regulates cytokinin signaling 97,98

SnRK2.6/OST1 S-nitrosylation Negative regulation of ABA signaling 51

VASCULAR-RELATED NAC-DOMAIN [VND] S-nitrosylation Regulation of xylem differentiation 52

TIR 1 auxin receptor and Arabidopsis SKP1-like [ASK1] 
protein

S-nitrosylation Enhances proteolytic degradation of AUX/IAA elements 53

Chloroplast-localized peroxiredoxin II E [PrxII] S-nitrosylation Reduced activity of PrxII triggers defense response by tyrosine 
nitration and lipid peroxidation

54

NAB1 (cytosolic RNA-binding protein] S-nitrosylation Repressed NAB1 activity increases the translation of light- 
harvesting protein at (LHCBM) PSII

56
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4. Methodological approaches for functional 
characterization of sulfenylated proteins in plants

Proteomic approaches have been implied for the analysis of 
oxidative stress-induced modulation of sulfenylated proteins in 
plant systems (Table 2). The methods commonly involve tag-
ging of the cysteine-based oxidative modification followed by 
isolation and enrichment of modified proteins which are then 
identified by mass spectrometry (LC-MS-MS). According to 
some significant advancements obtained for sulfenome analy-
sis in plants, it appears that, although effective, in-vivo sulfe-
nome analysis imposes certain problems arising due to various 
reasons. Excessive ROS formation may overoxidize the 
unstable transient sulfenic acid residues which prevents the 
sulfenylated form to be detected. In general, due to the tran-
sient nature, the identification of SOH is very challenging. 
Furthermore, tissue homogenization and extraction proce-
dures may lead to the disruption of the compartmentalization 
of the redox state in various organelles. This results in the 
artificial oxidation of various proteins in their non-native 
state.116,117

4.1. Alkylation-based proteomic method

Certain investigations report the implications of the differential 
alkylation method to detect cysteine modifications in proteins. 
In this process the free thiols in the sample are blocked by using 
iodoacetamide (IAM) or N-ethylmaleimide (NEM) which is 
followed by reduction and isolation of cys-based oxPTM. The 
commonly used reductants capable of detecting cys-based 
modifications are usually tris 2-carboxyethyl phosphine 
(TCEP) or dithiothreitol (DTT). Followed by reduction, the 
modified thiols are separated by affinity chromatographic 
methods118 or labeled with various tagged alkylating agents – 
namely IAM/NEM/maleimide/HDPD, iodoacetamidofluores-
cein (IAF), mBBr, Cys tandem mass tag (cysTMT), isobaric tag 
for relative and absolute quantification (iTRAQ), or isotope- 
coded affinity tag (ICAT). Followed by labeling, further analy-
sis of cys-oxPTM is performed by western blot, avidin affinity 
tagging or fluorescent 2-D gel electrophoresis followed by mass 
spectrometry.119–123

Alkylation-based proteomics enable to detect protein sulfe-
nylation by reversibly modified cysteine modifications. 
Arsenite is used as a reductant in this process.124,125 

According to Ref. 126 this method has been used to detect 
peroxide-mediated sulfenylation in papain. However, fewer 

reports are available for this method being implied in plant 
investigations. The alkylation method of cys-oxPTM possesses 
certain limitations due to the reactive and transient nature of 
sulfenic acids. Sample preparation steps from the cell lysates 
increase the chance of non-native proteins being sulfenylated, 
thus providing false-positive results. Furthermore, the sulfeny-
lated proteins are often not detected due to the presence of - 
SSG group or because of over-oxidation.117,127

4.2. Direct proteomic approach (probe-based)

Proteomic approaches implied for detecting cys-SOH mostly 
involve chemical probes used for labeling or direct trapping of 
sulfenylated proteins. This approach involves the use of affinity 
enrichment of the targets which enable better detection 
through mass spectrometry. Direct detection methods for sul-
fenylated proteins are based on the principle of electrophilic 
substitution undergone by sulfenylated proteins which react 
with nucleophilic probe called dimedone (5,5-dimethyl- 
1,3-cyclohexanedione). This reaction has been widely used as 
a dimedon-modified sulfenic acid detection method which is 
attempted through mass spectrometry.128 Dimedone-modified 
sulphenic residues, however, possesses a limitation in being 
detected at cellular levels. This pertains to the lack of functional 
groups which would have otherwise enriched the signal asso-
ciated with dimedone-modified sulphenylated proteins. Signal 
enhancement for enriched dimedone-modified sulphenylated 
proteins has been possible by using dimedone-biotin/fluoro-
phores conjugates.128–130 The dimedone-biotin/fluorophores 
conjugate is membrane impermeable and hence this method 
could not be used for in-vivo cellular localization of sulfeny-
lated proteins.117 Substitutes of dimedone have been reported 
in various investigations which are namely DAz-1, 131,132 DAz- 
2,133 DYn-1, and DYn-2.109 These substitutes preferably tag 
and trap the modified cysteine groups in the proteins.

Recent developments suggest the application of a chemical 
probe (DYn-2) specific for sulphenylated proteins. The chemi-
cal probe is composed of a dimedone unit attached with an 
alkyne group which helps in the enrichment of labeled pro-
teins. This chemical probe helps in tagging the sulfenic acid 
residue of proteins which can further undergo biotinylation by 
the principle of copper (I)-catalyzed azide-alkyne huisgen 
cyclo-addition reaction [click reaction,134,135]. This modified 
method facilitates enriched sulfenome analysis by mass spec-
trometry. Interestingly, DYn-2 is a nontoxic and membrane- 
permeable probe which does not alter the intracellular-redox 

Table 2. Methodological approaches to analyze sulfenylated proteins in plants.

Methodological approach Specific protein targeting Isolation and identification of sulfenylated proteins References

Differential alkylation based 
indirect proteomics approach

Blocking of de novo cysteine oxidation using 
NEM and IAM, followed by arsenite 
reduction and labeling with biotin-NEM

Streptavidin affinity mediated isolation of proteins followed by 2DE 
gel separation and detection by MS

112

Direct proteomics based 
approach

chemical and genetic probe method

Chemical probe DCP-Bio1labelling [in vitro) Streptavidin affinity mediated isolation followed by detection by 
MS

12

DAz-2 and DYn-2 [in vivo] Protein biotinylation by click reaction and streptavidin affinity 
followed by detection by MS

113

β-ketoesters and BCN[in vivo] Protein biotinylation by click reaction and streptavidin affinity 
followed by 2DE gel separation and detection by MS

114,115

Genetic probe YAP-1-based method [in vivo] Tandem affinity purification followed by detection by MS 12
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state. Furthermore, this probe has been successful in wide 
detection of sulphenylated residues in proteins of human epi-
dermoid carcinoma cell lines (epidermal growth factor- EGF), 
budding yeast (recombinant glutathione peroxidase 3 – Gpx3), 
and Arabidopsis.134,136 According to Ref.113 this method has 
been successful in the identification of 226 sulfenylated pro-
teins in Arabidopsis cell suspension. The authors reported the 
identification of novel sulfenylated proteins in sub-cellular 
compartments arising from oxidative stress (H2O2 treatment). 
The extent of the formation of sulfenylated proteins was 
observed in the presence of oxidative stress induced by variable 
concentrations of H2O2 [0.1–20 mM). The authors obtained 
conclusive results from LC-MS/MS analysis which depicts the 
DYn-2 probe method to be sensitive in the traping and visua-
lization of sulfenylated proteins in plants. According to,134 the 
in-vivo labeling of sulfenylated proteins might affect the basic 
oxidation levels of cysteine. In this report the authors conclu-
sively presented the functional characterization and subcellular 
location of 226 sulphenylated proteins resulting from H2O2- 
induced oxidative stress. A novel generation benzothiazine- 
based chemoselective probe [BTD] and mass spectrometry 
assisted chemoproteomic approach has been recently reported 
by Ref.137 The methodology briefly describes the process of 
global site-specific identification and quantification of 
S-sulfenylayted proteins. In another report by Ref.138, the 
authors report the creation of a novel library of diverse carbon 
nucleophiles that are capable of reacting with cysteine sulfenic 
acid residues of proteins. The method described by,138 explains 
its advantages over fragment based-ligand methods that misses 
target cysteine residues due to their redox-sensitive nature.

4.3. Yeast AP-1 [YAP1]-based genetic probe approach

The authors of Ref87have reported YAP1-based sulfenic acid 
trapping method which involves the preparation of a genetic 
construct of the C-terminal domain of the yeast 
(Saccharomyces cerevisiae] AP-1–like (YAP1) transcription 
factor followed by a tandem affinity purification tag. The 
YAP1-based probe functions on the basis of H2O2-induced 
signaling response obtained from thiol-peroxidases. The per-
oxidase1 (ORP1/glutathione peroxidase 3) oxidant receptor in 
yeast is a H2O2 sensor which along with transcription factor 
YAP1 (yeast AP-1–like) regulates redox signaling mediated by 
sulphenic acid thiol-disulfide crosstalk mechanism.60 The 
authors87 reported a total of 100 sulphenylated proteins in 
Arabidopsis which comprises of H2O2-mediated sulfenome in 
various subcellular compartments. Novel findings by Ref.87 

could identify 66 novel proteins undergoing oxPTM. 
A similar investigation using the YAP1 probe has been under-
taken in the Medicago truncatula which reported an approx-
imate of 90 sulfenylated proteins.12 Some other chemical 
probes like 1,3-cyclopentadione139 and the linear β- 
ketoester140 have also been implied to attempt the detection 
of sulphenylated proteins. However, according to Ref.115, the 
β-ketoester probe possesses properties of nonspecific recogni-
tion of proteins. An important aspect of using chemical probes 
for – SOH detection has been discussed by Ref.113 The chemi-
cal probes are likely to interfere with various signaling path-
ways of the cell which limit the efficacy of the probe-based 

in situ Cys-SOH trapping method. According to Ref. 109, 
the second-order rate constant for the reaction of dimedone 
with sulphenic acid is 2.7 × 10–2 M–1 S–1 which is sufficiently 
low to detect transient changes in cys-SOH.

A combination of the DCP-Bio1 and YAP method has been 
successful in probing of sulphenylated proteins associated with 
the symbiotic interaction of the Medicago truncatula and 
Sinorhizobium meliloti.12 Although the YAP-1 probe method 
has been successful in detecting orgnaellar cys-SOH, it imposes 
certain limitations in terms of its nonspecific reactivity, steric 
effect, and substrate biasness in cells.87 Furthermore, glu-
tathione or redox-enzyme mediated reduction of disulfide 
bonds between the YAP1 and target proteins may underrepre-
sent the sulfenome pool of the cells.,141 reported the schematic 
path of proteomic workflow which depicts the identification of 
1000 sulfenylation sites present in 700 proteins. Recent report 
by Ref.142 using the YAP1-C approach reveals an in-vivo ana-
lysis of plastidial sufenome in response to light and H2O2- 
mediated oxidative stress. A major pool of all the sufenylated 
proteins [132) detected in plastids was associated with amino 
acid metabolism. In a modified method adopted by Ref.143 the 
identification of in situ sulfenylated cysteines by using 
a transgenic YAP-1 probe has been accomplished in 
Arabidopsis. This method is a noninvasive approach to detect 
sulfenylated cysteines in all organisms with genetic modifica-
tions (Figure 2).

5. Spatio-temporal regulation of sulfenome 
orchestrates primary metabolism, stress signaling, 
and redox homeostasis in plants

Redox ox-PTM is an important physiological phenomenon 
associated with the catalytic activity of various proteins that 
modulate signaling response and protein–protein interactions 
in cells. Proteins contain cysteine residues that are prone to 
reaction with different biomolecules such as H2O2, NO, or H2 
S. This results in the formation of sulfenyl-amide and glu-
tathione conjugates which alter the activity of the enzyme. 
The altered biological activity of various proteins at the sub-
cellular level regulate the downstream cascade of various sig-
naling events. Protein sulfenylation is an important redox- 
oxPTM regulated by thioredoxin (Trx) and glutredoxin [Grx) 
family of proteins. Interestingly, the regulatory cysteines also 
impose changes in the active site or conformation of protein 
which modulates DNA–protein interaction. For instance,144 

report the role of S-sulfenylation, S-nitrosylation and 
S-glutathionylation in altering the DNA-binding affinity of 
TGA1 protein (transcription factor]. Functional categorization 
of H2O2-dependent sulfenome in Arabidopsis has revealed 
a total of 67 novel proteins that undergo sulfenylation.87 

Various sulfenylated proteins identified were mainly associated 
with signal transduction (13), proteolytic acitivity (19), RNA- 
binidng and translation (9), hormone homeostasis (4), protein 
transport (5), amino acid metabolism (5), and redox-associated 
enzymes (7). Interestingly, the time dependent-response of H2 
O2 treatment on sulfenome expression revealed that signal 
transduction and redox related proteins exhibited sulfenylation 
as an early response (10 min of oxidative stress) while the other 
classes of sulfenylated proteins could be detected as late 
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responsive elements.87 Thus, the early response of sulfenyla-
tion is likely to operate through pathways of signal transduc-
tion and redox homeostasis within the cells. Sulfenylation in 
the redox proteins could also be detected at a later stage of 
oxidative stress (1 h) thus suggesting its vital role in redox 
regulation.87 Recent investigations by Ref.86 have implied 
a chemoproteomic approach to decipher the cysteine map of 
sulfenylated proteins in Arabidopsis. The Arabidopsis 
MITOGEN-ACTIVATED PROTEIN KINASE4 (AtMAPK4) 
undergoes sulfenylation at the cys181 residue, which corre-
sponds to cys161 of human MAPK1. The authors concluded 
that the cysteine based-sulfenylation sites of the proteins are 
highly redox-sensitive. The next subsections of the review shall 
highlight the detailed role of protein sulfenylation in regulating 
plant stress tolerance, antioxidative defense system, transcrip-
tional regulation, signal transduction, and redox signaling 
events.115,145,146,147

5.1. Protein sulphenylation regulates signaling and 
primary metabolism

Glyceraldehyde-3- phosphate dehydrogenase (GAPDH) in 
plants is represented by different isoforms located in chloro-
plasts and cytoplasm which are also sensitive to H2O2- 
mediated sulphenylation.88 Plastidial GAPDH is involved in 
catalyzing calvin cycle reactions and the cytoplasmic isoform 
regulates glycolysis and gluconeogenesis. Mammalian glycer-
aldehyde-3phosphate dehydrogenase (GAPDH), PTP1B, or 
p65subunit of the NF-kB transcription factor exhibit multiple 
regulation mediated by cysteine.19,20,148 Extensive investiga-
tions reveal that cys-oxPTM is capable of inducing signaling 
crosstalk among various biomolecules like ROS, ABA, jasmo-
nic acid, and MAPK. GLUTATHIONE PEROXIDASE 3 
(GPX3) is a major redox sensor protein capable of mediating 
the oxidation equivalent to AB12 (PP2C family ABA 
INSENSITIVE 1-negative regulator of ABA signaling) by thiol- 
disulfide exchange ROS activated guard cells.58,89 Protein 
kinases (MAPKs) impart precise regulation in various aspects 
like plant growth, development, and stress signaling.69–72,149 

Plants (tomato and Arabidopsis) have been reported to possess 
conserved mechanism of MAPK-mediated redox signaling.76 

MAPKs are essentially activated by the process of sulphenyla-
tion which occurs at the redox-sensitive cysteine residues.150 

ABA dependent-stomatal closure during abiotic stress condi-
tions is associated with the differential activity of various 
MAPKs (MAPK9 and MAPK12) which are in turn modulated 
by sulphenylation. The kinase activity of MAPK12 is positively 
regulated by ABA and H2O2.90 According to,87 the Arabidopsis 
MAPK family members (MAPK2, −4, and −7) exhibit H2O2- 
dependent sulphenylation. Arabidopsis MAPK family pro-
teins – MAPK2, 4, and 7 have also been detected to undergo 
sulphenylation. Interestingly, the MAPKs are preferably acti-
vated by H2O2.76,151 Sulphenylation of MAPKs appears as an 
early signal response to oxidative stress which presumably acts 
downstream in the ROS-mediated signaling pathway. 
Furthermore, dephosphorylation by redox-sensitive phospha-
tases regulates the activity of MAPKs.152 The Arabidopsis 
protein tyrosine phosphatase (AtPTP1) undergoes sulphenyla-
tion which in turn negatively regulates MAPK activity.79 

Another instance of the regulation of stress signaling appears 
from evidences of sulphenylation in plant-specific SNF1- 
related protein kinase2 family proteins. This protein phosphor-
ylates various downstream signaling components (respiratory 
burst oxidase homolog RbohF and TFs) which in turn activate 
various stress-induced genes.91

Brassica napus ortholog of AtMAPK4 has been reported to 
undergo H2O2-dependent activity modulation which can be 
reversed by mutation at cysteine 232. However, according 
to,153 H2O2-mediated aggregation of the protein did not affect 
the protein kinase activity. Protein sulphenylation is also likely 
to regulate the process of protein translation. The stability of 
SALT OVERLY SENSITIVE 1 (SOS1) transcripts has been 
reported to be increased by H2O2 treatment. SOS1 encodes 
for a plasma membrane-bound Na+/H+ antiporter and the 
mRNA is highly unstable at normal conditions. However, 
salinity-induced surge in the endogenous H2O2 levels stabilizes 
the transcripts, thus leading to protein expression.92 According 
to Ref.93, the redox-regulated RNA-binding proteins are likely 

Figure 2. Methodology of sulfenome analysis in plants (YAP-1 and DYn- probe based approach).
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to undergo cys-oxPTM which regulates the stability of the 
SOS1 mRNA. The proteolytic control of PLASTIDIC TYPE 
I SIGNAL PEPTIDASE 1 (PLSP1) which removes thylakoid 
transfer signal protein is also regulated by the modifications at 
Cys166 and Cys286.154 Recent review by Ref.94 summarizes the 
role of sulphenylation in regulating peroxisomal proteins – 
(Monodehydroascorbate reductase 1; glutathione-disulfide 
reductase; Acyl-CoA oxidase 1 and glyoxalase 1) associated 
with redox signaling and β-oxidation of fatty acids.

5.2. Sulphenylated proteins exhibit precise subcellular 
compartmentalization and perform redox-balance and 
proteolytic activity

Peroxidases are one of the various enzymes which exhibit 
cysteine modifications at multiple sites during its reaction 
with H2O2. The formation of sulphenic acid residue in the 
cysteines of Prx is the first catalytic step of oxPTM. 
Certain isoforms of Prx possess cysteine groups where 
the sulphenic acid modification is reduced by the glu-
tathione-Grx components.155 Interestingly, overoxidation 
of peroxidase isoforms may lead to its inactivation fol-
lowed by H2O2 accumulation and subsequent downstream 
signaling response.95,96 Certain reports from microbial 
systems reveal that peroxide-mediated sulphenic acid for-
mation modulates the DNA-binding ability of various 
transcription factors (OxyR, OhrR, AP1, orCrtJ) in bac-
teria and fungi.96 DYn-2-based detection of sulfenome in 
Arabidopsis113 revealed spatial compartmentalization of 
sulphenylated proteins in various organelles namely plas-
tids, nucleus, mitochondria, endoplamic reticulum, golgi 
body, plasma membrane, and peroxisome. The details of 
all subcellular or organellar – sulfenylated proteins ana-
lyzed by Dyn-2 chemical probe and YAP1-c genetic probe 
approaches87,113 are being mentioned in Table 3. Major 
pool of sulphenylated proteins detected was associated 
with various pathways of primary metabolism (pentose 
phosphate pathway, glycolysis, TCA cycle, shikimate, 
amino acid, and lipid biosynthesis). Furthermore, the 
other proteins could be functionally categorized into hor-
monal signal pathway, redox homeostasis, and regulators 
of transcription and translation. Evidences, therefore, 
reveal that a similar class of proteins is likely subjected 
to sulphenylation in cytoplasm and organelles which infers 
its role in primary metabolism, signaling system, and 
redox management. The authors also compared sulfenome 
pool of Arabidopsis and Medicago trunculata by using 
another chemical probe Bio-DCP1. Some 30 sulphenylated 
proteins were also identified to exhibit similar mechanisms 
of redox function and signaling in Medicago trunculata. 
An important finding appears in the paper reported by 
Akter et al.113 where they compared the set of sulpheny-
lated proteins separately detected by YAP1C and DYn-2 
methods. Alarmingly, except for 16 proteins in common, 
the other set of sulphenylated proteins was found to be 
different in the two detection methods. The authors attrib-
uted the reaction kinetics of dimedone, and the internal 
concentration of the protein to be some of the essential 
factors which contribute to variable results (Figure 3).

The authors87 precisely report that 20% of the oxida-
tive-stress–induced sulfenome in Arabidopsis has been 
associated with proteolytic function. Five proteins 
(UBIQUITINCONJUGATING ENZYME27 (UBC27), two 
subunits of the Skp/Cullin/F-box (SCF) E3-ubiquitin ligase 
complex (ASK1 and ASK2), 3 and 5A subunits of the 
constitute photomorphogenic9 (COP9) signalosome has 
been identified to be associated with ubiquitination. 
Among other proteins REGULATORY PARTICLE NON- 
ATPASE 12A (cytoplasmic thioredoxin h (Trxh) 
(RPN12A) is an important component of 26S proteasome 
which is also associated with the cytokinin signal 
pathway.97,98 Present findings provide insights to the fact 
that the sulphenylation of proteolytic components facili-
tates the degradation of oxidatively damaged proteins and 
imparts physiological stress tolerance (Figure 4). Similar to 
Arabidopsis, a similar mechanism of oxidative modifica-
tion of 20S proteolytic proteins has been reported in 
response to sugar starvation in Maize.156

The redox sulphenylated proteins detected among the com-
ponents of sulfenome namely included MONOTHIOL 
GLUTAREDOXIN17 (GRXS17), THIOREDOXIN- 
DEPENDENT PEROXIDASE1 (TPX1), GLUTAREDOXIN 
C2 (GRXC2), and DHAR2. Certain enzymes (glutathione per-
oxidase, peroxiredoxins, and methionine sulfoxide reductases) 
with specialized redox mechanisms were not detected by the 
YAP1C method possibly because of the transient form of 
sulphenic acid formed by the cysteine residues. Certain pro-
teins like TPX1 and DHAR exist among early and late respon-
sive proteins. Investigations with dimedon-tagged 
sulphenylation in DHAR in presence of H2O2 revealed 
a remarkably lower rate of sulphenylation in comparison with 
the control [without H2O2). The authors discussed the findings 
to be resulting due to the fast conversion of sulphenic residue 
to sulfininc or sulfonic forms, respectively. Thus, the function 
of DHAR in relation to oxidative-stress-induced sulphenyla-
tion has been associated with important reactions of the glu-
tathione-ascorbate cycle. Thus, sulphenylated DHAR appears 
to be an essential enzyme necessary to maintain an ascorbate 
pool in cells subjected to oxidative stress. Recent report by,142 

involves the use of the YAP1-C approach for in-vivo detection 
of plastidial sufenome in response to light and H2O2-mediated 
oxidative stress. A major pool of all the sufenylated proteins 
(132) detected in plastids was associated with amino acid 
metabolism.

6. Homology of sulphenylatyed proteins in humans 
and plants: a conserved set of sulfenome

The comprehensive data set of sulphenylated proteins obtained 
from an organism is referred to as sulfenome (Table 3). Recent 
advancements in the methodological approaches have been 
successful to decipher the pool of sulphenylated proteins in 
human and plant system, preferably Arabidopsis. Proteomic 
approach mediated by mass spectrometric analysis has been 
beneficial in identifying proteins with cysteine sulphenic acid 
residues. Proteomic analysis reveals a better characterization of 
sulphenylated proteins in mammalian systems. Various reports 
provide validation of cysteine sulphenylation in mammals and 
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plants. Although mammalian systems involve cysteine sulphe-
nylation to be associated with a wide range of proteins namely 
oxidoreductase, dehydrogenase, kinase, phosphatase, transfer-
ase, and adaptor proteins, plants systems have been reported to 
involve mostly oxidoreductase and dehydrogenase protein 
family. Certain plant-based orthologs of animal proteins exhi-
bit a similar mechanism of sulphenylation. Functional 

conservation of sulphenylation and its regulatory effect have 
been observed for the methionine sulfoxide reductase (MSR) 
family of proteins.164–166 The MSRB1 and MSRB2 isoforms 
from Arabidopsis and MSRA from human and mouse have 
been reported to undergo sulphenylation. Interestingly, the 
proteins are structurally unlike yet share some similarities in 
their catalytic nature and thus undergo nucleophilic 

Figure 4. Signaling role of sulfenylated proteins in plants.

Figure 3. Comparative account of the functional categories of Arabidopsis sulfenome detected by Dyn-2 probe-based method113 (a) and YAP-1 genetic probe method87 

(b). Numbers represent percentage representation of each class of sulfenylated proteins.

PLANT SIGNALING & BEHAVIOR e1831792-11



Table 3. Functional categories of various sulfenylated proteins identified from Arabidopsis and Medicago sulfenome.

Functional 
categorization Protein

Subcellular location/number of 
cysteines Method of detection References

Arabidopsis 
sulfenome

Functional categorization of major types of sulphenylated proteins identified as components of Arabidopsis and Medicago sulfenome in response to 
oxidative stress (H2O2]. The sulfenome analysis was performed by Dyn-2 chemical probe and YAP1-c genetic probe approaches [87,113].

Type 1- Protein 
degradation

OVARIAN TUMOR DOMAIN (OTU)- 
CONTAINING 
DUB (DEUBIQUITILATING ENZYME) 5

Cytosol (3) DYn-2 chemical probe method and TAIR 113

Alpha/beta-Hydrolases superfamily protein Cytosol, chloroplast [1) DYn-2 chemical probe method and TAIR 157,158

Peptidase M1 family protein Cytosol, chloroplast [7) DYn-2 chemical probe method and TAIR 87

Zn-dependent exopeptidases superfamily 
protein

Cytosol, chloroplast [11] DYn-2 chemical probe method and TAIR 159

Cytosol aminopeptidase family protein Cytosol, chloroplast (5] DYn-2 chemical probe method and TAIR 80

UBIQUITIN-ACTIVATING ENZYME 1 Cytosol, nucleus and plasma 
membrane (18)

DYn-2 chemical probe method and TAIR 113

COP9 SIGNALOSOME 5A Cytosol, nucleus [2) DYn-2 chemical probe method and TAIR 87

20S PROTEASOME BETA SUBUNIT G1 and 26S 
PROTEASOME REGULATORY COMPLEX

Cytosol (1] and chloroplast (8) DYn-2 chemical probe method and TAIR 80

CALRETICULIN 1A, 1B Endoplasmic reticulum DYn-2 chemical probe method and TAIR 12

Ubiquitin-specific protease 12 (UBP12] and 
Ubiquitin-specific protease 13 (UBP13)

Cytoplasm [11) YAP1-c 87

Type 2- Primary 
metabolism

Pyruvate kinase family protein Cytoplasm, plasma membrane (11] 80

CYTOSOLIC-NAD-DEPENDENT MALATE 
DEHYDROGENASE 2

Cytoplasm, plasma membrane [6) 160

PHOSPHOENOLPYRUVATE CARBOXYKINASE Cytoplasm, nucleus (12] 113

ARABINOSE KINASE Cytoplasm, plasma membrane (22)
NADP-DEPENDENT MALATE 

DEHYDROGENASE
Cytoplasm, apoplast [9) 161,162

S-FORMYLGLUTATHIONE HYDROLASE Cytoplasm, apoplast [5] 159

GLYOXALASE I HOMOLOG Cytoplasm, peroxisome, plastids, 
plasma membrane (1]

113

ACONITASE 1 Cytoplasm, mitochondria plastids, 
plasma membrane, vacuoles (13)

IAA-CONJUGATE-RESISTANT 4 Mitochondria [5) 160

ATP SYNTHASE ALPHA/BETA FAMILY Mitochondria [3] 12

SUCCINYL-COA LIGASE, ALPHA SUBUNIT Mitochondria, cell wall [8] 158

CYTOCHROME C-1 Mitochondria, cytosol (2] 113

LONG-CHAIN ACYL-COA SYNTHETASE 4/ 
AMP-DEPENDENT SYNTHETASE AND 
LIGASE FAMILY PROTEIN

Golgi apparatus, nucleus, plasma 
membrane (13)

6-phosphogluconate dehydrogenase family Plastid, mitochondria (6)
HEAT SHOCK COGNATE PROTEIN 70–1 Plastid (4)
PLASTID ISOFORM TRIOSE PHOSPHATE 

ISOMERASE,
Plastid [2) 159

Vacuolar ATP synthase subunit A (VHA-A] Vacuolar membrane [6) YAP1-c 87

NADP-malic enzyme 2 (NADP-ME2] Cytoplasm (7) YAP1-c
Hormone 

homeostasis
RECEPTOR FOR ACTIVATED C KINASE 1B Cytoplasm, ribosome and nucleus (2)

ACC OXIDASE 2 Cytoplasm, endoplasmic reticulum 113
Amino acid 

metabolism
ARABIDOPSIS CYSTEINE SYNTHASE 1 Plastid (5)

O-ACETYLSERINE (THIOL) LYASE ISOFORM C Chloroplast, mitochondria (3)
PHOSPHOSERINE AMINOTRANSFERASE Plastid (8)
ANTHRANILATE SYNTHASE 2 Plastid (4)
ASPARTATE AMINOTRANSFERASE Plastid (6)
VALINE-TOLERANT 1 Plastid, cytosol (2)
SERINE-HYDROXYMETHYLTRANSFERASE 3 Plastid (7)
Pyridoxine biosynthesis 1.3 (PDX1.3) Plastid [7) YAP1-c 87

Redox-activity STROMAL ASCORBATE PEROXIDASE Plastid [4] 163

MONODEHYDROASCORBATE REDUCTASE 6 Plastid (5] 113

DIHYDROLIPOYL DEHYDROGENASES Plastid [9) 87 

113 

113 

113 

113

GLYCERALDEHYDE 3-PHOSPHATE 
DEHYDROGENASE A SUBUNIT

Plastid (5)

ELECTRON TRANSFER FLAVOPROTEIN BETA 
PHOSPHATE TRANSPORTER 
3 (MPT3)

Mitochondria (3)

THIOREDOXIN-DEPENDENT PEROXIDASE 1 Cytosol, chloroplast, 
plasmamembrane

ATNRX1, NRX1, NUCLEOREDOXIN 1/DC1 
domain-containing protein

Cytosol (12)

AMINO ACID DEHYDROGENASE FAMILY Cytosol (6)

(Continued)
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substitution in the cysteine residue. Glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) is another protein that pos-
sesses conserved sites for cysteine-sulphenylation in plants and 
humans.167,168

Functional categorization of sulphenylated proteins in 
mammals and plants reveal two mechanistic categories namely 
an intermediate to overoxidation or disulfide formation and as 
a direct regulator of protein function. The intermediate forms 
of cysteine-SOH are transient and they reside in the catalytic 
site of the proteins. MSR, GAPDH, dehydroascorbate reduc-
tase 2 (DHAR2; Arabidopsis), and peroxiredoxin (Prx) are 
such proteins with evolutionary conserved sulphenic acid 
residues.164–168 Alternatively, -SOH group not being associated 
with the catalytic activity of the protein has been suggested to 
mediate disulfide formation to prevent overoxidation. 
Mammalian reductase family proteins (glutathione reductase 
(GR), aldose reductase (AR) exhibit such mechanism oLDf 
sulphenic acid-mediated regulation of protein activity. Crystal 
form of GR exhibit a stable – SOH present in the cysteine 63 
which inhibits the activity of the enzyme.169 Conversely the 
stable form of – SOH present in Cys298 and Cys303 of AR has 
been reported to activate its function.170,171 Sulphenylation- 
induced activation of kinase activity has been evident in mam-
malian epidermal growth factor receptor (EGFR).136 Recent 
interesting report by Ref.172 has evaluated the homology of 
sulfenome landscapes in human and plant systems. Using uni-
form annotation with current Uni-ProtKB accessions a total of 
1684 sulphenylated proteins was compared from humans, 
Arabidopsis and Medicago. Around 29% and 5.8% of the total 
sulphenylatyed proteins were reported in multiple studies in 
humans and Arabidopsis, respectively. A comprehensive 

account of the comparative landscape of mammalian and 
plant sulfenome was obtained by reciprocal BLAST analysis. 
Proteins with 60% query coverage and 40% amino acid identity 
were considered to be homologous in nature. The authors 
reported that homologous identity exists among sulphenylated 
proteins reported from humans (31%], Arabidopsis and 
Medicago (42%) (Figure 5). GAPDH, cMDH1, and dihydroli-
pyl dehydrogenase (DLDH) are the evolutionary conserved 
sulphenylated proteins that have been characterized. Certain 
enzymes exhibiting sulphenylation in humans and Arabidopsis 
exhibit evolutionary conserved nature in terms of their biolo-
gical activity. They are mostly associated with the primary 
metabolic pathways such as purine biosynthesis, pyruvate 
metabolism, and glycolysis pathway. Sulphenylation can essen-
tially regulate the process of glycolysis and pentose phosphate 
pathway.173, 174, 175, 176 Thus, our current understanding of the 
mechanism of protein sulphenylation and sulfenome appears 
to possess homology across diverse groups of biological 
systems.

7. Deciphering the signaling mechanisms of cys 
oxPTM-mediated molecular crosstalk and 
bioengineering of plants to endure stress: future 
perspectives

The increasing number of investigations in the last decade has 
led to the identification of a large number of proteins that 
undergo cys oxPTM. Plant endurance to biotic and abiotic 
stress is largely regulated by the activity of antioxidant 
enzymes, regulation of primary metabolism, and modulation 

Table 3. (Continued).

Functional 
categorization Protein

Subcellular location/number of 
cysteines Method of detection References

Protein folding 
and 
transport

IMPORTIN ALPHA ISOFORM 1 Cytosol, nuclear envelope, nulcleus 
(11)

HEAT SHOCK PROTEIN 81–3 Cytosol, golgi, plasma membrane (5)
HEAT SHOCK COGNATE PROTEIN 70–1 Cytosol, golgi, plasma membrane (7)
TCP-1/cpn60 chaperonin family protein Cytosol, golgi, plasma membrane (9)
CHAPERONIN-60BETA3 Cytoplasm, nucleus (6)
ERBB-3 BINDING PROTEIN 1 Nucleus, plasma membrane (6)
LUMINAL BINDING PROTEIN Endoplasmic reticulum (5)
γ-Glutamyl peptidase 3 (GGP3) Cytoplasm (8) YAP1-c

RNA-binding 
translation

ATP binding*leucine-tRNA 
ligases*aminoacyltRNA 
ligases*nucleotide binding*ATP

Cytosol (20)

EUKARYOTIC TRANSLATION INITIATION 
FACTOR 3B-2

Cytosol, nucleus (3)

Nucleic acid-binding, OB-fold-like protein Cytosol, plasma membrane (4)
CYCLOPHILIN 40 Cytosol (7)
TRANSLATION INITIATION FACTOR 3 SUBUNIT 

H1
Cytosol (7)

EUKARYOTIC TRANSLATION INITIATION 
FACTOR ISOFORM 4G1

Cytosol, nucleus (7)

Signal 
transduction

PEROXISOMAL 3-KETOACYL-COA THIOLASE 3 Peroxysome (9)

CO-FACTOR FOR NITRATE REDUCTASE AND 
XANTHINE DEHYDROGENASE

Cytoplasm (9)

PHOSPHOLIPASE D ALPHA 1 Cytoplasm (8)
INOSITOL 1,3,4-TRISPHOSPHATE 5/6-KINASE 

4 (ITPK4)
Cytosol, nucleus [9) 87

Map kinase 2, 4 and 7 (MAPK] Cytosol [8) YAP1-C 87
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in the activity of receptor kinases. In this context, a plethora of 
effects are mediated by crosstalk among phytohormones, Ca2+ 

and ROS. Thus, cys oxPTMs of proteins modulate physiologi-
cal pathways thus imparting stress tolerance to plants.

To date, our current knowledge on the physiological sig-
nificance of cysteine oxPTM and protein sulphenylation pro-
vides insights into its role in stress signaling, metabolism, and 
redox homeostasis. Recent advancements have identified novel 
proteins associated with cys-mediated oxPTM among which 
sulphenylation possesses immense functional significance. 
Oxidative stress-induced sulfenome identification substanti-
ates the fact that sulphenylated proteins are important compo-
nents in the ROS-generated signal cascade. However, future 
investigations are necessary to perform validation and func-
tional characterization of the sulphenylated proteins. 
Comparative proteomic analysis of sulfenome in some plant 
systems explains that differences exist among the sulphenylted 
proteins identified by different techniques. Thus, it is necessary 
to collate data from various methods with variable sensitivity. 
Modification of non-native proteins during sample prepara-
tion in lysates imposes hurdles of false-positive results. Plant 
sulfenome analyzed through in vitro stress-induced responses 
should also be essentially validated by in vivo experimental 
analysis. Application of a UV-cleavable dimedone probe is 
expected to provide better results in sulfenome identification 
in the future. Unlike mammalian systems, investigations on 
plant sulfenome require further advancements. The evolution-
ary conserved set of sulfenomes detected in humans and plants 
shall facilitate the functional interpretation of various sulphe-
nylated proteins in plants. It is essential to overcome the 
current technical limitations in methodologies adapted to 
detect sulphenylated proteins in vivo. The kinetics of chemical 
probes implied in various investigations appears to be an 
important factor for sulfenome detection in plants. Thus, 
future investigations with novel modified protocols are neces-
sary for detecting transient forms of sulphenic acid residues in 
plants. Long-distance abiotic-stress signaling, photobiomodu-
lation and hormonal crosstalk during plant development are 
some of the potential areas to be investigated in the context of 
protein sulfenylation. Individual protein targets should be con-
sidered for more detailed analysis through functional 

characterization and case to case validation. Insights to 
S-nitrosylation mediated negative regulation of NO signaling 
in plants is likely to be addressed in the upcoming years.
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