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Abstract
Protein cysteine residues are susceptible to oxidative modifications that can affect protein functions. Proteomic techniques
that comprehensively profile the cysteine redoxome, the repertoire of oxidized cysteine residues, are pivotal towards a bet-
ter understanding of the protein redox signaling. Recent technical advances in chemical tools and redox proteomic strate-
gies have greatly improved selectivity, in vivo applicability, and quantification of the cysteine redoxome. Despite this sub-
stantial progress, still many challenges remain. Here, we provide an update on the recent advances in proteomic strategies
for cysteine redoxome profiling, compare the advantages and disadvantages of current methods and discuss the outstand-
ing challenges and future perspectives for plant redoxome research.

Introduction
Numerous biochemical reactions involve electron transfers
that depend on cellular reduction–oxidation (redox) po-
tential. Incomplete reduction yields reactive electrophilic
species, such as reactive oxygen/nitrogen/sulfur species
(ROS/RNS/RSS; see Box 1), that can react with other bio-
molecules, including nucleic acids, lipids, and proteins,
thus altering cellular homeostasis. Although ROS had tra-
ditionally been regarded as toxic side products, their role
as signaling molecules in plants is now widely acknowl-
edged (Mignolet-Spruyt et al., 2016; Mittler, 2017).
Relatively stable ROS, such as hydrogen peroxide (H2O2),
can modify protein function by inducing oxidative post-
translational modifications (OxiPTMs). Protein Cys thiols
(–SH) are very susceptible to H2O2, and their reactivity
depends on the Cys pKa and local microenvironment

(Poole, 2015; Trost et al., 2017). The oxidation state of the
thiol sulfur spans a wide range from –2 to + 6 with the
occurrence of diverse OxiPTMs (Paulsen and Carroll,
2013). The initial reaction of H2O2 with –SH (–2) forms
sulfenic acid (–SOH, 0) that is intrinsically unstable and an
intermediary en route to other OxiPTMs, such as the rela-
tively more stable sulfinic (–SO2H, + 2) and sulfonic
(–SO3H, + 4) acids (Figure 1). The –SO3H formation is
irreversible, whereas –SO2H can be recycled in an ATP-
dependent manner by sulfiredoxin (Biteau et al., 2003).
Alternatively, –SOH can react with proximal –SHs, either
within or from other proteins, and with the tripeptide glu-
tathione (GSH), forming disulfides (–SSR, –1) and S-GSH
(–SSG, –1), respectively (Figure 1). Disulfides can be enzy-
matically reduced to –SH by thiol reductases, such as thio-
redoxins (Trxs) and glutaredoxins (Grxs; Meyer et al.,
2012). Besides ROS, RNS triggers the formation of
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S-nitrosothiols (–SNO, 0) via diverse mechanisms (see Box
1). Additionally, the RSS hydrogen sulfide (H2S) reacts with
–SOH and forms persulfide (–SSH, –1) through S-sulfhy-
dration (Figure 1; Aroca et al., 2018).

Importantly, OxiPTMs provide a rapid posttranslational reg-
ulation mechanism that can fine-tune protein functions. A
systematic characterization of the repertoire of cellular Cys
OxiPTMs, or “redoxome” (Chiappetta et al., 2010), is essential
to guide downstream functional research and to uncover
redox-regulatory processes (Yang et al., 2015; Huang et al.,
2018a, 2019; Shen et al., 2020). Here, we outline contemporary
technologies for redoxome profiling in three groups: (1) che-
moproteomic methods that use chemical probes to target
specific OxiPTMs, (2) indirect reductomic methods that rely
on general or selective reduction of OxiPTMs, and (3) recom-
binantly produced or genetically encoded proteinaceous disul-
fide traps. Besides highlighting plant redoxome studies, we
describe several cutting edge profiling methods, mostly estab-
lished in mammals. Lastly, we discuss current challenges and
future perspectives for (plant) redox PTM research.

Chemoproteomics for detection of specific
Cys OxiPTMs
Chemoproteomics is an interdisciplinary field in which
protein interactors of small chemical molecules are identi-
fied by mass spectrometry (MS). Various chemical probes
with high affinity toward –SH or specific Cys OxiPTMs have
been developed and used for redoxome profiling (Figure 2).
Below, chemoproteomic workflows are discussed per Cys
OxiPTM together with several representative studies.

Quantification of native –SH levels
In redoxome workflows, free –SHs are typically blocked
by thiol alkylating agents, such as iodoacetamide (IAM) and
N-ethylmaleimide (NEM). Instead of mere blocking, they can
be used to monitor –SH levels. Such chemicals are typically
equipped with an alkyne handle to enable conjugation
with azide-containing reporter groups via Cu(I)-catalyzed
azide–alkyne cycloaddition (CuAAC) or “click chemistry”
(Speers et al., 2003), thus facilitating protein or peptide
enrichment via affinity purification (AP). For instance, an
IAM-alkyne (IA) probe was designed and used to determine
–SH reactivity in mouse cell cultures (Weerapana et al.,
2010) and later in human mitochondrial and endoplasmic
reticulum subcellular fractions (Bak et al., 2017; Bechtel
et al., 2020). By performing low and high IA probe labeling,
hyperreactive –SHs are identified as those that saturate la-
beling at low probe concentration. Similarly, another alkyne-
functionalized IAM probe, 2-iodo-N-(prop-2-yn-1-yl)aceta-
mide (IPM) was applied for quantitative thiol reactivity pro-
filing (QTRP) in human (Fu et al., 2017, 2020; Figure 2).
IPM-labeled Cys from control and H2O2-treated cells were
differentially conjugated with light or heavy isotope-labeled,
UV-cleavable azido biotin (Az-UV-biotin). Subsequently,
biotin-tagged peptides were captured by streptavidin and
photoreleased for quantitative MS analysis of –SH levels.

Other reactive warheads have been developed and used
for in situ –SH labeling in HeLa cells. For instance, alkyne or

Figure 1 Simplified overview of Cys redox posttranslational modifica-
tions. The various Cys OxiPTMs are highlighted using red bold font
and their respective sulfur oxidation states are indicated by a color
code. Srx, sulfiredoxin.

Figure 2 QTRP for pairwise quantitation of –SH levels (Fu et al., 2017,
2020). Cys –SH in protein lysates are labeled by IPM, unlike oxidized
Cys thiols (SOX, bold red font). After trypsin digestion, IPM-tagged
Cys are differentially conjugated with light (orange) or heavy (brown)
isotope-labeled Az-UV-biotin depending on the conditions (for in-
stance, H2O2-treated versus nontreated cells). After mixing light- and
heavy-tagged samples, biotinylated peptides are captured on strepta-
vidin and modified peptides are photoreleased by 365-nm UV light.
Eluted peptides are identified and quantified by MS analysis.
Comparison of peptide precursor intensities allows deduction of rela-
tive –SH levels between conditions. I, intensity; RT, retention time;
SOX, oxidized thiol.

ADVANCES

• The chemical toolbox for Cys redoxome
profiling has extensively expanded.

• Advanced chemoproteomic platforms have
been applied to target specific Cys oxidative
posttranslational modifications (OxiPTMs).

• Various reductomic workflows have been
widely implemented for reversible Cys OxiPTMs
quantification.

• Workflows have been integrated to measure
the occupancy of multiple OxiPTMs
simultaneously.

• Disulfide-based traps enable the in situ profiling
for –SOH sites.
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desthiobiotin-conjugated heteroaromatic sulfone probes,
reacting with –SHs via nucleophilic aromatic substitutions,
had an increased labeling rate when compared with
IAM-based probes (Motiwala et al., 2020). Alternatively,
trimethylsilyl-ethynylbenziodoxolone compounds can intro-
duce acetylene groups to –SHs through ethynylation, result-
ing in thioalkynes that can be directly used for CuAAC
(Tessier et al., 2020). Thus far, no in situ labeling of –SH has
been done for quantitative analysis in plants.

In situ –SOH labeling with carbon nucleophiles
Almost 50 years ago, the cyclic diketone dimedone had been
described for selective –SOH targeting (Benitez and Allison,
1974). The carbon-based nucleophilic chemistry of dimedone
instigated the design of several optimized –SOH probes
(Huang et al., 2018b; Shi and Carroll, 2020). A dimedone-based
probe with alkyne handle, designated 4-(pent-4-yn-1-yl)cyclo-
hexane-1,3-dione (DYn-2), was initially used to identify S-sulfe-
nylated proteins in human cells (Paulsen et al., 2012), and later
in Arabidopsis (Arabidopsis thaliana) cells (Akter et al., 2015).
Meanwhile, isotope-labeled DYn-2 probes were used for –SOH
site identification and quantification after enrichment of
DYn-2-modified peptides (Yang et al., 2014). More re-
cently, various carbon nucleophiles with different reactiv-
ities toward –SOH have been developed and tested in
human cells (Gupta et al., 2017). Among these probes,

benzo[c][1,2]thiazine-based (BTD) shows superior reactiv-
ity to –SOH and has been used for in situ identification
and quantification of –SOH sites by conjugating Az-UV-
biotin via CuAAC in human (Akter et al., 2018; Fu et al.,
2019a) and Arabidopsis cell cultures (Huang et al., 2019;
Figure 3). Compared with the previous Arabidopsis study
identifying hundreds of S-sulfenylated proteins (Akter
et al., 2015), the use of the BTD-based chemoproteomic
workflow detected and quantified more than a thousand
–SOH sites (Huang et al., 2019). The site-specific quantifi-
cation under conditions of interest is a tremendous ad-
vance in plant –SOH profiling.

In addition to carbon nucleophilic probes, –SOH can also re-
act with electrophilic probes containing strained alkene or al-
kyne groups. Initially, bicyclo[6.1.0]nonyne-based probes were
used in human cells (Poole et al., 2014; McGarry et al., 2016)
and, more recently, trans-cycloocten-5-ol (Scinto et al., 2019)
and norbornene (Alcock et al., 2019, 2020). Whereas this alter-
native class of electrophilic probes offers a complementary
view, some concerns have been raised about their possible
cross-reactivity with –SH or –SSH (Shi and Carroll, 2020).

Electrophilic nitrogen species for –SO2H profiling
Thus far, the chemical probes used to selectively study
–SO2H are mainly based on electrophilic nitrogen
compounds that can form stable sulfonamide adducts with

Box 1 Reactive electrophilic species causing Cys OxiPTMs

Three major categories of reactive electrophilic species cause OxiPTMs on protein Cys thiols with a signaling
function in plants.
Reactive oxygen species
Among diverse ROS, the relatively stable H2O2 is a well-established signaling molecule. Besides metabolic
ROS leakage, as in chloroplastic and mitochondrial electron transfer chains, ROS production can be enzymatically
orchestrated by, for instance, respiratory burst oxidase homologs (RBOHs) that generate a superoxide radical
(O�2 ), which, in turn, is converted to H2O2 by superoxide dismutases (SODs). In addition, many other detoxifying
and producing enzymes occur in plant compartments (for details, see Mignolet-Spruyt et al., 2016).
Reactive nitrogen species
The major RNS refers to nitric oxide (NO) and its derived molecules. Whereas the origin of NO mainly depends
on NO synthase (NOS) in mammals, nonenzymatic reduction of nitrite (NO�2 ) is the best recognized NO source
in plants. NO can react with O2 to form dinitrogen trioxide (N2O3) and nitrogen dioxide (NO2), or with O�2
to yield peroxynitrite (ONOO), which plays an important role in protein nitration. NO can also react with GSH
in the presence of O2 to form S-nitrosoglutathione (GSNO), a major endogenous NO donor. NO serves as a sig-
naling radical molecule that, through protein Cys S-nitrosylation, is involved in many well-described physiological
processes in plants. Several mechanisms have been proposed for protein –SNO formation (Alcock et al., 2018).
For instance, NO could directly react with thiyl radicals, or N2O3 with thiols. In addition, transnitrosylation be-
tween thiols and GSNO can occur, and more mechanisms have been suggested (for more details, see Alcock
et al., 2018).
Reactive sulfur species
Cys persulfidation provoked by H2S is a major mechanism in sulfide (S2–) signaling (Aroca et al., 2018). H2S is,
rather, a reductant and, upon reaction with –SOH, can generate persulfide (–SSH) and protect against overoxida-
tion (Zivanovic et al., 2019). An important H2S source is provided by sulfate (SO2�

4 ) assimilation in the plastids,
in which sulfite reductase reduces sulfite (SO2�

3 ) to sulfide. In addition, H2S is formed as a byproduct during
cyanide detoxification in mitochondria and L-cysteine desulfhydrase1 (DES1) in the cytosol. For a more complete
description and alternative production mechanisms, we refer to Aroca et al. (2018).
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–SO2H. First, an aryl-nitroso probe coupled to biotin
(NO-Bio) was utilized for –SO2H protein labeling in human
cell lysates (Lo Conte and Carroll, 2012; Lo Conte et al.,
2015) and, subsequently, biotin–S-nitrosoglutathione
(GSNO; Majmudar et al., 2016). Lately, an electrophilic
diazene alkyne (DiaAlk) probe was applied with superior
–SO2H sensitivity (Akter et al., 2018; Figure 3). Here, after
blocking –SH with 4,4 ’-dipyridyldisulfide (4-DPS), DiaAlk
was used to label –SO2H in protein lysates, followed by con-
jugation of Az-UV-biotin via CuAAC. DiaAlk-modified pepti-
des from samples treated with low and high doses of H2O2

were subsequently enriched and quantified (Figure 3). Using
BTD probes in parallel for –SOH profiling, both the –SOH
and –SO2H levels were measured, providing insight into the
dynamic exchange between S-sulfenylation and S-sulfinyla-
tion. Furthermore, measurement of the turnover of the
“S-sulfinome” in sulfiredoxin-deficient mutants hinted at
more than 55 new sulfiredoxin substrates in mouse cells
(Akter et al., 2018). Two of these substrates, PTPN12
and DJ-1, have been further confirmed biochemically to be
reduced by sulfiredoxin. Thus far, no –SO2H profiling
has been conducted in plants, but adoption of –SO2H
chemical probes could help discover biological functions

of S-sulfinylation and possibly expand the sulfiredoxin
substrate repertoire in plants, currently restricted to 2-Cys
peroxiredoxins and peroxiredoxin IIF (Iglesias-Baena et al.,
2010, 2011).

Diverse strategies for –SSH detection
In the past decade, various chemoproteomic strategies have
emerged to study protein S-sulfhydration. Discriminative
labeling of –SSH and –SH is extremely challenging due to
their similar reactivity toward –SH reagents (Pan and
Carroll, 2013). Therefore, selective labeling of –SSH is
typically indirect. Methyl methanethiosulfonate (MMTS)
had been thought to specifically block –SH, whereafter
–SSH would be targeted and enriched with pyridylthiol-
biotin (biotin-HPDP; Mustafa et al., 2009). This method has
been applied in Arabidopsis leaf extracts, and identified 106
S-sulfhydrated proteins (Aroca et al., 2015). However, –SH
and –SSH were found to have a similar reactivity toward
MMTS, questioning the aforementioned method (Pan and
Carroll, 2013). In a tag-switch method, both –SH and –SSH
were blocked by methylsulfonyl benzothiazole (MSBT),
whereafter cyanoacetate biotin (CN-biotin) selectively
reacted with MSBT disulfide adducts (Zhang et al., 2014).

Box 2 Reagents used in quantitative redox proteomics

Isobaric reagents for general protein quantification: TMT and iTRAQ
Isobaric labeling is a mass spectrometric strategy widely adopted for quantitative proteomics. Most commonly
used are the amine-reactive (peptide N-terminus, Lys side chain) iTRAQ and TMT reagents (Pappireddi et al.,
2019). These reagents have an identical mass, but their structures consist of differently distributed heavy
and light isotopes. Upon tandem MS fragmentation, a linker is cleaved at a specific location, yielding characteris-
tic reporter ion masses whose intensities can be used for multiplexed quantification (Pappireddi et al., 2019).
iodoTMT and ICAT quantitative thiol reagents
Of particular interest to redoxome profiling are the isobaric reagents that had been coupled with IAM for quanti-
fication of –SH peptides. iodoTMT reagents are IAM-functionalized isobaric mass tags that allow 6-plex quantifi-
cation (see Figure 1 Box 2). Alternatively, ICAT reagents couple IAM to biotin through a cleavable light or heavy
isotope linker for pairwise quantification of –SH levels (see Figure 1 Box 2).
In vivo metabolic labeling: SILAC
Besides quantitative labeling, heavy nonradioactive isotopic amino acids can be incorporated in vivo by SILAC.
Heavy amino acids are incubated with cell cultures to enable quantitative peptide comparison. Typically, heavy
Arg and Lys are used because they precede trypsin cleavage sites and constitute the C-terminal amino acid
of tryptic peptides. SILAC labeling approaches are not widely used in plants, because plants are autotrophic
organisms that synthesize all amino acids and, hence, challenge the efficient incorporation of heavy amino acids.
In addition, the growth of green algae has been shown to be affected by the application of high concentrations
of heavy amino acids (Andriukonis and Gorokhova, 2017).
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Figure 1 Box 2 Chemical structures of iodoTMT and ICAT. Orange asterisks indicate atoms carrying isotopic labels.

Plant Physiology, 2021, Vol. 186, No. 1 PLANT PHYSIOLOGY 2021: 186; 110–124 | 113



Given the shortcomings of using MMTS (Aroca et al., 2015),
the tag-switch method was adopted and identified 2,015
S-sulfyhydrated proteins in Arabidopsis, which is a substan-
tial increase compared with the 106 proteins identified pre-
viously (Aroca et al., 2017; Figure 4). In an adapted
tag-switch method, –SSH, –SH, and –SOH first react with
4-chloro-7-nitrobenzofurazan (NBF-Cl) and dimedone-based
probes, then selectively switch with –SS–NBF disulfides to
label –SSH (Zivanovic et al., 2019). Besides tag-switch meth-
ods, –SH labeling reagents have been used to detect –SSH.
For instance, IPM probes were used in human cells for –SSH
level quantification after NaHS treatment by a low pH
QTRP method (Fu et al., 2019b). The pKa of –SSH is 4.3,

which is �4 units lower than that of –SH (pKa = 8.29);
thus, –SSH maintains a relatively higher reactivity at a pH of
5 than the protonated –SH. Alternatively, isotope-coded af-
finity tag (ICAT) reagents (see Box 2) have been used to la-
bel both –SH and –SSH, in which the ICAT-tagged –SSH
sites (+ 32 Da compared with tagged –SH) can be further
distinguished and quantified (Wu et al., 2019). Additionally,
in a biotin thiol assay (BTA) method, –SSH and –SH were
first labeled with maleimide-polyethylenegylcol (PEG)2-biotin
(NM-biotin) and trapped on the avidin column, whereafter
only tagged –SSHs could be reduced by dithiothreitol (DTT)
or tris(2-carboxyethyl)phosphine (TCEP). This approach was
initially used for the identification of S-sulfhydrated proteins

Figure 3 Chemoproteomic strategies for –SOH and –SO2H redoxome profiling. Samples are purified and quantified by conjugation of isotopically
labeled Az-UV-biotin tags similarly as for the QTRP method (tan box, more details see Figure 2). A, Schematic workflow for –SOH profiling
(Huang et al., 2019). –SOH sites (red bold font) in mock- and H2O2-treated cells are labeled with BTD in Arabidopsis cell culture. The extracted
proteomes then undergo a reduction-alkylation step and trypsin digestion. The peptides from mock- and H2O2-treated samples are differentially
conjugated to light (orange) or heavy (brown) isotope-labeled Az-UV-biotin for quantification. B, Schematic workflow for –SO2H profiling (Akter
et al., 2018). After proteome extraction, free thiols are blocked with 4-DPS and subsequently –SO2H sites (red bold font) are labeled by DiaAlk
probe. After a reduction–alkylation step and trypsin digestion, DiaAlk-modified peptides are differentially conjugated with light (orange) or heavy
(brown) isotope-labeled Az-UV-biotin for relative quantification between two conditions. I, intensity; RT, retention time; –SOH, sulfenic acid;
–SO2H, sulfinic acid.

Figure 4 Redoxome workflows for –SSH profiling. A, Tag-switch method for –SSH protein quantitation by means of TMT isobaric reagents
in Arabidopsis (Aroca et al., 2017). After protein extraction, both –SHs and –SSHs are blocked by MSBT. The –SSHs (red bold font) are further se-
lectively trapped by incubating with CN-biotin, because solely MSBT disulfide adducts react with CN-biotin. Proteomes are digested with trypsin
and CN-biotin-tagged peptides are enriched for identification of –SSH proteins. B, BTA method for quantification of –SSH with iodoTMT-labeling
agents (Gao et al., 2020a). After protein extraction, both –SHs and –SSHs are blocked with NM-biotin. Proteomes are digested with trypsin and
NM-biotin-tagged peptides are captured on an avidin column. The NM-biotin-tagged –SSHs are specifically eluted by DTT or TCEP through
reduction. The newly generated –SHs are modified by 6-plex iodoTMT reagents for –SSH site quantification in mock- or NaHS-treated cells. –SSH,
persulfide.
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in mouse cells (Gao et al., 2015), and has recently been im-
proved to quantify –SSH sites in human cells using iodoace-
tyl isobaric tandem mass tag (iodoTMT) reagents (see Box 2
and Figure 1 Box 2; Gao et al., 2020a; Figure 4). Similarly,
–SSHs in human and yeast cells were detected with IAM-
PEG2-biotin (Doka et al., 2016; Longen et al., 2016).
However, the specificity of IAM-PEG2-biotin toward –SSHs
has recently been questioned (Fan et al., 2020). Taken
together, although plant –SSH studies are currently
restricted to protein identification, given the availability of
diverse methods established in mammals, we believe that
sensitive quantification of –SSH sites will soon be achieved
in plants.

Phosphine-based probes for –SNO capture
Initially, direct reaction of –SNO with mercury (Hg;
Doulias et al., 2010, 2013) and gold (Au) centers (Faccenda
et al., 2010) had been used for –SNO detection.
Alternatively, based on the cross-reactivity of –SNO with
–SO2H, a biotin-SO2H probe was applied to capture and
identify –SNO proteins and sites in human cells
(Majmudar et al., 2016). However, the most recently de-
veloped chemical probes are based on the reaction of
–SNO with phosphine compounds to generate reducible
disulfide adducts (Zhang et al., 2010). For instance, a
phosphine-biotin probe, designated SNOTRAP, has been
used to profile –SNO proteins and sites in mouse cell
lysates (Seneviratne et al., 2016; Figure 5). Here, bulky bio-
tin moieties were replaced with NEM after TCEP reduc-
tion to facilitate –SNO site identification. More recently,
another phosphine-based probe, termed PBZyn, contain-
ing an o-phosphino-benzoyl warhead and an alkyne han-
dle, has been developed and applied in human cells for in
situ –SNO trapping (Clements et al., 2020). As reporter
moieties are attached via disulfides that can be reduced
or exchanged, additional care has to be taken to preserve
these disulfides during processing. Despite the extended
possibilities in direct –SNO profiling, –SNO is still
detected exclusively in an indirect manner thus far (see
below).

Incorporation of functional GSH analogs for –SSG
capture
S-Glutathionylated proteins have been identified in
Arabidopsis cell suspension cultures by incubating with ei-
ther a biotinylated GSH homodimer (Dixon et al., 2005) or a
GSH ethyl ester (Ito et al., 2003), but such biotinylated GSH
analogs probably interfere with enzymatic (de)S-glutathiony-
lation and alter the endogenous redox state (Samarasinghe
et al., 2014). This drawback was overcome in a mammalian
study in which the GSH synthetase was mutagenized for effi-
cient incorporation of azido-alanine (Az-Ala) into GSH,
thereby allowing a click reaction and AP of –SSG
(Samarasinghe et al., 2014, 2016). More recently, a heavy
isotope-labeled Az-Ala was used for a –SSG quantitative
comparison (VanHecke et al., 2020; Figure 6). For similar sys-
tematic –SSG site detection and quantification in plants, a
first prerequisite would be the efficient incorporation of Az-
Ala by plant GSH synthetases.

Reductomic approaches for reversible Cys
OxiPTM profiling
Reductomic workflows have been widely used to identify
and quantify reversible Cys OxiPTMs (–SOXs), including
–SOH, –SNO, and –SSH/SSG/SSR. In contrast to labeling by
chemical probes, reductomic approaches are indirect,
because they reduce –SOXs to –SHs. Typically, these work-
flows consist of four main steps: (1) blocking native –SHs
via alkylation; (2) reduction of –SOXs to new –SHs; (3)
labeling and enrichment of the newly generated –SHs; and
(4) quantitative MS analysis (Figure 7). The reduction step
can proceed either indiscriminately to target all –SOXs, typi-
cally by TCEP or DTT, or selectively to target a specific
OxiPTM. The quantification of newly generated –SHs pro-
vides an indirect read-out of the initial OxiPTM(s). To this
end, quantitative reagents (see Box 2) are often used for
multiplexed –SH quantification (Pappireddi et al., 2019).
Below, we review the reductomic approaches used in plants
and highlight recently developed enrichment or quantifica-
tion methods.

Figure 5 Schematic representation of –SNO capture with the SNOTRAP probe (Seneviratne et al., 2016). Free thiols are alkylated and –SNO sites
(red bold font) are selectively tagged with SNOTRAP. Two enrichment strategies aiming at the identification of –SNO proteins or sites are per-
formed. For –SNO protein identification, modified proteins are captured by streptavidin beads, the enriched –SNO proteins are digested by tryp-
sin, and peptides are subjected to MS analysis. For –SNO site identification, streptavidin capture is done after trypsin digestion at the peptide
level, and the disulfide-linked SNOTRAP moiety is exchanged with NEM after TCEP reduction. Identification of NEM-modified peptides then indi-
rectly informs on –SNO sites. –SNO, S-nitrosothiol.
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Quantification of reversible Cys OxiPTMs in plants
Many plant studies have quantified –SOXs after indiscrimi-
nate reduction (Figure 7). OxiTRAQ is among the first site-
specific quantitative plant redoxome methods (Liu et al.,
2014, 2015). After initial Cys blocking, –SOXs are reduced by
DTT and the newly generated –SHs are enriched with
biotin-HPDP, followed by quantification across samples by
means of isobaric tags for relative and absolute quantitation
(iTRAQ) reagents (Figure 7; see Box 2). The more recent

workflows typically require fewer processing steps. For
instance, newly generated –SHs are captured directly via a
disulfide exchange reaction on a thiol-affinity resin, thio-
propyl sepharose 6B (TPS6B), enriching –SOX peptides after
on-bead proteolysis and DTT/TCEP elution (Figure 7; Guo
et al., 2014). This workflow has been applied in Arabidopsis
and the green algae Chlamydomonas (Chlamydomonas rein-
hardtii), followed by label-free quantification of –SOXs
(Slade et al., 2015; Ford et al., 2019; McConnell et al., 2019).

Figure 6 Metabolic incorporation of isotopically labeled Az-Ala in GSH for site-specific quantification of –SSG (VanHecke et al., 2020). Light
(orange) or heavy (brown) Az-Ala is administered to a GSH synthetase mutant cell line to metabolically produce Az-GSH. After protein extraction
of mock- or H2O2-treated cells, the isotopically labeled Az –SSG sites (red bold font) are conjugated with biotin-dialkoxydiphenylsilane (DADPS)-
alkyne, where the DADPS is acid sensitive. After streptavidin capture and on-bead trypsin digestion, isotope-labeled –SSG peptides are released
by acidic cleavage of DADPS. MS analysis not only identifies the –SSG sites but also determines the relative –SSG site levels between samples by
comparison of light- and heavy-labeled –SSG peptide intensities. I, intensity; –SSG, S-glutathione; RT, retention time.

Figure 7 Simplified scheme for reversible Cys OxiPTMs profiling approaches. Four main steps are outlined (orange boxes). After protein
extraction, free –SHs are blocked and –SOXs (red bold font) are reduced indiscriminately (gray box) or specifically. Newly generated –SHs
are then labeled, enriched, and quantified by various approaches. Plant studies are organized in a table, distinguishing studies analyzing –SOX
(DTT/TCEP reduction, gray box) and –SNO (ascorbate reduction, white box). iodoTMTRAQ, combined iodoTMT and iTRAQ labeling; –SNO,
S-nitrosothiol; –SOH, sulfenic acid; –SOX, reversible Cys OxiPTM; –SS–, disulfide.
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Alternatively, iodoTMT reagents have been used for labeling
and multiplexed quantification of –SOXs during
Pseudomonas syringae infection in tomato (Solanum lycoper-
sicum; Parker et al., 2012; Balmant et al., 2015).

Toward the absolute –SOX Cys occupancy
Whereas the abovementioned workflows provide relative –SOX
levels across samples, other methods aim at the quantification
of absolute –SOX levels. Determination of absolute occupancy
is particularly interesting when conditions are anticipated to al-
ter the cellular protein levels, such as prolonged stress treat-
ments. For instance, both iTRAQ and stable isotope labeling
with amino acids in cell culture (SILAC, see Box 2) have been
combined with iodoTMT labeling of –SOXs (Parker et al.,
2015; Vajrychova et al., 2019) to quantify both –SOX and
protein levels in mammals. While SILAC has not been ap-
plied widely in plants and has been found to affect the
growth of green algae (Andriukonis and Gorokhova, 2017),
the consecutive iTRAQ and iodoTMT labeling, designated
iodoTMTRAQ, has been applied in Arabidopsis to study
–SOX (Yin et al., 2017) and –SNO (Lawrence et al., 2020;
Figure 7). Alternatively, absolute –SOX and –SH ratios for
Cys residues can be obtained by distinct –SH quantitative la-
beling before and after the reducing step. This rationale had
initially been described in the OxICAT method (Leichert
et al., 2008) that uses ICAT reagents (see Box 2). Similarly,
absolute –SH/–SOX ratios were estimated by means of
iodoTMT labels for the study of mitochondrial proteins dur-
ing Arabidopsis seed germination (Nietzel et al., 2020;
Figure 8). In mammals, isotope-labeled IA probes have been
used as well for this purpose (Abo et al., 2018; Bechtel et al.,
2020). Recently, phosphate-coupled IAM probes, designated
cysteine-reactive phosphate tags (CPTs), have been utilized
to label and quantify –SH and –SOX with TMT isobaric
reagents (see Box 2) in mouse tissue lysates (Xiao et al., 2020;
Figure 8). Of interest, a more advanced method, designated

OxSWATH, quantifies –SH, –SOX, and protein abundance si-
multaneously by data-independent acquisition MS
(Anjo et al., 2019). In contrast to routine selection of abun-
dant peptide precursors, in data-independent acquisition, all
peptide precursors are fragmented and recorded in consecu-
tive m/z windows, thereby greatly increasing reproducibility
and detection of low-abundant peptides (Bruderer et al.,
2015).

Selective reduction of different Cys OxiPTMs
Chemicals and enzymes, such as arsenite, ascorbate,
Trxs, and Grxs, have been used to selectively reduce –SOH,
–SNO, –SSR, and –SSG, respectively (Figure 7). Thus far, ar-
senite and Grx-based reduction have been scarcely utilized
for the systematic detection of –SOH (Saurin et al., 2004;
Wojdyla et al., 2015; Li et al., 2016) and –SSG (Duan et al.,
2016), respectively. Below, we describe in more detail meth-
ods used for –SNO and –SSR detection.

In plants, –SNO has been extensively studied by means of
selective ascorbate reduction. Nearly two decades ago, this
method was introduced as the biotin switch method (BSM)
and involved three steps: (1) blocking of native –SHs by
MMTS; (2) reduction of –SNOs by ascorbate; and (3) label-
ing of the newly generated –SHs with biotin-HPDP for en-
richment of the labeled proteins (Jaffrey et al., 2001). This
“classical” BSM has been used in various plant species, such
as Arabidopsis (Lindermayr et al., 2005; Chaki et al., 2015),
gray poplar (Populus � canescens; Vanzo et al., 2016), cu-
cumber (Cucumis sativus; Niu et al., 2019), and sunflower
(Helianthus annuus; Jain et al., 2018). Meanwhile, modified
BSM workflows have been applied in plants. For instance,
biotin-based enrichment was done at the peptide level to
identify –SNO sites in wild-type Arabidopsis plants and
mutants lacking S-nitrosoglutathione reductase (Hu et al.,
2015). Alternatively, S-nitrosylated proteins were captured in
Arabidopsis by means of the thiol-affinity resin TPS6B

Figure 8 Determination of absolute –SH/–SOX ratios. A, IodoTMT labeling method for measurement of absolute –SH/–SOX ratios in
Arabidopsis mitochondria (Nietzel et al., 2020). Free –SH and –SOX (red bold font) are distinctly tagged by different iodoTMT reagents by labeling
–SHs prior to and after TCEP reduction, respectively. Six-plex-TMT quantification was used to measure absolute –SH/–SOX ratios. B, Cys-reactive
phosphate tags (CPTs) method for absolute –SH/–SOX ratio quantification (Xiao et al., 2020). Protein extracts are divided into two fractions
for labeling both –SHs and –SOXs (without IAM blocking before TCEP) and solely –SOXs (with IAM blocking before TCEP). Subsequently, immo-
bilized metal affinity chromatography (IMAC) is used to capture phosphate tags, and phosphorylation is removed enzymatically. CPT-modified
peptides in both fractions are differentially labeled with TMT. After the fractions have been mixed, a quantitative TMT analysis can determine the
absolute –SH/–SOX ratios by MS. –SOX, reversible Cys OxiPTM.
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(Kolbert et al., 2019). Furthermore, –SNO sites were quanti-
fied in Arabidopsis (Puyaubert et al., 2014), tomato (Gong
and Shi, 2019), and tea (Camellia sinensis) plants (Qiu et al.,
2019) by ICAT or iodoTMT reagents. Of interest, a more ad-
vanced workflow, designated Cys-BOOST (Figure 9), has
been applied for –SNO quantification in HeLa cells
(Mnatsakanyan et al., 2019). Here, clickable IPM was conju-
gated to cleavable biotin-azide reagents for AP, and TMT
isobaric reagents were used for multiplexed quantification.
This approach nearly tripled the number of identified –SNO
sites with a superior quantification reproducibility compared
with an iodoTMT quantification workflow (Mnatsakanyan
et al., 2019).

Besides reducing chemicals, recombinant Trxs have
been applied in reductomic approaches to study –SSR.
The newly generated Trx-reduced –SHs can be quanti-
fied to reveal putative Trx substrates. For instance, re-
combinant Trx-h was added to protein extracts of
rapeseed (Brassica napus) and newly generated –SHs
were quantified with cysTMT reagents (Zhang et al.,
2016). In Chlamydomonas, extracted proteomes were
incubated with a Trx reduction system consisting of
NADPH, Arabidopsis NAPDH-dependent Trx reductase-
B (NTRB), and cytosolic Chlamydomonas Trx-h1 (Pérez-
Pérez et al., 2017), and quantified by means of ICAT
reagents. Although these indirect methods can hint at
putative Trx substrates, substrates can also be identi-
fied with monocysteinic Trx/Grx disulfide traps (see
below).

Disulfide-based proteinaceous traps for
–SOH, –SSR, and –SSG profiling
In addition to chemoproteomic and reductomic approaches,
disulfide-based traps are an alternative strategy to capture
–SOH, –SSR, and –SSG. They are based on the formation of
intermolecular (or mixed) disulfide bonds between a target
Cys OxiPTM and a proteinaceous thiol trap. Such thiol traps
can either be recombinantly produced for substrate trapping

in protein lysates or be genetically encoded to trap
OxiPTMs in situ.

Trapping by monocysteinic redoxin mutants
Trxs and Grxs contain an active CxxC motif in which the
first nucleophilic Cys forms transiently mixed disulfides with
oxidized substrates (–SSR/–SSG from other proteins) that
are quickly resolved by the second Cys to release reduced
substrates (Figure 10). In turn, the oxidized Trxs are reduced
by NAPDH-dependent Trx reductase (NTR) or ferredoxin-
thioredoxin reductase, whereas oxidized Grxs are reduced by
GSH. To trap substrates of CxxC redoxins, the second, re-
solving Cys is typically mutagenized to Ala/Ser to stabilize
the mixed disulfides with oxidized substrates (Figure 10).
Recombinant monocysteinic redoxins can be loaded on af-
finity columns to trap putative interactors in proteome
extracts. Such a strategy has been used for Arabidopsis
NUCLEOREDOXIN1 (Kneeshaw et al., 2017), Trx-f1 (Yoshida
and Hisabori, 2016), Trx-m (Da et al., 2017, 2018), the atypi-
cal TrxL2 (YoshiDa et al., 2018), and Chlamydomonas Trx-h1
(Pérez-Pérez et al., 2017). For the Chlamydomonas Trx-h1, a
reductomic approach has been used in parallel with incuba-
tion of the Trx-reducing system (Trx-h1, NTR, and NAPDH)
and identified 394 out of 980 proteins (40.2%) that were
trapped by the Trx-h1 monocysteinic mutant (Pérez-Pérez
et al., 2017).

Besides Trxs, other redoxins have been studied in
plants. For instance, substrates of the Arabidopsis
NADPH-Trx reductase C (NTRC), an enzyme containing
both a Trx domain and an NTR domain and of which the
resolving Cys of both domains had been mutated for sep-
arate trapping, identified shared targets, such as Trx-z
(Yoshida and Hisabori, 2016). In another NTRC trapping
study, transgenic Arabidopsis plants expressing functional
NTRC (nonmutagenized) coupled to a tandem AP (TAP)
tag were used (González et al., 2019). The TAP-MS
revealed 50 putative, including known, substrates, sug-
gesting that general protein interaction methods with

Figure 9 Cys-BOOST method for –SNO site quantification with TMT reagents and bioorthogonal cleavable linker-based enrichment
(Mnatsakanyan et al., 2019). After free thiol blocking, –SNO sites (red bold font) are selectively reduced by ascorbate and tagged with IPM.
Afterward, other reversible Cys OxiPTMs (–SOXs, red bold font) are blocked with a TCEP reduction step. After trypsin digestion, samples are la-
beled with distinct isobaric TMT reagents (see Box 2) and pooled. Subsequently, biotin azide containing a hydrazine-cleavable Dde bond (Dde-bio-
tin-Az) linkers are conjugated to IPM-modified Cys for streptavidin capture and elution of –SNO peptides by breaking the Dde bond with
hydrazine. After a pH fractionation step, multiplexed quantitative –SNO sites are analyzed by MS. –SNO, S-nitrosothiol; –SOX, reversible Cys
OxiPTM.
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nonmutagenized redoxins could be used for substrate
detection.

YAP1C disulfide trapping for in vivo –SOH
detection
A genetically encoded yeast AP-1-like (Yap1) Cys598-based
probe used to systematically trap –SOH in Escherichia coli
and yeast (Takanishi et al., 2007; Takanishi and Wood, 2011)
had later been introduced into Medicago truncatula (Oger
et al., 2012). In Arabidopsis, a Yap1-based probe fused to a
TAP tag, designated YAP1C, allowed the identification of
hundreds of S-sulfenylated proteins in cell cultures
(Waszczak et al., 2014). More recently, YAP1C trapping was
directed to chloroplasts by the incorporation of a N-termi-
nal transit peptide, entrapping 132 S-sulfenylated plastidial
proteins (De Smet et al., 2019). A more advanced proteomic
workflow now enables the identification of YAP1C-resolved
Cys sites (Wei et al., 2020; Figure 10). Here, YAP1C interac-
tors are first purified from the YAP1C-TAP-overexpressing
Arabidopsis cells. Trypsin digestion results in disulfide-linked
peptides between the YAP1C-derived C598SEIWDR peptide,
and the resolved –SOH peptides are enriched by a gener-
ated C598SEIWDR antibody. The MS analysis after the purifi-
cation steps of both the protein and peptide levels provides
complementary information on the YAP1C protein interac-
tors and their cross-linked sites. Taken together, YAP1C site-
specific –SOH detection by enriching and identifying disul-
fides paves the way for future applications of disulfide traps
for in situ discovery of OxiPTMs.

Current challenges and future perspectives
With the fast development of redox proteomic techniques,
plant redoxome profiling has advanced substantially. Instead
of reiterating these achievements here, it is worth mention-
ing the current limitations and challenges in redoxome pro-
filing (see the “Outstanding questions”).

Underexplored Cys OxiPTM sites in plants
Several advanced techniques established in mammalian re-
search still await introduction into plants for the thorough
profiling of OxiPTMs. For instance, thus far, –SSH and –SSG
proteins have been identified in Arabidopsis, but not at a
site-specific level. Whereas –SNO has been extensively stud-
ied in plants by indirect ascorbate reduction, direct in situ
labeling by chemical probes has not yet been implemented.
Furthermore, other OxiPTMs, such as –SO2H, have never
been studied on a global scale in plants. Adoption of con-
temporary profiling strategies for still underexplored
OxiPTMs in plants will prove a promising future endeavor.

Selection of an optimal redoxome workflow
Diverse methodologies are available for Cys redoxome profil-
ing, each of them with advantages and disadvantages
(Table 1). Suitable workflows should be chosen to confi-
dently address the biological question at hand. Ideally,
OxiPTM sites are studied in situ within their physiological
cellular environment. By means of chemoproteomics strate-
gies, cell-permeable probes enable the direct detection and
quantification of OxiPTMs sites in situ. Meanwhile, chemical
probes containing an extra moiety for subcellular targeting
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are being developed, such as mitochondria-directed –SOH
probes (Li et al., 2019; Gao et al., 2020b). However, chemical
probes are mostly used in cell cultures and their application
on plant seedlings under physiological conditions is ex-
tremely challenging. Besides the limited permeability within
rigid plant tissues, possible side-reactions to undesired bio-
molecules or instability of chemical probes can additionally
restrict their usage in plants. Thus, development of more
suitable chemical probes for plant research would be greatly
beneficial.

Alternatively, OxiPTMs can be labeled in situ by means of
genetically encoded disulfide traps that benefit from the flexi-
bility of the genetic construct. For example, specific subcellular
targeting can be achieved by incorporation of signal peptides
(De Smet et al., 2019). Although subcellular redoxome studies
have also been carried out in plant nuclei (Chaki et al., 2015)
and mitochondria (Nietzel et al., 2020) fractionation, endoge-
nously expressed disulfide traps are a better option in terms
of physiological relevance, because cell lysis will immediately
change the redox environment of proteins. Nevertheless, gen-
eration of transgenic plants expressing disulfide traps is time-
consuming and it is important to ensure that their expression
does not affect cellular homeostasis and plant development.
Although site-specific identification of YAP1C-trapped Cys was
achieved recently (Wei et al., 2020), quantification of these
sites remains a future challenge.

Redoxome trapping in protein lysates might lead to a dif-
ferent result than targeting inside the cell, especially when
labile OxiPTMs (–SOH, –SNO, and –SSH/G/R) are studied
that are susceptible to overoxidation, reduction, or shuffling.
However, some approaches, such as reductomic strategies,
are restricted to protein lysates. To minimalize artifactual ox-
idation events during sample preparations, the post-lysis
processing time should be minimized, and the protein ex-
traction buffer should be optimized by means of oxygen de-
pletion and inclusion of ROS scavengers (such as catalase)
and –SH blocking reagents. This is particularly challenging in
plant studies, because rigid plant tissues typically necessitate
extensive homogenization procedures. Nevertherless, reduc-
tomics approaches enable the direct usage of isobaric
reagents for multiplexed sample quantification. Whereas un-
til now chemoproteomic approaches have been mostly re-
stricted to pairwise comparisons with heavy/light-labeled
reagents, a possible combination with peptide isobaric
(iTRAQ or TMT) labeling could be considered for

multiplexed quantification. Overall, the diverse pros and
cons of each approach have to be weighed to select an ap-
propriate redoxome workflow (Table 1).

Specificity of thiol reagents and Cys OxiPTM
reductants
Thiol blocking reagents that are essential for redoxome re-
search have long been thought to be –SH selective.
However, evidence has shown that several of the utilized
thiol blocking reagents are not specific for –SH. For example,
IAM, MMTS, and NEM have been reported to cross-react
with –SOH (Reisz et al., 2013), and IAM and NEM with
–SO2H (Lo Conte et al., 2015). Thus, caution needs to be
taken when choosing –SH reagents, and more specific block-
ing agents should be considered. For instance, MSBT does
not cross-react with –SOH, –SO2H, and –SNO (Shi and
Carroll, 2020). Furthermore, development of real –SH-selec-
tive reagents would be greatly valuable. Similarly, the specif-
icity of certain reductants relied on by selective reductomics
has been questioned as well. For example, reduction by
ascorbate and arsenite has been associated with OxiPTMs
other than –SNO and –SOH, respectively (Wang and Xian,
2011; Gupta and Carroll, 2014; Anschau et al., 2020). Thus,
each redoxome study has to be carefully scrutinized and
interpreted in regard to the function of the respective Cys-
labeling/reducing reactions.

Cys OxiPTMs (co-)occupancy
Advances in proteomic techniques and MS sensitivity result
in increasing numbers of OxiPTM identifications. For in-
stance, more than 1,500 –SOH sites (Huang et al., 2019) and
2,000 S-sulfhydrated proteins (Aroca et al., 2017) have been
detected in Arabidopsis. In such extensive datasets, quantifi-
cation of relative or absolute OxiPTM levels becomes in-
creasingly important to discern the physiologically relevant
OxiPTMs. Identified OxiPTMs modifying low percentages of
a given Cys are probably less functionally relevant than Cys
with an enhanced OxiPTM occupancy (Duan et al., 2017).
For instance, analysis of the OxiPTM occupancy of 34,000
Cys in mouse (Xiao et al., 2020) allowed researchers to dis-
tinguish a minority of highly oxidized Cys sites. However,
such Cys OxiPTM occupancy analysis is very limited in
plants and remains a future challenge.

A complicating factor in OxiPTM quantification is that a
Cys residue can be targeted by several OxiPTMs, as

Table 1 Comparison of current techniques for Cys OxiPTM profiling

OxiPTM approaches Advantages Disadvantages

Chemoproteomics • Enable in situ labeling
• Direct and specific PTM recognition

• Relative low availability and high cost of chemical probe
• Quantification thus far described only for two samples

Reductomics • High availability of labeling agents
• Multiplexed and absolute quantitation

• Indirect in vitro workflow, risk of spontaneous oxidation
• Selectivity on specific reduction is questioned

Protein disulfide traps • In situ trapping within relevant redox context
• Enable subcellular organelle-specific trapping

• Time-consuming preparation of transgenic materials
• In situ trapping influenced by endogenous redoxins
• No quantification
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highlighted by the comparison of different OxiPTM redox-
omes in plants (Aroca et al., 2017; Ford et al., 2019; Wei
et al., 2020). Knowledge of the OxiPTM co-occupancy can
help understand the biological function of different Cys
OxiPTMs and their interplay in diverse signaling pathways.
The simultaneous assessment of diverse OxiPTMs is a tech-
nical challenge, and redoxome workflows are often tailored
for specific OxiPTM types. Nevertheless, in an extensive
reductomic approach, –SH, –SNO, and –SOH have been
quantified simultaneously through reduction by TCEP,
ascorbate, and arsenite, respectively (Wojdyla et al., 2015).
Additionally, benzothiazine (pBTD) and isotope-labeled ha-
logenated benzothiazine (ipBTD) have been used for tag-
ging –SOH and –SH/–SOX within samples, respectively
(Albertolle et al., 2019). Combining the usage of different
OxiPTM chemical probes could enable the study of
OxiPTM co-occupancy systematically in the future.

The use of proteomic approaches to map Cys OxiPTMs is
critical for fundamental redox biology. In plants, research on
still underexplored OxiPTMs, profiling of OxiPTMs within
cellular contexts, and quantification of absolute OxiPTM lev-
els remains major challenges and will provide unique oppor-
tunities for the plant redox biology community. Given the
ongoing advances in the Cys redoxome profiling, fascinating
times await plant redox research.
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Aroca Á, Gotor C, Romero LC (2018) Hydrogen sulfide signaling in
plants: emerging roles of protein persulfidation. Front Plant Sci 9:
1369
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Moseler A, Müller-Schüssele SJ, Benamar A, Poschet G, et al.
(2020) Redox-mediated kick-start of mitochondrial energy metabo-
lism drives resource-efficient seed germination. Proc Natl Acad Sci
U S A 117: 741–751

Niu L, Yu J, Liao W, Xie J, Yu J, Lv J, Xiao X, Hu L, Wu Y (2019)
Proteomic investigation of S-nitrosylated proteins during
NO-induced adventitious rooting of cucumber. Int J Mol Sci 20:
5363

Oger E, Marino D, Guigonis J-M, Pauly N, Puppo A (2012)
Sulfenylated proteins in the Medicago truncatula–Sinorhizobium
meliloti symbiosis. J Proteomics 75: 4102–4113

Pan J, Carroll KS (2013) Persulfide reactivity in the detection of pro-
tein S-sulfhydration. ACS Chem Biol 8: 1110–1116
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