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Cysteine occupies a unique place in protein chemistry.
The nucleophilic thiol group allows cysteine to undergo a
broad range of redox modifications beyond classical
thiol-disulfide redox equilibria, including S-sulfenylation
(-SOH), S-sulfinylation (-SO2H), S-sulfonylation (-SO3H),
S-nitrosylation (-SNO), S-sulfhydration (-SSH), S-gluta-
thionylation (-SSG), and others. Emerging evidence sug-
gests that these post-translational modifications (PTM)
are important in cellular redox regulation and protection
against oxidative damage. Identification of protein targets
of thiol redox modifications is crucial to understanding
their roles in biology and disease. However, analysis of
these highly labile and dynamic modifications poses chal-
lenges. Recent advances in the design of probes for thiol
redox forms, together with innovative mass spectrometry
based chemoproteomics methods make it possible to
perform global, site-specific, and quantitative analyses of
thiol redox modifications in complex proteomes. Here, we
review chemical proteomic strategies used to expand the
landscape of thiol redox modifications. Molecular &
Cellular Proteomics 15: 10.1074/mcp.O115.056051, 1–11,
2016.

Among the protein-coding amino acids, cysteine is unique,
owing both to its intrinsic nucleophilicity and redox sensitivity
(1, 2). The nucleophilic thiol group allows cysteine to undergo
a broad range of redox modifications, including S-sulfenyla-
tion (-SOH), S-sulfinylation (-SO2H), S-sulfonylation (-SO3H),
S-nitrosylation (-SNO), S-sulfhydration (-SSH), and S-gluta-
thionylation (-SSG) (Fig. 1) (3, 4). Most thiol redox modifica-
tions can be formed by the non-enzymatic reactions of reac-
tive oxygen/nitrogen/sulfur species (ROS/RNS/RSS) with
protein thiols, which has led to the widespread notion that
these types of modifications are randomly distributed across

the cysteine proteome. However, emerging evidence sug-
gests that thiol redox modifications are well-controlled, site-
specific cellular events, which play important roles in regula-
tion of diverse protein functions, including catalytic or ligand
binding activities (5–7), protein–protein interactions (8, 9), and
protein stability (10, 11).

Identification of protein targets of thiol redox modifications
is crucial to understanding their roles in biology and disease.
However, the sites of specific protein thiol redox modifica-
tions have remained largely undefined. Technical advances in
MS-based proteomics have greatly expand the inventories of
several major post-translational modifications (PTM), includ-
ing phosphorylation, ubiquitylation, and acetylation (12). Sim-
ilar proteome-wide analysis of thiol redox modifications is
complicated by the labile and highly dynamic nature of thiol
redox forms. Nevertheless, the last decade has seen rapid
growth of chemically-selective approaches to detect thiol re-
dox modifications in concert with MS-based proteomics (13).
In this review, we describe several major chemoproteomics
strategies to globally profile thiol redox modifications.

Quantitative Thiol Reactivity Profiling—Historically, thiol ox-
idation in proteins has been monitored by loss of reactivity with
electrophilic thiol-labeling agents containing reporter tags, such
as radioisotopes or fluorescent groups (Fig. 2A). Once a cys-
teine residue is oxidized, it cannot react with these agents.
Subsequently, a loss of signal for the modified cysteines in a
protein can be detected by visualizing changes in the reporter
group signal from these agents. For example, PTP1B was dis-
covered as a oxidation-sensitive protein by determining the
incorporation of radioactivity into the active cysteinyl thiol of this
enzyme with a radiolabeled thiol-reactive agent (14).

Building upon this strategy, a number of quantitative thiol
reactivity profiling techniques have been developed to glob-
ally identify protein targets sensitive to oxidative stress. Gen-
erally, thiol proteomes in samples under different oxidative
states are directly labeled with the thiol reactivity profiling
agents, which typically are biotinylated thiol-reactive chemi-
cals. The biotinylated proteins then can be enriched by affinity
purification and analyzed by quantitative proteomic tech-
niques. Among the thiol reactivity profiling agents, isotope-
coded affinity tag (ICAT)1 reagents were widely used, owing to
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their intrinsic thiol reactivity, quantitative capacity, and com-
mercial availability (15). Typically, proteins from two different
experimental samples are labeled with the light and heavy
isotopically labeled ICAT reagents to compare reduced thiol
content between cellular states (Fig. 2B). For example, this
strategy has been successfully applied to mouse and rabbit
heart tissues to identify protein thiols that are sensitive to
hydrogen peroxide (H2O2) treatment (16–18). However, ICAT
reagents have relatively bulky chemical structures, which in-
cur steric hindrance that compromises the efficiency of thiol
labeling.

To address this problem, several thiol-reactivity profiling
probes with much simpler chemical structures have been
developed (19). For example, a clickable iodoacetamide (IA)-
alkyne probe was used to label reduced thiols in bacterial
proteomes treated with and without H2O2, respectively (Fig.
2C) (20). An isotopically labeled, protease-cleavable azido-
biotin tag was then conjugated to the alkyne-modified pro-
teins using click chemistry (copper-catalyzed azide-alkyne
cycloaddition reaction, CuAAC). The isotopically tagged light
and heavy protein samples were mixed and subjected to
successive tandem protease digestion and the resulting iso-
topically tagged, cysteine-containing peptides were analyzed
by MS-based proteomics. This quantitative chemoproteomic
workflow allowed for a proteome-wide identification of �200
proteins containing H2O2-sensitive thiols in bacteria (20). In-
terestingly, many oxidation-sensitive cysteines in bacterial
proteomes were found in transcriptional regulators and met-
abolic enzymes (20).

However, the cytotoxicity and poor cell-membrane perme-
ability of current IA-based thiol-labeling agents precludes in
situ labeling, which is most desirable to avoid artifacts be-
cause of disruption of native cellular redox environment and
protein structure. To circumvent these limitations of IA-based
probes, a thiol-reactive probe with reduced cytotoxicity and
spatial and temporal control of thiol labeling in living cells was
developed recently (21). This novel chemical probe consists of
a �-bromomethyl ketone (BK) electrophile caged with a pho-
to-labile protecting group (o-nitrophenylethylene glycol) and
an alkyne-tag as a bioorthogonal handle for incorporation of
reporter tags using click chemistry (Fig. 2C). Using this probe
in combination with the aforementioned quantitative chemo-
proteomic approach, the redox reactivity changes of �300
proteins were measured in living A431 cells in response to
growth factor-dependent oxidative signaling (21).

The Biotin-switch Technique and Its Variations—Jaffrey
et al. first introduced the biotin-switch technique (BST) to study
protein S-nitrosylation (22). The original BST consists of three
major steps to convert S-nitrosylthiols (SNO) into biotinylated
thiols (Fig. 3A): First, free thiols are blocked with the thiol-
blocking agent, methyl methanethiosulfonate (MMTS); sec-
ond, S-nitrosylated thiols are reduced with ascorbate; third,
the nascent thiols are labeled with a pyridyldithiol-activated,
thiol-reactive biotin reagent, N-[6-(biotinamido) hexyl]-3�-(2�-
pyridyldithio) propionamide (biotin-HPDP). The biotin-
switched, S-nitrosylated proteins or peptides then can be
enriched by affinity purification and analyzed by MS-based
proteomics. This strategy has been widely used in proteome-

FIG. 1. Thiol redox modifications. A, Protein thiol oxidation by ROS can lead to the formation of S-sulfenic acid, which can be subsequently
oxidized to S-sulfenic acid or S-sulfonic acid. B, Protein thiols can be S-nitrosylated by reactive nitrogen species, such as nitric oxide (NO) or
trans-nitrosylation by NO containing species such as S-nitrosoglutathione (GSNO). C, Protein thiols can be S-sulfhydrated by RSS such as the
dissociated thiolate (HS�) or higher order polysulfides [H(S)nS�, n � 1–7]. D, Protein thiols can be S-glutathionylated by GSSG via a
thiol/disulfide exchange. For a more comprehensive overview of formation and reaction of thiol redox modifications, the reader is referred to
a recent review (4).
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wide analyses of protein S-nitrosylation (23–27). The original
BST also can be easily adapted to study other distinct revers-
ible thiol modifications by changing the specific reducing
agents. For example, arsenite and a recombinant glutaredoxin
system can be used to reduce S-sulfenylated and S-gluta-
thionylated proteins, respectively (28, 29). Furthermore, the
original BST can be employed with a variety of quantitative
proteomic techniques, including isobaric tags for relative and
absolute quantification (28), stable isotope labeling of amino
acids in cell culture (30), and label-free spectral counting (31),
to compare thiol modification status in samples under differ-
ent conditions. Alternatively, biotin-HPDP or biotin-maleimide
commonly used in the original BST can be replaced with
thiol-labeling agents with quantitative functions, such as ICAT
and tandem mass tags (TMT).

For the ICAT-based BST, reversibly-modified thiols are re-
duced and labeled with light and heavy ICAT reagents (32).
The two different samples can be compared after combina-
tion of the ICAT labeling, trypsin digestion, affinity purification,
and MS-based proteomics. This strategy has been used to

globally identify and quantify redox-modified thiols in a num-
ber of biological systems (33–36). For example, Winterbourn
and colleagues employed the ICAT-based BST to quantify
hundreds of redox-mediated changes in mouse heart thiol
proteomes during ischemia/reperfusion (35). The ICAT-based
BST can also be used to measure stoichiometry of reversible
thiol oxidation in proteins, whereby the light and heavy ICAT
reagents are used to differentially label oxidized versus re-
duced cysteine residues within a single sample (Fig. 3B) (37,
38). This method, termed as oxICAT, has been proven useful
for determining changes in the extent of protein thiol oxidation
in cells under stress conditions (37–39). oxICAT provides re-
sults that are unaffected by changes in the protein expression
and stability. Thus, oxICAT is ideally suited to simultaneously
monitor changes in the thiol oxidation status of proteins over
time.

Using oxICAT, the global thiol redox status was determined
at distinct time points in the life span of several model organ-
isms (40–42). These studies established a clear connection
between the thiol oxidation statues and aging in S. cerevisiae

FIG. 2. Quantitative thiol-reactivity profiling for detection and identification of thiol oxidation. A, Thiol oxidation in proteins is monitored
by loss of reactivity with thiol-reactive agents containing reporter tags, such as radiolabels or fluorescent groups. Thiol oxidation in the detected
proteins results in a loss of signal in Western blot. B, ICAT-based thiol-reactivity profiling allows for identification of oxidant-sensitive thiols in
complex proteomes. Thiol proteomes in samples treated with or without oxidant can be labeled with light and heavy ICAT, respectively. The
light and heavy ICAT labeled samples are mixed, digested with trypsin, enriched by affinity purification, and analyzed by MS-based proteomics.
C, Clickable electrophile probes in combination with a quantitative chemoproteomic platform enables global, in situ, site-specific profiling of
redox sensitive thiols in complex proteomes. Thiol proteomes in two different samples are probed with alkyne-tagged electrophiles and then
conjugated with an isotopically labeled, protease-cleavable azido-biotin via CuAAC reaction. The light and heavy protein samples are mixed,
enriched by affinity purification, digested with two proteases. The resulting isotopically tagged peptides are detected and quantified by
MS-based proteomics.
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and C.elegans (40, 41). It was found that the yeast cells
underwent a significant increase in global oxidation (i.e.
�80% of the 300 proteins) several days before they died (40).
A similar phenomenon was also observed during the lifespan
of C. elegans, as the aged worms had significantly more
oxidized protein thiols than young adults (41). However, it is
particularly notable that high levels of thiol oxidation could
also be observed in the early development of worms and that
this elevated overall protein oxidation significantly decreased
upon entering the reproductive period (41). Surprisingly, a
recent oxICAT-based study revealed that thiol redox status
did not become more oxidized with age in D .melanogaster
(42). Despite these successful applications of oxICAT, the
sensitivity of this method may not be sufficient for effective
detection of low-abundance endogenous redox modifications
in cells or tissues because of the highly abundant background
thiol proteome. However, recent technological advances in
MS-based proteomics have greatly improved the sensitivity of
oxICAT. In a recent application of oxICAT in marine photo-
synthetic eukaryotes, the oxidative status of over 3800 protein
thiols were quantified in parallel and approximately one tenth
of these were identified to be highly redox-sensitive (43).

In addition to biotinylated thiol labeling agents (e.g. biotin-
HPDP, ICAT), thiol-reactive TMT can be used for the thiol
tag-switch labeling (44). More importantly, TMT enables mul-
tiplexed proteomic quantification of thiol redox modifications
from different samples (45–47). For example, analysis of S-
nitrosylation begins with free thiol alkylation, after which
protein S-nitrosthiols are reduced with ascorbate and then
labeled with TMT. After tryptic digestion, S-nitrosylated pep-
tides from different samples can be mixed, enriched with

antibody against TMT, and identified by MS-based proteo-
mics. Van Eyk and colleagues first introduced this strategy to
analyze protein S-nitrosylation in human pulmonary arterial
endothelial cell lysates treated with reduced glutathione
(GSH), glutathione disulfide (GSSG), and S-nitrosylglutathione
(GSNO) in one single experiment (47). It is particularly impor-
tant to note that, GSH and GSSG were considered as nega-
tive controls to discriminate potential artifacts, including in-
stances of ascorbate-reduced protein disulfide bonds and
S-glutathionylation. This analysis unambiguously identified a
total of 220 S-nitrosylated sites on 179 proteins. Furthermore,
the TMT-based tag-switch method enables simultaneous as-
sessment of different types of redox modification (48, 49). In
one such example, a total of 114 S-nitrosylation and S-sulfe-
nylation sites were identified and quantified in E. coli under
low and mild oxidative stress (48). Notably, most of these two
modifications occupy the same sites, but their relative stoi-
chiometries are quite different (48).

Redox modified thiols also can be tag-switched with a
thiol-reactive resin and enriched directly without laborious
affinity capture steps (e.g. avidin, anti-TMT antibody). This
resin-assisted capture strategy was first introduced by Stam-
ler and colleagues to globally profile protein S-nitrosylation
dynamics in S-nitrosylcysteine-treated E. coli and HEK293
cells, in combination with isobaric tags for relative and abso-
lute quantification as the quantification approach (50). This
strategy was further improved by Qian and colleagues and
used to identify hundreds of S-nitrosylated or S-glutathiony-
lated thiols in cells and tissues with 95% of the enriched
peptides containing cysteine residues (51, 52). More recently,
the strategy was applied to measure total reversible thiol

FIG. 3. Biotin-switch techniques (BST) and variations for the proteome-wide identification and quantification of thiol redox modifi-
cations. A, BST involve differential thiol labeling of reduced and oxidized thiols. Free thiols are first blocked with a small-molecule thiol-reactive
agent such as iodoacetamide (IA), N-ethylmaleimide (NEM), or methyl methanethiosulfonate (MMTS). Reversibly oxidized thiols are reduced
with a specific reducing agent, labeled with another thiol-reactive agent with a functionalized group, such as biotin, TMT, or resin, enriched by
affinity purification or resin-assisted capture, and analyzed by MS-based proteomics. B, OxICAT is used to measure the relative content of
oxidized thiols in thiol proteome. Free thiols are first labeled with the light (12C) ICAT (red), while oxidized proteins in the same sample are
subsequently reduced and labeled with the heavy (13C) ICAT (blue). The ICAT labeled sample is then subjected to trypsin digestion and affinity
purification. The resulting peptides are detected and quantified by MS-based proteomics. The extent of thiol oxidation in any given peptide is
determined by the ratios of heavy to light precursor ion signal intensity.
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oxidation in an oxygenic photosynthetic prokaryote. The re-
dox changes of �2100 thiols in 1060 proteins under light/dark
conditions were quantified (53). In this study, most protein
thiols were observed to be less oxidized under continuous
light, but became significantly more oxidized in the dark or
simulating dark phase (53).

Despite of the great success of the BST in proteome-wide
analyses of thiol redox modifications, it is important to note its
limitations. The principal issue is that the thiol-blocking agents
commonly used in BST methods display reactivity with cys-
teine S-sulfenic acid, which is a key intermediate in thiol
oxidation (54, 55). Uncertainty regarding the species labeled
by thiol-blocking agents introduces ambiguity in interpreta-
tion. Moreover, the BSTs for analyzing distinct thiol redox
modifications rely highly on the specificity of the reducing
reagents, which is difficult to establish unambiguously under
relevant experimental conditions (56).

Chemoselective Probe-based Approaches—Advances in
understanding the unique chemistries of different thiol re-
dox forms have led to the development of chemoselective
probes, which have enabled new, direct labeling ap-
proaches to the analysis of thiol redox chemistry. Chemo-
proteomic strategies based on these selective probes are
emerging as alternatives to the indirect analysis approaches
described above. In these chemoproteomic approaches,
functionalized groups (e.g. biotin or clickable tags) used for
the subsequent detection and capture can either be metabol-
ically incorporated into these modifications or synthetically
incorporated into the chemospecific probe molecules (Fig. 4).
Coupled with MS-based proteomics, chemoselective probe-
based approaches have significantly broadened the study of
S-glutathionylation, S-nitrosylation, S-sulfenylation, S-sulfiny-
lation, and S-sulfhydration.

Protein S-glutathionylation—Direct approaches (e.g. radio-
labeling and antibody-based methods) to detect protein S-
glutathionylation were described two decades ago (56). How-
ever, these approaches lacked sensitivity and were not
suitable for proteomic studies. To overcome these limitations,
several biotinyl analogs of GSH or GSSG have been devel-
oped (57, 58). Adding biotinylated glutathione to biological
systems mimics an increase in GSSG in the cell, tissue, or
organ under oxidative stress, thereby leading to thiol-disulfide
exchange. Thus, the cellular targets of protein S-glutathiony-
lation can be metabolically labeled by biotin, which allows for
their detection and identification (Fig.4A). For protein-level
identification, biotinylated proteins can be enriched by affinity
purification and eluted by treatment with reducing agents to
release the bound proteins, followed by subsequent MS-
based proteomics. For site-level identification, biotinylated
proteins can be first digested with trypsin and S-glutathiony-
lated peptides are enriched with affinity purification, eluted
with reducing agents, and analyzed by MS-based proteomics.
These approaches have been successfully applied to several
biological systems to identify S-glutathionylated proteins or

sites (59, 60). For example, biotinylated glutathione disulfide
(BioGSSG) was applied to analyze the S-glutathionylome in
Synechocystis (59). About 350 proteins were identified as
S-glutathionylation targets and the modified sites were de-
termined for 125 targets (59). Nevertheless, these ap-
proaches have two major limitations. First, biotinylated
glutathione cannot be used to study native protein S-
glutathionylation in cells, in which the intrinsic oxidation
status may be perturbed by the addition of this reagent.
Second, the bulky structure of biotin group limits access to
some targets of S-glutathionylation.

To overcome these limitations, Ahn and colleagues recently
developed a novel approach to detect S-glutathionylation by
metabolically tagging intracellular glutathione with small click-
able functionality (Fig. 4B) (61). To this end, glutathione syn-
thetase, a key enzyme that catalyzes coupling of �Glu-Cys to
Gly to form glutathione, was genetically mutated to produce
an enzyme that catalyzed addition of azido-Ala in place of Gly.
Cells were transfected with the engineered glutathione syn-
thetase and incubated with azido-Ala, thereby generating the
azide-containing glutathione derivative, �Glu-Cys-azido-Ala.
Thereafter, this clickable glutathione was conjugated to sub-
strates of protein S-glutathionylation in cells. The S-glutathio-
nylated product could be further conjugated to different func-
tionalized groups, such as biotin and fluorescein, using click
chemistry (CuAAC), which allowed for selective and sensitive
detection of this modification (Fig. 4B). In the future, this
approach could be combined with MS-based proteomics to
globally identify S-glutathionylated proteins and modification
sites in situ.

Protein S-nitrosylation—It is known that phenylmercury
compounds can react with SNO groups to form a relatively
stable thiol-mercury bond (S-Hg) (62). Building upon this
chemistry, two novel phenylmercury-based SNO-capture re-
agents have been developed to directly capture S-nitrosy-
lated proteins (63). As shown in Fig. 4C, these reagents mainly
consist of a phenylmercury moiety and agarose resins or a
biotin group. Free thiols within the sample first are blocked,
and the S-nitrosylated proteins and peptides then can be
selectively reacted with these reagents to form S-Hg bonds
and be enriched by either resin-assisted capture or avidin-
based affinity purification. For protein-level capture, the
bound S-nitrosylated-proteins are eluted by reduction of the
S-Hg bond with 2-mercaptoethanol. For peptide-level cap-
ture, captured proteins are subjected to on-resin tryptic di-
gestion and S-nitrosylated peptides then are eluted by oxida-
tion of cysteine with performic acid to generate sulfonic acids
at the S-Hg Cys residues and the released peptides are
analyzed by MS-based proteomics. Using these approaches,
over 300 endogenous S-nitrosylation sites on �200 proteins
were identified from mouse liver (63). Ischiropoulos and col-
leagues further utilized this phenylmercury-based SNO-cap-
ture approach to identify up to 1,000 S-nitrosylation sites on
hundreds of proteins in various mouse tissues (64, 65). The
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number of S-nitrosylation sites in vivo to nitric oxide were
found to be substantially dependent on endothelial nitric ox-
ide synthase (eNOS) or neuronal nitric oxide synthase (nNOS)
(64, 65).

In addition to phenylmercury, a variety of phosphine-based
chemistries have been developed for direct labeling of SNO
groups, including reductive ligation, bis-ligation, one-step di-
sulfide formation, reductive elimination, and S-alkylphospho-

nium formation. More comprehensive discussion of these
reactions has been presented in several recently published
reviews (66–68). These reactions have been successfully ex-
plored to detect small molecular S-nitrosothiols (69, 70) or
single S-nitrosylated protein (71). However, development of
phosphine-based probes for the enrichment and identification
of S-nitrosylated targets in complex proteomes remains a
significant challenge, since selectivity and bio-compatibility of

FIG. 4. Chemoselective probe-based approaches enable the selective incorporation of affinity tags for distinct types of thiol redox
modifications. A, BioGSH or BioGSSG is used to metabolically label S-glutathionylated proteins via disulfide-exchange. B, Azido-Ala is
transferred by an engineered glutathione synthetase to label S-glutathionylated proteins. The azido-tagged proteins then can be conjugated
with alkyne-biotin via CuAAC reaction. C, The phenylmercury-biotin or agarose resins are used to directly label and capture S-nitrosylated
proteins via stable S-Hg bond formation. D, The one-step reductive ligation allows for the coupling of S-nitrosylated proteins with a
biotin-linked phosphine probe. E, Bioorthogonal reactions in combination with azide and alkyne analogs of dimedone enable in situ labeling
and detection of protein S-sulfenylation. F, S-sulfinylated proteins can be detected or enriched by chemoselective ligation with a biotinylated
aryl-nitroso compound. G, S-sulfhydrated proteins are first tagged with methylsulfonyl benzathiazole and the persulfide adducts can then be
selectively reacted with a biotin-linked cyanoacetate probe.
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the phosphine-based chemistry for labeling SNO still needs
improvement. Until recently, only a few probes have been
developed to detect S-nitrosylated targets in complex pro-
teomes. In one such example, based on the one-step reduc-
tive ligation of S-nitrosothiols, Xian and colleagues developed
a biotin-linked phosphine probe to globally detect protein
S-nitrosylation in CysNO treated COS-7 cells using Western
blot (Fig. 4B) (72). In principle, this probe could be coupled
with MS-based proteomics to capture and identify S-nitrosy-
lated proteins.

Protein S-sulfenylation—The distinct chemical reactivity of
cysteine sulfenic acid makes it possible to react with a variety
of nucleophiles and electrophiles (4, 73). In 1974, Benitez and
Allison first reported that a cyclic 1,3-diketone carbon nucleo-
phile, 5,5-dimethyl-1,3-cyclohexadione (dimedone), reacts
with sulfenic acid (74). Since then, many dimedone-based
probes for detecting S-sulfenylated proteins have been de-
veloped (75–79). Among these probes, cell-permeable alkyne
and azide analogs of dimedone are most often used, as they
enable in situ labeling of protein S-sulfenylation. These probes
have been successfully applied to identify epidermal growth
factor receptor, threonyl-tRNA synthetase, and many ovarian
tumor deubiquitinases as targets of S-sulfenylation in mam-
malian cells (7, 10, 80). Furthermore, these clickable probes
were utilized for proteomic analysis of protein S-sulfenylation
in intact cells. In the first step, S-sulfenylated proteins are
selectively tagged and, in the second step, probe-labeled
proteins are captured by bioorthogonal chemistry (e.g.
Staudinger ligation or CuAAC) and identified by MS-based
proteomics (Fig. 4C). This strategy identified �200 potential
targets of protein S-sulfenylation in the unstimulated HeLa
cells or H2O2-treated Arabidopsis cells, respectively (81, 82).
However, these protein-level analyses did not identify specific
sites of this modification, which increases the possibility of
false-positive identifications. Moreover, analyses based on
protein-level capture do not provide information about multi-
ple redox changes on a single protein. To address these
issues, we recently developed a novel site-specific S-sufenyl-
cysteine mapping strategy based on an alkynyl-functionalized
dimedone probe, DYn-2, and a fully optimized chemopro-
teomic workflow (83, 84). Specifically, S-sulfenylated proteins
were labeled in intact cells by DYn-2. Cell proteins were then
digested with trypsin and labeled peptides were conjugated
to azide biotin via CuAAC, affinity purified on streptavidin
resin, and released by photocleavage of the biotin linker. The
released, DYn-2 modified peptides were subsequently ana-
lyzed by MS-based proteomics. Using this chemoproteomic
strategy, a total of 1105 S-sulfenylated sites from 778 proteins
were identified from human cells (83). Furthermore, the differ-
ence of S-sulfenylation levels in cells with or without stimuli
was compared with the use of unlabeled (light) and deuter-
ated (heavy) DYn-2 (83). This quantitative, site-specific S-
sulfenylome analysis thus provides a means to simultaneously
measure different susceptibility of S-sulfenylation events in

intact cells and to detect differential redox reactivity within
proteins under oxidative stress.

Protein S-sulfinylation—Since the discovery of sulfiredoxin,
which reduces S-sulfinic acid to the thiol in an ATP-depen-
dent reaction (85, 86), protein S-sulfinylation has emerged as
another important, reversible PTM event in cells. Although
S-sulfinic acid on a particular protein can be directly detected
by MS or antibodies raised against specific sulfinic acid-
modified peptides, global analysis of protein S-sulfinylation
remains a major challenge (3). Inspired by reactions with
aromatic sulfinic acids and aryl-nitroso compounds, we de-
veloped a ligation reaction for selectively converting S-sulfinic
acid moieties into stable conjugates under physiological con-
ditions (87). Building upon this ligation reaction, we further
developed the first probe for detection of protein S-sulfinyla-
tion. This probe, termed as NO-Bio, combines an aryl-nitroso
moiety for labeling of the sulfinic acid with a biotin tag (Fig. 4D)
(88). Following thiol blockage, S-sulfinylated protein can be
selectively labeled by NO-Bio and detected by Western blot.
This novel approach has been applied to evaluate global
protein S-sulfinylation levels in HeLa cells treated with H2O2

as well as to compare S-sulfinylation among human NSCLC
tumors and matched normal lung tissue (88). More impor-
tantly, this probe should make it possible to perform a pro-
teomic survey of protein S-sulfinylation in biological systems
in the future, as S-sulfinylated proteins labeled by NO-Bio can
be enriched by affinity purification and identified by MS-based
proteomics.

Protein S-sulfhydration—Direct and selective detection of
protein S-sulfhydration has long been a significant challenge,
since the persulfide group shows reactivity similar to that of
other sulfur species, particularly free thiols. Snyder and col-
leagues developed the first method for this purpose, which
employs an thiol-reactive agent MMTS to differentially label
thiols and persulfides (89). Following the labeling reaction, the
unreacted S-sulfhydrated proteins are subsequently conju-
gated to biotin-HPDP and identified by MS-based proteo-
mics. Using this method, a number of proteins were identified
as potential targets for S-sulfhydration and the basal S-sulf-
hydration level of some proteins was estimated to be as high
as 25% (89). However, a key concern about this approach is
the selectivity of MMTS for thiols versus persulfides (90). To
overcome this limitation, Xian and colleagues recently devel-
oped a selective two-step approach to detect protein S-
sulfhydration (Fig. 4E) (91, 92). In the first step, nucleophilic
protein thiol species (-SH and -SSH) are tagged with the
electrophile, methylsulfonyl benzathiazole. Thereafter the
sample is treated with a biotin-linked cyanoacetate probe to
selectively label the persulfide adducts. This novel technique
has been successfully applied to analyze protein S-sulfhydra-
tion in a model protein (e.g. glyceraldehyde-3-phosphate de-
hydrogenase) in cell lysates and cells exposed to Na2S (91). In
this proof-of-concept study, the authors also identified heat
shock protein 70 as a novel target of protein S-sulfhydration
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(91). The probe-labeled proteins also can be captured and
subject to MS-based proteomic analysis. This two-step label-
ing approach was recently utilized to globally identify persul-
fide and polysulfide-modified proteins in A549 cells overex-
pressing cystathionine �-lyase, an enzyme used for
converting L-cysteine to hydrogen sulfide (93). Of interest,
most of targets of protein S-sulfhydration identified in this
study could also be S-sulfenylated (83), such as protein di-
sulfide isomerase, heat shock proteins, aldo-keto reductase,
glyceraldehyde-3-phosphate dehydrogenase, enolase, and
phosphoglycerate kinase.

Site-specific Mapping of Thiol Redox Modifications—As
discussed above, the vast majority of thiol redox proteomic
data were acquired via protein-level capture and indirect or
unselective methods. Therefore, these data should be treated
with caution. Fortunately, technological advances in chemo-
proteomics, such as novel probes with MS-compatibility, ef-
ficient enrichment methods, sensitive MS detection, and
reliable database search algorithms, make it possible to pre-
cisely pinpoint sites of thiol redox modifications in proteins.
Moreover, like small molecule cysteine conjugates, the
chemically modified Cys-containing peptides often produce
distinct reporter ions in MS/MS spectra through the charac-
teristic C-S fragmentations, which increase the reliability of
site-level identification of thiol redox modifications. With cur-
rent reagents and instrumentation, a redox proteomic exper-
iment has the potential to identify thousands of modified
Cys-containing peptides and their corresponding sites. Nev-
ertheless, automated site identifications should be viewed
with caution. It is challenging to automatically estimate the
site FDR of these identifications using the common target-
decoy database search strategy, because of limitations of the
sample size. Thus, automated site localization results should
be critically inspected. Moreover, a small proportion of pep-
tides identified in a redox proteomic study contain more than
one cysteine. To ensure unambiguous site localization, man-
ual evaluation of these identifications is typically required with
at least three modification-specific fragment ions annotated in
the corresponding MS/MS spectra.

CONCLUSIONS

The landscape of thiol redox modifications is rapidly ex-
panding, due both to recent advances in MS-based proteo-
mics and thiol chemistry. Dramatic improvements in MS instru-
mentation significantly improves the sensitivity, analytical
throughput, and reliability of chemical approaches for global
and site-specific mapping of thiol redox modifications. Ad-
vances in our understanding of thiol chemistry have led to the
development of chemoselective probes, which enable direct
detection, efficient enrichment, identification, and quantifica-
tion of distinct types of thiol redox modifications. These
chemical proteomic strategies have not only expanded the
inventory of thiol redox modifications, but also afforded novel
insights into how oxidative stress and redox-mediated signal-

ing regulate cell homeostasis during physiological and/or
pathological processes.

Future work in this field should improve the sensitivity and
quantitative accuracy of MS-based proteomics and expand
the repertoire of selective chemical probes for in situ or in vivo
labeling of distinct thiol redox modifications. Recently de-
scribed analysis platforms and expected improvements will
provide the means to address important unanswered ques-
tions in the field of redox biology:

• What is the stoichiometry of distinct types of thiol redox
modification in physiological or pathological states?

• How does the cross-talk between redox modifications on
thiols contribute to redox regulation networks in cells?

• How does the thiol proteome sense organelle-specific
redox changes in cells induced by endogenous stimuli?

As the methodologies for thiol redox proteomics evolve,
these and other questions can likely be addressed in the near
future. Meanwhile, it is important to realize that the data
generated from a large-scale redox proteomic surveys will
require further adaptation of informatics infrastructure to in-
tegrate proteome-scale data with biochemistry and cell biol-
ogy experiments. A variety of computational structural biology
tools (94–96), bioinformatics (97, 98), and databases (99, 100)
can be used for this purpose, thereby providing a greater
understanding of redox regulation of protein functions.
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