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ABSTRACT  

 

Significance: Reactive oxygen species are produced during normal metabolism in cells, and their 

excesses have been implicated in protein damage and toxicity, as well as in the activation of signaling 

events.  In particular, hydrogen peroxide participates in the regulation of different physiological 

processes as well as in the induction of antioxidant cascades, and often the redox molecular events 

triggering these pathways are based on reversible cysteine oxidation.  Recent Advances: Increases 

in peroxides can cause the accumulation of reversible cysteine oxidations in proteomes, which may be 

either protecting thiols from irreversible oxidations or may just be reporters of future toxicity.  It is also 

becoming clear, however, that only a few proteins, such as the bacterial OxyR or peroxidases, can 

suffer direct oxidation of their cysteine residues by hydrogen peroxide, and therefore may be the only 

true sensors initiating signaling events.  Critical Issues: We will here describe some of the 

methodologies used to characterize at the proteome level reversible thiol oxidations, specifically those 

combining gel-free approaches with mass spectrometry.  In the second part of this review, we will 

summarize some of the electrophoretic and proteomic techniques used to monitor cysteine oxidation 

at the protein level, needed to confirm that a protein contains redox cysteines involved in signaling 

relays, using as examples some of the best characterized redox sensors such as bacterial OxyR or 

yeast Tpx1/Pap1.  Future Directions: While cysteine oxidations are often detected in proteomes and 

in specific proteins, major efforts have to be made to establish that they are physiologically relevant. 
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INTRODUCTION 

 

The price that organisms have to pay for living in an environment with oxygen is the extent of their 

energy to cope with the deleterious effects of the oxidation of biomolecules.  In evolution, cells have 

developed complex antioxidant systems to maintain a proper internal redox environment.   

The main source of oxidants in eukaryotic cells is the mitochondrial electron transport chain 

during cellular respiration as a result of the one-electron reduction of molecular oxygen to water.  They 

can also be generated by peroxisomal fatty acid degradation in the beta-oxidation pathway (103), or 

during oxidative protein folding in the endoplasmic reticulum (104).  More specific sources of reactive 

oxygen species (ROS) and reactive nitrogen species are the enzymatic activities of several enzymes 

such as nicotinamide adenine dinucleotide phosphate (NADPH) oxidases, mieloperoxidases and nitric 

oxide synthases, activated in phagocytes in response to microorganisms (56), or the activities of 

cytochrome P450 and the enzymatic system of hypoxanthine/xanthine oxidase activated in cases of 

ischemia/reperfusion, metal-catalyzed reactions, osmotic stress and chemotherapeutic drugs (39,61). 

The one-electron reduction of oxygen produces superoxide anion, which is converted to 

hydrogen peroxide (H2O2) by spontaneous dismutation or catalyzed by superoxide dismutase.  H2O2 

can be partially reduced to hydroxyl radical or fully reduced to water (105).  The reactivity, or oxidation 

capacity, of these ROS depends on the nature of the chemical species, their cellular concentration, 

stability and membrane diffusion ability (43,111).  Superoxide anion reacts at a rate that is almost 

diffusion-limited with iron from iron-sulfur clusters, but it does not react so easily with other intracellular 

compounds due to its charge, which make it unable to diffuse through membranes.  On the other 

hand, the reactivity of hydroxyl radical is so high and indiscriminate that its diffusion is limited to 

production sites (17).  The reactivity of H2O2, although not very high with iron-sulfur clusters, low 

molecular weight thiols and thiols in proteins, may be significantly increased depending on the protein 

environment reaching rate constants of up to 108 M-1s-1  (65).  This relatively high reactivity along with 

the stable H2O2 steady-state concentrations (~10-7 M), half-life (~1 ms) and ability to diffuse through 

membranes make H2O2 one of the ROS more fitted for signaling.  Most of this review will describe 

proteomic techniques used for the characterization of H2O2-dependent protein oxidation. 

One of the most reactive groups of amino acid side chains are thiols from cysteine (Cys) 
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residues.  Both one-electron and two-electron oxidants are able to react with thiols (-SH), although 

yielding different products (112).  A scheme depicting the different oxidation states of a thiol group 

upon H2O2 is shown in Figure 1.  Two-electron oxidants such as H2O2 generate sulfenic acid (-SOH) 

as the initial product.  Sulfenic acid is highly reactive; its reaction with other thiols results in mixed 

disulfides with glutathione (Prot-S-SG), intramolecular disulfides (-S-S-) favored by vicinal thiols, or 

inter-molecular disulfides between proteins, whereas in the presence of proximal nitrogen it may form 

a sulfenamide.  Finally, in the presence of stronger oxidants or in the continuous presence of mild 

oxidants, sulfenic acid may become further oxidized to sulfinic (-SO2H) or sulfonic (-SO3H) acids.  One 

electron oxidation of thiols produces thiyl radicals, which readily react with the thiolate anion ultimately 

resulting in disulfide bond formation.   

Regarding Cys oxidation, the oxidized forms sulfenic acid, disulfide bond, sulfenamide, and, 

occasionally, sulfinic acid are the only ROS-driven protein modifications that can be repaired in cells 

thanks to specific cellular activities.  Thus, the thioredoxin (Trx) and the glutathione/glutaredoxin 

(GSH/Grx) systems to be described below reduce disulfide bonds.  The reactivity of H2O2 with specific 

Cys residues in proteins to generate these reversible modifications provides the basis by which H2O2 

engages in intracellular signaling, since this Cys modification is fast and reversible, two conditions for 

signaling (37,84,108).  This high reactivity, however, cannot be generalized to all Cys residues in 

proteins.  The major determinants of Cys reactivity towards H2O2 are the available fraction of the Cys 

thiol in the thiolate form, its capacity to act as a nucleophile to attack the H2O2 electrophile through a 

nucleophilic type 2 substitution, and the ability to stabilize the transition state with the reactant, H2O2.  

Firstly, Cys thiols with low pKa are expected to have a higher ionized fraction at neutral pH, and this 

enhanced thiolate availability is important for reactivity; low pKa is mainly achieved by hydrogen 

bonding interactions of the sulfur atom with the surrounding environment stabilizing the negative 

charge of the thiolate (86).  However, not only the pKa of the thiol group is important for the efficient 

reaction of a Cys residue with peroxides, since proteins such as tyrosine phosphatases, with a low 

pKa, do not display reactions rates with H2O2 as high as peroxiredoxins (Prxs) or glutathione 

peroxidases (Gpxs) (23,27,73,102,112).  Furthermore, in some specific Cys of proteins such as Prxs 

the protein structural factors stabilizing the thiolate and lowering the pKa also trigger a concomitant 

decrease in nucleophilicity, and therefore decrease reactivity (27).  For the fast reaction rates of a Cys 
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residue with peroxides not only the facility to form the thiolate is important, that is, a low pKa, but also 

the ability to stabilize not only the transition state (where the negative charge of the thiolate is 

distributed among the sulfur and the two oxygen atoms of H2O2), but also the final product, the leaving 

group, which occurs after the rupture of the peroxidic bond (27,38).   

Only few proteins have Cys residues fulfilling those premises and are therefore particularly 

prone to react with H2O2.  These Cys residues are called thiol switches, since they can be specifically 

and reversibly modified by oxidation, leading to a change of activity in the protein.  These proteins 

containing thiol switches are likely to be the direct targets of H2O2 in signaling cascades, and should 

be considered H2O2 sensors.  This is the case of the bacterial transcription factor OxyR, and of the 

H2O2 scavengers Prxs and Gpxs (see below, section ‘Electrophoretic and proteomic approaches to 

study changes in the Cys oxidation state of specific proteins’).  These last type of sensors not only 

contain Cys residues suitable for reacting with H2O2, but they are also very abundant and ubiquitous 

so that they outcompete the reaction of H2O2 with other targets in the cell to account for the required 

specificity necessary in signaling [Schizosaccharomyces pombe has around 400,000 molecules of 

Tpx1, the main Prx in fission yeast, per cell (66)].  Winterbourn and Hampton proposed a mechanism 

by which sensor proteins when fully oxidized mediate the transfer of oxidation equivalents, probably 

through thiol disulfide exchanges, to other target proteins through protein-protein interactions (112).  

An example of such a mechanism is the Tpx1-Pap1 redox relay in S. pombe, in which the Prx Tpx1 

transfers the H2O2-dependent signal to the Pap1 transcription factor, to activate an adaptive response 

to mild oxidant conditions (11,12,106). 

Cys residues are critical not only for sensing responses to oxidants, but also in many essential 

enzymatic reactions or in the metal coordination of many transcription factors, chaperones and 

antioxidant enzymes.  The accidental oxidation of these Cys is therefore an undesired event that can 

lead to non-native disulfide bonds being formed between or within proteins, resulting in toxicity due to 

general protein misfolding.  Thus, reversible thiol oxidation upon H2O2 treatment in whole proteomes 

has been described in different model systems (6,32,57), suggesting that under certain conditions, 

peroxides can oxidize solvent exposed Cys.  Whether this oxidation is directly mediated by H2O2 or 

through an indirect mechanism via oxidized sensor proteins like Prxs or Gpxs is still a matter of 

debate. 
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As mentioned above, cells possess strong antioxidant systems to maintain thiols in their 

reduced form, which therefore perform the dual role of preventing irreversible damage to proteins and 

recycling oxidized Cys in enzymes whose enzymatic activity relies on disulfide formation at their active 

sites (i.e. ribonucleotide reductase, phosphoadenylyl-sulfate reductase, methionine sulfoxide 

reductase, Prxs, Gpxs) (49,68,85,90,100).  Cells have evolved two major systems to control thiol-

disulfide status: the Trx and the Grx/GSH systems.  As depicted in Figure 2A, Trx mediates the flow of 

electrons from the final donor, reduced NADPH, to target proteins, with Trx reductase as an 

intermediate step between NADPH and Trx.  In the second system (Fig. 2B), oxidized substrates are 

reduced by Grxs, which are reduced by one (for monothiol Grxs) or two (for dithiol Grxs) GSH moieties 

at the expense of GSH reductase and NADPH.  Several reports describe the existence of cross-talk 

between both branches of the cellular reducing flow.  For instance, it has been reported that human 

Grx2 can be directly reduced in vitro not only by GSH but also by Trx reductase (48), and the same 

applies to bacterial Grx4 (26).  It has been described that highly abundant GSH can directly reduce 

oxidized Trx substrates, such as monothiol Prxs (47,76).  Regarding the rationale behind the existence 

of two different cascades to reduce reversible thiols, it is also a matter of study how substrate 

specificity is achieved.  Some studies have suggested that charge complementarity may influence the 

specificity of redoxins towards their specific substrates (7,19,33,69).  Also, the analysis of the crystal 

structures of mixed disulfides between Trxs and their substrates highlight the importance of structural 

features around disulfides in proteins to favor recognition by a specific redoxin (63).   

 

Principles for the characterization of the redox status of proteins and proteomes 

 

The study of Cys modifications in proteins and proteomes has been a challenging task until the 

development of selective reagents and powerful mass spectrometry (MS) techniques and equipment 

that has occurred during the last decade.  Thus, the analysis of Cys-containing peptides through MS is 

now routinely used to analyze the influence of genetic (i.e. absence of components of thiol reducing 

systems) or environmental factors (i.e. presence of oxidants, or shift of growth conditions) in general 

thiol proteome oxidation, but also to determine whether a specific protein participates in a redox 

cascade.  In any case, in order to analyze either at the whole proteome level or at a specific protein 
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the reversible oxidation of Cys residues, it is important to take into consideration some principles to 

obtain protein extracts and isolate peptides suitable to MS analysis (Fig. 3).  

The in vivo redox state of thiols can be easily preserved if the reversible modification to be 

analyzed can be blocked with cell permeable probes, so that the specific labeling reactions can be 

achieved in intact cells (Fig. 3, left panel).  This is the case of trapping reduced thiols (-SH) with 

permeable alkylating agents such as maleimide derivatives, or sulfenic acid (-SOH) with membrane 

diffusible dimedone derivatives (see below).  Alternatively, the redox state of the cell is mainly 

preserved by “freezing” thiols and decreasing thiol reactivity with acids such as trichloroacetic acid 

(TCA) added to cell cultures, which rapidly protonates all redox-active thiolate anions by shifting the 

pH below their pKa, and also stops thiol-disulfide exchanges by precipitating and denaturing proteins 

(40,59).  Later on extract preparation, thiol reactive probes (i.e. alkylating agents) can irreversibly 

attach to newly exposed thiols after gradually increasing the pH under controlled conditions.  This 

principle applies to the characterization of both proteomes and specific proteins; in the latter case, the 

redox state of the protein can be analyzed by Western blot, or the protein can be purified with the use 

of tags or antibodies prior to MS analysis (see below, section ‘Electrophoretic and proteomic 

approaches to study changes in the Cys oxidation state of specific proteins’). 

Regarding the characterization of reversibly oxidized proteomes, another common principle, 

although optional, is the enrichment of Cys-containing proteins or peptides (Fig. 3, center panel).  This 

has been traditionally accomplished with the use of chemically modified, most often, biotinylated, tags 

with reactivity towards reduced thiols [i.e. N-ethylmaleimide (NEM)-biotin (89) or iodoacetamide (IAM)-

biotin, generally available from ThermoFisherScientific] or oxidized thiols [i.e. dimedone-biotin (16,78) 

or biotin-1,3-cyclopentanedione, the latter being commercialized by Kerafast].  Affinity purification is 

then easily accomplished and sample complexity is drastically reduced.  To overcome the 

inconveniences of bulky biotin molecules in MS, in many thiol-reacting agents the biotin moiety can be 

removed by cleavage after resin enrichment.  Another strategy involves the use of specific antibodies, 

as those that recognize tandem mass tag (TMT)-labeled proteins.  Finally, another enrichment 

strategy makes use of thiol reactive resins that directly capture Cys-containing proteins in its reduced 

thiol form (see the last paragraph of the section ‘Use of Cys-reacting agents to study reversible thiol 

oxidations – biotin switch, OxICAT, ICAT-MS-based techniques’).   
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Because of the particularly dynamic nature of redox proteomes, an important point in their 

studies is the requirement of quantifying not only modified peptides through MS, but also whole cell 

extracts (Fig. 3, right panel).  The development of isotopic and isobaric labels with reactivity towards 

thiols has not only been used for sample complexity reduction, but it has also greatly improved the 

quantitative analysis, as at least six different samples or conditions can be analyzed simultaneously.  

As important as the quantification of Cys-containing peptides is the comparison of these levels with 

the total abundance of the corresponding protein in each particular biological sample, since 

environmental or genetic factors could not only result in increased oxidations but also increased 

expression levels for a given protein.  This is achieved by either labeling proteins with stable isotope 

labeling by amino acids (SILAC) in cell cultures, or by labeling protein extracts prior to enrichment with 

amino reactive labels as reported by Garcia-Santamarina and colleagues (30,32). 

 

PROTEOMIC METHODS TO STUDY REVERSIBLE CYS MODIFICATIONS AT THE PROTEOME 

LEVEL 

 

Most methods to investigate reversible Cys modifications are based on the use of alkylating agents 

that specifically react with originally oxidized thiol groups (ALK2 in Figure 4A), and after initially 

reduced thiols have been previously blocked with a different alkylating agent (ALK1 in Figure 4A).  

These methods can be used for the identification and quantification of oxidized Cys without any 

information about the nature of the particular reversible oxidation if a generic reducing agent such as 

dithiothreitol (DTT) is used between both alkylating agents, but can also be adapted to the 

identification of specific oxidations, based on the specificity of reducing reagents (see the section ‘Use 

of Cys-reacting agents to study reversible thiol oxidations – biotin switch, OxICAT, ICAT-MS-based 

techniques’).  The same chemistry between alkylating agents and sulfhydryl groups has been used to 

study the propensity of Cys residues to become oxidized (see the section ‘Use of Cys-alkylating 

probes to study Cys reactivity profiling’), or to study the proximity in native protein structures of two 

Cys residues (see the section ‘Thiol-reacting probes to study Cys proximity in native structures’).  With 

the recent development of specific small probes that react selectively with specific oxidized Cys, it is 

now also possible to identify and quantify specific Cys modifications in complex proteomes, thus 
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shortening the whole procedure as the reduction step to obtain free thiols is no longer necessary (see 

the sections ‘Use of reagents specific for sulfenic acid – dimedone and derivatives’ and ‘Proteomic 

identification of disulfide-linked peptides’).  Figure 4B-to-D summarizes some of the strategies we 

review in the next five sections.  The advantages and limitations of some of the reagents and 

strategies described below are summarized in Table 1. 

 

Use of Cys-reacting agents to study reversible thiol oxidations – biotin switch, OxICAT, ICAT-MS-

based techniques 

 

One of the first strategies designed to study reversibly oxidized thiol proteomes is the biotin switch 

assay reported by Jaffrey and colleagues (45) with improvements published by the Toledano and 

Jakob labs such as the use of TCA to freeze the thiol redox status (57,59).  Since then, many 

proteome-wide analyses of thiol redox modifications have been published, but all of them rely on the 

three steps of this assay (Fig. 4A): first, blocking free thiols with a thiol-specific reacting agent; second, 

the reduction of oxidized thiols with specific [ascorbate/CuCl2 for nitrosothiols (44), arsenite for sulfenic 

acid (89,109)], or generic [DTT or Tris (2-carboxyethyl) phosphine hydrochloride (TCEP)] thiol 

reducing reagents; third, labeling of newly generated thiols with a different thiol reactive reagent, 

normally conjugated with other functional groups that allow the enrichment and quantification of 

oxidized Cys by either gel-based or gel-free MS. 

With the development of the quantitative isotope coded affinity tag (ICAT) technology, based 

on the reaction of thiol groups with IAM derivatives, a new gel-free strategy was proposed: the 

OxICAT methodology (9,35,58).  According to this approach, the free thiols of one particular biological 

sample are blocked with the light ICAT reagent, reversibly oxidized Cys are reduced and, finally, 

nascent thiols are labeled with heavy ICAT.  These two reagents contain a thiol reactive moiety, IAM, 

linked to a biotin tag through a cleavable 9-carbon linker which can be either 12C (12C-ICAT) or 13C 

(13C-ICAT) therefore differing in 9 Da, but being, otherwise, chemically identical.  After the MS analysis 

of enriched peptides, the relative peak areas of the same peptide labeled with light and heavy ICAT 

reagents reflect its absolute oxidation status.  Although a really powerful technique that has been 

successfully applied to the study of redox proteomes of different organisms (10,51,67), one of the 
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main limitations of this approach is its low sensitivity as only 5-10% of the Cys residues in proteins are 

in an oxidized state (31,32).  However, the sensitivity of OxICAT has improved thanks to technological 

advances in MS proteomics and data analysis (87). 

A new workflow based on the use of ICAT reagents that allows the comparison of two samples 

at the same time was proposed by several groups, including ours (25,31,32) (Fig. 5).  Free thiols are 

blocked with an alkylating agent in acidic protein extracts, reversibly oxidized Cys are reduced and 

newly formed thiols are labeled with a light ICAT reagent in one sample and with a heavy ICAT 

reagent in the other.  After sample mixing and trypsin digestion, ICAT-labeled peptides are affinity 

chromatography-enriched and the biotin tag is removed by acid digestion.  Differentially labeled 

peptides co-elute from the HPLC system and behave equally on the mass spectrometer, with again a 

difference of 9 Da or multiples of 9 in peptides containing more than one Cys.  This strategy can be 

applied to the identification and quantification of thousands of peptides simultaneously.  This approach 

is more sensitive than the OxICAT as the level of complexity of the sample is considerably reduced 

because the relative abundances of peptides containing Cys oxidized are similar between samples.  

Since this method does not distinguish between increased Cys oxidation and increased protein 

abundance, one additional step is the protein quantification of the non-enriched fractions.  This can be 

accomplished by either label-free or stable isotope-based MS protein quantification of whole cell 

extracts, trypsinized prior to enrichment (Fig. 5).  Examples of the use of the ICAT strategy include its 

use in the study of protein oxidation in rat hearts subject to ischemia reperfusion (55) or the study of 

Cys nitrosylation in Arabidopsis plantlets subject to cold stress (81). 

Based on the workflow described above, recent variations include the use of other tags with 

thiol reactivity such as Cys-reacting tandem mass tags (Cys-TMT) that enable the simultaneous 

identification and multiplexed quantification of thiol redox modifications from up to six different 

samples.  The Cys-TMT reagents are a set of six isobaric compounds with the same nominal mass 

and chemical structure (i.e., isotopomeric).  They are composed of a Cys-reactive dithiopyridine group, 

a neutral spacer arm or mass normalizer and a mass reporter (126-131Da) which is unique for each of 

the six reagents.  Samples from different experimental conditions are labeled with the different isobaric 

tags, enriched with a TMT antibody and analyzed by MS/MS.  In the first MS, peptides will have the 

same m/z independently of the reagent it has been used.  Upon ion fragmentation, the spacer arm is 
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cleaved and the resulting reporter ions will differ in their m/z.  The workflow is similar to the scheme 

described in Figure 5, but, as mentioned, peptides are affinity-enriched with a TMT antibody (70).  

Iodo-TMT reagents, similar to Cys-TMT, are a collection of six isobaric tags in which thiol reactivity is 

obtained through an IAM group (82).  Both types of tags have been used in redox proteomics to 

specifically identify and quantify nitrosothiol (-SNO) modifications.  

After blocking reduced thiols with an alkylating agent and further reduction, it has recently 

been proposed to capture proteins with originally oxidized thiols directly with a thiol-interacting resin 

(36).  The resin contains thiopropyl sepharose beads with a 2-pyridyl disulfide group, able to react with 

reduced thiols in extracts to form a reversible mixed disulfide.  In this case, digested peptides from on-

resin digested proteins are labeled at their amino groups with different reagents, such as isobaric tags 

for relative and absolute quantitation (iTRAQ) or TMTs (not Cys reactive), and analyzed by MS 

(29,97,98).  An interesting application of this workflow is the work by Guo and colleagues (36) that 

take profit of the availability of several TMT reagents for the simultaneous identification of different Cys 

oxidations in the same sample.  According to this strategy, after blocking free thiols with the alkylating 

agent NEM, samples are split and each fraction is treated with a specific reducing agent.  The free 

thiols in proteins are enriched by a thiol reactive resin.  On the same resin, proteins are digested and 

peptides are labeled with amino-reacting isobaric reagents.  After elution with reducing agents 

disrupting the mixed disulfides, different samples are mixed and analyzed by MS.  

 

Use of Cys-alkylating probes to study Cys reactivity profiling  

 

The strategy to identify protein targets sensitive to oxidants and establish the reactivity profile of 

different Cys in proteins is based in measuring the reactivity loss of reduced thiols in proteins.  

Sethuraman and colleagues first reported the use of the ICAT reagent to measure Cys oxidation in 

rabbit heart membrane by labeling free thiols in H2O2-treated and untreated samples.  In this case, 

they quantified the increase in oxidation as a loss in signal for any given pair of light and heavy ICAT-

labeled peptides corresponding to untreated and treated samples (92,93).   

To overcome the problem of thiol labeling by bulky reagents such as ICAT, isotopic tandem 

orthogonal proteolysis activity-based protein profiling (isoTOP-ABPP) has been designed as an 
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alternative approach to study Cys reactivity profiling (22,110).  This strategy is based on the 

development of an IAM-based thiol reactive reagent with a very simple chemical structure.  The 

reagent is functionalized with an alkyne group that allows its conjugation via click chemistry to an 

azide-functionalized peptide sequence that contains a heavy or light valine and a TEV protease 

recognition sequence.  Finally, this peptide is linked to a biotin moiety for protein enrichment.  In the 

first step, thiols from cell extracts are alkylated with the IAM-derivative to protect them from further 

oxidation.  Then, the copper-catalyzed click chemistry links the isotopic light (12C and 14N) and heavy 

(13C and 15N) tags and the cleavable biotin tag to the different samples.  Samples are then mixed and 

subjected to trypsin digestion and TEV protease to yield Cys–containing peptides with isotopic tags for 

MS proteomic analysis.  Differences in the extent of alkylation reflect differences in Cys reactivity, in a 

way that hyper-reactive Cys would be completely labeled at low probe concentrations while Cys with 

low reactivity would show a concentration-dependent increase in alkylation.  

Recently, an in vivo Cys reactivity profiling study has been performed using permeable Cys-

reacting agents with mammalian cell cultures (1).  Abo and colleagues proposed the use of a 

permeable electrophile (-bromomethyl ketone), which is caged to avoid its reaction with cellular 

proteins; this allows accumulation within cells at high concentration with low toxicity.  Cys labeling is 

triggered in situ using photo-uncaging to unveil the -bromomethyl ketone functional group directly in 

living cells.  In addition, the caged derivative of -bromomethyl ketone also contains an alkyne group 

to allow the incorporation of reporter tags via click chemistry (1).   

 

Thiol-reacting probes to study Cys proximity in native structures 

 

Vicinal dithiols in proteins are a subset of surface-exposed thiols that are close enough to one another 

and that are more susceptible to oxidation to a disulfide than isolated thiols.  Dithiols can occur 

through proximity in the primary sequence, typically a –CXnC– motif where “n” is usually in the range 

of 2–6 residues (34) or close in the tertiary structure of the protein.  Dually-Cys reacting probes such 

as phenylarsine oxide (PAO) have been used to identify vicinal dithiol groups in native proteins 

(28,77).  A proteomic approach to study vicinal dithiols through MS (Fig. 4B) has also been published  

(83) taking advantage of the dithiol specific probe PAO in a method similar to the biotin switch assay.  
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First, PAO is used to selectively block reduced vicinal dithiols.  The remaining free thiols in the protein 

are then alkylated with NEM and cross-linked vicinal dithiols are reverted to the reduced thiol form by 

reduction with 2,3-dimercapto-1-propanesulfonic acid and subsequently labeled with a thiol reactive 

reagent either conjugated to biotin or to Cy5/Cy3 maleimide.  This approach was used for the 

identification of vicinal dithiols in mitochondria (83).  A biotin conjugated PAO probe was used to 

enrich arsenic binding proteins in the MCF7 cell line (120).  

 

Use of reagents specific for sulfenic acid – dimedone and derivatives 

 

Cys sulfenic acid is difficult to detect because of its highly unstable nature, but at the same time since 

it can act as a nucleophile and an electrophile depending on the surrounding environment, it has been 

easy to develop probes for its detection in proteins.  One of the most extensively used probes to 

investigate S-sulfenylated proteins is the nucleophile 5,5-dimethyl-1,3-cyclohexadione (dimedone) 

(Fig. 4C).  Improved alkyne and azide analogs of dimedone have been recently developed as, on one 

hand, they are cell permeable and enable in situ labeling and, on the other hand, S-sulfenylated 

proteins can be captured through conjugating via click chemistry appropriate tags into modified 

proteins (2,53,60,75).  In a new workflow using isotope coded alkynyl functionalized dimedone, DYn-2, 

the Carroll group has identified and quantified specific sulfenylated Cys in proteomes.  S-sulfenylated 

proteins are specifically labeled with DYn-2 in intact cells.  Proteins are then digested and conjugated 

to azide biotin, affinity purified and released of the photo-cleavable biotin linker.  Modified and 

enriched peptides are then analyzed through MS (117,118).  Alternatively, dimedone-containing 

proteins can be captured using specific anti-dimedone antibodies such as the ones developed by the 

Eaton (64) and Carroll (91) labs .   

 

Proteomic identification of disulfide-linked peptides  

 

The direct identification of protein disulfides in a protein extract is difficult as there are no specific 

probes for this modification.  Regarding intra-or inter-protein disulfides, a two-dimensional diagonal 

denaturing gel-based strategy has been adapted to identify cytoplasmic proteins with disulfide bonds 
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(14) (Fig. 4D).  In the first dimension of the electrophoresis, proteins are separated under non-

reducing conditions. The lane containing separated proteins is excised and placed horizontally on a 

second gel.  This second electrophoresis is performed under reducing conditions.  The resulting 

diagonal line of proteins represents those proteins without disulfide bonds.  The spots that appear on 

the right side of the diagonal are proteins forming inter-molecular disulfides and spots on the left side 

of the diagonal are those forming intra-molecular cross-links.  

Regarding the direct identification of intra and inter-molecular disulfides in proteomes through 

MS, recent advances in MS technology and software are very promising.  Lu and colleagues (62) have 

reported the design of a new software, pLink-SS, an adaptation of a previous program used for the 

identification of cross-linked proteins [pLink; (116)].  pLink-SS is specific for the identification of 

disulfide cross-links in different types of complex samples.  Other software used for the MS 

identification of cross-linked peptides, such as Kojak (42), has not yet been applied specifically to 

redox proteomics, as far as we know.  

Disulfide bonds can also occur in the form of mixed disulfides with GSH (PrS-SG), and those 

can be analyzed after the alkylation of free reduced thiols using Grx as a reducing agent (97).  Direct 

methods for studying this kind of modification make use of permeable biotinylated GSH or GSSG 

directly added to the cells resulting in a thiol-disulfide exchange. In this way, S-glutathionylated 

proteins are labeled with biotin and can be affinity purified and analyzed through MS (15,119).  A 

recent improvement of this approach is the use of a GSH derivative with small clickable functionality 

instead of bulky biotin (88).  This clickable GSH is conjugated in situ to cell proteins and S-

glutathionylated proteins can be further conjugated to other chemical groups in order to be detected.  

However, this new approach has not yet been applied to MS-based proteomics. 

 

ELECTROPHORETIC AND PROTEOMIC APPROACHES TO STUDY CHANGES IN THE CYS 

OXIDATION STATE OF SPECIFIC PROTEINS 

 

H2O2 participates in the regulation of signaling pathways through the specific, fast and reversible 

oxidation of amino acid residues in sensor proteins.  As widely explained in the Introduction, Cys 

residues are susceptible to reversible and irreversible oxidation upon H2O2 fluctuations (46,74,112).  
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Other amino acids such as methionine, tyrosine or tryptophan are prone to oxidation by H2O2, but the 

impact of those events in signaling cascades is, at best, not widespread. 

As explained above, factors other than pKa define the reaction rates of specific Cys residues in 

proteins towards peroxides, and, despite the fact that bioinformatic tools exist to predict Cys reactivity 

(95), currently real thiol switches can only be demonstrated experimentally.  In the first section below 

(‘Analyzing redox switches in specific proteins using denaturing polyacrylamide gel electrophoresis’), 

we will provide some examples of electrophoretic-based techniques used for the confirmation of a 

reversible thiol switch in a specific protein.  We will then describe, using the bona fide protein sensors 

of H2O2 as examples, some MS-based approaches to identify the specific Cys residues suffering these 

reversible redox post-transcriptional modifications (see the section `MS-based characterization of 

specific reversible Cys oxidations in classical H2O2 sensors`).  Lastly, we will summarize some 

protocols, based on MS, to identify unknown components in redox signaling cascades, using upstream 

or downstream protein components as baits (see the section ‘MS-based identification of redox 

signaling components’). 

 

Analyzing redox switches in specific proteins using denaturing polyacrylamide gel electrophoresis  

 

To demonstrate that a protein contains a thiol switch, that is, a Cys residue susceptible of reversible 

oxidant-dependent oxidation, many biochemical approaches have been designed, most based on the 

use of denaturing polyacrylamide gel electrophoresis (SDS-PAGE) followed by Western blot with 

antibodies against the protein of interest.  

In those methods, the general principles for the preparation of whole cell extracts apply (see the 

section ‘Principles for the characterization of the redox status of proteins and proteomes’).  Briefly, the 

in vivo redox status of thiols in cell cultures is frozen through acidification with TCA followed by 

preparation of whole cell extracts.  After this point, at least five different approaches have been 

reported to demonstrate a thiol switch (Fig. 6). 

The first approach, which was proposed by our group in 2011 (32), can be applied to any given 

protein and does not rely on an electrophoretic mobility shift of the protein of interest upon thiol 

oxidation (Fig. 6A).  After cell culture acidification with TCA, the blockage of free thiols with IAM and 
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reduction of reversibly oxidized thiols with DTT or TCEP, originally oxidized thiols are biotin-labeled 

with the reversible thiol reagent N-[6-(Biotinamido)hexyl]-3'-(2'-pyridyldithio)propionamide (biotin-

HPDP).  Each step in the alkylation and reduction procedures is stopped by TCA precipitation (32).  All 

proteins containing reversibly oxidized thiols are then affinity-purified with avidin beads, eluted with a 

thiol reducing agent and detected by standard SDS-PAGE followed by Western blot.  We successfully 

used this method to confirm thiol oxidation of specific protein targets identified at the proteome level 

after H2O2 stress in S. pombe (32).   

Quite often the generation of intra-molecular disulfide bonds changes the compactness degree 

for a given protein, and those differential structural changes can be highlighted using non-reducing 

SDS-PAGE of whole cell extracts (Fig. 6B).  This is the case of the S. pombe Pap1 transcription 

factor, which becomes oxidized upon mild oxidative stress (107).  The structural changes in Pap1 as a 

result of one or two intra-molecular disulfides can be detected as the oxidized protein migrates faster 

in non-reducing SDS-PAGE.   

Nevertheless, not all proteins with H2O2–dependent intra-molecular disulfides suffer a 

conformational change suitable to be detected by standard SDS-PAGE.  The bacterial H2O2 sensor 

OxyR is an example of this.  Two strategies have been used to differentiate reduced and oxidized 

OxyR.  First, the use of a urea-containing gel matrix for electrophoresis (99).  Second, the use of a 

bulky alkylating agent, such as 4-acetamido-4′-maleimidylstilbene-2,2′-disulfonic acid (AMS), with a 

net molecular weight of ~ 0.5 KDa (Fig. 6C) (4).   

Finally, inter-molecular disulfides formed upon H2O2 treatment are often present in 

representatives of the Prx and Gpx families.  Then, the covalent dimerization after oxidant treatment 

can be highlighted under non-reducing SDS-PAGE, with an apparent shift of mass equivalent to two 

monomers (Fig. 6D).  As an example, the 2-Cys Prx Tpx1 from S. pombe forming a dimer between 

two anti-parallel Tpx1 monomers arranged head to tail during H2O2 scavenging (12).  

 

MS-based characterization of specific reversible Cys oxidations in classical H2O2 sensors  

 

Within this section, we do not pretend to display a catwalk of all redox dependent proteins or 

pathways.  We will only review the pioneer studies on few classical redox-sensing transcription factors 
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and/or H2O2 sensors (bacterial OxyR, and the eukaryotic couples Gpx3-Yap1 and Tpx1-Pap1), and 

how their specific thiol switches have been unambiguously characterized through MS.  As will be 

outlined in the three examples provided, genetic studies with Cys mutant proteins normally precede 

MS studies, or are later used to confirm the MS-based results. 

The Escherichia coli transcription factor OxyR was the first H2O2 sensor identified and 

characterized at the genetic and biochemical level (Fig. 7A).  Oxidation by peroxides of Cys199 to a 

sulfenic acid precedes the formation of a disulfide bond with Cys208, leading to a conformational 

change and a gain-of-function in the transcription factor, to trigger antioxidant response genes.  

Reduced OxyR is pre-bound to some of its target promoters as a tetramer, but it does not stimulate 

transcription until disulfide formation occurs (101,121).  OxyR responds to different oxidants.  For 

instance, it has been proposed that reactive nitrogen species can activate OxyR through S-

nitrosylating Cys199 (50).   

OxyR has six Cys residues.  The Storz group demonstrated through mutational studies that only 

two of them are critical for transcriptional activity (54).  They performed an MS analysis of an OxyR 

derivative (OxyR4CA) carrying Ala substitutions of the other four non-essential Cys (121).  Reduced 

and oxidized OxyR4CA after alkylation with IAM and trypsin digestion were examined through 

matrix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF) MS.  Two peaks corresponding 

to fragments containing alkylated Cys199 and Cys208 for the reduced proteins disappeared in the 

oxidized samples.  A new peak appeared in the oxidized samples corresponding to the disulfide bond 

linking peptides containing Cys199 and Cys208 (121).  This pioneer work on the first thiol switch, 

OxyR, was performed with purified proteins; reduced OxyR was processed for MS in an anaerobic 

chamber (121). 

In budding yeast, the basic-leucine zipper (bZIP) transcription factor Yap1 is the functional 

homolog of OxyR.  Genetic studies suggested that Yap1 is oxidized upon H2O2 exposure, so that an 

intra-molecular disulfide bond between Cys303 and Cys598 is formed (20).  As a result, Yap1’s 

nuclear export signal (NES) is hindered, and the transcription factor accumulates at the nucleus 

(52,114,115).  Using purified Yap1 protein, Wood and colleagues identified through MS two intra-

molecular disulfide bonds between Cys303-Cys598 and Cys310-Cys629; those MS peaks were DTT-

sensitive (113).  However, it was later described that Yap1 is not directly oxidized by H2O2, but it is 
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rather regulated by a thiol-disulfide exchange reaction with an upstream H2O2 sensor: the Gpx Gpx3 

(21) (Fig. 7B).  As will be explained in the next section (‘MS-based identification of redox signaling 

components’), the authors identified this upstream redox driver through MS using Yap1 as bait.  

Regarding the individual components of this redox relay, Gpx3 and Yap1, no MS-based studies have 

been published to confirm the in vivo redox state of their thiol switches.   

The S. pombe Pap1 transcription factor is the fission yeast homolog of Yap1 (Fig. 7C).  Pap1 

contains seven Cys residues clustered in two domains, one at the center of the polypeptide called the 

N-terminal Cys rich domain and the second at the carboxyl-terminal domain.  Using recombinant 

domains of Pap1, it was soon reported using MS that peptides containing some Cys residues were 

susceptible to being modified by alkylating agents (13).  Genetic analysis using S. pombe strains 

expressing Cys mutants also highlighted the requirement of two of those residues, Cys278 and 

Cys501, in the response to H2O2 (107).  However, it was not until 2013 when our group 

unambiguously reported the participation of four Cys residues in the response to peroxides, using a 

combination of genetic and MS-based experiments (11).  Regarding the proteomic characterization of 

the protein, following the pipeline described in Figure 4A we obtained acidic cell extracts from cultures 

untreated or treated with H2O2; reduced thiols were alkylated with NEM; then, reversibly oxidized thiols 

were reduced with TCEP and the resulting new thiols were alkylated with IAM.  Denatured samples 

were then dialyzed and hemagglutinin (HA)-Pap1 was affinity purified with anti-HA.  The immuno-

precipitates were loaded onto standard SDS-PAGE gels, and gel slices corresponding to tagged Pap1 

were trypsinized and analyzed through MS (11).  The results demonstrated that four Cys residues, 

Cys278, 285, 501 and 532, were alkylated with IAM only when the protein was purified from H2O2–

treated cultures (11).   

As shown above for Yap1, the transcription factor Pap1 is not the direct sensor of H2O2.  

Indeed, the peroxiredoxin Tpx1, with exquisite sensitivity for peroxides, is the real sensor towards 

Pap1 under mild oxidative stress (8,106) (Fig. 7C), and the main scavenger of H2O2 during aerobic 

metabolism in fission yeast (47).  Tpx1 peroxidase function is based on two redox-active Cys, Cys48 

and Cys169.   

 

MS-based identification of new redox signaling components 
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We will now review some published examples in which new components of redox cascades were 

identified through MS using known proteins of the pathway as baits.  Regarding cell lysis and extract 

preparation, most of the rules we have proposed for maintaining the in vivo redox state of Cys 

residues (see section in the Introduction: ‘Principles for the characterization of the redox status of 

proteins and proteomes’) also apply to the co-immuno-purification procedures described here (Fig. 3).  

However, it is worth mentioning that often these redox cascades are governed by thiol disulfide 

exchanges, so that the interactions between two different components are mediated by very transient 

mixed disulfide intermediates.  Two common strategies have been proposed to trap this transient 

intermediates: first, the use of short exposures or pulses of extracellular peroxides, followed by the 

fast acidification or addition of permeable alkylating agents such as NEM or methyl 

methanethiosulfonate (MMTS); second, the use of “trapping mutants” as baits: if the downstream 

receiver of the redox signal, used as bait, does not contain the Cys residue known to resolve the 

mixed disulfide, the transient intermediate will be stabilized.  We will now briefly review co-immuno 

precipitation examples using one or both of these strategies: the MS-based identification of upstream 

components of the Yap1 (21), Pap1 (12) and thioredoxin cascades (12,30), and of the downstream 

redox interactors of FOXO3 (80) and mammalian Prx2 (94) proteins. 

As explained above, the peroxidase Gpx3 is the real H2O2 sensor promoting the oxidation of the 

Yap1 transcription factor (Fig. 7B).  Using the general principles applied to the preservation of the in 

vivo redox state of Cys residues, Gpx3 was identified by MS after immuno-precipitating a trapping 

Yap1 mutant lacking Cys303, which resolves the mixed disulfide in the transient intermediate between 

both proteins (21).  Briefly, Delaunay and colleagues purified the Myc-Yap1.C303A mutant from TCA 

extracts of H2O2-treated cultures through affinity chromatography, resolved the eluted proteins through 

non-reducing SDS-PAGE and detected a high molecular weight mixed-disulfide partner.  Gel slices 

were trypsinized and analyzed through nanoscale capillary liquid chromatography-tandem MS (LC-

MS/MS).  Using this approach, the authors not only identified peptides belonging to Gpx3 but also a 

covalently-linked peptide between the 598-604 amino acids of Yap1 and 36-43 amino acids of Gpx3, 

confirming the mixed disulfide between Cys36 of Gpx3 and Cys598 of Yap1. 
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Regarding the fission yeast redox couple Tpx1/Pap1, even though it was soon reported by 

genetic and biochemical means that the Prx is the real receptor of H2O2 and that in its absence Pap1 

is not oxidized upon peroxide stress, trapping an intermediate between both proteins and identifying 

Tpx1 through MS using Pap1 as bait has been a difficult task.  In 2013, Calvo and colleagues 

managed to detect Tpx1 in co-immuno precipitates of HA-Pap1, which was over-expressed in cells 

lacking the main thioredoxin, Trx1 (to decrease the turnover of the oxidation process) (12).  With this 

approach, we initially detected a high-molecular-weight complex, sensitive to disulfide reducing 

agents, recognized both with anti-Pap1 and also with anti-Tpx1 antibodies through Western blot 

analysis.  To confirm the disulfide-linked Tpx1-Pap1 intermediate, TCA protein extracts were dialyzed 

and immuno-precipitated with anti-HA antibodies.  The band corresponding to the mixed disulfide was 

excised from a gel, trypsinized and processed for MS analysis.  The most abundant proteins present 

in the gel slice detected through liquid LC-MS/MS were Tpx1 and Pap1 with a coverage of 61% and 

42%, respectively (12). 

Another example of the use of a downstream component of redox cascades as bait to isolate 

a new (and oxidizing) redox partner is the identification of Trx substrates.  As happens with Yap1 and 

Pap1 in the two examples provided above (Gpx3/Yap1 and Tpx1/Pap1), Trxs are the electron donors 

of their substrates, and reduce disulfides by forming transient intermediates with them.  As described 

in the Introduction, Trxs mediate the electron flow of electrons from the final donor, reduced NADPH, 

to disulfide-containing substrates.  The Trx fold, which contains the sequence Cys-X-X-Cys, present in 

Trxs, mediates the interaction with their substrates: while the first Cys forms the transient intermediate 

with one of the substrate Cys residues, the second Cys of the Trx folds resolves the mixed disulfide.  

Many studies have reported the MS-based identification of putative Trx substrates using mutant Trxs 

lacking the second (or resolving) Cys as bait (5,41,71,96). 

Forkhead box O (FOXO) transcription factors are considered key players in redox signaling.  

Their activity is modulated by ROS-induced post-transcriptional modifications (3,18), leading to their 

nuclear accumulation in a Jun kinase-dependent manner (24,72).  Putker and colleagues described 

the identification of several ROS-induced, disulfide-linked FOXO4 (79) and FOXO3 (80) partners.  

Regarding FOXO4, in order to focus on disulfide-linked associations the authors immuno-precipitated 

a mutant FOXO4 lacking all Cys residues as a control.  Furthermore, the authors also separated the 
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FOXO4 and the FOXO4Cys negative control pull downs through non reducing SDS-PAGE, and 

identified the DTT-sensitive complexes through MS (79).   

Finally, another example describing the isolation of downstream components of H2O2-

responding pathways is the recent work by Sobotta and colleagues (94).  As explained in the 

Introduction, Gpxs and Prxs are suited to sense H2O2, scavenging it and also directing oxidative 

equivalents to specific target proteins by direct thiol disulfide exchanges, as described in budding and 

fission yeast (Gpx3-to-Yap1 and Tpx1-to-Pap1) (8,21,106).  Using mammalian Prx2 as bait, the Dick 

group has recently described that this type of redox relay also applies to the mammalian couple Prx2-

STAT3 transcription factor.  To trap the very transient intermediate between Prx2 and its downstream 

effectors, the authors used very short pulses of exogenous H2O2 followed by the blockade of free thiols 

directly in cultures with NEM or methyl MMTS (94). 

 

CONCLUSIONS  

 

While Cys post-transcriptional modification by oxidants has been reported in many studies of either 

toxicity or signaling associated to oxidative stress, the development and widespread use of powerful 

MS-based techniques linked to basic redox principles in sample manipulation and preparation is 

greatly contributing to clarifying the role of ROS fluctuations in health and disease.  With this review, 

we have intended to provide advice on the MS-based detection, identification and quantification of 

reversible Cys oxidations in entire proteomes, as well as in signal transduction-related thiol switches of 

proteins such as Prxs or OxyR.   
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LIST OF ABBREVIATIONS 

 

bZIP: basic leucine zipper 

Cys: cysteine 

Cys-TMT: cysteine tandem mass tag 

DTT: dithiothreitol 

Gpx: glutathione peroxidase 

Grx: glutaredoxin 

GSH: glutathione 

H2O2: hydrogen peroxide 

IAM: iodoacetamide 

ICAT: quantitative isotope coded affinity tag  

LC-MS/MS: liquid chromatography followed by tandem MS  

MALDI-TOF: matrix-assisted laser desorption/ionization time-of-fly 

MMTS: methyl methanothiosulphonate 

MS: mass spectrometry 

NADPH: nicotinamide adenine dinucleotide phosphate 

NEM: N-ethyl maleimide 

Prx: peroxiredoxin 

ROS: reactive oxygen species 

TMT: tandem mass tag 

SDS-PAGE: sodium dodecyl sulphate polyacrylamide gel electrophoresis 

TCA: trichloroacetic acid 

TCEP: Tris (2-carboxyethyl) phosphine hydrochloride 

Trx: thioredoxin 
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FIGURE LEGENDS 

 

FIG. 1.  Redox modifications of Cys residues by H2O2.  Oxidation of thiol groups in proteins (Prot-

SH) by two electron oxidants such as H2O2 initially results in sulfenic acid formation (Prot-SOH).  This 

species readily reacts with another proximal thiol to form a disulfide bond (Prot-S-S-Prot’).  Sulfenic 

acid and disulfide bonds are reversible oxidations that can be reduced to the thiol form by the Trx or 

Grx systems.  Sulfenic acid may become further oxidized to sulfinic (Prot-SO2H) or sulfonic (Prot-

SO3H) acid forms.   

 

FIG. 2.  The Trx and Grx systems control the thiol-disulfide status in cells.  Disulfide bonds in 

proteins can be reduced to the thiol form through a series of reactions that involve oxidoreductases 

Trxs and Grxs.  (A) Trx reduces protein disulfides and it is recycled by Trx reductase (TRR) that uses 

electrons provided by NADPH. (B) Grx reduces protein disulfides and it is recycled with two molecules 

of GSH (dithiol Grx, upper panel) or one molecule of GSH (monothiol Grx, lower panel). In both types 

of Grxs, oxidized GSH is reduced by glutathione reductase (GSHR) which also uses NADPH as the 

final electron donor. 

 

FIG. 3.  Suggested considerations for the preparation of cell extracts for MS analysis.  (A) 

Freezing the thiol redox status in cultures.  It is essential to maintain the Cys oxidation status in their in 

vivo form.  This can be accomplished by either acidification of cultures with acids such as TCA or by 

adding permeable thiol reacting reagents, such as NEM, to the cultures.  (B) Different strategies are 

generally used to enrich Cys-containing proteins or peptides from whole cell extracts in order to 

reduce sample complexity for MS analysis.  (C) Quantification of the ratio of Cys-oxidized peptide per 

total amount of the specific protein in each biological sample.  We propose the isotopic or isobaric 

labeling not only of Cys-containing peptides (for instance, with ICAT) but also of all proteins in whole 

cell extracts (non-enriched fractions; for instance, using iTRAQ). 

 

FIG. 4.  Proteomic strategies to analyze reversible Cys oxidation.  (A)  General strategy based on 

the biotin switch assay to investigate reversible Cys modifications.  After culture acidification with TCA, 
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free thiols in proteins (SH) are blocked with an alkylating reagent (ALK1).  In a second step, reversibly 

oxidized Cys (SOx) are reduced with either a general or a specific Cys reducing agent (see text for 

details).  Finally, originally oxidized Cys are alkylated with a different alkylating reagent (ALK2) which 

allows enrichment of oxidized proteins and quantification of the resulting peptides. (B) Flowchart to 

identify vicinal Cys thiols, using phenylarsine oxide (PAO) that crosslinks Cys residues located in close 

proximity.  In a second step, the remaining thiols in the protein are blocked with NEM.  Cross-linked 

thiols are then reduced with 2,3-dimercapto-1-propanesulfonic acid (DMPS) and the resulting thiols 

are alkylated with a different alkylating agent (ALK).  (C) The presence of sulfenic acids in biological 

samples can be investigated using modified dimedone analogs, such as DYn-2, that directly react with 

sulfenic acid, allowing the enrichment and quantification of proteins.  (D) Disulfide bonds in proteins 

can be identified by either diagonal electrophoresis or directly by newly developed MS software such 

as pLink-SS. 

 

FIG. 5.  Schematic representation of the gel-free strategy to identify and quantify reversibly 

oxidized Cys by using the ICAT technology on a proteomic scale.  TCA extracts are prepared 

from two biological conditions (1 and 2).  Free thiols in the extracts are first blocked with IAM.  Upon 

reduction of reversibly oxidized Cys with TCEP, the resulting thiols are alkylated with either light (B-

12C-IAM, sample 1) or heavy (B-13C-IAM, sample 2) ICAT reagents.  Labeled protein extracts are then 

mixed and digested with trypsin.  ICAT-labeled peptides are affinity-purified with streptavidin beads, 

and analyzed through MS.  To quantify individual proteins, small fractions of protein extracts prior to 

ICAT labeling are digested with trypsin, and the resulting peptides are labeled at their amino groups 

with light (sample 1) or heavy (sample 2) reagents derivative of formaldehyde or iTRAQ.  The resulting 

peptides are mixed, and analyzed through MS.  

 

FIG. 6.  Electrophoretic approaches to study thiol switches.  Acidic whole cell extracts (WCE) of 

untreated (unt) and H2O2-treated cultures can be processed through SDS-PAGE followed by Western 

blot using antibodies against a specific protein (Prot), using four slightly different protocols.  (A) 

Oxidized proteins are detected by specific purification with biotin-HPDP.  Using this approach, free 

thiols are blocked with IAM and reversibly oxidized thiols are reduced with DTT or TCEP.  Resulting 
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thiols are biotin-HPDP-labeled. Proteins labeled with HPDP are enriched with streptavidin sepharose 

beads (  -avidin), and eluted with DTT.  The presence of a specific protein (Prot) in WCE and eluted 

fractions is then tested with standard SDS-PAGE and Western blot.  (B) The oxidation of a given 

protein may trigger a structural change resulting in a electrophoretic mobility shift.  In this case, free 

thiols in WCE are alkylated with IAM, and the difference of mobility between the reduced and the 

oxidized protein (red. Prot and ox. Prot) is analyzed through non-reducing SDS-PAGE and Western 

blot.  (C) Use of a high mass alkylating agent such as AMS to differentiate reduced and oxidized 

proteins through standard SDS-PAGE and Western blot.  (D) H2O2 can trigger inter-molecular disulfide 

formation.  In this case, and after alkylation of free thiols with IAM, the different electrophoretic 

migration of monomeric vs. dimeric forms can be easily determined in WCE by non-reducing SDS-

PAGE and Western blot.   

 

FIG. 7.  Bacterial and eukaryotic thiol switches.  (A) The E. coli OxyR transcription factor is a H2O2 

sensor, and activator of an antioxidant response.  Oxidized OxyR, with an intra-molecular disulfide 

bond, is reduced to the inactive state by the GSH/Grx1 system.  (B) Activation of the budding yeast 

Yap1 transcription factor by H2O2 is mediated through the Gpx Gpx3.  See text for details.  (C)  The 

Prx Tpx1 mediates the H2O2-dependent oxidation of the fission yeast transcription factor Pap1.  See 

text for details. 
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Table 1  Reagents and strategies to study reversible Cys modifications at the proteome level 

Reversible thiol oxidation 

 Advantages Limitations References 

OxICAT 
Cleavable biotin 

Data is independent on 
protein levels 

Limited to two conditions 
Low sensitivity 

Expensive 

(9,10,35,51,58,67,
87)  

ICAT 

Cleavable biotin 
High sensitivity 

Adapted protocols to 
quantify total protein 

Limited to two biological 
conditions 

(25,31,32,55,81) 

Cys- and Iodo-
TMT 

Multiple samples Complex data analysis (36,70,82) 

Cys reactivity profiling 

ICAT Commercially available Not cell permeable (92,93) 

IsoTOP-ABPP 
Small molecule 

Adapted to conjugation 
by click chemistry 

Not cell permeable (22,110) 

-bromomethyl 
ketone 

Cell permeable 
Not cell toxic 

Only one study (1) 

Cys proximity 

PAO Highly specific 
Only one study 

Large number of steps 
Complex experimental controls 

(83) 

Specific Cys oxidations 

SOH 
Use of Dimedone 

Availability of several 
versions of modified 

dimedone and 
enrichment strategies 

 
(2,16,53,60,64,75,

91,117,118) 
 

Intra or inter 
protein disulfides 
Use of 2D gels 

Simple and robust 
technique 

Low sensitivity (14) 

Intra or inter 
protein disulfides 
Use of pSS-Link) 

High throughput 
High sensitivity Only one study (62) 

Mixed disulfides 
with GSH  

Use of GSH-Biotin 

Availability of several 
versions of biotin-

modified GSH 

Changes GSH-GSSG 
equilibrium 

(15,88,97,119) 
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