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Abstract
Redox-regulated proteins play fundamentally important roles not only during the defense of
organisms against oxidative stress conditions but also as targets of cellular signaling events. This
realization has spurred the development of proteomic techniques geared towards characterizing the
redoxome; proteins with highly reactive cysteine residues, whose thiol oxidation state controls the
function of the proteins, and by extension, the pathways they are part of. We will here summarize
the most recent advances made in the field of redox proteomic analyses, aimed to elucidate the
cellular redox networks that appear to control pro- and eukaryotic organisms.

Introduction
Cellular redox conditions set the pace for many processes, ranging from gene expression and
protein translation to metabolism, proteostasis, cell signaling and apoptosis [1]. Thus it is
not surprising that perturbations in redox homeostasis are associated with many different
disease conditions, including cancer, type 2 diabetes, cardiovascular and neurodegenerative
diseases, and aging [2,3]. Alterations in the cellular redox status or in the levels of specific
reactive oxygen species (ROS) or nitrogen species (RNS) are most often sensed by proteins
with redox-reactive cysteine residues, whose thiol oxidation states exert control over the
activity of the proteins [4-6]. High levels of ROS are produced by cells of the innate immune
system in response to bacterial infections, are found at sites of chronic inflammation, or are
generated during many disease conditions, such as ischemic stroke [7-9]. High ROS levels
trigger rapid oxidative activation of anti-oxidant transcription factors, including OxyR,
Yap1p and Nrf2 [10], activate redox-regulated chaperones, such as Hsp33 and peroxiredoxin
[11,12], and alter the function of many redox-senitive metabolic enzymes, like GAPDH, to
re-route metabolic fluxes important for the restoration of redox homeostasis [6]. Low levels
of ROS are instead continuously produced by NADPH oxidases, by proteins of the
mitochondrial electron transport chain and during oxidative protein folding in the
endoplasmic reticulum [13]. At this low level, ROS act as signaling molecules to mediate
localized signaling events via the oxidative modification of redox sensitive key players,
including phosphatases (e.g., phosphatase and tensin homologue, PTEN) and kinases (e.g.,
JNK, PKC) [13-15].

The types of oxidative thiol modifications that affect redox-sensitive cysteines depend on
the local protein environment of the thiol groups and the prevailing redox conditions. An
increase in the ratio of oxidized to reduced glutathione (GSSG to GSH), for instance, leads
most often to S-glutathionylation (-S-S-G). Presence of hydrogen peroxide (H2O2),
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peroxynitrite (ONOO-) or hypochlorous acid (HOCl) commonly causes sulfenic (-SOH)
acid formation [14,16]. Although stable sulfenic acid formation has been demonstrated to
occur in a number of redox sensitive proteins (e.g., NADH peroxidase, GAPDH), their
highly reactive nature often leads to further oxidation reactions with nearby thiols to form
disulfide bonds (S-S) [17]. Alternatively, sulfenic acids are further oxidized to sulfinic (-
SO2H) or sulfonic acids (-SO3H) (Fig. 1). Due to the largely irreversible nature of these
overoxidation reactions, however, these thiol modifications usually play only minor roles in
controlling redox-regulated proteins and serve as biomarkers for oxidative protein damage
[18]. Presence of RNS has been shown to lead to S-nitrosylation (S-NO) in a large subset of
redox-sensitive proteins [16,19] (Fig. 1).

Most oxidative thiol modifications are fully reversible in vivo and dedicated, highly
conserved systems exist, which control the redox status of proteins and maintain the cellular
redox homeostasis. Members of the thioredoxin family facilitate the reduction of sulfenated,
nitrosylated and disulfide-bonded proteins [20], while glutaredoxins, such as Grx-1 reduce
mixed disulfides with glutathione (Fig. 1) [21]. Recently, a highly conserved class of
sulfinic acid reductases (i.e., sulfiredoxins) has been identified, which reduce overoxidized
type 2 peroxiredoxins [22] and moonlight as de-glutathionylation enzymes [23]. This ability
to rapidly and reversibly modify structurally and/or functionally important cysteine thiols
makes redox regulation an excellent mechanism to regulate protein activity on a
posttranslational level. With the development of highly quantitative redox proteomic
methods, which we will summarize below, we have now the possibility to globally identify
these redox-regulated proteins, collectively called “the redoxome” [24], and further
characterize the many redox-sensitive networks that appear to exist in the cell.

Detection and in vivo relevance of sulfenic acids
Sulfenic acids are highly reactive precursors for most known stable oxidative thiol
modifications, and thus play a central role in redox-regulatory processes [25]. In recent
years, a number of innovative techniques have been developed to detect and identify
proteins that show increased sulfenic acid formation [25]. Some of the methods rely on the
ex vivo reduction of sulfenic acids with arsenite, a variation of the biotin switch assay (BSA)
that is outlined in detail below [16]. Other methods make use of fluorescent- or affinity-
tagged dimedone (5,5-dimethyl-1,3-cyclohexanedione) derivatives, which specifically
alkylate and thereby tag sulfenic acids. Subsequent enrichment of the tagged proteins from
complex samples allows their mass spectrometric identification [26]. Another very powerful
approach has recently been introduced by the Carroll lab, who developed DAz-2 (4-(3-
azidopropyl)cyclohexane-1,3-dione), a highly membrane permeable dimedone derivative,
which can be used to trap sulfenic acids as they form in the cell [27]. DAz-2 labeled proteins
were conjugated to phosphine-biotin via their azide group, purified and identified using LC-
MS/MS. By using this method in HeLa cells, nearly all previously known sulfenic acid
containing proteins were confirmed and more than 170 new candidate proteins were
identified [27]. In contrast to these methods, which rely on the interaction of protein sulfenic
acids with small alkylating reagents, a protein-based assay was recently introduced as well
[28]. This assay makes use of a small His-tagged peptide, derived from the oxidative stress
transcription factor Yap1, which contains one highly reactive cysteine. This cysteine traps
sulfenic acids in other proteins by forming intermolecular disulfides. Ni-affinity
chromatography serves to purify and enrich the proteins, which are identified upon DTT-
mediated release from the Yap1-peptide. Using targeted expression of the Yap1p-peptide,
this approach opens up the possibility to detect protein sulfenic acids even in distinct sub-
cellular compartments [28]. In addition, a sulfenic acid-specific antibody is now available,
which allows the detection and profiling of sulfenic acids using protein microarrays and the
direct visualization of sulfenic acids as they develop in the cell using microscopy [29].
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Taken together, detection of sulfenic acid-containing proteins has come a long way.
However, a few major limitations still remain; the main concern is the instability of sulfenic
acids, which makes them hard to trap. Identification of sulfenic acid containing proteins
often requires their enrichment, which obscures any information about the extent to which a
protein is actually sulfenated in the cell. Thus, the development of quantitative differential
sulfenic acid trapping techniques is needed to distinguish between reduced, sulfenated or
stably oxidatively modified cysteines within a protein population. Only then will we be able
to differentiate between proteins that use sulfenic acid formation as final oxidation product,
and proteins that use it as transient intermediate on their way to more stable oxidative thiol
modifications. This distinction is crucial for our understanding of what sequence or
structural features in proteins mediate the redox sensitivity of cysteine thiols and support the
formation of stable oxidative modifications.

Biotin Switch Assay – Recent Advances to a Powerful Approach
Although semi-quantitative by nature, the biotin switch assay has greatly contributed to the
elucidation of many redox-sensitive pathways in pro- and eukaryotic cells [16,19]. Countless
S-nitrosylated, sulfenated proteins and S-glutathionylated proteins have been pulled out of
complex protein mixtures by this approach. Originally introduced by Jaffrey and Snyder to
identify S-nitrosylated proteins [30], and subsequently modified and optimized by numerous
groups (see below), the principle behind this method is surprisingly simple (Fig. 2); free
cysteines in complex protein mixtures are first alkylated using the reversible, thiol-specific
alkylation reagent methyl methanethiosulfonate (MMTS) [30]. Existing oxidative thiol
modifications are then reduced and switched for the stable biotin, hence the name. The
crucial step lies in the choice of reducing agents, which mediates the biotin switch;
incubation with ascorbate/CuCl2 [31] or siapinic acid, an apparently more S-nitrosylation-
selective reductant [32], is used to specifically reduce and subsequently label S-nitrosylated
proteins. Arsenite has been shown to specifically liberate sulfenated cysteines [33] while
incubation of the alkylated protein mixture with glutaredoxin (Grx) triggers the specific
reduction of S-glutathionylated cysteines [34] (Fig. 2). The biotin-tagged proteins are then
either visualized by western blot and/or enriched for by affinity purification and
subsequently identified [16].

The realization that numerous important proteins and cellular pathways are regulated by S-
nitrosylation drove the development of many variations on the biotin switch assay theme,
some simply to increase sensitivity and detection of S-nitrosylated proteins, others to aid in
the identification of the affected cysteines and the quantification of S-nitrosylation. The
fluorescence-switch method, for instance, uses fluorescein-5-maleimide instead of biotin to
label, visualize and identify nitrosylated proteins in endothelial cells using 2D gels [35]. The
irreversible biotinylation procedure (i.e., IDP) introduced the use of the irreversible isotope-
coded affinity tag (ICAT) labeling to identify S-nitrosylated cysteines using LC-MS/MS
[36]. In SNO-SID (i.e., S-NO identification), a proteolytic cleavage step was introduced to
enrich for only those peptides that previously carried the modification, an advance that led to
the identification of nearly 70 nitrosylated peptides in rat cerebellum lysates [37]. The
related SNO-RAC technique went a step further by incorporating quantitative iTRAQ tags
to the purified peptides, which allowed the first quantitative comparison of nitrosylation
profiles in various samples [38]. Finally, in 2010, the d-Switch method was introduced,
which allows the quantification of S-nitrosylation at distinct sites in proteins using a
differential thiol trapping approach combined with quantitative mass spectrometry (see
below) [39].

Although the biotin switch assay has been instrumental in identifying many oxidatively
modified proteins in complex protein mixtures, its development has seen its share of
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challenges. Ascorbate, for instance, appears to reduce not only S-nitrosylations but also
“soft” cysteine modifications, including sulfenic acids and even disulfide bonds [40], and
was found to require CuCl2 to increase its sensitivity [31]. The reversible thiol blocking
reagent MMTS has been suggested to not only alkylate cysteines but to potentially even
introduce oxidative thiol modifications into proteins [41]. These concerns illustrate how
methods, as simple as they initially seem, require constant re-evaluation and improvement,
and warrant the careful verification of identified oxidative thiol modifications by alternative
strategies. Despite these labor pains, however, it is now clear that S-nitrosylated and S-
glutathionylated proteins are involved in dozens of different cell signaling pathways, a
realization that would not have been possible without this powerful method.

The Quantitative Redoxome – Determining the Thiol Oxidation State in vivo
One major advance in determining the in vivo thiol oxidation status of proteins came with
the introduction of acid-trapping techniques, where cells are lysed with acids like
trichloroacetic acid [42]. Since rates of thiol-disulfide exchange reactions decrease 10-fold
for each pH unit below the cysteine's pKa value, low pH incubation effectively “freezes” the
in vivo thiol oxidation status and prevents oxidation artifacts during cell lysis. Subsequent
modification of all accessible thiol groups and comparison with the thiol oxidation status of
proteins in control samples has contributed significantly to the view that proteins can
undergo reversible thiol modifications in vivo. However, many of these initial studies failed
to identify the affected cysteine(s), and, even more importantly, none were able to determine
the absolute oxidation status of the cysteines. Yet this information is crucial to evaluate how
oxidative thiol modification might affect the structure or function of the respective protein,
and to assess whether a large enough population of any given protein is affected to make a
physiological impact in the cell. One major advance came with the establishment of
differential thiol labeling techniques, in which all reduced cysteines are first labeled with
one alkylating agent, while all oxidized cysteines are, after their reduction, labeled with
either another variant of the same reagent or a different alkylating reagent [43,44] (Fig. 3).
In combination with 2D gels, this strategy provided information about the relative amount of
oxidized protein over total protein, and redox changes could be expressed as fold-changes in
oxidation status. This semi-quantitative technology has been successfully used to identify
many redox sensitive proteins in bacteria, yeast and higher organisms, to determine the
substrate proteins of many pro- and eukaryotic oxidoreductases, and to monitor changes in
the redox status of proteins in response to disease conditions and aging [43,45-47].

An important recent advance came with the realization by us and others that the highly
quantitative ICAT, which comes in an isotopically light 12C-ICAT form and a 9 Da
heavier 13C-ICAT form, is a thiol specific-trapping reagent and thus suitable for a
quantitative redox proteomic approach [48,49] (Fig. 3). In this method, which we termed
OxICAT, reduced cysteines are labeled with light ICAT, while all previously oxidized
cysteines are upon reduction labeled with heavy ICAT. This differential labeling causes a
mass difference of 9 Da or multiples of 9 Da depending on the number of oxidized
cysteines. The biotin-moiety of the ICAT reagent allows the enrichment of only cysteine-
containing peptides, which are then separated by HPLC and identified using MS and tandem
MS analysis (Fig. 3). Mass spectrometric analysis not only provides the identification of the
peptide and of the redox sensitive cysteine, but at the same time, delivers the exact oxidation
status of the cysteine-containing peptides. Because both light and heavy labeled peptides are
chemically identical, they co-elute from the HPLC and fly to the same extent in the mass
spectrometer. Thus, mass peaks that are precisely 9 Da or multiples of 9 Da apart correspond
to the reduced and oxidized species of the peptide, with the respective peak areas reflecting
their true in vivo distribution (Fig. 3). By using the OxICAT method [48], the absolute
oxidation status of thousands of individual thiols can be monitored and quantified in a single
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experiment. OxICAT is widely applicable and has been used to determine the steady-state
redox status of high abundance proteins in the nucleus, to identify oxidation-sensitive
proteins in uni- and multicellular organisms (e.g., E. coli, C. elegans), and to characterize
and determine the redox sensitivity of defined proteins both in vitro and in vivo [48] [49-51].
While this method is very powerful and provides the exact oxidation states for thousands of
peptides at the same time, many of which can be identified by MS/MS analysis, its analysis
is time-consuming. An slightly less quantitative alternative is the comparative ICAT-
analysis, which assesses the relative oxidation status of protein thiols between samples
[53-55]. Reduced cysteines from one sample are labeled with light ICAT, while the reduced
cysteines of the other sample are labeled with heavy ICAT. Like in other quantitative
proteomics approaches, the samples are then mixed in equal ratios and any deviation from
the expected equal signal intensity of ICAT pairs is interpreted as a potential change in the
oxidation status of the corresponding peptide. However, since alterations in the steady-state
peptide concentration lead to similar results, additional control experiments are necessary to
confirm the redox sensitivity of the identified proteins.

Conclusions
Over the last decade, tremendous progress in the field of redox proteomics has been made.
Hundreds of proteins have been identified, which use reversible thiol modifications to adjust
their functions to the prevailing redox conditions and ROS levels in the cell, coining the
term “Redoxome” [24]. By developing methods for the identification and quantification of
oxidative cysteine modifications, many new insights in the field of redox-regulation have
been gained. It is now clear that complex cellular pathways can be controlled by the redox
status of as little as one single cysteine (e.g., active site cysteine in GAPDH), and that
disturbances of the cellular redox homeostasis have severe physiological consequences,
associated with an increasing number of pathological conditions. By applying these new
quantitative tools to model systems and disease models, we have now the opportunity to ask
more sophisticated questions about cause and effects of redox alterations, aimed to improve
antioxidant therapies and intervention strategies with the ultimate goal to maintain cellular
redox homeostasis.
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Abbreviations

BSA biotin switch assay

DTT dithiothreitol

GapDH Glyceraldehyde 3-phosphate dehydrogenase

Grx glutaredoxin

GSH reduced glutathione

GSSG oxidized glutathione

IAM iodoacetamide

IBP irreversible biotinylation procedure

ICAT Isotope-Coded Affinity Tag

iTRAQ isobaric tag for relative and absolute quantitation

MMTS methanethiosulfonate

MS mass spectrometry

NADH Nicotinamide adenine dinucleotide

NADPH Nicotinamide adenine dinucleotide phosphate

NEM N-ethylmaleimide
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PTEN Phosphatase and tensin homologue

ROS reactive oxygen species

TCEP tris(2-carboxyethyl)phosphine
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Fig. 1. Select detection methods for oxidative cysteine modifications
Reversible oxidative thiol modifications include cysteine sulfenic acid (-SOH), which can be
specifically labeled with dimedone or dimedone derivatives, and either visualized using
dimedone specific antibodies, or enriched and subsequently identified [27,29]. Proteins
containing disulfide bonds (-S-S-) can be visualized using diagonal gel electrophoresis
(DIGE), in which proteins are first separated under non-reducing conditions, followed by a
separation under reducing conditions in the second dimension [55]. The biotin switch assay
(see Fig. 2 for details) is commonly used for the detection of S-nitrosylated (-S-NO) and S-
glutathionylated (-S-SG) proteins [16]. Very recently, a quantitative mass spectrometric
biotin switch assay termed “d-Switch” was introduced, which quantifies S-nitrosylations
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using mass spectrometry [56]. OxICAT, a quantitative mass spectrometric method, monitors
the absolute oxidation status of hundreds of different protein thiols in a single experiment
[48]. Irreversible oxidation of cysteines to sulfinic acids (-SO2H) can be visualized and
quantified as shifts in the isoelectric point of proteins on 2D gels.

Thamsen and Jakob Page 11

Curr Opin Chem Biol. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. Detection of specific cysteine modifications - the biotin switch assay
To detect sulfenated, nitrosated or glutathionylated proteins in cell lysates, samples are first
incubated with the reversible thiol-alkylating reagent MMTS to block all free thiols. Then,
depending on the type of cysteine modification present, proteins are either incubated with
arsenite to reduce sulfenic acids, with ascorbate to reduce S-nitrosylations or with the small
protein glutaredoxin (Grx) to reduce S-glutathionylated cysteines. These cysteine thiols are
subsequently labeled with biotin-HPDP, thus tagging only those proteins, which originally
contained the thiol modification. Proteins are then separated on 1D or 2D gels and
biotinylated proteins are detected by western blot analysis using antibodies against biotin, or
enriched by affinity chromatography and identified by MS analysis.
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Fig. 3. OxICAT – Identification of the redoxome
Cells or tissues are harvested on TCA to maintain the in vivo thiol redox status of the
proteins. Protein samples are incubated with light 12C-ICAT under protein-denaturing
conditions to label all reduced protein thiols. Light ICAT is removed, and, after reduction
with the general reductant TCEP, all previously oxidized proteins are labeled with the 9 Da
heavier 13C-ICAT. The differentially labeled proteins are digested with trypsin, enriched by
affinity chromatography, separated by HPLC (LC) and identified by MS and tandem MS
analysis. A graphical representation of an LC/MS run is shown. The cysteine-containing
peptide of a protein that was partially oxidized in vivo co-elutes as an ICAT pair from the
HPLC (inset). Analysis of the mass spectrum reveals two mass peaks, which are precisely 9
Da apart, corresponding to the light and heavy-labeled version of the peptide. Because the
ICAT-labeled peptides are chemically identical, their behavior in the mass spec is identical
and the relative signal intensity of the two peaks can be used to determine the absolute
oxidation status of the cysteine in vivo. Tandem MS analysis is then used to identify the
peptide and the cysteine(s) affected.
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