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Regulatory Control or Oxidative Damage?
Proteomic Approaches to Interrogate the Role
of Cysteine Oxidation Status in Biological

Processes*

Jason M. Heldt and Bradford W. Gibsont$§

Oxidation is a double-edged sword for cellular processes
and its role in normal physiology, cancer and aging re-
mains only partially understood. Although oxidative stress
may disrupt biological function, oxidation-reduction (re-
dox) reactions in a cell are often tightly regulated and play
essential physiological roles. Cysteines lie at the interface
between these extremes since the chemical properties
that make specific thiols exquisitely redox-sensitive also
predispose them to oxidative damage by reactive oxygen
or nitrogen species during stress. Thus, these modifica-
tions can be either under reversible redox regulatory con-
trol or, alternatively, a result of reversible or irreversible
oxidative damage. In either case, it has become increas-
ingly important to assess the redox status of protein thiols
since these modifications often impact such processes as
catalytic activity, conformational alterations, or metal
binding. To better understand the redox changes that
accompany protein cysteine residues in complex biolog-
ical systems, new experimental approaches have been
developed to identify and characterize specific thiol mod-
ifications and/or changes in their overall redox status. In
this review, we describe the recent technologies in redox
proteomics that have pushed the boundaries for detecting
and quantifying redox cysteine modifications in a cellular
context. While there is no one-size-fits-all analytical solu-
tion, we highlight the rationale, strengths, and limitations
of each technology in order to effectively apply them to
specific biological questions. Several technological limi-
tations still remain unsolved, however these approaches
and future developments play an important role toward
understanding the interplay between oxidative stress and
redox signaling in health and disease. Molecular & Cel-
lular Proteomics 11: 10.1074/mcp.R111.013037, 1-14,
2012.

CYSTEINE: AN UNCOMMONLY REACTIVE AMINO ACID

The nucleophilic sulfur atom allows cysteines to undergo a
broad range of chemical modifications. These modifications
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include redox reactions, lipid acylation, and metal binding
motifs that are important for protein structure, localization,
regulation, and catalysis. Metal binding and oxidation play a
role in protein structure through iron-sulfur (Fe-S) clusters,
zinc fingers (ZF)", and disulfide bonding, among others. Cat-
alytic cysteines are essential to the function of numerous
enzymes such as the E1 and E2 ligases of ubiquitin and
ubiquitin-like proteins; the HECT domain of ubiquitin E3 li-
gases; SENP family sumo proteases; the tyrosine phospha-
tases protein phosphatase 1b (PTP1b) and PTEN; and many
others including antioxidants in the thioredoxin, glutaredoxin,
and peroxiredoxin families.

Multiple thiol chemistries can converge to regulate the func-
tion of individual cysteines in a biological context. An example
of the interconnection between the catalytic and redox prop-
erties of a cysteine is found in the cysteine-dependent aspar-
tate-directed protease family of caspases. Essential to apo-
ptosis, caspases are cysteine proteases that utilize the
nucleophilicity of their catalytic cysteine for protease activity.
Caspase-3 is an executioner caspase that is constitutively
S-nitrosylated at its active site cysteine, inhibiting its activity
during steady-state conditions (1). When Fas is up-regulated
to signal apoptosis, thioredoxin-2 removes the thiol NO group
from mitochondrial-associated caspase-3 via transnitrosyla-
tion, which derepresses caspase-3 protease activity and pro-
motes apoptosis (2) (Fig. 1).

Chemical crosstalk between oxidation and metal binding
also regulates individual cysteines. I-Tevl is an intron endo-
nuclease located in the thymidylate synthase gene of bacte-
riophage T4. The nuclease specificity of I-Tevl is governed by
a four cysteine ZF located between its catalytic and DNA-
binding domains that is fully extended and precisely deter-
mines the spacing of the two domains (3) (Fig. 2A). Although
I-Tevl usually cleaves DNA 23 and 25 nucleotides away from
the DNA binding site, disruption of the ZF by hydrogen per-
oxide-induced oxidation leads to cleavage of shorter DNA

" The abbreviations used are: ZF, zinc finger; IBTP, (4-iodobutyl)tri-
phenylphosphonium; ROS, reactive oxygen species; MRM, Multiple
reaction monitoring; PTP1b, Protein tyrosine phosphatase 1b; 1AM,
iodoacetamide; NEM, N-ethymaleimide; DTT, dithiotreitol.
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Fic. 1. Crosstalk between catalytic activity and redox regula-
tion. Caspase-3 is the terminal protease in the apoptosis cascade
and cleaves numerous proteins to complete apoptosis. A, Under
steady-state conditions the catalytic cysteine of caspase-3 is nitrosy-
lated which inhibits its protease activity and prevents apoptosis (1). B,
When tumor necrosis factor family member FasL binds to its cognate
receptor FasR to trigger apoptosis, thioredoxin-2 transnitrosylates
mitochondrial-associated caspase-3 derepressing its catalytic activ-
ity and promoting apoptosis (2).
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FiG. 2. Crosstalk between metal binding and redox regulation.
A, The intron endonuclease I-Tevl has two domains, a DNA-binding
domain and a catalytic nuclease domain, separated by a linker region
that uses a zinc finger (ZF) to stabilize the extended structure. Under
steady-state conditions the linker is fully extended and the nuclease
cleaves 23 and 25 nucleotides from the DNA-binding site. B, This
allows maintenance of the endonuclease in an intron of the thymidy-
late synthase gene (TS intron) of the bacteriophage T4. C, Hydrogen
peroxide-induced oxidation disrupts the ZF, shortening the linker
between the DNA-binding domain and the nuclease domain leading
to shorter, nonspecific DNA cleavage (3). D, Although I-Tevl typically
recombines within an intronless TS gene, the nonspecifically cleaved
DNA sequences which result due to oxidation of I-Tevl can homolo-
gously recombine at a new genomic site or host.

New host DNA

fragments with no sequence specificity (Fig. 2B). These de-
generate DNA sequences are able to recombine at unrelated
genomic locations, allowing I-Tevl to “jump” into the genome
of a new host (Fig. 2C). This is a novel adaptive mechanism by
which cysteine oxidation may stimulate I-Tevl and other mo-
bile genetic elements to translocate if its host is threatened by
oxidative stress (3).

Cysteines lie at the interface between essential redox sig-
naling and the chronic effects of oxidative stress. They can
participate in numerous mechanistically distinct redox reac-
tions, including thiol/disulfide exchange, oxygen transfer re-
dox couples, and thiol/thiyl radical transfer reactions, all of
which occur during steady-state cellular conditions (4). Cys-
teine oxidation is prevalent even during steady state condi-
tions, with 5.8% and 9.5% of the cysteines in the proteins of
HEK and Hela cells oxidized, respectively (5). Oxidation can
be formed catalytically, such as by the thiol oxidases Ervl (6)
and Erol (7) that generate disulfide bonds to facilitate oxida-
tive folding in the endoplasmic reticulum (ER). Alternatively,
many redox modifications are mediated by nonenzymatic re-
actions with reactive oxygen and nitrogen species (abbrevi-
ated here as ROS for simplicity). ROS are a diverse set of
reactive radical and nonradical oxidants, which include in
part: superoxide (O, ), hydroxyl radical (OH’), hydrogen per-
oxide (H,O,), nitric oxide (NO’), hypochlorous acid (HOCI),
peroxynitrite (ONOQO"), nitroxyl (HNO), and a variety of lipid
peroxide electrophiles (e.g. 4-hydroxynonenal). Each ROS
has unique reactivities and specificities with various cellular
components, and for many of them, but not all, the cysteine
thiol group is one of the most reactive, especially among
amino acid side chains (8-17) (Fig. 3). Endogenously gener-
ated nitric oxide and hydrogen peroxide are at low levels and
are essential to physiology (18). These act as signaling mol-
ecules and react almost exclusively with cysteines (18, 19).
Cysteine is also a major target of the ROS associated with
oxidative stress such as peroxynitrite, the product of nitric
oxide and superoxide (12, 20). HOCI produced by phagocytes
as part of a host response to kill invading microorganisms
reacts with cysteine and methionine residues two orders of
magnitude faster than with other amino acids (21), and cys-
teine and tyrosine react fastest with singlet oxygen (22).
Highly reactive oxidants such as OH" are under diffusion con-
trol and thought to have limited specificity. However, even in
these cases it is likely that cysteines are an important cel-
lular target. Proteins, such as collagen and albumin, have a
rate constant with OH" that is roughly 100 times faster than
RNA and DNA (23). Among amino acids, cysteines have the
highest rate constant with OH’, threefold higher than tryp-
tophan, tyrosine, and histidine (23). It was recently deter-
mined that in the mitochondria the concentration of solvent
exposed cysteines is 26-fold higher than the cysteine-con-
taining tripeptide glutathione, typically thought of as the
primary cellular antioxidant (24). This suggests that cys-
teines in proteins are likely an important sink for ROS pro-
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Fic. 3. Reactivity of oxidants with cysteine and other amino acids. A, Second order rate constants (M~ ' s™') spanning nine orders of
magnitude for radical and nonradical oxidants with cysteine. From (8-17, 20, 21) with selected data from NDRL/NIST database (http://
kinetics.nist.gov/solution/). Rate constants are in water at ~pH 7.0 except where indicated. Rate constants for biologically relevant oxidants
B, peroxynitrite at pH 7.4 (20), C, superoxide at pH 10.0 (8), D, hydroperoxyl radical at pH 1.6 (8), and E, hypochlorous acid at pH 7.4 (21) with
all tested amino acids in each study to compare the relative reactivity of cysteine.

duced during respiration, including those that are highly spread cysteine oxoforms include (oxidation states listed in
reactive and less specific. brackets): S-nitrosyl [0], glutathionyl [—1], disulfide [—1], sul-

The oxidation state of a free sulfhydryl is —2 and cysteines fenylamide [0], sulfenic acid [0], sulfinic acid [+2], sulfonic
can form up to ten different oxidation states in vivo (4). Wide-  acid [+4], and cysteinyl [—1] (Fig. 4). Recently cysteine sulf-
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Fic. 4. Common cysteine oxoforms
and their chemical reversibility. Cys-
teines (orange) can be oxidized to a di-
verse set of oxidized species, including
S-nitrosylation (SNO), glutathionylation
(S-SG), disulfide (S-S), sulfenic acid
(SOH), sulfinic acid (SO,H), and sulfonic
acid (SOzH). Sulfenic acid is often an
intermediate to other cysteine oxoforms.
Oxidized cysteines in a yellow shade are
chemically reversible by DTT and TCEP,
whereas those shaded in red are chem-
ically irreversible. In the case of perox- l
iredoxins, sulfinic acid is reducible
through and ATP-dependent process
catalyzed by sulfiredoxins (26, 27). There
is no known repair process for sulfonic
acids which are likely degraded.
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hydration [—1], formed via reaction with hydrogen sulfide, was
demonstrated to be prevalent as well (25). The diverse array of
cysteine oxoforms differs widely in their reactivity, origin, sta-
bility, and reducibility. Constitutive disulfide bonds, typically
found in nonreducing environments such as the endoplasmic
reticulum or extracellular domains, are highly stable and gen-
erally not redox-regulated. On the other hand, the sulfenic
acid modification is generally thought to be a transient inter-
mediate, often formed en route to more stable oxoforms. In
general, redox-regulated cysteine modifications are transient
and can be readily removed upon reduction. Reversibility is an
essential property of any regulatory signaling network, but
also allows cysteine modifications such as glutathionylation to
act as a temporary buffer to oxidative stress which can in turn
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oxidative stress with low levels of oxida-
tion present in unstressed cells. B, C,
Cysteines can be oxidized to different
states depending on the oxidation level
in the cell. While oxoforms essential to
cell survival and proliferation (yellow) are
the primary type of cysteine modification
found in unstressed cells, a moderate
increase in oxidation leads to an adapt-
ive response and glutathionylation (S-
GSH) of cysteines. Severe oxidative
stress leads to senescence or cell death
and is accompanied by overoxidized
cysteine oxoforms such as sulfinic (or-
ange) and sulfonic acid (red) which are
dysfunctional. Hypoxia and reductive
stress disrupts essential redox reactions
(red X) and can result in cell death.
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be removed enzymatically. If sulfhydryls are not recycled back
to a lower oxidation state they can continue on to higher
oxidation states such as sulfinic acid (-SO,) and sulfonic acid
(-SO,). These oxoforms are hallmarks of oxidative stress and
in most cases are terminal, “over-oxidized ” modifications that
are irreversible by chemical or enzymatic means (Fig. 4). In a
unique instance, the sulfinic acid modified peroxiredoxin fam-
ily members can be enzymatically reduced by sulfiredoxin (26,
27). Cysteines, therefore, play a central role in a redox con-
tinuum in which oxoforms associated with low levels of oxi-
dation are required for cellular function, where the cell can
adapt to moderate levels of thiol oxidation and respond
through antioxidant enzymes, and where overoxidation leads
to protein dysfunction and cell death (Fig. 5). Conversely,
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oxygen deprivation leads to hypoxia which in turn leads to
reductive stress. Reductive stress is a buildup of reducing
equivalents, NADPH and NADH, that occurs when oxidative
phosphorylation is inhibited, such as during hypoxia, when
reducing equivalents cannot be transferred to oxygen (28).
Both hypoxia and reductive stress can lead to cell death
(Fig. 5).

Predicting which cysteines are oxidized, the type of modi-
fications that are present, and the stability of the thiol modi-
fication is very difficult (29, 30). Redox modifications are gov-
erned by complex kinetics and are dependent upon which
cellular compartment the protein is located in, which ROS are
present, and the levels and localization of various antioxidant
enzymes (29, 31). To complicate matters, antioxidant en-
zymes are known to act as oxidants under certain conditions
(82, 33). Two chemical properties that primarily govern redox-
activity are solvent accessibility and low thiol pK,. The pK, of
the cysteine sulfhydryl is heavily influenced by the local milieu
and nearby amino acids. Therefore the thiol redox-activity is in
part an intrinsic property of the protein structure, however, the
environment also influences reactivity via changes in pH.
Changing the thiol pK, affects the equilibrium constant be-
tween the free thiol (Cys-SH) and the redox-active deproto-
nated thiolate anion (Cys-S™). The K, of cysteines can vary
over 6 orders of magnitude in a cell. Typically, the pK, of a
cysteine sulfhydryl is ~8.6, yet it can be as low as 3.5 (34, 35)
or as high as 10 in some cases. The wide range of factors that
contribute to a cysteine’s reactivity and susceptibility to oxi-
dation therefore are major determinants of the specificity of
redox reactions in cellular systems.

The role that oxidation plays in cancer, aging, and other
biological processes remains unclear and at times controver-
sial (36). For example, there is limited correlation between
resistance to oxidative stress and increased lifespan in mouse
knockout models of antioxidant genes (36). Although sod?
knockout mice exhibit neonatal lethality (37) and sod7 knock-
out mice have moderate to severe disease pathologies (38,
39), most other antioxidant enzymes do not have obvious
lifespan phenotypes (36). Therefore, in isolation, antioxidant
enzymes do not play a functional role in aging, though the
overall antioxidant system may remain largely intact in these
models (36). ROS play a paradoxical role in cancer as well,
associated with both proliferative and apoptotic pathways
(40).

The conflicting role of oxidation in complex phenotypes
may also lie in the fact that numerous markers of oxidative
stress, such as 3-nitrotyrosine and carbonyl formation, are
often used interchangeably. However, these oxidative modi-
fications are not equally reactive and are the result of different
oxidation chemistries. Markers for oxidative stress assays are
often chosen based on convenience or ease of analysis rather
than because they are the appropriate assay. Due to the high
reactivity of cysteines, measuring their oxidation requires
thoughtful sample preparation and specialized approaches to

preserve the endogenous oxidation state and prevent oxida-
tion artifacts. The technical difficulties associated with cys-
teine oxidation analysis have hampered our understanding of
their role in complex biological questions to some extent.
Here we review some of the recent redox proteomics ap-
proaches that have improved the analytical sensitivity, depth
of coverage, throughput, and selectivity for specific cysteine
oxoforms. Protein-level methods includes fluorescent- or
Western blot-based approaches in which the measured signal
is a composite of the redox changes to every cysteine in the
protein. Alternatively, protease digestion and peptide-level
analysis by mass spectrometry can detect and quantify oxi-
dation at the site-specific level (41, 42). Among these tech-
niques tradeoffs exist, and when appropriate we will attempt
to point out how each approach can be integrated with pro-
tein- or peptide-level analysis to effectively characterize oxi-
dized cysteines in a dynamic cellular environment.

Redox Proteomics

Sample Preparation—Redox proteomics relies on special-
ized sample preparation workflows to carefully preserve the
endogenous oxidation state of cysteines. Many cysteine oxo-
forms are potentially labile, and upon cell disruption oxidation
can be artificially introduced by air or diminished by unregu-
lated activity of antioxidant enzymes. An additional concern is
disulfide bond “shuffling” in which two sets of disulfide-linked
cysteines, Cys,-Cysg and Cyss-Cysp for example, rearrange
through thiol-disulfide exchange reactions to become Cysx-
Cysc and Cysg-Cysp. Cell lysis using trichloroacetic acid
(TCA) is the gold standard to limit oxidation artifacts during
cell or tissue disruption. TCA quenching is fast with a rate
constant of 10° sec™"' M~ (43) and has two primary func-
tions: (1) protonating redox-active thiolate anions (S™) by
lowering the pH below their pK, and (2) limiting disulfide
shuffling by precipitating and denaturing proteins (44). Alter-
natively, cysteine-specific alkylating reagents can be added to
the lysis buffer to trap cysteines in their in vivo redox state for
sample preparation procedures not compatible with protein
denaturation such as organelle enrichment. N-ethylmaleimide
(NEM) and iodoacetamide (IAM) (Fig. 6A) are often used in-
terchangeably for this purpose, however these two reagents
have distinct chemical properties and react with thiols by
different mechanisms. NEM reacts based on a Michael-type
addition with the deprotonated thiolate anion as the Michael
donor. lodoacetamide reacts via nucleophilic substitution with
the thiolate acting as the nucleophile and iodine as the leaving
group. NEM is faster by 1-2 orders of magnitude and is fast
enough to even trap transient protein folding intermediates in
structural studies. NEM is also less pH-dependent (45) and
more cysteine-specific (43) but is less reactive with buried or
partially exposed thiols under nondenaturing conditions (43)
and can undergo hydrolysis of the maleimide ring above pH
9.5 (46).
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tional groups. Bifunctional thiol specific reagents combine these two
groups with fluorescent, stable isotope, or epitope tags (blue circles).
B, The differential alkylation procedure labels nonoxidized cysteine
thiols before (yellow ring) and after (purple ring) reduction with two
different alkylation reagents to determine the percent of the cysteine
that is reversibly alkylated. Fluorescent reagents include Cy3 and Cy5
tags and stable isotope labeled regents include d, and ds NEM or
2C4-ICAT and 'C4-ICAT reagents. Alkylation with an untagged al-
kylation reagent followed by a biotinylated thiol-specific reagent al-
lows enrichment of reversibly oxidized peptides or proteins. Complete
reduction of all reversibly oxidized cysteines can be achieved with
TCEP or DTT. Selective reduction of specific cysteine oxoforms is
possible using ascorbate plus CuCl to reduce S-nitrosylation, the
enzyme glutaredoxin to reduce glutathionylation, and arsenite to re-
duce sulfenic acid.

Differential Alkylation— Differential alkylation is a flexible,
modular redox analysis technique that labels cysteines before
and after reduction with coded cysteine-specific reagents
(Fig. 6B). Alkylating reagents only react with free cysteines
and can be used combinatorially to code for non-oxidized
cysteines at any step in a sample preparation procedure.
Thiol-specific alkylation reagents conjugated to a wide variety
of fluorophores, epitope tags, and/or stable-isotope labels are
available for enrichment or detection of labeled cysteines.
Reducing reagents include the chemicals dithiothreitol (DTT)
and tris(2-carboxyethyl)phosphine (TCEP) which reduce most
cysteine oxoforms except for sulfinic acid and sulfonic acid
(Fig. 4). Although the specificity of ascorbate to reduce nitro-
sothiols has been controversial, most notably in the context of

the biotin switch technique, a recent study established its
copper-dependent selectivity (47). Several phosphine deriva-
tives have also shown excellent potential to selectively reduce
SNO (48, 49). Arsenite can selectively reduce sulfenic acids
(50). There are no chemical reductants available for selective
reduction of glutathione (GSH) adducts, although it has been
reported that treatment of samples with the C14S, C65Y
double mutant of E. coli glutaredoxin-3 (GRX3) preferentially
reduces GSH-protein mixed disulfides (51). Combining selec-
tive GSH reduction and alkylation with NEM-biotin after re-
duction led to detection of 43 putative glutathionylated
proteins (51). It has been reported more recently that the
wild-type mammalian glutaredoxin GRX1 selectively reduces
GSH-protein adducts in situ (52) and may also prove to be
useful for redox proteomics applications.

S-Nitrosylation: The Biotin Switch Technique—Develop-
ment of the biotin switch technique to measure cysteine S-
nitrosylation by Jaffrey et al. in 2001 (53) first established the
utility of the three-step differential alkylation procedure to
characterize oxidized proteins. As first reported, this method
used methyl methanethiosulfonate under denaturing condi-
tions to first trap free thiols in disulfide bonds, then ascorbate
to selectively reduce nitrosothiols, followed by incubation with
the cysteine specific biotin-HPDP to label the reduced thiols
with a biotin tag. S-nitrosylated cysteines are at very low
levels, such as nanomolar concentrations in plasma (54), and
additional epitope handles such as His-tag (55) have been
employed to maximize their enrichment and identification.
Alternatively, a resin capture strategy has recently been de-
veloped using thiopropyl Sepharose to capture S-nitrosylated
peptides after ascorbate reduction (56).

Redox-DIGE: Redox Differential Gel Electrophoresis—Re-
dox-DIGE is a gel-based fluorescence approach that com-
pares the relative levels of oxidation between two samples.
Each sample is initially alkylated with either unlabeled NEM or
IAC, reduced, and fluorescently labeled with either green Cy3-
or red Cy5-maleimide to code each sample (57). Infrared
maleimide-based probes DY-680 and DY-780 have also
been used to improve the sensitivity of detection (58). After
labeling, the samples are combined and separated by 2D-
gel electrophoresis. Protein spots which have equal levels
of oxidation in each sample show up as yellow due to an
equal mixture of green and red fluorescent signals. Spots
that are either green or red are potentially differentially
oxidized and are typically identified by in-gel protease di-
gestion and mass spectrometry. Although the protein is
often identifiable, the oxidized cysteine is not because of
the difficulty of detecting and quantifying the large fluores-
cent moiety linked to each cysteine. Hurd et al. used this
approach to measure the oxidation of mitochondria-en-
riched rat hearts and detected ~50 proteins, most of which
were differentially oxidized after treatment with hydrogen
peroxide or the NO donor S-Nitroso-N-Acetyl-D,L-Penicilla-
mine (SNAP) (57).
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An important caveat when comparing two samples that are
labeled only after reduction is that differences in signal may
solely reflect changes in protein abundance between samples
rather than oxidation. This limits the applicability of this ap-
proach for long-term studies, for instance, in which widespread
changes to protein expression are expected. Differentially alky-
lating each sample before and after reduction does account for
differences in protein levels and overcomes this limitation (59).
In addition, unless a single protein is identified per spot it is
difficult to prove conclusively which of the proteins is oxidized.
Despite the limited dynamic range of 2D-gels and their bias
against large or hydrophobic proteins, Redox-DIGE has shown
excellent utility to identify oxidized proteins in mitochondria after
organelle enrichment (57, 60). However, experimental designs
which use pooled samples and biological variance analysis
(BVA) are an important experimental design strategy to minimize
false positives with this approach (60).

A related differential gel-based approach that uses radiola-
beled ['“C]-iodoacetamide after reduction has also been used
to identify oxidized proteins in 2D-gels (61). In this study, the
overall cysteine oxidation state of ~100 E. coli proteins was
determined per 2D-gel. The level of oxidation was assessed
by normalizing the level of radioactivity in each spot to the
level of total protein as determined by Coomassie staining. A
second gel is run in parallel without radiolabeled IAM for
analysis by mass-spectrometry to identify the oxidized pro-
teins. As in the Redox-DIGE, this method also relies on final
2D gel separation and analysis, a technique that is waning in
use in proteomics due to its inherent limits of protein resolu-
tion and overall sampling efficiency.

ICAT: Isotope-coded Affinity Tags—The iodoacetamide-
based '2Cq or '°Cg4 stable isotope labeled pair of ICAT re-
agents were originally designed to quantify the relative
changes in global protein expression between two samples
(62). However, these reagents have also become widely used
in redox proteomics because they label cysteines, have a
biotin handle for enrichment, and are readily quantifiable by
mass spectrometry. The first cysteine oxidation studies using
ICAT chemistry were reported in the Costello laboratory (63,
64) where free cysteines were first alkylated in each sample
with 1AM, followed by reduction. Each sample was then la-
beled with a one of the two nonisobaric ICAT reagents and the
two samples were mixed. As discussed for the Redox-DIGE
approach, this has the important caveat that differences in
peptide levels are potentially due only to differences in protein
expression rather than oxidation. Nonetheless, these initial
ICAT studies were the first to simultaneously identify and
quantify the oxidation state of specific cysteines in an unbi-
ased manner, quantifying the oxidation state of 18 cysteines
in a rabbit heart membrane preparation (63). As many as 71
oxidized cysteine-containing peptides have been uncovered
in subsequent studies (65).

To address the confounding issue of protein expression
levels, Leichert et al. differentially alkylated a single sample

with both ICAT reagents, one reagent before reduction to
code for the level of the cysteine that is nonoxidized and the
second reagent after reduction to label the oxidized form
(66). This “OxICAT” approach takes advantage of the fact
that because the stable isotope labeled peptides have
equivalent ionization efficiencies by mass spectrometry, the
sum of the intensity of the two labeled alkylated peptides
equals the total amount of cysteine. Therefore, the ratio of
the oxidized signal to the total signal is equivalent to the
percent oxidation of the cysteine and is not influenced by
differences in protein expression. The original OxICAT study
in E. coli detected ~120 ICAT labeled peptides per sample
with the oxidation of 27 increasing over 1.5-fold after hypo-
chlorite treatment (66). The OxICAT approach has detected
as many as 42 cysteines with over a 1.5-fold increase in
oxidation in Caenorhabditis elegans treated with hydrogen
peroxide, representing ~20% of the total cysteines de-
tected in the sample (67).

One of the potential explanations for why there are fewer
cysteines detected in OXICAT experiments than typical ICAT-
based quantitation experiments is that the highly reducing
cellular environment of the nucleus, cytoplasm, and mito-
chondria leads to low levels of oxidized cysteines, typically
under 10% (5). This means that after reduction and second
ICAT labeling step, the formerly oxidized cysteines are an
order of magnitude less abundant than the nonoxidized cys-
teines. Because ICAT quantitation is performed at the MS
level, rather than MS/MS level, which has a dynamic range of
three orders of magnitude, there is less potential to detect and
accurately quantify the oxidized form of the ICAT-labeled
peptides that are at lower levels. Quantitation at the MS level
also limits ICAT-based studies from distinguishing the oxida-
tion status of individual cysteines in peptides with two or more
cysteines. Finally, ICAT workflows are difficult to scale down
and have had limited applicability to quantify targeted pro-
teins from endogenous sources. ICAT-based studies that
have focused on targeted proteins, such as Hsp33 (66), pro-
tein disulfide isomerase (68), p21 HRas (69), and heme oxy-
genase (70), have all relied on analysis of purified, recombi-
nant proteins instead of the endogenous protein.

OxMRM: Quantitative Cysteine Oxidation Analysis by
MRM—Multiple reaction monitoring (MRM) is a targeted
quantitative technique with arguably the highest sensitivity
and reproducibility among mass spectrometry-based ap-
proaches. Our laboratory has developed an approach, termed
OxMRM, which combines: (1) differential alkylation of sam-
ples with unlabeled d, and a generic d; stable isotope labeled
NEM, (2) affinity purification of the endogenous protein or
proteins of interest, and (3) analysis by MRM to quantify the
percent oxidation of virtually any targeted cysteine or protein
from a cellular source (71). In addition, because MRM quan-
tifies at the MS/MS level, it can distinguish between the oxi-
dation of two cysteines within a peptide if a fragment ion
between the two cysteines is quantified.
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Redox regulation is a dynamic process and its in-depth
characterization requires routine, inexpensive, and sensitive
targeted assays downstream to unbiased discovery work-
flows for follow-up time course analyses or comparing a va-
riety of experimental conditions. OXMRM assays meet these
requirements and can be developed from any LC-MS/MS
dataset in which the cysteine-containing peptides of interest
are identified. Although the OXMRM approach is a targeted
assay, it is possible to measure many cysteines simultane-
ously. We recently quantified the reversible oxidation status of
34 cysteines in the 45 subunit Complex | of the electron
transport chain using the OxMRM approach and discovered 6
of those to be oxidized in a mouse model of Parkinson’s
disease (72). Because triple quadrupole mass spectrometers
are widely used and software for developing MRM assays has
greatly improved (73), studies measuring hundreds of pep-
tides by MRM is becoming routine (74, 75). However, devel-
oping and validating MRM assays for all these peptides can
be time consuming and some peptides may prove refractory
to this approach.

The sensitivity of OXMRM analysis also allows a unique
workflow to quantify the redox status of low-abundance tar-
get proteins that are undetectable by unbiased mass spec-
trometry approaches with limited dynamic range. Our labora-
tory used OXMRM to quantify the percent oxidation of seven
of the 10 cysteines of endogenous p53, which is a highly
negatively regulated protein with a half-life of 6-30 min (76), in
both cancer cell lines and primary fibroblasts (71). We found
that Cys182 of p53 was particularly susceptible to diamide
oxidation intracellularly. In contrast, diamide-induced oxida-
tion of purified, isolated p53 showed very little amino acid
selectivity (71). Our findings confirmed that the cellular envi-
ronment, such as intracellular compartmentalization (77), in-
teraction with other proteins, and/or antioxidant activities, can
have a significant effect on the redox status of proteins and
underscores the importance of measuring endogenous oxi-
dation when possible. From the same cell lysates we quanti-
fied the percent oxidation of eight of 10 cysteines in endog-
enous PTP1b. In comparison, a recent ICAT-based study
reported quantitation of oxidation of only three cysteines in
recombinant PTP1b (78), demonstrating the improved utility
of OXMRM for analysis of target proteins and cysteines.

Because the OxXMRM approach does not rely on epitope-
tagged alkylation reagents for enrichment of the protein or
protein complex of interest, it is amenable to quantifying
sulfinic and sulfonic acids levels which cannot be alkylated.
However, the ionization efficiency of these species is poten-
tially not equivalent to that of the unmodified peptide and only
a relative comparison of irreversible oxidation levels between
samples can be measured (71). Nonetheless, it is an initial
step toward comprehensively characterizing the complete ox-
idation state of specific cysteines.

A limitation of OxMRM, as is the case for all peptide-based
mass spectrometry approaches, is that a single protease

rarely generates peptides with appropriate LC-MS character-
istics to detect the entire protein sequence. Therefore not all
cysteines can be detected using a single enzyme. However,
use of several enzymes or combinations thereof can greatly
improve the sequence coverage of proteins and, in principle,
can be used to quantify any cysteine of interest.

Selectively Labeling Reactive Cysteines: Biotin-Conjugated
lodoacetamide (BIAM)—The BIAM approach aims to selec-
tively label cysteines which are found in the reactive, oxidiz-
able thiolate anion form at neutral pH (79). Because most
cysteines have a pK, of ~8.5, cysteines with lower pK, values
are both more likely to become oxidized and also react much
faster with alkylating agents. By incubating a sample with
biotin-conjugated iodoacetamide at a low pH, typically 6.5,
which is at least 1-1.5 pH units below the maximum rate of
iodoacetamide alkylation, these low pK, cysteines can selec-
tively be biotin-tagged for enrichment or detection. By not
labeling the “bulk” cysteines that are not reactive, this ap-
proach is able to detect small changes in oxidation because
background labeling is minimal. For analysis, samples can be
digested into peptides, biotin enriched, and analyzed by mass
spectrometry to identify the reactive cysteines. Alternatively,
intact proteins can be purified and the change in oxidation of
specific proteins between conditions can be assessed by
Western blot. Because oxidized cysteines do not react with
iodoacetamide, decreased BIAM labeling signal corresponds
to increased oxidation in these studies.

It has been reported that a potential limitation of this ap-
proach is that the bulky nature of the BIAM reagent may limit
its labeling of certain known oxidized cysteines, (79); though
this may be true for any of the approaches that use sizeable
alkylating agents if alkylation is not performed under denatur-
ing conditions. In addition, because this approach does not
label the nonoxidized protein, the total protein levels in the
sample must be measured in parallel for normalization.

Labeling Cysteines in the Mitochondria— Mitochondria are a
major source of ROS, especially superoxide, and proteins in
the mitochondria are expected to undergo a relatively high
level of oxidative damage or other redox modifications. Lipo-
philic cations such as triphenylphosphonium (TPP) readily
pass through lipid bilayers and preferentially partition to the
mitochondria because of the large membrane potential across
the mitochondrial inner membrane (80). When TPP is conju-
gated to other molecules or probes, one can obtain a 20- to
200-fold enrichment in the mitochondria relative to cytoplas-
mic concentrations (80). Because TPP-conjugated molecules
at low levels are not toxic, they have been exploited as chem-
ical probes to specifically examine mitochondrial processes
both in situ and in vivo. 4-iodobutyl)triphenylphosphonium
(IBTP), a thiol-specific TPP derivative developed by Murphy
and colleagues, allows for selective labeling of mitochondrial
cysteines that can be detected by Western blot using an
antibody to the TPP moiety (81). This approach is especially
amenable to one- and two-dimensional gel-based ap-
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proaches with differences in IBTP labeling indicating relative
changes to the cysteine redox status. In one study, labeling of
mitochondria with IBTP after treatment with several exoge-
nous oxidants demonstrated that a subset of mitochondrial
proteins are particularly susceptible to oxidation (81). How-
ever, since high levels of lipophilic cations such as IBTP can
disrupt mitochondrial function and become toxic (80), labeling
with IBTP is typically carried out at very low stoichiometries.
The low labeling efficiency places limits on its sensitivity for
detecting proteins at low abundance as well as limiting its
utility for differential alkylation which requires complete label-
ing. In addition, since the membrane potential drives the
localization of TPP-conjugated molecules to the mitochon-
dria, changes in labeling may reflect membrane potential dif-
ferences between condition rather than redox processes and
must be taken into consideration in the experimental design.
Nonetheless, the method is unique in its ability to capture
redox processes while the cell or organelle is still functional
and intact.

Dimedone-based Sulfenic Acid Probes— Sulfenic acid is a
transient cysteine oxoform that is an important intermediate
often formed en route to more stable regulatory or stress-
associated oxidation states (Fig. 4). Although arsenite selec-
tively reduces sulfenic acids and has been utilized for differ-
ential alkylation to a limited extent (50), the use of dimedone,
5,5-dimethyl-1,3-cyclohexanedione, to directly react with sul-
fenic acid is more widespread. The specificity of dimedone
results from the partial electrophilic character of sulfenic acid
(82). Initial dimedone-based derivatives conjugated to biotin
(83) or fluorescent tags (84) were not cell permeable, however
more recent analogs of dimedone such as DAz-2 have been
used to trap and tag the sulfenic modification in situ (85). One
study using the DAz-2 dimedone analog identified 193 protein
targets of sulfenic acid oxidation (86). This is a very impressive
number given the expected low abundance of this transient
modification; however, no specific sites of modification were
reported, leaving the identities of the reactive cysteines un-
defined. To determine the relative levels of sulfenic acid be-
tween samples, a d, and dg isotope coded pair of dimedone
analog was recently reported (87).

Direct Detection of Sulfenic Acids—The 16 Da mass shift
which results from sulfenic acid modification can be mea-
sured by mass spectrometry and has been detected on a
purified peptide from MMP-7 that was oxidized in vitro (88).
Because of the high reactivity and limited stability of the
modification it is unclear if direct analysis of SOH modified
cysteines is amenable to samples derived from cellular
sources. However, it has been reported that differences in
sulfenic acid content could be measured in commercially
prepared tissue lysates spotted into microarray format prior to
dimedone treatment (89). This suggests that sulfenic acid
does have some inherent stability in vitro.

Direct Detection of Glutathionylated Proteins— Glutathione
adducts can be measured by nonreducing Western blots with

cysteine-specific glutathione antibodies (90) or pan-glutathi-
one antibodies, though pan-glutathione antibodies may not
detect all glutathionylated proteins (91). Glutathionylated pro-
teins can also be directly labeled and purified by the cell
membrane permeable biotinylated glutathione ethyl ester, Bi-
otin-GEE (92). N,N-biotinyl glutathione disulfide (biotin-GSSG)
has also been used to label glutathionylated proteins in cells
and has the potential to mimic an oxidative stress induced
shift in the glutathione redox couple as a result of the large
influx of GSSG from the reagent into the cell (91).

If preserved, direct measurement of glutathione adducts by
mass spectrometry is possible through a mass shift of 305.3
Da. Without affinity enrichment, GSH-modified peptides typ-
ically exist at very low levels in protein digests. However,
numerous sophisticated approaches to quantify glutathiony-
lated intermediates in xenobiotic metabolism could be applied
to peptide-level analysis. These include neutral loss scanning
mass spectrometry for a loss of the 129 Da pyroglutamic acid
from endogenous glutathione adducts (93), or treatment of
cells with glutathione ethyl ester (GEE) combined with precur-
sor ion scanning of 300 m/z to detect the GEE linked analyte
(94). In addition, treating cells with stable-isotope labeled
GSH improves selective detection of glutathionylated mole-
cules because they appear as a pair of light and heavy ions
(95, 96).

Direct Detection of S-nitrosylated Proteins—Because of the
labile nature of the S-nitrosylated cysteines, most studies on
S-nitrosylation use indirect, differential alkylation-based ap-
proaches for analysis. However, antibodies to S-nitrosylation
are available and have been used for Western (97) and immu-
nohistochemistry analysis (98). In addition, mass spectrome-
try can detect the 29 Da mass increase that corresponds to
S-nitrosylation and the facile neutral loss of NO under MS/MS
conditions can be used to improve the sensitivity and speci-
ficity of detection (78, 99). However, in a complex matrix
S-nitrosylated peptides may be susceptible to loss through
transnitrosylation or denitrosylation enzyme activity (100) or
decomposition catalyzed by light during sample preparation.
Therefore, this approach is likely to be more amenable for
studies in which a purified protein or peptide is in vitro
modified.

Quantifying the Total Amount of Disulfide Bonding in a
Cell—Hansen et al. have developed an approach to measure
the percent oxidation of cysteines in a cell at a global level
which can distinguish intra- or interprotein disulfide bonds
from protein-bound low-molecular weight thiols such as glu-
tathione (5). They found that cysteines in proteins are oxidized
under 10% in HEK and Hela cells which can increase to 43
and 56% after a brief treatment with high, but non-lethal,
levels of the oxidant diamide. Although this likely represents
close to the maximum level of oxidation that a cell can tolerate
on a temporary basis, it demonstrates the tremendous capac-
ity for the cell to respond to oxidation. This study also deter-
mined that glutathione is the most abundant oxidized low
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molecular weight protein adduct in cells on a molar basis.
Even so, it still exists at relatively low levels with less than
0.1% of cysteines in proteins glutathionylated under steady
state conditions in HEK and Hela cells (5). After diamide
treatment this can increase ~300-fold with 23 and 36%,
respectively, of the total glutathione pool becoming conju-
gated to proteins in these cells (5).

Future Directions in Redox Proteomics

Integrating Biochemical and Genetic Tools With Mass
Spectrometry for Redox Analysis—I|dentifying oxidized cys-
teines and quantifying their levels are only part of their char-
acterization, going hand-in-hand with biochemical and ge-
netic follow-up experiments. As with other post-translational
modifications (PTMs), modification of a cysteine by oxidation
doesn’t necessarily mean that it plays a functional role. Site-
directed mutagenesis or other techniques that assess the
impact that oxidation has on the protein’s function are impor-
tant; however, cysteine knockout experiments must be inter-
preted with great care. For example, these experiments often
do not show a clear phenotype if the site plays a regulatory,
but not essential, role. Furthermore, mutagenesis cannot dis-
tinguish the role of oxidation from other potential functional
roles (metal binding, disulfide bond) that the cysteine fulfills.
Nevertheless, these approaches are especially important to
complement redox proteomics studies that focus on the es-
sential or regulatory role of oxidized cysteines in signaling.

Regulatory Crosstalk Between Cysteine Oxidation and
Other PTMs— Oxidation affects the function of numerous en-
zymes which modulate protein PTMs, including the ubiquitin
E1 (101) and E3 ligases (102, 103), the E1 ligase of ubiquitin-
like modifiers SUMO (104) and ISG15 (105), SUMO proteases
(106), histone deacetylases (HDACs) (107), MAP kinase ki-
nases (108), MAPK phosphatases (109) as well as the tyrosine
phosphatases PTP1b (110) and PTEN (111) (Fig. 7A). Global
analysis of sumoylation, ubiquitination, acetylation, and phos-
phorylation have become established workflows in proteo-
mics (Reviewed in (112) and (113)) and should allow exami-
nation of the crosstalk between redox regulation of these
enzymes and subsequent changes to cellular PTM status. A
major challenge will be delineating the changes in cellular
PTM status that directly result from oxidation of key enzymes
from secondary effects.

Crosstalk between cysteine oxidation and other PTMs can
also occur within a single protein and is an important signaling
node (Fig. 7B). For example, FoxO4 is a transcription factor
that plays an important role in complex phenotypes such as
aging and tumor suppression. FoxO4 interacts with the
acetyltransferase p300/CBP via an intermolecular disulfide
link (114). This leads to acetylation of FoxO4 and represses
transcriptional activity in a redox-dependent manner (114). In
addition, cysteines can be lipid acylated to direct proteins to
membranes or modulate protein-protein interactions. Cross-
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Fic. 7. Regulatory crosstalk between cysteine oxidation and
other PTMs. A, Redox signals have been implicated in regulating the
function of numerous enzymes which affect PTMs such as sumoyla-
tion, phosphorylation, acetylation, as well as others. Enzymes that
both conjugate and remove PTMs can be affected with redox regu-
lation typically repressing but occasionally enhancing enzyme activ-
ity. B, FoxO4 is a paradigm for the crosstalk between cysteine oxi-
dation and other PTMs at the level of a single protein. Cysteine
oxidation of FoxO4, via disulfide-mediated interaction with the acetyl-
transferase p300/CBP, increases acetylation and represses FoxO4
transcriptional activity in a redox-dependent manner (114). FoxO4 is
phosphorylated and ubiquitinated as well, however it is not known if
these PTMs are redox-regulated.

..J Non-cysteine amino acid

talk between redox regulation and palmitylation has been
shown in the case of CD81, in which oxidation decreases
CD81 palmitylation and decreases its association with the
epsilon isoform of the protein 14-3-3 (115). Identifying PTMs
co-associated with oxidized cysteines is an important next
step in teasing apart these regulatory interactions.
Determining the Comprehensive Picture of Oxidation of a
Cysteine—The use of OXMRM and ICAT-based redox tech-
nologies has introduced the ability to measure the extent of
thiol oxidation of specific cysteines for the first time and has
enabled the ability to distinguish highly oxidized cysteines
from those that are minimally oxidized. However, these ap-
proaches cannot determine the percentage of each cysteine
oxidized to sulfinic and sulfonic acid, which are chemically
irreversible and therefore not compatible with differential al-
kylation or enrichment with biotinylated alkylating reagents.
These species are especially important when considering the
interface between essential redox signaling and oxidative
stress. For example, the protein tyrosine phosphatase PTP1b
is an important regulator of redox signaling whose catalytic
Cys215 can be overoxidized to sulfinic and sulfonic acid quite
readily, inhibiting its phosphatase activity. In our OxMRM
studies, PTP1b was enriched by immunopurification and we
were able to quantify the relative levels of sulfinic and sulfonic
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TABLE |
List of references containing detailed protocols for the redox analysis
techniques covered in this review

Technique References with detailed

protocols
Redox-DIGE and 2D gel 57: Alkylation after reduction
approaches
59: Differential alkylation
61: ['*“CJ-iodoacetamide
Redox ICAT 64: Alkylation after reduction
66: Differential alkylation
OxXMRM 71
Biotin-conjugated iodoacetamide 79
BIAM)
Organelle specific alkylation 81
Sulfenic Acid 86: Dimedone trapping
88: Direct analysis
S-Nitrosylation 58: Biotin switch

47: Biotin switch with copper
78: Direct analysis

Total quantitation of disulfide 5
bonding in proteome

acid modified Cys215 between treatments with various oxi-
dants (71). However, we could not determine the stoichiom-
etry because of potential differences in ionization efficiencies
that can affect quantitation by mass spectrometry. Stable
isotope dilution analysis with labeled peptides corresponding
to the nonoxidized, sulfinic acid, and sulfonic acid forms
would allow determination of the molar quantity of these
peptides in a sample and an accurate determination of the
percentage of the cysteine in various oxidized species could
be assessed.

It is known that different cysteine oxoforms can lead to
varying functional outcomes. For example, the promoter ac-
tivity of OxyR differs by over 30-fold depending on the redox
modification (NO, GSH, SOH) (116). By selectively reducing
NO, GSH, sulfenic acid in a stepwise manner the percent
oxidation of each oxoform could, in principle, be determined.
Generating a comprehensive picture of site-specific cysteine
oxidation would reveal insights into the role of cysteine oxi-
dation in physiology, redox regulation, and oxidative stress.

CONCLUSIONS

A wide range of proteomic techniques are now available for
redox analysis, providing researchers with the tools and work-
flows necessary to assess thiol redox changes in complex
biological systems (Table 1). Nonetheless, there is not a one
size fits all solution to employing these methods and the
limitations and trade-offs for each methodology must be con-
sidered. For instance, data-dependent acquisition mass
spectrometry or gel-based fluorescent techniques generally
have less dynamic range but a higher capacity to identify
novel oxidized cysteines than those that target specific pro-
teins or cysteines for analysis, such as Western blot or MRM.
Although cysteine redox analysis can be challenging, the ap-
plication of these approaches and future developments will
continue to uncover the unique role that redox regulation of

cysteines plays in physiology. One potential application is
reconciling conflicting data with regard to the significance of
oxidative stress in aging. The long-lived naked mole rat has a
maximum lifespan of 28 years but paradoxically has higher
levels of protein carbonylation (117) and similar amounts of
reactive oxygen species (118) compared with much shorter
lived mice. However, compared with mice, naked mole rats
are protected from overoxidation of cysteines during aging
which associates longer lifespan with decreased cysteine ox-
idation (119). In any case, it must be kept in mind that ROS
and oxidation are essential for physiological processes and
should not be considered simply deleterious. The use of redox
proteomics technologies combined with biochemical and ge-
netic approaches are positioned to improve our understand-
ing of the unique interaction between oxygen and cysteine in
both health and disease.
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