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Abstract
It has become clear in recent decades that the post-translational modification of protein cysteine
residues is a crucial regulatory event in biology. Evidence supports the reversible oxidation of
cysteine thiol groups as a mechanism of redox-based signal transduction while the accumulation
of proteins with irreversible thiol oxidations is a hallmark of stress-induced cellular damage. The
initial formation of cysteine sulfenic acid (SOH) derivatives, along with the reactive properties of
this functional group, serves as a crossroads whereby the local redox environment may dictate the
progression of either regulatory or pathological outcomes. Protein-SOH are established as
transient intermediates in the formation of more stable cysteine oxidation products both under
basal conditions and in response to several redox-active extrinsic compounds. This review details
both direct and multi-step chemical routes proposed to generate protein-SOH, the spectrum of
secondary reactions that may follow their initial formation and the arsenal of experimental tools
available for their detection. Both the pioneering studies that have provided a framework for our
current understanding of protein-SOH as well as state-of-the-art proteomic strategies designed for
global assessments of this post-translational modification are highlighted.

1. Introduction
A correlation has been established between disruptions of cellular redox status and a number
of age-related diseases including cancer, atherosclerosis and neurodegeneration (1). The
elevated levels of oxidants associated with these pathologies are thought to mediate the
chemical modification of proteins, lipids and nucleic acids. At the same time, organisms
have evolved protein cysteine-based regulatory switches designed to sense and respond to
oxidative stress and environmental toxicants (2). For example, molecular mechanisms
whereby the initial stress-induced oxidation of cysteine residues is transmitted into
alterations in gene expression are conserved from microbes to humans (3–5). The thiol
functional group is exclusive to cysteine amongst other amino acids and therefore engenders
cysteine residues with unique structural, catalytic and regulatory features within proteins.
The nucleophilicity of the thiol group facilitates roles for cysteine residues in electron
donation, disulfide bonding and metal ion coordination while leaving them acutely sensitive
to post-translational modification by oxidants and electrophiles (6). Reversible oxidation of
cysteine residues can trigger structural and functional changes in proteins and has been
established as a means through which signal transduction pathways can be altered (7–8). On
the other hand, irreversible cysteine oxidations may serve as biomarkers of diseases linked
to oxidative stress (9). Since a variety of reactive metabolites are capable of generating
protein-SOH intermediates, and the subsequent biochemistry of this functional group
supports the progression to either reversible or irreversible products, protein-SOH are
positioned at a critical point from which both regulatory and toxic outcomes may arise.
Protein-SOH are implicated as transient derivatives in peroxide metabolizing enzymes,
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oxidant-responsive transcription factors and a diverse set of proteins that utilize reactive
cysteine residues in their active site. Investigations performed in recent decades have
cultivated a growing appreciation for the involvement of protein-SOH and their secondary
reaction products in the modulation of signal transduction pathways. This article aims to
review scientific evidence regarding 1) the various biochemical pathways proposed to
produce protein-SOH, 2) the myriad of additional reactions that may follow the initial
formation of protein-SOH and 3) the current state of methodologies designed to detect
protein-SOH both in simple isolated preparations and complex biological samples.

2. Chemical Pathways to Protein-SOH Formation
Historical Perspective

Examinations of the mechanism of oxidation of low molecular mass thiol compounds
initiated by various oxidants offered the first glimpses into the possible existence of the
SOH moiety. A report on the oxidation of thiol compounds by H2O2 presented polarimetric
and colorimetric data that suggested the oxidation of cysteine and glutathione to their
corresponding disulfides by dithioformamidine proceeded through two consecutive
bimolecular reactions that involved an SOH intermediate (10). The proposed mechanism
consisted of the initial oxidation of the thiol to the SOH oxidation state followed by disulfide
formation upon reduction of the SOH group by a second thiol compound. This reaction
mechanism is still considered to be the major pathway for oxidant-induced disulfide
formation. Shortly thereafter, cysteine-SOH was identified as the primary oxidation product
upon the reaction of cysteine with permonosulfuric acid (11). Analysis of the precipitate
formed following the oxidation of cysteine perchlorate in isoamyl alcohol established that
cysteine-SOH sulfate was the chief constituent. Other early evidence for SOH as an
oxidation product of low molecular mass thiols arises from observations of reaction
stoichiometry. For example, a study on the oxidation of various thiol compounds by the dye
2,6-dichlorophenol indophenol described a reaction stoichiometry of 1 mole of dye reduced
per mole of thiol oxidized and led the authors to conclude that an SOH functional group was
formed (12). This dye to thiol ratio was indicative of the SOH product as opposed to the
disulfide in which the reaction stoichiometry would be expected to be 2 moles thiol oxidized
per mole of dye. Other critical observations based on studies of small thiol compounds were
that oxidation rates increased as a function of increasing pH, while at constant pH, those
thiols with the lowest pKa values were oxidized most rapidly (13). These observations of
lipid peroxide-mediated thiol oxidation led the authors to conclude that the thiolate anion
(S−) is the reactive species rather than the unionized thiol group.

While these studies on the oxidation of small thiol compounds were certainly of interest in
terms of mechanism, whether or not these same principles held true in the more complex
environment of protein thiol groups remained an open question. Based on observations of a
protein sulfenyl iodide (same oxidation state as SOH) intermediate, a general hypothesis of a
two-step oxidation, with the intermediacy of SOH, in the formation of protein disulfides was
proposed (14). This study presented evidence based on reaction stoichiometry, radioisotope
incorporation and reversibility that the single thiol group of the tobacco mosaic virus coat
protein could be converted to a sulfenyl iodide derivative that was sufficiently stable to
allow detection. The general two-step oxidation hypothesis was then proposed as was the
idea that certain protein environments may provide steric stabilization of cysteine
derivatives of the SOH oxidation state. A similar observation of a protein thiol derivative of
the same oxidation state as SOH was described upon treatment of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) with tetrathionate (15). This article reported the
formation of protein sulfenyl thiosulfate groups following the stoichiometric reaction of
tetrathionate with thiol groups of the enzyme. Studies on the inhibition of the cysteine
protease papain by H2O2 further established the idea that protein-SOH derivatives may be
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formed. Papain, like GAPDH, is an enzyme with a highly-reactive active site cysteine
residue that is essential for activity. Evidence suggested that the reversible inactivation of
papain by H2O2 does not involve intra- or inter-protein disulfide formation since
sedimentation coefficient data eliminated the possibility of dimer formation and the presence
of only one thiol group per protein precluded the formation of an intra-protein disulfide (16).
Based on these findings, the authors concluded that the inactivation of papain by oxidizing
agents like H2O2 may involve the conversion of the active site cysteine to the SOH form.

A series of reports published in 1969 provided experimental evidence that further
established the existence of protein-SOH. The first substantial indication that stable protein-
SOH derivatives can be formed upon thiol oxidation was demonstrated by the inhibition of
GAPDH following exposure to o-iodosobenzoate (17). This inhibition was said to be due to
the modification of the active site cysteine residue to an SOH since the enzyme could be
reactivated by sodium arsenite treatment. This reductant is selective for SOH as compared to
disulfides and thus, this reversibility suggested the formation of SOH. This study also
advanced the idea that certain protein cysteine residues may exist in a steric environment
that may support the stabilization of these oxidation products. A second observation that
year on the 1:1 (oxidant:thiol) reaction stoichiometry of GAPDH inactivation by o-
iodosobenzoate also led other investigators to conclude that the active site cysteine thiol may
be modified to the SOH oxidation state (18). Another study of GAPDH inactivation also
attributed the enzyme inhibition to the formation of an active site SOH derivative (19). This
detailed report of H2O2-mediated inactivation of GAPDH provided several lines of evidence
for SOH formation. Once again, oxidation stoichiometry (1 mole H2O2:1 mole thiol),
sodium arsenite reversibility and lack of disulfide formation pointed towards the SOH
functional group as the oxidation product. These authors also noted a pH-dependence that
suggested the reaction with H2O2 involved the thiolate anion rather than the unionized
parent thiol. Excess H2O2 or prolonged incubation times led to the formation of irreversible
oxidation products. Finally, a report on the oxidation of thiol groups in creatine kinase by
iodine proposed an additional pathway to generate protein-SOH (20). Based on observations
of reaction stoichiometry, the absence of iodine in the oxidized protein and small thiol-
mediated reversibility, the authors concluded that SOH is a likely product. They proposed
that the active site cysteine residue of creatine kinase is modified to SOH by iodine via the
hydrolysis of an initial sulfenyl iodide intermediate.

Another crucial piece of the puzzle concerning the biological significance of protein-SOH
formation would come two decades later. The previously mentioned studies all involved the
oxidation of isolated target proteins by the addition of reagent oxidant compounds rather
than enzymatically-generated oxidants. In 1991, it was demonstrated that the lone thiol
group of albumin was oxidized upon incubation with xanthine oxidase and hypoxanthine
(21). Experimental evidence revealed that disulfides were not formed, the modification was
arsenite-reversible and co-incubation with catalase inhibited albumin thiol oxidation. These
results clearly showed that H2O2 generated indirectly form the xanthine oxidase/
hypoxanthine system oxidized the albumin thiol to an SOH group. As in previous studies,
the cysteine modification progressively became irreversible with time, indicative of the
further oxidation of the SOH intermediate to a sulfinic acid (SO2H) or sulfonic acid (SO3H)
group. Based on the preference of these enzyme-generated oxidants for the albumin thiol
compared to lipid targets and the ability of albumin to inhibit xanthine oxidase-mediated
lipid peroxidation, the authors proposed that plasma protein thiols, mainly consisting of that
of albumin, may act as sacrificial antioxidants in order to prevent lipid oxidation in the
vasculature.

Kettenhofen and Wood Page 3

Chem Res Toxicol. Author manuscript; available in PMC 2011 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Hydrogen Peroxide
Roles have been described for H2O2 both as a second messenger in signal transduction and
as a toxicant capable of damaging cellular components. H2O2 is generated endogenously
and its’ levels are tightly regulated by peroxide-reducing enzymatic systems. This highly
diffusible molecule is a secondary product of the superoxide generated by enzymes such as
NADPH oxidase or during metabolic processes such as mitochondrial electron transport.
Superoxide dismutates spontaneously to form H2O2 and this process can be accelerated by
superoxide dismutase enzymes. Meanwhile, peroxide-metabolizing enzymes that utilize
either heme iron or active site cysteines along with oxidant-induced transcriptional
responses are able to balance fluxes in production. A paradigm has been established in
which signaling pathways may be regulated by basal H2O2 levels (submicromolar
concentrations) and stress responses can be initiated by higher concentrations. Much of the
biological activity linked to this molecule is dependent on its ability to oxidize the thiol
group of critical cysteine residues in proteins and as a two electron oxidant, the initial
product formed by the reaction of H2O2 with thiols is an SOH (figure 1a). Since H2O2 does
not react appreciably with protonated thiols in the absence of metals, cysteine pKa values
will likely be a major determinant of H2O2 reactivity and may dictate specificity in signaling
mediated by this molecule (22–23). It is also clear that factors beyond decreased pKa exert
influence on the reactivity of particular protein cysteine residues with H2O2. For example,
the peroxiredoxin (Prx) enzymes, in which the low pKa of reactive cysteine is not sufficient
to explain their exceptional reactivity with H2O2, highlight how other features of these
proteins are needed to account for their role as a biological scavenger of H2O2 (24).

H2O2 was shown to oxidize small thiol compounds such as glutathione to their
corresponding disulfides and this oxidation was proposed to involve the intermediacy of an
SOH derivative (10,25). It later became apparent that H2O2 treatments led to the inhibition
of thiol-dependent enzymes like GAPDH and papain through the oxidation of active site
cysteine residues to disulfides and other oxidation products (15,26). In the case of H2O2-
mediated inactivation of papain, further analysis revealed that disulfides were not formed
which led to the suggestion that inhibition occurred via the conversion of the thiol to an
SOH group (16). Experimental evidence for H2O2-generated protein-SOH derivatives was
provided shortly thereafter based on both the thiol oxidation stoichiometry and arsenite-
reversibility of GAPDH inhibition by H2O2 (19). These investigators also observed a
marked pH dependence of the rate of GAPDH inactivation that led them to propose that the
mechanism involved the reaction of H2O2 with the deprotonated thiolate anion of the
essential active site cysteine residue. This proposal was substantiated by a kinetic study on
the H2O2-mediated oxidation of small thiol compounds to disulfides in which the rate
limiting step was determined to be the nucleophilic attack of the thiolate on an oxygen atom
of the H2O2 molecule resulting in the generation of the SOH and H2O (27). This initial step
would be followed by the rapid reaction of the SOH intermediate with a second thiol
molecule to generate the disulfide.

In more complex biological systems, investigators have detected H2O2 released from human
neutrophils during phagocytosis (28–29). The H2O2 released from these cells was shown to
be directly responsible for tissue damage associated with active inflammation as indicated
by the destruction of cultured endothelial cells (30). Interestingly, H2O2 generated from
activated neutrophils has also been demonstrated to oxidize serum protein thiol groups and
deplete the levels of reduced glutathione in red blood cells (28,31). Additionally, GAPDH in
a native cellular environment underwent reversible thiol oxidation upon exposure of lung
carcinoma cells to reagent H2O2 and xanthine oxidase-derived H2O2 readily oxidized
plasma protein thiol groups (21,32).
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The decades since these initial discoveries have seen a multitude of studies focused on
defining the impacts of H2O2-thiol interactions on cellular function and have resulted in a
greater appreciation of the possible roles for protein-SOH intermediates. For example,
H2O2-mediated protein-SOH formation has been shown to impact signal transduction
cascades through both the inhibition of protein tyrosine phosphatases and activation of
kinases leading to a general enhancement of phosphoprotein signaling cascades by H2O2
(33–34). Protein-SOH formation has also been described as an H2O2-sensing mechanism
that can trigger altered gene expression in response to oxidative stress by either directly or
indirectly activating transcription factors (3,5,35–36). Finally, protein-SOH derivatives have
clearly been established as key intermediates in the cellular detoxification of H2O2 by a
variety of active site thiol-containing peroxidase enzymes in which the two electron
reduction of the peroxide is balanced by the two electron oxidation of the cysteine residue
(37–39).

Organic Hydroperoxides
In addition to H2O2, organic-based hydroperoxides (ROOH) are also known to directly
generate protein-SOH through a similar two electron oxidation of cysteine thiolates (figure
1b). Again, the mechanism involves the nucleophilic attack of the thiolate on an oxygen
atom of the peroxide molecule leading to the oxidation of the cysteine to an SOH and the
reduction of the ROOH to its corresponding alcohol. Early observations suggested that
active site thiol-containing enzymes were especially sensitive to inhibition upon incubation
with emulsions of fatty acid hydroperoxides (40). It was noted shortly thereafter that this
inhibition of thiol-containing enzymes was due to fatty acid hydroperoxide-mediated
oxidation of the protein thiol groups (41). As with the early studies of H2O2, these
investigators collected data that indicated the oxidation products in many cases were not
disulfides which again opened the possibility of the formation of protein-SOH. Studies on
linoleic acid hydroperoxide (LAHP) mediated oxidation of thiols revealed that this
compound generated monomeric protein oxidation products of the single cysteine-
containing cytochrome c from S. oviformis and demonstrated that low pKa thiols were
oxidized more rapidly upon incubation with LAHP (13, 42). These same investigators
observed that LAHP oxidation of both protein and low molecular mass thiols was more
rapid than that mediated by H2O2 and the 1:1 stoichiometry of thiols oxidized to peroxide
added was consistent with the formation of SOH products (43). Several thiol-based cellular
peroxidase enzymes, which catalyze the reduction of peroxides via formation of cysteine-
SOH intermediates, are selective for the breakdown of organic hydroperoxides (39, 44–46).
In addition to LAHP, other organic hydroperoxides such as ethyl hydroperoxide, benzoyl
hydroperoxide, cumene hydroperoxide (CHP), and tert-butyl hydroperoxide (t-BHP) have
been indicated as Prx substrates and generators of protein-SOH. For example, a sensing
mechanism exists in which the reversible oxidation of a single conserved cysteine residue of
the OhrR repressor in B. subtilis to cysteine-SOH upon exposure to CHP or t-BHP leads to
derepression of the transcription of the organic peroxide resistance gene ohrA (47).
Furthermore, widespread protein-SOH formation in response to both CHP and t-BHP
treatments was demonstrated by the incorporation of an SOH-specific probe in E. coli (48).

Hypochlorous Acid and Chloramines
The production of chlorine-derived oxidants such as hypochlorous acid (HOCl) and N-
chloramines (RNHCl) provide another pathway to protein-SOH formation. HOCl can be
formed upon the peroxidase-catalyzed oxidation of Cl− by H2O2. The oxidizing equivalents
of this species can be transferred via the secondary formation of RNHCl produced by the
reaction of HOCl with deprotonated amines. Both of these compounds are thought to
indirectly generate SOH following the hydrolysis of the initial sulfenyl chloride (RSCl)
products formed upon their reaction with thiols (49–50) (figure 2b). The bactericidal action
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of chlorine was initially determined to be linked to the oxidation and subsequent inhibition
of thiol-dependent enzymes (51). It was later confirmed using the myeloperoxidase/H2O2/
chloride system that levels of thiol oxidation closely mirrored bactericidal action and that
both HOCl and RNHCl were capable of oxidizing thiols (52).

It was also demonstrated that chloroperoxidase catalyzed the oxidation of a small thiol
compound to its corresponding sulfenyl chloride in a chloride and H2O2-dependent manner
and these results could be duplicated by substituting reagent HOCl for the enzyme system
(53). Interestingly, the authors also found that this RSCl intermediate decomposed to form a
stable SO3H which could also be generated by excess HOCl. Observations of the
stoichiometry of oxidizing equivalent consumption (3 moles HOCl:1 mole thiol) also
suggested the formation of SO3H products in bacterial proteins (52). The detection of the
stable SO3H end products in each case supports the possible intermediacy of the SOH
oxidation state. In fact, a more firm declaration of this mechanism appeared in a kinetic
study of the oxidation of glutathione by HOCl in which the initial S-chloro derivative was
proposed to undergo hydrolysis to yield the corresponding SOH (49). Others have invoked
the hydrolysis of HOCl-generated RSCl to yield SOH in the context of myeloperoxidase-
mediated oxidative cross-linking of low density lipoprotein and HOCl-mediated formation
of protein-SOH has been demonstrated by the detection of protein-dimedone adducts by
mass spectrometry (MS) (54–55).

In addition to the myeloperoxidase system, isolated neutrophils were shown to generate
chloramines that were capable of oxidizing thiol compounds to their corresponding
disulfides (56). More recently, observations of a 1:1 reaction stoichiometry of chloramines
added to thiols oxidized for both isolated proteins and plasma were indicative of SOH
formation (57–58). More conclusively, chloramine-mediated albumin-SOH formation was
demonstrated by the detection of the distinctive absorbance peak at 347 nm following 7-
chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD-Cl)-adduct formation (57).

Nitric Oxide
Endogenous production of the free radical gas nitric oxide (NO) by the NO synthase
enzymes is involved in a number of homeostatic regulatory pathways and stress-induced
responses. While a significant portion of the signaling properties of NO are due to the
cGMP-dependent cascades triggered by its interaction with the heme iron of soluble
guanylyl cyclase, the interactions of NO and its reactive metabolites with thiols are also
biologically significant. The formation of protein S-nitrosothiols (RSNO) has received
particular attention in the context of NO-mediated signal transduction although several
redox-based thiol post-translational modifications, including SOH formation may result
from NO production.

Early evidence demonstrated that NO can oxidize a variety of thiol compounds to their
corresponding disulfides (59). Based on their observations, these investigators proposed a
mechanism in which the nucleophilic addition of a thiolate to NO is followed by protonation
giving rise to a thionitroxide radical intermediate (RSNOH•) that upon radical coupling and
product decomposition can generate the disulfide. A later study on the anaerobic reaction of
NO with the thiol group of albumin established a possible route to protein-SOH formation in
response to NO (60). The reported reaction stoichiometry, product reactivity with
glutathione and protein-dimedone adduct formation indicated the conversion of the lone
albumin thiol to a stable SOH product. The authors proposed the initial formation of a
thionitroxide radical intermediate as well as the subsequent reaction of this intermediate
with a second NO molecule to eventually generate albumin-SOH and N2O. The
intermediacy of SOH was also invoked in the mechanism of glutathione disulfide formation
in response to the anaerobic treatment of glutathione with NO (61). Crystal structure data for
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glutathione reductase and MS-based detection of dimedone adducts of cathepsin K
following treatments with NO-donor compounds provide further evidence that, in addition
to S-nitrosation, oxidation of protein thiols to SOH must be considered as a possible
mechanism of action for NO and its various reactive metabolites (62–63). On a related note,
an additional mechanism was proposed in which NO-mediated protein-SOH formation may
occur through the hydrolysis of an initially formed RSNO (64) (figure 2c). While multiple
chemical pathways are likely involved in the generation of RSNO from NO in aerobic
systems, the contribution of the direct reaction of NO with thiolates as described in the
initial step in NO-mediated SOH formation was negligible (65). Furthermore, the NO
oxidation product nitrite has recently been demonstrated to generate SOH via oxygen atom
transfer mediated by ferriheme compounds (66).

Peroxynitrite
Peroxynitrite, the term commonly used to refer to both the peroxynitrite anion (ONOO−)
and the corresponding protonated peroxynitrous acid (ONOOH), is a potent oxidant formed
by the rapid radical-radical reaction of NO with superoxide (O2.•−). The parallel generation
of NO and O2

•− by numerous cell types, especially during inflammatory responses, leads to
peroxynitrite production in vivo. The oxidation of a wide range of biological targets is
thought to potentiate the cytotoxic effects associated with peroxynitrite.

It was initially demonstrated that peroxynitrite efficiently oxidized both low molecular mass
(cysteine) and protein (albumin) thiol groups (67). The observed end products were the
disulfide for cysteine and irreversible higher oxides (likely SO2H or SO3H) for albumin. The
pH dependence of the thiol oxidation suggested that ONOO− was the primary oxidizing
species and that the reaction was with the protonated thiol group (figure 1d). While this
initial observation of thiol oxidation supported a two-electron oxidation mechanism, other
reports demonstrated that strong one-electron oxidants such as the hydroxyl radical and
nitrogen dioxide radical could be produced during the decomposition of peroxynitrous acid
therefore introducing additional indirect pathways for peroxynitrite-mediated thiol oxidation
(68–69). On a related note, the peroxynitrite-mediated oxidation of both vitamin E and
methionine were found to proceed through competing one and two-electron pathways
although it appeared that the direct two-electron pathway was the dominant route (70–71).
Interestingly, the one-electron oxidation product (thiyl radical (S•)) of albumin and
glutathione was detected in EPR spin trapping studies of thiol oxidation by peroxynitrite
(72–73). Again, it was emphasized that the thiyl radical was only a minor product (1–2%) of
peroxynitrite-mediated thiol oxidation (73). The two possible reaction pathways were
discussed at length by Quijano et al. in that 1) the ONOO− reacts with the protonated thiol
involving a two-electron oxidation that yields an SOH intermediate and nitrite and 2)
ONOOH or a secondary species derived from it participate in a one-electron oxidation
generating the thiyl radical and nitrogen dioxide with both pathways ultimately leading to
disulfide formation (74). A later proposal included two possible two-electron oxidation
pathways in which the SOH can be generated; either the reaction of ONOO− with the thiol
as described above or the reaction of ONOOH with the thiolate anion (75) (figure 1c).

Evidence for the formation of protein-SOH in response to peroxynitrite was initially
provided in a description of the peroxynitrite reductase activity of the bacterial Prx AhpC
(76). These investigators detected protein-NBD adducts by MS that were consistent with the
formation of a Cys46-SOH intermediate following exposure of AhpC to peroxynitrite and,
in doing so, demonstrated that the Prx family of proteins was able to catalytically detoxify
peroxynitrite in addition to peroxides. Intermediate SOH formation was also detected as the
primary reaction product at the active site cysteine of bovine 1-Cys Prx following
peroxynitrite treatment based on analysis of 2-nitro-5-thiobenzoate (TNB)-reactivity (77).
Subsequent observations of both reaction stoichiometry and end products following
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peroxynitrite-mediated oxidation of parasite, yeast and human Prxs further established a
likely role for the direct two-electron oxidation of their active site cysteine residues to the
SOH oxidation state during the catalytic decomposition of peroxynitrite (78–80). This idea
is also supported by a study in which the expression of a mitochondrial Prx (Prx-3) was
found to be neuroprotective against peroxynitrite-induced excitotoxic injury in vivo (81).
Additionally, albumin-SOH formation has been confirmed by UV-visible spectral analysis
of NBD adducts following peroxynitrite treatment (82). Since albumin-SOH formation was
observed in both the presence and absence of carbon dioxide, which directs peroxynitrite
reactivity towards one-electron oxidation mechanisms, additional radical-mediated pathways
of SOH formation were proposed in which sulfinyl radical (RSO•) intermediates may be
reduced by antioxidants or initially generated nitrothiols (RSNO2) may condense with water.

Hydrolysis of Disulfides
Another biochemical event that results in the formation of SOH intermediates is the
hydrolysis of disulfide bonds. The existence of products of the SOH oxidation state has been
discussed in the context of several hydrolytic mechanisms. Observations made in early
studies on the decomposition of small disulfide-linked compounds led to suggestions of
SOH generation in the initial step of hydrolysis (83–84).

An alkaline hydrolysis mechanism exists that involves the hydroxide anion (OH−) initiated
cleavage of disulfides and is suggested to occur spontaneously at alkaline pH or be
facilitated by enzymes at neutral pH (figure 2a). Structural analysis of products of alkali-
mediated decomposition of small organic disulfides supported a mechanism involving the
direct nucleophilic attack of OH− on a sulfur atom initiating disulfide decomposition and
thereby generating a thiolate and an SOH-derivative (85). Additional studies on the alkaline
hydrolysis of ovomucoid and albumin protein disulfides were also consistent with this
reaction scheme (86–88). More recently, this mechanism has been proposed as the initial
step in a scheme for microplasmin formation in alkaline solution that involves disulfide
rearrangements in the parent plasmin protein (89). Similarly, the production of angiostatin
from plasmin involves disulfide bond reduction and it was demonstrated that an enzyme is
able to facilitate the same disulfide cleavage at neutral pH as OH− achieves at alkaline pH
(90). It was subsequently shown that phosphoglycerate kinase (PGK) was responsible for
this plasmin reductase activity and a scheme was proposed in which PGK facilitates
cleavage of a specific plasmin disulfide bonds by OH− and results in the formation of an
SOH intermediate and the opportunity for new disulfide arrangements (91–92).

Other disulfide hydrolytic mechanisms have been proposed that also involve the generation
of protein-SOH intermediates. An acid-base assisted hydrolysis mechanism was discussed in
the context of ligand activation of the delta opioid receptor. This mechanism involves a
disulfide bridge between extracellular loops of the receptor as well as a neighboring aspartic
acid residue (93). Interaction of both the carboxylic acid of the aspartic acid and a primary
amine of the opioid ligand with the protein disulfide was proposed to polarize and cleave the
bond thereby resulting in a conformational change and receptor activation. The initial
sulfenic ester product generated upon disulfide cleavage was proposed to hydrolyze to
generate an SOH-derivative (figure 2d). Finally, the formation of SOH derivatives as a result
of hydroxyl radical (OH•) mediated cleavage of protein disulfides was recently described in
the context of hinge cleavage in recombinant human IgG1 antibodies (94). This radical-
induced cleavage of the disulfide bond between two hinge cysteines was proposed to lead to
the formation of a thiyl radical on one cysteine and an SOH on the other.
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Additional Mechanisms
Several other biochemical pathways to SOH formation have been proposed in studies on the
reactivity of thiols or thiol-based intermediates with a number of compounds. The reaction
of small thiosulfinate compounds (RS(O)SR) with protein cysteine residues has been shown
to form protein mixed disulfides with the additional generation of SOH-derivative by-
products. For example, mixed disulfide formation was detected following the reaction of the
bioactive garlic component allicin with papain and the reaction of glutathione disulfide-S-
oxide with rat brain proteins (95–96). In both cases sulfur exchange reactions were proposed
in which a protein mixed disulfide is generated and an SOH derivative of the small thiol
compound is a leaving group however the possibility of similar reactions producing protein-
SOH were not addressed. Complex free radical chemistry can also create additional routes to
SOH formation as discussed in the context of thiol-based radical repair mechanisms (97).
The initial generation of a thiyl radical alone offers multiple biochemical pathways to the
formation of SOH products. The thiyl radical may directly combine with a hydroxyl radical
to generate an SOH. Additionally, the reaction of the thiyl radical with O2 produces a
thiylperoxyl radical (RSOO.) which upon further reaction with another thiol generates an
SOH and an RSO•. Likewise, the reaction of the RSO• with a thiol will form an SOH and an
S•. An RSO• species may also be reduced by antioxidants thereby generating an SOH and a
secondary radical (82). While these additional mechanisms of SOH formation have been
proposed, the likelihood and extent to which they are operative as biological pathways of
protein-SOH formation has yet to be established.

3. Reactivity of Protein-SOH Intermediates
The protein-SOH oxidation state is generally thought to be a transient intermediate in
pathways leading to the formation of more stable thiol oxidation products. The reactivity of
this functional group as both a nucleophile and an electrophile leads to a range of possible
reactions that will be discussed below. Previous reviews of protein-SOH by Claiborne and
colleagues outlined the major factors that are likely to influence the stability of this
modification based on the structural properties of individual proteins that were found to
form more stable SOH adducts (98–99). These factors include; 1) limited solvent access to
restrict reactions with cellular reductants, 2) the absence of proximal cysteine thiols that
would react with the SOH to generate a disulfide, and 3) the presence of hydrogen bonding
with neighboring amino acid residues favoring ionization to a sulfenate (SO−) derivative
that is considered slightly more stable. However, the majority of protein-SOH that forms in
biological systems is likely to participate in any one of a number of possible reactions that
result in either secondary oxidation products or a regeneration of the parent thiol/thiolate.

Although indirect evidence had supported a possible role for SOH intermediacy in various
pathways of thiol oxidation, NMR data collected in a study on the oxidation of a small thiol
compound provided biophysical evidence that the SOH oxidation state was in fact an
intermediate in the formation of both disulfides and higher sulfur oxides (100). A further
study demonstrated that the most likely reaction in a homogenous mixture of small SOH
compounds was that of a self-condensation leading to the formation of RS(O)SR (101).
However, the relevance of this type of reaction for protein-SOH, especially in complex
biological systems, is not clear due to both the low abundance of SOH present at any given
time as well as steric hindrances at the sites of modification in many proteins. Several early
studies of protein-SOH formation demonstrated the ability of mild reducing agents to
reverse this modification and, in turn, regenerate the cysteine thiol at the site of modification
(figure 3a). Trivalent arsenicals such as sodium arsenite and phenyl arsene oxide reduced
GAPDH-SOH and the specificity of these reductants for SOH versus disulfides was a strong
early indication for the existence of protein-SOH (17,19,102). Other mild reducing agents
like sodium borohydride, ascorbate and azide were also shown to reverse the SOH
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modification (19,103). A handful of small thiol compounds including dithiothreitol,
glutathione and cysteine, as well as thiosulfate and thiourea were demonstrated to regenerate
the active site thiol of GAPDH following SOH formation (17,19,102). While SOH repair by
dithiols like dithiothreitol proceeds by a rapid concerted reaction, repair by monothiols is a
two step process that involves initial mixed disulfide formation followed by a thiol-disulfide
exchange reaction (104). Reactions of the SOH functional group with thiols to generate
disulfides are arguably the most biologically significant reactions in which protein-SOH
participate.

The initial oxidation of cysteine and glutathione to the SOH oxidation state was proposed to
be immediately followed by the reaction of these intermediates with another thiol compound
to form disulfide-linked oxidation products (10). Similarly, observations of the 2:1
(SH:oxidant) reaction stoichiometry of H2O2-mediated oxidation of p-mercaptobenzoate to
its corresponding disulfide suggested the intermediacy of an SOH derivative (105). Upon the
formation of the SOH intermediate, a rapid reaction involving a secondary thiol group leads
to the generation of a disulfide bond (figure 3c). This reactivity of the SOH functional group
with thiols has since been exploited in attempts to detect protein-SOH. For example, the
incorporation of the aromatic thiol compound TNB as a disulfide, along with the
spectrophotometric changes that accompany this reaction, were used as evidence of SOH
formation in NADH peroxidase (106). A genetically-encoded probe for tracking protein-
SOH formation in vivo is also based on disulfide-mediated incorporation of a His-tagged
domain of the Yap1 protein containing an SOH-reactive cysteine residue (48). Protein-SOH
formation in biological systems likely leads to the generation of any one or all of the
following disulfide linkages; 1) intraprotein disulfides upon reaction of the SOH with
another cysteine within the same protein, 2) interprotein disulfides upon reaction of the SOH
with a cysteine residue in a second protein or 3) mixed disulfides upon reaction of the SOH
with a low molecular mass thiol-containing compound.

Reversible intraprotein disulfide formation through the intermediacy of cysteine-SOH has
been demonstrated as the mechanism of activation of the OxyR transcription factor and the
subsequent induction of antioxidant defenses in response to hydrogen peroxide (5).
Additionally, the mechanism of methionine sulfoxide reduction catalyzed by the methionine
sulfoxide reductase enzymes was described to involve the formation of a cysteine-SOH
intermediate followed by the resolution of this derivative by a second cysteine thiol within
the enzyme thereby generating an intramolecular disulfide (107). As opposed to these
intramolecular disulfides generated upon reaction of an SOH derivative with a resolving
cysteine thiol located within the same protein, interprotein disulfides can be generated when
a resolving cysteine residue from a second protein is involved. For example, initial protein-
SOH formation upon hydroperoxide reduction by Prx enzymes from S. cerevisiae and S.
typhimurium lead to intersubunit dimerization through the formation of a disulfide bond
(37,108). Similar intersubunit disulfide formation through the intermediacy of an SOH has
recently been described as a mechanism of H2O2-mediated activation of cGMP-dependent
protein kinase isoform 1-alpha (34). In addition to descriptions of homodimer formation,
interprotein disulfide formation between different proteins following the initial formation of
an SOH derivative has been demonstrated to trigger a disulfide relay system in the activation
of genes in response to oxidative stress (3). The generation of an SOH at the reactive active
site cysteine residue of the Orp1 protein upon peroxide reduction transduces a signal through
interprotein disulfide formation with the Yap1 transcription factor that subsequently leads to
Yap1 intraprotein disulfide formation and activation of antioxidant gene expression (36).

The generation of protein mixed disulfides, broadly referred to as S-thiolation, describes the
formation of disulfide linkages with various small thiol compounds. This includes the highly
abundant cellular small thiol glutathione whose incorporation with proteins via mixed
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disulfide formation is referred to as S-glutathionylation. Roles for protein mixed disulfide
formation have been strongly implicated in redox-regulated signal transduction (109). As
with intra- and interprotein disulfide formation, mixed disulfide formation can certainly
proceed through intermediacy of protein-SOH derivatives. Small thiol compounds bound to
proteins via disulfides have been detected in cells under basal conditions (110).
Additionally, oxidant challenges presented in both whole animal and cell culture studies
were associated with extensive protein mixed disulfide formation (111–112). Interestingly, a
report on oxidant-mediated protein mixed disulfide formation presented evidence in support
of a formation mechanism that involves the reaction of an initially oxidized protein cysteine
residue with a reduced small thiol compound rather than a thiol-disulfide exchange
mechanism preceded by the formation of small disulfide compounds (113). The respiratory
burst associated with phagocytosis in human neutrophils coincided with rapid protein mixed
disulfide formation and was correlated to observations of microtubule disassembly (114).
These results could be duplicated by peroxide treatments and presented a possible regulatory
mechanism for protein oxidation in the control of cellular function. This protein mixed
disulfide formation associated with the respiratory burst was later found to be chiefly
mediated by H2O2 and again was likely to be independent of thiol-disulfide exchange (115–
116). These data were suggestive of a route to mixed disulfide formation in which specific
reactive cysteine residues in proteins are susceptible to an initial oxidative insult, thereby
generating a cysteine-SOH intermediate, which can participate in a secondary reaction with
any one of a number of compounds in the cellular pool of small thiols to produce the mixed
disulfide. Along those lines, a number of studies have demonstrated that the generation of
peroxide-mediated S-glutathionylated proteins and other mixed disulfides in key redox
regulatory pathways involve the intermediacy of protein-SOH (117–120). Importantly, the
conversion of protein-SOH to either intra-, inter-, or mixed disulfides retains the reversible
aspects of the thiol modification through which a multitude of cellular reducing systems
(both enzyme and small molecule based) can recycle the proteins to their native state.

Under conditions of either prolonged or more severe oxidative stresses, protein-SOH can be
further oxidized to SO2H (figure 3b), which in turn can be oxidized to SO3H. These higher
oxides are generally considered to be more stable derivatives and, in all but a few cases,
biologically irreversible. Therefore, formation of these species in biological systems is more
likely indicative of oxidative damage rather than regulatory processes since recovery of the
native protein would require degradation of the modified species and new protein
translation. Exposure of NADH peroxidase to non-physiological concentrations of H2O2
generated irreversible cysteine oxidation products corresponding to the SO2H and/or SO3H
oxidation states based on observations of an acidic shift in isoelectric focusing and
subsequent MS analysis as well as 13C NMR data (106, 121). Crystal structure data
demonstrated the formation of higher cysteine oxides at the active sites of both glutathione
reductase and protein tyrosine phosphatase 1B (62, 122). MS analysis of protein tyrosine
phosphatase 1B following peroxide treatment detected the formation of SO2H and SO3H
derivatives while the lack of arsenite or dithiothreitol reversibility of GAPDH inactivation
by peroxynitrite was also used as evidence for higher oxide formation (123–124). An
investigation of alpha-1 antitrypsin modification by H2O2 utilizing both NBD-Cl reactivity
and isoelectric focusing at several time points established that SO2H and SO3H were
generated via the intermediacy of the SOH oxidation state (125). The so-called
overoxidation of Prx enzymes to SO2H and SO3H observed during oxidative stress is likely
due to increased demand for peroxide decomposition and has garnered the most attention of
modifications of this type from investigators. Methods involving either MS analysis of
acidic variant spots on two-dimensional electrophoretic gels or oxidation state-specific
antibodies have been developed to follow these modifications in cellular systems (126–127).
While the generation of protein SO2H or SO3H derivatives on the majority of proteins is
irreversible as indicated above, Prx-SO2H was found to be reversed to the parent thiol in
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cells following the removal of the oxidant (128). This reduction of Prx-SO2H derivatives
was later demonstrated to be catalyzed by an enzyme subsequently named sulfiredoxin
(129).

Interactions with amine groups are the final secondary reactions involving protein-SOH to
be discussed here. The SOH derivative of GAPDH was shown to react with benzylamine to
form a sulfenamide (RSNR’) product (130) (figure 3d). While this reaction with a small
amine-containing compound was useful for identifying the SOH oxidation state of this
protein in vitro, reactions of protein-SOH with amines present in neighboring amino acid
residues within the protein itself may prove more likely in biological systems. For example,
parallel reports of the crystal structure of protein tyrosine phosphatase 1B revealed that the
initial SOH intermediate formed at the active site cysteine residue upon enzyme oxidation is
rapidly converted to a sulfenyl-amide product (122,131). This conversion was proposed to
proceed via the nucleophilic attack of a main chain nitrogen atom of a neighboring serine
residue on the electrophilic sulfur of the SOH group. The formation of the sulfenyl-amide
derivative was found to be accompanied by a large conformational change in the protein and
was also found to be reversible by small thiol-based reduction. A similar sulfenyl-amide
derivative was described following the initial formation of a protein-SOH intermediate in
the organic peroxide sensor OhrR (120). Stable sulfinamide (RS(O)NR’) cross-links have
also been detected following further reactions of protein-SOH. MS analysis of the S100A8
protein following HOCl-mediated oxidation suggested the formation of sulfinamide bonds
upon nucleophilic substitution of a cysteine-SOH intermediate by the amine of a
neighboring lysine residue (55). A further MS-based analysis of peptides exposed to HOCl
revealed a variety of possible sulfur-nitrogen cross-links including both sulfenamides and
sulfinamides following reaction of oxidized cysteine residues with lysine, arginine or N-
terminal amines (54). Sulfinamide products have also been detected following initial SOH
formation in peptides corresponding to the active site of both matrix metalloproteinase-7 and
protein tyrosine phosphatase 1B (132–133).

4. Strategies for the Detection of Protein-SOH
Given the relative instability of protein-SOH based on their propensity to undergo the range
of reactions discussed above, detection of these species has proven to be a difficult task and
a majority of efforts to discover new targets utilize indirect methods of detection. There are
no characteristic UV-visible spectral properties that can be used to identify protein-SOH and
both the lack of stability and small size of this post-translational modification would appear
to prevent the development of an antibody to specifically detect these proteins. The majority
of evidence collected in support of the existence of protein-SOH has been based on their
reactivity with chemical probes, selective reduction/reversal of the modification, or the
detection of more stable thiol oxidation products that imply the intermediacy of SOH.
However, a limited number of direct biophysical methods for protein-SOH detection are
available (figure 4a). Both the electron density map collected via x-ray crystallography
and 13C NMR chemical shift data support the existence of a SOH at Cys42 in the enzyme
NADH peroxidase (121, 134). Several other protein crystal structure reports have indicated
the presence of SOH-modified cysteine residues (62, 135–136). Additionally, protein-SOH
formation has been directly detected by mass spectrometry as an m/z shift equivalent to the
addition of one oxygen atom (+16 Da) in several studies of cysteine oxidation (47, 107,
137). In general, these direct observations of protein-SOH formation are likely to be limited
to in vitro analysis of purified proteins. Perhaps not surprisingly, a correlation exists
between the stability of a particular protein-SOH and its experimental detection using either
direct methods or those involving chemical probes. Recent analyses of SOH reactivity have
showcased the plethora of possible reactions for SOH in biological systems that will impact
stability and be in competition with any chemical probes (138–140). Therefore solvent
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exposed and highly reactive protein-SOH will be especially challenging to trap and detect
using probes which have to compete with these alternative reactions for the SOH group.
Supplemental table 1 presents a comprehensive list of 63 unique proteins that have thus far
been found to form cysteine-SOH using any of 9 indicated biochemical methods. These
include the direct means mentioned above as well as strategies and probes based on the SOH
biochemistry detailed below.

Some of the initial evidence, in addition to observations of thiol to oxidant reaction
stoichiometry, collected in support of protein-SOH formation was based on the reversibility
of the thiol modification by mild reducing agents like sodium arsenite (figure 4b). Arsenite
is suggested to be a selective reductant for SOH as compared to disulfides and can therefore
be used to differentiate these modifications experimentally. GAPDH that was inactivated by
o-iodosobenzoate or iodine monochloride could be reactivated by arsenite treatments and
this evidence was used as an indication of protein-SOH formation (17). Arsenite-mediated
reversibility of thiol modifications has since been used by others to detect SOH formation on
specific proteins and has also been coupled to biotin switch labeling for proteome-wide
analysis of SOH formation (19, 21, 141–142). Reversibility of protein thiol oxidation by
other mild reducing agents such as ascorbate and small thiol-containing compounds have
also been used previously as evidence to suggest cysteine modification to the SOH oxidation
state (102–103).

Perhaps the most extensively-used method for the discovery of SOH-containing proteins
stems from the initial description of SOH reactivity with nucleophilic compounds (143).
Since this reactivity is unique to SOH as compared to their parent thiols or disulfides, it can
be used to distinguish between these cysteine redox states. Dimedone (5,5-dimethyl-1,3-
cyclohexanedione) and its various derivatives have become the centerpieces in the arsenal of
tools for SOH detection (figure 4c). It was first demonstrated that dimedone covalently
reacts with SOH to form a thioether-linked derivative (144). These investigators were able
to follow incorporation of 14C-labeled dimedone at the active site cysteine of oxidized
GAPDH that was absent in the reduced enzyme. Since this key finding, others have been
able to detect dimedone-protein adducts by mass spectrometry as indicated by an m/z shift
associated with the addition of 140 Da per molecule of dimedone incorporated (i.e. per site
of cysteine-SOH formation) (63,137,145–146). More recently, a number of fluorescent and
affinity-based conjugates of dimedone have been developed to improve protein-SOH
detection capabilities by facilitating the identification of target proteins from complex
biological samples (147–149). These dimedone derivatives render dimedone-based studies
applicable to gel electrophoresis-based analysis rather than the radioisotope or biophysical
techniques previously required to detect adduct formation. Fluorescent probes facilitate both
microscopy-based studies and direct in-gel visualization of labeled proteins while
biotinylated compounds provide an avenue for affinity isolation of proteins. Finally,
antibodies have now been developed to detect protein-dimedone adducts by at least two
independent research groups. One recent study examined protein-SOH formation in tumor
cells and demonstrated the utility of this antibody for immunoblots and immunofluorescence
microscopy, as well as protein microarray analysis (150). A second report tracked both
GAPDH-SOH levels and the general extent of protein-SOH formation in myocytes under
basal conditions and upon H2O2 exposure (151).

Dimedone reactivity has been used in other ways to tease out roles for protein-SOH in
various experimental systems. For example, the inhibition of mixed disulfide (S-
glutathionylation) formation in the presence of dimedone has been used as evidence
indicative of SOH intermediacy in this process (60,119,152–153). Similarly, dimedone-
mediated inhibition of probe incorporation at sites of SOH formation has been used to
confirm specificity of the methodologies for this modification in proteomic screens (48,148).
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The disruption of T-cell function by dimedone exposure has also recently been reported as
an indication that SOH formation is a necessary regulatory mechanism in cell signaling and
proliferative pathways (154).

Although dimedone has been the most frequently used nucleophilic compound for the
detection of protein-SOH formation, other nucleophiles have also been used as effective
SOH probes. These strategies make use of some of the common biological SOH reactivities
discussed above. The ability of SOH to react with amines to form sulfenamides facilitated
the detection of GAPDH-SOH by incorporation of 14C following adduct formation between
radiolabeled benzylamine and the oxidized enzyme (130). The well-characterized reaction of
SOH with thiols to produce disulfides has also been utilized to detect SOH formation in
proteins. The aromatic thiol compound TNB has a characteristic absorbance maximum at
412 nm. The decrease in A412 upon anaerobic incubation of oxidized NADH peroxidase, as
well as its subsequent increase after DTT addition, was indicative of mixed disulfide
formation by reaction of TNB with an active site cysteine-SOH (106). Therefore an assay
for protein-SOH using simple spectrophotometry could be devised for the discovery of
target proteins. This same protocol was employed to demonstrate the initial formation of a
cysteine-SOH derivative in the catalysis of peroxide reduction by bacterial Prx enzyme
AhpC (38).

Limitations associated with the lack of an easily-distinguishable dimedone-SOH reaction
product initially necessitated either radiolabeling or mass spectrometry capabilities to probe
for adduct formation. While the recently-developed fluorescent and affinity conjugates of
dimedone have since addressed some of these applicability issues, another reagent has been
utilized for protein-SOH detection. While the electrophilic compound NBD-Cl reacts with
both thiols and SOH, the adducts can clearly be distinguished by both characteristic
spectroscopic/fluorescent properties and masses (155) (figure 4d). The product formed upon
reaction of NBD-Cl with SOH (R-S(O)-NBD) is either a sulfoxide or sulfenate ester and has
a unique absorbance maximum at 347 nm. This is in contrast to the thioether product (R-S-
NBD) formed upon reaction of NBD-Cl with thiols that maximally absorbs at 420 nm and
possesses fluorescent properties (156). Therefore, the absorbance peak shift, or lack thereof,
observed upon reaction of NBD-Cl with oxidant-treated proteins has been used extensively
to confirm the presence or absence of the SOH post translational modification in a number
of isolated proteins (33,36,47,82,125,157). In addition to its utility as a spectral probe,
retention of the SOH oxygen atom upon reaction with NBD-Cl results in a product that can
differentiated form the thiol-NBD-Cl reaction product by mass spectrometry analysis (155).

5. Proteomic Studies of Protein-SOH
While several assays now exist for the detection of protein-SOH formation, most have been
limited in their application to pre-selected isolated protein systems. These methods have
been able to establish roles for protein-SOH as key intermediates in enzyme catalysis and
cellular responses to oxidative stress. However, an understanding of the properties that
dictate the susceptibility of cysteine residues to SOH formation, or oxidative modifications
in general, and an appreciation of the extent to which these occur in biological systems
remains unclear. With that being said, the degree of nucleophilicity and consequently the
reactivity of a particular cysteine, is known to be dependent upon the protonation state of its
thiol group. This is due to the increased nucleophilicity and reactivity of the deprotonated
thiolate anion compared to that of the parent thiol. The extent to which a given protein
cysteine residue exists in the thiol or thiolate form is determined by its pKa. The enhanced
reactivity of thiolate anions with oxidants such as hydrogen peroxide has been used as a
rationale to suggest that depressed cysteine pKa value may provide a basis for specific
targeting in redox signal transduction, but a complete characterization of the protein
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structural features dictating cysteine pKa is still missing. Therefore, studies of SOH
formation on a proteome-wide scale and the implementation of other bioinformatics-based
approaches seem well-poised to address some of the outstanding issues regarding protein
thiol oxidation. Interestingly, a recent computational analysis in which functional site
profiling and electrostatic features of a large set of protein cysteine residues known to be
modifiable to SOH was performed in order to determine common properties that may
underlie specific targeting of this post-translational modification in particular (158). This
general analysis of known modification sites revealed that 1) solvent accessibility is not a
key determining feature, 2) neighboring cysteine residues is not important for reactivity, 3)
nearby titratable polar residues may enhance the likelihood of modification, 4) proximal
histidines seem to be a common feature and 5) interactions with threonine residues may be
important for decreasing pKa values.

Proteomic analysis of general oxidative thiol modifications have rapidly evolved over the
past decade and typically involve differential (control vs. oxidative treatment) thiol-trapping
strategies aimed at detecting proteins with cysteines labeled following an ex vivo reduction
step (i.e. DTT-reversible modifications). These studies have utilized either radiolabeled,
fluorescent, or biotinylated thiol-reactive probes to facilitate detection and/or isolation of
labeled proteins (159–161). Similar labeling protocols have recently been applied to more
advanced difference gel electrophoresis and isotope coded affinity tag techniques (162–163).
The so-called thiol redox proteome uncovered by these methods represents a broader
population of modifications that encompasses SOH as well as a multitude of disulfides that
may or may not have formed via the intermediacy of SOH. In contrast, studies designed
specifically to detect protein-SOH are in their relative infancy.

Eaton and co-workers published the first proteomic analysis of SOH formation (142). In this
study, tissue protein-SOH formation was detected following perfusion of isolated rat hearts
with 0.1 mM H2O2 for 5 minutes. These investigators employed a strategy based on the
biotin switch protocol originally developed to label S-nitrosated proteins in which a biotin
tag is selectively exchanged at the sites of thiol modification (164). By altering the original
method via the replacement of ascorbate with the SOH-specific reducing agent sodium
arsenite, the assay was adapted for SOH detection. Briefly, their protocol involved 1)
blocking/capping of free thiols with maleimide to prevent both reactions of SOH with thiols
and possible non-specific labeling, 2) arsenite-mediated reduction of protein-SOH and 3)
labeling of nascent thiols with a thiol-reactive biotin-maleimide probe. Biotin incorporation
at the sites of SOH formation facilitated streptavidin-mediated affinity isolation of target
proteins. Following SDS-PAGE separation and in-gel digestion, 17 proteins were identified
by MALDI-TOF MS analysis. Although extensive sample processing under denaturing
conditions may have limited the number of SOH-containing proteins identified and biased
the selection towards the most stable protein-SOH, the lack of biotin labeling in untreated
control samples and the blockade of biotin incorporation by dimedone pre-treatment greatly
increased confidence in the specificity of the methodology for detection of SOH formation
induced by increases in cellular H2O2 levels.

A second proteomic study of SOH formation in isolated rat hearts from the same research
group followed a different labeling strategy (149). In this report, the authors utilized a
biotinylated dimedone analog that was synthesized to probe for protein-SOH. Therefore, the
selective-reactivity of dimedone towards SOH was directly combined with the biotin moiety
as a handle for subsequent protein isolation. Loading of the heart tissue with this cell-
permeable probe was accomplished by perfusing the heart with 0.05 mM biotinylated
dimedone for 5 minutes immediately prior to oxidant challenge with 0.05 mM H2O2 for an
additional 5 minutes. Proteins forming SOH in response to H2O2 treatment would then have
incorporated the probe via reaction with the dimedone functional group and labeled proteins
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present in the tissue homogenate could then be affinity purified through the interaction of
the biotin portion of the tag with streptavidin-agarose. SDS-PAGE separation of the isolated
proteins, trypsin digestion of resultant protein bands and LC-MS/MS analysis led to the
identification of 24 unique proteins that appear to form SOH upon H2O2 treatment. As a
cautionary note related to this and the other proteomic studies discussed here, two of the
identified target candidates did not actually contain any cysteine residues, demonstrating the
inherent risk of false positive identifications arising from issues with either probe specificity
or affinity isolation procedures. Therefore, these proteome-wide screens serve to uncover a
tentative list of potential targets while MS detection of the labeled cysteine-containing
peptide is required for definitive identification.

Our research group presented a proteomic study using a novel genetically-encoded probe to
follow SOH formation induced by H2O2 exposure in E. coli (48). In this case, the strategy
was to utilize the well-established reactivity of cysteine 598 of the S. cerevisiae transcription
factor Yap1 toward the SOH formed at cysteine 36 of the redox sensing protein Orp1 as a
general trap for proteins that form SOH. The probe consists of 85 amino acids of the C-
terminal cysteine rich domain of Yap1 along with a His-tag as a handle for purifications.
Two of the three native cysteine residues in this domain were mutated (C620A and C629T)
leaving a single cysteine (C598) that can incorporate as a mixed disulfide at sites of SOH
formation and facilitate Ni+ affinity column purification of the target proteins via the His-tag
portion of the probe. E. coli cultures expressing the His-tagged Yap1 domain were treated
with 0.5 mM H2O2 for 2.5 minutes and those proteins co-purified on a Ni+ affinity column
(i.e. those that formed SOH and subsequently a disulfide with the probe) were eluted via
DTT-mediated disulfide reduction and separated by SDS-PAGE. Tryptic digests of protein
bands were analyzed by LC-MS/MS and 32 candidate targets were identified. Further
alterations of this probe using molecular genetics techniques to incorporate subcellular
targeting sequences are currently underway to expand its utility as an organelle-specific trap
for SOH formation. This will also provide a means to delve deeper into this sub-proteome
by limiting sample complexity in order to uncover less abundant and/or less extensively-
modified proteins that may be missed in broader proteomic analyses. This Yap1-based probe
remains the only biological-based system designed to capture SOH-containing proteins
without the necessity to add exogenous chemical trapping agents. It is also possible to adapt
this probe to examine protein-SOH formation in any biological system for which standard
molecular genetics manipulations are possible.

The most recent proteomic analysis of SOH formation was performed on cultured HeLa
cells using a novel dimedone-based probe (165). This compound, 4-(3-
azidopropyl)cyclohexane-1,3-dione (DAz-2), as well as a similar probe examined previously
possesses superior cell permeability compared with more bulky biotinylated dimedone
analogs (148). DAz-2 consists of a dimedone-like portion that provides the selective SOH
reactivity coupled with an azide functional group that facilitates chemical manipulations (i.e.
addition of affinity tags) following the preparation of cell extracts. In this study, HeLa cells
in suspension were loaded with the probe via 120 minute incubation with 5 mM DAz-2.
After washing away excess probe, cells were incubated an additional 60 minutes in culture
media. No exogenous oxidant was added suggesting that all proteins that incorporated the
label form SOH under basal conditions. Lysate fractions were prepared and azide-reactive
phosphine-biotin was used to biotinylate (via amide linkage) proteins that were DAz-2-
labeled in order to facilitate avidin-based purification of the modified proteins. SDS-PAGE
separation, tryptic digestion and LC-MS/MS analysis yielded a list of 193 potential SOH-
containing proteins in this tumor cell line.

Several tools and strategies now exist that can be used in combination to aid investigators in
uncovering the set of proteins that form SOH intermediates in both ROS-mediated cysteine
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oxidation and cysteine-dependent enzyme catalysis. The high reactivity and subsequent
short-lived nature of this post-translational modification still present challenges to overcome
in cataloging this sub-proteome. It also underscores that these studies would best be
performed in parallel with and compared to proteomic analysis of more stable thiol
oxidation products like mixed disulfides that may follow initial SOH formation in order to
gain a more complete understanding of the physiological and pathological roles of protein
thiol oxidation. Since the probability that these various probes and experimental strategies
selectively capture different subsets of SOH-containing proteins is quite high, it seems clear
that they each warrant further exploration. In future studies, these methods may be applied
to less complex biological systems (i.e. organelle-specific analysis) as a means to delve
deeper into this proteome and uncover less abundant or less extensively-modified targets. It
will also be of interest to compare the SOH proteome following exposure to different
oxidative stimuli (i.e. classes of oxidants) so that any specificity in cysteine targeting can be
defined and mechanistic details underlying the triggering of divergent cellular responses can
be clarified. Another issue to consider while compiling the SOH proteome is the relative
extent to which a specific protein is modified under the given experimental conditions.
Possible quantitative aspects along with difficulties associated with these types of analyses
were recently addressed using both TNB and dimedone-based probes to examine plasma
protein-SOH (166). Finally, the SOH proteome generated in response to the addition of
exogenous oxidants will need to be compared to that generated by endogenously-produced
oxidants as well as that present under basal conditions in order to differentiate pathways that
may utilize SOH intermediates in normal functional processes and those that incorporate
SOH formation to sense and transmit stress responses.
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Abbreviations

TNB 2-nitro-5-thiobenzoate

DAz-2 4-(3-azidopropyl)cyclohexane-1,3-dione

NBD-Cl 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole

CHP cumene hydroperoxide

LAHP linoleic acid hydroperoxide

OH− hydroxide anion

HOCl hypochlorous acid

RNHCl N-chloramines

NO nitric oxide

ROOH organic-based hydroperoxides

ONOO− peroxynitrite anion

ONOOH peroxynitrous acid
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Prx peroxiredoxin

PGK phosphoglycerate kinase

RSNO S-nitrosothiols

RSNR’ sulfenamide

SOH sulfenic acid

RSCl sulfenyl chloride

RS(O)NR’ sulfinamide

SO2H sulfinic acid

RSO sulfinyl radical

SO3H sulfonic acid

O2
•− superoxide

t-BHP tert-butyl hydroperoxide

RSNOH• thionitroxide radical intermediate

RS(O)SR thiosulfinate compounds

RSOO• thiylperoxyl radical

S• thiyl radical
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Figure 1.
Proposed direct two-electron oxidation mechanisms of protein-SOH formation involving a)
hydrogen peroxide, b) organic hydroperoxides, c) peroxynitrous acid and d) peroxynitrite
anion.
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Figure 2.
Proposed hydrolytic mechanisms of protein-SOH formation involving a) disulfide bonds, b)
sulfenyl chloride intermediates, c) S-nitrosothiols and d) sulfenic esters.
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Figure 3.
Potential reactions of protein-SOH intermediates. a) two-electron reduction to regenerate
protein thiol. b) further oxidation to form sulfinic acid. c) reaction with second thiol to
generate disulfide. d) reaction with amine to form sulfenamide.
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Figure 4.
Common methods for protein-SOH detection. a) direct detection using biophysical
techniques. b) sodium arsenite-mediated selective reduction followed by assays indicative of
reappearance of cysteine thiol group or incorporation of thiol-reactive probes to facilitate
isolation or visualization. c) specific reactivity with dimedone can be observed by mass
addition or blockade of SOH-dependent secondary reactions and dimedone derivatives
combine specific reactivity with various detection or isolation capabilities. d) products
generated upon reaction of protein-SOH or protein-SH with NBD-chloride can be
differentiated based on either spectral properties or mass.
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