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Abstract

Orchestration of many processes relying on intracellular signal transduction is recognized to
require the generation of hydrogen peroxide as a second messenger, yet relatively few molecular
details of how this oxidant acts to regulate protein function are currently understood. This review
describes emerging chemical tools and approaches that can be applied to study protein oxidation
in biological systems, with a particular emphasis on a key player in protein redox regulation,
cysteine sulfenic acid. While sulfenic acids (within purified proteins or simple mixtures) are
detectable by physical approaches like X-ray crystallography, nuclear magnetic resonance and
mass spectrometry, the propensity of these moieties to undergo further modification in complex
biological systems has necessitated the development of chemical probes, reporter groups and
analytical approaches to allow for their selective detection and quantification. Provided is an
overview of techniques that are currently available for the study of sulfenic acids, and some of the
biologically meaningful data that have been collected using such approaches.
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[. Introduction

Since the emergence of life on Earth, biological systems have relied on redox reactions to
fuel metabolism and growth. Under aerobic conditions, these reactions are often associated
with the production of reactive oxygen species (ROS). These species include both radical
and non-radical species with varying reactivities toward protein functional groups. Examples
of ROS include superoxide (O, ™), hydrogen peroxide (H,0O,), hydroxyl radical (OH),
organic hydroperoxides (ROOH), hypohalous acids (e.g., HOCI and HOBr) and many other
species. The controlled and localized production of ROS (e.g., H,O5) is now widely
acknowledged as an integral regulatory component of signaling, metabolism and epigenetics
under physiological conditions (Finkel, 2011; Sena & Chandel, 2012; Wallace & Fan,

2010). Infections and a range of dietary or environmental stressors, however, induce acute or
chronic accumulation of these species in humans leading to a wide range of pathologies such
as aging, cancer, diabetes, cardiovascular diseases, and others. Further emphasizing the dual
beneficial and harmful effects of ROS, our own bodies employ ROS to fight against disease
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and repair injured tissues (e.g., immune response to infection and wound healing) (Bryan et
al., 2012). In clinical applications, radiation and chemotherapies, which rely on the
generation of ROS, are used in the fight against cancer. Thus, ROS are tightly associated
with both normal physiology and disease pathology and investigations of the ROS targets,
the products of oxidation, and the timing of oxidation processes are critical to disease
prevention, diagnosis and therapy.

Oxidative regulation of biological processes by ROS has gained increasing attention over
the years and has been refueled by the development of chemical reagents and technologies
that now enable the investigation of these processes. Currently, the field of redox biology
revolves around the following three major areas of investigation: (i) identification of protein
targets of oxidation and the nature of oxidative modification, (ii) identification of the precise
sites of modification in proteins and quantification of the extent of oxidation, and (iii) study
of the functional consequences of oxidation on the individual protein activity and, on a
larger scale, on the regulation of metabolic, signaling and epigenetic networks. These issues
are highly complex and require multiple approaches. For example, there are currently more
than 35 reported types of oxidative modifications in proteins targeting ~13 different amino
acid residues (Madian & Regnier, 2010). This review will focus primarily on classical and
emerging methods for detection of sulfenic acid (also known as S-hydroxycysteine,
abbreviated here as CySOH), the critical intermediate oxoform in oxidative pathways that
lead to formation of disulfides, sulfenamides and higher order sulfinic or sulfonic acid
species (Fig. 1).

Mechanistically, cysteine can be modified to -SOH (sulfenic state) through its reaction with
hydrogen peroxide (H,05), organic hydroperoxides (ROOH), peroxynitrous acid (ONOQOH)
and peroxynitrite anion (ONOQO™) (cumulatively referred to as [O] in Fig. 1) (Poole, Karplus
& Claiborne, 2004; Kettenhofen & Wood, 2010). Over the past decade, oxidative
modification of cysteine to sulfenic acid has emerged as an important post-translational
modification in proteins and was shown to play a pivotal role in regulating protein functions
under both physiological and oxidative stress conditions (Poole & Nelson, 2008; Wani et al.,
2011b; Leonard & Carroll, 2011; Roos & Messens, 2011). The large-scale identification of
cysteinyl sites which selectively undergo modifications by intracellular oxidants and
electrophiles is an area that has only relatively recently been made possible by new chemical
tools and approaches. These methods have provided considerable substantiation of the view
that all cysteines within proteins are not equivalent in their reactivity toward oxidants or
electrophiles. Rather, at low pH (<6), only a restricted subset of cysteines in proteins are
reactive toward electrophiles such as the widely used iodoacetamide (Wu, Kwon & Rhee,
1998). Profiles gathered by mass spectrometry of iodoacetamide- versus maleimide-reactive
cysteines within cellular proteins have further verified that the difference in the mechanisms
through which these reagents work (i.e., through Sy2 reaction or Michael addition,
respectively) is reflected in the partially overlapping, yet considerably distinct, reactivity
patterns with these two alkylating agents (Dennehy et al., 2006). Proteomic analysis of
hydroxynonenal (HNE) Michael adducts also identified a distinct subset of sites susceptible
to modification by this electrophile (Codreanu et al., 2009). In another study, reactivity of
cysteinyl residues toward iodoacetamide at two different concentrations was assessed in
order to detect the rare cysteinyl residues within cellular proteomes that are hyperreactive
toward this reagent (Weerapana et al., 2010). The sites identified using this approach were
enriched in protein cysteinyl residues involved in nucleophilic and reductive catalysis as
well as sites of oxidative modification. As further elaborated below, redox proteomics
studies to identify protein oxidation sites have become increasingly available to reveal
products of cysteinyl oxidation either under reversible redox regulatory control or,
alternatively, as a result of reversible or irreversible oxidative damage.
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Structural and bioinformatics analyses of sulfenic acid sites in proteins have provided some
indications of features within protein microenvironments that promote reactivity of cysteines
toward oxidants and/or enhance stability of CySOH within proteins. Early information from
crystal structures of the protein environment surrounding the sulfenic acid site from two
unrelated cysteine-based peroxidases, the flavoprotein NADH peroxidase and the
peroxiredoxin PrxV1, was used with other data to suggest that the stabilization of this moiety
was strongly influenced by (i) the lack of solvent accessibility, (ii) the lack of a proximal
thiol group, and (iii) the presence of a H-bonding group nearby (Claiborne et al., 1999). A
later bioinformatic study focused on sequence and electrostatic features around CySOH
modifiable sites from a diverse set of ~50 proteins (Salsbury et al., 2008). Conclusions from
this study were that (i) polar but uncharged residues, and particularly Thr, were
overrepresented in the structures near SOH sites and can exert a large influence on the Cys
thiol (and presumably CySOH) pKj; (ii) three of the four charged residues were
underrepresented in sites near the CySOH; and (iii) solvent accessibility did not appear to be
a key distinguishing feature of these sites overall. It should be noted, when interpreting these
findings, that the amino acids surrounding the sites used for this analysis were identified
from protein structures with the Cys of interest in the fully reduced form (CySH), which
would not account for any perturbations in structure upon oxidation to CySOH. The proteins
used in this dataset are also likely to be quite heterogeneous with respect to their reactivities
toward oxidants that generate the CySOH, and their ability to stabilize the SOH once
formed. In another report, thermodynamic studies of thiol sulfenylation showed that while
the oxidation of CyS™ is driven by polar residues (e.g., Arg 127 in human peroxiredoxin),
CySH oxidation is favored by a more hydrophobic environment (Billiet et al., 2012).

Once formed, the metastable CySOH species can be further transformed into more stable
products through condensation and oxidation reactions (Fig. 1a). These products include
disulfides and sulfenamides (the condensation product of sulfenic acid and amine or amide
nitrogens), sulfinic and sulfonic acids, thiosulfinates and other species (Jeong et al., 2011).
In cells, some of these products are readily reversed to yield the reduced thiol form via the
action of cellular reductants like thioredoxin, glutaredoxin and glutathione (Salmeen et al.,
2003). Hyperoxidation to sulfinic or sulfonic acid may occur if sulfenic acids encounter high
oxidant concentrations, a process which is typically irreversible in the cell. However, an
exception to this is now recognized. A specialized repair protein, sulfiredoxin, can rescue at
least a subset of cysteine-based peroxidases (peroxiredoxins) in which hyperoxidation to
sulfinic acid occurs (Biteau, Labarre & Toledano, 2003; Jonsson et al., 2008a; Jonsson et al.,
2008b). In cells, nearly 5% of protein cysteines were reported to exist in sulfinic or sulfonic
acid states (Hamann et al., 2002), which is in the range of the estimated phosphoprotein
content. Considering that sulfinic and sulfonic acids represent only two of the multiple
oxidation products, it becomes quite clear that regulation by oxidative processes may far
exceed the regulation mediated by phosphorylation events. The versatility of CySOH
reactivity comes from its dual function as electrophile and nucleophile, as noted in examples
of its chemistry described below (Fig. 1b).

Thus CySOH is both a product and a critical intermediate of oxidative processes. The
advantages of focusing on this species for detection of oxidative processes are: (i)
knowledge is gained regarding the reactive site where the oxidation chemistry is initiated
(which is not the case if both Cys of a disulfide are simultaneously detected), (ii) the
presence of this species most likely indicates an active process (unlike the relative stability
that a detected disulfide might exhibit), and (iii) from a technical perspective, it should
represent a simpler subset of sites before divergence into multiple oxidation products. The
scarcity and often transience of CySOH in proteins makes its detection challenging,
however. Given the significance of this oxidative modification in proteins, various analytical
methods and probes have been developed to label, identify, and quantify these species using
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both targeted and discovery approaches. The methods described here take advantage of the
dual electrophilic and nucleophilic properties of CySOH discussed above and shown in Fig.
1b.

[l. Direct Detection of Sulfenic Acids

The typically unstable nature of sulfenic acids formed in proteins and the often “spectrally
silent” changes that occur upon oxidation of the thiol (or thiolate) form of Cys to sulfenic
acid has made the detection and analysis of this species a challenge. For this reason, much of
the effort devoted to their detection has relied on more indirect means, e.g., by chemical
trapping with sulfenic acid-reactive probes, by their selective reduction using arsenite, or by
generation of more stable oxidized products that allow one to infer the intermediacy of the
sulfenic acid form. However, in cases of stabilized sulfenic acids and proteins amenable to
high resolution structural studies, X-ray crystallography and NMR analyses of proteins of
interest have offered significant insights into the sulfenic acids present in a select group of
proteins. Mass spectrometric analyses without first derivatizing the sulfenic acid can also
provide evidence for this redox state, although not without considering the additional
oxidation products and adducts that could form during the analyses. Use of these direct
biophysical methods for investigations of a number of protein sulfenic acids is discussed in
this section.

A. Sulfenic acids detected by X-ray crystallography

Early efforts to capture crystallographic evidence for a sulfenic acid in the oxidized form of
enterococcal NADH peroxidase, a cysteine-based peroxidase with a highly stabilized
sulfenic acid formed at the active site proximal to the flavin (Poole & Claiborne, 1989),
produced high quality crystallographic information regarding the hyperoxidized, sulfonic
acid form (Stehle, Claiborne & Schulz, 1993), but the sulfenic acid form remained difficult
to capture for X-ray analysis until cryo conditions were used (PDB ID 1JOA) (Yeh,
Claiborne & Hol, 1996). Unfortunately, with X-ray crystallographic analyses, even if the
folded, crystallized protein is highly resistant to air oxidation, the use of synchrotron
radiation which generates highly reactive hydroxyl radicals will sometimes promote non-
physiological cysteine oxidation (Xu & Chance, 2005). Another cysteine-based peroxidase
belonging to the peroxiredoxin family, human PrxV1, was apparently more amenable to
crystallization and stability of the naturally oxidized, sulfenic acid form (PDB ID 1PRX),
requiring no unusual experimental conditions to capture it in the crystal (Choi et al., 1998).
Since 1998, the number of structures deposited in the Protein Data Bank (PDB) has grown
by more than 10-fold (to over 87,000 at the end of 2012), and among these, many more
examples of CySOH have been recognized. There are now (up to the end of 2012) over 400
protein structures in the PDB which include an annotated S-hydroxy or S-oxycysteine
(designated CSO or CSX, respectively), only a subset of which are known or suspected to
play catalytic or regulatory roles. Filtering these at the “95% sequence similarity” level, 198
proteins remain, of which 143 are enzymes. Shown in Fig. 2 are the numbers of CSO- or
CSX-containing structures classified by function according to the Enzyme Classification
system. It is clear that CySOH formation is not only observed in oxidoreductases, but also
significantly in transferases and hydrolases and to a lesser extent in other functional classes
(Fig. 2). A selected set of these protein structures is summarized in Table 1. In fact, the
oxidation of Cys residues before or during crystallographic analysis is likely to be far more
prevalent than this suggests as such additional density for the oxygen associated with the
sulfur in the CySOH is often of partial occupancy and is not necessarily interpreted or
reported as a CySOH.
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B. NMR studies to detect sulfenic acids

NMR using proteins labeled with [3-13C]-cysteine has been used to monitor changes in
cysteine protonation state (which enables NMR-based pKj, analyses) or redox state in
proteins exhibiting high quality NMR spectra (Jeng, Holmgren & Dyson, 1995; Wilson et
al., 1995; Wishart & Sykes, 1994). Pioneering studies with the sulfenic acid form of the
NADH peroxidase discussed above provided the first NMR-based analysis of this redox
form of a protein (Crane, Vervoort & Claiborne, 1997). Assisted with assignments of the
various forms by chemical shift predictions made by the C-13 NMR Module of ChemIntosh
(SoftShell International), the Cys42 sulfenic acid was found to correspond to a chemical
shift of 41.3 ppm (comparable to a predicted value of 39.6 ppm), higher than the 30.8 ppm
observed for the reduced, thiolate form of the enzyme (predicted at 28.5 ppm). Moreover,
oxidatively-inactivated NADH peroxidase, reflecting sulfinic and/or sulfonic acid formation
at Cys42 (Poole & Claiborne, 1989), gave a 13C chemical shift of 57.0 ppm; because the
expected chemical shifts of Cys sulfinic and sulfonic acids are so similar (predicted values
of 58.8 and 56.0 ppm, respectively), this 57 ppm species could not be unambiguously
assigned to either oxidation state. It must also be taken into account that the secondary
structure and overall protein microenvironment exert additional influences on the

actual 13CP chemical shifts observed in a given protein (Wishart & Sykes, 1994). This work
also provided strong support for the presence of the Cys42 sulfenic acid of NADH
peroxidase in its sulfenate (R-SO™) form, rather than O-protonated (R-SOH) or S-protonated
sulfoxide (R—S(=0O)H forms (Crane, Vervoort & Claiborne, 1997) (Fig. 1B). NMR as well
as crystallographic evidence using small molecules to investigate, at higher resolution than
possible with proteins, the bond lengths between the O and S of stabilized sulfenic acids has
also supported the predominance of the sulfenic acid (as opposed to sulfoxide) form in these
molecules (Crane, Vervoort & Claiborne, 1997). Taken together, the results with NADH
peroxidase nicely documented the progressive oxidation of the sulfur from thiolate (30.8
ppm), to sulfenate (41.3 ppm), then sulfinic and/or sulfonic acid states (57.0 ppm), reflecting
the increasing deshielding of the sulfur atom with oxidation.

C. Direct observation of sulfenic acids by mass spectrometry

Mass spectrometry is in principle an excellent way to detect oxidation of a Cys thiol group
to a sulfenic acid, which increases the mass of a protein by 16 amu (one oxygen atom). The
main consideration must be, however, the extent to which adventitious oxidation or
conversion to other species may be occurring during sample workup and/or analysis. For
example, air oxidation (particularly in the presence of trace metals) can lead to sulfenic acid
formation in vitro (Kim & Raines, 1994; Rehder & Borges, 2010a) , as well as loss of
CySOH through hyperoxidation to sulfinic or sulfonic acids (Ellis & Poole, 1997b;
Fuangthong & Helmann, 2002). Anaerobic conditions and/or rapid analysis of each sample
can help mitigate such problems (Ellis & Poole, 1997b; Poole et al., 2007). Denaturants
present during sample workup or analysis can also have a detrimental effect on sulfenic acid
stability. Because of this, the preparation of samples using non-denaturing volatile buffers in
the absence, or minimal presence, of acetonitrile are important factors in stabilizing CySOH
for MS analysis. In select cases, the CySOH detection can, however, be achieved under
denaturing conditions, such as in the presence of formic acid (0.1% in water) (Qian et al.,
2012). It should also be noted that any thiol-containing molecules present in the sample will
rapidly attack to condense with accessible sulfenic acids to form disulfide bonds, so these
must be avoided if such sulfenic acids are to be stabilized. Considerable evidence has also
emerged over the last decade that sulfenamides can form, quite readily in some proteins
(e.g., in PTP1B and B. subtilis OhrR), as reversible condensation products of sulfenic acids
and proximal nucleophilic nitrogens (Lee, Soonsanga & Helmann, 2007; Salmeen, et al.,
2003; van Montfort et al., 2003). The desolvation of the analyte molecules during
electrospray analysis may well promote formation of this species (Qian, et al., 2012).

Mass Spectrom Rev. Author manuscript; available in PMC 2015 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Furdui and Poole

Page 6

Unfortunately, the mass signature for sulfenamide formation is a loss of 2 Da relative to the
unmodified protein, the same mass change that is observed when disulfide bonds are
formed, making clear identification of such a species as the sulfenamide more challenging
by MS alone and in the absence of MS/MS analysis. Depending on the ionization properties
of specific proteins, the small 2 Da mass change can also be quite difficult to demonstrate
unequivocally. We should also note that there are other oxidative modifications (besides
sulfenic acid formation) that can lead to a +16 amu mass change: (i) hydroxylation of lysine,
tryptophan, proline, and aspartate; (ii) oxidation of methionine to sulfoxide; (iii) formation
of 3,4-dihydroxy-phenylalanine (DOPA) from tyrosine; (iv) oxidation of histidine to
oxohistidine; and, (v) oxidation of proline to y-glutamyl semialdehyde (Hovorka et al.,
2002; Amici et al., 1989). Therefore, one should not simply rely only on the MS analysis to
assess formation of CySOH. Mutagenesis, chemical labeling and MS/MS studies should
accompany this as has been used to demonstrate the presence of sulfenic acids in a number
of proteins (Boschi-Muller et al., 2000; Fuangthong & Helmann, 2002; Poole, et al., 2007;
Qian et al., 2011; Qian, et al., 2012; Rehder & Borges, 2010a) and peptides (Rehder &
Borges, 2010a; Shetty & Neubert, 2009; Shetty, Spellman & Neubert, 2007).

lll. Chemical Approaches for Detection of Oxidized Thiols and/or Sulfenic

Acids

Many proteins are not amenable to the crystallographic or NMR-based analyses described
above that can directly detect sulfenic acids. Direct analysis by mass spectrometry is also
limited by the inherent instability of this redox species under aerobic and/or denaturing
conditions. Moreover, there is a need to have available multiple complementary tools to
detect and study this often transient redox form in order to better understand its properties
within the context of the specific proteins of interest.

Before turning to chemical modification methods to identify proteins which form oxidized
Cys modifications and especially CySOH in cells and tissues, it is important to note that a
genetic method has also been introduced for identifying such proteins as an alternative to
chemical labeling. Given studies of the sensitivity of the yeast transcription regulator Yapl
toward disulfide bond formation through a CySOH intermediate (Delaunay et al., 2002),
Wood’s group developed a genetically engineered protein probe (Yapl-cCRD) with
reactivity toward CySOH in a range of proteins (Takanishi, Ma & Wood, 2007; Takanishi &
Wood, 2011). The protein contains a histidine tag for enrichment and a CySOH reactive
thiol in the C-terminus (Cys598). When expressed in target cells, Yapl-cCRD reacts with
endogenous CySOH proteins resulting in disulfide-linked proteins that can then be pulled
down along with Yap1-cCRD using His-tag affinity columns, reduced to release the cross-
linked protein, separated by SDS-PAGE, in-gel digested and then analyzed by mass
spectrometry. Using this approach the authors were able to identify ~ 30 presumed CySOH
proteins in Escherichia coli (Takanishi, Ma & Wood, 2007) and Saccharomyces cerevisiae
(Takanishi & Wood, 2011). The drawbacks of the Yapl-based strategy are the relative low
efficiency and the somewhat high risk of false identifications (e.g., disulfide bond formation
during sample processing, and co-elution of non-CySOH proteins due to complex protein-
protein interactions that may or may not involve disulfide bond formation).

With the recent expansion in the availability of tools for the analysis of oxidative
posttranslational modifications, sulfenic acids can be targeted selectively for analysis, or be
an intended or unintended part of redox proteomics analyses conducted to identify oxidation
targets in cells, depending on the approach used. Described below are some of the
approaches and reagents currently available for detecting thiol oxidation and, more
specifically, sulfenic acid formation within proteins.

Mass Spectrom Rev. Author manuscript; available in PMC 2015 March 01.
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A. Methods relying on reversal of cysteine oxidation by general or specific reductants

Approaches undertaken to identify proteins, or at higher resolution specific sites within
proteins, which undergo modifications on thiol groups must at the outset be tailored to
minimize the loss or “scrambling” of the modifications present in the sample. Efficient
trapping of thiol groups to prevent further reaction is thus an essential part of any successful
protocol to identify thiol modifications present in biological samples. Often overlooked are
sulfenic acid groups which, if unprotected, will be prone to hyperoxidation, disulfide bond
formation with thiol groups, or potentially other chemical fates during the workup of
samples, and especially upon denaturation and/or digestion of the proteins. A common
initial step is to block free thiol groups with an alkylating agent like N-ethylmaleimide
(NEM); depending on the intended analysis, dimedone could also be included for alkylation
of sulfenic acids. Both of these reagents have the advantage of being cell permeable, so that
the initial blocking steps can be done prior to cell lysis, although one can never be certain
that all redox modifications are trapped in precisely the same state as they were in the
untreated cells. Acidic conditions are generally preferred for the alkylation conditions in
order to slow thiol-disulfide exchange, although at very high alkylating agent concentrations
this may be less important (Hansen & Winther, 2009). Use of an alternative alkylating agent
such as iodoacetate or iodoacetamide is also possible, although these reagents become less
reactive when acidic conditions are used and most thiol groups are protonated. Full
alkylation is not always possible in the absence of denaturation, but denaturants are not
always part of protocols for such analyses.

If a detectable group or affinity handle like biotin is included on the initial alkylating agent,
then the analytical procedure takes advantage of the fact that thiol modifications present in
the protein(s) under analysis will typically block alkylation at that site. In these cases, the
loss of thiol reactivity due to the modification can then be detected as a decrease in the
incorporation of the alkylating agent into that protein or site (Sethuraman et al., 2004). This
allows for detection of both reversible and irreversible modifications including alkylations,
but does not report on the type of modification present (Chouchani et al., 2011).

A more sensitive and in some cases selective approach to detect reversible thiol modification
is to block thiols in the first step with an unlabeled alkylating agent (e.g., NEM), then reduce
or reverse the thiol modification to “unmask” new thiol groups that can then be alkylated
with a detectable thiol probe (Fig. 3). Reduction by either DTT or TCEP prior to the second
alkylation provides a comprehensive way to detect oxidation of thiols to various reversible
products including disulfides, sulfenic acids and S-nitrosothiols (Fig. 3, path a).

More selective uses of this general approach have also been used. The “biotin switch”
approach was introduced by Jaffrey and Snyder for detection of S-nitrosated cysteinyl
(CySNO) groups (Jaffrey et al., 2001; Jaffrey & Snyder, 2001); following a thiol blocking
step, ascorbate is added to selectively reduce CySNO groups, then the nascent thiol groups
are labeled with a detectable thiol-directed reagent like N-[6-(biotinamido)hexyl]-3'-(2'-
pyridyldithio)propionamide (HPDP-biotin) (Chouchani, et al., 2011). In a modification to
the standard assay introduced by Hogg and Gladwin, addition of copper to the ascorbate in
the reduction step increases the sensitivity without loss of selectivity, improving the ability
to detect CySNO in protein samples (Wang et al., 2008). On the basis of the biotin switch
approach for detecting CySNO, Eaton and colleagues introduced a related biotin switch
approach where the reductant used was arsenite rather than ascorbate in order to selectively
reduce CySOH rather than CySNO (Saurin et al., 2004) (Fig. 3, path b). Upon alkylation of
these nascent thiols with biotin-maleimide and subsequent affinity capture, gel separation
and digestion steps, a set of 17 proteins was identified by mass spectrometry from among
the biotinylated proteins isolated from rat heart tissues previously perfused with H,O.
Unfortunately, two of the proteins thus identified have no cysteine residues at all and may
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have remained bound to other labeled proteins during the affinity capture procedure (Saurin,
et al., 2004), suggesting a need for higher stringency washes of the bound material before
elution from the streptavidin-agarose beads. The lability of the sulfenic acid moiety also
raises concerns about the effectiveness and sensitivity of this assay in detecting protein
sulfenic acids.

B. Chemical cross-reactivity of sulfenic acids with reagents used in detecting other protein
posttranslational modifications

Many of the approaches for detecting protein oxidations, and particularly thiol oxidations,
rely on the use of reagents intended to specifically target known functional groups. The
assumptions of specificity or selectivity are not always completely valid, however. For
example, NEM, iodoacetamide and methyl methanethiosulfonates are often used as thiol-
specific blocking agents, but all exhibit some degree of reactivity toward sulfenic acids
(Poole & Ellis, 2002), a cross-reactivity which can skew results in unexpected ways.
Because it generates a disulfide rather than irreversible alkylated product, MMTS can also
induce intra- and intermolecular disulfide bonds in proteins that were not present at the
outset, leading to the conclusion that this reagent should be avoided as a thiol-blocking agent
(Hansen & Winther, 2009).

Another under-recognized cross-reactivity exhibited by sulfenic acids is with 2,4-
dinitrophenylhydrazine (DNPH), the reagent that is used to detect carbonylation in
oxidatively stressed biological samples (Dalle-Donne et al., 2009). Thus, a significant
component of the aldehydes and ketones purportedly detected in the large number of
publications that use this approach may in fact be cysteine sulfenic acids which are likely to
be formed under much milder oxidative conditions than would be expected to introduce
carbonyl groups into proteins. Another point of concern is with the ascorbate used for
selectively reducing S-nitrosothiols; at least one report indicates that ascorbate can also act
as a reductant for sulfenic acids to support turnover of several peroxiredoxins with their
peroxide substrates (Monteiro et al., 2007), raising the possibility that sulfenic acid
crossreactivity contributes to the signal observed in some S-nitrosothiol targeting
experiments.

One additional type of cross-reactivity with reagents typically used to assess thiols in
proteins must also be considered when sulfenic acids may be present in a given sample.
Aromatic disulfides have been noted to react with sulfenic acids (Torchinsky, 1981), and
this reactivity was confirmed in later studies which demonstrated that 5,5’-dithiobis(2-
nitrobenzoic acid) (DTNB), a reagent often used to assess thiol contents in proteins, does
indeed react with protein sulfenic acids, likely yielding the thiosulfinate product (Poole &
Ellis, 2002). Assessment of the DTNB reactivity with sulfenic acids is complicated,
however, by the even greater reactivity of sulfenic acids toward the 2-nitro-5-thiobenzoate
(typically referred to as TNB) that is released upon reaction of DTNB with thiols or sulfenic
acids. These chemistries emphasize the care that must be taken when thiol contents are
evaluated using aromatic disulfides like DTNB and 4,4’-dithiodipyridine (Hansen &
Winther, 2009) in samples that may contain sulfenic acids.

C. Dimedone alkylation and UV/Vis spectral approaches to detect sulfenic acids

The unique reactivity of sulfenic acids toward nucleophiles such as 5,5-dimethyl-1,3-
cyclohexanedione (dimedone), benzylamine, and thiol groups was the primary way in which
this species was originally identified within reversibly oxidized, inactivated forms of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and papain (Benitez & Allison, 1974;
Lin, Armstrong & Gaucher, 1975; Allison, 1976). Dimedone, the most widely used reagent
for sulfenic acid trapping, reacts with sulfenic acids to generate a covalent thioether linkage
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that is not reversed by reductants like DTT or TCEP (Fig. 4). Importantly, dimedone was
shown to be unreactive toward functional groups such as S-nitrosothiol, methionine
sulfoxide, aldehydes and amines in aqueous solution and neutral pH (Poole et al., 2005). In
the 1970s, this reagent could be purchased in radioactive form, giving the investigator a way
to quantitatively evaluate the level of incorporation of the reagent into the protein sample. In
the last several decades, however, a radioactive version of this reagent has not been
available. In the absence of the detectable radioisotopically-labeled dimedone, mass
spectrometry can be used to detect the incorporation of the dimedone into proteins of
interest based on the mass increase of 138 amu imparted by dimedone modification (Willett
& Copley, 1996; Ellis & Poole, 1997b; Percival et al., 1999; Carballal et al., 2003; Conway,
Poole & Hutson, 2004). More recently, detection of dimedone incorporation into proteins
has also become possible using antibodies which recognize this moiety (Seo & Carroll,
2009; Maller, Schroder & Eaton, 2011). As described below, several groups have also
developed new sets of chemical probes to directly trap and detect sulfenic acids based on the
1,3-dicarbonyl core of dimedone. In order to evaluate sulfenic acids within proteins before
such reagents became available, however, several spectroscopic methods for evaluating
sulfenic acid formation within pure proteins were developed, as described next.

An important approach to quantify sulfenic acids in proteins relies on their propensity to
generate disulfide bonds with thiol groups. In particular, the bright yellow, small thiol-
containing molecule TNB, described above as the product of DTNB reduction, reacts
stoichiometrically with sulfenic acids and is well suited for this purpose (Poole & Claiborne,
1989; Ellis & Poole, 1997a; Poole & Ellis, 2002; Poole, 2008; Rehder & Borges, 2010b). As
long as the TNB solution is freshly prepared, is protected as much as possible from air
oxidation, and does not include any residual DTNB or DTT, the loss of the strong 412 nm
absorbance of TNB upon addition of a sulfenic acid-containing sample (if the sulfenic acid
is sufficiently exposed) correlates directly with the sulfenic acid content. Moreover, it is
possible to isolate the protein product(s) of this reaction through ultrafiltration, and then
titrate with DTT in order to observe the increase in 412 nm absorbance as the TNB is
released from the protein (Fig. 5). This TNB-based analytical approach has been used to
quantitatively establish the presence of sulfenic acid in oxidized forms of NADH peroxidase
(Poole & Claiborne, 1989) and the bacterial peroxiredoxin AhpC (Ellis & Poole, 1997a;
Poole & Ellis, 2002), as well as in oxidized human serum albumin (Turell et al., 2008) and
more complex biological samples (Rehder & Borges, 2010b).

In an effort to establish additional criteria that could be used to directly demonstrate sulfenic
acid formation upon peroxide-mediated oxidation of the C165S mutant of bacterial AhpC, a
method was developed that used the electrophilic reagent NBD chloride (7-chloro-2-
nitrobenzo-2-oxa-1,3-diazole) to detect sulfenic acids (Ellis & Poole, 1997b). This reagent
reacts nearly as readily with sulfenic acids as with thiol groups at neutral pH, and the
products of this reaction in the two cases are spectrally distinguishable. While the NBD-thiol
adduct, a thioether, absorbs maximally at ~420 nm, the adduct with sulfenic acid (either a
sulfenate ester or sulfoxide) absorbs maximally at ~347 nm, very similar to the unreacted
reagent (Fig. 6a). The NBD adduct with the thiol group is also fluorescent, whereas the
adduct with sulfenic acid is not (Ellis & Poole, 1997b). Ultimate proof of these products was
obtained using mass spectrometry, where the NBD adduct with the sulfenic acid was shown
to be 16 amu larger than the comparable adduct with the thiol group (Fig. 6b & c).
Reactivity of NBD chloride toward other amino acid side chains can occasionally cause
problems in these analyses, as well, although the adducts with amino or tyrosyl groups are
typically formed only at higher pH and are readily distinguished by their distinct spectral
properties (i.e., Amax values are 382 and 480 nm for NBD adducts with tyrosines and amines,
respectively) (Aboderin & Boedefeld, 1976; Ghosh & Whitehouse, 1968; Miki, 1985). As a
possible advantage of this reagent over dimedone, the NBD adducts with either thiol or
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sulfenic acid are reducible by DTT, allowing for the recovery of the reduced form of the
protein after analysis. Since its introduction, this approach has been used to detect the
presence of sulfenic acids in a number of proteins (Denu & Tanner, 1998; Ma, Takanishi &
Wood, 2007; Fuangthong & Helmann, 2002; Carballal, et al., 2003; Griffiths, King &
Cooney, 2002; Silva et al., 2008). With both of the spectral approaches to label sulfenic
acids described in this section, modification with TNB or NBD, pretreatment with dimedone
blocks the incorporation of the chromophore, adding another layer of proof to the
experimental evidence for sulfenic acid formation in proteins of interest (Ellis & Poole,
1997b).

D. Development of proteomics-friendly approaches to detect sulfenic acids

The methods described above often work well with purified proteins for detection and
quantitation of sulfenic acid formation, but they are of limited value when the samples of
interest are more complex and broader, proteomics-level analyses are desired. For example,
NBD chloride reacts with both thiol and sulfenic acid groups, requiring either differential
mass spectrometry or spectroscopic analyses to distinguish the products, and the presence of
more than a few additional Cys residues in a given protein to be analyzed can cause
significant problems in such analyses. Further, both TNB and NBD adducts are labile in the
presence of reductants or can migrate to different locations when attacked by other residues
either intra- or intermolecularly. Dimedone is a better reagent in that it forms a stable
alkylated species, but it offers no useful affinity handle or detectable group to facilitate
proteomic-level analyses.

By far the most important tool in proteomics-level analyses is mass spectrometry, and we
describe below the utility of this technology to studies of the oxidized cysteine proteome.
Moreover, chemical probes based on the 1,3-cyclohexadione reactive core of dimedone have
been developed recently by several groups, and the different types of probes currently
available and their utility for analyzing the sulfenic acid proteome are summarized below.

1. Mass spectrometry approaches for analyzing cysteine and oxidized
cysteine proteomes—Mass spectrometry has emerged as a critical tool in the analysis of
biological systems, allowing for both the high-throughput monitoring of temporal changes in
proteins and their post-translational modifications in response to extracellular cues, as well
as in-depth investigations of selected biochemical processes. Its application for the
monitoring of protein oxidation was recognized early in the development of proteomics
workflows. Steps like reduction and blocking by alkylation of cysteine residues in proteins,
and inclusion of potential methionine oxidation within the database search algorithms are,
with few exceptions, present in all proteomics workflows.

Early work to quantitatively evaluate proteins across entire proteomes took advantage of the
distinct reactivity of protein thiol groups and their high prevalence in proteins in order to
analyze the relative abundance of specific proteins across a range of conditions. The first
isotope-coded affinity tags (ICAT) developed by Aebersold’s group contained a thiol
reactive group (e.g., an iodoacetyl group), a linker carrying stable isotopes (with heavy and
light versions to distinguish between paired samples) and an affinity tag for enrichment of
labeled peptides (Gygi et al., 1999). The frequency of cysteine residues in proteins (~ 90%
of the proteins contain at least one cysteine residue, with an average of 11 cysteines/protein)
ensured a high coverage of the proteome. It also allowed for the detection of low abundance
proteins by reducing sample complexity (e.g., in the yeast proteome, ~10% of all tryptic
peptides are cysteine-containing peptides) (Gygi, et al., 1999). This early strategy of protein
quantification has been modified over the years to include cleavable linkers (acid-cleavable
or enzymatic), other enrichment or detection tags (e.g., fluorescent dyes), and a range of
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reactive groups for assessing protein or peptide abundance that extend beyond targeting of
cysteinyl residues (e.g., amine reactive reagents such as iTRAQ or TMT). While the relative
change in protein abundance is an important factor in controlling the level of activity of
many proteins, it has become increasingly important to evaluate proteomes for their
functional qualities. One way to address this need is to apply activity-based protein profiling
(ABPP) which provides a readout of targeted enzymatic or binding activities under selected
conditions (Cravatt, Wright & Kozarich, 2008). Proteomic methods are also increasingly
available to identify particular posttranslational modifications across a wide range of
proteins. It is within the context of this need for more and better defined information that the
field of redox proteomics has developed.

As described above, ICAT reagents targeting free thiols can be used to distinguish between
(at least) two samples, and such reagents were soon applied to differentially label reduced
versus reversibly oxidized cysteines to provide a readout of “redox status” (OxICAT)
(Leichert et al., 2008). Based on the approaches described in Section 111A above, two
different isotope-coded reagents could be incorporated in the first thiol blocking step and the
second labeling step after reduction by DTT or TCEP (or more targeted protein reductants
like thioredoxin) to release the thiol groups from those modifications (disulfides, S-
nitrosocysteine or sulfenic acid modifications) that are susceptible to the reductant used. As
described above, a variation on this theme included simply blocking the free thiols initially
present with a thiol reactive reagent (typically iodoacetamide, NEM or MMTS), reduction of
the targeted oxidized species to free thiols (e.g., using ascorbate or arsenite for CySNO or
CySOH reduction, respectively) and labeling of resulting thiols with a tagged thiol reactive
group (e.g., biotin-maleimide, biotin-iodoacetamide, or HPDP-biotin) (Fig. 3). With this
approach, only the targeted set of proteins are labeled for affinity capture and further
analysis by Western blots or mass spectrometry. As is always the case with such approaches,
the selectivity and labeling efficiency of the chosen chemical reagents toward thiols and the
modified targets are key to the accuracy of this analysis. The caveats pertaining to cross-
reactivity of thiol-blocking reagents or selective reduction of cysteine oxoforms were
discussed in Section I11A.

In order to more specifically target the sulfenic acid proteome for analysis by mass
spectrometry and other techniques, a number of new reagents have been developed based on
dimedone which allow for the incorporation of detectable or affinity tags into proteins at
sulfenic acid sites, as described in the next section.

2. New reagents for labeling proteins containing sulfenic acids—Given the
caveats of the indirect biotin switch strategies described above, recent work from our groups
as well as others (Poole, et al., 2005; Charles et al., 2007; Poole, et al., 2007; Reddie et al.,
2008; Leonard, Reddie & Carroll, 2009; Qian, et al., 2011; Qian, et al., 2012; Truong et al.,
2011) has focused on the more direct identification of CySOH proteins and the cysteine
modification sites using methods based on sulfenic acid-selective chemical labeling and
enrichment followed by Western blot analysis (e.g., to monitor the CySOH status in known
proteins) or MS (in discovery or targeted types of analyses). The first readily detectable
reagents with selectivity toward sulfenic acids included fluorescent groups (methylcoumarin
or isatoic acid) linked to 1,3-cyclohexadione (dimedone lacking the dimethyl group on the
ring) (Poole, et al., 2005; Klomsiri et al., 2010). Studies with these reagents and dimedone
confirmed the selectivity of such 1,3-dicarbonyl reagents toward CySOH relative to other
reactive groups and modifications in proteins. Several years later new reagents were
developed which incorporated either rhodamine or fluorescein as the detectable group
(Poole, et al., 2007), or biotin attached through a linker to 1,3-cyclohexadione (Poole, et al.,
2007) or dimedone (Charles, et al., 2007) for subsequent affinity enrichment of labeled
proteins or peptides (Fig. 7). In a similar vein, reagents with azide or alkyne groups attached
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to the 1,3-cyclohexadione core were also introduced, allowing incorporation of a detectable
group or affinity handle subsequent to the labeling step using Staudinger ligation or click
chemistry approaches (Reddie, et al., 2008; Seo & Carroll, 2011; Leonard, Reddie &
Carroll, 2009) (Fig. 7). These new tools enabled the identification of new sets of oxidation-
sensitive proteins not previously possible (Charles, et al., 2007; Leonard, Reddie & Carroll,
2009; Reddie, et al., 2008; Wani, et al., 2011b), although there is still a need for
improvements in the capacity for these probes and approaches to effectively identify specific
reactive cysteinyl groups in oxidatively-modified proteins (as described in more detail
below).

Improvementsin synthesis and compatibility with M S using 1,3-dicar bony! r eagents
(BP1 and Alk-B-KE): While proven to be selective in labeling CySOH proteins, the
attachment of biotin, alkyne/azide or fluorescent dyes to the reactive 1,3-cyclohexanedione
moiety requires complex synthesis schemes that result in an overall low yield (Charles, et
al., 2007; Leonard, Reddie & Carroll, 2009; Poole, et al., 2007). The detailed mechanism on
how dimedone reacts with CySOH has not been extensively studied, but the reaction has
been proposed to proceed through a 1,4-addition or direct nucleophilic substitution (Reddie
& Carroll, 2008). These scenarios imply that other 1,3-diketone containing compounds may
potentially react with CySOH. This hypothesis has led to synthesis of ethylthio-1,3-
cyclopentanedione, its biotin conjugate (BP1), and linear alkyne 1,3-B-ketoester (e.g., Alk-p-
KE) derivatives (structures shown in Fig. 7) (Qian, et al., 2011; Qian, et al., 2012).
Thorough reactivity studies using recombinant proteins and cell lysates proved these probes
to be selective toward CySOH and showed distinct pH dependent reactivity profiles with
CySOH (Fig. 7). In particular, there was a significant increase in the reactivity of
ethylthio-1,3-cyclopentanedione and Alk-B-KE toward CySOH at lower and higher pH,
respectively, while at physiological pH the reactivity was comparable with dimedone. The
use of low pH during cell lysis to achieve CySOH labeling has the added advantages of
quenching ROS-inducing reactions and limiting post-lysis oxidation. The potential for side-
reactions of Alk-B-KE with amines (e.g., lysine) was raised in a recent review article
(Paulsen & Carroll, 2013). Data in Qian, et al. (2012) do not support this concern regarding
cross-reactivity. The Alk-p-KE was tested with recombinant AhpC, a protein that contains
numerous lysine and arginine groups in addition to the amino-terminal group. There was
only one adduct formed, which the MS/MS analysis showed to be at the CySOH site.
Further selectivity studies using cell lysates showed no evidence of labeling with the Alk-3-
KE in the presence of a reducing agent (e.g., TCEP), further proving the selectivity of this
probe toward CySOH and lack of reaction with amines or other amino acids. The reference
cited by Paulsen and Carroll describes the reactivity of a 1,3-diketone (not $-ketoester) with
a reactive amine in an engineered catalytic antibody that was specifically raised against the
1,3-diketone hapten (Zhu, et al., 2009). Attachment of fluorophores, biotin, alkyne or azide
tags to either the 1,3-cyclopentanedione or the -ketoester can be achieved with high yield
and in just a few chemical steps. In the case of Alk-B-KE, azide-containing tags can be
added through the robust click reaction and can be subsequently removed using
hydroxylamine to yield the smaller tag 3-methyl-5-isoxazolone (Fig. 8a). This is particularly
useful during procedures that involve enrichment followed by Western blot or MS detection.
In fact, the resulting 3-methyl-5-isoxazolone tag was shown to improve the fragmentation
pattern of labeled peptides in MS/MS analysis relative to dimedone labeled peptides (Fig.
8b). Introduction of an acid-labile tag has also been used to improve MS properties of
labeled CySOH products (Truong, et al., 2011).

I mprovementsin quantification using isotope-coded dimedone derivatives. Isotope-
coded dimedone and 2-iododimedone (ICDID) were used with the goal of labeling CySOH
and free thiol groups at the same cysteine site in different molecules of a target protein; the
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extent of CySOH formation was quantified relative to the thiol content in the GAPDH and
yeast Gpx3 proteins used to test this approach (Seo & Carroll, 2011). In another approach,
isotope-labeled heavy d6-DAz-2 and light DAz-2 were used to label CySOH proteins at
different concentrations of H,O, (Truong, et al., 2011). The labeled proteins were then
combined and conjugated with the acid-cleavable linker attached to biotin, alkyneYn-ACL,
for LC-MS based quantitative analysis.

Improvementsin selectivity toward specific CySOH proteinsor groups of proteins:
Strategies to target cyclic 1,3-diketones to protein classes of interest have recently been
described (Leonard et al., 2011). The 1,3-diketones are derivatized with a module that
directs binding to the protein class of interest (e.g., protein tyrosine phosphatases), and with
a reporter tag to enable detection of labeled proteins.

Potential for new chemical approaches: As discussed in the Introduction, the -SOH in
proteins can have both electrophilic and nucleophilic properties (Fig. 1b). The labeling
strategies described here exploit primarily the electrophilic properties of protein sulfenic
acids and rely upon the addition of activated carbon nucleophiles to yield thioether adducts.
Early work shows, however, that electrophiles such as 3-cyclohexene-1-carboxylate,
tetrahydrophthalimide and dihydropyran could potentially react with protein sulfenic acids
(e.g., in GAPDH) to give sulfoxide adducts (Benitez & Allison, 1974). The thermally
concerted reaction of sulfenic acids with alkenes to generate sulfoxides could develop into
new chemical approaches to target CySOH in a mechanistically distinct manner that does
not involve anionic species and relies on the nucleophilic properties of the sulfenic acid. It
must be considered, however, that the selectivity toward CySOH may be difficult to achieve
with electrophilic reagents, given the nucleophilic properties of thiols and other functional
groups.

3. Approaches to detect chemically-trapped sulfenic acids in proteins—As
described above, selective probes of CySOH have been designed to introduce a detectable
group (e.g., a fluorophore, biotin, or alkyne or azide “handle”) into the reactive sites of
interest for further analyses. Downstream analytical techniques vary depending on the
specific reagent used and the research question to be addressed. Approaches used can be
tailored for analyzing purified proteins, mixtures of proteins, or even cellular samples, and
both targeted and global analyses of oxidation-sensitive CySOH can be conducted, as
described briefly below and summarized in Fig. 9. For further methodological details and
advice, the reader may wish to consult additional literature on the subject (Poole & Nelson,
2008; Poole, 2008; Klomsiri, et al., 2010; Nelson et al., 2010; Leonard & Carroll, 2011).

L abeling Approaches: Initial labeling of the CySOH present in a given sample can be
conducted through incubation of the CySOH-targeted probes with individual or mixtures of
proteins; moreover, probes can be added either subsequent to addition of an oxidant or
exposure to conditions of interest, or simultaneously with the treatment of interest (Conway,
Poole & Hutson, 2004; Poole, et al., 2007). Intact cells in culture or even tissues or organs
can also be exposed to CySOH-directed reagents in cases where these reagents are cell
permeable, as is true of the parental reagent dimedone, as well as DCP-Biol, DCP-Rhol, the
DAz and DYn reagents, BP1 and Alk-B-KE (Charles, et al., 2007; Kaplan et al., 2011;
Klomsiri, et al., 2010; Leonard & Carroll, 2011; Nelson, et al., 2010; Qian, et al., 2011;
Qian, et al., 2012). Given a choice between DAz (azide-labeled) and DYn (alkyne-labeled)
reagents, there has been evidence with other types of probes that the alkyne derivatives may
be better choices (Speers & Cravatt, 2004). Moreover, inorganic azide can react with
sulfenic acids (Allison, 1976), adding a degree of uncertainty as to whether or not organic
azides are in fact inert toward CySOH.
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As an alternative to incubations with intact cells and tissues, reagents can be added to lysis
buffers for labeling at the time of lysis, although care must be taken to minimize
adventitious oxidation (see below). Labeled samples are then processed in various ways,
depending on the type of reagent used and the intended analytical procedures. For most, if
not all, subsequent analyses of labeled proteins, free probe must be removed using
precipitation with organic solvents, gel filtration chromatography or other means; reactivity
of these probes with non-CySOH sites under physiological conditions is minimal, but this is
not necessarily the case at pH extremes, high temperature or other sample workup
procedures. Moreover, when biotin-linked reagents are used, free probe will interfere with
binding of the biotinylated proteins to beads during affinity capture.

If intact cells or tissues are to be labeled, then the toxicity of the reagent and its propensity to
perturb the normal biological processes of the cell or tissue must also be considered and
minimized. For example, the parental reagent dimedone can exhibit toxicity when applied to
cells at low mM concentrations (Qian, et al., 2012), suggesting that caution should be
exercised with all such CySOH-trapping reagents if incubated with cells or tissues for
extended periods of time.

Affinity capture and analysis of biotinylated CySOH proteins. Most popular with
investigators is the use of biotinylated probes, applied in biotinylated form to the samples
(e.g., DCP-Biol, hiotin-dimedone, or BP1) or generated following attachment of this
affinity handle to alkyne- or azide-linked CySOH reagents (Charles, et al., 2007; Leonard,
Reddie & Carroll, 2009; Poole, et al., 2007; Qian, et al., 2011; Qian, et al., 2012; Reddie, et
al., 2008; Seo & Carroll, 2011). This allows for use of the highly efficient affinity capture
procedures using avidin or streptavidin beads to enrich for labeled proteins before
subsequent analytical steps, or alternatively for the use of blotting procedures to detect the
biotinylation associated with the proteins in the sample (Fig. 9). For samples undergoing
affinity capture procedures, “sticky” proteins can be removed through a pre-clearing step
with non-avidin beads; then the samples are incubated with streptavidin beads, ideally
washed extensively and with stringent conditions to remove loosely associated proteins
(including a DTT wash in order to dissociate proteins bound only through disulfide bonds to
other CySOH containing proteins), and eluted in a manner compatible with the next steps in
the analysis. Typically, such analytical procedures include one dimensional or two
dimensional polyacrylamide gel electrophoresis, Western blotting or proteolytic digestions,
and/or mass spectrometry. If one has a list of candidate proteins to be tested, the enriched
material can be subjected to Western blots to identify the oxidized proteins in the sample;
this approach is useful for obtaining time course data after cell treatments to get a sense of
the amounts and time dependence of the oxidation of specific proteins of interest (Michalek
et al., 2007; Nelson, et al., 2010; Wani, et al., 2011b; Kaplan, et al., 2011; Crump et al.,
2012). To increase the confidence that specific proteins identified by this procedure are
indeed oxidized, a complementary immunoprecipitation approach is also included whereby
the specific protein of interest is first immunoprecipitated, then resolved on an SDS gel and
blotted for the presence of biotin using an anti-biotin antibody or an HRP-streptavidin
conjugate for detection of the label (Nelson, et al., 2010; Wani, et al., 2011b; Crump, et al.,
2012).

Global detection of CySOH formation across proteomes: Often there is a mixture of
proteins within the samples to be analyzed and more global approaches are of interest. In
these cases one or two-dimensional gel electrophoresis can be followed either by detection
of fluorophores using gel imaging procedures, or detection of the biotin moiety through the
blotting procedures described above (Poole, et al., 2007; Wani, et al., 2011b). Total biotin
content within labeled samples can also be subjected to quantitative analysis with kits
designed for this purpose (Klomsiri, et al., 2010; Nelson, et al., 2010; Wani, et al., 2011b).
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M ass spectrometry to identify labeled CySOH proteins and reactive sites: Of great
interest to the field, as introduced above, is the use of mass spectrometry to identify proteins
or peptides containing CySOH, although the current state of the technology is not yet
optimized for high-throughput identification of the peptides containing the labeled sites
within complex mixtures. Ideally, the labeled peptides can be enriched by affinity
purification after protein or gel samples are digested, then eluted and identified through MS/
MS analyses; thus far such analyses have had only marginal success, however, due to the
difficulty in generating unambiguous results from complex samples (Nelson, et al., 2010;
Qian, et al., 2012). Most of the studies have therefore relied on enrichment only of the
labeled, undigested proteins, then MS (or LC-MS/MS) analysis of any peptides generated by
digestion of these proteins, allowing for identification of the oxidized proteins, but not the
sites of labeling within these proteins (Charles, et al., 2007; Leonard, Reddie & Carroll,
2009; Reddie, et al., 2008). One advantage of this less direct identification of oxidized
proteins is the potentially higher confidence of assignments based on observation of multiple
peptides from a putative oxidized protein. However, without clear identification of the
labeled peptide, all assignments of CySOH proteins must be considered tentative.

Imaging of samplesto detect CySOH formation in cells and tissues: In addition to
molecular analyses, there has been some use of imaging analyses to identify where protein
oxidation occurs within treated or untreated cells, and to get a sense of the levels of protein
oxidation provoked within cells or tissues upon treatment with reagents of interest (Charles,
etal., 2007; Kaplan, et al., 2011; Paulsen et al., 2011). Where fluorescent probes are used,
the fluorophores can either be part of the probe when the labeling is performed (e.g., DCP-
FL1 or DCP-Rho1l), or they can be introduced into the azide or alkyne derivatives (Fig. 7).
Biotin is also detectable using fluorescently-tagged avidin conjugates or
immunohistochemistry. An application was also developed to observe CySOH formation
within blood vessels of ischemic and nonischemic muscle tissues after injection of the
muscle with DCP-Biol (Kaplan, et al., 2011). Recent studies using DCP-Rho1 with cultured
cells show great promise for enabling analyses of protein oxidation associated with growth
factor-stimulated signal transduction pathways within cells (L.B. Poole, L.W. Daniel and
colleagues, manuscript in preparation).

IV. Case Studies in Sulfenic Acid Detection and Analysis

To accommodate both Western blot and MS studies, the first efforts were directed at
attaching fluorescent dyes or a biotin “handle” to 1,3-cyclohexanedione to generate reagents
amenable to enrichment and/or detection by Western blot and MS methods (Poole, et al.,
2005; Charles, et al., 2007; Poole, et al., 2007; Klomsiri, et al., 2010). The first proteomics
analysis using a biotin-dimedone strategy was reported by the Eaton group (Charles, et al.,
2007). In this study rat hearts were perfused first with the biotin-dimedone derivative,
followed by perfusion with H,0, to induce CySOH formation. The biotin-labeled proteins
in the tissue homogenate were further enriched by avidin chromatography, separated by
SDS-PAGE, in-gel digested and identified by LC-MS analysis. Similar to the group’s earlier
findings (Saurin, et al., 2004), twenty-four proteins were identified as oxidized to CySOH in
response to H,O, treatment. As mentioned above, in this as well as other studies described
here, the actual identification of cysteine modification sites has not been accomplished. This
poses a significant issue as the identification of proteins without the identification of
cysteine modification sites can introduce false positives as result of multiple factors. These
include complex protein-protein interactions (e.g., a protein that interacts with the labeled
protein may be pulled down and identified, yet this will not be a labeled redox-active
protein). While stringent washing procedures during the sample preparation described earlier
(Wani, et al., 2011b; Klomsiri, et al., 2010) can alleviate some of these issues, it is
imperative that we continue to improve chemical reagents, workflows, and detection
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methods to achieve sensitivity and selectivity required for identification of CySOH sites in
proteins.

Similarly, other proteomics studies using azide-based dimedone probes to target sulfenic
acid-modified proteins in cells have been reported. In these studies, cells were incubated
with the dimedone probe, and the biotin tag was introduced at a later step using the
Staudinger ligation (Leonard, Reddie & Carroll, 2009; Reddie, et al., 2008). More than 175
new proteins were identified as putative CySOH proteins. In these studies, the CySOH
modification sites in these proteins were assigned based on previously published literature
where the sites were identified using recombinant proteins and/or systematic mutagenesis of
cysteine sites.

In our laboratories, we have used DCP-Biol and DCP-Rhol to identify and/or detect
localized protein oxidation in a number of systems in order to better understand how to use
these reagents to effectively obtain important information about biological oxidations, as
summarized next.

A. Strategies for labeling of samples with CySOH-directed chemical probes in intact cells

and tissues

Many of the reagents described here are cell membrane permeable, allowing for their use
with intact cells and tissues. Alternative procedures to label biological samples involve the
trapping of modified proteins at distinct times after perturbation by including the reagent in
the lysis buffer. Neither labeling approach avoids concerns that artifactual oxidation and/or
labeling can occur. While artifactual protein oxidation can be caused by the lysis procedure
itself, it is also well established that labeling of intact cells diverts the normal biology as
proteins become chemically modified at their oxidized cysteinyl sites, in some cases
triggering much higher oxidation levels due to the treatment itself or by perturbing the relay
of signaling or metabolic events (Crump, et al., 2012; Kaplan, et al., 2011; Michalek, et al.,
2007; Qian, et al., 2012). In order to minimize artifactual protein oxidation caused by lysis
to obtain a “snapshot” of protein oxidation status at the time of lysis, procedures have been
developed and sentinel proteins established to evaluate and ameliorate the artifactual
oxidation provoked by lysis, as described further in the next section (Klomsiri, et al., 2010).

In designing a labeling protocol, the relative timing of the ROS-inducing stimulation of
cells/tissue versus chemical probe addition for trapping the ensuing CySOH species is an
important variable. The reagent, if cell permeable, can be preincubated with the cells or
tissues prior to induction of intracellular ROS by receptor agonists, allowing for trapping of
CySOH species as they are formed. One argument for preincubation with the probe is that
this allows more accumulation of the trapped CySOH species as they cycle potentially
multiple times between reduced and oxidized species during incubation. As alluded to
above, the counterargument is that preincubation with the probe leads to covalent labeling of
CySOH proteins which in turn will alter the kinetics and perhaps function of these proteins,
leading in some cases to increased ROS and stimulus-independent (non-physiological)
CySOH formation. This is in particular an issue when chemical probes are used in
concentrations higher than 1 mM and for extended periods of time. Our protocols for
labeling have largely favored the addition of probe either at the time of lysis, or for only 5 to
10 min prior to lysis, to minimize diversion of the normal biological processes. We have
demonstrated, through labeling of cell lysates, that even transiently generated CySOH
species can be captured by reagents like DCP-Biol at 1 or 5 mM in spite of their propensity
to form intraprotein disulfide bonds (e.g., human PrxI through PrxIV as well as the
phosphatases PTEN and SHP-2 were labeled in TNFa-treated HEK-293 cells) (Nelson, et
al., 2010).
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B. Evaluation of dimedone-based probe reactivities with protein CySOH and development
of approaches to minimize and evaluate artifactual oxidation

With a set of known CySOH-generating proteins and an expanding arsenal of reagents
available to us, we have conducted experiments to better understand the reactivities of the
proteins and probes and to tailor our procedures to minimize adventitious oxidation that may
occur during sample workup. Using CySOH forms of (i) the bacterial peroxiredoxin AhpC
(the C165S mutant, where Cys46-SOH is stabilized), (ii) the C84,94S mutant of R-specific
free methionine sulfoxide redutase (fRMsr) from E. cali, (iii) a truncated, mutated form of E
coli OxyR known as “C4A-RD”, and (iv) papain, kinetics of labeling and the effects of pH
were analyzed with reagents of interest (Klomsiri, et al., 2010; Poole, et al., 2007). Briefly,
oxidized proteins incubated with 1 mM DCP-Biol were labeled at rates ranging from 0.003
(for AhpC) to 1.65 (for papain) min~1 at pH 7 and 25 °C (given as pseudo-first order rates at
this concentration of DCP-Biol). As tested for fRMsr, rates with DCP-Biol were not
different between pH 5.5 and 8.0, reflecting the relative pH insensitivity exhibited by
dimedone (Klomsiri, et al., 2010). Other, more recently developed reagents do exhibit
differences in reactivity with changes in pH, however. For example, labeling of AhpC with
the cyclopentadione reagent BP1 is increased at lower pH values (Qian, et al., 2011),
whereas the linear 1,3-dicarbonyl reagent Alk-B-KE increased in reactivity with CySOH at
higher pH values (Qian, et al., 2012). While the varying pH dependence of reactivity is not
well understood, it is not surprising that different (folded) proteins react with these reagents
at different rates, as their protein microenvironments and variable accessibility will have a
strong effect on rates of reaction with these alkylating agents.

Non-native oxidation processes occurring during labeling and workup of samples are always
a concern when one seeks information on the redox status of proteins within their natural
biological settings. We therefore developed a protocol to minimize such adventitious
oxidation during lysis. Briefly, both NEM and iodoacetamide at 10 mM were included in the
lysis buffer to trap free thiols, as were catalase to rapidly scavenge H,0, and DTPA to
chelate metals (Klomsiri, et al., 2010). Given its high reactivity with H,O, to form CySOH,
the His-tagged, C208S mutant of C4A-RD OxyR was employed as a reporter of postlysis
Cys oxidation, allowing for sensitive detection of adventitious oxidation occurring in the
sample. Pre-biotinylated bacterial proteins (AhpC or fRMsr) were also added to samples
during workup to control for loss of biotinylated proteins during affinity capture and
analytical procedures (Klomsiri, et al., 2010; Nelson, et al., 2010). Finally, it was
demonstrated that the extent of incorporation of DCP-Biol into cellular proteins is strongly
dependent on the protein concentration (Klomsiri, et al., 2010). This effect can be an
important factor when different samples, which may contain different concentrations of
protein, are labeled in order to compare extent of labeling in subsequent analyses.

C. PDGF-Induced CySOH Formation in the Akt2 Isoform of NIH 3T3 Cells

Inhibitory Akt2 oxidation at Cys124 was shown to occur in cellular proteins using DCP-
Biol upon platelet-derived growth factor (PDGF)-stimulated proliferative and migratory
signaling in NIH 3T3 cells (Wani, et al., 2011b; Wani et al., 2011a). After stimulation with
PDGF, cells were lysed in the presence of DCP-Biol. Biotin incorporation into cellular
proteins increased within 5 min of PDGF stimulation and a number of DCP-Biol labeled
proteins were identified by MS. These included PLCy1 and Akt2, both well-known
mediators of PDGF signaling. Redox sensitivity of PLCy1 was also reported earlier in PC12
cells stimulated with dopamine (Kim et al., 2002). Western blot analysis of streptavidin-
agarose enriched samples from PDGF-stimulated cells lysed in the presence of DCP-Biol
showed increased PLCy1 oxidation with PDGF stimulation compared with unstimulated
control. With regard to Akt2, the peptide identified by MS contained a cysteine site
(Cys124) labeled by DCP-Biol. Interestingly, Cys124 is situated in the linker region
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connecting the pleckstrin homology (PH) domain to the catalytic kinase domain of Akt2 and
is not conserved in the other Akt isoforms. Follow-up studies (Fig. 10) of the selective
oxidation of Akt2 and its functional consequence in a variety of biological systems
(fibroblasts, myoblasts/ myotubes, adipocytes) showed that: (i) oxidation initiated at Cys124
was inhibitory to Akt2 kinase activity; (ii) ~50% of phosphorylated Akt2 was in oxidized
and inactive state in cells stimulated with PDGF; this process was reversible - kinase activity
could be restored by removal of PDGF or treatment of oxidized protein with reducing
agents; (iii) the mechanism of inhibition of Akt2 kinase activity with oxidation included
formation of multiple disulfides involving cysteine residues 60 and 77 in the PH domain,
124 in the linker region, and 297 and 311 in the kinase domain; (iv) mutation of Cys124
decreased significantly the redox sensitivity of Akt2; and (v) redox regulation of Akt2 was
linked to physiological outputs such as glucose uptake, cell migration, and cell cycle (Wani,
etal., 2011b; Wani et al., 2011a).

D. Localized CySOH formation in proteins critical to VEGF-stimulated endothelial
migration and angiogenesis

Over the past several years, pioneering work by Ushio-Fukai and colleagues has highlighted
the importance of localized CySOH formation in proteins which modulate processes
important to endothelial cell proliferation and migration (Oshikawa et al., 2010; Kaplan et
al., 2011). Imaging of cells and Western blotting of oxidized proteins after DCP-Biol
labeling were used to demonstrate CySOH formation in IQGAP, a VEGF receptor
(VEGFR?2) binding scaffold protein involved in ROS-dependent EC migration and post-
ischemic angiogenesis. IQGAP oxidation was associated with the lamellipodial leading edge
where it colocalizes with NADPH oxidase (Fig. 11). CySOH formation was demonstrated in
both cultured endothelial cells, where VEGF responses could be monitored, as well as small
blood vessels of the ischemic hindlimb in mice where levels of oxidation were much greater
than in the non-ischemic tissue. Oxidation responses to VEGF signaling within lipid rafts
were also observed in endothelial cells, where engineered expression of lipid raft-associated
extracellular superoxide dismutase (ecSOD) stimulated both protein tyrosine phosphatase
oxidation (for both PTP1B, as shown in Fig. 11, and DEP1) and angiogenesis in the
hindlimb ischemia model. As both DEP1 and PTP1B negatively regulate tyrosine
phosphorylation in VEGFRZ, this localized oxidation in lipid raft microdomains is of critical
importance to the proliferative and migratory responses of endothelial cells in angiogenesis
and wound repair.

V. Future Directions

Regulation of many enzymes, transcriptional regulators and, in a broader view, cell
signaling processes is now recognized to be highly dependent on oxidative events that are
only now beginning to come to light. The new reagents and procedures combined with
computational approaches that are increasingly available bode well for the future where
oxidation effects will be able to be integrated with expanding knowledge of other
posttranslational modifications that act to shape the metabolic, signaling and epigenetics
states of biological systems. However, while we and others have successfully applied these
new reagents and MS methods to identify and quantify CySOH modifications in
recombinant or overexpressed proteins, it is important to note that global mapping of the
sites of CySOH modification directly in cells under the conditions of endogenous protein
expression has not yet been accomplished. With continued efforts to improve the reactivity
of CySOH-directed probes, as well as the ionization and fragmentation properties of the
resulting protein and peptide adducts, the potential for an enhanced mechanistic
understanding of redox regulation and signaling is great and may well lead to the
development and implementation of new therapeutic approaches to combat disease.
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FIGURE 1.

Reactions mediated by R-SOH. A. Products of cysteine oxidation generated by further
oxidation of R-SOH (CySOH) to R-SO,H/R-SO3H or condensation reactions to generate
disulfides and thiosulfinates. B. R-SOH tautomeric equilibrium; R-SOH electrophilic
properties distinguish this species from R-SH.
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FIGURE 2.

Number of sulfenic acid-containing enzyme structures in the PDB as of Dec. 25, 2012,
categorized by function. The PDB included 198 protein structures (filtered at 95% similar)
containing CSO (S-hydroxycysteine) or CSX (S-oxycysteine) residues; of these, 143 were
enzymes.
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FIGURE 3.

The tag-switch approach to detect CySOH, S-nitrosothiol, and disulfide-containing proteins
together (path 2a) and CySOH selectively (path 2b). The thiol-selective reagent in step 3 can
be tagged with biotin, fluorescent dyes, His-tag, and others depending on the downstream
detection method (Western blot, enrichment/MS, 2D-DIGE, etc).
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The reaction products of R-SOH (CySOH) reaction with dimedone, TNB and NBD-CI.
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FIGURE 5.

Reduction of TNB-labeled C165S AhpC by dithiothreitol (DTT). The mutant enzyme (20
nmol in 0.6 mL) pretreated with 1 equivalent of H,O, followed by 20 equivalents of TNB
was washed free of excess TNB and treated with a 10-fold excess of DTT. Spectra shown
are before (1) and after addition of DTT for 1, 2, 3, 4, 5, and 30 min (spectra 27,
respectively). (Inset) Semilogarithmic plot of the change in absorbance, converted into units
of TNB/subunit, versus time. Reprinted with permission from Ellis HR, Poole LB. 1997.
Biochemistry 36:13349-13356. Copyright 1997 American Chemical Society.
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FIGURE 6.

Reaction of CySOH with NBD-CI. A. Spectroscopic characteristics of NBD-modified AhpC
mutants. The Cys-S(O)-NBD conjugate was generated by incubating 30 nmol of C165S
AhpC with 1 equiv of H,O, under anaerobic conditions for 15 min, followed by incubation
with 2 equiv of NBD-CI (0.6 mL total volume) for 30 min in the standard buffer containing
50 mM KCI (solid line). Modified proteins were concentrated by ultrafiltration and rediluted
into standard buffer three times prior to absorbance measurements. The Cys-S-NBD
conjugate was generated under conditions similar to the Cys-S(O)-NBD conjugate, but
without pretreatment with H,O, (dotted line). The rate of formation of the Cys-S(O)-NBD
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conjugate was a little slower than that of the Cys-S-NBD conjugate, with spectral changes
half complete by about 5 and 2 1/2 min, respectively. B and C. Electrospray mass spectra for
NBD-modified products of reduced and oxidized C165S AhpC. NBD-modified C165S
proteins (7-10 nmol) generated with or without pretreatment by 1 eq of H,O, were
concentrated by ultrafitration and rediluted five times with deionized water, generating final
samples of about 400 pL containing 50% HPLC-grade acetonitrile and 1% formic acid. The
capillary temperature was 80 °C, and the spray voltage was 3.5 kV. The mass spectrometer
was calibrated in the high-MW range using myoglobin. Each panel shows the full ESI-MS
pattern of peaks with several of the peak charges labeled; the insets show a deconvolution of
the series of peaks to give the final mass value(s). Panel B shows the mass spectrum
obtained from a sample of the Cys-S-NBD conjugate of C165S; Panel C shows that for the
Cys-S(0O)-NBD conjugate. The two additional products detected in the Cys-S(O)-NBD
sample correspond to over-oxidized protein which was not labeled by NBD (20,645.5 +/-
3.3) and a small amount of Cys-S(O)-NBD product that was labeled with a second NBD
(20,942.2 +/- 1.8). Note that this latter product was present in amounts too small to be
detected spectrally (Panel A). Adapted with permission from Ellis HR, Poole LB. 1997.
Biochemistry 36:15013-15018. Copyright 1997 American Chemical Society.
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FIGURE 7.

Nucleophilic chemical probes for selective labeling of CySOH species. A. Alkyne and
azide-linked reagents for tag addition post-labeling using the click reaction. B. Biotin-linked
reagents for enrichment and/or Western blot detection. C. Reagents tagged with fluorescent
dyes for imaging application.
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Reaction of CySOH in proteins with Alk-B-KE. A. Labeled proteins can be conjugated with
reporter tags using click-reaction. The reporter tag can then be removed using NH,OH. The
protein structure shown is C165S AhpC and was generated using Swiss PDB Viewer 4.0.1

based on the PDB entry 3EMP. B. Positive ion LC-MS/MS spectra of C46 containing

peptides in C165S AhpC labeled by 3-methyl-5-isoxazolone after NH,OH cleavage (top),

and dimedone (bottom). The series of b and y ions confirm the sequence of the AhpC

peptide and C46 modification.
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FIGURE 9.

Workflow examples for identification and detection of CySOH proteins.
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FIGURE 10.

Selective inhibition of Akt2 activity by oxidation during PDGF signaling. A. Summary
diagram of Akt2 activity assay. GSK3 phosphorylation was used as a measure of Akt2
kinase activity. B. WT Akt2 and Cys124Ser Akt2 proteins immunoprecipitated from lysates
of PDGF-stimulated (20 ng/mL, 10 min) NIH 3T3 cells were oxidized in vitro with H,0,
before kinase activity assays. Quantification of the kinase activity shows a higher degree of
inhibition of WT Akt2 activity by oxidation (p < 0.001) relative to Cys124Ser Akt2 (p =
0.029). C. Isoform-specific inactivation of Akt2 kinase with oxidation. Kinase activities of
recombinant purified active Aktl, Akt2, and Akt3 were assayed before and after oxidation
with H,0,D. Akt2 oxidation is PDGF-dependent and reversible, decreasing with prolonged
PDGF stimulation. Lysates from PDGF-stimulated NIH 3T3 cells were used to capture
DCP-Biol-labeled proteins and probed for Akt2. Two additional controls were used in
which cells were treated with PDGF alone for the first 30 min and then incubated further for
30 and 90 min without PDGF. Additionally, biotinylated AhpC was added to the normalized
lysates as an internal control before affinity capture and probed for AhpC. Reprinted from
Wani R, Qian J, Yin L, Bechtold E, King SB, Poole LB, Paek E, Tsang AW, Furdui CM.
2011. Proc Natl Acad Sci U S A 108:10550-10555.
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FIGURE 11.

Localized CySOH in VEGF signaling. A. Role of CySOH in endothelial cell migration and
angiogenesis. Upon activation of VEGFR2 by VEGF, IQGAP1 translocates to the leading
edge where it forms VEGFR2/IQGAP1/NADPH oxidase signaling complex in migrating
EC. ROS derived from this complex leads to localized CySOH formation of IQGAP1/
VEGFR?2 at the leading edge, which may contribute to ROS-dependent directional EC
migration. Thus, protein CySOH formation may play an important role in VEGF-induced
redox signaling involved in endothelial repair in response to injury and postnatal
angiogenesis. Supporting data for the model are included in panels B, C, and D. B. and C.
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Protein CySOH formation co-localizes with IQGAP1 at the leading edge during VEGF-
stimulated EC migration. HUVECs stimulated with VEGF were double-labeled with anti-
IQGAPL antibody (red) and CySOH probe DCP-Biol (green). White arrows point to the
leading edge where CySOH and IQGAP1 localize. In B (lower panel), cells were incubated
with 10 mM dimedone together with the CySOH probe to show the specificity of DCP-Biol
labelling. In C, IQGAP1-depleted cell (white dotted line) and IQGAP1-expressing cell in
IQGAP1 siRNA-transfected HUVECs are shown. Small white arrows point out that
depletion of IQGAP1 using siRNA reduces CySOH formation at lamellipodial plasma
membranes. Bar scale indicates 10 um. D. VEGF stimulation increases CySOH formation of
IQGAP1 in HUVEC in a redox-dependent manner. HUVECs were pre-treated with or
without thiol antioxidant N-acetyl cysteine (NAC, 20 mM for 1 hr) and then stimulated with
VEGF (50 ng/ml) for indicated times. Lysates containing biotin-labeled CySOH trapping
reagent were immunoprecipitated with anti-IQGAP1 antibody, followed by immunoblotting
with anti-biotin antibody. Dimedone was added to the lysate to compete with the DCP-Biol
binding to the CySOH-containing proteins. E. Model for role of ecSOD-derived H,0; in
VEGFR?2 signaling linked to angiogenesis. Extracellular H,O, generated by ecSOD
localized at caveolae/lipid rafts via its heparin-binding domain induces oxidative
inactivation of DEP1 and PTP1B in these microdomains, thereby promoting VEGF-induced
VEGFR?2 phosphorylation, which may contribute to EC migration and proliferation in vitro
as well as angiogenesis in vivoF. ecSOD induces inactivation and oxidation of PTP1B
localized in caveolae/lipid rafts. (Upper) PTP1B activity in caveolae/lipid rafts and non-
caveolae/lipid rafts in Ad.LacZ and Ad.ecSOD-infected HUVECs were measured using
pNPP as a substrate after IP with anti-PTP1B antibody. The values were expressed as a ratio
to Ad.LacZ infected PTP activity (defined as 1.0) in each fraction (n=3) *p<0.05. (Lower)
Ad.LacZ or Ad.ecSOD-infected HUVECs were extracted in the presence of DCP-Biol.
After sucrose gradient centrifugation, DCP-Biol labeled proteins from caveolae/lipid rafts
and non-caveolae/lipid rafts were affinity captured with streptavidin beads, followed by
immunoblotting with anti-PTP1B antibody. Similar results were obtained for DEP-1. Panels
A through D are reprinted with permission from Kaplan N, Urao N, Furuta E, Kim SJ, Razvi
M, Nakamura Y, McKinney RD, Poole LB, Fukai T, Ushio-Fukai M. 2011. Free Radic Res
45:1124-1135. Copyright 2011 Informa UK Ltd. Panels E and F are reprinted from
Oshikawa J, Urao N, Kim HW, Kaplan N, Razvi M, McKinney R, Poole LB, Fukai T,
Ushio-Fukai M. 2010. PLoS One 5:¢10189.
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