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Abstract

Cysteine thiol modifications are increasingly recognized to occur under both physiological and
pathophysiological conditions, making their accurate detection, identification, and quantification of
growing importance. Amongst free cysteines, the bulk of modifications occur on a subset of cysteines
that are more reactive. These exist as thiolate anions at physiological pH because of their surrounding
electrostatic environment. Reagents with iodoacetamide active groups can be used to selectively label
these reactive thiols with a high degree of selectivity. Thiol adducts can be detected by the failure to
label with iodoacetamide or other reagents; restoration of labeling by specific reducing agents (eg.
ascorbate or glutaredoxin), can be used to detect reversible S-nitroso and S-glutathione adducts. These
adducts also may be detected with radiolabels and antibodies. S-glutathiolation in response to
physiological stimuli may be detected in cells and tissues with glutathione ester labeled with biotin.
Mass spectrometry can identify thiol modifications with precision, and with isotope-coded affinity
tags, used to quantify modification of specific thiols. Combinations of these methods increase
sensitivity and specificity, and enable quantification and precise identification of thiol modifications
that occur under physiological and pathological conditions.

Introduction

Reactive oxygen species (ROS) including superoxide anion (O,™), hydrogen peroxide
(H205), and hydroxyl radical (OH-), and reactive nitrogen species (RNS) including nitric oxide
(NO) and peroxynitrite (ONOO") participate not only in normal physiological regulation, but
also cellular dysfunction. The levels of ROS/RNS are normally tightly regulated by antioxidant
defense mechanisms. Oxidative or nitrosative stress during aging and disease results from
excessive generation of ROS/RNS and/or impaired antioxidant defenses. Although excess
oxidants can directly affect other components of a cell including membrane lipids and nucleic
acids, alteration of cellular homeostasis through post-translational modification of proteins is
one of the major effects of oxidative and nitrosative stress [1]. Cysteine thiol groups of proteins
are particularly susceptible to oxidation by ROS/RNS and other electrophilic molecules [2,3].
Aside from the role that disulfides play in protein structure, modifications of reactive cysteine
thiols can alter the function of proteins and may be involved in modulation of enzymatic
activity. Thiols thus function not only in normal cell signaling via S-nitrosation [4], S-
glutathiolation [5-9], or S-sulfenation [10,11] but also may be irreversibly oxidized by aging
and disease, and thus interfere with protein function [6,8,12].
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Reactive thiols

The greater reactivity of a subset of all cysteine thiols is the key to understanding their
participation in the regulation of protein function. The pK, of most protein thiols is
approximately 8.5, and thus they are less reactive at intracellular pH. However, certain thiols
have a lower pK,, which depends upon their local charge environment, and may exist as thiolate
anions (cysteine-S7) at physiological pH. Because thiolate anions are more readily oxidized
than are reduced thiols [13], they are more apt to react with ROS/RNS. As a result of these
reactions, thiols may form sulfoxidation products, sulfenic (SOH), sulfinic (SOoH), and
sulfonic (SO3H) acids, inter- or intra-protein disulfides (PrSSPr, PrSSPr?), or nitrosothiols
(SNO, Figure 1). The complex chemistry of these reactions have been the subject of recent
reviews [1,4,14] Protein disulfides, nitrosothiols, sulfenic acid and, in some cases, sulfinic
acids [15], are reversible in the intracellular milieu, providing a mechanism for reversible
changes in protein function, and therefore for cell regulation. Sulfenic acid may undergo further
reversible reactions to form S-nitroso, S-glutathione, or S-sulfenamide modifications [10,11].
Irreversible oxidation, to sulfonic acid for example, must be followed by protein degradation
and re-synthesis to restore the protein to normal.

In the presence of oxidants, protein thiols may also form mixed disulfides with glutathione
(GSH). GSH is the most abundant low molecular weight thiol in cells consisting of a cysteine-
containing tripeptide (glutamate-cysteine-glycine). The cysteine thiol in GSH has a pKa of 9.4
[16], near that of protein thiols. However, the thiol of GSH makes up for its relatively low
reactivity by its high concentration in cells, which is in the millimolar range, and rapid
enzymatic regeneration by glutathione reductase[17]. As a result of its reactions with ROS/
RNS, GSH can form reactive intermediates including glutathione sulfenic acid (GSOH),
glutathione disulfide (GSSG), and glutathiyl radicals, all of which can react with another GSH
or protein thiols to form mixed disulfides. When the latter reactions occur at protein reactive
thiols, they introduce a large protein glutathione adduct capable of altering protein function
(Figure 1B). The term “S-glutathiolation” is used here rather than “S-glutathionylation”
because no enzymatic catalysis, usually denoted by “-yl-", has been defined for these reactions.
S-glutathiolation is a reversible and regulated event, not only because it involves specific
reactive cysteine residues, but also because it is enzymatically reduced by glutaredoxins,
thioredoxins, and peroxiredoxins. In contrast to the lability of S-glutathione-protein adducts in
cells, they are quite stable on recombinant proteins or when proteins are removed from the
cellular environment. This attests to the influence of enzymatic reducing systems in cells. Thus,
if these enzymatic reducing systems are inactivated by thiol modifiers such as N-ethyl
maleimide, protein-glutathione adducts can be removed from cells and studied by separation
and analytical techniques.

There now are many reports of proteins whose function is physiologically regulated by post-
translational modifications of cysteine thiols [18]. The formation of H,O, from O, generated
from NADPH oxidase or other enzymatic sources stimulated by growth factors has been
implicated as a mediator of S-glutathiolation in several cell types [7,11,19,20]. In addition,
ONOQOr, arises in cells when both ‘NO and Oy~ are present. Although its half-life is much
shorter than H,O», it is 2000 times more potent in oxidizing thiols than H,O5 (See for example,
Figure 2).

Animportant question is whether regulation of protein function by thiol modification is specific
or rather if it is a random event. It is not surprising that exposure of a purified protein to high
concentrations of oxidants results in oxidization of many thiols, as well as other amino acid

residues, and inhibition of protein function. It is hard to imagine how such a crude experiment
could represent either physiological effects of low levels of oxidants or even, because proteins
are constantly turning over, the effects of chronic, higher oxidant levels associated with aging
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or disease. However, during the last 10 years, a growing number of studies have shown that,
1) some proteins are regulated by physiological levels of oxidants generated during normal
signaling events or under stress conditions under which levels of oxidants rise, 2) that the
modification of protein structure by oxidants may be reversible, 3) that a high percentage of a
specific cysteine residue in the protein may be modified, and 4) that mutant proteins lacking
one specific cysteine residue may lack the modification and resist a change in enzymatic
activity caused by ROS. In several cases such as glyceraldehyde phosphate dehydrogenase
(GAPDH)[21], protein tyrosine phosphatase 1B [10,11] sarcoplasmic reticulum calcium
ATPase (SERCA) [8,22], and p21ras [9,23], nitrosothiol, glutathione, or sulfenamide adducts
occur predominantly at one or more reactive thiols on the protein, whereas other thiols
apparently do not participate to a significant extent, or their modification is not important to
protein function. In addition, as in the case of carbonic anhydrase [24] and SERCA [8,25],
aging or disease are associated with irreversible sulfonic acid oxidation of a large fraction of
a specific reactive cysteine thiol, preventing its further participation in reversible signaling
events.

Because of the evident importance of regulation of protein function by thiol modifications,
methods have been developed to 1) determine which proteins, and which cysteines within them,
are most reactive, and 2) detect and identify the thiol modifications themselves. The first type
of method provides the ability to screen for proteins not yet known to be regulated by thiol
modifications. In the second, modified thiols are detected either by tags attached to the
modification itself, as in the case of biotinylated glutathione, or indirectly by the failure of thiol
reactive reagents to bind to otherwise occupied thiols [11,12,26]. Identifying the thiol
modifications themselves is most accurately done with mass spectrometry, although as in the
case of nitrosothiols, the modification in some cases may not be sufficiently stable to analyze.
In this case, specific reduction of nitrosothiols under mild reductive conditions with ascorbate,
followed by labeling of the freed thiol has been used to detect the modification indirectly
[27,28]. Mass spectrometric methods, labeling techniques and combinations of the two will be
further addressed below.

In some cases, antibodies have been reported to react with S-nitrosothiol [29] and S-glutathione
[23] protein adducts, or with sulfonic acid in specific sequences of proteins containing oxidized
reactive cysteines, as in the case of PTP1B [30] or GAPDH [31]. These can provide some
information particularly when the amount of protein available is limited, including by
immunohistochemistry. Except in rare cases the S-nitrosothiol ([29,31] and S-glutathione
[23,32] protein adduct antibodies have not been shown to stain specifically for the respective
modification identified with a more precise analytical method, and it is not clear how an S-
nitroso or S-glutathione adduct on a peptide could survive long enough to serve as an
immunogen, or how immunogenicity survives formaldyde-induced cross-linking. However,
staining with these antibodies may be prevented by reducing agents at least in some cases (see
below) [23,29,32]. Therefore, use of these antibodies is recommended only with simultaneous
verification by other methods such as labeling or mass spectrometry [23]. An antibody to the
sulfonated active site cysteine residues in PTP1B was shown to be sequence specific. This
antibody detected oxidation of the active site cysteine after treatment of cells with H,O, or UV
irradiation [30]. In addition, reversible modifications of the reactive thiols was demonstrated
by first blocking free thiols with iodoacetic acid, then reducing the reversible modifications,
and then oxidizing the newly exposed free thiols with pervanadate to the sulfonic acid form,
which could then be detected with the antibody. While sequence specific antibodies are time
consuming to prepare and serve for only one protein site, they represent a very sensitive
technique to detect in vivo redox regulation of specific protein cysteine residues.
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Free thiol labeling methods

Many thiol reactive probes have been used to quantify free protein thiols [33]. These include
p-chloromercuribenzoate (PCMB), 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB), hexyl)-3'-(2'-
pyridyldithio)-propionamide (HPDP), N-ethyl maleimide (NEM), and iodoacetamide (IAM).
All may inhibit protein function, and many studies have been done correlating the reaction of
these probes with thiols and the effect on enzymatic activities. The reaction product of the first
two reagents with protein thiols can be quantified spectrophotometrically, and because they
react quantitatively with protein thiols, the reagents can be used to determine the number of
free thiols on purified proteins or protein in cell lysates or fractions. This determination is useful
also in assuring that these or other reagents are used in the required excess for quantitative
labeling of free thiols. Because of the molecular size of the probes, they are somewhat selective
for thiols on the surface of proteins, unless the protein is first denatured to allow access of the
probe to thiols in the protein core. Selective surface labeling may be a disadvantage if one
wants to determine the total number of free thiols. However, selective labeling of thiols that
are accessible at the surface of native proteins can be an advantage because these tend to be
the ones involved in physiological reactions. Methods for free thiol determination with PCMB
or DTNB are available in standard analytical chemistry textbooks [34,35]

N-ethyl maleimide, IAM and its analogue, iodoacetic acid (IAA) have been used extensively
to detect free thiols. Each is available with various tags including radioactive or stable isotopes,
biotin, and fluorophores. Biotin tags allow concentration of the labeled proteins on streptavidin
(Figure 2) whereas radiolabels and fluorescent labels allow direct detection. Each of these
probes can quantify free thiols, but PCMB and DTNB are, as mentioned above, easier to use
for this purpose. As discussed below the tagged probes are more useful and sensitive for
detecting and quantifying changes in free thiols.

NEM is highly reactive with free thiols over a wide range of pH, but because it can also react
although at lower stoichiometry with lysines, methionine, histidine, and tyrosine, it is
somewhat non-specific. IAA and IAM are less reactive and somewhat more specific for thiols
than NEM. Because of the lower reactivity, the iodoacetates can differentially label reactive
thiols particularly at pH 6.5-7.0. Although differential labeling of reactive and non-reactive
thiols can be accomplished with iodoacetates in concentrations of 100-200 pM for 10-20 min
at room temperature, quantitative labeling of reactive thiols can take hours and require
concentrations in the millimolar range [36]. Protein labeling is fraught with difficulties, largely
because of failure to achieve quantitative labeling and because protein denaturation results in
exposure of additional thiols to labeling. Some investigators have succeeded in treating proteins
with low concentrations of untagged NEM to rapidly react with, and thus block thiols on
denatured protein and less reactive exposed thiols, and then to quantitatively label reactive
thiols with higher concentrations of iodoacetates during a longer incubation [22,36].

An example of the usefulness of IAM in quantitatively labeling reactive thiols is seen in Figure
2. Endothelial cell protein thiols were labeled with biotinylated IAM (BIAM) during cell lysis,
and labeled proteins were affinity-purified with streptavidin, eluted with SDS and urea,
separated by SDS-PAGE, transferred to PVDF membrane, and blotted with streptavidin-
horseradish peroxidase (Figure 2B). Labeling of multiple proteins of various molecular weights
is observed. There was little effect of treating the cells prior to lysis with ONOO™ (100 uM),
although increasing the concentration to 1 mM did decrease the labeling of many of the
proteins. In contrast, the greater selectivity of labeling reactive thiols is seen in Figure 2C in
which the streptavidin-purified proteins were separated by SDS-PAGE and immuno-blotted
for p21ras, which has a free reactive surface thiol on cysteine-118. In this case, a significant
decrease in IAM labeling is seen in lysates of cells exposed to ONOO- (100 uM), with a further
decrease observed at 1 mM. One can assess the degree of oxidation of any number of oxidant-
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sensitive proteins in this manner, as long as one knows the identity of those proteins and has
a good antibody towards them[12]. A word of caution therefore is warranted because
generalized labeling methods such as those in Figure 2B may miss modification of reactive
thiols because of the lack of sensitivity. This can be explained by the fact that proteins with
reactive thiols that are modified to the greatest degree may be less abundant than those that are
modified only to a small extent, and therefore altered labeling may not be detected.

Many improvements in labeling methods have been made. Development of newer avidin
reagents, such as monovalent avidin, may offer some advantage because of decreased non-
specific binding and easier protein elution. In addition, two dimensional (2-D) gel
electrophoresis allows detection of a much larger number of labeled proteins, and this method
has been used in conjunction with fluorescent tagged 1AM labeling to identify proteins whose
labeling changes in response to oxidant exposure [37]. In the cited study, IAM labeling was
performed after blocking free thiols with NEM, followed by reducing thiols that had been
reversibly oxidized, resulting in improved specificity and sensitivity to detect reversibly
modified thiols. Protein spots whose staining was changed by exposing cells to oxidant were
identified by MALDI-TOF mass spectrometry (see below).

As noted earlier, improved specificity for oxidant-sensitive thiol labeling can be obtained by
labeling cell lysates at pH 6.5 at which unmodified reactive thiols exist as thiolate anions
[12] that are selectively labeled by IAM [13]. An example of the selectivity for reactive thiols
that is possible for IAM is shown in figure 3, in which only 25% of total IAM labeling of
SERCA was shown to occur on a mutant protein lacking the most reactive cysteine-674, despite
the fact that the protein has 14 free thiols[25]. Another improvement can be achieved by
including a biotin-labeled protein as an internal standard in the cell lysate. This allows not only
an accurate measure of the change in labeling, but also an estimate of the absolute number of
IAM-labeled thiols in a particular protein [38].

S-nitrosation

S-nitrosothiol modifications are more labile than other modifications, although mass
spectrometry detection of S-NO adducts is possible following extensive protein purification
and preparation of a sample for mass spectrometry. While this has been commonly achieved
for recombinant proteins, it is also possible to detect the S-NO adducts in proteins from tissues.
For instance, in studies of SERCA purified from blood vessels exposed to NO gas, many
cysteine containing peptides were identified which had an increase of 29 Da over the predicted
mass, consistent with S-NO adducts (see reference [8] supplemental material). The detection
of the adduct is not quantitative, though in the studies mentioned, the consistency with which
the modified peptide masses were detected indicates that they were not minor contaminants.

Indirect labeling of S-NO adducts has been accomplished by blocking free thiols, reducing the
S-NO adducts with ascorbate, and then labeling the freed thiols with a tagged thiol reagent
such as fluorescent or biotin-tagged IAM or similar label [39]. The specificity of the procedure
is therefore dependent on that of reduction of the S-NO by ascorbate, and the required
sensitivity to detect the liberated free thiols. We have confirmed that millimolar concentrations
of ascorbate do not reduce S-glutathione protein adducts, though they might be expected to
reduce sulfenic acid modified thiols, and it is possible that sulfenic acid serves as a precursor
of the S-NO adduct [32]. This technique has been used to detect S-nitrosated proteins in cultured
cells and tissues exposed to exogenous or endogenous oxidants [27,28,40,41]. A number of
cautions have been published regarding the lack of specificity of the ascorbate reduction, which
may give rise to false positive labeling even in preparations previously treated with high
concentrations of reducing agents[42,43]. Therefore, the procedure should be used in
conjunction with other methods to confirm the SNO adducts.
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S-glutathiolation

S-glutathiolated protein adducts occur transiently in cells, being reversed by glutaredoxin,
thioredoxin, and peroxiredoxin family thiol reductases, but when removed from the
intracellular milieu, the adduct is stable in millimolar concentrations of free GSH or ascorbate
[9]. Although the reaction by which the S-glutathione adduct forms is a matter of some debate.
The reactive cysteine may react with an oxidant to form a more reactive form, such as sulfenic
acid, which then reacts with glutathione. Alternatively, a reactive glutathione intermediate (eg.
GS, GSNO, GSSG-) formed by oxidants reacts with the protein reactive cysteine [9].
Formation of one of the above glutathione reactive species might explain the relatively slow
15 to 30 minute time course of S-glutathiolation in response to a direct challenge of cells to a
strong oxidant such as peroxynitrite which has a half life of seconds [9]. Because GSNO also
induces intracellular protein S-glutathiolation [32], many previous studies that used this agent
to initiate S-nitrosation, may have initiated protein modification and signaling via S-
glutathiolation.

Detection of S-glutathiolated proteins was first done using radiolabeled cysteine that was
incorporated into the glutathione tripeptide by y-glutamyl cysteine synthase. The main
disadvantage of using radiolabeled cysteine is the requirement to inhibit protein synthesis to
prevent incorporation of the labeled cysteine into protein. Nevertheless, the technique was used
to demonstrate S-glutathiolation of many proteins in cells as well as the kinetics of the formation
of the protein adducts [44].

Biotin-labeled glutathione ester was developed by Sullivan et al. [45] as a convenient probe
that is cell permeable and concentrated in cells due to cleavage of the ester by esterases. The
biotinylated GSH (b-GSH) when adducted to reactive thiols, can be used to pull down the
labeled proteins, after which they can be cleaved by reducing agents and analyzed by immuno-
blot or mass spectrometry (Figure 4A). Figure 4B shows an example of a streptavidin
horseradish peroxidase stain of proteins labeled with b-GSH in a smooth muscle cell lysate
after stimulation with angiotensin Il [7]. Importantly, dithiothreitol (DTT) added to the cell
lysate cleaved most of the biotin-labeled GSH adduct, preventing the pull-down of the proteins.
This control is an important one because of the existence native biotin containing proteins that
resist such treatment. The method is optimally used to detect S-glutathiolation for known
proteins in cells or isolated tissues such as the examples shown of p21ras and the sarcoplasmic
reticulum calcium ATPase (Figure 4C and D) after the biotin-GSH labeled proteins are
precipitated on streptavidin beads, cleaved with a reducing agent, and separated by SDS PAGE.
The stability of the disulfide in the presence of ascorbate, which can reduce S-NO bonds, is
demonstrated in Figure 4C).

Potential disadvantages of this technique include the fact that loading cells with the GSH ester
results in as much as a two-fold increase in intracellular levels of GSH [9]. In addition, the
biotin group introduces a rather large group on the glutamate relative to the size of the tripeptide
that could affect binding kinetics. However, comparisons of results using radiolabeled and
biotinylated probes are favorable [45], and the biotinylated tag provides significant ease in
concentrating the labeled proteins.

The stoichiometry of S-glutathiolation is an important issue, and neither radiolabel nor biotin-
tagged GSH methods indicate how much of a particular protein is S-glutathiolated, only that
itis to some extent. However, estimates can be made of the change in free thiols accompanying
S-glutathiolation by using labels that react with free thiols, such as biotinylated IAM. These
estimates indicate that reversible thiol adducts can occupy a significant fraction (30-50%) of
reactive thiols on proteins in cells exposed to NO or oxidants [8,9]
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As mentioned above, a commercially available anti-glutathione adduct antibody is available,
and staining with this antibody is at least in some instances reversible with reducing agents.
Immuno-precipitation of an S-glutathiolated protein, like p21ras, was required for detection of
the adduct with the anti-GSH adduct antibody (Figure 5) [23]. The importance of showing that
DTT can cleave the disulfide bond between glutathione and protein, and thereby prevent
staining is re-emphasized.

Mass spectrometry and proteomic identification of reactive cysteines

The principal shortcomings in using labeling methods in 1-D or 2-D gels in mass spectrometry
are misidentification of the labeled protein and not knowing which cysteine of the protein in
question is being labeled. The first problem occurs because many proteins co-migrate in 2-D
gels. The identified protein, which is usually the most abundant within the spot, may not be
the one whose thiol is labeled. Even if the identified protein is the one that is labeled, it is rarely
possible to detect the residue and its modification due to its low abundance. The most definitive
detection of modified cysteines requires purification of a protein of interest to an extent that
allows the definitive identification of the protein from the masses of several of its peptides
together with fragmentation studies to sequence one or more peptides. In matrix assisted laser
desorption ionization (MALDI) mass spectrometry, peptide masses are matched to a protein
database, and potential mass increments representing adducts to cysteines (or other
modifications) can be queried from the database. Thus, increments in the expected peptide
mass of 16, 32, or 64 Da indicate additions of oxygen, and 305 Da, that of glutathione. With
current on-line databases, this is a cumbersome process, as only one or two modifications can
be queried at a time, and the possibility of several potential modifications rapidly increases the
complexity of the database search. The procedure can be improved considerably if a protein
specific database consisting of possible proteolytic fragments with potential modifications is
compared with the mass spectrum. Such a database can become large when one considers the
many potential modifications, in addition to potential miscleavages of the protein by proteolytic
enzymes. As an example, after immuno-precipitation, separation by SDS PAGE, and in-gel
digestion of sarcoplasmic reticulum calcium ATPase (SERCA) purified from arteries exposed
ex vivo to nitric oxide, several tryptic peptides containing cysteines had reproducible mass
increments of 305 Da indicating S-glutathiolation. When diseased blood vessels were
examined, increments of 48 Da were observed in cysteine containing peptides of SERCA,
indicating sulfonic acid modification. Only rarely have sufficient amounts of this relatively
abundant protein been purified to enable MS/MS sequencing. However, even without peptide
fragmentation methods, confidence in identifying modifications can be increased when peptide
masses matching the same modified cysteine are identified in more than one peptide, for
instance with or without a proteolytic miscleavage, or when different peptide masses resulting
from different cleavage sites, or masses with different charge states are matched to the modified
peptide. When dealing with reversible modifications like S-glutathiolation, obtaining spectra
after reduction can be used to verify that, as expected, the modified peak is no longer detected,
as we were able to do in the case of p21ras purified from cells (Figure 6)[44]. If a peptide has
more than one cysteine or more than one modification, for instance a methionine that can be
oxidized, it sometimes is not possible to be definitive about the precise oxidized state of a
cysteine unless MS/MS sequencing is possible. Some of these shortcomings can be overcome
by thiol labeling combined with chromatographic separation and mass spectrometry (LC/MS),
enabling sequencing and identification of the label on a particular cysteine.

We have successfully used an approach to do this by labeling reactive cysteines on recombinant
protein or in cells exposed to an oxidant stress with biotinylated glutathione ester. The biotin
tag allows concentration of the glutathiolated proteins on monomeric avidin, release with
excess biotin, and HPLC separation. First, the method was demonstrated using recombinant
p21ras in which prominent labeling was observed on the reactive cysteine-118. In cells loaded
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with biotin GSH ester, the avidin purification step allowed concentration of S-glutathiolated
proteins from cell lysates to a degree that allowed MS/MS identification of the tagged cysteine
in many cases [46].

Because peptides differ in efficiency of ionization and detection, the sensitivity of their
detection in a mass spectrometer also varies. This limits the ability to identify which thiols of
cysteine-containing peptides are most affected by oxidants. Modification of a cysteine may
result in different enzymatic cleavage products during proteolysis and other potential
modifications make finding a particular modified peptide in a mass spectrum unpredictable.
We have used one approach to overcome this by using an isotope-coded affinity tag (ICAT)
that combines quantitative labeling by IAM with mass spectrometric measurement. An ICAT
tag was used which was originally developed for quantitative measurements of protein
abundance. The tag consists of an iodoacetamide thiol reactive moiety, an isotope tag
containing 9- 12C or 9- 13C atoms, a biotin group allowing for concentration of labled peptides,
and an acid cleavable linker. Labeling of proteins in two samples with the two tags of different
mass, for example one control and the other oxidant exposed, is followed by mixing and
proteolytic digestion of the entire mixture. The biotin-tagged peptides are pulled down by
streptavidin, and the peptides cleaved by acid are separated by HPLC. The isotope-coded
peptides elute simultaneously in the HPLC, and mass spectrometry detects peptide pairs with
masses accounted for by the 9 Da difference in mass of the label. If in a sample exposed to
oxidant the amount of labeled cysteine on a peptide is decreased because the cysteine thiol is
otherwise occupied, the magnitude of the peak will be decreased accordingly. Thus, the ratio
of the peak amplitudes provides an estimate of the change in the amount of a free thiol present
in a particular peptide in the control sample (Figure 7). In practice, labeling can be done in
high pH buffers to maximize labeling of all thiols regardless of pKa. Studies with the
recombinant proteins, creatine phosphokinase and p21ras [47,48], indicate that oxidants
decrease labeling to a large extent at known reactive cysteines (Figure 7B), whereas labeling
of non-reactive cysteines may be unchanged despite the same exposure (Figure 7C). In the case
of p21ras, which was S-glutathiolated in the presence of ONOO™ and GSH, less ICAT was
bound to cysteines 118, 181, 184, and 186. Binding was restored by treatment of the protein
with a reducing agent, consistent with occupation of the thiol by the reducible S-glutathione
adduct [48]. This procedure can be used to screen for proteins with reactive cysteines by
exposing a complex cell or tissue sample to oxidant. When we did this using a cardiac
sarcoplasmic reticulum subcellular fraction, we were able to identify several known and many
unknown protein thiols whose labeling was decreased by oxidant, thereby identifying proteins
with reactive cysteines that may be important in physiological regulation [49].

An advantage of this ICAT technique is that identification of the cysteine and protein in
question is usually unequivocal if MS/MS can confirm the sequence of the peptide and the site
of the tag. Another major advantage is that the change in the thiol labeling, and thus the degree
of reactivity of the thiol, is quantified. Thus, we were able to estimate that only 5-10% of
identified proteins have cysteines whose labeling was decreased by oxidants by over 70%
[49]. The major disadvantage of the technique is that the modified cysteine in the protein is
not tagged, and therefore not purified by the streptavidin or available for examination.
Consequently, it is not possible to identify what modification may be involved, only that the
cysteine present in the control sample is not available for labeling by the ICAT in the test
sample implying that it is modified. Furthermore, any potential modifications to the peptide
not involving the cysteine would also remove it from the pair of labeled peptides. Because of
these shortcomings, this method is best complemented by use together with other mass
spectrometric techniques that provide identification of the cysteine modification or semi-
quantitative labeling and blotting methods. Changes in the abundance of the protein also will
change the amount of a labeled peptide. This factor can sometimes be controlled for by using
the changes in a set of cysteine containing peptides of a particular protein that have been shown
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not to be affected acutely by oxidants. In the case of both creatine kinase and p21ras, some
cysteines were shown to be remarkably resistant to oxidant-induced modification, making them
and similar peptides candidates for normalizing for changes in protein abundance.

Another method worth mentioning is “top-down” mass spectrometry. Currently most suitable
for highly purified proteins less than ~50 kDa in size, this method can detect the intact protein
ion. Fragmentation in the mass spectrometer provides the ability to track any modifications
present in the protein in successively smaller fragments. Therefore, modifications of sufficient
abundance will result in individual intact molecular ions, and precise identification of each
modification during fragmentation. We used this approach to identify multiple oxidant-induced
modifications in recombinant p21ras [50]. Direct exposure of the protein resulted in a highly
complex mass spectrum, but exhaustive analysis was able to identify cysteine and tyrosine
modifications as the most abundant species. Exposure of the protein to oxidants in the presence
of glutathione resulted in identification of major molecular ions for the protein which was S-
glutathiolated at the reactive cysteine-118 and the terminal cysteines [50].

Conclusions

Thiol modifications are increasingly being recognized to occur selectively on cysteines that
are accessible on the protein surface and that are more reactive. ldentifying these sites and
quantitative assessment of their modification is increasingly recognized to be important for
understanding cell signaling and function. Reversible adducts confer altered charge, structure,
and activity of the modified protein. Irreversible oxidation is by its nature associated with
protein degradation and re-synthesis, and interferes with reversible modifications normally
occurring on the thiol.

Methods of detection and identification of oxidative post-translational modifications are
developing rapidly. Although mass spectrometry can precisely identify modifications, the
methods rely on the stability of the modifications during sample preparation, and it is currently
difficult to quantify the extent of the modifications at any one site, except with special
techniques. Methods utilizing cysteine labeling with tags that allow collection and
concentration of the labeled protein are both semi-quantitative and relatively easily coupled
with sensitive immuno-blotting methods to identify changes in the status of free thiols. When
these assays are applied to intracellular proteins under physiological conditions, they may
either perturb the intracellular milieu, or are indirect, relying on specific chemical reduction
of a modification and subsequent labeling of the reduced thiol. For these reasons, using
analytical methods helps to verify the modifications being detected. Finally, site-specific
antibodies can be made against peptides containing cysteine sulfonic acid incorporated into
peptides at sites of reactive thiols. The antibodies can be used to either detect the oxidized
thiols, or, indirectly to detect reversible modifications after specific reduction and subsequent
oxidation.
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Reactive thiolate anions are the sites of the most abundant cysteine modifications. Upper panel:
A peptide containing a cysteine thiolate anion that can be oxidized to S-nitrosothiols (-SNO)
or sulfenic, sulfinic, or sulfonic acids (SOxH) by various reactive oxygen and nitrogen species
(nitric oxide, NO, hydrogen peroxide, H,O5, nitrogen dioxide, NO,, peroxynitrite, OONO",
hydroxyl radical, -OH). Lower panel: Reactive nitrogen and oxygen species (RNS/ROS)
oxidize glutathione (GSH) to more reactive glutathione intermediates (glutathiyl radical,
GS-; glutathione sulfenic acid, GSOH; glutathione disulfide, GSSG; or S-nitrosoglutathione,
GSNO) which can then form S-glutathione disulfide adducts with reactive thiolate anions.
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Labeling, pull-down and detection of protein thiolate anions. A. lodoacetamide (IAM) binds
selectively to protein thiolate anions at pH 6.5, form carboxymethyl adducts. After cell lysis
in non-reducing buffer containing biotin tagged IAM (b-1AM, 0.2 - 1 mM), and removal of
excess reagent with size exclusion columns, biotin-labeled proteins are collected on
streptavidin-affinity beads. The protein is then cleaved with sodium dodecyl sulfate containing
5 M urea, and separated by SDS PAGE. B. Example of streptavidin-horse radish peroxidase
(HRP) blot of whole cell lysate of bovine aortic endothelial cells exposed to ONOO™ or
H»0, and labeled during lysis with b-IAM. Multiple proteins are detected with streptavidin-
HRP, and very high concentrations of oxidants are required to detect decreased labeling. C.
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Immuno-blot of lysate of endothelial cells obtained after they were exposed to ONOO-, then
pulled down and cleaved from streptavidin beads. Immuno-blot detection of p21ras that was
pulled down on streptavidin beads shows that exposure of the cells to 100 uM ONOO-
decreased b-IAM binding to p21ras by more than 50% [9], consistent with quantitative
determinations made with ICAT labeling and mass spectrometry [48]. The higher
concentration of ONOO™ (1 mM) decreases labeling to a much greater degree.
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3.

Biotin-1AM labeling of the reactive thiol of SERCA. B-IAM labeling was performed in lysates
of HEK cells expressing wild-type (WT) or mutant human SERCA2b in which the reactive
cysteine, cysteine-674, was mutated to serine (C674S). Protein for labeling was adjusted to
contain equal amounts of SERCA, shown in the immuno-blot of the cell lysate on the left. The
lysate was first exposed briefly to NEM (200 uM) to decrease non-specific labeling of partially
denatured protein, and then labeled with b-IAM (1 mM, 30 min). The proteins pulled down
with streptavidin (SA) beads were eluted, separated by SDS PAGE, and blotted for SERCA
(right). The immuno-blot of labeled SERCA showed that cysteine-674 was responsible for
approximately 75% of b-1AM labeling (bar graph). From reference [22].
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Biotin-tagged glutathione labeling of proteins in cells and tissues exposed to RNS/ROS. Biotin-
tagged GSH is introduced into cells or tissues with the ester, which is cleaved by cellular
esterases. RNS/ROS result in binding of the GSH adduct predominantly to protein thiolate
anions. B. Streptavidin-HRP blot of lysates of rat aortic smooth muscle cells pre-labeled with
biotin-tagged GSH and exposed to angiotensin Il (Ang I1). When cells were lysed in the absence
of dithiothreitol (-DTT), multiple proteins were labeled in control cells (Cont), and the amount
of labeling increased in cells exposed to Ang Il. When the lysate was treated with DTT (10
mM, +DTT), much less streptavidin-HRP stained protein was detected. The remaining bands
in lysates treated with DTT and that were unchanged by Ang Il treatment are likely endogenous
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biotinylated proteins. From reference [7]. C. Immuno-blot for p21ras of avidin pull-down from
lysates of bovine aortic endothelial cells prelabeled with biotin-tagged GSH and treated with
ONOO" (100 uM, 5 min). ONOO" increased p21ras in the avidin affinity pull-down. DTT (1
mM), but not ascorbate (1 mM), added to the same cell lysate reduced the disulfide bond,
cleaving the majority of the adduct from the protein. From [9]. D. Immuno-blot for SERCA
of avidin pull-down from lysates of intact rabbit aortic rings pre-labeled with biotin-tagged
GSH prior to exposure to nitric oxide (NO, 10 uM) during physiological contraction to
phenylephrine. In normal rabbit aorta, NO increased the amount of SERCA labeled with the
biotin-tagged GSH, whereas it did not increase labeling in atherosclerotic rabbit aorta in which
it was demonstrated that the thiolate anionic site of binding was irreversibly oxidized. From

[8].
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Detection of S-glutathiolation of p21ras with an antibody directed against S-glutathione protein
adducts. Lysates were obtained from bovine aortic endothelial cells either under control
conditions or after exposure to oxidized low density lipoproteins (oxLDL). p21ras was
immunoprecipitated, separated by SDS PAGE, and after transfer to PVDF membranes,
immuno-blotted anti-GSH adduct antibody. OXLDL increased the extent of immunoreactive
S-glutathione adduct, and the detection of the adduct was prevented if dithiothreitol (DTT) was
added the cell lysate consistent with reduction of the disulfide. From reference [23].

Free Radic Biol Med. Author manuscript; available in PMC 2008 October 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ying et al.

Page 20
P>
2 <
o DLAAR 2
kDa 12 j: &
100 — | ——
75 — '_ a l
50 s WA
37— - . OxLDL OxLDL + DTT
_ - 3 @
25 I QGVEDAFYTLVR >
20— - cf‘_: 2

15—
Coomassie Anti-GSH
6

Detection by mass spectrometry of S-glutathione adducts on p21ras. Bovine aortic endothelial
cells were treated with oxidized low density lipoproteins (LDL, 100 ug/mL, 1 h) and p21ras
was immunoprecipitated from 1 mg of cell lysate protein under non-reducing conditions.
p21ras was separated by SDS PAGE. Gels at left show immuno-precipitate stained with
Coomassie blue (lane 1) and immuno-blot with anti-GSH antibody (lane 2) showing a
prominent 21 kDa band. The protein in this band was digested in-gel with trypsin, and peptides
were recovered and subjected to MALDI-TOF mass spectrometry. A peak in the mass spectrum
corresponding to a tryptic peptide with a mass (953.32 Da) consistent with S-glutathiolated
cysteine-118 (CDLAAR) was present, whose mass was 305 Da greater than the predicted mass
of the peptide. When the lysate was treated with DTT, the mass spectrum peak was undetectable
(right). In the same sample, a peak (1397.63 Da) representing another p21ras peptide that does
not contain cysteine (QGVEDAFYTLVR, lower) appeared in the spectra of both non-reduced
and reduced samples. From reference [23].
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Use of isotope coded affinity tags (ICAT) for quantitation of cysteine thiol modifications. A.
ICAT approach to quantitatively evaluate reversible and irreversible oxidative post-
translational thiol modification. Protein samples with free reactive cysteine thiols (filled box)
and less reactive thiols (open box) are exposed to peroxynitrite or GSSG or control buffer
before labeling with ICAT reagent. Some of the reactive cysteine thiols are oxidized depending
upon the level of the oxidant and oxidized thiols are designated as filled triangles (Ox).
Following oxidation, labeling of the free thiols is performed, with light (filled keyhole) and
heavy (open keyhole) ICAT tags. ICAT-labeled samples are mixed and digested with trypsin,
followed by purification through HPLC cation exchange and avidin affinity cartridges.
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Affinity-captured peptides are analyzed by LC-MS and MS/MS. The oxidized reactive
cysteines are not susceptible to labeling by ICAT reagent, and hence there is a decreased
intensity in the mass spectrum peaks corresponding to the heavy-labeled peptide in the mass
spectrum of the reactive cysteine-containing peptide (lower spectrum). For less reactive
cysteines, the peptides in samples prepared under normal conditions or after oxidant exposure
show equivalent signal intensity in the spectrum (upper). From the relative peak intensities of
the MS of lightand heavy ICAT-labeled peptides, the decrease of in thiol labeling and therefore
the degree to which the cysteine is modified can be estimated. Identity of the peptide sequences
can be derived from MS/MS analysis of these peptides. In order to evaluate whether the
oxidation caused by oxidants such as ONOO™ or GSSG is reversible or irreversible, the oxidized
protein samples can be treated with reducing agent before labeling with heavy ICAT. From
the LC-MS analysis, reversibility of the modifications caused by peroxynitrite or GSSG can
be quantified. B. and C. Spectra of ICAT-labeled recombinant p21ras before and after exposure
to ONOO™ (100 uM). The spectrum in B shows that ONOO" decreases ICAT labeling of the
known reactive cysteine-118, whereas no change in labeling occurred for the less reactive
cysteine in the peptide shown in C. From reference [48].
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