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S-glutathionylation, the post-translational modification forming mixed disulfides between protein reactive thiols and
glutathione, regulates redox-based signaling events in the cell and serves as a protective mechanism against oxidative
damage. S-glutathionylation alters protein function, interactions, and localization across physiological processes, and its
aberrant function is implicated in various human diseases.
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| 1. Introduction

In mammalian cells, S-glutathionylation can function as a regulatory mechanism or protect proteins against irreversible
oxidation. By introducing the tripeptide glutathione with additional ionic charges into a protein, S-glutathionylation
resembles the well-characterized mechanism of protein phosphorylation. The dynamic and reversible nature of S-
glutathionylation highlights its ability to function as a redox “switch”, regulating protein function, interactions, and
localization[,

| 2. Molecular Mechanisms of Protein S-Glutathionylation

The modification of protein-reactive thiols with glutathione was initially thought to be a non-specific reaction induced in
pathological, highly oxidative situations or upon exposure to strong oxidants, particularly under in vitro conditions(..
Recent studies, however, have demonstrated that protein S-glutathionylation is a dynamic process that may also occur
under physiological conditions. A number of chemical mechanisms by which protein thiols can interact with the cellular
glutathione pool, leading to their S-glutathionylation have been proposed. Figure 1 shows a summary of the potential
mechanisms of S-glutathionylation that are discussed in more detail below.
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Figure 1. Proposed molecular mechanisms of S-glutathionylation.



2.1. Thiol-Disulfide Exchange Mechanism

One of the most intensively studied mechanisms for protein S-glutathionylation involves a thiol-disulfide exchange
reactionld. The thiol-disulfide exchange mechanism primarily relies on the redox state of cellular glutathione. In principle,
oxidative stress could result in the oxidation of GSH molecules to form GSSG, shifting the GSH:GSSG redox balance
toward a more oxidizing state. As a result, it was hypothesized that the accumulation of GSSG would lead to a
spontaneous thiol-disulfide exchange between protein cysteine thiols and GSSG, thereby yielding the corresponding
protein-mixed disulfide along with GSH (Equation (1)). In this mechanism, the extent of protein S-glutathionylation
([PSSGJ:[PSH])) is dependent on the intracellular GSH:GSSG ratio. Therefore, the equilibrium constant of the reaction
(Kmix, Equation (2)) represents the specific oxidation potential for the formation of the mixed disulfide.

PSH + GSSG = PSSG + GSH (Equation 1)

B e [PSSG] [GSH] E ion 2
mix fm (Equation 2)

For most protein cysteines, Kyix is approximately 1, indicating that the GSH:GSSG ratio would have to decline
dramatically to drive S-glutathionylationll. The ratio of GSH:GSSG, however, usually remains very high inside the cytosol,
even during extreme conditions of oxidative stress. This is due to the capability of most cells to increase the activity of
glutathione reductase or actively transport GSSG out of the cell as a protective mechanism against oxidative stress!l.
Thus, although the thiol-disulfide exchange of a protein thiolate with GSSG may occur spontaneously, the reaction is slow
due to a lack of extreme conditions. The absence of a detectable increase in GSSG during S-glutathionylation stimulated
by the respiratory burst in human neutrophils provides evidence against a thiol—disulfide exchange mechanism(!
Therefore, except for proteins, such as the transcription factor c-Jun, that display unusually high thiol redox potentials
(Kmix~13)[8, the thiol-disulfide exchange reaction is not a likely mechanism for S-glutathionylation, and proteins shown to
be S-glutathionylated by GSSG in vitro may not reflect what occurs in vivo.

2.2 Reactive Thiol Intermediates for S-Glutathionylation

The mechanisms that are more likely to mediate S-glutathionylation reactions in vivo involve reactive thiol derivates such
as sulfenic acids, sulfenyl-amides, thiyl radicals, S-nitrosylated thiols, and thiosulfinates.

2.2.1. Sulfenic Acids

The two-electron oxidation of a cysteine thiolate generates a sulfenic acid, the simplest oxyacid of sulfur. The oxidants
most commonly implicated in the conversion of protein thiolates to their corresponding sulfenic acids include hydrogen
peroxide, alkyl hydroperoxides, peroxynitrite, hypochlorous acid, and chloramines!d. Under prolonged exposure to these
oxidants, sulfenic acids may be oxidized to more stable and irreversible thiol derivatives such as sulfinic and sulfonic acids
or may react with neighboring thiols to form disulfides!Z. The abundance of GSH in cells is known to rapidly react with
protein sulfenic acids to displace the hydroxyl group and form S-glutathionylated proteinstZ. It is plausible that a
glutathione sulfenic acid could react by a similar mechanism with a protein thiolate to generate the S-glutathionylated
protein, but the low acidity of the GSH thiol (pK, = 9.6) is likely to limit this reaction in vivol&l.

Many proteins have been identified as candidates for regulation by sulfenic acid formation. However, most of these
studies were performed in vitro and in the absence of GSH. Recent literature suggests that although sulfenic acid
formation may be the initial oxidative modification for these proteins, S-glutathionylation serves as the more stable
intermediate in redox signaling!?. This was shown for the molecular chaperone BiP, initially suggested to be regulated by
the sulfenic acid formation and later shown to undergo S-glutathionylation through a sulfenic acid intermediate!2,
Similarly, mammalian protein tyrosine phosphatases (PTPs), initially observed to react with H,O, to form a protein sulfenic
acid12 have been shown to undergo S-glutathionylation in the presence of GSHI3! More recently, Heppner et al.
showed that the oxidation of epidermal growth factor receptor (EGFR) and non-receptor tyrosine kinase Src by the
NADPH oxidase DUOX1 involved sequential oxidation to sulfenic acids and S-glutathionylated proteins4!, In agreement
with these findings, sulfenic acids have been shown to react much faster with GSH than with oxidants like H,O,, thereby
escaping further oxidative modification22!,

2.2.2. Sulfenyl-Amides



The formation of the sulfenyl-amide species was first demonstrated in vitro by Salmeen et al., as an alternative protective
modification for the active site cysteine of protein tyrosine phosphatase 1B (PTP1B)MLEl. The proposed mechanism
involved the initial oxidation of Cys215 via H,0, to sulfenic acid, followed by the rapid elimination of oxygen to generate a
more stable derivative, the sulfenyl-amide species!2€l. X-ray crystallographic analysis showed that the sulfur atom of
Cys215 formed a cyclic covalent bond to the primary chain nitrogen of an adjacent residue, resulting in a conformational
change in the catalytic site of the protein2&. The sulfenyl-amide bond was fully reducible upon the addition of GSH. As
earlier studies had demonstrated that PTP1B activity could be regulated by the S-glutathionylation of Cys215[4], the
sulfenyl-amide bond was proposed to serve as an intermediate to facilitate the formation of S-glutathionylated PTP1BLEl,
At present, whether this mechanism is relevant in vivo or for proteins other than PTP1B remains unknown.

2.2.3. Thiyl Radicals

Thiyl radicals are highly reactive species that can be generated via electron transfer or hydrogen atom abstraction from a
thiollZ8] Free radical species that oxidize thiols to thiyl radicals include hydroxyl (‘'OH), carbonate (CO3™), nitrogen
dioxide ('"NO,), superoxide (O,"), and peroxyl and phenoxyl radicals12,

The formation of protein thiyl radicals or glutathione thiyl radicals may lead to protein S-glutathionylation reactions through
radical recombination or reaction of a radical with a thiolate followed by reaction with O, [&. In the presence of glutathione
thiyl radical-generating systems (Fe?*/ADP/H,0, + GSH or horseradish peroxidase/H,0, + GSH), several proteins have
been shown to undergo S-glutathionylation in vitrol2d, A recent study by Kang et al., shows that a burst in the
mitochondrial superoxide production leads to thiyl radical formation resulting in S-glutathionylation of the mitochondrial
Complex I[2122] Other researchers have discovered that superoxide induces endothelial nitric-oxide synthase (eNOS)
protein thiyl radical formation, leading to the modification of cysteine with either disulfide bond formation or S-
glutathionylation23124], Thus, it seems likely that thiyl radicals may serve as regulatory intermediates leading to S-
glutathionylation reactions in vivo. Moreover, there is evidence that these reactions may be catalyzed by glutaredoxin@!.

2.2.4. S-Nitrosylated Thiols

S-nitrosylation is a type of post-translational modification that can occur under normal and pathological cellular conditions,
analogous to S-glutathionylation 221, It is characterized by the coupling of a nitric oxide (-NO) moiety to a reactive cysteine
thiol, forming an S-nitrosothioll28l27, The S-nitrosothiol of glutathione (GSNO) is a relatively stable molecule found in
micromolar concentrations in healthy tissues. Although a variety of reagents, including nitrous acid, nitrogen dioxide and
nitrosyl chloride can react with GSH to induce GSNO formation, dinitrogen trioxide (N,O3) is considered to be the primary
nitrosylating agent!28l, During conditions of nitrosative stress, specific cell compartments can produce higher levels of
GSNO, which can promote both the S-nitrosylation and S-glutathionylation of proteins2239. Alternatively, the reaction
between a protein S-nitrosothiol and glutathione may also lead to S-glutathionylation, although there is little information
regarding this mechanism.

In the presence of physiologically relevant concentrations of GSH, one study showed that NO inhibits the DNA binding
activity of the transcription factor c-Jun by specifically inducing S-glutathionylation in its DNA binding sitel2ll. Another study
with isolated proteins showed that papain, creatine phosphokinase, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were significantly both S-nitrosylated and S-glutathionylated by GSNO, whereas alcohol dehydrogenase, bovine
serum albumin, and actin were only S-nitrosylated[22.. The S-nitrosylation of GAPDH was shown to be unstable and
decompose spontaneously, whereas S-glutathionylation led to the inhibition of the enzyme23. Thus, it is plausible that S-
nitrosylation and S-glutathionylation may exert opposing effects on protein function4. At present, the structural features
that select S-glutathionylation over S-nitrosylation or vice versa remain largely uncertain but are likely related to the local
microenvironment of the target cysteine.

2.2.5. Thiosulfinates

Glutathione thiosulfinate (also called glutathione disulfide S-oxide, GS(O)SG) is the anhydride of glutathione sulfenic
acid®2, Lj et al. identified this unique molecule as a product derived from the spontaneous decomposition of GSNO in
aqueous solution. The mechanism for the generation of glutathione thiosulfinate is not yet known, although it has been
speculated that the initiation of GSNO decomposition may be catalyzed by copper ions through homolysis, yielding GSH
and NOIE2I28] G|utathione thiosulfinate may also be generated through the oxidation of a disulfide or thiol by the
0,"/H,0,-producing system xanthine/xanthine oxidasel32I[26],

Glutathione thiosulfinate is highly reactive with thiols and has been suggested to mediate S-glutathionylation of several
proteins. In the rat brain, glutathione thiosulfinate was shown to be one of the most potent S-glutathionylating agent
among the various glutathione derivatives tested, including GSNO and GSSGI28l. As glutathione thiosulfinate is the
degradation product of GSNO, its formation may account for some of the effects of GSNO-induced S-glutathionylation[Zl.,



The formation of the thiosulfinate product has been proposed to mediate the S-glutathionylation of rat brain neurogranin
(Ng)E€, matrix metalloproteinases2Z, and tyrosine hydroxylasel28l. At present, it remains unclear whether glutathione
thiosulfinate or other glutathione derivatives (sulfenic acid, thiyl radical, etc.) play more critical roles as intermediates in
the S-glutathionylation mechanism in vivo.

| 3. Enzymatic Protein S-Glutathionylation

Although protein S-glutathionylation in cells may involve non-enzymatic chemical reactions, several enzymes have been
proposed to catalyze the transfer of glutathione to the target protein.

3.1. Glutathione S-Transferase 1t

Glutathione S-transferases (GSTs) are an abundant family of detoxification enzymes that catalyze the conjugation of
glutathione to chemically reactive electrophilic compounds22. The Pi class of GSTs (GSTn) specifically participates in
resistance to drugs and carcinogens. High levels of GSTmt are shown to occur in solid tumors, although their function in
the catalytic detoxification process remains ambiguous2d. A link between GSTmt and S-glutathionylation was first
described through the observation that GSTmt could conjugate GSH to peroxiredoxin VI, a non-selenium-dependent lipid
peroxidase that converts lipid hydroperoxides to their corresponding alcohols .

A critical step in the detoxification reaction catalyzed by peroxiredoxin VI is the formation of the enzyme sulfenic acid on
Cys47, the single conserved cysteine residue of peroxiredoxin VI, Cys47 is sterically inaccessible within the enzyme,
making the sulfenic acid relatively stable within the globular dimer complex9. In addition, the oxidized monomer of the
enzyme forms a homodimer that further limits its accessibility®l. Manevich et al. demonstrated that the heterodimerization
of peroxiredoxin VI with GSH-saturated GSTT resulted in the S-glutathionylation of the oxidized cysteine followed by the
subsequent reduction of the mixed disulfide and the activation of the enzyme L. These results suggest that GSTt can
facilitate the transfer of GSH to the active site of peroxiredoxin VI through a physiological mechanism that restores the
enzymatic activity.

GSTrt has been described to play a key role in the S-glutathionylation mechanism of several proteins, especially during
oxidative stress conditions in vivo and in vitro2243l Townsend et al. have shown that GSTt knockout mice have
decreased S-glutathionylated protein levels following PABA/NO treatment and that the rate of S-glutathionylation is
significantly enhanced in the presence of GSTm 24, In agreement with these findings, in vitro studies using GSTT-
knockdown HEK293 cells have shown decreased levels of S-glutathionylation#4l. Moreover, there is evidence that GSTTt
present in the endoplasmic reticulum catalyzes S-glutathionylation of critical proteins within the organelle, providing a
potential linkage between redox-based signaling and pathways that regulate the unfolded protein responsel42l,

Recent studies have identified additional proteins that may also undergo selective S-glutathionylation by GSTr, including
Nrf2 protein inhibitor Keapl 48], estrogen receptor al4d, actin8, and AMP-activated protein kinase#2. Furthermore, it is
important to note that GSTTt is also subject to redox regulationd. Under oxidative stress, S-glutathionylation on Cys47
and Cys101 is shown to autoregulate GSTTt by oligomerization and enzyme inactivation®. Therefore, GSTT may
promote the S-glutathionylation of a wide range of proteins, and its high expression in tumor cells may be related to the
aberrant oxidative stress statel21],

3.2. Other Potential Enzymes

Under normal physiological conditions with high levels of GSH, glutaredoxin (Grx) primarily functions in catalyzing the
deglutathionylation reaction (i.e., removing glutathione from S-glutathionylated proteins), which is discussed in more detail
below. However, during increased levels of oxidative stress, when glutathione is present mainly in its oxidized forms
including GSSG, GSNO, and GS*, Grx1 has been proposed to catalyze the forward S-glutathionylation reaction®2. Mieyal
et al. anticipated that due to the low pK, of the active site Cys22 of Grx1 and the stability of disulfide-anion radicals (i.e.,
Grx1- SSG™) as opposed to the glutathionyl radical (GS®), Grx1 may catalyze the S-glutathionylation of proteins through a
radical intermediatel®l. Grxl has been shown to promote S-glutathionylation of GAPDH, actin, and PTP1B using
glutathionyl radical as the proximal donor2d. Besides, S-glutathionylation was competitively inhibited by the reaction of O,
with Grx1- SSG*~, confirming that the redox environment likely determines the mode of catalysis by Grx1[2% Recently, a
possible role for the glyoxalase Il enzyme in the S-glutathionylation of specific proteins has been reported®354l. The
glyoxalase system, composed of glyoxalases | and I, is involved in the detoxification of methylglyoxal and other reactive
aldehydes produced during metabolism, Reduced glutathione is used to convert methylglyoxal to S-D-
lactoylglutathione, a thioester of glutathione2. The product is then hydrolyzed by glyoxalase Il to yield D-lactate and
reduced glutathione®d. Ercolani et al. showed that when the glyoxalase Il and S-D-lactoylglutathione were incubated with



malate dehydrogenase or with actin, the proteins were S-glutathionylated®3!. At present, a role for glyoxalase Il for S-
glutathionylation in vivo has not been reported and further investigation is needed to elucidate the potential interaction of
the catalytic site of the enzyme with target proteins.

| 4. Deglutathionylation

Protein S-glutathionylation is a dynamic and reversible process, dependent on both the rate of formation and the rate of
deglutathionylation. The reversibility of protein S-glutathionylation provides an additional layer of regulation for controlling
cellular processes!®8l. Deglutathionylation reactions in cells may occur spontaneously due to the reductive environment
and high concentrations of GSH in cells. However, glutaredoxin has specific binding grooves for glutathione and is
considered the prime catalyst for deglutathionylationZ. Glutaredoxin is a member of the thioredoxin superfamily of
enzymes, along with thioredoxins, protein disulfide isomerase, glutathione peroxidase, and glutathione S-transferasel®g!,
Although these proteins show low similarity in their sequence homology, they all incorporate the thioredoxin fold structural
motif, which is essential for their redox function(28l,

Isoforms of glutaredoxin are found in prokaryotes and the various cellular compartments of eukaryotes. Based on their
active site sequences, mammalian glutaredoxins can be broadly categorized into two major subfamilies: class | and class
Il glutaredoxins®Y. Class I glutaredoxins are localized in the cytosol and mitochondrial intermembrane space, whereas
class Il glutaredoxins are primarily localized in mitochondria. Class | glutaredoxins are better characterized and have been
reported to catalyze most of the deglutathionylating activity in mammalian cellsB2EL, Class Il glutaredoxins bind Fe-S
clusters and generally exhibit lower oxidoreductase activity than that of class | glutaredoxins[82(63],

The active site of the vast majority of glutaredoxin isoforms contain variations of the redox-active Cys-X-X-Cys motif84!.
The main activity of glutaredoxin involves thiol-disulfide exchange and nucleophilic displacement reactions. A monothiol
mechanism and a dithiol mechanism have been proposed, but the monothiol mechanism is generally considered to be the
prevalent deglutathionylation mechanism. In the monothiol mechanism, the S-glutathionylated protein thiol is attacked by
the thiolate anion of glutaredoxin, forming an enzyme intermediate (Grx-SSG) and releasing the reduced protein. The
second step in this mechanism involves the reduction of the enzyme intermediate by GSH to produce GSSG, which is
subsequently reduced by glutathione reductase and NADPH. In contrast, the dithiol mechanism uses both active site

cysteine residues of glutaredoxin to reduce glutathionylated substrates. Figure 2 depicts a summary of the catalytic
mechanism of deglutathionylation by glutaredoxin.
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Figure 2. Catalytic mechanisms of deglutathionylation by glutaredoxin. (A) In the monothiol mechanism of
deglutathionylation, the thiolate anion of glutaredoxin attacks the S-glutathionylated protein thiol, forming an enzyme-
intermediate and releasing the reduced protein. The second step in this mechanism involves the reduction of the enzyme
intermediate by GSH to produce GSSG, which is subsequently reduced by glutathione reductase and NADPH. (B) The
dithiol mechanism uses both active site cysteine residues of glutaredoxin to reduce glutathionylated substrates. Oxidized
glutaredoxin is reduced in the presence of 2 GSH molecules to regenerate the active enzyme.

Another enzyme that has been proposed to have deglutathionylating activity is sulfiredoxin (Srx), a small oxidoreductase
that catalyzes the reduction of sulfinic acid derivatives of 2-Cys peroxiredoxins 82l Findlay et al. observed that the
overexpression of Srx in HEK293 cells lowered the levels of S-glutathionylated proteins, such as actin and PTP1B,



induced by the diazeniumdiolate PABA/NO B8I871 Fyrthermore, Park et al. showed that Srx is specific for
deglutathionylating Prx | (known to have a high affinity to Srx) and that the level of S-glutathionylated Prx | was

substantially elevated in Srx-knockdown cells 82, The S-glutathionylation of Prx V, not known to bind to Srx, was not

altered by Srx expression levels, demonstrating the specificity of Srx towards Prx | 2], Although these studies

demonstrate that Srx may contribute to the catalysis of deglutathionylation, whether the contribution is significant in vivo is

unclear.
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