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Abstract

By nature of the reversibility of the addition of glutathione to low pKa cysteine residues, the post-

translational modification of S-glutathionylation sanctions a cycle that can create a conduit for cell 

signaling events linked with cellular exposure to oxidative or nitrosative stress. The modification 

can also avert proteolysis by protection from over-oxidation of those clusters of target proteins that 

are substrates. Altered functions are associated with S-glutathionylation of proteins within the 

mitochondria and endoplasmic reticulum compartments, and these impact energy production and 

protein folding pathways. The existence of human polymorphisms of enzymes involved in the 

cycle (particularly glutathione S-transferase P) create a scenario for inter-individual variance in 

response to oxidative stress and a number of human diseases with associated aberrant S-

glutathionylation have now been identified.
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1. Concept of an S-Glutathionylation Cycle

1.1 S-glutathionylation - forward reaction

S-glutathionylation is the reversible post-translational modification of a protein cysteine 

thiol, with a resultant increase in molecular mass of ~305.6 (from glutathione, GSH) and a 

net increase in negative charge (from glutamic acid). Not only does this event protect the 

cysteine against further oxidative damage, it can create distinct structural and functional 

changes in the target protein. The pKa of the receptive cysteine thiol is critical for S-

glutathionylation and the reaction is favored if the three-dimensional environment of the 

cysteine is basic (low pKa), for example, as may be provided by vicinal arginine, histidine or 

lysine residues [1]. The typical pKa of a cysteine thiol approximates 8.5, however, such 

values can range from 3.5 to >12, depending on the local microenvironment. Decreased 

cysteine pKa values may be attributed to stabilization of the thiolate anion by electron 

withdrawing groups, or an adjacent positive charge, whereas thiolate pKa may be higher 

when adjacent to negatively charged residues, or buried within protein folds [2, 3]. Protein 

S-glutathionylation proceeds either spontaneously or enzymatically (Figure 1) [4, 5]. The 

non-enzymatic reaction can proceed as follows:

(1) thiol-disulfide exchange between protein thiol (PSH) and glutathione disulfide 

(GSSG). In this case, the ease of PSSG formation is a product of the equilibrium 

constant of the reaction (Kmix), expressed as PSSG GSH
PSH GSSG . Therefore, for any 

protein, the extent of protein S-glutathionylation ( PSSG
PSH ) depends heavily on 

the local GSH:GSSG ratio [6, 7]. For most protein cysteines with Kmix ~1 [6], 

the intracellular GSH:GSSG ratio would have to decline dramatically (i.e. from 

100:1 to 1:1) to achieve 50% conversion of PSH to PSSG. Such extreme 

conditions are rare in vivo, therefore for most proteins, spontaneous PSSG 

formation through PSH and GSSG exchange is uncommon [7]. However, there 

are some examples such as c-Jun that have a Kmix ~13 and therefore 50% of c-

Jun may be S-glutathionylated when the GSH:GSSG ratio is ~13 [8].

(2) PSH is oxidized by reactive oxygen species (ROS, e.g. H2O2) to a sulfenic acid 

(PSOH) which then rapidly reacts with GSH to form PSSG. Low µM H2O2 can 

rapidly oxidize PSH to -SOH, which is unstable and can undergo further 

oxidization to sulfinic (SO2H) and eventually sulfonic acid (SO3H) which 

generally irreversibly deactivates the protein. Thus, S-glutathionylation of an 

SOH group can prevent the target protein from over-oxidation [4, 5]. Under 

physiological conditions, intracellular H2O2 levels are expected to be in the sub-

µM range (10−7–10−9 M) [9], thus spontaneous S-glutathionylation in vivo 
through this mechanism would occur rather slowly.
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(3) PSH is oxidized to a thiyl radical (PS•) which rapidly reacts with GSH to form a 

thiyl radical glutathionyl intermediate (PSSG•−) which can then react with O2 to 

form PSSG. Similarly, GS• can react with PSH to form PSSG•−. Thiyl radical 

mediated protein S-glutathionylation has been suggested to occur in vivo [5], 

perhaps involving glutaredoxin 1 and 2 (Grx1 and 2) [10, 11].

(4) Nitric oxide (NO) induced S-glutathionylation. NO is itself a weak thiol oxidant, 

however, either S-nitrosylation (PSNO) or S-glutathionylation (PSSG) can be 

promoted through secondary generation of reactive nitrogen species (RNS). In 

addition, PSH may be modified by GSNO to form PSNO and/or PSSG. In vitro 
studies showed that proteins such as papain, creatine phosphokinase or 

glyceraldehyde-3-phosphate dehydrogenase are susceptible to both S-

nitrosylation and S-glutathionylation by GSNO, whereas alcohol dehydrogenase, 

bovine serum albumin and actin appear merely to be S-nitrosylated [12]. 

Furthermore, our early reports showed that treatment of cells with PABA/NO (a 

glutathione S-transferase (GST) activated diazeniumdiolate prodrug (O2- [2,4-

dinitro-5- (N methyl-N-4-carboxyphenylamino) phenyl] 1-N, N-dimethylamino) 

diazen-1-ium-1, 2-diolate)) resulted in a dose-dependent increase in intracellular 

NO levels with subsequent undetectable nitrosylation, but drug induced high 

levels of S-glutathionylation of such proteins as, β-lactate dehydrogenase, Rho 

GDP dissociation inhibitor β, ATP synthase, elongation factor 2, protein 

disulfide isomerase (PDI), nucleophosmin-1, chaperonin, actin, protein tyrosine 

phosphatase 1B, and glucosidase II [13, 14]. Intriguingly, it has been reported 

that the S-N bond of GSNO has some polarity, with the sulfur being more 

negatively charged than the nitrogen, indicating that nucleophilic attack of the 

protein thiolate anion (PS−) on nitrogen to form PSNO should be favored over 

sulfur to form PSSG [12, 15]. Taken together, such evidence suggests that two 

distinct pools of S-nitrosylated proteins might exist, one that is GSH stable and 

another that is GSH labile and subject to rapid conversion to S-glutathionylated 

products. However, those properties or conditions that favor the implementation 

of PSSG versus PSNO have yet to be determined.

Thus, while in certain circumstances, protein S-glutathionylation can occur spontaneously, 

the rates and magnitude are greatly enhanced by catalytic activity of GST, primarily GSTP 

[16–22]. The first evidence of this came from reports on cells with depleted or deleted 

expression of GSTP, where total levels of cellular S-glutathionylation were markedly 

decreased, implicating GSTP as the causative factor in the forward reaction [18, 22, 23]. 

When GSTP knockout cells are exposed to ROS, S-glutathionylation of both global and 

identifiable individual proteins are decreased [18]. Particular examples include 

peroxiredoxin 6 (Prx6) [16, 17], aldose reductase [19], histone H3 [20], AMP-activated 

protein kinase (AMPK) [21], 78-kDa glucose-regulated protein/immunoglobulin heavy 

chain binding protein (GRP78/BiP), PDI, calnexin, calreticulin, endoplasmin, and sarco/

endoplasmic reticulum Ca2+-ATPase (SERCA) [22]. Despite its primarily cytosolic location, 

GSTP has also been found in nuclear [24], mitochondrial [25] and endoplasmic reticulum 

(ER) [22] compartments of the cell. Catalytically, GSTP binds GSH and lowers the pKa of 

the cysteine residue of GSH from 9.2 [26] to 6.3 [27] through abstraction of the proton by 
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Tyr7, resulting in a thiolate anion (GS−) at the active site. In addition to delivering this 

thiolate to small molecule substrates, receptive cysteines in proteins can also be targets for 

transfer. Accordingly, cells expressing a Tyr7 mutant of GSTP also have diminished levels of 

overall S-glutathionylation when exposed to ROS [18]. For example, reactivation of 1-cys 

Prx6, where oxidation of the catalytic Cys47 of Prx6 has been associated with its loss of 

peroxidase activity. However, heterodimerization of Prx6 with GSH-saturated GSTP 

mediates Cys47 S-glutathionylation in Prx6 and is followed by subsequent spontaneous 

reduction of the mixed disulfide, thereby restoring its peroxidase activity [16, 17]. A recent 

study provided evidence that even in the absence of strong oxidants (i.e. mild oxidation - 

physiological-like conditions), either GSTP or GSTM could interact with AMPK, catalyze 

S-glutathionylation at residues Cys299 and Cys304, and cause direct conformational 

changes that activate kinase activity[21].

1.2 Deglutathionylation – reverse reaction

It is meaningful to compare the cyclical nature of S-glutathionylation with the processes of 

protein phosphorylation and dephosphorylation. Where phosphorylation has forward and 

reverse reaction kinetics governed by kinases and phosphatases, the S-glutathionylation 

cycle depicted in Figure 1 has equivalent forward/reverse reactions. S-glutathionylation and 

deglutathionylation also regulate functional switches integral to homeostatic redox signal 

transduction [1, 28, 29]. Intriguingly, S-glutathionylation of certain kinases and 

phosphatases [28] can regulate their enzymatic activities providing an interesting 

convergence of cyclical post-translational modifications. As discussed above, following a 

forward reaction dependent on GSTP [16–22], deglutathionylation can be achieved by Grx 

[30–32], sulfiredoxin (Srx) or GSTP (omega; Figure 1). Mammalian Grx enzymes can be 

found in numerous sub-cellular locations. Grx1 primarily presents in cytosol (~1 µM) and 

the mitochondrial inter-membrane space (~0.1 µM); whereas Grx2 is localized 

predominantly to the mitochondrial matrix (~1 µM) [33, 34]. Grx2 shares ~34% sequence 

identity with Grx1, but like Grx1, it contains an active site CXXC motif (CSYC versus 

CPYC on Grx1), the so-called thioredoxin fold that is four mixed β-sheets surrounded by α-

helices [35] and the glutathionyl stabilization site [31, 32]. Catalytic mechanisms of Grx1 

and Grx2 in the reduction of S-glutathionylated substrates have been reviewed elsewhere 

[34]. Grx catalyzes the deglutathionylation of target proteins through two successive thiol-

disulfide exchange reactions:

(1) The Grx N-terminal active-site cysteine thiolate (Grx-S−) attacks the 

glutathionyl sulfur of PSSG, forming a Grx-SSG intermediate, releasing reduced 

PSH. This step is fast relative to the overall rate of the catalyzed reaction and 

Grx is highly selective and specific for glutathionyl mixed disulfides (PSSG) 

versus other mixed disulfides (e.g. PSS-Cys which is not a substrate) [11, 36]. 

The orientation of the γ-glutamyl moiety of GSH seems essential for the Grx 

selectivity [37]. The non-glutathionyl component of the disulfide substrate 

appears to be unrestricted and therefore Grx is thought to operate as a general 

deglutathionylating enzyme. However, the rate constants for deglutathionylation 

vary more than two orders of magnitude among PSSG substrates and good 
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substrates are distinguished by a combination of high accessibility of the 

glutathionylated site and low pKa of the cysteine residue [38].

(2) Free GSH attacks the glutathionyl sulfur of the Grx-SSG intermediate releasing 

reduced Grx and GSSG. GSSG is then reduced to 2GSH by GSSG reductase and 

NADPH. This is the rate-limiting step, and the rate enhancement by Grx over 

non-catalyzed rates has been attributed to the unusually low pKa of the active-

site cysteine (serves as the leaving group in this step) on Grx 1 (~3.5) or Grx 2 

(~4.6) [11], in comparison to the typical pKa ~ 8.5. For classic thiol-disulfide 

exchange reactions, each 1 pH unit decrease in the pKa of the leaving group thiol 

predicts a ~4-fold increase in the rate constant, which explains the majority of 

the rate enhancement of Grx1-mediated deglutathionylation [4ΔpKa = 45 = 1024-

fold] [11]. Besides the leaving group effect, an additional enhancement exists for 

GSH as the second substrate, which suggests an enzyme-induced increase in 

nucleophilicity of the GS− for the Grx-SSG intermediate [34]. It is worth noting 

that Grx activities are also affected by the chemical environment, e.g. pH and 

ROS sources. The different pH values in cytosol (~7.4), mitochondrial inter-

membrane space (~7.0), and mitochondrial matrix (~8.0), lead to ranging Grx 

activities among sub-cellular compartments. Accordingly, compared to cytosol, 

Grx activity would be ~66% lower in the mitochondrial inter-membrane space 

and 2.5 times higher in the mitochondrial matrix [34]. Local production of ROS 

may also favor catalysis of thiyl radical scavenging or protein S-

glutathionylation by Grx.

Even though the deglutathionylation reaction has been largely attributed to the actions of 

Grx, both GSTO1-1 [39] and/or Srx [40, 41] can also serve similar functions. GSTO1-1 has 

structural similarities to Grx including the thioredoxin-like domain and the glutathionyl 

stabilization site where glutathione can form a disulfide bond with a conserved active site 

cysteine residue [39]. However, other GST isozyme families, including, GSTA, GSTM, 

GSTP, GSTT, GSTS and GSTZ, have catalytic tyrosine or serine residues. In addition, 

GSTO1-1 has a relatively open active-side pocket that could potentially accommodate a 

protein or a peptide as a substrate [42]. Therefore, GSTO1-1 catalyzes Grx-like protein 

deglutathionylation in two similar steps: First, Cys32 on GSTO1-1 attacks PSSG to form 

Cys32-SSG, releasing reduced PSH. Second, Cys32-SSG is recycled by free GSH to form 

GSSG and GSTO1-1 is free to catalyze the deglutathionylation of the next protein substrate 

[43]. The role (if any) that GSTO1-1 plays in S-glutathionylation of proteins is less clear 

[39, 44].

In vitro studies showed that human Prx1 can be S-glutathionylated at three of the four 

cysteine residues, including Cys52, Cys173 and Cys83, and the deglutathionylation of Cys83 

and Cys173 is preferentially catalyzed by Srx, while deglutathionylation of Cys52 is 

preferentially catalyzed by Grx [41]. The deglutathionylation carried out by Srx seems have 

broader substrate specificity. In this regard, work from our laboratory has shown that 

HEK293 cells transfected with Srx exhibit a decrease in global protein S-glutathionylation 

following exposure to ROS treatments [40].
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In each of the circumstances described above, quantitative amounts of each of these enzymes 

will be critical determinants of their relative contribution to the cycle. This feature takes on 

added significance when considering redox metabolism in cancers of various types. 

Dysregulated redox homeostasis and aberrant signaling are each hallmarks of the disease, 

but the variability of expression of, for example, GSTP, Srx and Grx in different tumor types 

can be quite profound. Many tumor cells exist at the biological boundaries of elevated 

oxidative stress, and yet have adapted their cellular milieu to maintain viability. There is 

even an indication that nutrient stress may be linked with redox signaling through 

glycosylation of KEAP1, impacting its interaction with Nrf2 [45]. In this regard, the use of 

glucose and the existence of dysregulation of redox homeostasis in tumors may be linked. 

Constructive lines of thought converge on the consideration that redox homeostasis may be 

the Achilles heel of many types of cancer. Telintra is an example of a cancer drug designed 

to target GSTP, and while its therapeutic value will be discussed in a later section, its 

pharmaceutical actions include inhibiting S-glutathionylation, providing more evidence for 

the role of GSTP in the S-glutathionylation cycle.

2. Examples of how S-glutathionylation alters protein structure/function

2.1 Protein Disulfide Isomerase

PDI is the most abundant chaperone in the lumen of the ER [46], participating in isomerase/

chaperone activities in protein folding and in instigation of unfolded protein response (UPR) 

signaling pathways [47]. The 57 KDa protein has four thioredoxin domains, two of which 

have CGHC motifs critical to catalytic activities, with two other domains forming a central 

hydrophobic core pocket for substrate binding [48]. The C terminal KDEL sequence retains 

it within the ER and two conserved cysteines in the catalytic domains, cycle between 

disulfide and dithiol forms. From our own studies, drug induced nitrosative stress leads to 

PDI S-glutathionylation, resulting in diminished activity of the enzyme and activation of 

UPR [18]. Specific targeted cysteines were identified [13] and the modification was 

demonstrated to blunt its isomerase activity [46] and interfere with its chaperone activity, 

abolishing its capacity to form a complex with ERα [49]. S-glutathionylation of PDI alters 

the secondary and tertiary structure of the protein, measured by a number of distinct criteria. 

Circular dichroism identified a consistent small decrease in the α-helix content of the S-

glutathionylated form of the enzyme. Using tandem mass spectrometry (increase in 

molecular mass of 305.6) the specific S-glutathionylated cysteine residues were identified. 

These were localized in the active sites of the a and a′ domains, each containing a CXXC 

motif. S-glutathionylation of PDI caused a substantial decrease in tryptophanyl fluorescence 

[14]. In the crystal structure, Cys61 and Cys64 are proximal to a Trp at position 60. Possible 

disulfides that form at positions Cys90 and Cys97 are too distal from this Trp to have an 

effect. However, a hypochromic shift of emission maximum of ~4nm after S-

glutathionylation indicates some shielding of Trp60 from a polar environment through Cys61 

and/or Cys64 S-glutathionylation [14]. Each of these observations indicate that S-

glutathionylation alters the tertiary structure of PDI. The involvement of PDI in 

physiological processes such as thrombus formation, tissue factor regulation, platelet 

aggregation, cell adhesion and virus internalization [14], suggest that it may be an important 

factor as an emerging redox sensor and/or promising therapeutic target.
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2.2 Peroxiredoxin 6

1-Cysteine Prx6 is an anti-oxidant enzyme that catalyzes the reduction of both H2O2 and 

organic hydroperoxides using GSH [50]. The strictly conserved cysteine (Cys47) located at 

its N terminus regulates peroxidase activity, where oxidation to a sulfenate inactivates the 

Prx6 homodimer [51]. The cysteine residues in the two monomers are buried in the 

hydrophobic globular core region [52], and restoration of activity is achieved initially 

through heterodimerization with GSH loaded GSTP where S-glutathionylation occurs [29, 

53]. From the crystal structure of Prx6, the catalytic triad of S32, H26, D140 residues 

provides a basic environment (low pKa) around the single conserved cysteine (Cys47) to 

make it an appropriate target for S-glutathionylation [1]. The crystal structure depicts the 

peroxide mediated oxidation of the conserved Cys47 to sulfenic acid [54]. Because of its 

reactive nature, this oxidized sulfenate monomer is short-lived, although it acquires stability 

by being inaccessible inside the globular protein. The two oxidized Cys47 in the homodimer 

are separated by 32Å, not close enough to form a disulfide. Ralat et al.[51] characterized the 

complex of GSTP/Prx6 by determining: molecular weight of the complex; catalytic activity 

of the GSTP monomer; interaction sites between GSTP and Prx6. Heterodimer formation 

with GSTP is accompanied by GSH-dependent reduction, within the complex facilitating 

access of GSH to the oxidized Cys47 of Prx6, enabling its S-glutathionylation, and eventual 

regeneration [16, 17]. Active Prx6 is also known to be a major antioxidant in the neuronal 

tissue of dementia patients with Lewy bodies, and a critical enzyme in neurodegenerative 

diseases [55] and as discussed in section 6 (below), is an indicator of traumatic brain injury 

(TBI) [55].

3. S-glutathionylation in sub-cellular compartments

Regulation through S-glutathionylation has been ascribed to a large number of proteins that 

can be aligned into different functional clusters including, cytoskeletal, glycolysis/energy 

metabolism, kinase and signaling pathways, calcium homeostasis, antioxidant enzymes and 

protein folding. Detailed information on these can be obtained from some previous reviews 

[1, 56]. While it appears that proteins localized in a variety of sub-cellular compartments are 

represented in these clusters, the prominent role of ROS in both mitochondria and 

endoplasmic reticulum warrant further attention.

3.1 S-glutathionylation - mitochondrial proteins

Because of the unique physical properties of the matrix, mitochondrial energy metabolism is 

quite susceptible to adjustment by S-glutathionylation and the importance of S-

glutathionylation in mitochondrial function or disease has been reviewed elsewhere [4]. The 

slight alkalinity of the mitochondrial matrix (pH~8.0) [34] favors protein thiolate formation 

and thereby enhances its reactivity toward GSH. Mitochondria also contain high 

concentrations of protein thiols (60–90 mM) and GSH (~1–5 mM) and are a major source of 

ROS, each of which render S-glutathionylation more likely [57]. Reversal of S-

glutathionylation by Grx2 would also be favored by the basic environment and ROS. In 

principle, S-glutathionylation will provide a rapid, reversible response to redox fluctuations 

ensuing from the vicissitudes of energy metabolism resulting from, for example, excess 
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mitochondrial superoxide production. There are three operative concerns where S-

glutathionylation of target proteins might influence mitochondrial functions (Figure 2):

(I) with enzymes involved in the supply of reducing equivalents to the electron 

transport system (ETS). Pyruvate dehydrogenase (vicinal lipoate thiols on the E2 

subunit) [58], isocitrate dehydrogenase (Cys269) [59], α-ketoglutarate 

dehydrogenase (vicinal lipoate thiols on the E2 subunit) [60], and malate 

dehydrogenase [61] are each subject to reversible inhibition by S-

glutathionylation. Each generates NADH in the Krebs cycle, thus their S-

glutathionylation directly shrinks pools of NADH. Other proteins involved in 

Krebs cycle, such as aconitase (Acn) and succinyl-CoA transferase are also 

reversibly inhibited by S-glutathionylation [62]. Cysteine residues on Acn, 

specifically Cys126 and Cys385 in close proximity to the citrate binding site, are 

susceptible to S-glutathionylation, which lowers Acn activity, probably by 

blocking the active site [63]. In this case, S-glutathionylation protects the 

enzymes from irreversible oxidative deactivation, and ensures the enzymes can 

be reactivated by Grx2.

(II) with proteins involved in the electron flux through ETS. Complex I is the entry 

point for electrons into the ETS from NADH to ubiquinone, coupled to the 

translocation of four protons across the inner mitochondrial membrane, and is a 

major source of ETS derived superoxide [64]. Several subunits of complex I 

have been identified as key sites for regulation by S-glutathionylation, including 

Ndufv1 (51-kDa) [65], Ndufs1 (75-kDa) [66], Ndufs7 [67], Ndufa11 [67], and 

ND3 [4]. Specifically, Cys531 and Cys704 on Ndufs1 are proximal to the NADH 

binding site and thus it is probable that S-glutathionylation induces a 

conformational change which lessens NADH oxidation [66]. Reversibility of S-

glutathionylation of Ndufs1 occurs through Grx2 [4, 68]. Mitochondrial 

complex I can cycle between active (A) and de-activated (D) forms. When the 

A-form of complex I is left idle in the absence of substrates (NADH and 

ubiquinone), it converts to the D-form, which can be reactivated by adding 

substrates to induce catalytic turnover [69]. Of Note, upon de-activation, Cys39 

of the ND3 subunit (located in the vicinity of the ubiquinone binding site) 

becomes exposed and modification of Cys39 by oxidation, nitrosylation, S-

glutathionylation or any kind of SH-reagent like N-ethylmaleimide or 

iodoacetamide prevents reactivation [4, 70, 71]. It would be important to know 

whether all subunits of complex I (Ndufv1, Ndufs1, Ndufs7, Ndufa11and ND3) 

can be S-glutathionylated simultaneously or whether these subunits might be 

differentially S-glutathionylated under physiological or pathological conditions. 

S-glutathionylation of complex II, specifically Cys90 on the 70-kDa FAD-

binding subunit (succinate dehydrogenase A, SdhA), is required to maintain 

activity. SdhA is actually deglutathionylated during myocardial ischemia/

reperfusion [72]. In addition, S-glutathionylation of ATP synthase (Cys294 on 

the α-subunit of the F1 complex) is associated with low respiratory flux and 

reversibly inhibited ATPase activity [62, 73].
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(III) with transporters involved in the membrane potential of mitochondria. 

Uncoupling proteins 2 and 3 (UCP 2 and −3, specifically Cys25 and Cys259 on 

UCP3) appear to be deglutathionylated by Grx1 under high oxidative stress 

conditions, leading to an increase of the proton leak across the inner 

mitochondrial membrane and dissipating the membrane potential to reduce 

mitochondrial ROS production [74, 75]. Other proton leak pathways influenced 

by the adenine nucleotide transporter (ANT) may be regulated by reversible S-

glutathionylation, where the forward reaction prevents mitochondrial membrane 

permeabilization and protects astrocytes from apoptosis [76, 77].

Also, relevant to mitochondrial energy metabolism, our own studies with bone-marrow 

derived dendritic cells (BMDDC), have shown that GSTP mediated S-glutathionylation of 

estrogen receptor α (ERα) is implicated in switching energy production from oxidative 

phosphorylation to glycolysis, a metabolic shift universally important in regulating bone 

marrow proliferation and differentiation pathways [78].

3.2 S-glutathionylation - endoplasmic reticulum proteins

As the organelle responsible for folding of newly synthesized, secreted and membrane-

bound proteins, the ER maintains a redox homeostasis that is shifted toward a more oxidized 

state when compared to the remainder of the cell; the GSH/GSSG ratio ranges from 1:1 to 

3:1, compared to the overall cellular ratio of 30:1 to 100:1 [79]. The protein folding 

machinery of the ER is highly sensitive to ER luminal Ca2+ fluctuations and it has evolved a 

sophisticated system of quality control, in addition to an UPR pathway to deal with mis-

folded proteins [80]. Our work and a review of the literature confirms that several ER 

proteins enmeshed in a diverse array of ER-processes are subject to S-glutathionylation 

(Figure 3).

Intracellular Ca2+ as an important second messenger for signal transduction, is generally 

stored within the sarcoplasmic reticulum (SR) in muscle cells and the ER in other cell types. 

When extracellular signaling causes the release of intracellular Ca2+ into the cytosol, the 

result can be the engagement of various pathways that might promote processes as divergent 

as gene regulation, proliferation or cell death. The maintenance of the high Ca2+ 

concentrations in the SR/ER is primarily achieved by crosstalk between (1) molecular 

chaperones that bind and buffer Ca2+; (2) Ca2+ pumps that use ATP to work against 

electrochemical gradients; (3) channel pores that leak or release from SR/ER to the cytosol 

[81]. The effects of S-glutathionylation on Ca2+ release from SR ryanodine receptors 

(RyRs), ER inositol 1,4,5-triphosphate receptors (IP3Rs) and on Ca2+ reuptake by SERCA 

have been studied previously. RyRs exist in three isoforms (RyR 1–3) that can exist as 

homo-tetramers. 12 of the 100 cysteine residues in the RyR1 monomer have been identified 

as subject to redox modifications. 10 of these (Cys36, 253, 315, 811, 906, 1591, 2326, 2363, 3193 

and 3635) are susceptible to S-glutathionylation, and while Cys1040 and 1303 are exclusively 

S-nitrosylated, whereas Cys1591 and 3193 are exclusively S-glutathionylated. Cys253, Cys315, 

Cys811 and Cys906 can be S-glutathionylated and S-nitrosylated, Cys36, Cys2326 and Cys2363 

can be S-glutathionylated and oxidized to form a disulfide. Cys3635 can be S-

glutathionylated, S-nitrosylated, and oxidized to form a disulfide [82]. The combination of 

S-glutathionylation and S-nitrosylation of RyR1 induced by GSNO seems to decrease the 
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binding of FKBP12 and/or calmodulin binding to RyR1 (both inhibit RyR1), resulting in 

activation of Ca2+-induced Ca2+ release kinetics [83]. The physiological relevance of each 

individual cysteine residue identified on RyR1 has yet to be defined. RyR2 is the major 

intracellular Ca2+ release channel that drives heart contraction. RyR2 contains as many as 90 

cysteines per monomer, and the oxidative PTM of these residues, particularly S-

glutathionylation and S-nitrosylation, have been suggested to be responsible in regulating 

RyR2 activity [84]. For example, tachycardia-stimulated NADPH oxidase-dependent RyR2 

S-glutathionylation, contributes to sustained faster calcium release rates during conditions of 

increased cardiac activity. Tachycardia-induced preconditioning was proven to reduce infarct 

size after ischemia [84, 85]. In addition, in non-excitable cells, Ca2+-induced Ca2+ release 

by IP3R is enhanced by S-glutathionylation. IP3R S-glutathionylation may represent a 

fundamental mechanism for regulating IP3R activity during physiological redox signaling 

during pathological oxidative stress [86].

The SERCA pump is encoded by a family of three genes, SERCA1, 2, and 3, each of which 

are highly conserved. SERCA1-3 have multiple cysteine residues (24, 29, and 27 

respectively) and many of these are susceptible to S-glutathionylation, e.g. Cys344, Cys349, 

Cys364, Cys498, Cys525, and Cys614 for SERCA1 [87], and Cys344, Cys349, Cys364, Cys498, 

Cys524, Cys613 and Cys674 for SERCA2 [88]. SERCA (especially SERCA2) S-

glutathionylation represents a physiological, cGMP-independent mechanism that stimulates 

vessel relaxation. Low concentrations of peroxynitrite, generated physiologically from nitric 

oxide, directly increases the SERCA activity through S-glutathionylation to stimulate the 

uptake of cytosolic Ca2+ and relax cardiac, skeletal and vascular smooth muscle. This 

modification is blocked by irreversible cysteine sulfonation during atherosclerosis which 

may be a contributory factor in the impaired vasodilation of atherosclerotic smooth muscle. 

Site-directed mutagenesis analysis suggested that S-glutathionylation of Cys674, located in 

the cytosolic-facing hinge domain, was accountable for SERCA2 activation [88].

The activities of the molecular chaperones in the ER that bind and buffer Ca2+ are also 

affected by the oxidation state of cysteine residues [89]. Numerous ER-localized chaperones 

have the capacity to buffer Ca2+ since either the number of binding sites are high, or the 

Ca2+ association/dissociation ratios are low. These chaperones include calnexin, calreticulin, 

GRP78/BiP, GRP94 and PDI, each of which contribute to protein folding and quality control 

[81]. We recently showed that a proportion of the cellular content of GSTP is found in the 

ER compartment, substantiating the concept that S-glutathionylation may be a crucial 

regulatory process in the ER [22]. Moreover, there are examples where S-glutathionylation 

may elicit different outcomes. For example, S-glutathionylation of PDI inhibits both its 

isomerase and chaperone activities and can be linked with the cytotoxicity of PABA/NO [14, 

46]. However, BiP S-glutathionylation increases its holdase activities, but enhances cell 

proliferation during and after oxidative stress [90]. GSTP promotes S-glutathionylation of 

ER proteins, and protects the cells from UPR induced cell death caused by drugs that target 

the ER, such as, thapsigargin (ThG) or tunicamycin (TuM) [22]. ThG is a specific inhibitor 

of SERCA, altering ER Ca2+ homeostasis and interfering with the functional activities of 

calcium-dependent chaperones. TuM inhibits N-linked glycosylation leading to the 

accumulation of misfolded, non-glycosylated proteins in the ER. In either case, saturation of 

the ER folding capacity can, in turn, induce cell death through influencing the UPR [22] and 
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it appears that reversible S-glutathionylation of key proteins can provide the rheostat for 

their control.

4. Evidence for possible individual differences in S-glutathionylation?

Evidence for polymorphic SNP variants of GST isozymes has perfused the scientific 

literature for some time. Correlative associations of disease susceptibility and response to 

drug therapies or environmental conditions are numerous (over 450 publications in 

PubMed), but have frequently provided conflicting information about definitive associations 

or relationships. Since GSTP has a role in the S-glutathionylation cycle, we will focus 

attention on this isozyme. Human polymorphic variants of the GSTP gene (and their 

distribution in Caucasian populations) include: wild type GSTP1-1A (Ile105, Ala114; 57%) 

and three variants, GSTP1-1B (Ile105Val, Ala114; 30%), GSTP1-1C (Ile105Val, Ala114Val; 

12%) and GSTP1-1D (Ile105, Ala114Val; 1% [91]). In all instances, mutation of the 

tyrosine at position 7 precludes the capacity to carry out any of the catalytic functions 

ascribed to GSTP. In terms of disease associations, the GSTP1-1B allele has been associated 

with bladder and testicular cancer and decreased GSTP1-1A has been linked with prostate 

cancer, but associations with colorectal or lung cancer have not been reported [92, 93]. In the 

context of oxidative stress response, present and ongoing studies consider whether there are 

population or ethnic differences in the capacity to respond to ROS or RNS. Our group has 

carried out a series of studies to investigate whether such GSTP variants might influence 

response to drugs [18], hydrogen peroxide [94] or the capacity to promote reactivation of 

Prx6 through its S-glutathionylation [53]. In a HEK293 transfection setting, GSTP1-1A 

possessed the greatest S-glutathionylation activity, with GSTP1-1B having the least of the 

three polymorphic variants (approximately 50% of 1-1A). It does not seem unreasonable to 

predict that susceptibility to the impacts of oxidative stress will vary amongst those 

individuals who express these GSTP polymorphic variants, perhaps in combination with 

other critical enzymes that maintain redox homeostasis.

Increased expression of Prx6 has also been associated with cancers such as breast [95], and 

Prx6 also sustains the growth, invasiveness and metastasis of breast cancer cells [96]. 

Activation of Prx6 as a peroxidase is delimited by heterodimerization with GSTP1-1 [17, 97, 

98] and S-glutathionylation enhances enzyme activity [99]. Differences in molecular volume 

(Ala − 69Å3; Val − 120Å3 and Ile − 204Å3) and side-chain hydrophobicity impact affinity of 

GSTP1-1 for Prx6 and our previous results showed the affinities of GSTP1-1A or 1-1C for 

Prx6 to be higher (KD~ 61–68 nM) than those of GSTP1-1B or 1-1D (KD~86–78 nM). Such 

affinity depends on proximity between the catalytic Cys47-sulfenate of Prx6 and activated 

GSH (thiolate) bound to the GSTP1-1 allelic variant, regulating the activation of the 

sulfenate through S-glutathionylation [17]. Peroxidase activities of cells transfected with 

GSTP1-1A or 1-1C were substantially higher than those with either GSTP1-1B or 1-1D 

[53]. So in this setting, GSTPB1-1 also has a lower capacity to mediate a specific 

antioxidant response. Those individuals constitute 30% of the Caucasian population, 

implying that a greater understanding of polymorphic penetrance would likely facilitate 

better scrutiny of epidemiological data pertinent to antioxidant response.
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5. Inhibiting S-glutathionylation with small molecules

In the 1990’s, a collaborative academic/private sector endeavor led to the synthesis and early 

testing of an isozyme specific inhibitor of GSTP [100]. Initially named TLK199, preclinical 

testing has advanced to human clinical trials and in parallel advanced the name to Telintra or 

Ezatiostat [101, 102]. The phase 2 study evaluated two extended dose schedules of oral 

Ezatiostat in 89 heavily pretreated patients with low to Intermediate 1 risk myelodysplastic 

syndromes (MDS). The most common Ezatiostat-related adverse events were grade 1 and 2 

gastrointestinal, including nausea, diarrhea and vomiting. Overall, 29% of the RBC 

transfusion-dependent patients had transfusion reduction, with 11% achieving transfusion 

independence. The median duration of response was 34 weeks. Multilineage responses were 

observed and higher responses to Ezatiostat were observed in subsets of patients previously 

treated with lenalidomide, suggested a potential role for combining the two drugs [101]. 

Additionally, there are two case reports of MDS patients who responded particularly well to 

Ezatiostat [103, 104]. The first was a 77-year-old male who relapsed and discontinued 

lenalidomide, and was randomized to receive Ezatiostat tablets at 3000 mg/day for 14 days 

of a 21-day cycle, resulting in improvement in all three blood counts that continued to 

remain high a year post-therapy [103]. The other was a 64-year-old female who suffered 

from long-standing idiopathic chronic neutropenia (ICN) with frequent episodes of sepsis 

and had an inadequate response to G-CSF. She responded by the end of the first cycle of 

treatment with stabilization of her absolute neutrophil count (ANC), clearing of fever and 

healing of areas of infection. Following 8 cycles of treatment, she continued to show 

remarkable improvement of ANC [104]. Overall, the available clinical data have shown 

favorable tolerability and hematopoietic promoting activity profiles for Ezatiostat in MDS 

patients and indicated that the drug was worthy of further evaluation in randomized phase 2 

and phase 3 trials.

The specificity of the drug for GSTP is accommodated by the fact that its binding affinity to 

the G-site of GSTP1-1 is greater than that of GSH and its selectivity for GSTP1-1 is at least 

50-fold greater (Ki ~ 400 nM) than GSTA or GSTM families of isozymes [105, 106]. As 

discussed, the number of S-glutathionylated proteins in the proteome is not proportionally 

large but their functional importance can in some cases, make them attractive drug targets in 

cancer. These might include enzymes with catalytically important cysteines especially those 

involved with protein folding/stability, nitric oxide regulation and redox homeostasis; 

cytoskeletal; signaling -particularly kinases and phosphatases; transcription factors; ras 

proteins; heat shock proteins; ion channels, calcium homeostasis; energy metabolism and 

glycolysis. Under stress conditions, the half-life of S-glutathionylation approximates 4 h 

[18]. However, relevant to the use of Telintra, there are instances where interference with S-

glutathionylation can have a plausible therapeutic effect. In this regard, the enhanced 

myeloproliferative phenotype of the GSTP knockout mouse [107], together with the other 

indications where pharmacological inhibition of GSTP influences bone marrow proliferation 

and migration [23] dictate that S-glutathionylation of certain key proteins is an important in 

regulating myeloproliferation in the bone marrow. Most recently, our own studies have 

suggested that estrogen receptor alpha (ERα) is one such protein, where Cys221, 245, 417, 447 

alters the binding affinity for estradiol and regulates bone marrow proliferation and 
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differentiation pathways [78]. Clinical trials with Telintra have been enacted and there 

appears to be a niche for the drug in myelodysplastic syndrome patients [101, 102]. In 

addition, certain preclinical studies with TLK117, the activated form of Telintra, have 

suggested opportunities for its use in lung diseases such as idiopathic pulmonary fibrosis 

[108].

6. Aberrant redox homeostasis and human disease

Oxidative or nitrosative stress result from exposure to a number of chemical entities that can 

include, free radical superoxide anion (O2·−) and hydroxyl radicals (OH·), nitric oxide (NO) 

and non-radical molecules such as hydrogen peroxide (H2O2) and peroxynitrite (ONOO2). 

Radical groups constituted by reactive sulfur species include hydrogen sulfide, hydrogen 

polysulfide, thiols and various S-modified cysteine adducts [109] of which S-

glutathionylation is one. Based on the emerging fact that the redox network is a mélange of 

these species, a recent review [110] has introduced reactive species interactome as an 

integrative biology concept in redox regulation. While sustained, elevated levels of these 

species can cause imbalance, cell damage and impact the etiology of a number of human 

diseases, at lower concentrations they can perform as second messengers in physiological 

situations [111]. Conditions such as hypertension, cardiovascular disease, aging, obesity, 

asthma, diabetes, neurodegenerative diseases and certain cancers are associated with 

aberrant redox homeostasis [112, 113].

These result from reversible or irreversible modifications of biomolecules; lipid 

peroxidation, post-translational modification of proteins: S-glutathionylation, disulfide 

formation, S-nitrosylation, thiol formation, carbonylation, tyrosine nitration, and mutations 

in DNA. Specific dysregulation of S-glutathionylation may contribute to the pathogenesis of 

disorders including obesity, diabetes, inflammation, cancer, cardiovascular, lung, and 

neurodegenerative diseases covered in recent reviews [1, 4]. Perhaps less well known, are a 

number of other connections. For example, increased S-glutathionylation of α-tubulin (as 

well as decreased tyrosination of α-tubulin) has been associated with Friedrich’s ataxia, a 

neuropathological condition characterized by degeneration of spinal cord pathways [114]. 

By protein-protein interaction analysis, GSTP1 was identified as a binding partner of the 

human papilloma virus (HPV-16) E7 oncoprotein. Following mapping of the region in the 

HPV-16 E7 sequence involved in the interaction, a mutant molecule of HPV-16 E7 with 

strongly reduced affinity for GSTP1-1 was created. When expressed in human keratinocytes, 

HPV-16 E7 modified the equilibrium between the oxidized and reduced forms of GSTP1-1 

(and in this way presumably altering S-glutathionylation), inhibiting JNK phosphorylation 

and its ability to induce apoptosis. From the data, a pivotal role for GSTP1-1 in the pro-

survival program elicited by its binding with HPV-16 E7 was uncovered [115].

There are also linkages between S-glutathionylation and immune modulatory pathways. For 

example, cysteine containing peptides are an important class of T cell epitopes and naturally 

processed MHC-bound peptides are presented on cell surfaces in an MHC allomorph-

dependent manner. A significant proportion of these peptides are modified through S-

glutathionylation. Alterations in the cellular redox state induced by viral infection are 

communicated to the immune system through the presentation of S-glutathionylated viral 
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peptides, resulting in altered T cell recognition. Collectively, oxidative stress mediated S-

glutathionylation represents a mechanism for modulating the virus-specific T cell response 

[116]. STAT1 and STAT3 are transcription factors with roles in regulating immune response. 

Oxidative stress induces S-glutathionylation of both STAT1 and STAT3, but has opposing 

role in regulation of their signaling, particularly in microglia cells and this impacts immune 

response [117]. S-glutathionylation also plays a pivotal role in allergic inflammation and 

airway hyper-responsiveness, suggesting a role for the S-glutathionylation cycle in 

controlling the nature of the adaptive immune response by promoting Type-2-driven 

inflammation and restricting IL-17A [118]. From our own recent report, bone marrow 

derived dendritic cells isolated from GSTP knockout animals had increased cell division, 

differentiation and decreased protein S-glutathionylation [23]. These same cells also showed 

that ablation of GSTP was coupled with enhanced expression of estrogen receptor alpha 

[78]. ERα signaling is directly invested in pathways of development and maturation of 

dendritic cells and the general sustainability of an immune response [119]. Moreover, ERα 
broadly impacts glucose metabolism and metabolic gene expression patterns that stimulate 

resting T cells to proliferate and differentiate into mature T effector cells [120]. GSTP forms 

a complex with ERα, stimulating S-glutathionylation and this produces an altered ERα 
binding affinity for estradiol and 3-fold reduced overall binding potential (receptor density 

and affinity). BMDDC differentiated by granulocyte-macrophage colony-stimulating factor 

elevate their ERα levels, and this is particularly exaggerated in cells from GSTP knockout 

mice. When stimulated with lipopolysaccharide, these same BMDDC exhibit: (i) augmented 

endocytosis, maturation rate, cytokine secretion and T-cell activation; (ii) heightened glucose 

uptake and glycolysis; (iii) increased Akt signaling (in the mTOR pathway); and (iv) 

decreased AMPK-mediated phosphorylation of proteins. Taken together, these findings 

suggest that quantitative changes in levels of GSTP-mediated S-glutathionylation of ERα 
control BMDDC differentiation and alter metabolic function in dendritic cells.

Traumatic brain injury patients have tissue destruction consistent with consequences of acute 

oxidative stress. Cerebrospinal fluid (CSF) from patients with severe TBI showed substantial 

levels of Prx6 and its associated binding partner GSTP. Prx6 was fully active in CSF of 

control patients but was significantly inactivated (oxidized) in TBI with increased oxidation 

correlating with severity of trauma. Recovery of Prx6 activity 24h following diagnosis was 

associated with a more favorable patient outcome. In this regard, Prx6 redox status has the 

potential to be a biomarker for TBI outcome and perhaps an indicator of therapeutic 

response [55].

The organism that causes plague, Yersinia pestis, secrets a protein (LcrV) that caps the type 

III secretion machine. This protein is S-glutathionylated at Cys273 and this modification 

promotes association with host ribosomal protein S3 (RPS3) and moderates Y pestis type III 

effector transport and macrophage killing, thereby enhancing bubonic plague pathogenesis 

in rodents. This activity is abolished by codon substitution C273A in LcrV, and this is 

accompanied by enhanced animal survival in models of bubonic plague. The mechanism 

responsible for these virulence attributes is linked to RPS3 as a ligand of LcrV, an 

association that is perturbed by the lack of S-glutathionylation of Cys273. Macrophages 

infected with the LcrVC273A variant displayed accelerated apoptotic death and diminished 

pro-inflammatory cytokine release. LcrV was S-glutathionylated after its transport to the 
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type III needle via disulfide bond formation with extracellular (host organism) oxidized 

glutathione. Such results show that Y. pestis exploits glutathione in host tissues to activate a 

virulence strategy, thereby accelerating plague pathogenesis [121].

7. Methods to measure S-glutathionylation

One of the primary challenges in detecting and measuring S-glutathionylated proteins is 

their generally low levels in cells. Recent technical advances, especially in proteomics, have 

facilitated enhanced sensitivity of detection and a number of informative reviews have 

appeared [77, 122, 123]. To detect the protein-SSG bonds two principle approaches (indirect 

and direct) have been employed. Given the general lack of direct methods, indirect 

techniques are still a popular choice and can be achieved using the following sequence of 

steps: (i) The free thiols are initially blocked by thiol-reactive agents such as N-

acetylmaleimide (NEM) or iodoacetamide (IAM) during tissue homogenization or cell lysis. 

NEM reacts with the deprotonated thiolate anions via Michael addition, whereas IAM reacts 

with the thiolate via nucleophilic substitution as the nucleophile, and iodine as the leaving 

group. Compared to IAM, NEM is faster by 1–2 orders of magnitude, more specific and less 

pH-dependent [77]. (ii) Protein-SSG is selectively reduced to free thiols by use of a Grx 

reduction cocktail (GSH/Glutathione reductase/NADPH). It should be noted that the 

selective reduction strategy is not perfect in terms of specificity. For example, even with the 

mutated form of Grx to reduce the risk of disulfide reduction, non-specific reduction of the 

Grx enzyme cocktail in the absence of Grx is still observed [124]. Therefore, when applying 

indirect methods, inclusion of proper negative and positive controls is important to enhance 

confidence in the identification of the redox modification. (iii) The newly reduced thiols are 

subjected to different enrichment and labeling strategies using thiol-reactive affinity resins 

[124, 125], biotin tags [126, 127], clickable tags [128], radiolabels, fluorophores [129, 130], 

isotopic or isobaric mass tags, e.g. heavy/light ICAT (isotope-coded affinity tags) containing 

biotin linker [82] and 6-plex iodoTMT (tandem mass tags) [131]. Compared to the biotin 

avidin-based approaches, the resin-assisted capture (RAC) procedure provides a simpler 

workflow, higher enrichment specificity (>95%), and better sensitivity, as demonstrated by a 

side-by-side comparison [132]. The RAC also provides the flexibility for enabling multiplex 

quantification across 4–10 biological samples by allowing on-resin digestion and isobaric 

labeling with the amine-reactive 4-plex or 8-plex iTRAQ (isobaric tags for relative and 

absolute quantification), 6-plex or 10-plex TMT [124, 125]. The iodoTMT approach offers 

the flexibility of multiplexed quantification as well; however, the RAC should provide higher 

enrichment specificity due to the covalent capture process when compared with the non-

covalent anti-TMT immunoaffinity enrichment. (iv) S-glutathionylated proteins can then be 

separated, visualized, detected or identified by fluorescent-, immunoblotting- or proteomic-

based approaches (Table 1, Figure 4).

The direct method is based on the use of (i) anti-GSH antibodies to pull down the target S-

glutathionylated proteins. However, low sensitivities of these antibodies impart a limited 

detection potential and many of the proteins identified are abundant [1]. (ii) [35S]cysteine to 

form radiolabeled GSH. The subsequent radiolabeled S-glutathionylated proteins can be 

detected by radiography [133]. However, this method does not permit discrimination 

between proteins modified by [35S]GSH and those ligated to [35S]cysteines. In addition, it 
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requires pre-incubation with cycloheximide and/or chloramphenicol to block protein 

synthesis, likely perturbing cell physiology. (iii) biotinylated GSSG [134] or the cell 

permeable biotinylated GSH ethyl esters [135] which allows for enrichment of S-

glutathionylated proteins on streptavidin. However, the bulky nature of biotin is likely to 

interfere with enzyme-mediated (de)glutathionylation and the artificial introduction of 

biotinylated GSH or GSSG may alter the endogenous redox status. (iv) a mutant of 

glutathione synthetase (GS), capable of coupling γGlu-Cys to azido-Ala in place of Gly. 

Transfection of this GS mutant and incubation of azido-Ala in cells efficiently produces the 

azido-GSH which is glutathionylated on proteins, and the subsequent click reaction allows 

for enrichment and detection [136, 137]. Compared to [35S]GSH and biotinylated GSH, a 

major advantage of “clickable” GSH is the small versatile azide handle, which seems not to 

interfere with enzyme-mediated (de)glutathionylation and can couple with a variety of 

different applications. Moreover, no exogenous thiol is introduced. After enrichment, the S-

glutathionylated proteins can then be detected or identified by fluorescent-, immunoblotting- 

or proteomic-based approaches (Table 1).

8. Perspectives/conclusions

Over the decades, many published studies have implied that cellular GSH levels perform 

primarily as buffers against ROS/RNS or that GSH:GSSG ratios directly correlate with cell 

survival. Arguably, the relative proportion of “activated” cysteines in a proteome may be the 

most critical regulator of cellular redox (thiol) homeostasis. The facile cycling of phosphate 

groups (serines, threonines or tyrosines) controls a surfeit of biological functions. In this 

regard, similarly profound affects can surely be associated with a sulfur-based S-

glutathionylation cycle. Ironically, many of these same kinases and phosphatases are 

themselves subject to regulation by S-glutathionylation. GSTP has always been an enigmatic 

member of the GST gene superfamily, with properties not always commensurate with 

detoxification. With a role in catalyzing the forward reaction of the S-glutathionylation 

cycle, the high levels of expression of this GSTP isozyme in highly proliferating tissues or 

tumors can perhaps be more readily appreciated. Either genetic (knockout or over-

expression) or pharmaceutical (Telintra) manipulation of GSTP leads to unassailable 

evidence for the importance of GSTP in S-glutathionylation. Independent of exogenous 

ROS, endogenous oxidative signaling (primarily attributable to hydrogen peroxide) is 

securely regulated and the S-glutathionylation cycle would appear to provide a tunable 

rheostat that might easily have evolved through selective pressures afforded by the use of 

oxidative phosphorylation as a means of energy generation. As the field advances, databases 

of proteins, the structure and function of which are impacted by S-glutathionylation will 

help to shed light on the critical nature of this cycle in regulating cell functions.
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Abbreviations

Acn aconitase

AMPK AMP-activated protein kinase

ANT adenine nucleotide transporter

BMDDC bone-marrow derived dendritic cells

ERα estrogen receptor α

CSF cerebrospinal fluid

ER endoplasmic reticulum

ETS electron transport system

GRP78/BiP 78-kDa glucose-regulated protein/immunoglobulin heavy chain binding 

protein

Grx glutaredoxin

GSH glutathione

GSSG glutathione disulfide

GST glutathione S-transferase

HPV human papilloma virus

IAM iodoacetamide

IP3Rs inositol 1,4,5-triphosphate receptors

iTRAQ isobaric tags for relative and absolute quantification

MDS myelodysplastic syndromes

NEM N-acetylmaleimide

PDI protein disulfide isomerase

Prx6 peroxiredoxin 6

RAC resin-assisted capture

RNS reactive nitrogen species

ROS reactive oxygen species

RPS3 ribosomal protein S3

RyRs ryanodine receptors

SdhA succinate dehydrogenase A
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SERCA sarco/endoplasmic reticulum Ca2+-ATPase

SR sarcoplasmic reticulum

Srx sulfiredoxin

TBI traumatic brain injury

ThG thapsigargin

TuM tunicamycin

UCP uncoupling proteins

TMT tandem mass tags

UPR unfolded protein response
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Highlights FRBM

• Addition of glutathione to cysteines alters the structure/function of a protein

• The process, S-glutathionylation, is influenced by oxidative stress

• The cyclical nature of the process allows for redox mediated signaling events

• Abnormal S-glutathionylation is linked with human diseases.
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Figure 1. 
Protein S-glutathionylation and deglutathionylation cycle. Protein S-glutathionylation 

proceeds either spontaneously or enzymatically. The non-enzymatic reaction can proceed as 

follows: (1) thiol-disulfide exchange between protein thiol (PSH) and glutathione disulfide 

(GSSG); (2) PSH is oxidized by reactive oxygen species (ROS) to a sulfenic acid (PSOH) 

which then rapidly reacts with GSH to form PSSG, thus prevent the target protein from over-

oxidation to sulfinic (SO2H) and eventually sulfonic acid (SO3H) which generally 

irreversibly deactivates the protein; (3) PSH is oxidized to a thiyl radical (PS•) which rapidly 

reacts with GSH to form a thiyl radical glutathionyl intermediate (PSSG•−) which can then 

react with O2 to form PSSG; (4) PSH may be modified by GSNO to form PSNO and/or 

PSSG. Protein S-glutathionylation can occur spontaneously, but the rates and magnitude are 

greatly enhanced by catalytic activity of GSTP. Following a forward reaction dependent on 

GSTP, deglutathionylation can be achieved by Grx, Srx or GSTO.
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Figure 2. 
S-glutathionylation targets in mitochondria. There are three concerns where S-

glutathionylation of target proteins might influence mitochondrial functions: (1) with 

enzymes involved in the supply of reducing equivalents to the electron transport system 

(ETS), e.g. pyruvate dehydrogenase, aconitase, isocitrate dehydrogenase, α-ketoglutarate 

dehydrogenase, succinyl-CoA transferase, and malate dehydrogenase in the Krebs cycle; (2) 

with proteins involved in the electron flux through ETS, e.g. complex I, complex II and ATP 

synthase; (3) with transporter involved in the membrane potential of mitochondria, e.g. 

uncoupling proteins 2 and 3 (UCP2 and −3), and adenine nucleotide transporter (ANT). The 

specific S-glutathionylation sites of each individual protein and the effect of S-

glutathionylation on the protein function are discussed in the text.
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Figure 3. 
S-glutathionylation targets in sarco/endoplasmic reticulum (SR/ER). The maintenance of the 

high Ca2+ concentrations in the SR/ER is primarily achieved by crosstalk between (1) 

molecular chaperones that bind and buffer Ca2+; (2) Ca2+ pumps that use ATP to work 

against electrochemical gradients; (3) channel pores that leak or release from SR/ER to the 

cytosol. Alteration in this balance have the potential to perturb ER proteostasis, resulting in 

ER stress and the induction of UPR. The effects of S-glutathionylation on Ca2+ release from 

SR ryanodine receptors (RyRs) and ER inositol 1,4,5-triphosphate receptors (IP3Rs), and on 

Ca2+ reuptake by sarco/endoplasmic reticulum Ca2+-ATPase (SERCA), have been well 

reported. The activities of the molecular chaperones in the ER, e.g. calnexin, calreticulin, 

GRP78/BiP, and PDI, that bind and buffer Ca2+ are also affected by S-glutathionylation. The 

specific S-glutathionylation sites of each individual protein and the effect of S-

glutathionylation on the protein function are discussed in the text. A proportion of the 

cellular content of GSTP is found in the ER compartment, substantiating the concept that S-

glutathionylation may be a crucial regulatory process in the ER.
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Figure 4. 
Indirect methods for identification and quantification of protein S-glutathionylation can be 

achieved using the following sequence of steps: (1) The free thiols are initially blocked by 

thiol-reactive agents such as N-acetylmaleimide (NEM) or iodoacetamide (IAM) during 

tissue homogenization or cell lysis; (2) Protein-SSG is selectively reduced to free thiols by 

use of a Grx reduction cocktail; (3) The newly reduced thiols are subjected to different 

enrichment and labeling strategies using thiol-reactive radiolabels, fluorescent groups, 

affinity resins, biotin tags, and isotopic or isobaric mass tags; (4) S-glutathionylated proteins 

can then be identified and quantified by radiation-, fluorescent-, immunoblotting- or 

proteomic-based approaches.
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