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Abstract

A well-regulated redox state is essential for normal physiological function and cellular
metabolism. In most eukaryotic cells, protein cysteine thiols are most sensitive to fluctuations in
the cellular redox state. Under normal physiological conditions, the cytosol has a highly reducing
environment, which is due to high levels of reduced glutathione and complex system of redox
enzymes that maintain glutathione in the reduced state. The reducing environment of the cytosol
maintains most protein thiols in the reduced state; although some non-exposed cysteine could be
present as disulfides. Upon physiological increase in cellular oxidants, such as due to growth
factors, cytokines and thiol-disulfide exchange reactions, specific proteins could act as redox
switches that regulate the conformation and activity of different proteins. This reversible post
translational modification enables redox-sensitive dynamic changes in cell signaling and function.
Physiological oxidative stress could lead to the formation of sulfenic acids, which are usually
intermediate states of thiol oxidation that are converted to higher order oxidation states,
intramolecular disulfides or mixed disulfides with glutathione. Such glutathiolation reactions have
been found to regulate the function of several proteins involved in intracellular metabolism, signal
transduction and cell structure. Excessive oxidative stress results in indiscriminate and irreversible
oxidation of protein thiols, depletion of glutathione and cell death. Further elucidation of the
relationship between changes in cell redox and thiol reactivity could provide a better
understanding of how redox changes regulate cell function and how disruption of these
relationships lead to tissue injury and dysfunction and the development of chronic diseases such as
cancer and cardiovascular disease.

INTRODUCTION

Aerobic tissues are exposed to high levels of oxygen, which is required for maintaining
respiration and metabolism. Tissues of the heart, brain and skeletal muscle contain abundant
mitochondria that support rapid and efficient utilization of oxygen to meet their energy
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demands. In these tissues, high rates of oxygen utilization lead to the generation of partially
reduced forms of oxygen or reactive oxygen species (ROS), which are derived from the
activity of electron transport chain in mitochondria. In metabolically active tissues, ROS are
also generated during the course of metabolism, cell division, or enzymatic reactions. In
addition, cells and tissues may be exposed to ROS derived from exposure to toxins,
xenobiotics, and environmental pollutants. Due to their high reactivity, ROS can disrupt
normal cell function, and if not detoxified, can lead to oxidative stress. A state of such
oxidative stress, has been linked to the development of several degenerative diseases,
including cancer and cardiovascular disease, as well as to progressive tissue damage and
dysfunction associated with aging[1].

Although ROS react with most biomolecules, their major targets include unsaturated lipids
and intracellular thiols. ROS-mediated oxidation of unsaturated lipids leads to the
production of a large number of reactive intermediates and products such as hydroperoxides
and carbonyls such as 4-hydroxy trans-2-nonenal and acrolein [2,3]. Being strong
electrophiles, the intermediates of lipid peroxidation react avidly with intracellular thiols. In
addition, the removal of lipid peroxidation products is mediated by an array of detoxifying
enzymes that use thiols as reducing equivalents [4-6]. Thus, both enzymatic and non-
enzymatic reactions of lipid peroxidation products lead to utilization, and often depletion, of
intracellular thiols. Due to their high nucleophilicity, thiols in peptides and proteins are
particularly vulnerable to direct oxidation by ROS and oxidation of thiols results in
alterations in protein structure and function. Thus, thiols not only represent the most
vulnerable targets of ROS and related oxidants, but they also represent a versatile and robust
defense system against biochemical perturbations caused by oxidative stress. In addition,
some protein thiols are selectively oxidized by low, physiological levels of oxidants, and
such oxidative modifications play an important role in signal transduction, metabolism, as
well as proliferation and cell death.

In most aerobic cells, the major non-protein thiol is glutathione (GSH); a tripeptide (gamma-
Glu-Cys-Gly) that can be oxidized to its corresponding disulfide (GSSG). The intracellular
concentration of GSH varies from 0.1 to 10 mM[7] [8]. The reduced redox state due to high
intracellular concentrations of GSH is required to maintain protein thiols in a reduced state
and to support a variety of redox reactions for reducing ROS, detoxifying xenobiotics, and
facilitating cell signaling. The importance of thiol equilibrium in maintaining the function of
normal aerobic tissues such as the myocardium is underscored by the observations that
depletion of glutathione increases myocardial ischemia-reperfusion injury [9] and
pretreatment with N-acetylcysteine promotes post-ischemic recovery of function[10,11].
Although the mechanisms by which glutathione prevents ischemic injury remains unclear,
recent work suggests that ROS generated during ischemia-reperfusion result in excessive
lipid peroxidation, characterized by the generation of lipid peroxidation derived products
such as HNE and acrolein [12-14]. Thus, glutathione, by removing these reactive, and
potentially damaging species could prevent tissue damage and injury. This possibility is
supported by our recent observation that deletion of GST-P, which catalyzes the conjugation
between GSH and unsaturated lipid peroxidation derived aldehydes such as acrolein
increases infarct size in mice subjected to coronary ligation [15]. Although deletion of GSTP
did not affect the production of free radicals or glutathione depletion, it increased the
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accumulation of proteins adducted to acrolein in the ischemic heart. These observations
suggest that the GSH-GSTP system supports the removal of lipid peroxidation products in
the heart and it prevents changes in myocardial ion channels and metabolic process during
episodes of ischemia.

REDOX SWITCHES

The high levels of reduced glutathione in the cytosol maintains a highly reduced redox state.
However, different compartments and organelles within the cell are maintained at different
redox potentials, and are not at equilibrium with each other. For example, in contrast to the
cytosol, the ER maintains a more oxidized redox state [16,17] in order to assist protein
folding and maintenance of disulfide bridges in secreted proteins in which disulfide bridges
impart structural rigidity and prevent spurious oxidation in the more oxidizing extracellular
environment. Similarly, the mitochondria maintain their own distinct intracellular redox state
[18]. In the cytosol, most solvent exposed thiols are in the reduced form, although some
proteins maintain distinct states of thiol oxidation which is reversibly altered in response to
physiological oxidative signaling. The human genome contains >21,000 cysteine
residues[19], distributed on the surface of proteins or buried within globular domains [20].
Some of these cysteines can form disulfides even under reduced and non-oxidizing
conditions. The formation and breakdown of such disulfide bonds within globular domains
can change the conformation of the molecule as well as its function [21]. For instance, the
DNA binding of FosB bZIP domain of JunD is controlled by a redox switch represented by
an intramolecular disulfide bond [22]. Similar, disulfide switches that regulate protein
activity have been found in several other proteins such as the histone lysine demethylase
KDMIA [23], the Lon protease [24], superoxide dismutase (SOD) [25], C-reactive protein
[26] and BK channels [27]. In addition, cysteine switches and the formation of disulfide
bonds can also regulate the secretion and intracellular trafficking e.g., MMP-9; [28], or
extracellular events such as thrombus formation (e.g., by the reduction of disulfide bonds on
plasma vitronectin by secreted protein disulfide isomerase; [29].

To impart specificity of function and signaling, the formation of disulfide bonds in the
cytosol is tightly regulated and adventitious thiol oxidation is readily reversed by the
thioredoxin-thioredoxin reductase system, which operates independent of glutathione-linked
systems. Protein disulfides are also reduced by glutaredoxin (Grx), but the disulfide forms of
glutaredoxin is reduced by GSH. However, both the thioredoxin and Grx systems seem not
be general mechanisms for maintaining protein thiols in the reduced state, but they assist in
preserving thiols in specific proteins such as protein kinases, transcriptional regulators and
ribonucleotide reductase. Thioredoxin in particular has been shown to regulate several signal
transduction pathways such as those mediated by ASK-1, NF-kB, PTEN and AP-1 and the
NLRP-3 inflammasome [30], suggesting that thiol-disulfide exchange reactions are critical
components of cell signaling machinery, such that thiols switches could be turned on and off
to activate or deactivate specific signaling pathways and trigger critical decisions of cell
growth, proliferation and death. Such reactions include reduction of hydrogen peroxide or
lipid hydroperoxides by glutathione peroxidases, detoxification of lipid peroxidation
products by glutathione S-transferases, reduction of dehydroascorbate, and glutaredoxin-
mediated removal of protein disulfides. In addition, glutathione can directly prevent the
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oxidation of protein thiols by thiol-disulfide exchange and by forming mixed disulfides.
During the formation of mixed disulfides, the binding of GSH to protein thiols results in the
addition of a glutathione molecule to the protein leading to the formation of glutathiolated or
glutathionylated proteins.

PROTEIN SULFENIC ACIDS

While the redox sensitivity of several proteins could be linked to the formation and
dissolution of disulfide switches, other proteins are regulated by the formation of protein-
sulfenic acids. Sulfenic acids (Cys-SOH) represent another reversible mode of thiol
oxidation that upon oxidation could lead to more oxidized, irreversible oxidation states —
sulfinic (Cys-SO5H) or sulfonic (Cys-SO3H) acids. Conversation of sulfenic acids to
disulfides serves as a molecular, redox switch, whereas their oxidation to the more oxidized
forms (sulfinic and sulfonic acids) is indicative of oxidative injury such as that due to
myocardial ischemia-reperfusion [31]. In some protein folding pathways, sulfenic acids are
transient, intermediate states that lead to the formation of a metastable disulfide bond. For
example, copper delivery by the copper chaperone for SOD (Ccsl) to immature SOD1 leads
to the formation of a sulfenic acid that resolves to form a disulfide bond [32]. The formation
of more stable sulfenic acids may be of physiological significance as well. Nox4-dependent
hydrogen peroxide production due to laminar shear stress has been reported to lead to
sulfenylation of SHP2 and eNOS activation [33], and cross-linking of the B-cell receptor
leads to the formation of sulfenic acids in actin and several tyrosine phosphatases [34].
Inhibition of sulfenic acid formation blocked anti-lgM-induced cell division and tyrosine
phosphorylation. Similarly, during lysophosphatidic acid (LPA)-mediated cell signaling, the
LPA receptors are internalized into endosomes that contain NADPH oxidase. The oxidase
generates hydrogen peroxide, which in turn results in the formation of sulfenic acids in
proteins, such as Akt2 and PTP1B [35], suggesting that sulfenic acid formation may be an
important post-translational modification that could regulate protein function. However, it is
unclear whether protein function is regulated by the formation of the sulfenic acid by itself
or its conversion to intramolecular disulfides or mixed disulfides with glutathione.

PROTEIN GLUTATHIOLATION

While intracellular disulfides are formed by reactions between reduced thiols within a
protein, mixed disulfides are formed when protein thiols or sulfenic acids react with
glutathione resulting in the formation of glutathiolated proteins. The pKa for protein
cysteines is approximately 8.5, hence only a small set of cysteine residues which are flanked
by basic amino acids (arginine, histidine, lysine) are susceptible to deprotonation under
physiological pH (7.0-7.4). Deprotonation of the cysteine thiols generates a highly reactive
thiolate anion (S™) which attacks the sulfhydryl of GSSG followed by subsequent formation
of disulfide. It appears that the thiol exchange between the thiolate and GSSG might be a
straightforward mechanism for protein glutathiolation. However, levels of GSSG in cells are
very low and tightly regulated [36,37], therefore, glutathiolation of proteins is usually
enhanced during excessive generation of ROS [38] or by prior formation of protein sulfenic
acids or protein nitrosation [39] [40,41]. Under oxidative stress, cysteines present in the
basic environment of proteins are oxidized to highly reactive sulfenic acid, which readily
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react with glutathione. Indeed, several proteins such as aldose reductase [41,42] branched
chain aminotransferase[43] hemoglobin [44] peroxiredoxins [45] actin [46] and inhibitor of
nuclear factor kinase subunit [47] have been shown to be glutathiolated via formation of
protein-sulfenic acids as intermediates. Glutathiolated proteins so formed have been
implicated in regulating several physiological processes, such as deceleration of Ca%*-
activated force development in ventricular myocytes (by glutathiolated myosin-binding
protein C; [48], increasing maximal rate of thapsigargin-sensitive Ca?* uptake (mediated by
glutathiolation of sarcoplasmic reticulum calcium ATPase; SERCA):[49], changes in Racl
guanine nucleotide binding property[50] and enhancing angiogenic responses by SERCA
glutathiolation [51,52]. Recent report suggests that glutathiolation also increases the
susceptibility for protein degradation. For example, it has been shown that glutathiolation
exposes the hydrophobic patches yC-crystallin which serves as a signal to degradation by
ubiquitin proteasome pathway [53].

In addition to ROS, the cysteine thiols are also targeted by nitric oxide, S-nitrosothiols, or
the highly reactive-peroxynitrate[41,46,54-56]. Proteomic studies with cardiac tissue,
endothelial and smooth muscle cells identified 359 nitrosylated cysteine residues,
corresponding to 258 proteins. Majority of these modifications were singly nitrosylated
cysteine residues, suggesting that protein nitrosylation is highly specific [57] [58-61].
However, even though nitrosylated cysteine can act as an intermediate to stimulate protein
glutathiolation, the specific mechanisms by which these proteins are glutathiolated is not
clearly defined. It is possible that either the cysteine thiol is activated to nitro-S-cysteine
which undergoes S-glutathiolation or S-nitroso-glutathione rather than NO mediates protein
glutathiolation. Further work is required to distinguish between these mechanisms.

Protein glutathiolation can also be enhanced by catalysis mediated by glutathione S-
transferase P (GSTP). This function of enzyme is based on auto-glutathiolation of GSTP at
two critical amino acid residues, Cys47 and Cys101. At physiological pH, GSTP is
glutathiolated, lowers the pKa of cysteine thiols (6.6) resulting in the formation of thiolate
ions at the active site. The thiolate anion catalyzes the glutathiolation reaction by attacking
the cysteine-SOH[62]. Indeed, it has been shown that the oxidation of a single conserved
cysteine residue in peroxiredoxins decreases the peroxidase activity and binding of GSTP
glutathiolates the oxidized cysteine and restores enzyme activity[63]. Similarly, studies from
our laboratory have shown that during cardiac ischemia and reperfusion aldose reductase
(AR) is converted to an active sulfenic form, which leads to an inactive glutathiolated form
of the protein. Glutathiolation of AR is accelerated by GSTP and the appearance of
glutathiolated AR is delayed in the hearts of GSTP null mice [64]. Recent studies with bone
marrow derived dendritic cells from GSTP null mice showed that GSTP mediated
glutathiolation of estrogen receptor alpha (ERa) at cysteines 221, 245, 417 and 447 alters
the ERa mediated differentiation and metabolic function in dendritic cells [65].

In addition to GSTP mediated glutathiolation, protein glutathiolation could also be
facilitated by glutaredoxin (Grx1). Depending upon the extent of oxidative stress, Grx1
could exchange its role between glutathiolation and deglutathiolation [66]. This unique
property of Grx1 is facilitated by the low pKa (3.5) of cysteine residue present at the active
site, which reacts with the glutathione-thiyl radical (GS.) and forms an enzyme disulfide
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anion radical intermediate (Grx1-SSG.™) and facilitating the glutathiolated protein formation
[67]. Indeed glutathiolation of several proteins such as GAPDH [68], PTP1B[66] and
actin[69] is promoted by Grx1 in the presence of GS.™ radical.

Although glutathiolation of proteins can proceed either with or without enzyme catalysis,
deglutathiolation of proteins appears to be tightly dependent on enzymatic catalysis. Several
enzymes such as Grx, sulfiredoxin and protein-disulfides have been reported to exhibit
deglutathiolating activity. Primarily located in the cytosol, Grx is considered far more
efficient than other thiol-oxidoreductase enzymes ([66,70], Grx catalysis proceeds viaa
double displacement reaction in which the glutathiolated moiety of the protein is attacked by
the thiolate anion of the enzyme forming the Grx-SSG. In the second step the Grx-SSG is
deglutathiolated by glutathione producing GSSG and the reduced enzyme (Grx-S-) [71-73].
It has been reported that Grx deglutathiolates a diverse range of proteins including PTP1B
[74], actin[75], RAS [76], and procaspase3 [77]. This deglutathiolating activity of Grx
regulates important functions such as cardiac hypertrophy [78] actin polymerization[75],
apoptosis[77] angiogenesis [79] and vasodilation [56].

THIOL OXIDATION AND CHRONIC DISEASE: THE CASE OF CVD

Maintenance of a reduced intracellular state is critical to the normal, physiological function
of most tissues, and may be particularly critical to the functioning of cardiovascular tissues
such as cardiac myocytes, endothelial cells and vascular smooth muscle cells. Not only are
these tissues exposed to high levels of oxygen, they are also exposed to a variety of blood
borne toxins and pollutants that pose a constant threat to their integrity and normal function.
In addition, cardiovascular tissues, particularly the endothelium generates high levels of
nitric oxide, which is required for relaxation of vascular smooth muscle cells. Generated
from arginine by nitric oxide synthase, NO is a free radical that undergoes non-enzymatic
reaction with glutathione. While NO, by itself is only weakly reactive with GSH, in the
presence of oxygen it is converted to N203, which reacts with glutathione to form
nitrosoglutathione (GSNO). GSNO can undergo additional reactions with GSH to generate
ammonia and GSSG. It can also facilitate the formation of glutathiolated proteins.

The maintenance of protein thiols in the reduced state or as intramolecular or mixed
disulfides is a highly regulated process. Reversible and specific changes in the redox state in
cysteine are important post-translational modifications that regulate protein function in a
variety of intracellular processes. However, during oxidative stress, when ROS exposure or
production overwhelms the anti-oxidative capacity of the cell, there could be indiscriminate
cysteine oxidation, that is usually associated with marked injury and dysfunction. Such
indiscriminate thiol oxidation has been found to be associated with several pathological and
toxicological states [1], which not only results in non-specific oxidation of cellular thiols,
but non-physiological formation of intramolecular or mixed disulfides. Upon return to non-
oxidizing conditions, the thiols could be reduced back. However, if the injury is severe, this
could lead to irreversible loss of protein function and potentially cell death. Thus,
dysregulated thiol redox may be an index of disease risk. For example, cardiovascular
disease is characterized by inappropriate plasma levels of sulfur containing amino acids [69]
and GSTP polymorphism is associated with the risk of coronary heart disease [80]. In
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addition, several studies have shown that elevated levels of gamma-glutamyl transferase
(yGT) are associated with increased risk of cardiovascular disease such as coronary heart
disease, stroke, arterial hypertension, heart failure, cardiac arrhythmias and all cause and
CVD related mortality [81], suggesting that perturbed thiol metabolism may be common
precursor of multiple manifestations of cardiovascular disease. A significant contributory
role of perturbation of thiol metabolism in cardiovascular disease is supported by the
observation that heart failure is associated with depletion of myocardial glutathione [82] and
that atherosclerotic plaques show high levels of yGT activity [81]. In addition, thiols
regulate vascular function as well. Because of its ability to regulate the bioactivity of NO,
the glutathione system plays an important role in regulating blood pressure, and may be
critical determinant of hypertension[83]. GSNO has been found to play an important role in
the transduction of angiogenic signals by ROS and formation of glutathiolated proteins has
been suggested to have a beneficial effects in promoting tissue angiogenesis [79]. Although,
the specific mechanisms by which thiols prevents, or contributes to cardiovascular
pathological states, the ubiquitous dysregulation of thiol metabolism in disease
cardiovascular tissues warrants further investigation and may lead to the identification of
potentially useful interventions to prevent or ameliorate cardiovascular disease and its
consequences. Such interventions may also prove useful in the prevention and treatment of
other pathological states associated with oxidative stress.

Conclusions

Given that specific protein cysteine thiols have emerged as markers of redox status, which
oscillates between glutathiolated, deglutathiolated, nitrosylated and oxidized states regulated
by a series of enzymatic and non-enzymatic steps, and implicated in numerous biological
processes (Fig. 1) makes them an attractive therapeutic target. However, the daunting
challenge is to delineate the convergence of these steps with human pathology and develop
strategies to target these particular pathways in a selective manner.
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Figure 1. Pathways of protein modification regulated by glutathione
The figure depicts the modification of protein cysteine thiols (Pr-Cys-SH) during oxidative

and nitrosative stress. Reactive oxygen and nitrogen species react with the specific Pr-Cys-
SH to form cysteine sulfenic acid (SOH) and S-nitrocysteine (Pr-Cys-NO) intermediates
respectively. These intermediates bind with glutathione (GSH) to generate glutathiolated
protiens (Pr-Cys-SSG). Glutathiolation of proteins can be accelerated by GSTP (glutathione
S-transferase P) and Grx (glutaredoxin) mediated reactions. Deglutathiolation of Pr-Cys-
SSG is predominantly catalyzed by Grx.
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