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Abstract

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) have become recognized as second mes-
sengers for initiating and/or regulating vital cellular signaling pathways, and they are known also as deleterious
mediators of cellular stress and cell death. ROS and RNS, and their cross products like peroxynitrite, react
primarily with cysteine residues whose oxidative modification leads to functional alterations in the proteins. In
this Forum, the collection of six review articles presents a perspective on the broad biological impact of cysteine
modifications in health and disease from the molecular to the cellular and organismal levels, focusing in par-
ticular on reversible protein-S-glutathionylation and its central role in transducing redox signals as well as
protecting proteins from irreversible cysteine oxidation. The Forum review articles consider the role of S-
glutationylation in regulation of the peroxiredoxin enzymes, the special redox environment of the mitochondria,
redox regulation pertinent to the function of the cardiovascular system, mechanisms of redox-activated apo-
ptosis in the pulmonary system, and the role of glutathionylation in the initiation, propagation, and treatment of
neurodegenerative diseases. Several common themes emerge from these reviews; notably, the probability of
crosstalk between signaling/regulation mechanisms involving protein-S-nitrosylation and protein-S-glutathio-
nylation, and the need for quantitative analysis of the relationship between specific cysteine modifications and
corresponding functional changes in various cellular contexts. Antioxid. Redox Signal. 16, 471–475.

Historical Perspective

Serious consideration of reversible protein glutathio-
nylation as a mechanism of regulation has a relatively

brief history, probably less than 30 years. Nevertheless, this
focused area of research has captured the imagination of a
growing number of biologists, most intensively during the
last 10 years. This emergence has been fostered largely by
the convergence of understanding about reactive oxygen
and reactive nitrogen species as second messengers in signal
transduction, the importance of posttranslational modifica-
tion of cysteine residues, and the special properties of the
glutaredoxin (Grx) (thioltransferase) enzyme as a specific
catalyst of deglutathionylation of protein–glutathione (GSH)
mixed disulfides. An historical perspective on evolution of
this focal area of biology can be gleaned from considering a
number of key reviews that have appeared over the past 25
years. In reverse chronology, 25 years ago Ziegler presented
the point of view that considered protein glutathionylation
strictly in the context of thermodynamic redox equilibria
coupled to the GSH/glutathione disulfide (GSSG) ratio, and
he concluded that reversible glutathionylation as a regula-

tory phenomenon was highly unlikely (31). According to
his premise he was correct, because most cysteine residues
have redox potentials that would require the intracellular
GSH/GSSG ratio to change from about 100:1 to 1:1 in order
for 50% of the protein-SH of interest to be converted to
S-glutathionylated protein (protein-SSG) (12). Thus, there
must be mechanisms for activating the protein-SH or GSH
thiol groups to facilitate protein-SSG formation under
normal GSH/GSSG redox conditions where redox signal-
ing occurs (see below). Certainly, under overt oxidative
stress conditions where GSSG concentration is very ele-
vated, GSSG may serve as the proximal mediator of
protein-SSG formation. Thomas, a pioneer in developing
tools for evaluating protein thiolation and protein-SSG
formation in particular (26), reviewed the role of enzymatic
reversibility of protein disulfides in the context of oxidative
stress. Besides homeostatic protection and repair as de-
fenses against oxidative stress, Mieyal and coworkers (19)
posed the concept of regulation via reversible S-glutathio-
nylation, centering on the unique specificity of Grx (thiol-
transferase) for catalyzing reduction of glutathionyl mixed
disulfides (13, 29).
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The net reaction catalyzed by the Grxs is appropriately de-
picted as a thiol–disulfide exchange reaction involving se-
quential nucleophilic displacement reactions, rather than
single-electron transfer reactions that would involve radical
intermediates. Accordingly, the name ‘‘transhydrogenase,’’
which was applied originally to the enzyme activity from rat
liver (23), was replaced by the name ‘‘thioltransferase’’ (3),
because the latter more accurately describes the nature of the
reaction that is catalyzed. Besides the original characterization
of the mammalian thioltransferase enzyme (3), analogous cat-
alytic activity was discovered in bacteria and attributed to an
enzyme that promoted the GSH-dependent turnover of ribo-
nucleotide reductase in a mutant of Escherichia coli that lacked
thioredoxin. This E. coli enzyme was named ‘‘glutaredoxin’’
(15). Subsequent to these early studies, thioltransferase and
glutaredoxin enzymes have been isolated from a variety of
organisms, species, and tissues, and characterized as having
homology of both amino acid sequence and three-dimensional
structure. Consequently, it has been concluded that thiol-
transferase and glutaredoxin simply represent alternative names
for the same family of enzymes. Although ‘‘thioltransferase’’
more accurately reflects the catalytic reaction, ‘‘glutaredoxin’’
has emerged internationally as the more commonly used name
for this family of enzymes.

Documented by studies of various protein mixed disulfides
and kinetic characterization (13), the exquisite specificity of
the human Grx enzyme for the glutathionyl moiety was fur-
ther demonstrated by mass spectrometric analysis (29). Thus,
hGrx1 was reacted with cysteine-gluthathione mixed dis-
ulfide (Cys-SSG), which represents the prototype for all pro-
tein-Cys-SSG substrates. The Grx1 distinguished between the
two sulfur atoms of Cys-SSG so that glutathionyl GRx mixed
disulfide intermediate (Grx-SSG) was found to be the exclu-
sive disulfide adduct. In contrast, the analogous form of
human thioredoxin reacted with Cys-SSG to give Trx-SSCys
and Trx-SSG in equal amounts. Focusing on the glutathionyl
specificity of Grx, which was also described for E. coli Grx (4),
Cotgreave and coworkers first demonstrated the proteomic
approach of exploiting the deglutathionylation specificity of
Grx to identify protein-SSG adducts (18). A review by Cot-
greave and Gerdes (6) addressed the linkage between sulf-
hydryl modulation and cell proliferation, implicating the
potential regulatory role of protein glutathionylation in
cancer biology.

Klatt and Lamas presented a seminal review in 2000 (17),
which identified protein S-glutathionylation specifically as an
emerging candidate mechanism by which redox signals me-
diated through reactive oxygen species (ROS) and reactive
nitrogen species might be transduced, introducing the con-
cept of cross interactions among protein thiol modifications
initiated by nitrosative and/or oxidative stress. Since that
time there has been a proliferation of original research articles
and reviews on the topic of protein-S-glutathionylation as a
regulatory and/or protective mechanism, providing a variety
of points of view [e.g., (8, 9, 11, 16, 25, 28)]. In particular, our
previous review (24) first introduced criteria for evaluating
whether reports of S-glutathionylation of specific proteins are
indicative of cellular regulatory events. Figure 1 presents
these criteria in their current formulation.

The frequency of reviews on the topic of protein S-
glutathionylation has been increasing remarkably, coin-
cident with the burgeoning interest in redox-activated

signal transduction as a mechanism of cellular regulation that
can be perturbed by the oxidative/nitrosative stress associ-
ated with many diseases. A survey of PubMed in 2011 re-
vealed cumulatively more than 1200 articles have been
published on Grx and/or thioltransferase; more than 500 ar-
ticles have been published on glutathionylation or glutathio-
lation; and more than 120 articles have been published on Grx
(or thioltransferase) and glutathionylation (or glutathiolation).
Thus, awareness of the pivotal role of Grx in regulating re-
versible glutathionylation has expanded. However, future
studies of cellular redox regulation via S-glutathionylation are
well advised to include examination of the role of Grx-
mediated deglutathionylation in determining the steady-state
protein-SSG status of specific proteins. Moreover, much more
attention needs to be focused on potential enzymatic mech-
anisms of formation of protein-SSG, possibly involving
glutathione-S-transferase or peroxidase enzymes (9, 14, 27).

Clarification of Nomenclature

More than two-thirds of published articles have referred to
protein-Cys-S-S-glutathione mixed disulfide formation as
‘‘glutathionylation,’’ but less than one-third have used the
term ‘‘glutathiolation.’’ ‘‘Glutathionylation’’ is the preferred
term for several reasons, and it is used uniformly in this col-
lection of reviews. ‘‘Thiolation’’ of proteins may be used as an
inclusive term to describe protein mixed disulfide formation
when the nature of the adducted thiol compound is unknown,
referring broadly to attachment of cysteine (cysteinylation),
cysteamine (cysteaminylation), GSH (glutathionylation), etc.
Some authors may have chosen to use ‘‘glutathiolation’’ as a
parallel construction. However, the name of the tripeptide
moiety that is attached is ‘‘glutathione’’ and not ‘‘glutathiol,’’
so ‘‘glutathionylation’’ is the appropriate specific term. Some
authors may have used ‘‘glutathiolation’’ to refer to a non-
enzymatic reaction. However, the standard nomenclature for
the attachment of a moiety to a protein does not differ whether
the reaction is a spontaneous chemical reaction or an enzyme-
mediated reaction. For example, chemical adduction of an
acetyl group via acetic anhydride and enzymatic adduction of
an acetyl group via acetyl-CoA both lead to ‘‘acetylation’’ of
the protein, not ‘‘acetation.’’

FIG. 1. Criteria that characterize S-glutathionylation as a
regulatory mechanism under physiological conditions.
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Limited Methodology for Characterization
of Protein-SSG

As awareness of protein-S-glutathionylation as an im-
portant regulatory mechanism has grown, so have techno-
logical developments for its detection and characterization.
However, future advances are necessary to make quantita-
tive analysis of low abundant protein-SSG in physiological
settings a routine research endeavor. Because specific glu-
tathionylation amino acid sequence motifs have not been
identified as yet, the proprietary anti-GSH antibodies are
directed against the GS-moiety bound to an unknown an-
tigenic protein at an unknown site; hence, false negatives as
well as false positives (not reversible by DTT and/or Grx)
may occur in western blot analyses of cell lysates or im-
munocytochemistry applications. The use of biotinylated
glutathione ethyl ester and avidin beads to facilitate the
capture of glutathionylated proteins is useful, but it may
provide inaccurate estimates of the steady-state levels of the
protein-SSGs. Modification of the glutathionyl moiety by
the bulky biotin molecule likely interferes with the effi-
ciency of deglutathionylationation by Grx, and it may also
interfere with formation of protein-SSG if the reaction is
enzymatically catalyzed. Use of radiolabeled precursors
(cystine and methionine) to generate radiolabeled GSH
within cells suffers from the necessity to inhibit protein
synthesis and thereby perturb natural cellular homeostasis.
The most promising approaches for detecting physiologi-
cally relevant specific protein-SSGs in situ in tissues or cells,
or in cell lysates, involve trapping free thiols with alkylating
agent (e.g., N-ethyl maleimide), followed treatment with
Grx to specifically remove the glutathionyl moiety and ex-
pose the corresponding free thiols for modification by thiol-
specific fluorescent labels or biotinylated thiol reagents
to facilitate detection. Once detected, proteolytic digestion
and mass spectrometric analysis is necessary to identify
the specific proteins that are glutathionylated and the spe-
cific Cys-containing sequences where the glutathionylation
occurs. Identifying specific glutathionylation sites on spe-
cific proteins will open the door for more effective in situ
and quantitative analysis of the glutathionylation status
of specific proteins. Thus, antibodies directed against spe-
cific glutathionylated peptides of key regulatory proteins
would facilitate in situ analysis of specific signaling inter-
mediates, and specific glutathionylated peptides could be
used as internal standards for quantitative mass spectro-
metric analyses of changes in protein-SSG under different
physiological or pathophysiological conditions. For other
perspectives and more critical discussion of current meth-
ods, see this Forum (21, 30), as well as previous reviews (1, 7,
10, 22, 25).

In the following sections brief synopses are provided of the
review articles that comprise this Forum.

S-glutathionylation in regulation of the oligomeric state
and functions of peroxiredoxins

This review is focused on the family of enzymes called
peroxiredoxins that perfom a versatile array of functions vital
to cell regulation—namely, they serve as modulators of redox
signal transduction by limiting and localizing steady-state
levels of H2O2; they serve as antioxidants by scavenging ex-
cess H2O2; and they serve as molecular chaperones to stabilize

protein structure [(5), this Forum]. Remarkably posttransla-
tional modification by S-glutathionylation of particular Cys
residues can regulate the functions of different isoforms of Prx
in different ways. Thus, glutathionylation at the active site of
certain Prxs is integral to the catalytic mechanism of their
peroxidase activity and also provides protection from irre-
versible hyperoxidation. Alternatively, glutathionylation of
typical 2-Cys Prx (e.g., Prx1) away from its active site modifies
its quarternary structure, converting the decameric Prx to its
dimers with concomitant loss of chaperone activity. Oligo-
meric Prx serves as a docking station that binds and modu-
lates the activities of other effector proteins like PTEN which
regulates cell cycle and mammalian MST1 kinase that acti-
vates apoptosis. Hence, the effects of glutathionylation of Prx
may be transmitted to regulation of vital cellular signaling
pathways.

S-glutathionylation in regulation of apoptosis

Continuing the theme of regulation of cellular signaling
by reversible S-glutathionylation of specific effector proteins,
this review article [(2), this Forum] focuses on mechanisms of
control of apoptosis. Remarkable information has emerged
from studies of apoptosis in various contexts over the recent
past that implicates relative levels of GSH, modulation of the
content and/or activity of Grx, and S-glutathionylation of
cell death mediators at various stages of the apoptosis cas-
cade as contributors to regulation of apoptosis. Cell mem-
brane receptors (e.g., Fas receptor) and multiprotein
complexes that initiate apoptosis are subject to regulation by
reversible glutathionylation, as are signaling kinases (e.g.,
IjB kinase) and apoptosis execution factors (e.g., caspase-3).
A picture emerges of competing mechanisms that may serve
as checks and balances for commitment to apoptosis versus
survival, or represent different mechanisms for different
cell types under different circumstances. It is clear that
S-glutathionylation of specific proteins likely plays an im-
portant role in regulation of cell fate at various control
points; however, much remains to be learned about the rel-
ative contributions of the different mechanisms in different
cellular and redox contexts.

S-glutathionylation in mitochondrial sulfhydryl
homeostasis and redox regulation

In this review article [(20), this Forum], an insightful
perspective is conveyed about the continuity from redox
signal transduction to antioxidant defense within the mi-
tochondrial matrix where production of ROS and related
reactive species occurs continuously. S-glutathionylation is
considered along with other forms of cysteine modification,
and cogent kinetic and thermodynamic arguments are
presented to distinguish between possible and probable
antioxidant or signaling mechanisms in vivo. Integrated
networks of homeostatic thiol-disulfide enzymes are dis-
cussed in terms of their signaling and/or protective roles,
namely, the thioredoxin/peroxiredoxin/methionine sulfoxide
reductase systems and the GSH/glutathione peroxidase/
glutathione-S-transferase/Grx systems. In conjunction with
reversible modifications of protein thiols, these enzyme sys-
tems prevent much of the potential oxidative damage and
likely serve to relay redox signals throughout the mitochon-
drial matrix, regulating the activity of biochemical processes.
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S-glutathionylation in homeostatic sulfhydryl regulation
and pathogenesis of the cardiovascular system

In this review article [(20), this Forum] the authors consider
regulation by reversible glutathionylation as an integral
mechanism whereby reactive oxygen and nitrogen species
contribute to homeostatic regulation of the cardiovascular
system and to pathogenesis of various cardiovascular dis-
eases, including atherosclerosis, hypertension, endothelial
dysfunction, and cardiac hypertrophy. Various reports are
discussed that illustrate how reversible oxidative modifica-
tions of cysteine residues of specific proteins (e.g., Ras, rya-
nodine receptor, smooth endoplasmic reticulum calcium
ATPase, endothelial nitric oxide synthase, and Na + K + -AT-
Pase) may modulate cardiovascular function and physiology;
however, there is often a challenge in distinguishing redox
signaling events from the consequences of oxidative stress.
In common with several of the other reviews, the potentially
controversial issue of S-nitrosylation as a precursor of S-
glutathionylation is considered in light of recent evidence.

S-glutathionylation in neurodegenerative diseases

In this review article [(24), this Forum] the authors consider
the role of oxidative modifications of proteins, notably S-
glutathionylation, and alterations in thiol homeostatic en-
zyme activities in the initiation and/or progression of the
major neurodegenerative diseases, including Alzheimer’s,
Friedreich’s, Gehrig’s, Huntington’s, and Parkinson’s. As
conveyed also in other reviews in this Forum, controlled
reversible S-glutathionylation is viewed as playing two es-
sential roles in maintaining cell health—namely, participa-
tion in redox-activated signal transduction and protection
against irreversible protein damage from oxidative stress.
Other post-translational modifications of cysteine residues
(S-nitrosylation and sulfenic acid formation) are also consid-
ered as potential intermediates in redox signaling or protein
damage. The review highlights how disruption of normal
thiol-disulfide status and S-glutathionylation of proteins or
networks of proteins could contribute to the onset or pro-
gression of neurodegenerative diseases, using specific exam-
ples like the apoptosis signal regulating kinase 1 signaling
pathway in neuronal cells to illustrate the concept and con-
sider potential therapeutic interventions.

S-glutathionylation in oxidative stress and redox
regulation in photosynthetic organisms

In this review [(30), this Forum] the authors highlight the
emerging understanding that protein S-glutathionylation in
photosynthetic organisms likely represents an important al-
ternative redox regulation/homeostasis mechanism, con-
trolled by the Grxs, which complements the well-established
disulfide/dithiol exchange reactions specifically controlled by
the thioredoxins. The review provides a global overview of
protein glutathionylation, and considers the role of the nu-
merous Grxs in photosynthetic organisms as potential regu-
lators of cellular functions besides providing protection
against irreversible protein damage from oxidative stress.
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Abbreviations Used

Cys-SSG¼ cysteine gluthathione mixed disulfide
DTT¼dithiothreitol
Grx¼ glutaredoxin

Grx-SSG¼ glutathionyl GRx mixed disulfide
intermediate

GSH¼ glutathione
GSSG¼ glutathione disulfide

Protein-SSG¼ S-glutathionylated protein
RNS¼ reactive nitrogen species
ROS¼ reactive oxygen species
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