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Abstract

Introduction—Depending in part on the glutathione to glutathione disulfide ratio, reversible
protein glutathionylation to a mixed disulfide may occur. Reversible glutathionylation is important
in protecting proteins against oxidative stress, guiding correct protein folding, regulating protein
activity, and modulating proteins critical to redox signaling. The potential also exists for
irreversible protein glutathionylation via Michael addition of an -SH group to a dehydroalanyl
residue, resulting in formation of a stable, non-reducible thioether linkage.

Areas covered—This article reviews factors contributing to reversible and irreversible protein
glutathionylation and their biomedical implications. It also examines the possibility that certain
drugs such as busulfan may be toxic by promoting irreversible glutathionylation. The reader will
gain an appreciation of the protective nature and control of function resulting from reversible
protein glutathionylation. The reader is also introduced to the recently identified phenomenon of
irreversible protein glutathionylation and its possible deleterious effects.

Expert opinion—The process of reversible protein glutathionylation is now well established but
these findings need to be substantiated at the tissue and organ levels, and also with disease state.
That being said, irreversible protein glutathionylation can also occur and this has implications in
disease and aging. Toxicologists should consider this when evaluating the possible side effects of
certain drugs such as busulfan that may generate a glutathionylating species in vivo.

Keywords

Busulfan; glutathione; glutathione disulfide; irreversible protein glutathionylation; lanthionine;
redox potential; reversible protein glutathionylation

1. Introduction

It is becoming increasingly apparent that reversible protein glutathionylation (often referred
to as S-glutathionylation) is extremely important in a number of biological settings, and
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several informative reviews on the subject have recently appeared. Along with other authors,
we emphasize the importance of reversible glutathionylation. However, a major emphasis of
the present review is on the irreversible protein glutathionylation and its possible role in
disease, aging and drug interactions — an area that, to our knowledge, has not previously
been reviewed.

Glutathione (GSH, y-glutamylcysteinylglycine) is a tripeptide with many important
biological functions, including a) detoxification of reactive electrophiles, b) coenzyme
properties (e.g. the glyoxylase reaction), ¢) protection against oxidative stress, nitrosative
stress and radiation damage, and d) protection against cancer [1-15]. GSH is readily
oxidized to glutathione disulfide (GSSG), which in turn is easily reduced back to GSH (see
below). An extremely important role of the GSH/GSSG redox couple is to provide a means
of reversibly glutathionylating proteins. This review summarizes the current state of
knowledge of protein glutathionylation (formation of PSSG), with emphasis on its
relationship (through disulfide bond formation with cysteinyl moieties on proteins) to redox
signaling and disease. The excellent discussions by Schafer and Buettner [4] and Dalle-
Donne et al. [9] are especially useful regarding this topic. In addition, the newly identified
irreversible glutathionylation of proteins through a stable thioether bond (formation of PSG)
and its relevance to age and disease is discussed.

2. The GSH/GSSG redox couple

In order to appreciate reversible protein glutathionylation, it is necessary to briefly describe
the glutathione/glutathione disulfide (GSH/GSSG) redox couple. Consider the two-electron
reduction of GSSG to GSH (Eq. 1). Under standard conditions (25°C, pH 7.0) the E?' of this
couple is -250 mV. Thus, GSH can be readily oxidized to GSSG. The GSH/GSSG ratio
adjusts to the overall cellular redox potential, and the intracellular ratio is generally >100:1
[4,5,16,17]. Consider also the two-electron reduction of NAD* (Eq. 2). The E?' of this
couple is -316 mV. The E? for the two-electron reduction of NADP* (Eq. 3) is similar
(=315 mV) [18].

GSSG+2H+2e¢~ — 2GSH (1)
NAD*+H"+2¢e~ — NADH (2
NADP*+H"+2e~ — NADPH 3)

Even though the NAD* and NADP* redox systems have such similar E®' values the
components are far from equilibrium in the cell. For example, the [NADPH]/[NADP*] ratio
is generally ~100:1, whereas the [NADH]/[NAD™*] ratio is in the opposite direction,
normally in the range of 1:10 to 1:1000 [4]. This imbalance has important consequences for
the maintenance of cellular function. The cofactor NADPH serves as a source of electrons
for reductive biosynthetic (anabolic) procedures such as fatty acid biosynthesis and drug
metabolism, whereas the cofactor NAD* generally serves as a sink for electrons in catabolic
oxidative reactions with concomitant passage of these electrons through the electron
transport chain for ATP biosynthesis [4].

The GSH/GSSG system is the major cellular thiol-disulfide redox buffer [4]. GSH is present
in mammalian cells in the concentration range of 1 — 12 mM [1,2]. In mammalian tissues
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ascorbate is also present in relatively high (mM) concentrations, especially in the brain
[16,19]. Thus, quantitatively GSH and ascorbate are the most abundant antioxidants and free
radical scavengers in the body. As an antioxidant GSH is oxidized to GSSG (the reverse of
Eqg. 1). Examples of the anti-oxidant properties of GSH include its participation in a) the
reduction of hydrogen peroxide (H,05,) to water by catalase (Eq. 4), and b) the reduction of
peroxides (ROOH) to the corresponding alcohol (ROH) (Eqg. 5) by reactions catalyzed by 1-
Cys- and 2-Cys peroxiredoxins (which contain a critical cysteine residue in the active site)
[5,20]. These reactions are also catalyzed by a variety of glutathione peroxidases (which
contain a selenocysteine residue in the active site) [5,20]. A comparable reaction involving
reduction of phospholipid peroxides (Eg. 5 where R = phospholipid) is conducted by the
selenoprotein phospholipid hydroperoxide glutathione peroxidase [21].

HOOH+2GSH — 2H,O0+GSSG (4)

ROOH+2GSH — ROH+H,0+GSSG (5)

Because NADPH is a stronger reductant than GSH, GSSG formed as a result of an
“oxidative event” is readily reduced back to GSH (Eqg. 6) by the enzyme glutathione
reductase, a process favored by the relatively high intracellular ratio of NADPH/NADP™*
compared to that of NADH/NAD™.

GSSG+NADPH+H" — 2GSH+NADP* (6)

3. Reactions leading to reversible protein glutathionylation

Formation of a protein mixed disulfide containing glutathione (PSSG), a process known as
glutathionylation, can occur via several mechanisms as listed below.

3.1. Thiol-disulfide exchange reactions

Glutathionylation of cysteine residues in proteins can occur via direct reaction of the
cysteinyl residue in a protein [depicted as PSH (or P'SH when it is necessary to distinguish
between —SH groups on two separate proteins)] with GSSG via a thioldisulfide exchange
reaction (Eqgs. 7-9). However, as noted above, the intracellular ratio of GSH/GSSG is
usually >100:1. Thus, it has been suggested that thiol-disulfide interchange is an unlikely
mechanism for protein glutathionylation, except perhaps under extreme conditions [9]. In
this regard, it is estimated that only about 1% of the total glutathione pool in normal liver is
present in disulfide linkage to proteins [22]. One such extreme condition may be the
respiratory burst of human monocytes, which is accompanied by a marked reduction of
intracellular GSH and greatly increased protein glutathionylation [23]. The protein
glutathionylation is rapidly reversible and may be a mechanism by which monocytes protect
sensitive cysteinyl residues in proteins from more drastic oxidative events [23]. Factors and
enzymes that control protein glutathionylation and protein deglutathionylation are covered
in section 4.

PSH+GSSG s PSSG+GSH ]

P’SH+PSSG & P'SSP+GSH (8)
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PSH+P’SSG & PSSG+P’'SH (9)

3.2. Reactions involving thiyl species

Protein glutathionylation may also occur via reactions involving thiyl radical species (GSe or
PSe). This is accomplished by one-electron oxidation of PSH or GSH, followed by
formation of a mixed disulfide and superoxide anion radical (Egs. 10, 11). The reaction of
proteins with GSe to generate PSSG is catalyzed by glutaredoxins 1 and 2 (Grx1 and Grx2)
(also known as thioltransferases), enzymes normally acting as a reductant (i.e. in
deglutathionylation) [9]. These reactions are important in maintaining redox homeostasis
and signal transduction [24]. Glyceraldehyde 3-phosphate dehydrogenase (GADPH) is an
important enzyme in glycolysis. The enzyme has a particularly reactive cysteine residue
whose modification is involved in regulation of enzyme activity.

Both GSSG and GSNO can also act as glutathionylation agents. However, glutathionylation
of the active cysteine in, for example, GAPDH as catalyzed by Grxs is more effective in the
presence of GSe (Eq. 11 where PSe = GAPDH radical) than in the presence of either GSNO
or GSSG [25].

GS ¢ +PS™+0, — PSSG+0O,e™ (10)

PS e +GS™+05 — PSSG+05e™ (11)

3.3. Reaction of a protein sulfenic acid (PSOH) with GSH

In addition to oxidation to the mixed disulfide (PSSP or PSSP"), the thiol group in a
cysteinyl residue of a protein (PSH) may be sequentially oxidized to the sulfenic acid
(PSOH), then to the sulfinic acid (PSO,H) and finally to the sulfonic acid (PSO3H). The
formation of PSOH and PSO,H [26,27], but not PSO3H, is potentially reversible. In some
cases, the formation of PSOH in unfolded proteins may help in the correct formation of
intramolecular disulfide bonds [28]. In other cases, accumulation of unfolded proteins
through excessive oxidation of cysteinyl moieties may cause increased expression of genes
involved in growth arrest and apoptosis [29]. This phenomenon may have implications in
cancer biology related to decreases in net proliferation of cells, as is discussed in section 6.5
of this review. In some cases (e.g. methionine sulfoxide reductases), a PSOH intermediate is
part of a catalytic cycle [30].

The reaction of PSOH with GSH will generate PSSG (Eq. 12), a process that will protect the
protein against potential loss of function resulting from further oxidation to PSO,H or
PSO3H [7,9], At the same time, a species (PSSG) is generated that can be readily reduced
back to PSH, thus conserving the integrity of redox signaling proteins and pre-empting
expenditure of cellular energy necessary for de novo protein biosynthesis.

PSOH+GSH — PSSG+H,O (12)

In some cases the protein sulfenic acid is protected against further oxidation by formation of
a sulfenyl amide [PSNHC(O)P'] with the carboxamide of a nearby glutamine/asparagine
residue. The sulfenyl amide readily reacts with GSH or a cysteine residue to generate PSSG
or PSSP(P") [31].
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Although, the formation of cysteine sulfenic acid may be deleterious if the sulfenic acid is
the start of an irreversible oxidation cascade to the sulfonic acid, recent work suggests that
sulfenic acids may participate in redox signaling [32]. For example, global analysis of the
“sulfenome” in a tumor cell line identified most known sulfenic acid-modified proteins: 14
in total, plus more than 175 additional potential candidates [32]. Thus, availability of
methods for identifying sulfenated proteins will facilitate elucidation of particular proteins
within signaling pathways that are not only targets for regulation by oxidation of cysteine
moieties, but potential beneficiaries of reversible glutathionylation [33].

3.4. Reactions involving S-nitroso species

There is enormous interest in nitric oxide (NO) as a signaling molecule [e.g. 34]. As
discussed by Seth and Stamler [34] NO can react directly with a thiol (RSH) to form a
radical anion intermediate that is then oxidized to an S-nitrosothiol (RSNO) species in the
presence of an electron acceptor. NO may also dismutate to form NO* (nitrosyl cation;
nitrosonium ion) that will nitrosate (i.e. incorporate NO into) thiols following dimerization
(formation of (NO),) through reaction with aromatic residues. Alternatively, NO may react
directly with O, to generate nitrosating equivalents. Whatever the mechanism, GSH and
susceptible protein thiols (PSH) are converted to GSNO and PSNO, respectively (formally
depicted in Egs. 13 and 14). The GSNO thus formed can react with PSH in a
“transnitrosation” reaction to generate a nitrosated protein (Eq. 15). The PSNO formed
directly with NO-derived species or by transnitrosation can then react with GSSG to
generate a glutathionylated protein (Eq. 16; PSSG) [9,35,36].

GSH+NO — GSNO+H" +¢~ (13)
PSH+NO — PSNO+H*+e~ (14)
PSH+GSNO < PSNO+GSH (15)
PSNO+GSSG & PSSG+GSNO (16)

When a cell is exposed to reactive oxygen species (ROS) its route to either survival or
apoptosis depends in part on the stage of the cell cycle [35,37]. It has become apparent, in
view of interactions among NO, PSH and GSH, that the cell's fate upon exposure to NO also
depends on where the cell resides in the cell cycle. In particular, endogenous and exogenous
production of NO can induce S-nitrosation of critical cysteinyl moieties on redox active
proteins that have the potential of being “rescued” from further oxidation depending on the
intracellular GSH/GSSG ratio, the amount of de novo GSH synthesis, and extent of protein-
directed glutathionylation. Factors influencing cell cycle control, cytosolic GSH/GSSG
redox balance, and glutathionylation of essential cysteinyl moieties on key proteins, such as
caspases and actins, can control responses of cells to nitrosative stress. With regard to the
situation with actins, several studies have demonstrated that progression of cells into G2/M
phase is associated with depolymerization of actin manifested by S-glutathionylation, a
reversible post-translational modification that prevents actin polymerization [35-40].
Conversely, increased glucose utilization by cells through the hexose monophosphate
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pathway that generates NADPH can re-establish cellular reducing capacity by recycling
GSSG to GSH and cause deglutathionylation and actin repolymerization. This latter
response maintains GSH redox capacity of the cell and enables cells to survive early
cytotoxic effects of protein nitrosation.

In a similar fashion, S-nitrosation of cysteinyl moieties on caspases provides protection
against caspase-dependent apoptosis. However, caspase-independent programmed cell death
may occur at high NO exposure. Under these conditions, caspase activity continues to be
inhibited while cell death is induced via a caspase-independent pathway [38]. Thus, protein
nitrosation can exert anti-tumor effects through antiproliferative, cytotoxic, and apoptotic
processes. Moreover, depending on the position of cells in the cell cycle, programmed cell
death may be induced by modulating exposure to nitrosating agents, coupled with a
balancing of cytosolic GSH/GSSG levels and glutathionylation of specific proteins.

Some processes leading to reversible protein glutathionylation are shown in Figure 1.

4. Factors that control protein glutathionylation

Schaffer and Buettner have pointed out that the reduction potentials of various redox couples
may serve as “nano-switches” [4]. Of particular interest here is the GSH/GSSG couple.
Reactions 7 — 9 are freely reversible. Thus, thermodynamically, the extent to which a PSH
may be converted to a mixed disulfide will depend in part on the reduction potential of the
GSH/GSSG redox pair. Schaffer and Buettner describe two such mechanisms (switches) for
protein mixed disulfide (PSSG) formation [4]. A type | nano-witch is represented by Eq. 7,
where the equilibrium constant (Eq 17) is:

_[GSH] [PSSG]
" [GSSG][PSH] (17

A type Il nano-switch is illustrated by Eq. 18:
SH S
P/ s P<S|

AN
GSSG + SH +2GSH

(18)

The equilibrium constant shown in (Eq. 19) is:

_ [GSHJ?[PSS]
~ [GSSG] [P(SH),] (19)

Thus, the GSH/GSSG redox state of the cell can result not only in glutathionylation
[formation of a mixed disulfide with glutathione; PSSG (Eqg. 7)], but also in the formation of
an internal disulfide (egs. 18, 19, where

|

PSS= S
) or a mixed disulfide between two dissimilar proteins (PSSP'). Moreover, because the GSH
term is squared in Eq. 19, switch Il is more sensitive to the GSH/GSSG ratio than is switch

I. Schaffer and Buettner liken the changes in the switches to rheostats [4]. The switches do
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not have two positions (i.e. on and off) that may be involved in cell cycle control, as for
example as in phosphorylation and dephosphorylation of proteins. Rather the switches act
more like dimmers, enabling a gradual activation or inactivation of proteins that depends on
the redox status of the cell and degree of oxidative/nitrosative stress. However, it is probable
that glutathionylation and phosphorylation/dephosphorylation contribute to the control of
mitochondrial bioenergetics, signaling cascades and survival pathways in an interrelated
fashion [41,42].

Although the glutathionylation reaction is thermodynamically fully reversible, many factors
are involved in the kinetic control of glutathionylation. Specific mechanisms and enzymes
capable of accelerating formation of PSSG and reductive removal of the GS- moiety from
PSSG (deglutathionylation) are only now beginning to be elucidated [6].
Deglutathionylation may be catalyzed by Grx enzymes [6,9], sulfiredoxin [43] and possibly
by protein disulfide isomerase (PDI) [44]. Glutathionylation is less well characterized, but is
catalyzed by Grx enzymes under certain circumstances (such as in the glutathionylation of
GAPDH) and by glutathione S-transferase pi (GSTpi) (an enzyme itself subject to
glutathionylation) [45].

The pK, of the sulfhydryl (-SH) group of free cysteine is 8.3. This value, however, can vary
enormously in protein cysteine residues, depending in part on a) the location of the -SH
moieties within the protein micro-environment, b) the presence of any vicinal amino acids
with electron donating or electron withdrawing properties, and ¢) cooperativity among
different cysteine residues in proteins [9]. For example, basic amino acid residues in the
vicinity of cysteine residues will lower the pK, value, whereas, acidic amino acid residues
will raise the pK, value. Hydrogen bonding to serine or histidine residue or the presence of
an adjacent proline residue may also lower the pK; value of the -SH group [9,46]. If the pK,
value of the -SH group of the protein-bound cysteine (PSH) is >8.3, then the cysteine
residue will remain largely uncharged at near neutral physiological pH values, and
glutathionylation of this cysteine residue will not be favorable.

Another factor preventing glutathionylation may be low accessibility. If cysteine residues
are deeply buried within the protein, then steric factors may prevent ready access of GSSG
(or GSH, as in the case relating to PSOH formation) to this residue, even if the pK; value of
the -SH group is relatively low [9]. On the other hand, if the pK, value of the -SH group is
low and the accessibility to GSSG is high, reactivity of the thiolate anion of the cysteine
residue with GSSG [and with ROS and reactive nitrogen species (RNS)] will be favored [9].
Other factors contributing to the ease of protein glutathionylation are also possible. For
example, cysteine residues coordinated to a divalent cation (Mg2*, Ca2*, Zn2*) are often
reactive toward oxidizing agents, including GSSG [47-50]. Finally, as discussed below,
although most cells generally have a high GSH/GSSG ratio, the ratio in the endoplasmic
reticulum may be much lower, thereby favoring glutathionylation of proteins in that
compartment.

Human cells contain at least 25 selenoproteins [51]. For many of these proteins their
biological/enzymatic roles are unknown, whereas others clearly function in biological redox
processes [51]. Interestingly, the pK, value of the selenol group (-SeH) of free
selenocysteine is 5.2, which is considerably lower than that of the -SH group of free cysteine
[52-54]. Thus, the -SeH group of selenocysteine residues will be almost completely ionized
to selenolate and therefore, if there are no steric constraints, will be highly susceptible to
glutathionylation (formation of PSeSG). This particular mechanism is pertinent to the
enzymology associated with glutathione peroxidases, thioredoxin reductase, and other
selenoproteins, which contribute to sulfhydryl metabolism [54-56].
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A number of techniques have been employed to study glutathionylation of proteins and
redox proteomics. These include enzymatic procedures, utilizing 3°S-cysteine labeled
glutathione, use of biotinylated GSSG ethyl ester, incubation with anti-GSH antibodies and
subsequent binding to Protein A/G agarose beads, as well as HPLC, spectrophotometric and
mass spectrometric methods [9,57-61]. Among these methods, mass spectrometric methods
probably provide the most sensitive and useful information regarding actual residues
glutathionylated. Biotinylated GSSG ethyl ester appears to be an especially useful reagent.
GSH ethyl and GSSG ethyl esters are cell permeable and once inside the cell are “trapped”
by hydrolysis of the ester bond [59 and references cited therein]. An advantage of the
biotinylated tag is that that glutathionylated proteins formed by sulfide-disulfide interchange
reactions with biotinylated GSSG within the cell can be selectively enriched by means of
streptavidin affinity chromatography. The biotinylated proteins can be visualized by
Western blotting with GSH antibodies [59]. However, it is important to note that the
separation of proteins by gel electrophoresis must be carried out under non-denaturing
conditions in the absence of added thiols, and N-ethylmaleimide must be added to alkylate
free protein thiols [59].

Another method for the quantitation of the total pool of covalently bound glutathionylated
proteins involves precipitation from tissue or cell homogenates with metaphosphoric acid
(MPA) at a final concentration of 5%. Briefly, precipitated proteins are washed 3 times by
resuspension in 5% MPA, followed each time by centrifugation. Pellets are resuspended in 8
M urea/1 mM EDTA and incubated for 10 min at 40°C followed by addition of potassium
borohydride to a final concentration of 35 mg/ml. The protein resuspension is incubated for
45 min at 40°C. A few drops of octanol are added to reduce foaming, and proteins in
solution are precipitated by addition of MPA to a final concentration of 5%. The mixture is
then centrifuged at 14,000 x g and an aliquot of the supernatant fraction is analyzed for GSH
by either an enzymatic-recycling method or chromatographic separation on HPLC equipped
with electrochemical or coulometric detectors [62].

Despite the fact that many proteins have the potential to undergo glutathionylation, to date
only a relatively small number of proteins have been shown to undergoing glutathionylation
[9], but the number will no doubt increase as more proteins are studied. As reviewed by
Townsend [7] and Dalle-Donne et al. [9], proteins in mammalian cells shown to undergo
reversible glutathionylation, often in response to oxidative or nitrosative stress, have been
shown to cluster in several categories including 1) mitochondrial enzymes/proteins of
energy metabolism [cytochrome ¢ oxidase, mitochondrial isocitrate dehydrogenase, a-
ketoglutarate dehydrogenase complex (KGDHC), pyruvate dehydrogenase, complex I,
FAD-binding subunit of complex 1], 2) cytosolic glycolytic enzymes and other enzymes
related to energy metabolism [GAPDH, aldolase, enolase, pyruvate kinase,
phosphoglycerate kinase, triosephosphate isomerase, creatine kinase], 3) signaling proteins
[p50 and p65 subunits of nuclear factor-kappa B (NF-xB), JNK, protein tyrosine
phosphatase 1B (PT1B), PTEN, pyrophosphatase 2A, protein kinase C, protein kinase G,
cAMP-dependent protein kinase A, c-abl (ABL1), p53, caspase 3, GTPase, p21 ras,
MEKK1], 4) cytoskeletal proteins [actin, myosin, profilin, vimentin, spectrin, tubulin], 5)
protein folding and editing enzymes [HSP60, HSP70, 20S chaperonins, PDI, proteasome,
ubiquitin conjugating enzyme], 6) ion channels/calcium homeostasis proteins [S100A1,
S100B, SERCA, ryanaodine receptors | and Il, CTFR], and 7) redox balance enzymes
[peroxiredoxins, thioredoxin I, GSTs]. It is possible that in some cases, as discussed above,
reversible glutathionylation is a safety mechanism that prevents susceptible, but crucial,
thiol groups from undergoing a more drastic and irreversible oxidation in the face of an
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oxidative/nitrosative insult, that would otherwise result in loss of protein function, [7,9].
Some of the cases listed in this paragraph are discussed below. However, it should be kept in
mind that although many in vitro studies have demonstrated the feasibility of protein
glutathionylation, relatively few studies have documented glutathionylation-dependent
changes in protein function under truly physiological settings or that mimic disease states in
vivo [8]. Nevertheless, although the field of protein glutathionylation is relatively new, it is
burgeoning, so we can expect dramatic changes as this area evolves, including relevant in
vivo studies.

5.2. Energy metabolism

Glutathionylation has been suggested to contribute to the coordination of cellular energy
metabolism in response to an oxidative/nitrosative stress [9]. Two key enzymes of energy
metabolism that may be regulated in part by glutathionylation are discussed here. Most cells
contain a large amount of the key glycolytic enzyme GAPDH in the cytosol. However, in
the face of an oxidative threat the protein is translocated to the nucleus where it protects the
DNA repair enzyme APEL [63]. GAPDH also binds to the AU-rich elements of the 3'-
untranslated region of the gene for endothelin-1 (ET-1) destabilizing the mRNA [64]. ET-1
peptide is a potent vasoconstrictor that is associated with endothelial vasomotor dysfunction
and increased cardiovascular risk. Central to the regulatory effects of GAPDH, is
modification of the active site Cys152 by glutathionylation, which prevents the enzyme from
binding to, for example, ET-1 mRNA [64]. This cysteine residue is also targeted by
nitrosation, forming SNO-GAPDH, which transnitrosates nuclear proteins such as the
deacetylating enzyme sirtuin-1, histone deacetylase-2 and DNA-activated protein kinase
[65]. Thus, posttranslational modification of the -SH moiety of GAPDH greatly expands its
role in signal transduction mechanisms.

Another interesting case involves the inhibition of KGDHC activity in isolated rat liver
mitochondria exposed to H,O» in the presence of GSH. Evidence was presented that the
inhibition is due to glutathionylation [66]. For example, activity could be restored by Grx
[66]. In later work, it was shown that the E; subunit of KGDHC in isolated mitochondria
exposed to H,0, and GSH is glutathionylated on the covalently bound cofactor lipoamide
[67]. Reversible glutathionylation may protect the cofactor from more drastic, and
irreversible, oxidation in mitochondria exposed to an oxidative stress [67].

5.3. Signaling, redox regulation, and apoptosis

Several signaling molecules and transcription factors important for cell growth,
differentiation and apoptosis may be regulated by reversible glutathionylation [9]. A few
examples are discussed here.

Protein kinases appear to be especially prone to targeting by glutathionylation. For example,
the kinase activity of p38 MAP kinase [68], MEKK1 [69] and PTP1B [70] are modulated by
glutathionylation in response to an oxidative stress in cell model systems. Several authors
have suggested that regulation of protein function by glutathionylation/deglutathionylation is
akin to regulation of protein function by phosphorylation/dephosphorylation [e.g. 6, 7, 22].
However, as discussed in section 4 of this review, there are notable regulatory differences
between the two processes. The human “kinome” contains over 900 tyrosine kinases and
their splice variants [71], whereas enzyme-mediated glutathionylation reactions are much
more limited. Moreover, protein phosphorylation is more like a true switch, whereas protein
glutathionylation is comparable to a rheostat. It is interesting to note that many kinases as
well as phosphatases, which are regulatory enzymes, are themselves subjected to possible
regulation by glutathionylation [42,72].
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NF-«B is a transcription factor involved in the cellular response to a wide variety of factors
such as oxidative stress, exposure to cytokines, UV irradiation, microbial infection and
oxidized low density lipoprotein (LDL). Glutathionylation and Grx-catalyzed
deglutathionylation have been suggested to play important roles in regulating the activation
of the NF-«xB pathway [73]. In cultured tracheal epithelial cells, Cys179 of the inhibitory xB
kinase (IKK) B-subunit of the IKK signalosome is a central target for oxidative inactivation
by glutathionylation [73]. The tumor suppressor protein p53 is inhibited by S-
glutathionylation in cancer cells by oxidative stress and by treatment with DNA-damaging
agents [74]. Glutathionylated p53 is present in human prostate, prostate cancer tissues,
melanoma cells and colon cancer cells [74]. The transcription factor PAX-8 is a member of
the PAX superfamily of proteins important in regulating gene expression in the thyroid.
Glutathionylation occurs on Cys45 and Cys57 in a highly conserved DNA binding motif in
the N terminus [75]. A crucial role for glutathionylation and its reversal (by Grx-1) in
controlling the activation of interferon regulatory factor (IRF3) and interferon 3 (IFNp) gene
expression has been suggested [76]. Deglutathionylation of IRF3 is required for interaction
with CBP (CREB binding protein), an event essential for transcription of interferon genes
[76].

As briefly discussed in section 3.4, some studies suggest that glutathionylation is involved in
regulation of apoptosis. It is generally considered that GSH depletion and protein
glutathionylation are byproducts of oxidative stress in cells undergoing programmed death.
However, recent evidence suggests that protein glutathionylation may be a critical
regulatory step in apoptosis and inflammatory responses, often at the level of caspases
[10,35,38,62,77-80]. Conversely, Grxs may be protective against apoptosis [10].

5.4. Cell cycle

GSH can be sequestered into the nucleus where it may participate in protein
glutathionylation and cell proliferation [13,81,82]. Diaz Vivancos et al. [13] have proposed
that this sequestration is intimately linked to the cell cycle. According to these authors “(i)
GSH is recruited and sequestered in the nucleus early (G1) in cell proliferation, (ii) as a
result of GSH sequestration in the nucleus, the cytoplasm is starved of GSH, (iii) the sharp
fall in cytosolic GSH availability and the accompanying change in cytosolic redox state
triggers GSH synthesis in the cytoplasm, (iv) the total GSH pool of the cells increases
rapidly, (v) the nuclear envelope dissolves at the end of prophase/beginning of metaphase
allowing equilibration between the cytosol and nuclear GSH pools during the G2- and M-
phases, and (vi) the nuclear envelope re-forms during telophase (before cytokinesis), the
cells divide and the cellular GSH pool is re-distributed between the daughter cells”.
According to this series of events, redox modification (glutathionylation) of proteins may
play a role in the control of protein function during the cell cycle [13]. Corroboration of the
cell cycle changes, intracellular compartmentalization, and the dynamic translocation of
GSH and glutathionylated proteins within intact cells was elegantly reported by Soderdahl et
al. [83].

5.5. lon channel activity/calcium homeostasis

Protein glutathionylation has been linked to oxidant-mediated vascular potassium-ATP
channel regulation [84] and the skeletal muscle calcium-release channel [ryanodine receptor
type 1 (RyR1)] [85].

Protein glutathionylation may act as a molecular link between calcium and redox signaling.
For example, from cell model studies in which GSH was depleted (by treatment with a
mixture of 5-chloro-2-methyl-4-isothiazolin-3-one and 2-methyl-4-isothiazolin-3-one) and
in other studies in which GSH was increased (by treatment with glutathione ethyl ester), it
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was concluded that the degree of GSH depletion is paralleled by protein glutathionylation,
which may have a role in increasing cellular calcium levels. This increased mitochondrial
and cytosolic calcium load may be factors in apoptosis and necrosis, respectively [80].

Many studies have shown that oxidative stress leads to an elevated level of cellular calcium,
increased mitochondrial calcium and cell death. In recent studies of DT40B-lymphocytes in
culture, it was shown that stromal interaction molecule 1 (STIM1) is glutathionylated at
Cysb6 in response to oxidative stress (treatment with lipopolysaccharide or treatment with
buthionine sulfoximine to lower GSH), evoking a constitutive calcium entry into
mitochondria independent of intracellular stores [86].

5.6. Regulation of cytoskeletal structures

Actin is readily glutathionylated, a process that inhibits actin polymerization. Thus,
reversible glutathionylation of actin is a redox-dependent mechanism for regulation of the
cytoskeleton structure [87-90]. Interestingly, glutathionylation of actin, a major protein in
platelets, does not appear to be related to the GSSG level in these cells [88], but rather to
oxidation of a susceptible cysteine residue to a sulfenic acid followed by reaction with GSH
[89]. Some evidence suggests that actin glutathionylation is essential for cell spreading and
cytoskeleton organization and that this glutathionylation plays a key role in disassembly of
actinomyosin complexes during cell adhesion [90]. The possibility has been considered that
abnormal glutathionylation of cytoskeletal elements contributes to the pathology of cardiac
and skeletal muscles due to ischemia/oxidative stress [91-93] and to muscle pathology in
Friedreich ataxia [92].

5.7. Protein folding and integrity

In contrast to the cytosol where the GSH/GSSG ratio is usually >100:1, the ratio in the
endoplasmic reticulum (ER) is only about 1:1 to 3:1 [4,7,94]. Correct folding of nascent
proteins (protein quality control) is dependent in part upon this controlled redox condition
within the ER [7]. Redox conditions within that ER may in turn affect rates of protein
glutathionylation [7]. PDI is an enzyme crucial for maintaining the correct disulfide balance
and accurate folding in nascent proteins within the ER. Therefore, it is of interest that in
human leukemia and ovarian cancer cells, treatment with the anti-cancer agent O(2)-[2,4-
dinitro-5-(N-methyl-N-4-carboxyphenylamino)phenyl]1-(N,N-dimethylamino)diazen-1-
ium-1,2-diolate (PABA/NO) resulted in an increase in intracellular NO and increased
glutathionylation of PDI [95]. This glutathionylation results in loss of activity. Townsend
and colleagues suggested that exploitation of PDI inhibition though drug-induced
glutathionylation may be a unique strategy to target cancer cells [7,95]. The unfolded protein
response (UPR) in the ER is a complex signal cascade induced by stress, including oxidative
and nitrosative stress, and the accumulation of misfolded proteins that promotes apoptosis
[7]. At least three pathways contribute to apoptosis, and protein components of at least one
of these pathways (activation of JINK) can be glutathionylated [7].

The proteasome machinery plays an important role in protein quality control by removing
misfolded or otherwise damaged proteins. It is therefore of interest that thimet
oligopeptidase (EP24.15), a ubiquitously expressed thiol-rich metallopeptidase that is
important in the degradation of peptides generated by the proteasome machinery, is
constitutively glutathionylated intracellularly [96]. The findings suggested an
unconventional property of protein glutathionylation, namely inducing oligomerization by
interprotein thiol-disulfide exchange to a less active enzyme form [96]. These results may be
relevant to the dual role of EP24.15 both in degrading antigenic peptides, which results in
decreased antigen presentation, and in increasing production of antigenic peptides, for
example, under conditions of oxidative stress. It is of further interest that the Rpnl and Rpn2
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subunits of purified human 26S proteasomes undergo glutathionylation, resulting in a less
active complex when exposed to H,O, and GSH [96].

6. Biomedical implications of reversible glutathionylation

Several diseases may be associated with aberrant glutathionylation of proteins [7]. The
glutathionylation of actin and cytoskeletal elements in ischemia, heart diseases and
Friedreich ataxia has already been mentioned. Other diseases as listed by Townsend [7] are
discussed below.

6.1. Alzheimer disease (AD)

Energy metabolism is compromised in AD in part due to low activity of KGDHC [97]. In
addition to glutathionylation of lipoamide cofactor the E, subunit in the presence of H,0,
and GSH, mentioned above, all three subunits of purified KGDHC are readily
glutathionylated in the presence of GSSG [97]. It has been suggested that glutathionylation,
as a result of oxidative stress, may contribute to the low levels of KGDHC activity in AD
brain [97]. Other workers have shown that glutathionylation of tau protein is possible
although this process does not seem to contribute to the formation of tau-containing paired
helical filaments characteristic of AD brain [98]. In addition, selective glutathionylation of
p53 monomers and dimers has been demonstrated in AD brain, possibly contributing to the
oxidative stress in AD brain [99].

6.2. Type 2 diabetes

The incidence of glutathionylated hemoglobin HbSSG has been reported to be much higher
in diabetic subjects with microangiopathy (69%) as compared to diabetics without
angiopathy (22%) and controls (14%) [100].

With the understanding that oxidative-nitrosative stress contributes importantly to the
pathophysiology in diabetes, Shelton et al. hypothesized that changes in Grx activity would
contribute significantly to the development of diabetic retinopathy [101]. Using retinal
homogenates from streptozotocin-diabetic rats as well as retinal cells grown in high glucose
medium, these investigators demonstrated that Grx, in contrast to thioredoxin, was
upregulated. Increased activity of Gx, which catalyzes deglutathionylation of proteins, led to
increased translocation of NF-kB to the nucleus and enhanced expression of ICAM-1, two
pro-inflammatory processes implicated in the pathogenesis of retinopathy and targets for
glutathionylation. The data suggest that elevated glucose concentrations in retinal glial cells
disrupt the glutathionylation-induced regulatory effect on these pro-inflammatory proteins
by increasing Grx activity [101].

6.3. Cystic fibrosis

The CFTR (cystic fibrosis transmembrane conductance regulator) channel activity in
excised lung tissue is markedly inhibited by several forms of oxidized GSH (GSSG, GSNO
and GSH oxidized with diamide) [102]. Several lines of evidence were presented indicating
that the likely mechanism for this inhibitory effect is glutathionylation of a CFTR cysteine
residue (i.e. formation of a mixed disulfide with GSH). This finding is of interest because
reactive GSH species are produced in inflamed epithelia as occurs in cystic fibrosis where
they may modulate CFTR activity [102]. However, it is possible that GSNO has beneficial
effects at a low concentration. Thus, it was shown that GSNO and some other S-nitrosating
agents (but not NO itself), at low micromolar concentrations, increase AF508 mutant CFTR
and wild-type CFTR expression and maturation [103]. It was suggested that the findings are
of relevance to the development of NO donor-based therapies for cystic fibrosis [103].
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6.4. Cataracts

6.5. Cancer

GSH is present at high concentrations in the human lens (~6 mM) where, as an antioxidant,
it is essential for maintaining transparency [104]. The size of the GSH pool diminishes with
age, and loss of GSH is associated with cataract formation. Cataractous lenses exhibit a
decreased GSH/GSSG ratio compared with clear lenses [104]. As discussed by Harding and
colleagues [104 and references cited therein], the unique development and structure of the
lens may explain the need for high levels of GSH. During cataractogenesis, especially in the
nucleus part of the lens, the lens proteins unfold and thiols that were buried become exposed
and reactive. Some of these thiols then react to form a) mixed disulfides with GSH and
cysteine, and b) disulfide-cross-linked aggregates. With increasing severity of the cataract,
total protein thiol decreases with a concurrent increase in protein disulfide content. A major
glutathionylated protein in the lens was found to have a molecular mass of about 47 kDa,
which was shown to be composed of BB1-, B2- and yS-crystallins [104]. The possibility
has been considered that maintaining the GSH status may be helpful in preventing or
ameliorating cataract formation [104,105]. In a streptozotocin model of diabetes in rats
administration of eye drops containing N-acetyl-L-cysteine and glutathione ethyl ester
(compounds readily converted to GSH in vivo) showed significant inhibition of the
progression of diabetic cataracts at early (but not late) stages of the diabetes-associated
cataractogenesis [105].

Insights into the cellular mechanisms that posttranslationally modify regulatory proteins
during recurrent episodes of oxidative and nitrosative stresses, and which initiate and
promote carcinogenesis are beginning to emerge. As stated earlier, the majority of redox-
sensitive regulatory and cell cycle proteins that are targets of ROS and RNS can be
stabilized and recycled via their sulfhydryl moieties. Accordingly, these proteins can be
reversibly glutathionylated (depending on the GSH/GSSG ratio) and restored to their
reduced state by PDI, Grx, thioredoxin or sulfiredoxin. Thus, glutathionylation of strategic
cysteine moieties in metabolic enzymes, kinases, phosphatases, signal proteins and
transcription factors has emerged as a central mechanism by which changes in the
intracellular redox state may be transformed into functional cellular responses that can
include cancer treatment and control. Studies by Velu et al. [106] provide novel insights into
the cell death-associated tumor suppressor protein, p53, which is often inactivated during the
genesis of cancer as a result of mutational modifications. Tumor suppressor functions of p53
are observed after genomic injury, which, following site specific phosphorylation(s),
increases its transcriptional competency by modulating several cell cycle regulators and
checkpoint kinases. By contrast, when p53 is glutathionylated, and even though its serine
phosphorylated-form is present at nuclear binding sites, glutathionylated-p53 exhibits
significantly diminished ability to bind to its consensus DNA sequence. Thus
glutathionylation inhibits, albeit temporarily, the tumor suppressor function of p53. The
results of this study demonstrate that conversion of reactive cysteines 124 and 141 to mixed
disulfides with GSH conveys a negative regulatory function to human p53, and implies that
inactivation of this transcription factor may represent an acute defensive response with
significant consequences for oncogenesis. Velu et al. [106] speculated that inactivation of
p53 through glutathionylation prompts a selective cellular adaptation strategy that
suppresses the apoptotic response generated during early phase oxidative stress in an
apparent attempt to avert immediate cell death.

The literature is replete with evidence supporting the hypothesis that chronic inflammation
contributes significantly to the development of cancer. The inflammatory microenvironment
is characterized by the presence of activated leukocytes and macrophages [107] which
express pro-inflammatory cytokines such as interleukin 1 (IL-1p) that enhance tumor
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proliferation, promote angiogenesis, and advance invasive activity within tumors [108].
Following release of IL-1p, this cytokine mediates activation of the transcription factor,
NFkB, through a pathway involving phosphorylation, which subsequently results in release
and degradation of the NFkB inhibitor, IkB. NFkB regulates the expression of inflammatory
and oncogenic genes by translocating to the nucleus and binding its p50 or p65 carboxyl-
terminus to transactivation domains on DNA [109]. Thus, greater appreciation is required
that integrates our understanding of glutathionylation of NFkB and other transcription
factors, adhesion proteins, cytokines and redox-responsive enzymes with diseases such as
cancer and chronic inflammation [110].

Studies by Qanungo et al. [111] have shown that Cys59 of the p50-NFkB and Cys38 of the
p65-NFkB fractions, which associate near or with DNA-binding loops are targeted by
glutathionylation, thereby preventing transcriptional activation. It should be mentioned here
that the 1kB kinase (IKK), which phosphorylates and causes uncoupling of the IkB inhibitor
from NFkB is also controlled via glutathionylation of the Cys179 residue of IKK [112]. The
findings regarding glutathionylation of NFkB subunits have therapeutic implications
pertinent to hypoxic apoptosis, such as in solid tumors that possess hypoxic cores [111].

Tew and Townsend [15] have suggested that drugs targeting the glutathionome (i.e. the sum
total of proteins glutathionylated) may be useful in the treatment of cancer. Studies by Diotte
et al. [113] using the anticancer drug doxorubicin (DOX) determined whether
glutathionylation of mitochondrial proteins plays a role in mitigating DOX-induced
myocardial injury. Using transgenic mice that expressed the human mitochondrial Grx 2, a
thioltransferase catalyzing the reduction as well as formation of protein-glutathione mixed
disulfides, prevented DOX-induced decreases in NAD- and FAD-linked state 3 respiration
and respiratory control ratio in heart mitochondria. Development of tolerance to DOX
toxicity was associated with an increase in protein glutathionylation in heart mitochondria.
These studies suggest that the efficacy of the chemotherapeutic drug, DOX, whose use is
limited due to its often unpredictable cardiotoxicity, may be improved by inducing
glutathionylation of heart mitochondrial proteins, thus preventing DOX-induced cardiac
injury during treatment of cancer [113].

7. Irreversible protein glutathionylation involving dehydroalanine moieties

7.1. Occurrence of dehydroalanine in nature

Dehydroalanine (2-aminoacrylate; 2,3-didehydroalanine; DHA) residues in proteins/peptides
occur naturally. This amino acid is relatively stable in peptide linkage[114], but as an
isolated amino acid is rapidly tautomerized and hydrolyzed to pyruvate and ammonia. The
vinyl moiety of the DHA residue is conjugated with a carbamoyl carbonyl imparting
reactivity as a Michael acceptor. Michael attack by a side group of a cysteine residue in a
protein/peptide will give rise to a protein/peptide covalently cross linked by a thioether bond
representative of a lanthionine residue. In contrast to the easily reduced disulfide in GSSG,
the sulfide in lanthionine is stable to reduction under physiological conditions. Lanthionine
linkages are of considerable interest as they are found extensively in a class of ribosome-
directed polypeptide-based antibiotics known as lantibiotics [115]. Of relevance to the
current review, however, is the presence of such linkages in lens proteins.

7.2. Irreversible glutathionylation of lens proteins

The lens nucleus contains proteins that are present from birth. Moreover, the outer fibrous
cells no longer make proteins after the lens has been fully shaped [104, and references
therein]. Thus, it is not surprising perhaps that after many decades some nonenzymatic
posttranslational protein modifications occur in the lens. One such modification is the loss of
H,S or H,O from cysteine or serine residues, respectively, resulting in the formation of
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DHA residues (Figure 2). Michael addition by cysteine, histidine, or lysine residues will
result in proteins cross linked internally (or to other proteins) by lanthionine bridges,
histidinolalanine linkages or lysylalanine cross links, respectively [116,117]. Linetsky and
colleagues showed that lanthionine and histidinoalanine residues in hydrolyzed proteins are
present at higher concentrations in cataractous lenses than in normal lenses; lysylalanine
could only be detected in cataractous lenses [116]. Loss of H,O from a threonine residue
yields a dehydrobutyrine (2,3-didehydributyrine) residue that can undergo Michael
chemistry with a cysteine residue to generate a 3-methyl lanthionine link. This derivative
occurs in the antimicrobial peptide nisin [118], which is used extensively in the food
industry as a preservative, but, to our knowledge, dehydrobutyrine has not been identified in
lens proteins.

Lanthionine residues may be formed in lens tissues not only via Michael addition of a
protein cysteine residue to a DHA residue, but also by attack of either free cysteine or the
cysteine moiety of GSH. In a later study, Linetsky and LeGrand showed that increased
lanthionine occurs in the aged and cataractous human lens and that a considerable portion
results from addition of GSH to a DHA residue, resulting in non-reducible glutathionylation
in which the cross link is a lanthionine [117].

7.3. Does irreversible glutathionylation occur in other tissues?

This question is important, but to our knowledge has not been adequately addressed. At this
point, a discussion of DHA is appropriate. The synthesis of peptides containing DHA
residues and other dehydro amino acids was accomplished more than 60 years ago [119 and
references cited therein]. This early work by Jesse Greenstein and colleagues seems largely
to have been overlooked. Perhaps, it is time to rethink the biological importance of dehydro
amino acid residues. It is relatively easy to generate DHA residues in proteins/peptides. For
example, DHA residues are formed in model peptides containing a reactive S-
nitrosocysteine by treatment with phosphine under relatively mild conditions [120]. Base-
induced B-elimination of phosphate from phosphoserine and phosphothreonine residues
followed by addition of an affinity tag has been used as a strategy for enriching
phosphorylated proteins from complex mixtures [121]. In other studies, DHA residues have
been observed as artifacts in proteome analysis [122], as common post-translational
modifications in human serum albumin [123], and after loss of selenium following oxidation
of selenocysteine moieties from selenoproteins [124]. Heat and alkali treatment of foods
result in the formation of DHA residues and resulting cross-linked amino acids in proteins,
as well as the epimerization of L-amino acid stereoisomers [125]. Electrophilic addition at
the o,B-unsaturated moiety of DHA residues by a variety of nucleophiles is an entry to
functionalized proteins [121,126-128]. Lanthionine bridges can also form in proteins during
derivatization steps before mass spectral analysis, presumably through intramolecular
condensation of a cysteine residue with a DHA [129]. In a recent article, Jeong et al. [130]
described the use of sensitive mass spectrometry techniques to show several modifications
of a redox-active cysteine residue in GAPDH. These modifications included conversion to
serine, DHA and a cysteine thiosulfinate residue.

Proteins in other tissues are generally not as long lived on average as those in the lens. The
average protein turnover in the whole adult human body has been reported to be about 1.5 —
6 g/kg/d, which represents <0.1% of the total protein pool [131]. Accordingly, on average,
proteins, and in particular skeletal muscle proteins, must have a half life of >500 days and
presumably some may have much longer half lives. Thus, the relative ease with which DHA
residues can be generated in model systems and the relatively long half life of a portion of
the human body pool of proteins, make it almost certain that DHA will occur in vivo in other
tissues. In this context, a recent study on the inactivation of GPx1, the principal enzyme
responsible for peroxide elimination in human red blood cells (RBCs), revealed that H,O,
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exposure converts the selenocysteine residue at the active site to a DHA residue [132].
Given that DHA-GPx1 formation is irreversible and its content increases with increasing
RBC age, the content of DHA-GPx1 within the RBC has been suggested to reflect total
oxidative stress experienced by the cell during its lifetime [132]. In light of the relatively
high levels of endogenous GSH in blood (~1 mM) [133], it is conceivable that a Michael
addition reaction will occur. This will result in the formation of lanthionine cross-link in
GPx1 protein and the possibility of non reducible glutathionylation of this protein occurring
within aging RBCs. We hypothesize that these modifications will increase with age as
occurs in the lens.

7.4. Metabolism of busulfan

Busulfan is a bifunctional alkylating agent used for the treatment of hematological and other
malignancies prior to stem cell transplantation [134]. The structures of busulfan and related
anti-cancer agents are shown in Figure 3. The compound is converted in vivo to a
glutathione S-conjugate [L-y-glutamyl-B-(S-tetrahydrothiophenium)-L-alanylglycine;
GS*THT] by direct interaction with GSH [135] and enzymatic catalysis by GSTs, especially
GST A1-1[135-141]. GS*THT undergoes a base-catalyzed p-elimination reaction to yield
v-glutamyldehydroalanylglycine (EdJAG) and tetrahydrothiophene (THT) [139, 140]. This
reaction, however, occurs readily in vitro at physiological pH values and temperature [141].
EJAG was identified as a metabolite of busulfan in a human liver cytosol fraction [141].
THT formed directly from EAAG or from a p-elimination reaction of the corresponding
cysteine S-conjugate [140] and THT oxidation products are the major metabolites of
busulfan in vivo [139].

We recently showed that EDAG condenses with GSH in a Michael addition reaction to
produce a lanthionine-containing thioether (GSG), which is a non-reducible analog of
glutathione disulfide (GSSG) [141]. EDJAG was less cytotoxic than busulfan to C6 rat glioma
cells. GSH and EJAG were equally effective in displacing a GST isozyme (human
GSTAL-1) from a GSH-agarose column [141].

7.5. Is the toxicity of busulfan related to irreversible glutathionylation?

High doses of busulfan can cause hepatic veno-occlusive disease (HVOD) [142] and
cataracts [143]. HVOD is caused by the destruction of sinusoidal endothelial cells and the
surrounding centrilobular hepatocytes [144]. Injury to sinusoidal endothelial cells and
hepatocytes of the liver acinus is considered to be the initial event in the development of
HVOD. Studies have shown that this region is rich in cytochrome P450 and GST, but
contains levels of GSH that are lower than at other sites [145]. Sinusoidal endothelial cells
are more sensitive to damage than hepatocytes because the concentration of GSH in
sinusoidal endothelial cells, which is needed for detoxification, is less than half that in
hepatocytes. In cell culture studies when precursor amino acids are added to culture media,
hepatocytes adequately synthesize GSH while sinusoidal endothelial cells exhibit limited
capacity [146,147]. It was proposed that HVOD associated with conditioning regimens of
busulfan in bone transplant patients is related to metabolites of busulfan rather than to the
parent compound [148]. DeLeve and Wang [149] suggested that this complication may be
caused either directly through oxidative stress or indirectly through GSH depletion. We
hypothesize that busulfan-induced HVOD may be related in part to the nonenzymatic
decomposition of GS*THT to EJAG. Interestingly, it has recently been shown that busulfan
treatment of mice resulted in up-regulation of GSH synthesis and increased toxicity of
busulfan [150]. We suggest that higher titers of GSH will result in higher levels of GS*THT
[141]. An increase in GS*THT would lead to increased nonenzymatic formation of EdAG,
which, in turn, would lead to nonreducible glutathionylation of proteins (formation of PSG)
associated with the circulatory system. Thus, increased nonreducible glutathionylation may
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contribute to busulfan-induced HVOD. A possible mechanisms leading to busulfan-induced
irreversible glutathionylation of proteins is shown in Figure 4. It is also possible that
increased synthesis of GSH, oxidative stress and relatively high GST levels in sinusoidal
endothelial cells will promote reversible glutathionylation of proteins (formation of PSSG)
when these cells are exposed to busulfan.

Non-reducible glutathionylation may also contribute to the busulfan-induced
cataractogenesis. Note that in the studies of Linetsky and LeGrand [117] it was assumed that
the irreversible glutathionylation of lens proteins is due to Michael addition of the thiol
group in GSH to protein dehydroalanyl residues. However, irreversible protein
glutathionylation is also theoretically possible by Michael addition of a protein thiol to the
dehydroalanyl residue of EAAG (Figure 4). Evidence for this possibility is the formation of
GSG from direct interaction of GSH with EJAG [141].

In summary, busulfan may be toxic in part by assisting in the conversion of GSH from a
nucleophile to an electrophilic metabolite (EJAG) (umpulong chemistry) thereby depleting
cellular GSH concentrations. Moreover, irreversible non-reducible glutathionylation of GSH
will result in formation of thioether-linked GSG. The latter metabolite may interfere with
GST function and act as a competitive inhibitor of glutathione reductase, the enzyme
necessary to convert GSSG disulfide back to GSH. Although not yet demonstrated directly,
EdAG is chemically capable of irreversibly glutathionylating proteins (formation of PSG).

7.6. Possibility of other drugs/xenobiotics promoting irreversible glutathionylation

Treosulfan is an analogue of busulfan in which the C4 butane backbone contains two
hydroxyl groups (Figure 3). Like busulfan, treosulfan acts as a DNA cross-linking agent. A
major carcinogenic metabolite is thought to be the hydrolysis product 1,2:3,4-diepoxybutane
[151]. Treosulfan shows preclinical promise against Ewing sarcoma [152], and is cytotoxic
to human prostate cancer cells [153]. Very little is known about its metabolism. We strongly
suspect that treosulfan will react with GSH and cysteine to generate S-conjugates. By
analogy with the conjugates formed in the major biotransformation pathway of busulfan in
humans, the S-conjugates formed from treosulfan should be sulfonium compounds in which
the sulfur is part of a five-membered ring. However, the conjugates will have two ring-
positioned hydroxyl groups that are lacking in the busulfan conjugates. The resulting 3,4-
dihydroxy tetrahydrothiophenium intermediate formed in the reaction of treosulfan with
GSH could produce EJAG in an elimination reaction. Since 3,4-dihydroxy
tetrahydrothiophene may be an even better leaving group than is tetrahydrothiophene, we
predict that the treosulfan glutathione S-conjugate will undergo a facile non-enzymatic f3-
elimination reaction to yield thiophene and EJAG (Figure 4).

Another busulfan analogue, namely hepsulfam, has also been evaluated as a DNA cross-
linking agent and as an anti-cancer agent. Armstrong et al. [154] showed that several human
breast cancer cells in culture are able to convert hepsulfam to the corresponding
monoglutathione S-conjugate with varying efficiency. The only major GST detected, and
only in some cell lines, was GST-Pi. Thus, formation of the glutathione S-conjugate was
presumably catalyzed by this GST isozyme. The amount of GST-Pi isozyme correlated with
sensitivity to hepsulfam in the three most resistant cell lines, but was undetectable in the
three most sensitive cell lines [154]. When the cells were treated with buthionine
sulfoximine to lower the intracellular concentration of GSH, the cells became more sensitive
to hepsulfam. Presumably, even if the diglutathionyl conjugate were formed it is unlikely
that a cyclic sulfonium would be formed because this would entail formation of an unlikely
eight-membered ring.

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2012 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cooper et al.

Page 18

Westerhof et al. [155] synthesized a number of analogs of busulfan and hepsulfam in which
the terminal H3CO,SO- and H,NO,SO- groups, respectively, were retained but the central
portion was changed. Among 25 different compounds tested, a remarkably broad range of
potencies was found, with PL63 [cis-1,2-(2-hydroxyethyl) cyclohexane dimethanesulfonate]
proving to be the most effective in providing for hematopoietic engraftment [155]. The
authors pointed out that pharmacokinetics rather than structural properties, such as distance
and orientation of the two alkylating groups, are likely the more important determinants in
the effectiveness of the drugs [155]. In this respect, it is worth pointing out that although
PL63 is theoretically capable of forming a glutathione S-conjugate, it is most unlikely that a
cyclic sulfonium S-conjugate of this compound can be formed. We suggest that when
considering the biological action of the busulfan and hepsulfam analogues, the ability to
form cyclic sulfonium S-conjugates should be considered in the evaluation.

Several 1,2-dihaloethanes are known to form glutathione S-conjugates in a manner exactly
analogous to the formation of GS*THT from busulfan (and from 1,4-dihalobutanes [156])
except that a three-membered sulfonium ring structure (thiirane) is formed rather than a
sulfonium containing a five-membered ring (reviewed by Anders [157]). The thiirane
glutathione S-conjugate is known to be directly toxic by forming adducts with DNA [158].
With regard to the glutathione S-conjugate, since the thiirane grouping is likely to be an
excellent nucleofuge [see ref. 159 for a discussion of nucleofugality], we suggest that the
glutathione S-conjugate will undergo a spontaneous B-elimination reaction to generate
EJAG, which may also contribute to the toxicity of 1,2-dihaloethanes. It is also possible that
the corresponding cysteine S-conjugate would undergo spontaneous cysteine S-conjugate [3-
lyase-assisted B elimination. If these f-elimination reactions were to occur in vivo, the
finding would be of toxicological interest because 1,2-dihaloethanes are produced on an
industrial scale [157] and are genotoxic [158].

8. Irreversible protein glutathionylation involving 4-oxo-2-nonenal

The polyunsaturated lipid peroxidation product 4-oxo-2-nonenal (ONE) is a highly reactive
protein cross-linking agent [160]. It has recently been shown that addition of GSH to ONE
results in the formation of a reactive 4-ketoaldehyde that also has the potential to cross link
proteins [160]. Zhu et al. [160] showed that almost every lysine residue was cross linked
when 0.25 mM bovine B-lactoglobulin was incubated in 200 mM potassium phosphate
buffer containing 0.25-2 mM ONE, and 1 mM GSH (an antielectrophile) at 37°C for 24 h.
The authors suggested “stable antielectrophile-ONE-protein cross-links may serve as
biomarkers of oxidative stress and may represent a novel mechanism of irreversible protein
glutathionylation” [160].

9. Conclusion

As judged by the number of publications just within the last two years on the topic, it is
obvious that the field of reversible protein glutathionylation is undergoing a veritable
explosion. Reversible glutathionylation impinges on many aspects of biology, from
regulation of protein function to roles in the cell cycle and apoptosis. The importance of
aberrant protein glutathionylation in cancer and other diseases is an area of increasing
interest. It is hoped that understanding the processes may lead to new therapeutic regimens.

This review provides a novel dimension that has not been included in previous reviews on
protein glutathionylation by other authors. We have emphasized here that, in addition to
reversible protein glutathionylation, irreversible protein glutathionylation is also a
possibility, albeit a possibility that has been largely overlooked by the scientific community.
Although irreversible protein glutathionylation has only been conclusively demonstrated to
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occur in human lens, we emphasize the possibility that this process is likely to occur in other
tissues perhaps in RBCs, particularly with aging and following treatment with certain drugs
and environmental toxins such as certain halogenated alkanes.

10. Expert opinion

The process of reversible protein glutathionylation is now well established, and research in
the field is burgeoning. However, as recognized by several authors cited herein, much of the
work in the area has been carried out with isolated enzymes or with cells in culture, and the
findings need to be corroborated at the tissue and organ levels, and also with disease state. In
the near future, we can look forward to improved methodology that will permit the realistic
assessment of the glutathione redox state in tissues in vivo under normal and pathological
conditions. In this regard it of interest that nuclear magnetic resonance (NMR) pulsing
techniques are being developed for the detection and estimation of GSH in normal and
cancerous tissues [e.g. 161-165]. Moreover, glutathionylation of a protein will increase the
mass of the protein by 305 kDa and introduce a net negative charge. Such changes are easily
identifiable by modern mass spectrometric techniques. NMR techniques are currently not
sensitive enough to detect normal in vivo levels of GSSG, which are usually much lower
than those of GSH. Nevertheless, in vivo analysis of GSH levels coupled with in vitro
sensitive mass spectral proteomics (and other methods listed in reference 59) will be crucial
in defining the glutathionome. As Tew and Townsend suggest in a recent review [166],
defining the glutathionome has the potential of providing opportunities for target
identification for therapeutic intervention (particularly cancer treatment), perhaps with a
relevance that parallels ongoing efforts with the kinome. Due to the high GSH/GSSG ratio,
the number of glutathionylated proteins in vivo is probably not large (possibly of the order of
hundreds) under normal conditions compared to the number of phosphorylatable proteins
[166]. Nevertheless, as with phosphorylation, glutathionylation is crucial to cell signaling
and cell survival, and may be subtly altered in a variety of disease settings and treatments
[166].

A major goal of the present review is to also emphasize the fact that irreversible protein
glutathionylation can also occur. Although irreversible (non reducible) protein
glutathionylation has thus far only been observed in aged and cataracterous human lenses,
we emphasize the possibility that this process may occur in other human tissues as well,
especially in tissues that contain slowly turning over proteins and a peroxidative
environment. We also caution that some drugs and xenobiotics (e.g. busulfan, and possibly
treosulfan and dihaloethanes) may be toxic in part by forming reactive sulfonium
glutathione S-conjugates that can generate EAAG. Toxicologists should be aware that
generation EAAG may possibly result in a) irreversible protein glutathionylation, b)
decreases in tissue GSH pools, c) interference with GSTs, and d) formation of a novel
thioether-analogue of glutathione, namely GSG, that may exhibit antagonistic effects with
the disulfide analogue GSSG.
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DHA dehydroalanine
EJAG y-glutamyldehydroalanylglycine
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GAPDH glyceraldehyde 3-phosphate dehydrogenase
Gpx glutathione peroxidase
Grx glutaredoxin
GSH glutathione
GSNO nitrosated glutathione
GSSG glutathione disulfide
GST glutathione S-transferase
GS*THT L-y-glutamyl-p-(S--tetrahydrothiophenium)-L-alanylglycine
HVOD hepatic veno-occlusive disease
KGDHC a-ketoglutarate dehydrogenase complex
MPA metaphosphoric acid
NFkB nuclear factor-kappa B
NMR nuclear magnetic resonance
PDI protein disulfide isomerase
PSG irreversibly (thioether-linked) glutathionylated protein
PSNO nitrosated protein
PSSG reversibly (disulfide-linked) glutathionylated protein
ROS reactive oxygen species
RNS reactive nitrogen species
THT tetrahydrothiophene.
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Figure 1. Some reactions leading to reversible glutathionylation of proteins and peptides
involving a reducible mixed disulfide

When the GSSG/GSH ratio is favorable, an oxidizable cysteine residue in protein (1) (R =
H) may react with GSSG to generate the mixed disulfide (4, PSG, pathway a) and GSH. On
the other hand, if the cysteine residue is oxidized to a sulfenic acid (2, R = OH), the protein
may react with a GSH equivalent to generate the mixed disulfide (4, pathway b). In another
case, the nitrosated cysteine residue (3) (R = NO) may react with GSH to form the mixed
disulfide (4, pathway c) and HNO. The mixed disulfide can be converted back to the
reduced form (1) by GSH with the formation of GSSG. Note that the mixed disulfide (4) can
also be formed from reaction of 1 with GSNO, GSO or GS(0)SG (9). Note that the sulfur
atoms are shown bolded for emphasis.
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Figure 2. Formation of a dehydroalanyl residue in proteins and peptides followed by irreversible
glutathionylation

A protein/peptide (5) containing a leaving group (X) in the  position of an amino acid
residue may undergo spontaneous B elimination to generate a protein/peptide containing a
dehydroalanyl residue (6). Michael addition of the sulfhydryl group of GSH will generate of
an adduct containing a non-reducible thioether bond (7), resulting in irreversible
glutathionylation. Residues such as cysteine (X = -SH) and serine (X = -OH) are expected to
be relatively stable. However, for proteins with very long turnover times, such as those
found in the lens, B-elimination reactions may occur as a consequence of aging. Moreover,
other residues such as selenocysteine, serine O-phosphate and serine O-sulfate are expected
to be more labile and amenable to 8 elimination.
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Figure 3. Structures of busulfan, treosulfan and hepsulfam
Note the reactive groups at both ends that are involved in DNA cross linking.
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Figure 4. Formation of glutathione S-conjugates of busulfan and facile decomposition to a
dehydroalanyl analogue of GSH

Busulfan (R = H) reacts with GSH in a reaction that occurs spontaneously under
physiological conditions, but which is accelerated by GSTs, to form the glutathione S-
conjugate 8. This glutathione S-conjugate contains an unusual sulfonium moiety (most
glutathione S-conjugates are thioethers). The cyclic sulfonium contains an exceptionally
good leaving group. Thus, tetrahydrothiophene (9) is readily eliminated generating a
dehydroalanyl analogue of GSH (y-glutamyldehydroalanylglycine, EDAG). Michael addition
of GSH to this compound results in the formation of GSG, a GSSG analogue in which the
reducible disulfide bond is replaced by a non-reducible thioether. We suggest that the
reaction of EDAG with an exposed cysteine residue of a susceptible residue (PSH) may
result in irreversible glutathionylation, generating a protein linked to a glutathione molecule
through a non-reducible thioether bond (10). This reaction is identical to that depicted in
figure 2 (6 — 7), except that the Michael acceptor and donor are reversed. Although the
possible formation of a sulfonium conjugate of treosulfan has not yet been investigated,
given the similarity in structure of treosulfan to busulfan, we predict that it will form under
in vivo conditions.
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