
INTRODUCTION

DESPITE ITS EARLY RECOGNIZED IMPORTANCE as a mecha-
nism for regulation of protein function, protein S-thio-

lation has received in time less attention as compared with
other well established modes of posttranslational protein
modification, such as protein phosphorylation or glycosyla-
tion. This has been likely due to the scarcity of experimental
evidence in support of the relevance in vivo of such protein
modification. Most of the early studies were, in fact, mainly
concerned with S-thiolation resulting from unphysiological
oxidative stress conditions, in which the process appeared to
proceed with little or no specificity as far as the proteins
involved. The current interest in protein S-thiolation lies
instead in its regulatory implications, deriving from the in-
volvement in the process of specific target proteins, with def-
inite effects on definite cellular functions. The fact that cys-

teine residues can undergo a range of graded modifications,
each possibly corresponding to distinct functional states of
a protein involved, e.g., in signal transduction, has warranted
them the recent definition as “nanotransducers in redox
signaling” (3). Efforts have been dedicated in recent years
to identify individual proteins susceptible to undergo S-
thiolation, using, e.g., thiol-specific cysteine-based probes
(8). Regulation by S-thiolation has thus been reported for sev-
eral important cell functions, including, e.g., the activity of
protein tyrosine phosphatases, the ubiquitin/proteasome sys-
tem, the c-Jun DNA-binding activity, and many more (for re-
view, see 12).

A few biochemical aspects of the S-thiolation process are,
however, still in need of better elucidation. For example, it
has been reported that in up to 85% of cases glutathione
(GSH) is the species responsible for protein S-thiolation (1,
23). Other thiols also can form mixed disulfides with pro-
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ABSTRACT

Previous studies have documented that activity of the plasma membrane enzyme �-glutamyltransferase
(GGT) is accompanied by prooxidant processes, with production of reactive oxygen species and oxidation of
cellular protein thiols. The present work was aimed to verify the occurrence and extent of S-thiolation medi-
ated by GGT and characterize the molecular species involved in mixed disulfide formation. Experiments
show that the cysteinyl-glycine (CG) originating from cellular GGT-mediated glutathione (GSH) metabolism
can efficiently thiolate cellular proteins, as well as proteins present in the extracellular environment. With
cells presenting high levels of GGT expression, basal levels of CG-containing protein mixed disulfides are de-
tectable, in cellular proteins, as well as in proteins of the culture medium. Stimulation of GGT activity in these
cells by administration of substrates results in an increase of CG mixed disulfide formation and a concomitant
decrease of GSH-containing disulfides, likely due to GGT-dependent removal of GSH from the system. The
findings reported suggest that binding of CG (“protein S-cysteylglycylation”) may represent an as yet unrec-
ognized function of membrane GGT, likely playing a regulatory role(s) in the cell and its surroundings.
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teins, producing S-cysteylation (cysteine), S-homocysteyla-
tion (homocysteine), and S-cysteamylation (cystamine) (29);
nevertheless, the processes leading to these alternative S-thi-
olation modes have received little or no attention to date. In
addition, although enzymatic activities capable of affecting
dethiolation of proteins have been the subject of extensive
studies, documenting the implication of thioredoxin, glutare-
doxin, protein disulfide isomerase, and, more recently, phos-
phoglycerate kinase (14), much less is known about the en-
dogenous (enzymatic) mechanisms in charge of promoting
S-thiolation, with a possible regulatory significance in a more
or less physiological context. Studies in this field are actually
limited to the S-thiolating effects of phagocytic respiratory
burst (22, 24).

We have previously shown that protein S-thiolation is one
of several prooxidant effects ensuing from activation of the
plasma membrane �-glutamyltransferase (GGT), the ectoen-
zyme in charge of metabolizing extracellular glutathione.
GGT activity, in fact, originates the dipeptide cysteinyl-
glycine (CG), whose reactivity is responsible for reduction of
metal cations and production of reactive oxygen species. In
GGT-expressing cells, it was observed that these reactions are
accompanied by oxidation of protein thiols, in the first place
at the cell surface level (7). Against this background, the pres-
ent work was aimed to verify if GGT-induced S-thiolation im-
plies the binding to cellular proteins of CG itself, and if such
process can involve proteins present in the extracellular envi-
ronment, which could identify GGT as an intrinsic, physio-
logic S-thiolating activity of the cell.

MATERIALS AND METHODS

Chemicals

Unless otherwise indicated, all reagents, including cell
culture media, were from Sigma–Aldrich (St. Louis, MO,
U.S.A.).

Cell transfection, culture, and treatments

Human metastatic melanoma Me665/2 cells were kindly
provided by Dr. F. Zunino (Istituto Nazionale Tumori, Milan,
Italy). The 2/21 clone, expressing only traces of GGT activity
(0.2–0.7 mU/mg of protein), was used for the present study.
In these cells, GGT was increased by stable transfection with
a vector (pcDNA; Invitrogen) containing GGT cDNA. A lipid
transfection according to Lipotaxi® mammalian transfection
kit protocol (Stratagene) was used. Of the several subclones
thus generated, two were chosen: 2/21/11 cells (“clone 11”),
in which no increase of GGT activity was induced, were used
as GGT-negative controls. For comparison, 2/21/7 cells
(“clone 7”) were chosen, presenting a high GGT activity after
transfection (70–75 mU/mg of protein).

Cells were cultured in RPMI 1640 medium, supplemented
with 10% (vol/vol) heat-inactivated fetal calf serum, 2 mM L-
glutamine, and 0.5 mg/ml Geneticin (G418, Invitrogen), at
37°C, in a 5%/95% CO2/air atmosphere. Incubations were
carried out in Hanks’ balanced salt solution (HBSS) medium.
For stimulation of GGT activity, the substrates GSH and gly-
cyl-glycine (Gly2)—the latter serving as acceptor for the �-
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glutamyl moiety (11)—were added to incubations at a final
concentration of 2 and 20 mM, respectively. Where indicated,
human apo-transferrin (Apo-Tf) was also added to the incu-
bation medium (0.3 mg/ml). Inhibition of GGT activity was
obtained by treating cells with noncompetitive irreversible in-
hibitor acivicin (AT125; 1 mM final concentration) for 60
min prior to incubation. All components were freshly pre-
pared and kept on ice until use.

Sample preparation, protein reduction, and
fluorescent derivatization of thiols

For determination of free thiols, aliquots of incubation
mixtures were diluted in 0.2 M Tris-HCl buffer, pH 8.2, con-
taining 20 mM EDTA and 1% (wt/vol) sodium dodecyl sul-
fate (SDS). For measurements on cellular proteins, cells were
washed twice with phosphate-buffered saline and treated with
10% trichloroacetic acid (TCA; 20 min, 4°C). For measure-
ments on serum proteins of culture media, aliquots were acid-
ified with 10% TCA (Fluka) and centrifuged at 15,000 g (10
min at 4°C). In all cases, protein precipitates were washed
twice with diethyl ether and resuspended in 0.2 M Tris-HCl
buffer, pH 8.2, containing 20 mM EDTA and 1% (wt/vol)
SDS. Samples and standards were incubated (30 min, room
temperature) with tris(2-carboxyethyl)phosphine (Molecular
Probes, Eugene, OR, U.S.A.), 5 g/L final concentration, to
achieve disulfide reduction. Proteins were then precipitated
with 5% TCA (final concentration); samples were vortex-
mixed immediately and centrifuged (10 min, 15,000 g).

After centrifugation, aliquots (100 µl) of the supernatants
were added to test tubes prepared with 250 µl of 125 mM
borate buffer, pH 9.5, containing 4 mM EDTA, 110 µl of a
1 g/l solution of 7-fluorobenzo-2-oxa-1,3-diazole-4-sulfonate
(SBD-F; Fluka), and 20 µl of 1.55 M NaOH. Derivatization
was carried out for 60 min, at 60°C in the dark. After derivati-
zation, samples were acidified with 20 µl of 0.4 M H3PO4 and
kept at �20°C until HPLC analysis.

HPLC measurements

Determination of low-molecular-weight thiols was carried
out as described (9, 21). Reverse-phase HPLC was performed
using a Resolve® C18 column (Waters, U.S.A.), and a Beck-
man 125P pump equipped with a Rheodyne 7125 injection
valve, fitted with a 200-µl sample loop. Mobile phase (5%
methanol in 0.2 M KH2PO4, adjusted to pH 2.7 with H3PO4;
filtered and degassed before use) was delivered at a flow rate
of 0.6 ml/min. Calibration was based on external standards
using stock solutions (10 mM) of Cys, CG, and GSH pre-
pared in 0.12 M perchloric acid and stored at �20°C; work-
ing solutions were prepared daily in 0.2 M Tris-HCl, pH 8.2,
containing 20 mM EDTA and 1% (wt/vol) SDS. A Shimadzu
RF-551 fluorimetric detection system was used (filter set-
tings: 385 nm excitation, 515 nm emission).

Other determinations

Protein content was determinated by the method of Brad-
ford (Bio-Rad Protein Assay). GGT activity was determined
spectrophotometrically using �-glutamyl-p-nitroanilide as
substrate, according to Huseby and Strömme (11) with minor
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modifications. Statistical analysis of data was performed by
ANOVA.

RESULTS

A time course of GSH consumption by purified GGT in a
chemical, acellular system, with concomitant generation of
equimolar concentrations of CG, is shown in Fig. 1A and B.
For evaluation of GSH metabolism affected by membrane-
bound GGT activity, substrates were added to melanoma cells
and all determinations were made at 30 min of incubation. As
reported in Fig. 1C, a decrease of GSH levels occurred in the
medium of GGT-negative (control) clone 11 cells, an effect
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likely due to GSH spontaneous oxidation; such decrease was
not prevented by GGT inhibition. On the other hand, the GSH
consumption by clone 7 cells (Fig. 1C) was accompanied by a
concomitant production of equimolar CG (Fig. 1D), and pre-
treatment of clone 7 cells with the GGT inhibitor AT125 sup-
pressed the phenomenon.

The extent of protein S-thiolation induced during GGT-me-
diated GSH metabolism was evaluated after addition of the
acceptor substrate Gly2 (= activation of GGT) to incubations
already containing GSH (Fig. 2). No significant differences
were present before and after activation of GGT, in neither
clone 11 nor clone 7 cells (Fig. 2A). On the other hand, acti-
vation of GGT in clone 7 cells resulted in a marked increase
of CG bound to cellular protein, and the effect was largely
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FIG. 1. GSH consumption with production of CG by purified and cell membrane-bound GGT activity. (A and B) Experi-
ments with purified GGT. Incubations were carried out at 37°C in 100 mM Tris-HCl, pH 7.4, and included GSH (2 mM), Gly2 (20
mM), and GGT (200 mU/ml), as indicated. (C and D) Experiments with melanoma cells. Incubations were carried out at 37°C in
HBSS medium, pH 7.4, and included GSH (2 mM), Gly2 (20 mM), and AT125 (1 mM), as indicated. Results are means ± SD of
three separate experiments. *p < 0.02 as compared with corresponding sample C; **p < 0.005 as compared with corresponding
sample C; ***p < 0.001 as compared with corresponding sample 1; n.s., not significantly different from corresponding sample 1.
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prevented by AT125 (Fig. 2B). Protein-bound CG levels were
much lower than those of protein-bound GSH, reaching a
maximum of approximately 1/10 in GGT-stimulated cells.

The possibility that basal (unstimulated) GGT activity
might induce differences in the mode and extent of basal S-
thiolation of cellular proteins was verified in experiments re-
ported in Fig. 3. Resting, untreated GGT-expressing clone 7
cells indeed presented a significantly lower extent of S-glu-
tathionylation (approximately �35%), as well as a signifi-
cantly higher CG binding to protein (approximately +70%).

914 CORTI ET AL.

Again, protein-bound CG was much lower than GSH (ap-
proximately 1/20 in GGT-expressing cells).

A model exogenous protein, purified human Apo-Tf, was
used in experiments aimed to verify whether GGT-deriving
CG might affect S-thiolation of proteins in the extracellular
medium. GGT activation in clone 7 cells caused a decrease in
the extent of GSH bound to Apo-Tf (approximately �25%,
Fig. 4A), whereas—although at lower concentrations—bind-
ing of CG was remarkably increased (Fig. 4B). Binding of
CG to extracellular proteins was also detected in basal culture

FIG. 2. S-Thiolation of cellular proteins induced after activation of membrane GGT melanoma cell clones. (A) Protein-
bound GSH. (B) Protein-bound CG. Determinations were made after 30 min of incubation of cells in HBSS, to which GSH (2
mM), Gly2 (20 mM), and AT125 (1 mM) were added, as indicated. Results are means ± SD of three separate experiments. *p <
0.001 as compared with corresponding sample C; **p < 0.005 as compared with sample 1; n.s., difference not significant as com-
pared with corresponding sample C.

FIG. 3. Basal levels of protein S-thiolation in melanoma cell clones. (A) Protein-bound GSH. (B) Protein-bound CG. Cells
were cultured in RPMI 1640 medium, and determinations were performed 48 h after change of medium. No additions were made
during the incubation. Results are means ± SD of three separate experiments. *p < 0.001.
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conditions, to proteins contained in routine culture medium
(Fig. 5). After 48 h of culture, both cell clones studied had
produced changes in S-thiolation of culture medium proteins:
with GGT-expressing clone 7 cells, levels of protein-bound
CG were considerably increased, whereas protein-bound
GSH was decreased. The reverse was true with GGT-negative
clone 11 cells, which increased S-glutathionylation of pro-
teins in the culture medium, while decreasing protein-bound
CG.

DISCUSSION

Membrane GGT expression and activity should be in-
cluded among the factors affecting cellular redox-sensitive
functions, through effects on redox status of protein thiols.
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Previous work from our laboratory has, in fact, documented
that GGT enzyme activity can initiate prooxidant reactions in
the cell microenvironment, and that this is accompanied by
reversible oxidation of thiols in cell proteins (5, 15), includ-
ing receptors of the cell surface (7). Protein S-thiolation is
one of the mechanisms of such protein thiol oxidation (5).
The prooxidant effects of GGT activity were shown to be me-
diated by CG, the major metabolite of GSH. Due to its lower
pKa, CG can easily interact with metal cations, thus promot-
ing redox cycling phenomena (17, 24), eventually resulting in
production of reactive oxygen species (5) and stimulation of
oxidative processes, e.g., lipid peroxidation (16, 26). The oc-
currence of the described GGT-induced prooxidant reactions
was shown by us in a series of pathophysiologic conditions
(for review, see 6), and their effects have been detected at sev-
eral levels in the cellular machinery (for review, see 18).
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FIG. 4. S-Thiolation of purified human Apo-Tf added as target protein in the incubation medium of clone 7 (GGT-ex-
pressing) melanoma cells: effects of GGT activation. (A) Protein-bound GSH. (B) Protein-bound CG. Determinations were
made after 30 min of incubation of cells in HBSS medium, to which Apo-Tf had been added at 0.3 mg/ml final concentration. Ex-
periments were started by addition of GSH and Gly2, at 2 and 20 mM, final concentration. Results are means ± SD of three sepa-
rate experiments. *p < 0.05; **p < 0.001.

FIG. 5. Basal levels of S-thiolation in proteins of the culture medium of melanoma cell clones. (A) Protein-bound GSH. (B)
Protein-bound CG. Cells were cultured in RPMI, and determinations were performed 48 h after change of medium. Where indi-
cated, culture medium was incubated in the absence of cells. No additions were made during the 48 h of incubation. Results are
means ± SD of three separate experiments. *p < 0.001.
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Data reported in the present study show that CG is pro-
duced extracellularly during the GSH catabolism mediated by
cell membrane GGT, and is capable of affecting S-thiolation
of cellular as well as extracellular proteins. CG-containing
mixed disulfides were formed as a result of activation of
GGT, obtained by administration to cells of its substrates
GSH and �-glutamyl acceptor Gly2, but are also detectable in
resting, untreated GGT-expressing cells, suggesting that for-
mation of CG-containing mixed disulfides is occurring in
basal conditions, during routine GGT activity. 

In all instances, the amount of CG recovered after reduc-
tion of cellular or extracellular protein was five- to 10-fold
lower than the concomitant GSH recovery. In fact, extracellu-
lar CG is normally hydrolyzed by membrane dipeptidases to
cysteine and glycine (10); only a minor part of the CG pro-
duced may be thus available long enough as to make redox re-
actions with protein. It should be considered, however, that
the measurements were performed on total, unfractionated
proteins, whereas binding of CG might be concentrated on
specific individual proteins—cellular and/or extracellular. In
the case of S-glutathiolation, the occurrence in protein struc-
ture of defined amino acid sequences (sort of a “GSH foot-
print”) (12), capable of establishing suitable electrostatic in-
teractions with negatively charged carboxyl groups in the
GSH molecule, has been invoked to explain the susceptibility
of specific proteins to bind GSH at specific sites. With re-
spect to CG binding, it cannot be excluded that akin “CG
footprints” may exist in the structure of specific proteins. An
additional factor possibly addressing the binding of CG to-
ward specific proteins lies in the location occupied by GGT
itself, i.e., the outer plasma membrane surface, which might
result in a concentration of CG binding on proteins of the
plasma membrane and the extracellular microenvironment.
Previous studies documented that GGT-dependent prooxidant
effects are occurring at the plasma membrane level and extra-
cellularly (5, 15). The modulating effects of CG-S-thiolation
could be then concentrated on proteins in the plasma mem-
brane (e.g., receptors, transporters) and its vicinity (e.g., pro-
teins of the basement membrane, in the case of epithelial
cells).

In some experiments, CG binding to protein was accompa-
nied by a significant decrease in S-glutathionylation (Figs. 3
and 4). This can be explained by the fact that the presence of
active GGT on cells acts as a sort of GSH sink, removing it
from the system (compare Fig. 1). The same explanation can
be given for the higher extracellular S-glutathionylation ob-
served with (GGT-negative) clone 11 cells in basal condi-
tions (Figs. 3A and 5A). The decreased S-glutathionylation
apparent in Figs. 3 and 4 does not correspond, however, to a
shift of proteins toward a more reduced state; in fact, GGT
activation was previously shown to induce a marked net de-
crease in reduced SH groups of proteins (5, 15). Rather, it is
conceivable that the release of GSH from protein may be part
of an overall oxidative rearrangement of protein thiols in-
duced after the prooxidant processes ensuing from GGT acti-
vation. Such rearrangement appears to include (a) the ap-
pearance of CG-containing mixed disulfides, (b) an
increased oxidation of protein SH groups of some other na-
ture (allegedly production of sulfenic acids and related
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species), and (c) a decreased protein S-glutathionylation,
likely as a result of a and b.

The significance of GGT-dependent S-thiolation can be
twofold. Firstly, protein S-thiolation has been interpreted
as a defense against irreversible oxidative damage (2, 24,
29). In this perspective, as GGT is often expressed at high
levels in primitive as well as metastatic tumors, this aspect of
its function might well concur in the resistance of cancer
cells against cytotoxic effects of oxidative stress, as in the
case of several important prooxidant anticancer drugs. We
have indeed described a role of GGT in cell resistance to cy-
totoxicity of platinum drugs (4, 19, 20). Secondly, a more in-
triguing possibility is that the GGT-induced formation of
CG-containing mixed disulfides—a process that, by analogy,
can be termed “S-cysteylglycylation”—may have a regula-
tory function, similar to the case of S-glutathionylation.
Further studies are required to elucidate this point. In the
meantime, the fact that in some experiments S-cysteylglycy-
lation was consistently accompanied by a decrease in the ex-
tent of S-glutathionylation can already be considered as an
(indirect) mode of thiol-based regulation of sensitive protein
targets.

Perspectives

Our results allow the characterization of S-thiolation as a
major function of membrane GGT enzyme activity. The bind-
ing of CG to proteins may represent a molecular variant of S-
thiolation implying specific regulatory effects, i.e., possibly
different from those mediated by S-glutathionylation. GGT-
dependent protein S-cysteylglycylation may possess some de-
gree of target specificity in that GGT prooxidant reactions
are primarily directed outwards, so that its effects on proteins
of the cell surface and of the cell microenvironment may be
predominant. A process of this kind is likely to induce redox
modifications of critical thiols in receptor proteins and down-
stream signal transduction. Moreover, the observed GGT-in-
duced S-thiolation of extracellular proteins raises the possi-
bility that this process may represent a tool by which
GGT-expressing cells—notably a large variety of cancer cells
(27)—can modulate redox status and function of important
proteins in the extracellular matrix and on the surface of other
by-standing cells, e.g., immune cells or endothelium.
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