
INTRODUCTION

AWIDE RANGE OF PROTEIN MODIFICATIONS induced by reac-
tive oxygen and nitrogen species, including formation

of S-nitrosocysteine, cysteine sulfenic, sulfinic, and sulfonic
acid, intermolecular, intramolecular, and mixed disulfides,
carbonylation, and tyrosine nitration, have been identified (9,
12, 45).

The formation of the disulfide bond between protein thiol
groups (PSH) and cysteine, homocysteine, and reduced glu-
tathione (GSH), globally referred to as S-thiolation, generates
mixed (protein/nonprotein) disulfides, altogether described as
S-thiolated proteins. As GSH is the low-molecular-weight thiol
with the highest concentration (0.5–10 mM) in mammalian
cells, most studies focus on S-glutathionylation and S-glu-
tathionylated proteins (PSSG) (10, 11, 17, 26, 49). This modi-

fication may have a dual role of protection from irreversible
oxidation of PSH and modulation of protein function (redox
regulation), so serving for cell signaling. However, if the modi-
fied cysteine is functionally critical, S-glutathionylation will
also render the protein inactive and eventually compromise cel-
lular functions (3, 4, 7, 13, 14, 35). Several mechanisms have
been proposed for S-glutathionylation: reaction of GSH with
partially oxidized reactive PSH (thiyl radicals or sulfenic
acids), thiol–disulfide exchange between PSH and glutathione
disulfide (GSSG), oxidation of GSH to the sulfenic acid
(GSOH) that reacts with a PSH to form a mixed disulfide, nu-
cleophilic attack of a protein thiolate on low-molecular-weight
S-nitrosothiols (RSNO), and S-nitrosation of PSH followed by
reaction with GSH to yield mixed disulfides (26).

Protein S-thiolation by low-molecular-weight RSNO has
been extensively reported (24, 27, 32, 34, 36, 50). Indeed, S-
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ABSTRACT

S-Nitrosation of protein sulfhydryl groups is an established response to oxidative/nitrosative stress. The tran-
sient nature and reversibility of S-nitrosation, as well as its specificity, render this posttranslational modifica-
tion an attractive mechanism of regulation of protein function and signal transduction, in analogy to S-glu-
tathionylation. Several feasible mechanisms for protein S-nitrosation have been proposed, including
transnitrosation by S-nitrosothiols, such as S-nitrosoglutathione (GSNO), where the nitrosonium moiety is di-
rectly transferred from one thiol to another. The reaction between GSNO and protein sulfhydryls can also
produce a mixed disulfide by S-glutathionylation, which involves the nucleophilic attack of the sulfur of
GSNO by the protein thiolate anion. In this study, we have investigated the possible occurrence of S-glu-
tathionylation during reaction of GSNO with papain, creatine phosphokinase, glyceraldehyde-3-phosphate
dehydrogenase, alcohol dehydrogenase, bovine serum albumin, and actin. Our results show that papain, crea-
tine phosphokinase, and glyceraldehyde-3-phosphate dehydrogenase were significantly both S-nitrosated and
S-glutathionylated by GSNO, whereas alcohol dehydrogenase, bovine serum albumin, and actin appeared
nearly only S-nitrosated. The susceptibility of the modified proteins to denitrosation and deglutathionylation
by reduced glutathione was also investigated. Antioxid. Redox Signal. 7, 930–939.
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thiolation is considered to be one of the mechanisms of action
of RSNO, the others being nitric oxide (NO) release, transni-
trosation, and, possibly, direct action (23).

RSNO are metabolites of NO that have been detected in
both intra- and extracellular spaces. Apart from low-molecu-
lar-weight RSNO, such as S-nitrosoglutathione (GSNO),
most (95%) RSNO are associated with proteins. S-nitrosated
proteins (PSNO) so far identified include signaling mole-
cules, enzymes, proteases, receptors, channels, G proteins,
transcription factors, and extracellular matrix proteins (33,
47). Both protein and nonprotein RSNO facilitate the trans-
port of NO in vivo, conferring NO properties on the carrier,
while mitigating against its toxic effects (23). S-Nitrosation
of proteins is an established response to oxidative/nitrosative
stress and is emerging as a redox-sensitive posttranslational
modification that is a key mechanism underlying many of the
physiological effects of NO. S-Nitrosation has been shown to
alter the function (inactivating or indeed activating) of a
broad spectrum of proteins and has been suggested as a regu-
latory modification in cell signaling pathways, including the
apoptotic process (5, 19, 20, 26, 30, 33, 41, 47).

Protein S-nitrosation can result from transnitrosation reac-
tions, in which an NO+ (nitrosonium ion) group is directly
transferred from a PSNO or from a low-molecular-weight
RSNO, such as GSNO, to another protein thiol (33). S-Nitro-
sation also results from binding of NO+ or an equivalent, such
as NO2 or N2O3, to sulfhydryl groups or binding of •NO to
thiyl radicals (20).

Currently, S-nitrosation and S-glutathionylation are being
investigated as mechanisms of redox- and NO-mediated sig-
nal transduction, as well as cellular responses to oxidative
and/or nitrosative stress. Interrelations among S-glutathionyl-
ation, thiol oxidation, and S-nitrosation leading to the forma-
tion of mixed disulfides between PSH and GSH and/or PSNO
may serve to translate oxidative and nitrosative stimuli into a
functional response at various levels of cellular signaling
(26). However, there is still uncertainty regarding how pro-
teins are S-nitrosated and S-glutathionylated; moreover, some
possible methodological flaws occurring in their detection
have hampered the identification of their precise in vivo role
(16, 40). GSNO has attracted increasing interest in recent
years for its dual ability to S-nitrosate and S-glutathionylate
proteins (24, 26, 27, 36, 48). The present study reports on
the occurrence of S-glutathionylation versus S-nitrosation in
papain, creatine phosphokinase (CPK), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), alcohol dehydrogenase
(ADH), bovine serum albumin (BSA), and actin upon incuba-
tion with GSNO to carry out S-nitrosation under physiologi-
cal conditions. The reverse reactions of deglutathionylation
and denitrosation have also been evaluated.

MATERIALS AND METHODS

Materials

HPLC Sephasil C18 and gel filtration PD10 columns were
purchased from Pharmacia (Uppsala, Sweden). Monobromobi-
mane was obtained from Calbiochem (La Jolla, CA, U.S.A.)
and HPLC grade reagents from BDH (Poole, U.K.). Papain,
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BSA, ADH from Saccharomyces cerevisiae, CPK, and GAPDH
from rabbit muscle were purchased from Sigma–Aldrich
Chemie GmbH (Steinheim, Germany). All other reagents were
of analytical grade from Sigma–Aldrich Chemie GmbH.

Protein preparation

Rabbit skeletal muscle actin was prepared in 2 mM Tris-
HCl, pH 7.5, 0.5 mM dithioerythritol (DTE), 0.2 mM ATP, 0.2
mM CaCl2, 1.5 mM NaN3 (buffer G) (8). Prior to use, actin
was extensively dialyzed against buffer G without DTE.

Papain was dissolved in 50 mM phosphate buffer, pH 6.2,
incubated with 1 mM dithiothreitol for 30 min, and passed
through PD10 columns before utilization. BSA, ADH, and
CPK were dissolved in 100 mM phosphate buffer, pH 7.4.
GAPDH was dissolved in 50 mM Tris-HCl, pH 7.5.

GSNO stock solution

Fresh GSNO solutions were prepared in MilliQ water just
before use by mixing equimolar concentrations of acidified
GSH (0.2 M in 0.75 M HCl) and sodium nitrite, in the pres-
ence of 50 µM diethylene triaminepentaacetic acid (DTPA) to
limit generation of GSNO breakdown products, such as glu-
tathione disulfide S-oxide [GS(O)SG], which is a highly reac-
tive molecule that can serve as a potent protein S-glutathionyl-
ating agent (48). After 2 min, the mixture was neutralized
with 1 mM Tris and kept on ice, always protected from light.
The GSNO concentration was determined as described below.
All the GSNO solutions contained <4% GSSG, as checked by
HPLC (15).

Determination of GSNO degradation products 
by electrospray ionization mass spectrometry 
(ESI-MS) analyses

ESI-MS analyses were performed on a Thermo Finnigan
LCQ Advantage Ion Trap Mass Spectrometer (Thermo Finni-
gan Italia, Milan, Italy), operating in the following condi-
tions: capillary temperature, 200°C; ionization voltage, 5 kV;
capillary voltage, 3.44 V. The flow rate of the nebulizer gas
(nitrogen) was 0.5 L/min. Samples were diluted to 100 µM
with H2O:CH3CN:HCOOH (70/30/0.1, by volume) and then
introduced into the mass spectrometer at a flow rate of 25 µl
min�1. Spectra were acquired in positive-ion modes, with a
scan range from m/z 100 to 700 (scan rate 0.5 scan/s) and an-
alyzed by Xcalibur software.

Reactivity of proteins with GSNO or GSSG

Proteins (50 µM) were treated with 1 mM GSNO or GSSG
at 25°C; 0.4-ml aliquots were periodically removed from the
incubation mixture and passed through PD10 columns to re-
move excess low-molecular-weight reagents; the PSNO or
PSSG concentration was determined in the eluate as de-
scribed below.

In denitrosation and dethiolation experiments, proteins
pretreated with 1 mM GSNO for 2 h or 1 mM GSSG for 10 h
and reisolated on PD10 columns were then treated with 0.5
mM GSH at 25°C. At various time intervals, 0.4-ml aliquots
were passed through PD10 columns to remove excess GSH,
and assayed for PSNO or PSSG concentration.
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The absence of contaminating GSH, GSSG, GSNO, and ni-
trite was verified in every eluate by both HPLC (GSH and
GSSG) (15) and the Griess reaction (44) (GSNO and nitrite).
All buffers contained 50 µM DTPA to limit generation of
RSNO breakdown products.

Determination of RSNO

The GSNO and PSNO concentrations were determined
spectrophotometrically at 540 nm by the Griess reaction (44).
Quantification was performed by reference to a standard
curve obtained using authentic nitrite.

Determination of protein S-glutathionylation

At different time intervals, proteins were isolated by low-
molecular-weight reagents by gel filtration on PD10
columns. Protein S-glutathionylation was measured by re-
versed-phase HPLC (10, 15). Derivatized thiols were ana-
lyzed by fluorescence detection (excitation, 380 nm; emis-
sion, 480 nm) and quantified using authentic GSH similarly
derivatized with monobromobimane. 

RESULTS

We have examined the occurrence of competing S-nitrosa-
tion and S-glutathionylation, triggered by incubation with
GSNO, in different proteins known for having one or more
free cysteines susceptible to oxidative/nitrosative modifica-
tions. Papain has a critical cysteine in the active site, which is
thought to be catalytically active, together with His159, as a
thiolate-imidazolium ion pair (50). The cytoplasmic form of
CPK has one reactive cysteine per subunit, and its oxidative
modifications completely inhibit the enzyme activity (27).
GAPDH is a homotetramer comprised of four identical sub-
units. Each subunit contains four free cysteines, two of which
are located in the catalytic site: Cys149 interacts with a histi-
dine to form a highly reactive thiolate group, which is re-
quired for GAPDH activity (48). ADH is a dimer containing
two zinc atoms per subunit; one zinc atom is found in the cat-
alytic site bound to Cys46, His67, and Cys174; the second zinc,
which plays a structural role, is bound to four cysteines. Actin
and BSA have five and 35 Cys, respectively, but both possess
only a single, highly reactive free cysteine (Cys374 and Cys34,
respectively). 

The nature of protein thiol modifications following incuba-
tion with GSNO was determined at different time intervals up
to 60 min (Figs. 1 and 2). All the examined proteins became
S-nitrosated, although both the degree and the kinetics of S-
nitrosation were different. Papain and GAPDH showed the
fastest S-nitrosation, the maximum degree of thiol modifica-
tion being reached within one or a few minutes, respectively
(Fig. 1). Conversely, actin S-nitrosation showed the slowest
progression, and failed to reach the maximum extent within
60 min (Fig. 2); this result agrees with previous data, showing
that actin S-nitrosation by GSNO is a slow process (8). By
comparing the extent of S-nitrosation (Figs. 1 and 2), it ap-
peared that GAPDH showed the highest degree of S-nitrosa-
tion, whereas papain the lowest.

932 GIUSTARINI ET AL.

FIG. 1. S-Nitrosation versus S-glutathionylation of papain,
CPK, and GAPDH induced by GSNO. Proteins (50 µM) were
treated with 1 mM GSNO. At the indicated times, sample
aliquots were passed through PD10 columns, and PSNO (black
circles) and PSSG (white circles) concentrations were quanti-
fied spectrophotometrically and by HPLC, respectively. (In-
sets) Concentration of PSNO (black bars), PSSG (white bars),
and total modified thiols (PSNO + PSSG) (gray bars) mea-
sured after 1-h incubation with 1 mM GSNO. Data points rep-
resent means ± SD (n = 5).
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Unlike S-nitrosation, GSNO-induced S-glutathionylation
occurred only in papain, CPK, and GAPDH (Fig. 1), being
negligible or completely absent in ADH, BSA, and actin (Fig.
2). S-Glutathionylation was the predominant thiol modifica-
tion in papain. Insets of Figs. 1 and 2 show the degree of total
thiol modification (S-nitrosation plus S-glutathionylation)
after 1-h treatment with GSNO. CPK and GAPDH showed
the highest molar ratio of modified thiols per protein (Fig.
1). In the case of ADH, BSA, and actin, (almost) all the mod-
ified thiols could be accounted for by protein S-nitrosation
(Fig. 2).

Although precautions were taken to limit the breakdown of
GSNO, by inclusion of the metal ion chelator DTPA, it is pos-
sible that small amounts of GSSG were formed. As GSSG is
known for its ability to produce PSSG by a thiol–disulfide ex-
change reaction (26), we compared the kinetics of PSSG for-
mation induced by GSSG with that induced by GSNO. Treat-
ment with 1 mM GSSG for 1 h revealed that GSSG is not an
effective glutathionylating agent for ADH, BSA, actin, and
papain (Fig. 3). A prolonged incubation time (up to 4 h) simi-
larly did not induce any S-glutathionylation in those proteins
(data not shown). In contrast, GSSG induced S-glutathionyla-
tion of GAPDH and CPK, but the level of thiol modification
at both 60 min (Fig. 3) and 4 h (data not shown) did not reach
that seen upon 1-h treatment with 1 mM GSNO (Fig. 1), and
the reaction was much slower. This indicated that the rapid S-
glutathionylation of papain, CPK, and GAPDH observed
upon incubation with GSNO (Fig. 1) does not occur, at least
to a significant extent, as a result of the formation of GSSG
as a GSNO breakdown product. Anyway, the formation of
GSSG and other breakdown products of GSNO, like
GS(O)SG, in GSNO solutions was checked by ESI-MS analy-
sis. In Fig. 4, the spectra of a freshly prepared GSNO sample
(panel A) and the same sample after 1 h (panel B) are shown.
In freshly prepared GSNO, the amount of GSSG is negligible

FIG. 2. S-nitrosation versus S-glutathionylation of ADH,
BSA, and actin induced by GSNO. Proteins (50 µM) were
treated with 1 mM GSNO. At the indicated times, sample
aliquots were passed through PD10 columns, and PSNO (black
circles) and PSSG (white circles) concentrations were deter-
mined spectrophotometrically and by HPLC, respectively. (In-
sets) Concentration of PSNO (black bars), PSSG (white bars),
and total modified thiols (PSNO + PSSG) (gray bars) mea-
sured after 1-h incubation with 1 mM GSNO. Data points rep-
resent means ± SD (n = 5).

FIG. 3. Protein S-glutathionylation induced by GSSG. Pro-
teins (50 µM) were treated with 1 mM GSSG. At the indicated
times, sample aliquots were passed through PD10 columns,
and PSSG concentration was determined by HPLC. Upside
down triangles, papain; circles, CPK; triangles, GAPDH;
squares, ADH; hexagons, BSA; rhombuses, actin. Data points
represent means ± SD (n = 5).
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(Fig. 4A; relative abundance <5% with respect to the base
peak of GSNO) and, over the course of the experiment, it in-
creases minimally (Fig. 4B). Moreover, there is no evidence
that other breakdown products of GSNO can be formed under
our experimental conditions. Thus, the possibility that S-glu-
tathionylation could be due to molecules other than GSNO
was ruled out.

The presence of millimolar GSH in a cellular environment
could minimize S-nitrosation and S-glutathionylation reac-
tions, although a number of reports indicate that stable, intra-
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cellular protein RSNO can exist (5, 25, 28, 31, 32, 51). The
reverse reactions of denitrosation and deglutathionylation
were then analyzed upon incubation of PSNO and PSSG with
0.5 mM GSH for different time intervals. In all the PSNO, ex-
cept actin, GSH treatment induced the release of all, or nearly
all, their NO content (Figs. 5 and 6). In contrast, S-nitrosated
actin showed a slower and partial release of bound NO when
exposed to excess GSH (Fig. 6). The release of bound GSH
from the proteins that were also S-glutathionylated upon in-
cubation with GSNO (papain, CPK, and GAPDH) was slower

FIG. 4. ESI-MS analysis of GSNO solutions. Freshly prepared (A) GSNO was diluted to 100 µM with a mixture of
H2O:CH3CN:HCOOH (70/30/0.1, by volume) and infused at a flow rate of 25 µl min�1 into the ion trap mass spectrometer;
the same solution was allowed to stand at room temperature in the dark for 1 h (B) and then was diluted and infused as described
above.
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FIG. 5. Denitrosation and deglutathionylation of papain,
CPK, and GAPDH. Proteins (50 µM) were treated with 1 mM
GSNO for 2 h. Samples were passed through PD10 columns,
and reisolated proteins were treated with 0.5 mM GSH. At the
indicated times, sample aliquots were passed through PD10
columns, and the levels of PSNO (black circles) and PSSG
(white circles) were measured spectrophotometrically and by
HPLC, respectively. Data points represent means ± SD (n = 5).

FIG. 6. Denitrosation of ADH, BSA, and actin. Proteins (50
µM) were treated with 1 mM GSNO for 2 h. Samples were
passed through PD10 columns, and reisolated proteins were
treated with 0.5 mM GSH. At the indicated times, sample
aliquots were passed through PD10 columns, and the levels of
PSNO (black circles) were measured spectrophotometrically.
Data points represent means ± SD (n = 5).
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than denitrosation, as well as incomplete, even after 2 h from
GSH addition (Fig. 5). Interestingly, a rapid, further increase
in PSSG was initially observed in papain, CPK, and GAPDH,
suggesting that, in some concurrently S-nitrosated as well as
S-glutathionylated proteins, an initial S-glutathionylation
may occur during the denitrosation reaction.

Finally, we evaluated the kinetics of deglutathionylation,
triggered by GSH addition, in proteins treated with 1 mM
GSSG (Fig. 7), i.e., in proteins that were only S-glutathionyl-
ated. We did not observe the rapid increase in PSSG levels in
papain, CPK, and GAPDH as seen in Fig. 5; further, deglu-
tathionylation reactions proceeded faster than in the corre-
sponding experiment performed on GSNO-treated proteins
(Fig. 5). On the whole, these data indicate that (a) denitrosa-
tion (Figs. 5 and 6) is usually largely faster than deglu-
tathionylation (Figs. 5 and 7), and (b) deglutathionylation of
proteins presenting both S-nitrosated and S-glutathionylated
thiols (Fig. 5) is slower than that of proteins that are only S-
glutathionylated.

DISCUSSION

Proteins containing reactive sulfhydryl groups can be S-
nitrosated and/or S-glutathionylated by low-molecular-weight
RSNO (34, 36, 50). Although the factors governing cysteine
reactivity toward nitrosating agents are not completely under-
stood and several feasible mechanisms for protein S-nitrosa-
tion have been proposed (20), critical features include basic
and acidic residues flanking the reactive cysteine, either in
linear sequence or as a consequence of the three-dimensional
organization of the protein (1, 21, 46). It has also been sug-
gested that an important factor in determining the rates of in-
teraction between RSNO and proteins is the accessibility of
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the protein thiolate to either the nitrogen or the sulfur of the
RSNO (27).

A spate of recent observations indicates that both intracel-
lular and extracellular (stable) PSNO can exist in vivo (6, 18,
32, 37, 39, 42, 47, 51), and S-nitrosation has been suggested
to regulate, in intact cells, the function of a broad spectrum of
proteins (25, 47). Important roles for S-nitrosation have been
recently shown in vesicle-mediated insulin release (43), in
protein processing associated with the neurodegeneration in
Parkinson’s disease, where parkin, a ubiquitin ligase, has
been shown to be inhibited by S-nitrosation in neuronal tissue
after activation of either neuronal or inducible NO synthase
(6), and in the physiological regulation of nuclear factor-�B
activity (42).

Protein thiol modification by transnitrosation (reaction 1)
is believed to occur in vitro and in vivo (27, 38) and repre-
sents a potential mechanism whereby RSNO can posttransla-
tionally modify PSH.

PSH + GSNO ←→ PSNO + GSH (1)

The kinetics and equilibrium of this reaction are usually
well described by a reversible second order process (22).

S-Nitrosation and transnitrosation of protein thiols, often
leading to the alteration (either enhancement or inhibition) of
enzyme/protein activity/function, have been reported for a
number of purified proteins (8, 20, 27).

In recent years, increasing attention has been turned to 
S-glutathionylation as an alternative protein modification
competing with S-nitrosation upon incubation with low-
molecular-weight RSNO (24, 27, 34, 36, 50). Point charge
calculations based on atom electronegativities indicate that
the S-N bond of RSNO has a slight polarity with a partial
negative charge on the sulfur atom and a slight positive
charge on the nitrogen (27). Therefore, in transnitrosation re-
actions, nucleophilic attack on nitrogen (by thiolate anions)
should be favored over sulfur (reaction 1). However, some ev-
idence suggests that an attack of protein thiolates on the par-
tially negatively charged sulfur of the S-N bond may also
occur (24, 26, 34, 36). This may result not only from the reac-
tion of a PSH with low-molecular-weight RSNO (e.g.,
GSNO) (reaction 2), but also during denitrosation of PSNO
by GSH (reaction 3) (26, 36).

PSH + GSNO → PSSG + NO� + H+ (2)

PSNO + GSH → PSSG + NO� (3)

Then thiol-containing proteins may be modified by RSNO to
form PSNO and/or PSSG.

All the proteins we have studied, except actin, were rapidly
S-nitrosated via reaction 1 after treatment with GSNO (Figs. 1
and 2). Further, an extensive degree of S-glutathionylation was
observed, by reactions 2 and 3, in papain, CPK, and GAPDH,
formation following a kinetics similar to that observed for
S-nitrosation (Fig. 1). The susceptibility of these proteins to be
S-glutathionylated was previously suggested, but, except for
CPK, without a quantitative approach (27, 34, 50).

In contrast, S-glutathionylation was negligible or absent in
ADH, BSA, and actin (Fig. 2). This is in agreement with data

FIG. 7. Deglutathionylation of proteins pretreated with
GSSG. Proteins (50 µM) were treated with 1 mM GSSG for 10
h. Samples were passed through PD10 columns, and reisolated
proteins were treated with 0.5 mM GSH. At the indicated times,
sample aliquots were passed through PD10 columns, and PSSG
concentration was determined by HPLC. Data points represent
means ± SD (n = 4). For symbol definitions, see Fig. 3.
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resulting from GSSG treatment, showing a lower susceptibil-
ity for ADH, BSA, and actin to be S-glutathionylated by
GSSG (Fig. 3). With regard to this, we have recently demon-
strated that alternative pathways to the thiol–disulfide ex-
change reaction with GSSG are needed to induce PSSG for-
mation in actin (11).

The protein-GSH mixed disulfide production observed es-
sentially in papain, CPK, and GAPDH can be attributed to the
reaction of the sulfur atom of GSNO with the protein thiolate
(reaction 2) and/or to the intermediate production of PSNO
(reaction 3). The GSH released from reaction 1 may react
with PSNO, thus inducing PSSG increase. The involvement
of reaction 3 is also suggested from the experiment illustrated
in Fig. 5, showing that treatment with GSH of simultaneously
S-nitrosated and S-glutathionylated proteins leads to an initial
increase in PSSG, followed by a slow decrease. Two different
processes likely occur: the addition of GSH promotes protein
deglutathionylation (reaction 4) but, concurrently, allows
denitrosation, thus producing additional PSSG (reaction 3).

PSSG + GSH ←→ PSH + GSSG (4)

The rapid, initial increase in PSSG content measured in the
experiment reported in Fig. 5 also indicates that reaction 3 is
faster than reaction 4. 

These results were not influenced by the presence of even-
tual GSSG resulting from GSNO degradation, because GSSG
reacted too slowly with PSH (Fig. 3), and the kinetics of S-
glutathionylation was not comparable to that observed upon
incubation with GSNO (Figs. 1 and 2).

It is not known if a consensus motif for the propensity of a
protein cysteine to undergo GSNO-induced S-glutathionyla-
tion similar to that described for S-nitrosation can exist (1,
46). However, parameters that likely take part are the cysteine
pKa and steric factors. It has been suggested that the presence
of a nearby histidine could activate the cysteine in GAPDH to
form a strong nucleophile (histidine-activated thiolate) in its
active site, which could attack the S-NO bond of the low-mol-
ecular-weight RSNO, leading to the preferential formation of
a PSSG (34). The same theory could explain the predominant
S-glutathionylation occurring in papain in response to incu-
bation with GSNO, given the presence of the histidine-acti-
vated thiolate group (Cys25) in this cysteine protease (50), as
well as the different behavior of ADH, which does not show
as much susceptibility in forming PSSG as GAPDH. In fact,
ADH contains one cysteine per subunit that is not activated
by a histidine; the lower nucleophilicity of ADH cysteine
should impede it to react with the sulfur atom in the S-NO
bond. Therefore, ADH does not become S-glutathionylated,
but only S-nitrosated, by GSNO in comparison with GAPDH.
However, in BSA, the single Cys34 is located in a hydropho-
bic pocket adjacent to His39, but, when it reacts with GSNO
or other low-molecular-weight RSNO, the transnitrosation,
instead of S-glutathionylation, takes place (27). As the thio-
late anion is more reactive than the SH group, it could be hy-
pothesized that its nucleophilic attack is faster, but not prefer-
entially addressed toward the sulfur of GSNO rather than the
nitrogen. Further investigations on the three-dimensional
structure of proteins and, in particular, the identification of
amino acids surrounding SH groups and charge distribution
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could help to explain the reasons for such a different behav-
ior. Moreover, the relative importance of S-nitrosation and S-
glutathionylation likely depends not only on the environment
of the PSH, but also on the chemical nature of the low-molec-
ular-weight RSNO, which can affect the accessibility of the
protein thiolate to either the nitrogen or the sulfur of the
RSNO, as shown in vitro for CPK, which is predominantly ei-
ther S-thiolated or S-nitrosated, depending on the different
species of RSNO it is exposed to (27).  

Our data suggest that S-glutathionylation can be a quanti-
tatively relevant process that may run in parallel to S-nitro-
sation in some proteins, and that denitrosation is a largely
faster process than deglutathionylation (Fig. 5). In particular,
GSNO-glutathionylated proteins seem less susceptible to
deglutathionylation induced by GSH than GSSG-glutathion-
ylated ones (Figs. 4 and 6), probably owing to concomitant
reactions involving proteins that are both S-nitrosated and S-
glutathionylated. Thus, in a physiological context, where
probably small amounts of RSNO can be produced under par-
ticular conditions and microenvironments (51), it is possible
that the NO group is exchanged among various PSH by GSH
via the relatively fast reaction 1. However, when GSNO finds
a suitable thiol group, also reaction 2 may occur. It should be
emphasized that reaction 2 is not an equilibrium, but it is irre-
versible by reaction of NO� with oxygen or other mecha-
nisms. Furthermore, reactions 2 and 3 result in the destruc-
tion of the RSNO, thus acting as regulatory tools for the
intracellular/extracellular RSNO pool in a reaction that may
contribute to the GSNO-metabolizing activity of intracellular
enzymes (29).

In summary, the regulatory effect that may be due to the
formation of a poorly stable PSNO—which, within cells, is
usually bathed in millimolar concentrations (unless present in
a compartment that is not solvent-exposed) of GSH that
rapidly denitrosates the protein via transnitrosation, and the
resulting GSNO is possibly consumed by a putative “GSNO
reductase” activity of GSH-dependent formaldehyde dehy-
drogenase (29)—can be reinforced by the transformation of
the PSNO into a PSSG. Our data agree with the finding of
stable intracellular protein RSNO, when they are likely lo-
cated either in hydrophobic protein pockets inaccessible to
GSH and other reducing agents or in specific cellular mi-
croenvironments (51).

S-Nitrosation and S-glutathionylation of PSH are recog-
nized as physiological responses to nitrosative/oxidative
stress, but how proteins are S-glutathionylated and S-ni-
trosated in vivo is not well established, although recent stud-
ies have attempted to shed light on this issue (2, 51, 52). The
effect of S-nitrosation and S-glutathionylation on protein ac-
tivity may be similar, and both modifications are reversible,
but the resulting products, PSNO and PSSG, may possess dif-
ferent biological properties. For instance, transnitrosation
provides a mechanism by which a thiol can be S-nitrosated in
an appropriate cellular/physiological environment and then
serve as a source of NO+ for other thiols at distal sites. Re-
versible S-nitrosation and S-glutathionylation of PSH gener-
ate interest as regulatory events that potentially modify a
large number of processes in response to oxidative/nitrosative
stress. The role of S-nitrosation is much more controversial
because no controlled enzymatic mechanism of RSNO for-
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mation has yet been discovered. Although RSNO degradation
pathways exist (29), it is not clear how they are specifically
related to NO signaling processes.

Examination of nearly any metabolic or signal transduction
pathway produces a number of candidate proteins that might be
altered by oxidative/nitrosative modifications. Thus, the signif-
icance of the combined effects of S-nitrosation/denitrosation
and S-glutathionylation/deglutathionylation on different pro-
teins may produce cellular metabolic changes necessary for
survival during short-term oxidative/nitrosative stress. In the
future, it will be necessary to understand these processes by
combining many individual protein modifications into a global
metabolic plan in order to understand fully the importance of
reversible oxidative/nitrosative protein modifications.
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