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ABSTRACT: Recombinant human brain calbindin D28K (rHCaBP), human Cu,Zn-superoxide dismutase
(HCuZnSOD), rabbit muscle glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and bovine serum
albumin (BSA) were found to be S-glutathiolated in decomposedS-nitrosoglutathione (GSNO) solutions.
Tryptic or Glu-C digestion and MALDI-TOF MS analyses of the digests are consistent with S-thiolation
of Cys111 and Cys187 of HCuZnSOD and rHCaBP, respectively, upon exposure to decomposed GSNO.
GAPDH activity analysis reveals that S-glutathiolation most likely occurs on the active site Cys149, and
the single free Cys34 is assumed to be the site of S-glutathiolation in BSA. The yields of S-glutathiolation
of rHCaBP, GAPDH, and BSA were much higher than those of HCuZnSOD. The latter is limited by the
accessibility of Cys111 to the glutathiolating reagent in the HCuZnSOD dimer. Unlike decomposed GSNO,
fresh GSNO, reduced glutathione (GSH), and oxidized glutathione (GSSG) are not efficient S-glutathiolating
agents for the proteins examined here. On the basis of analysis by mass spectrometry and UV-visible
absorption, GSNO decomposition in the dark at room temperature yields glutathione disulfideS-oxide
[GS(O)SG], glutathione disulfideS-dioxide (GSO2SG), and GSSG as products. GS(O)SG is the efficient
protein S-glutathiolating agent in GSNO solutions, not GSNO, which does not carry out efficient
S-glutathiolation of rHCaBP, HCuZnSOD, or GAPDHin Vitro. A hydrolysis pathway yielding GSOH
and nitroxyl (HNO/NO-) as intermediates is proposed for GSNO decomposition in the dark. This is
based on inhibition of GSNO breakdown by dimedone, a reagent specific for sulfenic acids, and on nitroxyl
scavenging by metmyoglobin. The results presented here are contrary to numerous reports of protein
S-thiolation by low-molecular weightS-nitrosothiols.

Protein S-thiolation is a reversible oxidative modification
that involves disulfide linkage of GSH1 (S-glutathiolation),
or related low-molecular weight thiols such as cysteine, to
proteinsin ViVo (1, 2). Protein S-glutathiolation was intro-
duced into the field of redox biochemistry almost 50 years
ago as a possible mechanism of protein regulation in response
to changes in the intracellular redox status (3). Currently,
protein S-glutathiolation is being reinvestigated as a mech-
anism of redox- and NO-mediated signal transduction as well

as a cellular response to oxidative and/or nitrosative stress
(4, 5). Interrelations between S-glutathiolation, thiol oxida-
tion, and S-nitrosation leading to the formation of mixed
disulfides between protein thiols and the tripeptide GSH may
serve to transduce oxidative and nitrosative stimuli into a
functional response at various levels of cellular signaling (3).

Stress-induced protein S-thiolation is poorly understood.
Several mechanisms have been proposed for protein S-
glutathiolation, including (a) thiol-disulfide exchange be-
tween a protein thiol and GSSG (6), (b) oxidation of a protein
thiol by oxy radicals or H2O2 to form a thiyl radical or
sulfenic acid that reacts with GSH to produce a mixed
disulfide (7), (c) oxidation of GSH to the sulfenic acid GSOH
that reacts with a protein thiol to form a mixed disulfide
(8), (d) nucleophilic attack of a protein thiolate on GSNO
to produce a mixed disulfide (5, 8-10), and (e) S-nitrosation
of a protein thiol followed by reaction with GSH to yield a
mixed disulfide (5, 8).

Numerous groups have reported protein S-thiolation by
low-molecular weightS-nitrosothiols (RSNO) (5, 8-12). The
list includes many proteins that contain activated cysteine
residues such as aldose reductase (11), cathepsin K (9),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (10),
papain (13), and caspase-3 (12). It has also been proposed
(14) that a product of GSNO decomposition, GS(O)SG, is a
protein glutathiolating agent. In this study, we compare
protein S-glutathiolation in fresh and aged GSNO solutions.
We recently reported that recombinant human brain calbindin
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D28K (rHCaBP), a Ca2+-binding protein noted for its abun-
dance and specific distribution in mammalian brain and
sensory neurons, has five free thiols and is readily S-glu-
tathiolatedin Vitro (15). Since rHCaBP has not been re-
ported to be S-glutathiolatedin ViVo, modifications of human
Cu,Zn-superoxide dismutase (HCuZnSOD), GAPDH, and
BSA triggered by GSNO were also investigated. S-Thiolated
forms of HCuZnSOD have been isolated from normal cells
and from cells of individuals with amyotrophic lateral
sclerosis (16-18). GAPDH has been identified as a major
S-glutathiolated protein in endothelial cells and in rat heart
under oxidative stress (19, 20), and was reported to be S-glu-
tathiolated by GSNOin Vitro as well as in endothelial
cells (10). Serum albumin is the most abundant protein in
plasma and is assumed to play an antioxidant role because
of its scavenging of reactive oxygen and nitrogen species
(21-23). The group responsible for this property of BSA is
its only free thiol on Cys34, which comprises∼80% of the
total free thiols in plasma (21).

A mechanism for rHCaBP, HCuZnSOD, GAPDH, and
BSA S-glutathiolation trigged by GSNO breakdown is pro-
posed here. GSNO is hydrolyzed to glutathionesulfenic acid
(GSOH) and nitroxyl (HNO/NO-). The reaction of GSOH
with GSNO or dimerization of GSOH yields glutathione
disulfide S-oxide [GS(O)SG], which is the active protein
S-glutathiolating agent (14) in GSNO solutions. The results
obtained upon addition of sulfenic acid and nitroxyl scav-
engers support the proposed mechanism.

MATERIALS AND METHODS

Materials. Recombinant His-tagged human brain calbindin
D28K (rHCaBP) was prepared as described previously (15).
The Ni-agarose-purified protein was dialyzed against 20
mM Tris-HCl (pH 7.4) containing 100 mM NaCl and 2 mM
CaCl2, and then digested with 1:100 (w/w) Factor Xa
(Promega) for 18 h at room temperature to cleave the His
tag. Any remaining His-tagged rHCaBP was removed by
rebinding the sample to the Ni-agarose beads.S-Nitroso-
glutathione (GSNO) was obtained from Cayman, diethylene-
triaminepentaacetic acid (DTPA) from ICN Pharmaceuticals,
2,9-dimethyl-1,10-phenanthroline (neocuproine) from Fluka,
and 5,5-dimethyl-1,3-cyclohexanedione (dimedone) from
Aldrich. Glutathione (GSH), glutathione disulfide (GSSG),
human Cu,Zn-superoxide dismutase (HCuZnSOD), catalase,
horse heart myoglobin, bovine serum albumin (BSA),DL-
dithiothreitol (DTT), human [Glu1]fibrinopeptide B,R-cyano-
4-hydroxycinnamic acid, adrenocorticotropic hormone (ACTH,
fragment 1-10), rennin, and angiotensin I were from Sigma.
Trypsin (modified sequencing-grade), bovine CuZnSOD, and
rabbit muscle GAPDH were from Roche. 2-Propanol was
from Fisher Scientific. Nanopure water (MilliQ) from a
Millipore system was used to prepare all solutions.

Preparations of HCuZnSOD Stock Solutions. Commercial
HCuZnSOD was reduced by incubating a 1 mg/mL solution
with 5 mM DTT in 50 mM phosphate buffer (pH 7.4) at 30
°C for 1.5 h. The small reagents were removed on a NAP-5
1.3 cm × 2.6 cm G25 column (Amersham Pharmacia
Biotech) pre-equilibrated with N2-saturated 50 mM Tris-HCl
buffer (pH 7.4) or 50 mM ammonium acetate buffer (pH
4.0) for 1 h just before being used. Reduced HCuZnSOD
was concentrated by ultrafiltration using an Ultrafree-0.5

centrifugal filter (Millipore) and incubated immediately after
preparation with fresh or decomposed GSNO. The number
of free cysteine residues was determined by monitoring on
a Cary Varian spectrophotometer the absorbance at 412 nm
(ε ) 14.15 mM-1 cm-1) of the 5-thio-2-nitrobenzoate dianion
(TNB2-) generated by the reaction of 200µM DTNB with
the free SH groups of 40µM HCuZnSOD (24) in 100 mM
potassium phosphate buffer (pH 7.27) containing 1 mM
EDTA.

Preparation of GAPDH Stock Solutions. An ammonium
sulfate suspension of GAPDH was diluted 2-fold with water
and dialyzed (6000-8000 Da cutoff dialysis tubing) against
water for 3 h, followed by three changes of 50 mM Tris-
HCl buffer (pH 7.4) over a total of 48 h. The concentration
of the resulting protein solution was determined spectropho-
tometrically (ε280 ) 149 mM-1 cm-1) (25).

Preparation of BSA Stock Solutions. The number of free
cysteine residues in BSA was determined as described above
for HCuZnSOD. BSA was incubated with 2 mM DTT for 3
h at room temperature, and excess DTT was removed by
dialysis (12000-14000 Da cutoff dialysis tubing) against 100
µM DTPA for 48 h with three changes. This procedure
increased the number of free cysteines from 0.33 to 0.86
per BSA molecule.

Fresh and Decomposed GSNO Stock Solutions. Fresh
GSNO solutions were prepared in MilliQ water just before
being used and kept on ice. The GSNO concentration was
determined spectrophotometrically [ε330 ) 767 M-1 cm-1

(26)]. Decomposed GSNO was prepared by storing aqueous
solutions at room temperature in the dark until no SNO
absorption (334 nm) was detected (∼60 h). Note that the
GSNO solutions were always protected from light.

Nitroxyl ScaVenging. Metmyoglobin was prepared (27) by
oxidizing myoglobin with a 5% molar excess of potassium
ferricyanide in 100 mM potassium phosphate buffer (pH 7.0).
The low-molecular weight products were removed on a NAP-
10 column equilibrated with MilliQ water, and metmyoglobin
at a final concentration of 185µM was incubated with 5
mM GSNO with and without 5 mM dimedone in water under
anaerobic conditions at 20°C in the dark. The reaction
solutions were diluted 10-fold into degassed 100 mM
potassium phosphate (pH 7.0) in a sealed 0.4 cm cuvette,
and the spectrum of myoglobin was recorded. To measure
the amount of GSNO remaining, myoglobin was removed
by ultrafiltration using Ultrafree-0.5 centrifugal filters, and
the absorbance at 330 nm was recorded in a 1 cmcuvette.

ReactiVity of Proteins with GSNO, GSH, or GSSG.
rHCaBP was incubated with different molar ratios of GSNO,
GSH, or GSSG in 50 mM Tris-HCl buffer (pH 7.4) for 20
min at 37°C or room temperature. HCuZnSOD, GADPDH,
and BSA were incubated in GSNO solutions under the
conditions given in the figure legends.

UV-Vis Spectrophotometric Analyses. UV-vis measure-
ments were used to investigate the decomposition of GSNO
in the presence and absence of metal chelators or dimedone.
Spectra were recorded in 1 cm cuvettes at 25°C on a Beck-
man DU 650 spectrophotometer. Appropriate blanks, run
under the same conditions, were subtracted from the sample
spectra.

Mass Spectrometry. Electrospray ionization mass spec-
trometry (ESI-MS) was carried out on a Waters Micromass
QTOF2 mass spectrometer. Protein samples (except BSA)
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were exchanged into water on NAP-5 columns, concentrated
by ultrafiltration using Ultrafree-0.5 centrifugal filters, and
added to 60µL of a 50% acetonitrile/0.2% formic acid
mixture to give final protein concentrations of 1-2 µM. BSA
was purified by dialysis against MilliQ water for 48 h with
three changes, and diluted∼15-fold into a 20% methanol/
5% acetic acid mixture to a final concentration of 5-10µM.
Samples were directly infused into the Z-spray source of the
QTOF2 apparatus at a flow rate of 1µL/min. Mass cali-
bration was carried out using human [Glu1]fibrinopeptide B.
Protein mass spectra were deconvoluted using MaxEnt 1
software (Waters Micromass).

Peptide Mass Mapping. HCuZnSOD (∼20 µg) was
dissolved in a 60% acetonitrile/0.1% TFA mixture and dried
on a Speed Vac. This step improved the digestion efficiency
probably because HCuZnSOD is irreversibly unfolded to
some extent in a 60% acetonitrile/0.1% TFA mixture, making
the digestion sites more accessible. The sample was resus-
pended in 20µL of 100 mM Tris-HCl (pH 8.8) and heated
to ∼90 °C for 5 min to further denature the protein (28).
After the sample had cooled in an ice/water bath, 2µL of
trypsin (0.5µg/µL in 1% acetic acid) was added, the solution
was incubated at 37°C for 18 h, and digestion was stopped
by freezing at-80 °C. Peptides were desalted using C18
tips (ZipTipC18, Millipore) and eluted from the tips with a
60% acetonitrile/0.1% TFA mixture. The eluate (1.5µL) was
mixed with 1.5µL of matrix solution [100µL of R-cyano-
4-hydroxycinnamic acid (40 mg/mL in acetone), 10µL of
nitrocellulose (20 mg/mL in acetone), 40µL of acetone, and
50 µL of 2-propanol], and 1.5µL of the peptide/matrix
mixture was spotted onto a 96-well MALDI plate and air-
dried. Samples were analyzed using a Waters Micromass
M@LDI Analyzer mass spectrometer equipped with an N2

laser (335 nm) and a time-of-flight (TOF) mass analyzer.
The spectrometer was mass calibrated externally using
ACTH, rennin, and angiotensin I.

RESULTS

S-Glutathiolation of rHCaBP. We have shown previously
that Cys187 is readily S-thiolated but not the four other
cysteine residues in His-tagged rHCaBP (15). After addition
of GSNO to His-tagged rHCaBP, S-glutathiolation occurred
rapidly and was independent of the incubation time over the
interval from 5 to 180 min with GSNO (15). The His tag
was cleaved from rHCaBP used in this study since we have
evidence that this N-terminal modification alters the dimer-
ization state and accessibility of the thiols in the protein (L.
Tao, unpublished observations). It was reported that decom-
posed GSNO is a more effective S-glutathiolation reagent
and less effective S-nitrosation reagent than fresh GSNO of
glycogen phosphorylaseb (8). To establish if this is the case
with other proteins, a 5 mM solution of GSNO was left
standing at room temperature in the dark until the SNO
absorption at 334 nm was close to the baseline (Figure 1A,
inset). Nontagged rHCaBP was incubated with the decom-
posed GSNO for 20 min, and although a negligible amount
of GSNO remained in solution, rHCaBP was S-glutathiolated
(+GS) to a much greater extent in decomposed than in fresh
GSNO solutions (panel B vs panel A). On the other hand,
S-nitrosation (+NO) is detected only in the presence of fresh
GSNO (Figure 1A).

S-Nitrosothiols are unstable species. On the basis of
published results (29), we assumed initially that decomposi-
tion in the dark would result in the metal-catalyzed conver-
sion of 2 mol of GSNO to 1 mol of GSSG (with no formation
of GS• thiyl radicals) and 2 mol of NO. Hence, different
molar ratios of GSSG and/or GSH were added to a solution
of fresh GSNO and rHCaBP, but the level of protein S-gluta-
thiolation (data not shown) never reached the level seen in
Figure 1B. GSSG is not an effective S-glutathiolation agent
as demonstrated by the presence of only unmodified rHCaBP
in Figure 1C, where a 50-fold excess GSSG was added to
the protein. Changing the pH [ammonium acetate buffer (pH
4) or ammonium bicarbonate buffer (pH 8)] or adding NOx

(formed on exposure of NO-saturated buffer to air) to fresh
GSNO did not significantly alter the level of rHCaBP S-thio-
lation (data not shown). rHCaBP also was incubated with
fresh GSNO in the presence and absence of bovine CuZn-
SOD or catalase to eliminate possible effects of O2

- and
H2O2, but no increase in the level of S-thiolation over that
seen in Figure 1A was detected (data not shown).

FIGURE 1: Effects of GSNO and GSSG on the S-glutathiolation of
rHCaBP. rHCaBP was incubated with a 100-fold molar excess of
(A) fresh GSNO or (B) decomposed GSNO and (C) a 50-fold
excess GSSG for 20 min at 37°C in 50 mM Tris-HCl buffer (pH
7.4). Samples for MS analysis were exchanged into water on a
NAP-5 column, concentrated by ultrafiltration, and added to 60
µL of a 50% acetonitrile/0.2% formic acid mixture to give a final
protein concentration of 1-2 µM. Samples were directly infused
into the Z-spray source of the QTOF2 mass spectrometer at a flow
rate of 1µL/min. The instrumental parameters were as follows:
capillary voltage of 3.8 kV, cone voltage of 45 V, multiplier voltage
of 550 V, MCP of 2100 V, and TOF of-9.1 kV. The inset shows
UV-vis absorption of fresh and aged GSNO solutions. GSNO (5
mM) in water was allowed to stand at room temperature in the
dark for 3 days. Aliquots were diluted 10-fold with water, and the
spectra recorded in a 1 cmcuvette at 25°C after 0, 29, and 53 h
are shown.
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Mechanism of GS(O)SG Formation. Li and co-workers
(14) recently reported that GS(O)SG is a decomposition
product of GSNO and a potent glutathiolating agent. Figure
2 compares the ESI mass spectra of fresh and decomposed
GSNO solutions. The spectrum of fresh GSNO is dominated
by peaks atm/z307.1 and 337.1 (Figure 2A). The base peak
atm/z307.1 is assigned to GS• with a proton (GSH•+). Since
this species has an odd number of nitrogen atoms (three)
and an odd mass (307.1), it must be an odd-electron ion (30)
that arises from GSNO homolysis (GSNOf GS• + NO•)
and protonation in the ESI source. GS• dimerization followed
by protonation would give rise to the relatively abundant
peak atm/z 613.2 assigned to GSSGH+. The peaks atm/z
337 and 673 are assigned to the protonated ions (MH+) of
GSNO and its dimer, (GSNO)2H+, respectively. There is
also a minor peak atm/z 629 arising from the MH+ ion of
GS(O)SG, which is a decomposition product present in
commercial GSNO. This ion dominates the spectrum of
GSNO that was allowed to decompose over the course of
63 h in the dark. The peak atm/z 306 is assigned to GS+,
which likely arises from heterolysis of GS(O)SG [GS(O)-
SG+ H+ f GS+ + GSOH] in the ESI source since no peak
at m/z 306 is observed in the mass spectrum of fresh
GSNO solutions (Figure 2A). Other abundant peaks are those
at m/z 613 and 645 assigned to the MH+ ions of GSSG and
GSO2SG, respectively, which are formed on GS(O)SG
dimerization (see below).

Although Li and co-workers (14) identified GS(O)SG as
a potent S-glutathiolation agent, the mechanism of its
formation from GSNO was not examined. Hence, GSNO
decomposition was monitored in the presence of metal
chelators (neocuproine and DTPA) and dimedone to probe
the pathway of its conversion to GS(O)SG. RSNOs give rise
to an absorption band centered at∼335 nm (ε ) 890 cm-1

M-1) and a second, nearly electric-dipole-forbidden, band
at ∼550 nm (ε ) 16 cm-1 M-1) (31). Since neocuproine
and dimedone both absorb at 335 nm, the weak 550 nm band
was used here to monitor GSNO decomposition. Decompo-
sition of GSNO slowed dramatically when dimedone was
present in solution, and an only∼10% loss of SNO
absorbance was observed after 51 h (Figure 3). In contrast,
the metal chelators had no effect on GSNO stability,
indicating that GSNO decomposition in the dark over the
course of 51 h is not a copper-catalyzed process (32).

Nitroxyl ScaVenging. Metmyoglobin exhibits different
spectral properties when the FeIII in the protein binds different
axial ligands in the distal cavity (33). Since metmyoglobin
was shown to be an efficient scavenger of nitroxyl released
from S-nitrosodithiothreitol (27), it was used here to probe
the release of nitroxyl on GSNO hydrolysis. After incubation
for 24 h in the dark of substoichiometric metmyoglobin with
GSNO and dimedone, the FeIII heme is fully converted to
the nitrosyl form (FeII-NO) (Figure 4, top solid line).
However, in the absence of dimedone, only a fraction of
heme is transformed to the FeII-NO form (Figure 4, dashed
line). Interestingly, when metmyoglobin is present in solu-
tion, dimedone promotes GSNO decomposition (Figure 5,
bottom solid line vs dashed line), whereas in the absence of
metmyoglobin, dimedone strongly inhibits the breakdown
of GSNO (Figure 3). These observations suggest that nitroxyl
reacts with the GS-dimedone thioether to re-form GSNO
as discussed below.

S-Glutathiolation of HCuZnSOD. Unlike rHCaBP, S-glu-
tathiolated HCuZnSOD has been isolated from cells (16),
and the structure of CuZnSOD from various sources has been

FIGURE 2: ESI mass spectra of (A) fresh GSNO and (B) de-
composed GSNO. GSNO (5 mM) in water without added metal
ion chelators was allowed to stand at room temperature in the dark
for 0 h (fresh GSNO) and 63 h (decomposed GSNO). Samples
were diluted into a 50% acetonitrile/0.2% formic acid mixture to a
final concentration of∼100 µM, and directly infused into the
Z-spray source of the QTOF2 mass spectrometer at a flow rate
of 1 µL/min. Experimental conditions are given in the legend of
Figure 1.

FIGURE 3: Effects of metal ion chelators and dimedone on the
decomposition of 5 mM GSNO. Absorbance between 450 and 650
nm of GSNO in water after standing at room temperature in the
dark for 0 h in thepresence or absence of added reagents (top solid
line), for 51 h in the presence of 10 mM dimedone (top dashed
line), for 51 h in the presence of 200µM neocuproine and 200µM
DTPA (bottom dotted line), and for 51 h in the absence of added
reagents (bottom solid line). Spectra were recorded in a 1 cmcuvette
at 25°C.
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determined to high resolution (34-36). Thus, S-glutathiola-
tion of HCuZnSOD by decomposed GSNO was investigated
in an effort to provide insight into why certain cysteine
residues are S-glutathiolatedin ViVo. DTNB titration revealed
∼0.15 free thiol per HCuZnSOD dimer, and its ESI mass
spectrum uncovered two major components (Figure 6A). The
lighter component corresponds to the unmodified metal-free
or apoHCuZnSOD monomer (theoretical mass of 15 844.6
Da), and the heavier component (M+ 32 Da) is assigned to
the apoHCuZnSOD monomer with a bound S0 atom. Briggs
and co-workers showed that sulfhydryl groups in HCuZn-
SOD react with zero-valent sulfur during the purification
procedure to yield a product with a 325 nm absorption band
(37) that is seen in the inset of Figure 6 (solid line).

The 325 nm absorption disappears after HCuZnSOD is
incubated with DTT (Figure 6A inset, dashed line), as does
the M + 32 Da peak in the mass spectrum (Figure 6B).

Moreover, a peak at M+ 129 Da is uncovered in the mass
spectrum of the DTT-reduced protein (Figure 6B), and is
assigned to a monomer with one Zn (65.4 units) and one Cu
(63.5 units) bound. Peaks corresponding to the metal-loaded
monomer are also seen in Figure 7. Reduced HCuZnSOD
was incubated with fresh and decomposed GSNO, but only
the latter is an effective glutathiolating agent (panel A vs
panel B of Figure 7). This mirrors the results obtained for
rHCaBP (panel A vs panel B of Figure 1), although the yield
of rHCaBP glutathiolation is greater than that of HCuZnSOD
(Figure 1B vs Figure 7B). The yield of glutathiolated
HCuZnSOD was smaller in Tris-HCl buffer (pH 7.4) (data
not shown) compared to that in ammonium acetate buffer
(pH 4.0) (Figure 7). Additionally, GSSG does not effectively
glutathiolate HCuZnSOD (data not shown).

Identification of the Modification Site on HCuZnSOD. To
identify the glutathiolated amino acid residue, tryptic digests
of HCuZnSOD were analyzed by MALDI-TOF. Although
the sequence coverage was only∼42% (Table 1), the peptide
mass fingerprints revealed that the DGVADVSIEDSVISLS-
GDHCIIGR peptide (D93-R116) has an increased mass of
305 Da in the sample exposed to decomposed GSNO (panel
A vs panel B of Figure 8). Since this is consistent with the
addition of a single GS group, as observed for intact
HCuZnSOD (Figure 7), Cys111 in the D93-R116 peptide

FIGURE 4: Conversion of metmyoglobin (FeIII ) to nitrosylmyoglo-
bin (FeII-NO) by GSNO. GSNO (5 mM) and metmyoglobin (185
µM) were incubated in the presence (top solid line) or absence
(dashed line) of 5 mM dimedone in water at 20°C for 24 h under
anaerobic conditions in the dark. The reaction solution was di-
luted 10-fold into degassed 100 mM potassium phosphate buffer
(pH 7.0) in a sealed 0.4 cm cuvette just before the absorption spec-
trum was recorded. The bottom solid line is 18.5µM metmyoglobin
alone.

FIGURE 5: Effects of dimedone on the decomposition of GSNO in
the presence of metmyoglobin. GSNO (5 mM) and metmyoglobin
(185 µM) were incubated in the presence (bottom solid line) or
absence (dashed line) of 5 mM dimedone in water at 20°C for 24
h under anaerobic conditions in the dark. Metmyoglobin was
removed by ultrafiltration before the absorbance of GSNO was
recorded. The top solid line is freshly prepared 5 mM GSNO in
water. Spectra were recorded in a 1 cmcuvette.

FIGURE 6: Deconvolved ESI mass spectra of HCuZnSOD: (A)
untreated HCuZnSOD and (B) DTT-reduced HCuZnSOD. The
arrows point to peaks at 15 845, 15 877, and 15 974 Da corre-
sponding to the metal-free (apoHCuZnSOD), the S0-derivatized
metal-free (+S0), and the metal-loaded (+CuZn) protein monomer,
respectively. Experimental conditions are given in the legend of
Figure 1. The inset shows UV-vis absorption of HCuZnSOD in
50 mM ammonium bicarbonate buffer (pH 7.8) at room temperature
in a 1 cmcuvette: (s) 66 µM untreated HCuZnSOD and (-‚-)
61 µM DTT-reduced HCuZnSOD.
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is identified as the likely site of S-glutathiolation. Moreover,
a peak atm/z 2489 corresponding to the MH+ ion of the
D93-R116 peptide with an increased mass of 32 Da is
present in the mass fingerprints of the digests of both
untreated HCuZnSOD and reduced HCuZnSOD that was
exposed to decomposed GSNO (Figure 8). A comparison
of panels A and B of Figure 8 indicates that the peak
corresponding to the D93-R116 peptide with S0 (m/z2489)
is much less intense than the D93-R116 peak (m/z 2457)
following reduction of HCuZnSOD. Hence, Cys111 is also
likely the residue that is linked to the single zero-valent sulfur
atom found in HCuZnSOD. Although linking of an S0 atom
to the extra sulfhydryl in HCuZnSOD was suggested more
than 20 years ago (37, 38), the evidence provided in Figure
8 is the first to support this assignment.

S-Glutathiolation of GAPDH. The effects of fresh and
decomposed GSNO on GAPDH are also of interest since it
was found to be a target for S-glutathiolationin ViVo andin
Vitro following exposure to oxidative stress (10, 19, 39, 40).
Thus, examination of S-glutathiolation of rabbit muscle
GAPDH, a homotetramer (41), was carried out to provide
further insight into protein S-glutathiolationin Vitro and in
ViVo. GAPDH was incubated with a 50-fold molar ratio of
fresh or decomposed GSNO for 20 min at room temperature.
The mass spectrum of GAPDH exposed to fresh GSNO
(Figure 9A) shows a major peak at 35 691 Da, which
corresponds to the reported mass of the monomer (42), and
minor peaks at M+ 32 Da and M+ 305 Da (+1GS). The

singly GS-labeled monomer is the major species in the mass
spectrum following exposure to decomposed GSNO (Fig-
ure 9B). Additionally, a peak at M+ 610 Da (+2GS) is
observed in Figure 9B. Therefore, GAPDH is glutathiolated
to a much greater extent in decomposed than in fresh GSNO
solutions (panel A vs panel B of Figure 9). The M+ 32 Da
species, which is also present in untreated GAPDH sam-
ples (data not shown), has not been identified but may re-
sult from addition of two oxygen atoms to the GADPH
monomer. Exposure to fresh or decomposed GSNO does not
appear to alter the relative abundance of the M+ 32 Da
species (Figure 9).

S-Glutathiolation of BSA. Serum albumin is the most
abundant protein in plasma and is proposed to have an
antioxidant role (21). Hence, it is of interest to establish if
this protein is S-glutathiolated in decomposed GSNO solu-
tions on its single free cysteine residue, Cys34. The mass
spectrum of BSA after the commercial protein was dialyzed
against MilliQ water shows a major peak at 66 430 Da
(Figure 10A), which corresponds to the reported mass of
the protein (43). Singly GS-labeled BSA is the major species
in the mass spectrum (Figure 10B) after the DTT-reduced
protein was exposed to a 100-fold molar excess of decom-
posed GSNO for 20 min at room temperature.

DISCUSSION

Protein S-glutathiolation has been observedin ViVo and
in Vitro (3, 4, 8, 44). This oxidative modification is recog-
nized as one of the physiological responses to nitrosative
and oxidative stress, but how proteins are S-glutathiolated
in ViVo is not clear. GSH alone reportedly does not S-glu-
tathiolate proteins such as cathepsin (9) and GAPDH (10),
and protein S-thiolation occurred without GSSG in neutro-
phil-treated hepatocytes (4). It has been deduced that S-glu-
tathiolation of proteins by GSSGin ViVo likely is not an
efficient process (14). Clearly, GSSG is not an effective
S-glutathiolating agent of rHCaBP (Figure 1C) and HCuZn-
SOD (data not shown)in Vitro, consistent with observations
on glycogen phosphorylaseb (8) and aldose reductase (11).
Recently, it was reported that GSNO S-glutathiolates proteins
in ViVo andin Vitro (5, 8-12, 40), but the results presented
here reveal that decomposed GSNO solutions contain a much
more effective S-glutathiolating reagent for rHCaBP, HCuZn-
SOD, and GAPDH than fresh solutions (Figures 1, 7, and
9). Similar results were obtained by Liet al. for neurogranin
and neuromodulin (14) and by Ji et al. for glycogen
phosphorylaseb (8). Interestingly, the formation of the
P-SSG species did not lead to the detection here of cross-
linked protein (P-SS-P) in any of the mass spectra that
were recorded.

GS(O)SG, a GSNO decomposition product (Figure 2), was
suggested to be a potent S-glutathiolating agent for proteins
(14). However, it is not clear from the published work on
protein S-glutathiolation triggered by GSNO whether NO
or GSNO plays a role since residual GSNO was present in
the decomposed GSNO solutions (14). Also, the mechanism
of GSNO decomposition to GS(O)SG has not been deter-
mined, although Huang and Huang (45) speculated that
GSNO decomposition was likely catalyzed by copper ions.

In the work presented here, GSNO decomposition in the
dark was monitored by the loss of its SNO absorption at

FIGURE 7: Effects of GSNO on the S-glutathiolation of HCuZn-
SOD. Deconvolved ESI mass spectra of DTT-reduced HCuZnSOD
following incubation of 66µM protein with a 100-fold molar excess
of (A) fresh GSNO and (B) decomposed GSNO in 50 mM
ammonium acetate buffer (pH 4) for 30 min at 37°C in the dark.
The arrows point to peaks with masses of 15 845, 15 974, and
16 150 Da corresponding to the metal-free (apoHCuZnSOD), metal-
loaded (+CuZn), and singly S-glutathiolated metal free (+1GS)
protein monomer, respectively. Experimental conditions are given
in the legend of Figure 1.
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335 nm (Figure 1A, inset). A GSNO decomposition product
is an efficient protein S-glutathiolation agent (Figures 1B,
7B, 9B, and 10B) in the absence of any detectable GSNO
(Figure 2B). On the other hand, in fresh GSNO solutions
containing only a trace of GS(O)SG as monitored by ESI-
MS (Figure 2A), little S-glutathiolation of rHCaBP, HCuZn-
SOD, and GAPDH occurred (Figures 1A, 7A, and 9A).
Moreover, addition of solutions of NOx from aerobic NO
decomposition (NOf NOx) did not alter the extent of
rHCaBP S-glutathiolation (data not shown). These results
indicate that neither GSNO nor NOx is directly involved in
S-glutathiolation of rHCaBP, HCuZnSOD, or GAPDHin
Vitro.

As reported by Liet al. (14), the major decomposition
products of GSNO were found to be GS(O)SG, GSO2SG,
and GSSG (Figure 2B). How is GSNO converted to these

products? Thermal and photochemical homolysis pathways
have been proposed for RSNO decomposition (46):

Also, copper-catalyzed reductive cleavage (eqs 2 and 3)
results in the rapid breakdown of many RSNOs at ambient
temperature in the dark, under which conditions homolysis
(eq 1) is highly inefficient (47).

Table 1: Tryptic Peptides in the MALDI Mass Fingerprint of S-Glutathiolated HCuZnSODa

residues peptide sequence observed MH+ b calculated MH+ c chemical modificationd

117-123 TLVVHEK 825.3 825.5
38-46 GLTEGLHGF 930.4 930.5
81-92 HVGDLGNVTADK 1225.5 1225.6
11-24 GDGPVQGIINFEQK 1501.6 1501.8
93-116 DGVADVSIEDSVISLSGDHCIIGR 2457.4 2457.2
93-116 DGVADVSIEDSVISLSGDHCIIGR 2489.7 2489.3 S0

93-116 DGVADVSIEDSVISLSGDHCIIGR 2762.6 2762.2 GS
a HCuZnSOD was incubated with a 100-fold molar excess of decomposed GSNO in 50 mM ammonium acetate buffer (pH 4.0) for 30 min at

37 °C. Tryptic digestion was carried out as described in Materials and Methods, and the tryptic peptides were analyzed by MALDI-TOF MS.
b Observed monoisotopic masses of the singly protonated ions (MH+) of the tryptic peptides.c Calculated monoisotopic masses of the MH+ ions
of the tryptic peptides.d Chemical modification of Cys111 based on the mass shift in the D93-R116 peptide (see the text).

FIGURE 8: MALDI-TOF mass fingerprints of the tryptic digests of
HCuZnSOD: (A) untreated HCuZnSOD and (B) DTT-reduced
HCuZnSOD following incubation with decomposed GSNO. The
arrows point to peaks atm/z 2457.4 and 2762.6 corresponding to
unmodified and GS-derivatized D93-R116 peptides, respectively.
The asterisk denotes the peak atm/z 2489.7 of the S0-derivatized
D93-R116 peptide. Cys111 is assumed to be the site of derivati-
zation in each case (see Table 1).

FIGURE 9: Effects of GSNO on the S-glutathiolation of GAPDH.
Deconvolved ESI mass spectra of the GAPDH monomer after
incubation with a 50-fold molar excess of (A) fresh GSNO and
(B) decomposed GSNO in 50 mM Tris-HCl buffer (pH 7.4) for 20
min at room temperature in the dark. The arrows point to peaks at
35 691 (M), M + 32, M + 305, and M+ 610 Da corresponding
to unmodified (GAPDH), possibly oxidized (+32 Da), and singly
(+1GS) and doubly (+2GS) GS-labeled protein monomer, re-
spectively. Experimental conditions are given in the legend of
Figure 1.

2RSNOy\z
hν or ∆

RSSR+ 2NO (1)

2RS- + 2CuII h RSSR+ 2CuI (2)

CuI + RSNOh CuII + RS- + NO (3)
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Figure 3 shows that the presence of dimedone, but not
metal chelators, prevents GSNO decomposition. Thus, metal
ions are not involved in GSNO decomposition under the
conditions used here. This is consistent with the results of
Williams and co-workers (47), who have shown that copper-
catalyzed decomposition is efficient at low GSNO concentra-
tions (∼3 µM) but is prevented at high concentrations due
to product inhibition. The GSSG produced on copper-cata-
lyzed GSNO breakdown (eq 2) forms a stable CuII chelate
and inhibits further redox turnover of the metal (eq 3)
required for catalytic GSNO cleavage (47).

Dimedone has been shown to react specifically with
sulfenic acids to form a stable thioether product (9, 48):

Since dimedone is a scavenger of GSOH and strongly
inhibits GSNO breakdown (Figure 3C), the following mech-
anism for GS(O)SG formation from GSNO is proposed:

In this scheme, GSNO hydrolysis generates GSOH and
HNO/NO- (eq 5). GSOH further reacts with GSNO to give
GS(O)SG and HNO/NO- (eq 6). GSOH can also undergo
self-condensation (49) to yield GS(O)SG (eq 7), which
dimerizes to yield GSO2SG and GSSG as products (eq 8)
(50). Presumably, reaction 5 is rate-limiting, and reactions
6 and 7 drive GSNO breakdown by consuming GSOH.

When dimedone is present, it traps GSOH (eq 10) and
prevents its further reaction with GSNO (eq 6) or self-
condensation (eq 7). However, since<10% of GSNO is
consumed in the presence of dimedone (Figure 3), most of
the thioether formed in reaction 10 must be reconverted to
GSNO. The rate of reaction 9, which removes HNO from
solution by dimerization and dehydration, is dependent on
the square of the HNO concentration. Trapping of GSOH
by dimedone will decrease the HNO concentration by in-
hibiting reaction 6, and nitroxyl attack on the GS-dimedone
thioether to re-form GSNO (eq 11) will be favored over HNO
dimerization (eq 9). Breakdown of thiol-dimedone adducts
has been previously detected by Benitezet al. (51) under
acidic conditions.

To obtain further evidence that HNO/NO- is released upon
GSNO decomposition, metmyoglobin was added as a ni-
troxyl scvenger (27). In the presence of dimedone, metmyo-
globin was fully converted into its nitrosyl (FeII-NO) form
(Figure 4, solid line), confirming that nitroxyl is released
on GSNO hydrolysis. Moreover, dimedone inhibits GSNO
consumption in the absence (Figure 3) butnot in the presence
of metmyoglobin (Figure 5, bottom solid line), revealing that
nitroxyl scavenging prevents regeneration of GSNO as
predicted (eq 11). However, GSOH is free to react with
GSNO (eq 6) when dimedone is absent, and the lower
scavenging yield under this condition (Figure 4) probably
reflects an increased rate of HNO dimerization (eq 9).

GS(O)SG formed on GSNO decomposition reacts with
free thiols such as GSH and certain protein thiols (PSH) (14):

GSOH producedin situ in reaction 12 may act also as a
protein S-glutathiolating agent (9) depending on the relative
rates of reactions 7 and 13.

FIGURE 10: BSA S-glutathiolation by decomposed GSNO. Decon-
volved ESI mass spectra of (A) DTT-reduced BSA and (B) DTT-
reduced BSA following incubation with a 100-fold molar excess
of decomposed GSNO in 100 mM Tris-HCl buffer (pH 7.4) for 20
min at room temperature in the dark. The arrows point to peaks at
66 430 and 66 735 Da corresponding to unmodified and singly GS-
labeled (+1GS) BSA, respectively. Samples for MS analysis were
exchanged into water by dialysis, added to a 20% methanol/5%
acetic acid mixture to a final protein concentration of 5-10 µM,
and directly infused into the Z-spray source of the QTOF2
instrument. Experimental conditions are given in the legend of
Figure 1.

GSNO+ H2O h GSOH+ NO- + H+ h HNO (5)

GSOH+ GSNOh GS(O)SG+ NO- + H+ h HNO
(6)

GSOH+ GSOHh GS(O)SG+ H2O (7)

2GS(O)SGh GSO2SG+ GSSG (8)

2HNO h N2O + H2O (9)

PSH+ GS(O)SGh PSSG+ GSOH (12)
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No GSOH was detected here in the decomposed GSNO
solutions by mass spectrometry, which is consistent with the
known instability of sulfenic acids to dimerization and
dehydration (49) (reaction 7). Interestingly, many of the
proteins that are susceptible to mixed disulfide formation in
response to nitrosative stress (3) have been reported to
undergo S-thiolation under oxidative conditions (10, 52-
54). What determines the susceptibility of protein thiols to
S-glutathiolation? For example, of the five free cysteine
residues in rHCaBP, S-glutathiolation of Cys187 is preferred
(15). Since the structure of rHCaBP is not yet known,
HCuZnSOD was chosen as another model protein in this
study. CuZnSODs from different species possess three
conserved cysteine residues per monomer (16). Two of them
form an intrasubunit disulfide bridge, and the side chain of
the third highly conserved cysteine points toward the interior
of the protein. In addition to the conserved cysteines, a few
CuZnSODs possess exposed free thiols, termed extra sulf-
hydryl or extra cysteine residues. HCuZnSOD is among the
extra-cysteine-containing enzymes. The extra Cys111 causes
the observed heterogeneity of HCuZnSOD preparations since
it is derivatized in both the wild-type and recombinant protein
(55, 56). Cys111 is also the site modified naturally or
artificially by mixed disulfide formation with free cysteine
or glutathione (57, 58).

Here we report that the D93-R116 peptide, which con-
tains Cys111, is labeled with the single zero-valent sulfur
atom found in commercial HCuZnSOD preparations. Cys111
is also the site of S-glutathiolation (Figure 8). However, the
yield of S-glutathiolated HCuZnSOD is much lower than
that of rHCaBP (Figure 1B vs Figure 7B), but comparable
to that of the enzyme isolated from cells (17, 18). Liu et al.
(57) found that only∼50% of HCuZnSOD was modified
by 4-vinylpyridine or DTNB, although a 100- or 1000-fold
molar excess of reagent over protein sulfhydryl was em-
ployed. Cys111 is near the dimer interface, and the distance
between the two sulfhydryl groups is∼10 Å as estimated
from the crystal structure of HCuZnSOD (59). Because of
their proximity (57), modification of Cys111 on one subunit
of the dimer likely impedes access of the modifying reagent
to Cys111 on the other subunit. The yield of S-glutathiolated
HCuZnSOD at pH 4.0 (Figure 5B) was higher than that at
pH 7.4 (data not shown), which suggests that HCuZnSOD
has greater conformational flexibility at lower pHs, making
Cys111 more accessible.

GAPDH is a homotetramer, and each monomer contains
four free cysteine residues. On the basis of DTNB reactivity,
the four thiols have been classified into three groups: one
fast reacting thiol, which is most likely the active site Cys149
(60-62); one thiol that reacts at an intermediate rate; and
two slow reacting thiols (60, 63). GAPDH is found to be
S-glutathiolated by decomposed GSNO to a large extent on
one cysteine and to a lesser extent on a second cysteine
(Figure 9B). After S-glutathiolation,∼90% of the GAPDH
activity is lost (data not shown), so it is likely that the active
site Cys149 is S-glutathiolated. The cysteine residue with
lower GS(O)SG reactivity is probably that with intermediate
DTNB reactivity.

BSA has 35 cysteine residues, but 34 are involved in
disulfide bridges. Only Cys34 possesses a free thiol that can

partake in thiol-specific reactions (21, 64). In ViVo, Cys34
is in the free thiol form, but once extracted and purified from
plasma, it is partially involved in intermolecular disulfide
bond formation or in mixed disulfides with other low-
molecular weight thiols (21). Here we report that DTT-
reduced BSA, which possesses 0.86 free thiol per molecule,
undergoes a mass increase of 305 Da on incubation with
decomposed GSNO (Figure 10B). This indicates that BSA
is efficiently S-glutathiolated by GS(O)SG presumably on
Cys34.

The active site structure of the GAPDH tetramer is
conserved (65). The distance between two active site Cys149
side chains inBacillus stearothermophilusGAPDH is∼35
Å (66), which is much larger than the separation of∼10 Å
between the Cys111 residues in HCuZnSOD. Also, the X-ray
structure of human serum albumin (67) showed that Cys34
is partially solvent exposed. Therefore, accessibility to the
glutathiolating reagent and a cavity that can accommodate
the GS group are likely prerequisites for protein S-glutathio-
lation. Although no structural properties that render accessible
protein sulfhydryls equally reactive to S-glutathiolation have
been identified (1), cysteines with depressed pKa values
because of their proximity to basic amino acid residues are
preferentially S-glutathiolated. Examples include Cys298 in
aldose reductase and Cys269 in c-Jun (11, 40).

CONCLUSIONS

GS(O)SG is an efficient S-glutathiolation reagent unlike
GSNO, GSH, or GSSG. GS(O)SG can be formed by the
treatment of GSH with H2O2 (68), by bubbling GSH or
GSSG solutions with NO gas (14), and from decomposed
GSNO. Interestingly, GS(O)SG was found to be present at
low levels in rat brain slices, and its concentration increased
under oxidative stress (14). Thus, oxidative or nitrosative
stress may promote protein S-glutathiolationin ViVo, with
GS(O)SG acting as a thiolating agent in this process. It is
also possible that the slow GSNO hydrolysis to GSOH ob-
served here is enzymatically catalyzedin ViVo, but such
activity remains to be identified.
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