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Abstract
Protein glutathionylation is a post-translational modification that may account for a broad mechanism
of redox signaling. The caspase family of cysteine proteases represent a potential target for regulation
by glutathionylation. To examine this, caspase proteins, derived from HL-60 cells after activation
with actinomycin D, were incubated with GSSG. Total protein glutathionylation was enhanced and
caspase-3 activity was inhibited in a dose and time dependent manner by GSSG. Caspase inhibition
was reversible by thiol-specific reducing reagents. Proteolytic activation of caspases was also
affected, as the activation of procaspase-3 and procaspase-9 in HL-60 cell extracts induced by
cytochrome c and dATP was inhibited by preincubation with GSSG. When biotin labeled GSSG was
incubated with recombinant caspase-3, biotin label was found associated with both p12 and p17
subunits of active caspase-3 by non-reducing SDS-PAGE. Caspase-3 glutathionylation was
confirmed by matrix assisted laser desorption ionization (MALDI) mass spectrometric analysis of
GSSG-treated recombinant caspase-3. Specific sites of glutathionylation were identified as Cys135

of the p17 protein (the active site) and Cys45 of the p12 protein. These results indicate that
glutathionylation of caspase can occur at physiologically relevant concentrations of GSSG and results
in the inhibition of caspase activation and activity.
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1. Introduction
Protein glutathionylation is an important redox sensitive post-translational protein
modification in which glutathione forms mixed disulfide bonds with cysteine residues on target
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proteins [1]. During oxidative stress, GSH is oxidized to GSSG either enzymatically (eg.
glutathione peroxidase) or nonenzymatically. As endogenous levels of GSSG increase,
cysteine moieties of target proteins can be glutathiolated by thiol disulfide exchange.
Alternatively, protein thiols can be directly oxidized to form thiyl radical (P-S) or sulfenic acid
(P-SOH), which can subsequently react with GSH to form the mixed disulfide (P-SSG). While
the role of protein glutathionylation in vivo remains to be elucidated, it has been implicated in
the stabilization of extracellular proteins, protection of protein sulfhydryls against irreversible
oxidation and regulation of enzyme activities. Enhanced protein glutathionylation has also been
implicated as a potential factor in the pathogenesis of oxidative stress-related diseases and
disorders such as HIV infection, hyperlipidemia, diabetes, cancer and aging [2–4]. To date,
numerous proteins, such as carbonic anhydrase III [5], protein kinase C [6, 7], creatine kinase
[8], tyrosine hydroxylase [9], NF-κB [10], c-Jun [11], actin [12], thioredoxin [13], cAMP-
dependent protein kinase [14] and protein phosphatase 2A [15] have been shown to be regulated
by protein glutathionylation.

Caspases (Cysteinyl Aspartate-Specific Proteases), a family of cysteine proteases responsible
for the deliberate disassembly of a cell into apoptotic bodies during apoptosis, represent a likely
target for protein glutathionylation. Caspases are present as inactive pro-enzymes
(procaspases), most of which are activated by proteolytic cleavage during apoptosis. Caspases
have a conserved pentapeptide sequence QACXG (X can be G, R or Q) at the active site and
a reduced sulfhydryl group in the cysteine moiety is required for caspase activities.
Modification of the active site sulfhydryl groups with thiol-blocking reagents such as
iodoacetamide and N-ethylmaleimide completely inhibits caspase activity [16]. Studies
indicating that recombinant caspase-3 is inactivated by low doses of hydrogen peroxide in a
reversible fashion with dithiothreitol also support the role of sulfhydryl modification in the
redox regulation of caspase activity and apoptosis [17]. Recent results in endothelial cells
provide evidence that glutathionylation of caspases-3 inhibited its cleavage and that TNF-α-
induced apoptosis in these cells was associated with glutaredoxin-induced deglutathionylation
of caspase-3 [18].

In the present study, we provide direct evidence for caspase-3 inhibition by glutathionylation
at specific cysteine residues. The effect of glutathionylation induced by incubation with GSSG
on the activity of caspases derived from apoptotic cell HL-60 cell lysates pretreated with
actinomycin D was examined. Also, we utilized a cell-free system for caspase activation to
determine whether GSSG affected caspase activation. The formation of glutathiolated
caspase-3 was confirmed by using biotin-labeled GSSG, mass spectrometric analysis, and
isoelectric focusing/immunobloting methodologies.

2. Materials and Methods
2.1. Materials

Caspase substrates (Ac-VDVAD-pNA, Ac-DEVD-pNA, Ac-VEID-pNA, Ac-IETD-pNA and
Ac-LEHD-pNA, utilized as substrates for caspase-2, -3, -6, -8, -9, respectively) were purchased
from Alexis Biochemicals (San Diego, CA). Rabbit polyclonal antibodies against caspase-3
(H-277) and caspase-9 (H-170) were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). SuperSignal West Pico Chemiluminescent Substrate and Sulfo-NHS-biotin were
obtained from Pierce (Rockford, IL). Human recombinant caspase-3 was obtained from
Upstate Biotechnology (Lake Placid, NY). All other reagents were obtained from Sigma (St.
Louis, MO) unless otherwise indicated.
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2.2. Cell Culture
Human promyelocytic leukemia HL-60 cells were cultured in suspension culture in
RPMI-1640 medium with glutamine (Mediatech, Herndon, VA), containing 10% heat-
inactivated fetal bovine serum (Gemini Bioproducts, Woodland, CA), 100 unit/ml penicillin
G, and 100 µg/ml streptomycin (Invitrogen/Gibco, Carlsbad, CA) and maintained at 37°C and
5% CO2. All experiments were conducted using cells during the exponential growth phase. In
certain experiments, where specified, apoptosis was induced by addition of 0.5 µg/ml
actinomycin D to the culture medium for 6 hours prior to harvesting. Optimal conditions for
actinomycin D-induced caspase activation were established in preliminary experiments (data
not shown).

2.3. Enhancement of Total Protein Glutathionylation by GSSG
HL-60 apoptotic cell lysates containing 2 mg protein were incubated with either 0 or 1 mM
GSSG for 90 min at 37°C. Aliquots of the GSSG-treated samples were subsequently treated
with either 0 or 1 mM DTT. All samples were subjected to analyses of protein bound glutathione
as previously described [19]. Briefly, proteins were precipitated by 5% metaphosphoric acid
(MPA). After washing 3 times by resuspension (in 5% MPA) and centrifugation, the pellets
were resuspended in 8 M urea/1 mM EDTA and incubated for 10 min at 40°C. Potassium
borohydride was added to a final concentration of 35 mg/ml and the solutions were incubated
for 45 min at 40°C. A few drops of octanol were added to reduce foaming. The proteins in
solutions were precipitated by 20% MPA for 15 min on ice. The mixtures were then centrifuged
at 14,000 × g for 15 min. The supernatant fractions were analyzed for glutathione by an
enzymatic-recycling method as previous described [20, 21].

2.4. Caspase Activity Assay
After treated with actinomycin D, HL-60 cells were collected by centrifugation at 1000 × g
and washed 3 times with phosphate buffered saline (PBS). Cell pellets were resuspended in
caspase assay buffer (50 mM HEPES, pH 7.4, 100 mM NaCl, 1 mM EDTA, 10% glycerol,
0.1% CHAPS). Cell extracts were prepared by freeze/thawing, followed by centrifugation for
15 minutes at 14,000 × g. All procedures were conducted at 4°C. Protein concentrations of the
supernatant fractions were measured using the Bio-Rad Protein Assay Kit (Bio-Rad
Laboratories, Hercules, CA). Aliquots of cell extracts containing 100 µg protein pretreated
with different concentrations of GSSG (0 – 1 mM) were incubated with 200 µM colorimetric
caspase substrates in 96-well plates (at a final volume of 200 µl per well) at room temperature.
Absorbance at 405 nm was measured every 10 minutes for 1 hour in a 96-well MR-5000
microplate reader (Dynatech Laboratories, Chantilly, VA). Caspase activities were expressed
as units/mg protein (1 unit=1 ΔO.D./ hr ).

2.5. Caspase Activation Assay in Cell-free System
Untreated HL-60 cells were collected by centrifugation at 1000 × g and washed 3 times with
PBS. Cell pellets were resuspended in caspase activation buffer (25 mM HEPES, pH 7.4, 5
mM MgCl2, 1 mM EGTA). Cellular extracts were prepared by homogenization with an all-
glass Ten Broeck homogenizer followed by centrifugation for 15 min at 14,000 × g. All
procedures were conducted at 4°C. Protein concentrations of cell extracts were measured as
described above. Aliquots containing 100 µg proteins were preincubated with different
concentrations of GSSG (0 – 1 mM) in caspase activation buffer in 96-well microplates (at a
final volume of 100 µl per well) for 90 min at room temperature. To initiate activation,
cytochrome c (final concentration of 10 µM) and dATP (final concentration of 1 mM) were
added and samples were incubated at 37°C for 60 min. Caspase activation was assessed by
subjecting the reaction mixtures to western blot analysis as described below. Alternatively, for
measurement of caspase activity, 80 µl caspase assay buffer and 20 µl caspase-9 or caspase-3
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substrate stock solution (2 mM in caspase assay buffer) were added to each well (at the final
volume of 200 µl per well) and activities were measured at room temperature as described
above. Activation of procaspases occurs in caspase activation buffer but not caspase assay
buffer due to differences in different ionic strength between these two buffer systems.

2.6. Western Blot Analysis
Proteins were separated using 12% SDS-PAGE, transferred to nitrocellulose membranes and
probed with rabbit anti-caspase-3 (1:800) or anti-caspase-9 (1:1000) polyclonal antibodies,
followed by horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibody (1:3000).
After incubation with SuperSignal West Pico Chemiluminescent Substrate for 5 min according
to instructions, membranes were exposed to x-ray film for 0.5 – 5 min.

2.7. Biotinylation of GSSG
Biotinylation of GSSG was based on a modification of a method previously described for the
biotinylation of glutathione ethyl ester [22]. GSSG was reacted with sulfo-NHS-biotin, a
biotinylation reagent selective for primary amines, at a 1:2 molar ratio in 50 mM NaHCO3, pH
8.5 for 1 hr at room temperature. The reaction was terminated by the addition of a 5-fold molar
excess of NH4HCO3 relative to the starting sulfo-NHS-biotin amount. The resulting solution
was analyzed for unlabeled GSSG by HPLC with electrochemical detection [23]. Results
indicated that >90% of GSSG was biotinylated under these conditions.

2.8. Glutathionylation of Native Caspase-3 by Biotinylated GSSG
Cell lysate proteins (10 mg) derived from actinomycin D treated HL60 cells were incubated
with 50 µM biotinylated GSSG in caspase assay buffer for 90 min at 37°C. After dialysis
against Tris-NaCl buffer (50 mM Tris, 150 mM NaCl, pH 8.0) for 24 hours, samples were
incubated on a rotating mixer with 500 µl streptavidin-agarose beads for 12 hours at 4°C. The
beads were subsequently washed two times with Tris-NaCl buffer for 5 minutes and three-
times with high salt Tris-NaCl buffer (50 mM Tris, 500 mM NaCl, pH 8.0) for 5 minutes.
Bound proteins were eluted with 50 mM DTT and desalted and concentrated using
ultrafiltration on Microcon Centrifugal Filter Devices (YM-10, Millipore, Milford, MA).
Resulting proteins were subjected to western blot analysis for caspase-3.

2.9. Glutathionylation of Recombinant Caspase-3 with Biotinylated GSSG
Human recombinant caspase-3 (300 ng) was incubated with increasing concentrations of
biotinylated GSSG (0–1 mM) in caspase assay buffer for 90 min at 37°C. Aliquots of reaction
mixtures (150 ng) was subjected to 15% SDS-PAGE using either reducing (with 20 mM DTT
in loading buffer) or non-reducing conditions. Proteins were transferred to nitrocellulose
membranes which were subsequently blocked by 5% milk Tris buffered saline (TBS) for 1 hr
at room temperature. Membranes were probed for glutathiolated caspase by avidin peroxidase
(1:40000) (Sigma, St. Louis, Mo.). After incubation with SuperSignal West Pico
Chemiluminescent Substrate for 5 min according to instructions, membranes were exposed to
x-ray film for 15 – 60 sec.

2.10. Detection of Glutathiolated Recombinant Caspase-3 by Mass Spectrometry
Human recombinant caspase-3 (2 µg) was incubated with either 50 µM or 1 mM GSSG in
caspase assay buffer at 37°C for 90 min. An aliquot of the 1 mM GSSG-treated sample was
subsequently reduced with 1 mM DTT at 37°C for 30 min. All samples were desalted and
concentrated to 20 µl by ultrafiltration as described above. The samples were subjected to mass
spectrometric analysis. The samples were further desalted and concentrated using C4 ZipTip
(Millipore, Billerica, MA), mixed with 0.5 µl of 10 mg/ml α-cyano-4-hydroxysuccinnamic
acid in a mixture solvent of formic acid/water/isopropanol (1:3:2), and applied onto a MALDI
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plate. MALDI mass spectra were recorded with a PerSeptive Voyager-DE STR MALDI-TOF
mass spectrometer (PerSeptive Biosysystems, Framingham, MA) operated in the linear mode.
The mass measurement accuracy with internal calibration was, in general, better than 100 ppm.
The remaining enzyme was subjected to trypsin digestion, followed by mass mapping. Tryptic
digestion was started with the addition of 25 ng/µl Sequence Grade Modified Trypsin
(Promega, Madison, WI) in ammonium bicarbonate buffer. The protein was digested for at
least 16 hr at 37°C with agitation. The digestion products were cleaned and concentrated using
micro-C18 ZipTips (Millipore, Billerica, MA) mixed with 0.5 µl of 10 mg/ml 2, 5-
dihydroxybenzoic acid in 50% acetonitrile and 0.1% (v/v) trifluoroacetic acid, and applied onto
a MALDI plate. MALDI mass spectra were recorded with a PerSeptive Voyager-DE STR
MALDI-TOF mass spectrometer operated in the reflection mode.

2.11. Detection of Glutathionylated Caspase-3 in Rat Liver by Isoelectric Focusing
Liver samples were obtained from male 5–6-week old F344 rats (Charles River Labs,
Wilmington, MA). Animals were sacrificed by CO2 asphyxiation and livers were removed
immediately, rinsed in ice-cold saline, blotted dry and weighed. Samples of liver (~200 mg)
were homogenized in metaphosphoric acid and analyzed for total glutathiolated proteins and
GSH and GSSG as described previously [4]. Liver pieces (~ 1 g) were homogenized at 4°C in
buffer containing 20 mM HEPES, pH 7,4, 5 mM EDTA and 5 mM EGTA. Homogenates were
centrifuged at 3,000 g at 4°C for 10 min and the resulting supernatants were centrifuged at
14,000 g for 15 min. Resulting supernatants were assessed for protein content (Bio-Rad) and
frozen at −80°C until analysis. Prior to analysis, some samples was incubated with or without
20 mM DTT for 30 min at 37°C to confirm the thiol-specific reversibility of the PI shift. In
some cases, samples were incubated with 1 mM GSSG or 1 mM cystine at 37°C for 90 min
either before or after DTT treatment.

Tissue extracts were fractionated by isoelectric focusing (IEF) before immunodetection [24]
using a vertical polyacrylamide minigel system (Mini-Protecan III, Bio-Rad Laboratory,
Hercules, CA). IEF gels contained 5% (w/v) acrylamide, 0.16% (w/v) bisacrylamide, 12% (v/
v) glycerol, and 2% (v/v) ampholytes (pH range 5–7). Extracts containing 50–100 µg protein
were mixed with 50% (v/v) glycerol prior to loading on gels. IEF was initiated at a constant
150 V for 1 hr followed by a constant 250V for 1 hr and a constant 500 V for 30 min. After
equilibrating with ice-cold 0.7% (v/v) acetic acid for 15 min, gels were transferred to
nitrocellulose membranes (placed on the cathode side of the gel) at a constant 20V for 30 min
(Bio-Rad Trans- Blot semi-dry Transfer Cell, Bio-Rad Laboratories, Hercules, CA).
Immunoblotting was performed as described above.

3. Results
3.1. Inhibition of Caspase Activity in HL-60 Cell Lysates by GSSG

Incubation of HL-60 cells with 0.5 µg/ml actinomycin D induced caspase-3 activity based on
the cleavage of a synthetic tetrapeptide substrate Ac-DEVD-pNA. Optimal caspase-3 activities
were reached at 6 hr incubation (data not shown). Thus, for all future experiments requiring
active caspases, cell extracts were obtained from HL-60 cells pretreated with 0.5 µg/ml
actinomycin D for 6 hr.

GSSG was utilized as a glutathionylating reagent and induction of protein glutathionylation
was confirmed by analysis of protein-bound glutathione. Total glutathiolated protein levels in
HL-60 cell lysates were significantly enhanced from <0.4 to 3.22 ± 0.13 (mean ± SEM) nmol/
mg by incubation with 1 mM GSSG for 90 min at 37°C. This increase of protein
glutathionylation was completely reversible by the subsequent addition of 1 mM DTT (data
not shown).
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Incubation of HL-60 cell lysates with GSSG inhibited caspase-3 activity in a time and dose
dependent manner (Figure 1A & B). Maximum inhibition by GSSG was achieved at 80–100
minutes (Figure 1A). For all subsequent experiments, an incubation period of 90 min was used.
Caspase inhibition was enhanced with increasing concentrations of GSSG (0 – 1 mM) reaching
maximal inhibition of 80% at 1 mM GSSG (IC50=~75 µM) (Figure 1B). A substantial 30%
inhibition was obtained even at 10 µM, the lowest concentration of GSSG examined.

The inhibition of caspase-3 by GSSG was completely reversible by subsequent addition of
thiol-specific reducing agents (Figure 1C). DTT was most effective with nearly 100% recovery
of caspase-3 activity obtained at a concentration of 1 mM. In addition to DTT, other thiol-
specific antioxidants including cysteine and GSH were also effective at reversing the GSSG-
induced inhibition, although higher concentrations were required. Ascorbic acid was
ineffective at reversing the GSSG-induced inhibition at concentrations up to 100 mM.

Similar levels of inhibition by GSSG and recovery by DTT were observed when other caspase
substrates (Ac-VDVAD-pNA, Ac-VEID-pNA, Ac-IETD-pNA, Ac-LEHD-pNA) were used to
assess activity (data not shown). While these different substrates show specificity for different
caspases (caspases 2, 6, 8 and 9, respectively) and are routinely used to assess caspase-specific
activities, a significant level of cross-reactivity with caspase-3 was observed (data not shown).
As a result, it is likely that caspase-3 was primarily responsible for the observed activities with
all caspase substrates.

3.2. Inhibition of Caspase Activation by GSSG in a Cell-free System
To examine if GSSG incubation could affect the proteolytic activation of caspases, we utilized
a cell-free system first described by Liu et al [25]. Using extracts from HL-60 cells without
prior treatment with actinomycin D, proteolytic activation of caspase-9 and caspase-3 was
accomplished by incubation with cytochrome c and dATP (Figure 2A). As expected, very little
activity was observed for both caspase-3 and caspase-9 in untreated cell lysates. Activation of
both caspases occurred after addition of 10 µM cytochrome c and 1 mM dATP as previously
described [25]. In addition, optimal caspase activities were not dependent on the addition of
DTT to the reaction mixture. Since this cell-free caspase activation system was stable at room
temperature but not stable when cell extracts were preincubated at 37°C (data not shown), all
subsequent preincubations with GSSG in this cell-free system were conducted at room
temperature.

Preincubation of cell extracts with increasing concentrations of GSSG resulted in a dose
dependent inhibition in caspase-3 activity (Figure 2B). At 50 µM GSSG, caspase-3 activities
were only 33% of the control value. After activation with cytochrome c and dATP in caspase
activation buffer, cell lysates were treated with or without 5 mM DTT in caspase assay buffer.
With addition of 5 mM DTT, only partial recovery of caspase-3 activity was observed in GSSG
treated lysates. Recoveries were only 22%, 23% and 4% for GSSG concentrations of 50, 100,
1000 µM, respectively. No additional improvement in recovery was observed with higher
concentrations of DTT (data not shown). Thus, the observed GSSG-induced inhibition was not
primarily due to the inhibition of active caspase-3 as described above. To examine if inhibition
was a result of decreased caspase proteolytic activation, western blot analyses of caspase-3 and
caspase-9 were performed (Figure 2C). In untreated cell lysates, only procaspases were
observed (lane 1). When cell lysates were treated with cytochrome c and dATP (lane 2),
reductions in both procaspase-9 and procaspase-3 were observed together with the appearance
of active forms of caspase-3 indicating the proteolytic activation of the caspases. Banding
patterns for cell lysates preincubated with GSSG concentrations of 50 µM or greater prior to
treatment with cytochrome c and dATP were identical with cell lysates without addition of
cytochrome c and dATP (lane 1) indicating that GSSG at these concentrations inhibited the
proteolytic activation of both caspase-9 and caspase-3.
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3.3. Induction of Caspase-3 Glutathionylation by GSSG
To examine if caspase glutathionylation was responsible for GSSG-induced inhibition of
caspase activity and caspase activation, biotin-labeled GSSG was used to confirm protein
binding. Biotinylation of amine groups on the γ-glutamyl moieties of GSSG was accomplished
using sulfo-NHS-biotin (Figure 3A). Biotinylation of GSSG did not alter its ability to inhibit
caspase-3 as identical dose response relationships were observed for both GSSG and
biotinylated GSSG (Figure 3B). When cell extracts derived from actinomycin D-treated HL-60
cells were incubated with 50 µM biotinylated GSSG, western analysis of resulting biotin-
labeled proteins isolated with streptavidin-agarose beads, revealed the presence of both active
caspase-3 and procaspase-3 (Figure 3C, lane 2), suggesting the formation of both glutathiolated
active caspase-3 and procaspase-3 under these conditions. When the samples were analyzed
in a similar fashion without prior treatment with biotinylated GSSG, few proteins were
recovered and no caspase-3 bands were observed by Western blot analysis (Figure 3C, lane
1). To determine if GSSG-induced glutathionylation occurs with recombinant caspase-3,
human recombinant enzyme was incubated with biotinylated GSSG. Biotin was found
associated with both the p12 and p17 subunits of active caspase-3 in a dose dependent fashion
by non-reducing SDS-PAGE (Figure 3D). When samples were analyzed by SDS-PAGE under
reducing conditions (with 20 mM DTT), substantially diminished levels of caspase-3-
associated biotin were observed, suggesting that this protein-associated biotin was a result of
glutathionylation. The apparent glutathionylation of p12 occurred at GSSG concentrations
lower than that observed for p17, where the active site is located.

Mass spectrometry was also utilized to confirm glutathionylation of caspase-3. Human
recombinant active caspase-3 was incubated with GSSG for 90 min at 37°C and analyzed by
MALDI-TOF mass spectrometry. Two protein ions were observed at m/z = 12960 and 16614
Da, corresponding to p12 and p17, respectively in non-GSSG treated samples (Figure 4A). The
observed mass of p12 in the mass spectrum was higher than the theoretical mass calculated
from sequence data (MW=11895 Da) due to the presence of a histidine tag and a linker on the
recombinant enzyme. Incubation with 50 µM GSSG led to the appearance of two new ions at
13265 and 16919, which were approximately 305 Da greater than the original p12 and p17
ions, respectively (Figure 4B). The mass differences of 305 Da are equivalent to that of a
glutathione moiety attached to the protein. MALDI is capable of dissociating non-covalent
complexes at high laser fluence and in a “hot” matrix. The MALDI mass spectrum from
reaction products of caspase-3 with GSSG showed that the product ions at m/z = 13265 and
16919 were dominant in the spectrum even at the high laser fluence, consistent with the
formation of a covalent bond in the products. Similar results were obtained with GSSG at 1
mM concentration (Figure 4C). GSSG-induced mass shifts were reversed by incubation of
GSSG-treated recombinant caspase-3 with 1 mM DTT prior to analysis, further confirming
the presence of glutathiolated caspase-3 (Figure 4D).

To identify the modification sites, untreated and 50 µM GSSG-treated recombinant enzymes
were digested by trypsin. The peptide products were analyzed by MALDI-TOF-MS. The
comparison of the mass spectra of tryptic peptides from untreated and GSSG-treated caspase-3
resulted in the identification of two peaks at 1268.636 Da and 1903.817 Da, which were only
observed in the mass spectrum of the GSSG-treated sample (Table 1). Masses of these two
peaks corresponded to attachment of a glutathione moiety (305 Da) to the tryptic peptide L
(129–136)R (963.545 Da) of p17 and D (36–49) K (1598.770 Da) of p12, respectively. These
results demonstrate that Cys45 on p12 and Cys135 on p17 (active site) were glutathiolated.
These cysteine residues correspond to Cys220 and Cys163 in procaspase-3 sequence,
respectively.
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3.4. Identification of Glutathionylated Procaspase-3 in Liver by IEF
To examine for the presence of glutathionylated caspases in protein extracts derived from liver
samples from male F344 rats, samples were separated by IEF and analyzed by immunoblot
with anti-caspase-3 antibody. Based on the addition of a negatively charged GSH residue,
glutathionylated caspases are expected to appear as additional bands at a lower pH on the IEF
gel. For each untreated liver sample analyzed, multiple anti-caspase-3 antibody reactive bands
were present (Figure 5, lane 1). The band exhibiting the highest pI corresponded to authentic
procaspase-3. Adjacent bands running at a slightly lower pH suggested the presence of multiple
forms of procaspase-3. In order to determine if these adjacent bands represented
glutathionylated forms of the protein, aliquots of the protein extracts were treated with 20 mM
DTT prior to IEF analysis (Figure 5, lane 2). In the DTT treated samples, only the highest pI
band remained corresponding to the parent procaspase-3. The multiple putative
glutathionylated procaspase-3 bands likely represent different levels of glutathionylation (eg.
monoglutathionylation, biglutathionylation and triglutathionylation). To further confirm the
identity of these bands, liver extracts that had been previously reduced by DTT were dialyzed
overnight to remove DTT and then treated with either 1 mM GSSG or 1 mM cysteine and
subjected to IEF (Figure 5, lane 3). The banding pattern of the GSSG-treated sample was
identical to that observed with the original untreated protein sample. However, only the high
pH procaspases-3 band was present in the cystine-treated samples (Lane 4). This is consistent
with cysteinylation as the addition of cysteine does not introduce an additional negative charge
to the protein. Levels of glutathionylated procaspases-3 were quantitated by densitometric
scanning of corresponding procaspases-3 bands and compared with levels of GSSG and total
glutathionylated proteins in liver samples from six rats. Levels of glutathionylated
procaspases-3 varied >2-fold and where significantly correlated with both total
glutathionylated proteins (r=0.77) and GSSG levels (r=0.86) (data not shown).

4. Discussion
The results from these studies indicate caspase-3, and perhaps other caspases, can be regulated
by glutathionylation. Protein glutathionylation, resulting from the oxidation of the major
cellular antioxidant GSH, has received much recent attention as an important redox-sensitive
post-translational modification involved in the functional regulation of many proteins and as
a general marker for oxidative stress [26]. The progressive glutathionylation of key proteins is
proposed as a molecular switch by which cells respond in an immediate and reversible fashion
to oxidative stress and caspases may serve as one such group of proteins. In studies using
endothelial cells in culture, deglutathionylation of procaspases-3 by glutaredoxin was shown
to be an important step leading to TNF-α induced apoptosis [18]. However, in these studies,
the specific cysteine residues subject to glutathionylation were not identified.

In the present study, incubation of HL-60 apoptotic cell lysates with GSSG induced total levels
of protein-bound glutathione and concomitantly inhibited the activity of caspase-3 in a dose
and time dependent manner. The inhibition of caspase-3 activity was fully recovered by
addition of thiol reducing reagents such as DTT, GSH and cysteine, but not ascorbic acid,
suggesting that the inhibition is due to oxidation specifically at thiol residues. When
recombinant caspase-3 was incubated with various concentrations of biotinylated GSSG, the
biotin label was found to be associated with both p12 and p17 subunits and the enzyme-
associated biotin was largely removable by DTT suggesting that glutathionylation of both p12
and p17 occurred under these conditions. Mass spectrometric analysis confirmed the
glutathionylation of recombinant caspase-3 as increases of 305 Da (equivalent to the expected
mass increase by GS-S-protein mixed disulfide formation) were observed for both p12 and p17
subunits after treatment with GSSG. This mass shift was also reversible by the subsequent
addition of DTT.
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In addition to active caspase-3, procaspases were also subjected to glutathionylation by
incubation with GSSG. When HL-60 apoptotic cell lysates containing both active caspase-3
and procaspase-3 were incubated with biotinylated GSSG, both caspase-3 and procaspase-3
were among the glutathiolated proteins observed after isolation with streptavidin beads.
Glutathionylation of procaspases was associated with an inhibition in their ability to be
proteolytically activated as cytochrome c and dATP failed to activate caspase-9 and caspase-3
in HL-60 cell lysates pretreated with GSSG.

The evidence that GSSG can directly lead to the glutathionylation of both caspases and
procaspases suggests that the mechanism involves thiol/disulfide exchange between GSSG
and protein thiols. In addition to GSSG, several other methods have been reported to induce
the glutathionylation of specific proteins. In a number of studies, GSH binding was induced
by addition of the thiol specific oxidant diamide together with GSH [6]. However, since
diamide can also directly oxidize proteins without addition of GSH, it can be difficult to
distinguish between effects resulting from glutathionylation and those due to other oxidative
mechanisms, especially for studies on enzymes that have a cysteine as the active site. Indeed,
in our hands diamide was effective at inhibiting caspase-3 without requiring the addition of
GSH (data not shown). In other studies, proteins were treated with GSH after being pre-
activated by incubation with 5, 5′-dithiobis (2-nitrobenzoic acid) (DTNB) [27]. While this
method likely involves the thiol/disulfide exchange of thiol-conjugated proteins with GSH, its
physiological relevance is limited. In the present study, we utilized GSSG due to its direct
physiological relevance and glutathionylation-specific mechanism of action.

Inhibition of both caspase activity and activation occurred at concentrations of GSSG that can
be achieved physiologically as caspase-3 activity was inhibited ~30% by incubation with as
little as 10 µM GSSG (IC50: 75 µM). Caspase-3 appears to be particularly sensitive to
glutathionylation by GSSG as millimolar concentrations were required for glutathionylation
of other proteins including protein kinase C (PKC) [12], creatine kinase [28] and thioredoxin
[13]. Physiological levels of GSSG can vary greatly in different tissues ranging up to 120 µM
[23] and transient increases of several-fold can occur as a result of acute oxidative stress in
vivo.

We also demonstrate the presence of glutathionylated procaspases-3 in rat liver. Identification
of glutathiolated forms were based on pI changes in IEF gels and reversal after DTT treatment.
In a recent report, glutathionylated caspase-3 was detected in endothelial cells in culture using
biotin-labeled, glutathione ethyl ester [18]. The use of IEF to detect glutathionylated caspases
in vivo has several advantages to other potential methods in that it does not require the use of
labeling procedures or extensive sample processing or purification and is sensitive, requiring
only small amounts of protein (50–100 µg).

Mass spectrometric analysis revealed both p12 and p17 subunits of caspase-3 were
glutathiolated upon incubation with GSSG. Further analysis of tryptic peptides derived from
GSSG-treated caspase-3 revealed Cys45 (Cys220 in the procaspase-3 sequence) on p12 and
Cys135 (Cys163 in the procaspase-3 sequence) on p17 were glutathiolated. Incorporation of
biotinylated glutathione to the p12 subunit appeared to occur at a lower concentration than for
the p17 subunit suggesting that the most sensitive site for glutathionylation is Cys45 on p12
and not the active site (Cys135 on p17), although at higher GSSG concentrations (≥ 500 µM)
the band for p17 appears greater than that for p12. Hydrophobicity analysis of the primary
sequence of procaspase-3 reveals that the two cysteine residues capable of being glutathiolated
were located in or near hydrophilic domains, which suggests that these cysteine residues were
on the protein surface in aqueous solution. Cys135 on p17 (active site) was found to be the
primary site of modification by nitrosylation with NO [29] or alkylation with iodoacetamide
[16], both processes are known to completely abolish caspase-3 activity. One explanation for
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the high reactivity for the active site Cys may be due to its low pKa, compared with other non-
reactive cysteine residues. Like caspase-3, creatine kinase also has a reactive cysteine residue
at the active site, which is prone to glutathionylation upon oxidative stress [8]. Another
explanation for Cys135 being a target for glutathionylation may be related to the physical
properties of the amino acids in its vicinity. On the primary sequence, Cys135 is next to a basic
amino acid, Arg136, which might stabilize the adduct by interacting electrostatically with the
carboxyl group of the γ-glutamyl portion of GSH. Similar stabilizing interactions between GSH
and basic amino acids were shown to occur in the glutathionylation of c-Jun [11] and
thioredoxin [13]. Stabilization may also result from amino acids in vicinity in the three-
dimensional structure but not in the primary sequence as observed for carbonic anhydrase III
[30]. However, this is difficult to assess for caspase-3 because the three-dimensional structure
of active caspase-3 is unavailable. Overall, it is difficult to explain how glutathionylation of
Cys45 on p12 affects caspase-3 activity. While modification of this cysteine residue has not
been reported previously, cysteine-to-serine mutation at this site, as well as at Cys135, was
associated with increased cleavage compared to wildtype procaspases-3 [18].
Glutathionylation of this cysteine residue may prevent substrate access to the active site, or
may change the confirmation of the enzyme, or may completely disrupt the enzyme by
dissociating the two subunits.

Oxidative stress can have differential effects on cells in tissues including both induction of
apoptosis as well as cell proliferation depending upon numerous factors including dose and
type of oxidant and cell type [31, 32]. Our results suggest that oxidative stress-induced
caspase-3 glutathionylation may lead to an inhibition of apoptosis. Although oxidative stress
induces apoptosis in numerous cell types, such as hepatocytes [33], retinal pigment epithelial
cells [34] and cancer cell lines (eg. HL60) [35], other studies suggest that excessive oxidative
stress may inhibit caspase activity and apoptosis. For example, hydrogen peroxide at low
concentrations (50 µM) but not high concentrations (200–500 µM) was effective at inducing
caspase activation and apoptosis in Jurkat T-lymphocytes [36]. It is possible that the differential
effects of the type and extend of oxidative stress on apoptosis is, in part, driven by differential
effects on caspase glutathionylation. It should also be noted that caspase-independent oxidative
stress-inducible pathways such as the release of Apotosis-Inducing Factor (AIF) from the
mitochondria [37] may be playing a role in the induction of apoptosis under conditions where
caspase-dependant pathways are inhibited by glutathionylation.

In summary, we report on a novel protein modification of caspases, protein glutathionylation
that regulates caspases at two different levels: caspase activities and caspase proteolytic
activation. Future experiments are needed to investigate the relationship between caspase
glutathionylation and apoptosis. The addition of caspases and procaspases to the growing list
of critical cellular proteins regulated by glutathionylation, adds further support for the
importance of protein glutathionylation as a cell regulator.
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Figure 1.
Time Course, Dose Response and Reversibility of Inhibition of Caspase-3 Activity by GSSG.
(A) Time course of caspase-3 Inhibition by GSSG. HL-60 cell lysates (100 µg protein) were
incubated with (solid circle) or without (open circle) 1 mM GSSG at 37°C for various times
(0–120 min). Caspase-3 activity was measured according to Experimental Procedures. 1 unit=1
ΔO.D./min. (B) Dose Response of Caspase-3 Inhibition by GSSG. HL-60 cell lysates (100 µg
protein) were incubated with GSSG (0–1 mM) for 90 min at 37°C. Caspase-3 activity was
measured according to Experimental Procedures. (C) Reversibility of Caspase Inhibition by
GSSG is Thiol Specific. HL-60 apoptotic cell lysates (100 µg protein) were preincubated with
1 mM GSSG for 90 min at 37°C, then incubated with various concentrations of DTT, cysteine,
ascorbic acid and GSH for 30 min. Caspase-3 activity was measured as described in
Experimental Procedures. Results are presented as means ± SEM (n=3). * Significantly
different from untreated control, (P<0.01). ** Significantly different from GSSG-treated
control, (P<0.01).
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Figure 2.
Inhibition of Caspase-9 and Caspase-3 by GSSG in a Cell-Free System. (A) Activation of
Caspase-9 and Caspase-3 in HL-60 Cytosolic Cell Lysates by Cytochrome c and dATP. HL-60
cytosolic cell lysates (100 µg protein) were incubated with +/− 10 µM cytochrome c, +/− 1
mM dATP and +/− 1 mM DTT for 60 min at 37°C. Reactions were stopped by addition of
caspase activity buffer. Activities of caspase-9 and caspase-3 were measured using synthetic
substrates Ac-LEHD-pNA and Ac-DEVD-pNA, respectively. (B) Inhibition of caspase-3
activation by GSSG. HL-60 cytosolic cell lysates (100 µg protein) were preincubated with
different concentrations of GSSG for 90 min at room temperature. Cytochrome c and dATP
were added to activate caspases. After 60 min at 37°C, reactions were stopped by addition of
caspase activity buffer. Caspase-3 activity was measured in the presence (solid square) or
absence of 5 mM DTT (open square) using the synthetic tetrapeptide substrate. (C) Inhibition
of caspase cleavage by GSSG. Resulting reaction solutions (100 µl) after caspase activation
(above) were directly subjected to western blot analysis for caspase-3 and caspase-9 using
rabbit anti-caspase-3 and anti-caspase-9, respectively. Lane 1 (labeled “-“) contained no
cytochrome C and dATP.
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Figure 3.
Glutathionylation of Native and Recombinant Caspase-3 by Biotinylated GSSG. (A) Structure
of biotinylated GSSG. (B) Inhibition of Caspase-3 activity in HL-60 Cell Lysate by GSSG
(open square) and Biotinylated GSSG (solid square). (C) Glutathionylation of Native
Caspase-3 in HL-60 Cell Lysates. HL-60 apoptotic cell lysates containing 10 mg protein were
incubated with or without 50 µM biotinylated GSSG for 90 min. Proteins were dialyzed to
remove unbound biotinylated GSSG and then incubated with streptavidin-agarose beads. The
bound proteins were eluted by addition of 50 mM DTT, then subjected to western blot analysis
and probed with rabbit anti-caspase-3 antibody. (D) Glutathionylation of Recombinant
Caspase-3 by Biotinlyated GSSG. Human recombinant caspase-3 (150 ng) was incubated with
increasing concentrations of biotinylated GSSG for 90 min. Western blot analysis of caspase-3
was performed under reducing and non-reducing conditions using SDS-PAGE and probed with
avidin peroxidase.

Huang et al. Page 15

Biochem Pharmacol. Author manuscript; available in PMC 2009 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Mass Spectrometric Analysis of GSSG-treated Recombinant Caspase-3. Human recombinant
caspase-3 (2 µg) was treated with (A) 0 µM GSSG, (B) 50 µM GSSG, (C) 1 mM GSSG, or
(D) 1 mM GSSG and subsequently with 1 mM DTT at 37°C. The exposure times for GSSG
and DTT treatments were 90 and 30 min, respectively. All samples were subjected to mass
spectrometric analyses as described in Experimental Procedures.
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Figure 5.
Glutathionylation of Procaspase-3 in Liver. Protein extracts from rat liver were prepared as
described in Methods. Portions were reduced with 20 mM DTT for 30 min at 37°C and then
dialyzed over night. Portions of the DTT-treated samples were incubated with either 1 mM
GSSG or 1 mM cystine at 37°C for 90 min. All samples were subjected to IEF and immunoblot.
Lane 1, the original liver extract; lane 2, reduced liver extract; lane 3, GSSG-treated liver
extract; lane 4, cystine-treated liver extract.
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Table 1
Identification of Glutathiolated Cysteine Residues on Caspase-3 by MALDI-TOF

Peptide fragment

Control 50 µM GSSG

MW (Da) Intensity MW (Da) Intensity
p17 L(129–136)R 963.5 2623 963.5 439

1268.6 1158

p12 D(36–49)K 1598.8 500
1903.8 389
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