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Abstract

Cytosolic NADP " -dependent isocitrate dehydrogenase (IDPc) is susceptible to inactivation by numerous thiol-modifying
reagents. This study now reports that Cys®®® of IDPc is a target for S-glutathionylation and that this modification is reversed
by dithiothreitol as well as enzymatically by cytosolic glutaredoxin in the presence of GSH. Glutathionylated IDPc was
significantly less susceptible than native protein to peptide fragmentation by reactive oxygen species and proteolytic
digestion. Glutathionylation may play a protective role in the degradation of protein through the structural alterations of
IDPc. HEK293 cells treated with diamide displayed decreased IDPc activity and accumulated glutathionylated enzyme.
Using immunoprecipitation with an anti-IDPc IgG and immunoblotting with an anti-GSH IgG, we purified and positively
identified glutathionylated IDPc from the kidneys of mice subjected to ischemia/reperfusion injury and from the livers of
ethanol-administered rats. These results suggest that IDPc activity is modulated through enzymatic glutathionylation and

deglutathionylation during oxidative stress.
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Introduction

Tripeptide glutathione (GSH) is present in cells at
millimolar concentrations and the ratio of GSH to
glutathione disulphide (GSSQG) is critical for the
cellular redox balance [1]. Under conditions of
moderate oxidative stress, the reversible formation
of mixed disulphides between protein sulphydryl
groups and GSH, a process known as S-glutathiony-
lation, can occur [2]. In addition, S-glutathionylation
can also occur in physiologically-relevant situations,
where it modulates discrete effects on protein func-
tion [1]. Glutathionylation is reversed by the actions
of the enzyme glutaredoxin (thioltransferase) [3,4]
and may prevent the irreversible oxidation of cysteine
to cysteine sulphinic (Cys-SO,H) and sulphonic acid
(Cys-SO3H). Therefore, the regulated formation of
mixed disulphides between protein thiols and glu-
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tathione redox changes may act as a reversible switch
similar to phosphorylation [5]. Numerous enzymes,
including carbonic anhydrase III [6], tyrosine hydro-
xylase [7], creatine kinase [8], cAMP-dependent
protein kinase [9] and HIV-1 protease [10] are
potentially influenced by the formation of protein
adducts with glutathione. Transcription factors such
as c-Jun [5] and NFxB [11-13] also appear to be
redox-regulated by mechanisms that include protein
S-thiolation and Ras proteins become glutathiony-
lated, with the concomitant activation of p2lras,
when cells are exposed to oxidants [14].

The isocitrate dehydrogenases (ICDHs; ECI1.1.
1.41 and EC1.1.1.42) catalyse oxidative decarboxyla-
tion of isocitrate to a-ketoglutarate and require either
NAD* or NADP*, producing reducing equivalents
in the form of NADH and NADPH, respectively
[15]. NADPH is an essential electron donor for the
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regeneration of GSH by glutathione reductase and
for the activity of NADPH-dependent thioredoxin
system [16,17], both of which are important in
protecting cells from oxidative damage. Therefore,
ICDH may play an antioxidant role during oxidative
stress. In mammals, three classes of ICDH isoen-
zymes exist: mitochondrial NAD " -dependent ICDH
(IDH), mitochondrial NADP *-dependent ICDH
(IDPm) and cytosolic NADP "-dependent ICDH
(IDPc) [15]. We previously reported that NADP * -
dependent ICDHs help supply the NADPH needed
for GSH production against cytosolic and mitochon-
drial oxidative damage [18,19]. Although, the rela-
tionship between IDPc and its mitochondrial
counterpart is unknown, it is likely that these two
NADP " -dependent isoenzymes are derived from
different genes, based on the lack of cross-immunor-
eactivity [20], different chromosomal loci and gene
sequences [21,22], different tissue-specific expression
and different subcellular localizations [23]. Recently,
we reported that the activity of IDPm is regulated by
glutathionylation [24].

In this study, we demonstrate that IDPc is inacti-
vated by glutathionylation. This inactivation was
reversed not only by dithiothreitol (DTT) but also
by cytosolic thioltransferase (glutaredoxin 1, Grx1), a
thiol-disulphide oxidoreductase that is specific for
glutathionyl mixed disulphide substrates and specifi-
cally utilizes GSH as a co-substrate. This mechanism
suggests an alternative modification to the redox
regulation of cysteine in IDPc and suggests a possible
in vivo mechanism in the regulation of IDPc activity.

Materials and methods
Materials

Isocitrate, f-NADP™', NADPH, sodium selenite,
N-acetyl-DL-penicillamine (SNAP), GSH, GSSG,
cysteine, DTT, trypsin, N-ethylmaleimide (NEM),
diamide, rose bengal and 8-anilino-1-naphthalene
sulphonic acid (ANSA) were purchased from Sigma
Chemical Co. (St. Louis, MO). 4-Hydroxynonenal
(HNE) was obtained from Calbiochem (LLa Jolla, CA).
The anti-GSH antibody was purchased from VitroGen
(Watertown, MA). Streptavidin-HRP was purchased
from Cell Signaling (Beverly, MA). A purified mouse
IDPc was used to prepare polyclonal anti-IDPc anti-
bodies in rabbits. The human Grxl was purchased
from Abfrontier (Seoul, Korea).

IDPc expression and purification

To prepare recombinant IDPc, Escherichia coli was
transformed with the plasmid pET-22b(+) contain-
ing an insert of the human IDPc gene fused with a C-
terminal His x 6 tag were grown and lysed and then
the human IDPc was purified by affinity chromato-

graphy using a nickel-nitrilotriacetic acid-agarose
column (Qiagen).

Stite-directed mutagenesis and preparation of recombinant
proteins

Site-directed mutagenesis was performed using the
QuikChange site-directed mutagenesis kit (Strata-
gene, La Jolla, CA). The following mutagenic primers
were used: 5-GCTTCATCTGGGCCAGTAAAAA
CTATG-3’ for C269S and 5'-GGACTTGGCTGCT
AGCATTAAAGGTTTAC-3" for C379S, in which
the substituted serine codon is underlined. To pre-
pare recombinant proteins, E. coli transformed with
pET14b containing the cDNA insert for human
IDPc or mutant IDPc (C269S and C379S) con-
structs was grown and lysed and His-tagged proteins
were purified on nickel-nitrilotriacetic acid agarose.

In vitro glurathionylation

Recombinant IDPc was incubated with various con-
centrations of GSSG at 37°C for the indicated times.
Glutathionylated samples were subjected to SDS-
PAGE for immunoblotting with an anti-GSH IgG.
In vitro experiments with purified IDPc were also
done with biotin-labelled GSSG. Biotin-GSSG was
synthesized by coupling biotin to the primary amino
acids of GSSG using EZ-Link™ Sulfo-NHS-Biotin
(Thermo) as the biotinylating reagent, as described
previously [25]. Biotin labelling was revealed with
streptavidin-HRP.

Cell culture

The human embryonic kidney cell line HEK293 was
purchased from the American Type Culture Collec-
tion (Manassas, VA) and maintained in Dulbecco’s
modified Eagle’s medium, supplemented with 10%
foetal bovine serum, 100 units/ml penicillin and
100 pg/ml streptomycin sulphate. Cells were incu-
bated in a humidified atmosphere of 5% CO, and
95% air at 37°C.

Measurement of IDPc activity

IDPc (6.5 pg) or the cytosolic fraction was added to
1 ml of 40 mM Tris buffer (pH 7.4) containing
NADP' (2 mM), MgCl, (2 mM) and isocitrate
(5 mM). The activity of IDPc was measured by the
production of NADPH at 340 nm and 25°C [18].
One unit of IDPc activity is defined as the amount
of enzyme catalysing the production of 1 pmol of
NADPH/min. To determine the IDPc activity in
HEK?293 cells, cells were collected at 1000 x g for
10 min at 4°C and were washed once with cold PBS.
Cells were then homogenized with a Dounce homo-
genizer in sucrose buffer (0.32 M sucrose, 10 mM
Tris-Cl, pH 7.4), the cell homogenate was centrifuged
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at 1000 x g for 5 min, then the supernatant was
further centrifuged at 15 000 x g for 30 min. The
supernatant was used to measure the activity of IDPc.
Protein levels were determined by the Bradford
method using reagents purchased from Bio-Rad.

Immunoblot analysis

Proteins were resolved on a 10% SDS-polyacryla-
mide gel, transferred to nitrocellulose membranes
and subsequently subjected to immunoblot analyses
using the appropriate antibodies. Immunoreactive
antigen was then recognized by using horseradish
peroxidase-labelled anti-rabbit IgG and an enhanced
chemiluminescence detection kit (Amersham Phar-
macia Biotech). For glutathionylation detection by
immunoblot, IDPc was mixed with 5X SDS sample
buffer, without reducing reagents and supplement
with 5 mM NEM to block unreacted thiol groups and
then subjected to SDS-PAGE followed by electro-
blotting onto nitrocellulose membranes.

Immunoprecipitation

Cytosolic fractions were pre-cleared with protein-A
Sepharose (Amersham Pharmacia Biotech) and pre-
serum for 1 h at 4°C. Supernatants were then incubated
with rabbit polyclonal anti-IDPc (5 pg) for 12 h at 4°C
followed by a protein-A Sepharose incubation for 1 h at
4°C. Immunoprecipitated proteins were washed, sepa-
rated by SDS-PAGE and visualized by Western blotting
with an anti-GSH antibody.

Structural analysis

Steady-state intrinsic fluorescence measurements
were performed on a Shimadzu RF-5301 PC spectro-
fluorophotometer with the sample compartment
maintained at 22°C. A 150 W xenon source was used
with the slit-width fixed at 5 nm for excitation and

Activity (%)
Activity (%)
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emission. Unless otherwise stated, samples were
excited at 278 nm and the emission was monitored
between 300-400 nm. ANSA (100 pM) was incubated
with the various forms of proteins in 25 mM potassium
phosphate buffer, pH 7.0/50 mM KCI. The fluores-
cence emission spectra (excitation, 370 nm) of the
different mixtures were monitored on the spectro-
fluorometer. ANSA binding to the protein was deter-
mined by subtracting the emission spectrum of ANSA
alone from that of ANSA in the presence of enzyme.

Preparation of cytosolic fractions from tissues

Kidneys from mice subjected to 30 min of bilateral
renal ischemia and reperfusion for 24 h were the kind
gift of Dr K.M. Park (Kyungpook National Univer-
sity, Korea). Livers from rats injected intraperitone-
ally with ethanol (2.5 g/kg/day, 7 days) were the kind
gift of Dr E. S. Yang (Kyungpook National Uni-
versity, Korea). Tissues in sucrose buffer (0.32 M
sucrose, 10 mM Tris-HCIl, pH 7.4) on ice were
homogenized with a Dounce homogenizer. The
homogenate was centrifuged at 1000 x g for 5 min
and the supernatant was centrifuged at 15 000 x g
for 30 min. The supernatant was used to purify IDPc
by immunoprecipitation.

Replicates

Unless otherwise indicated, each result described in
the paper is representative of at least three separate
experiments.

Results

GSSG inhibited the activity of IDPc in a time- and
concentration-dependent manner (Figure 1A and B).
Incubation of IDPc with 5 mM GSSG for 30 min
completely eliminated activity, while 5 mM GSH did

C o 2 5 10 GSSG(mM)
anti-GSH | - - . |
anti-1DPc | < i N |

D o 005 05 5 Biotin-GSSG (mM)

Time (min) GSSG (mM)

Streptavidin-HRP | — |

Coomassie
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Figure 1. Inactivation of IDPc by GSSG and detection of GSS-IDPc. (A) Time-dependent inactivation of IDPc by GSSG. IDPc was

incubated with 5 mM GSSG (open circles) or 5 mM GSH (closed circles) at 37°C. An aliquot of the incubation mixture was taken at the
indicated times and the remaining activity was determined. Activities are given as a percentage of the control value. Data are presented as
means +SD of five separate experiments. (B) Concentration-dependent inactivation of IDPc by GSSG. IDPc was incubated with various
concentrations of GSH or GSSG for 30 min at 37°C and the remaining activity was determined. Activities are given as a percentage of the
control value. Data are presented as means +SD of five separate experiments. (C) Immunochemical analysis of GSS-IDPc. After incubation
with various concentrations of GSSG for 30 min at 37°C samples were subjected to SDS-PAGE for immunoblotting with an anti-GSH IgG.
(D) Recombinant IDPc was incubated with various concentrations of biotin-GSSG. Western blot probed with streptavidin-HRP and
developed with the ECL reagent.
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not noticeably inhibit IDPc activity. Compared to a
previous report on IDPm [24], IDPc was significantly
more susceptible to inactivation by glutathionylation.
When IDPc was incubated with various concentra-
tions of GSSG and subjected to non-reducing
Western blot analysis with a polyclonal anti-GSH
antibody, the intensity of the immunoreactive 45
kDa band was increased in a concentration-dependent
manner (Figure 1C). As a complementary approach,
the recombinant IDPc was treated with biotin-GSSG.
Figure 1D shows non-reducing Western blots probed
with streptavidin-HRP to detect IDPc undergoing
S-glutathionylation following this treatment.

It has been proposed that the cysteine residue(s) in
IDPc could be potential targets of sulphydryl mod-
ifying agents [26]. To determine whether glutathio-
nylated cysteine(s) in IDPc are susceptible to
sulphydryl modifying agents, IDPc was reacted
simultaneously with GSSG and various concentra-
tions of diamide, SNAP, selenite and HNE, a lipid
peroxidation product. As shown in Figure 2A, a dose-
dependent decrease of glutathionylated IDPc was
observed. The addition of 5 mM DTT or GSH
completely reversed inhibition (Figure 2B), suggest-
ing that GSSG modifies susceptible cysteine(s) on the
protein through the formation of a mixed disulphide.
Grxl is known to specifically reverse protein-
glutathione mixed disulphides by utilizing GSH as
an electron donor. More than 90% of the original
IDPc activity was recovered by the enzyme-catalysed
disulphide exchange with Grx1 (5 pg) in the presence
of 0.5 mM GSH (Figure 2B). However, the recovery
of IDPc activity was not pronounced with 0.5 mM
GSH alone. Western blotting with an anti-GSH
antibody revealed a correlation between the recovery
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of IDPc activity and the reduction in glutathionylated
IDPc level (Figure 2B). The remaining activity of the
C269S mutant was not affected by GSSG and no
glutathionylated IDPc was observed with 5 mM
GSSG (Figure 2C), confirming that Cys>®° is a target
of IDPc glutathionylation. Glutathionylation of the
C379S mutant IDPc was similar to that of wild-type
IDPc.

Under the conditions of oxidative stress, reactive
oxygen species (ROS) can cause oxidative damage to
cellular proteins, including fragmenting the peptides.
The fragmentation of IDPc by oxidative damage was
measured by the disappearance of the native IDPc
band at 45 kDa in denaturing electrophoresis gels.
Glutathionylated IDPc was protected from the pep-
tide fragmentation caused by RB/light (Figure 3A),
which generates singlet oxygen. Furthermore, glu-
tathionylated IDPc was significantly less susceptible
than the native protein to proteolytic digestion by
trypsin (Figure 3B). Glutathionylation may play an
important protective role in the degradation of IDPc
by ROS or proteases, presumably through structural
changes that render IDPc less susceptible to attack.
To reveal increases in protein flexibility during the
partial unfolding of glutathionylated IDPc, binding of
the fluorescent probe ANSA was used to detect the
accessibility of the hydrophobic regions on the pro-
tein. When IDPc was exposed to GSSG for
30 min, it bound the hydrophobic probe ANSA
more efficiently than the native protein did (Figure
3C). To determine the effects of glutathionylation
on the IDPc conformation, the intrinsic fluorescence
of the aromatic amino acids in each of the various
enzyme forms was determined. Native IDPc
exhibits a fluorescence emission spectrum typical for
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Figure 2. Effect of sulphydryl modifying agents on IDPc glutathionylation and the reversibility of glutathionylation. (A) After incubating
IDPc with 5 mM GSSG in the presence or absence of diamide, selenite, SNAP and HNE for 30 min at 37°C, samples were characterized by
SDS-PAGE followed by immunoblotting with an anti-GSH IgG. (B) IDPc was incubated with 5 mM GSSG for 30 min and subsequently
treated with 5 mM DTT, 5 mM GSH or Grxl (5 pg) in the presence of 0.5 mM GSH for 30 min at 37°C. Activities are given as a
percentage of the control value. Data are presented as means +SD of three separate experiments. Samples were characterized by SDS-PAGE
followed by immunoblotting with an anti-GSH IgG. (C) Wild-type and mutant IDPc were treated with 5 mM GSSG for 30 min at 37°C and
the remaining activity was determined. Activities are given as a percentage of the control value. Data are presented as means +SD of three
separate experiments. After incubation with 5 mM GSSG for 30 min at 37°C, wild-type and mutant IDPc were characterized by SDS-

PAGE followed by immunoblotting with an anti-GSH IgG.
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Figure 3. Effect of glutathionylation on the oxidative fragmentation and proteolytic digestion of IDPc and structural changes in
glutathionylated IDPc. IDPc was treated with or without 5 mM GSSG for 30 min at 37°C. Then the reaction mixtures passed through
microspin G25 columns. Glutathionylated and untreated control IDPc were incubated with 10 pM rose bengal/light for the indicated times
(A) or with various concentrations of trypsin for 15 min at 4°C (B). Samples were separated by SDS-PAGE and protein bands were
visualized by Coomassie staining. (C) Spectrofluorometric analysis of ANSA binding to glutathionylated IDPc. Emission spectra from 400—
600 nm (excitation, 370 nm) of ANSA (100 pM) bound to native IDPc (lower trace) or IDPc treated with 2 or 5 mM GSSG for 30 min at
37°C (middle and upper traces, respectively). The increase in fluorescence intensity at 490 nm resulting from ANSA binding to the enzyme
was determined by subtracting the emission spectrum of ANSA alone from that of ANSA in the presence of the different forms of the
enzyme. (D) Steady-state emission spectra of the intrinsic fluorescence of native IDPc (upper trace) or IDPc treated with 2 or 5 mM GSSG
for 30 min at 37°C (middle and lower traces, respectively) were analysed in a spectrofluorometer. Spectra were obtained using an excitation
wavelength of 278 nm and excitation and emission slits of 5 nm.

tryptophan residues in proteins. Upon excitation of
native IDPc at 278 nm, an emission spectrum with a
maximum at 333 nm was observed. The fluorescence
spectra of native and GSSG-treated IDPc, normalized
to the protein content, showed that modified IDPc
displays a dose-dependent decrease in the quantum
yield of the emission spectra (Figure 3D).

Because GSSG readily glutathionylates IDPc
vitro, we examined IDPc activity and glutathionylation
in the embryonic kidney cell line HEK293 after

diamide can reportedly serve as catalysts in promoting
the formation of protein-mixed disulphides with glu-
tathione [27]. We observed a concentration-depen-
dent decrease of IDPc activity in diamide-treated cells
(Figure 4A). Cytosolic fractions from both control and
diamide-treated cells were subjected to immunopreci-
pitation with anti-IDPc antibody followed by separa-
tion on SDS-PAGE. AWestern blot analysis of purified
IDPc with an anti-GSH IgG revealed a concentration-
dependent increase of immunoreactive bands in dia-

diamide treatment. Chemical oxidants such as mide-treated cells, while no increase was found in the
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Figure 4. IDPc glutathionylation in HEK293 cells treated with diamide and tissues from animals under oxidative stress. (A) HEK293 cells
were incubated with various concentrations of diamide for 30 min at 37°C and disrupted by sonication. The cytosolic fraction was prepared
and the activity of IDPc was determined. Activities are given as a percentage of the control value. Data are presented as means +SD of five
separate experiments. (B) IDPc was purified from control and oxidant-treated HEK293 cells using immunoprecipitation with an anti-IDPc
antibody as described, then characterized by SDS-PAGE followed by immunoblotting. Purified IDPc was probed with an anti-GSH IgG.
Kidney (C) and liver (D) IDPc were purified from control and ischemia/reperfusion-induced mice and alcohol-administered rats,
respectively, using immunoprecipitation with an anti-IDPc as described. Purified IDPc was probed with an anti-GSH IgG.
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control cells (Figure 4B). To verify the physiological
significance of our finding, direct evidence for the
enhanced glutathionylation of IDPc in tissues under
oxidative stress was evaluated by immunoprecipitation
with an anti-IDPc antibody followed by immunoblot-
ting with an anti-GSH antibody. Ischemia/reperfusion
[28] and alcohol administration [29] are reported to
markedly increase ROS production and to subse-
quently induce a pro-oxidant state of tissues. IDPc
from the kidneys of ischemia/repefusion-induced mice
and the livers of ethanol-administered rats was purified
by immunoprecipitation with an anti-IDPc antibody.
Western blot analysis of these IDPc proteins with an
anti-GSH IgG showed a significant increase of glu-
tathionylated IDPc (Figure 4C and 4D).

Discussion

NADPH is used by the cell to maintain a level of
GSH and reduced thioredoxin to combat oxidative
damage. Glutathione reductase converts GSSG to
GSH in the cell using NADPH as a reducing
equivalent [16]. The oxidized form of thioredoxin,
with a disulphide bridge between the half-cystines, is
reduced by NADPH in the presence of the flavopro-
tein, thioredoxin reductase [30]. Reduced thiore-
doxin may provide reducing equivalents to several
enzymes including thioredoxin peroxidases and
methionine sulphoxide reductase, presumably aiding
in the defense against oxidative stress. Although the
pentose phosphate pathway is considered to be a
major source of cellular reducing power, with G6PD
catalysing the key NADPH-producing step [31], it is
possible that other enzymes generate NADPH. IDPc
of rat liver has been proven to have an ~ 20-times
higher specific activity than G6PD [32]. Recently, an
IDPc species that is preferentially expressed in the
bovine corneal epithelium was identified. The role of
this enzyme in corneal transparency is likely due to its
protective effect against UV radiation [33]. We also
previously reported that the control of the cellular
redox balance and oxidative damage are primary
functions of IDPc in NIH3T?3 cells [18].

The purpose of this study was to examine the
mechanism of IDPc regulation, inactivation by glu-
tathionylation. We hypothesized that the IDPc is a
likely target of glutathionylation based on the fact that
it contains a highly reactive cysteine at physiological
pH [26] and that modification by sulphydryl-specific
reagents inhibit enzyme activity. The sulphydryl
groups of IDPc reportedly are susceptible to mod-
ification by ROS, reactive nitrogen species and lipid
peroxidation products [29,34-36]. Experiments per-
formed in virro demonstrated that IDPc is inactivated
by reversible glutathionylation. Sulphydryl modifying
agents such as diamide, selenite, SNAP and HNE

inhibited the glutathionylation of IDPc. The main
feature that makes S-glutathionylation a possible
regulatory mechanism is its reversibility [1]. Treat-
ment of glutathionylated IDPc with DTT or Grx1 in
the presence of GSH recovered IDPc activity,
indicating the formation of protein-SSG species.
The mutant protein C269S is resistant to GSSG-
induced inactivation, suggesting that Cys*®*® is a
target for glutathionylation.

If a cysteine is glutathionylated, it is not available
for other oxidative reactions. In this respect, gluta-
hionylation is often considered a way to protect
sensitive cysteines from other, possibly irreversible,
forms of oxidation, thus allowing the cells to restore
the cognate function of the protein when oxidative
stress conditions are overcome [37]. Supportive
evidence for this arises, for example, from the S-
glutahionylation of the y-glutamyl transpeptidase,
which seems to protect this protein from the irrever-
sible oxidative damage by hydrogen peroxide during
y-glutamyl transpeptidase-mediated metabolism of
GSH [38]. Glutathionylated IDPc was less suscep-
tible to ROS-mediated fragmentation and protease
attack. We also demonstrated that structural changes
in IDPc protein were imposed by glutathionylation,
thus indicating a potential for a regulatory function of
S-glutathionylation. Thus, it is tempting to speculate
that IDPc glutathionylation, at least partially respon-
sible for maintaining cellular redox status against
oxidative stress by avoiding irreversible inactivation of
important antioxidant enzymes.

Under basal conditions the concentration of GSH
dominates GSSG by more than an order of magni-
tude. However, in many diseases the redox equili-
brium shifts with a loss of GSH and an accumulation
of GSSG When GSSG accumulates in tissues, it
results in the formation of S-glutathionylated proteins
[39]. In this respect, the ready formation of glu-
tathione mixed disulphide on IDPc has pathological
significance. Immunoprecipitation and Western blot
analysis revealed that the GSSG-protein adduct of
IDPc is present in the kidneys from ischemia/reperfu-
sion-induced mice and the livers from ethanol-
administered rats. Thus, the possibility that IDPc is
regulated by glutathionylation in various oxidative
stress-related diseases merits further consideration.
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