
INTRODUCTION

ACCUMULATING EVIDENCE suggests that differential
responses in nuclear and cytoplasmic compartments

form a basis for selectivity in redox signaling mechanisms
(20–22). Generation of reactive oxygen species (ROS) is asso-
ciated with the binding of certain growth factors and cytokines,
such as epidermal growth factor (EGF) and tumor necrosis fac-
tor � (TNF-�) to their cell-surface receptors (16, 55). These
physiologically derived ROS induce differential, compart-
mented redox effects (20, 22). In the cytoplasm, several
kinase/phosphatase signaling pathways are susceptible to alter-
ations in redox environment [e.g., ASK-1 and protein tyrosine
phosphatase (PTP)] (10, 51). Oxidative modification of cat-
alytic cysteines in PTPs by hydrogen peroxide (H2O2) results in
the transient inhibition of phosphatase activity. In the nucleus,

redox-dependent signaling mechanisms play an integral role in
regulation of gene expression. Several transcription factors, in-
cluding NF-�B, p53, and AP-1, possess reversibly oxidizable
cysteines in their DNA-binding domains that are subject to
modulation via interaction with a redox sensor protein, redox
factor 1 (Ref1) (23, 25, 45). Oxidation of these cysteine
residues results in a decrease in DNA-binding activity (38).
Other redox modifications to cysteines in transcription factor
DNA-binding sites include S-glutathionylation, S-nitrosylation,
and sulphenic/sulphonic acid formation (46, 50). Suppression
of redox-active transcription factors can be achieved through
toxicologic agents, as shown by repression of DNA binding of
NF-�B by diamide and N-ethyl maleimide (57).

Two major thiol systems function in redox regulation, one
dependent on thioredoxin 1 (Trx1) and the other dependent
on glutathione (GSH). Trx1 acts as a protein thiol reductant
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ABSTRACT

The effects of nuclear-localized oxidative stress on both nuclear antioxidant systems, and the processes that
they regulate, are not clearly understood. Here, we targeted a hydrogen peroxide (H2O2)-producing enzyme,
D-amino acid oxidase (DAAO), to the nucleus (NLS-DAAO) and used this to generate H2O2 in the nuclei of
cells. On addition of N-acetyl-D-alanine (NADA), a substrate of DAAO, to NLS-DAAO–transfected HeLa cells,
a twofold increase in ROS production relative to untreated, transfected control was observed. Staining of cellu-
lar thiols confirmed that NLS-DAAO–induced ROS selectively modified the nuclear thiol pool, whereas the cy-
toplasmic pool remained unchanged. Furthermore, NLS-DAAO/NADA–induced ROS caused significant oxi-
dation of the nuclear GSH pool, as measured by nuclear protein S-glutathionylation (Pr-SSG), but under the
same conditions, nuclear Trx1 redox state was not altered significantly. NF-�B reporter activity was dimin-
ished by NLS-DAAO/NADA–stimulated nuclear oxidation. We conclude that nuclear GSH is more susceptible
to localized oxidation than is nuclear Trx1. Furthermore, the attenuation of NF-�B reporter activity in the ab-
sence of nuclear Trx1 oxidation suggests that critical nuclear redox proteins are subject to control by S-glu-
tathionylation during oxidative stress in the nucleus. Antioxid. Redox Signal. 9, 807–816.
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and is an important regulator of redox-sensitive transcription
in the nucleus (48). Although it does not contain any nuclear
localization sequences, Trx1 translocates into the nucleus in
response to hydrogen peroxide, tumor necrosis factor, and
ionizing radiation (24, 35, 61). Trx1 maintains redox-active
cysteines of Ref1 as well as those in the DNA-binding
regions of transcription factors in a reduced state. Methods
have been developed for the parallel measurement of the
redox sates of nuclear and cytoplasmic Trx1 by using a redox
Western blot approach (60). Whereas redox signaling events
have been shown to interact with nuclear and cytoplasmic
Trx1 in a differential manner (20, 21), little is known about
the effects of nuclear oxidative stress on the redox couple.

The other major nuclear redox system is dependent on
GSH. GSH-dependent mechanisms have been implicated in
the maintenance of cysteine residues on zinc-finger DNA
binding motifs in a reduced and functional state, DNA syn-
thesis, and protection of DNA against oxidative stress (11).
The GSH-associated antioxidant proteins glutathione peroxi-
dase, glutathione reductase, and glutathione S-transferase
display compartmented responses to oxidant stress (5, 30,
34). Oxidized intracellular GSH/GSSG ratios have been
shown to inhibit NF-�B activity in certain cell types (19), a
process that may occur through S-glutathionylation of cys-
teines in the DNA binding site of NF-�B or other associated
proteins (13, 46). Therefore, the relative sensitivity of the
nuclear glutathione pool to nuclear oxidative stress has impor-
tant implications for specificity in localized redox signaling.

Currently, limited methods are available for the selective
and controlled modulation of the nuclear redox state without
simultaneously oxidizing the entire cell. Certain DNA-
modifying agents such as doxorubicin (Adriamycin) and cis-
platin are thought to induce nuclear oxidative stress; however,
Adriamycin also modifies mitochondrial DNA, and cisplatin
is a cross-linking agent inducing significant nonoxidative
changes in nuclei (26). To provide a model with more-selective
nuclear localized oxidative stress, we targeted a hydrogen
peroxide (H2O2)-generating enzyme, D-amino acid oxidase
(DAAO), to the nucleus. DAAO is a FAD-dependent oxidase,
which catalyzes the deamination of D-amino acids to their
corresponding imino acid form with stoichiometric production
of H2O2. Imino acids are rapidly converted to their correspond-
ing 2-oxo acid and ammonia (NH3) (Fig. 1) (41). The use of
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nuclear-targeted DAAO offers several potential advantages as
a tool for the study of redox-dependent nuclear systems such
as transcription factor activity. Endogenous DAAO is present
in peroxisomes, an organelle with high catalase activity. Pre-
vious research has shown that H2O2 generated in peroxisomes
is preferentially metabolized in peroxisomes (29). Thus, even
though endogenous DAAO produces H2O2 in response to
added substrate, production of H2O2 by ectopic nuclear
DAAO can be expected to introduce a selective nuclear
oxidative stress. Furthermore, comparison to vector controls
can be used to distinguish between effects of endogenous and
ectopic DAAO (27). The vast majority of amino acids in eu-
karyotic organisms occur as the L-stereoisomer. Because of
the enzyme specificities and mechanisms, D-amino acids are
unlikely to affect other oxidase systems in the nucleus, such
as lysyl oxidase, spermine oxidase, and NADPH oxidase 4
(32, 33). We describe a model for nuclear-specific oxidation
by using nuclear-targeted DAAO. The system generates sig-
nificant amounts of ROS, which are capable of interacting
with nuclear redox machinery. The results show a preferential
oxidation of nuclear GSH and an inhibition of NF-�B activity
in the absence of nuclear Trx1 oxidation.

MATERIALS AND METHODS

Cloning of NLS-DAAO

Human D-amino acid oxidase cDNA expressed in
pCMV6-XL5 was obtained from Origene, Rockville, MD.
The cDNA was cloned into a nuclear-targeting vector,
pCMV/Myc/nuc (Invitrogen, Carlsbad, CA) by polymerase
chain reaction (PCR) between NcoI and XhoI restriction sites
of the multiple cloning site. The forward and reverse primer
sequences were 5�-CGACACCATGGCAATGCGTGTGGTG-3�
and 5�-ATCTACTCGAGGAGGT GGGATGGTGG-3�, respec-
tively. Cloning was confirmed by running the digested
product on an agarose gel and by direct sequencing.

Cell culture and transfection conditions

HeLa cells (ATCC, Manassas, VA), maintained in MEM
(Minimum Essential Medium) supplemented with 10% fetal
bovine serum and antibiotics (penicillin, streptomycin) were
used for all experiments. Cells were transfected at 70–80%
confluence by using the FuGENE 6 non–liposome-based sys-
tem (Roche Applied Science, Indianapolis, IN). Fugene
6/DNA complexes were prepared by mixing Fugene 6 and
DNA in a 3:1 ratio in serum-free MEM; 3 µl Fugene 6 to 1 µg
DNA per plasmid per well for a six-well plate. Within indi-
vidual experiments, all cells were transfected with equal
amounts of DNA. Relative amounts of Fugene 6 and plasmid
DNA were increased proportionately for transfection of 6-cm
and 10-cm plates. All cells were transfected for 24 h with
either pLacZ (Invitrogen) or NLS-DAAO in antibiotic-free
MEM containing 10% FBS.

Western blotting and immunoprecipitation

Culture media were aspirated, and cells were washed once
in PBS and collected in lysis buffer [20 mM HEPES, pH 7.8,
350 mM KCl, 1 mM MgCl2, 0.5 mM EDTA, 0.1 mM EGTA,

FIG. 1. Mechanism of ROS generation by D-amino acid
oxidase. Oxidative deamination of D-amino acid to D-imino
acid requires the participation of FAD cofactor. FAD is reduced
during this half-reaction and is reoxidized by molecular
oxygen (O2), generating hydrogen peroxide (H2O2) to complete
the reaction cycle. D-Imino acids spontaneously hydrolyze to
2-oxo acid and ammonia (NH3) in solution.
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1% vol/vol NP-40 with protease inhibitor tablet (Roche
Applied Science) added fresh]. Protein lysates (30 µg) were
separated on 10% SDS-PAGE, transferred to nitrocellulose
membranes and probed for c-Myc (Sigma-Aldrich, St. Louis,
MO). For p50 Western blots, nuclear and cytoplasmic fractions
were obtained as described for Trx1 redox Western blotting.
Nuclear extracts (15 µg) were separated on 10% SDS-PAGE,
transferred to nitrocellulose membranes, and probed with
anti-p50 (1:500) (Santa Cruz Biotechnology, Santa Cruz,
CA). For immunoprecipitation of c-Myc–tagged proteins, cell
lysates were incubated with monoclonal anti-c-Myc (1:1,000)
for 1 h at 4°C and combined with protein-G agarose beads
(2 h at 4°C) in accordance with manufacturer’s guidelines
(Sigma-Aldrich). Immunoprecipitated proteins were sepa-
rated on 10% SDS-PAGE, transferred to nitrocellulose mem-
brane, and probed with anti-DAAO (1:10,000) (Rockland
Immunochemicals, Inc., Gilbertsville, PA).

Immunostaining

To confirm nuclear localization of NLS-DAAO, trans-
fected cells were grown on coverslips and transfected as de-
scribed earlier. Cells were fixed in –20°C methanol (10 min)
and –20°C acetone (1 min), washed twice in PBS, and incu-
bated with monoclonal anti-c-Myc (1:100) (Sigma-Aldrich) in
PBS containing 1% BSA. Coverslips were washed 3 times in
PBS, incubated with FITC-conjugated anti-mouse secondary
antibody (1:1,000) (Invitrogen), washed 3 times in PBS, and
placed on glass slides by using DAPI-containing mounting
media (Vector Laboratories, Burlingame, CA). Slides were ex-
amined under a fluorescent microscope (Olympus BX61,
Olympus, Center Valley, PA) with FITC and DAPI filters.

Measurement of ROS and cell viability

H2O2 generation by NLS-DAAO was measured with
dichlorofluorescin diacetate (DCFH-DA) (Invitrogen). Cells
(96-well plate, 104 per well) were loaded with dichlorofluo-
rescin diacetate (DCFH-DA) (100 µM) and incubated at 37°C
for 30 min. Cells were treated with N-acetyl-D-alanine
(NADA), N-acetyl-L-alanine (NALA) or H2O2, and fluores-
cence was measured at 1-min intervals over 30 min by using
a fluorescence plate reader (SpectraMax M2, Molecular
Devices, Sunnyvale, CA) with excitation at 485 nm and
emission at 530 nm.

For analysis of cell viability, cells were plated in 24-well
plates, transfected as described, and treated for 24 h with dif-
ferent concentrations of NADA or 1 mM H2O2. Cells were
then incubated with methylthiazolyldiphenyltetrazolium bro-
mide (MTT) reagent (Sigma-Aldrich) (5 mg/ml) for 2 h at
37°C, and the resulting formazan dye was solubilized in
DMSO. Absorbance was measured at 550 nm.

Live cell thiol staining by CMF-DA

Cells were treated with NADA or H2O2 for 15 min,
washed twice in PBS, and loaded with 5-chloromethylfluo-
rescein-diacetate (CMF-DA) (Invitrogen) (4 �M) in 1x PBS.
Cells were incubated at 37°C for 15 min, washed with 1x PBS
for 15 min at 37°C, and viewed under a fluorescent micro-
scope (Olympus BX61) at 20x magnification with a fluores-
cein isothiocyanate (FITC) filter.
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Trx1 redox Western blotting

For nuclear isolation, cells were scraped in 10 mM HEPES,
pH 7.8, 10 mM KCl, 2 mM MgCl2, 0.1 mM EDTA, 0.2 mM
NaF, 0.2 mM Na3VO4.6H2O with protease inhibitor tablet, and
iodoacetic acid (IAA) (50 mM) (59). Cell suspensions were
incubated on ice for 5 min followed by Nonidet NP-40 treat-
ment (final concentration, 0.6% vol/vol). After centrifugation
at 16,000 g, the nuclear pellet and the cytosolic supernatant
were separated and analyzed by redox Western blotting as
follows. Subcellular fractions were treated with 6 M
guanidine-HCl, 50 mM Tris, pH 8.3, 3 mM EDTA, and 0.5%
Triton X-100 supplemented with 50 mM IAA (Sigma-
Aldrich). Nuclear and cytoplasmic fractions showed minimal
cross-contamination as measured by marker proteins (59).
After 30 min at 37°C, the excess IAA was removed
(Microspin G-25 columns; Amersham Biosciences Piscat-
away, NJ), and redox forms of Trx1 were separated by native
polyacrylamide gel electrophoresis (60). The gel was elec-
troblotted to nitrocellulose membrane and probed with goat
anti-human Trx1 antibody (1:5,000) (American Diagnostica,
Stamford, CT, U.S.A.). Membranes were then probed with an
Alexafluor 680 anti-goat secondary antibody (1:5,000)
(Invitrogen). Bands corresponding to Trx1 were visualized by
using the Odyssey scanner (LI-COR, Lincoln, NE).

NF-�B reporter activity assay

NLS-DAAO–transfected cells were cotransfected with
NF-�B luciferase reporter plasmid (Invitrogen) and pLacZ.
For activation of NF-�B, cells were transiently exposed to
exogenously added tumor necrosis factor-� (TNF-�)
(10 ng/ml) or NADA (1 mM). After 1 h, TNF-�-containing
media was aspirated and replaced with normal culture
medium or NADA-containing media and incubated at 37°C
for 7 h. Cells were then washed once with PBS and harvested
in 1x reporter lysis buffer (Promega, Madison, WI). Lu-
ciferase assay reagent (Promega) was added to lysates, and
luminescence was measured on a luminometer (Lumicount;
GMI, Ramsey, MN). The effect of NADA (1 mM) on NF-�B
luciferase reporter activity in TNF-�–stimulated cells was
found to be minimal (data not shown). NF-�B luciferase
reporter activity was normalized to �-galactosidase activity.
2-Nitrophenyl-�-D-galactopyranoside (ONPG) (Sigma-Aldrich)
containing assay reagent was added to lysates. After
incubation at 37°C for 15 min, absorbance was measured
at 420 nm.

Measurement of subcellular protein 
S-glutathionylation

Nuclei and cytosol were isolated as described earlier for
Trx1 redox Western blot, treated with ice-cold 100%
trichloroacetic acid (TCA) [1:4 (vol/vol)], incubated at 4°C,
and centrifuged to precipitate proteins. Protein pellets were
washed with TCA and resuspended in 0.1 M NaOH to neu-
tralize the acid and resolubilize the protein. Samples were re-
duced by treating with 5 mM DTT [1:1 (vol/vol)] at pH 8.0
for 30 min. After reduction, proteins were reprecipitated with
cold 10% PCA/boric acid containing �-glutamylglutamate as
an internal standard, centrifuged, and GSH and GSSG in the



supernatant were measured by HPLC as S-carboxymethyl,
N-dansyl derivatives as described (28).

Statistics

All the experiments were done at least 3 times with similar
results, and representative figures are shown. Data were col-
lected and expressed as mean ± SEM. Variation between
groups was evaluated by one-way ANOVA, and post hoc sig-
nificance tests were performed by using a Student’s t test. A
value of p < 0.05 was considered significant.

RESULTS

Expression and localization of NLS-DAAO

To determine expression levels and to verify the localiza-
tion of nuclear- targeted D-amino acid oxidase (NLS-DAAO),
HeLa cells were transfected with NLS-DAAO vector and ana-
lyzed by Western blot analysis at 24 h. Control cells were
transfected with a LacZ-containing plasmid, which was used
to determine transfection efficiency. Immunodetection of c-
Myc–tagged NLS-DAAO revealed the presence of a single
protein band in transfected cells whose weight corresponded
to the theoretic weight of the tagged DAAO (42 kDa)
(Fig. 2A). This 42-kDa protein was confirmed to be DAAO
by immunoprecipitation with anti–c-Myc from whole-cell
lysates and subsequent Western blot analysis with immunode-
tection of DAAO using anti-DAAO (Fig. 2A).

Previous studies show that DAAO occurs in several human
tissues including liver, kidney, and brain, but is not uniformly
distributed (42). Western blot analysis of HeLa cell lysates
did not reveal detectable levels of endogenous DAAO (not
shown). Immunofluorescence microscopy was used to deter-
mine subcellular localization of NLS-DAAO. Colocalization
of c-Myc epitope tag (green) and the nuclear-specific dye,
DAPI (blue), was observed in NLS-DAAO–transfected cells
(Fig. 2B). No cytoplasmic localization of NLS-DAAO was
observed. Furthermore, the absence of punctuate distribution
in the cytoplasm indicates that the nuclear localization
sequence of NLS-DAAO, which contains three tandem NLS
sequences, supersedes intrinsic DAAO localization sequences
that would otherwise target the protein to peroxisomes.

Effects of NLS-DAAO on ROS production, nuclear
thiol oxidation, and cell viability

DAAO acts with greater efficiency on amino acids that
have hydrophobic side chains, and D-alanine is a good sub-
strate. However, preliminary experiments showed that N-
acetylated D-alanine had greater activity in cells, presumably
because this form has greater membrane permeability. Conse-
quently, N-acetyl-D-alanine (NADA) was used as a substrate
for DAAO to test for stimulation of H2O2. Hydrogen peroxide
(H2O2) is a product of the oxidative deamination of D-amino
acids, catalyzed by DAAO. The activity of NLS-DAAO in
cells was indirectly monitored by measuring increased fluo-
rescence due to oxidation of dichlorofluorescin diacetate
(DCFH-DA). In the absence of NADA, DCF fluorescence did
not increase in NLS-DAAO–transfected cells compared with
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transfection controls (Fig. 3A). A twofold increase in DCF
fluorescence occurred at concentrations of 0.1 and 1 mM
NADA. This extent of increase was less than the oxidation
observed with 0.5 mM H2O2–treated positive controls, al-
though no legitimate comparisons can be made between bolus
addition of H2O2 to observed changes in steady-state H2O2

generation by the NLS-DAAO/NADA system. At less than
the established Km of DAAO for D-alanine (1.3 mM) (42),
both 0.1 and 1 mM NADA, showed significant H2O2 genera-
tion in transfected cells. The 10 �M NADA did not cause a
significant increase in H2O2 production. When N-acetyl-L-
alanine (NALA) was used in place of NADA, DCF fluores-
cence did not increase relative to untreated controls (Fig. 3A),
thus establishing the stereospecificity of NLS-DAAO, and
the apparent absence of production of H2O2 that could occur
if racemases rapidly converted NALA to NADA. It must also
be noted that ammonia and pyruvate, products of the NLS-
DAAO–catalyzed oxidative deamination of NADA, can po-
tentially alter the nuclear redox environment. Decreases in
glutathione peroxidase, superoxide dismutase, and catalase
activities and increases in superoxide production in submito-
chondrial particles are associated with ammonia-induced tox-
icity (31). Pyruvate has been shown to have a protective effect
against H2O2-induced toxicity (39), thus acting in opposition
to NLS-DAAO–derived H2O2. However, the demonstration of
significant H2O2 generation in NLS-DAAO–transfected,
NADA-treated versus pLacZ-transfected untreated cells
(Fig. 3A) suggests that the effects of pyruvate and ammonia
are minimal.

To test for nuclear-localized oxidation in NLS-DAAO–
transfected cells, a thiol-specific fluorescent dye, 5-chloromethyl-
fluorescein diacetate (CMF-DA) was used (Fig. 3B). CMF-DA
binds principally to reduced GSH in what is thought to be a
glutathione S-transferase–catalyzed reaction (56). CMF-DA
binds to protein thiols with much lower affinity (47). Addition
of 0.1 mM NADA to NLS-DAAO–transfected cells was suffi-
cient to cause a significant decrease in nuclear thiol staining
relative to control cells (Fig. 3B; NSL-DAAO, 0.1 mM
NADA). The addition of substrate to control cells did not cause
a change in nuclear thiol staining (Fig 3B; pLacZ, 0.1 mM
NADA). Similarly, expression of NLS-DAAO in the absence of
substrate did not affect the nuclear thiol pool (Fig. 3B; pLacZ,
untreated). Untreated cells showed more intense nuclear thiol
staining relative to the cytoplasm, thereby implying that the nu-
clear redox environment is more reducing than that of the cyto-
plasm. This is in general agreement with previous studies of
compartmental redox state with CMF-DA (58). The absence
of an increase in cytoplasmic thiol staining in NLS-
DAAO–transfected, NADA-treated cells suggests nuclear-
specific oxidation of GSH/GSSG rather than export of GSH
into the cytoplasm.

The effect of NLS-DAAO–induced ROS on cell viability
was examined by MTT assay (Fig. 3C). Cells were trans-
fected for 24 h and treated for an additional 24 h with NADA
to stimulate H2O2 production. A small but nonsignificant de-
crease in viability was seen in NADA-treated, NLS-
DAAO–transfected cells compared with pLacZ-transfected,
NADA-treated cells. In contrast, peroxide-treated cells
showed almost complete loss of viability. The data suggest
that H2O2 generation in response to NLS-DAAO does not



FIG. 3. Effects of NLS-DAAO on
ROS production, thiol oxidation,
and cell viability. (A) H2O2 pro-
duction in NLS-DAAO–transfected
cells treated with N-acetyl-D-alanine
(NADA), N-acetyl-L-alanine (NALA)
or H2O2 for 10 min was measured by
fluorescence due to dichlorofluo-
rescin diacetate (DCFH-DA) oxida-
tion. Each data point represents the
mean ± SEM; n = 4. *Significantly
different relative to NLS-DAAO–
transfected, untreated control, p < 0.05
(one-way ANOVA and post hoc Stu-
dent’s t test for significance). (B)
NLS-DAAO– and pLacZ-transfected
cells were treated with or without
NADA (top four panels) for 10 min,
and nontransfected cells were treated
with H2O2 for 10 min (bottom right).
Cells were stained with the thiol bind-
ing dye, 5-chloromethylfluorescein
(CMF-DA), and viewed under a fluo-
rescence microscope. The resulting
green fluorescence images were con-
verted to pseudocolor, with pink areas
representing higher intensities and
blue representing lower intensities.
Unstained cells were not visible
(bottom left). (C) Cell viability.
pLacZ- and NLS-DAAO–transfected
cells were treated with or without
NADA; cell viability was assayed by
the MTT assay, carried out as described in Methods and Methods. Viabilities (mean ± SEM; n = 4; *significantly different relative
to nontransfected, untreated control, p < 0.05, one-way ANOVA with post hoc Student’s t test for significance) are expressed as a
percentage of nontransfected, untreated controls.

cause an immediate cell death. Thus, the observed changes in
thiols are not due to increased cell death. 

Effects of NLS-DAAO on nuclear protein 
S-glutathionylation

The ability to measure nuclear GSH/GSSG redox state is
hindered by loss of GSH from the nuclei during fractionation
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procedures. Previous estimates of nuclear GSH have given
contradictory results (4, 7, 58). Here we examined the effects
of NLS-DAAO–induced ROS on the nuclear GSH pool by
measuring changes in the amount of nuclear S-glutathionylated
protein (Pr-SSG) in transfected cells. Pr-SSG can form from
reaction of GSSG with protein thiols (PrSH) or reaction of oxi-
dized proteins with GSH. Content of Pr-SSG in nuclear and
cytoplasmic components can be determined by measurement

FIG. 2. Expression and localization of NLS-
DAAO. (A) HeLa cells were transfected with
either pLacZ (lanes 1, 3) or NLS-DAAO (lanes 2,
4), and lysates were run on 10% SDS-PAGE and
immunoblotted with anti-c-Myc (lanes 1, 2).
Additionally, c-Myc–tagged proteins were
immunoprecipitated and immunoblotted with
anti-DAAO (lanes 3, 4). (B) pLacZ and NLS-
DAAO–transfected HeLa were fixed, incubated
with anti–c-Myc primary antibody, co-stained
with FITC-conjugated anti-mouse secondary
antibody and DAPI, and viewed under a fluores-
cence microscope at 40x magnification.
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of released GSH by HPLC, after reduction of nuclear and
cytoplasmic protein fractions with DTT (15) (Fig. 4). In
pLacZ-transfected, untreated cells, cytoplasmic and nuclear
Pr-SSG–derived GSH were 0.68 ± 0.15 and 0.96 ± 0.12
nmol/mg Pr, respectively (Fig. 4; pLacZ-transfected). H2O2-
treated (1 mM) cells showed significant increases in both cy-
toplasmic and nuclear Pr-SSG . In NLS-DAAO–transfected,
untreated cells, cytoplasmic and nuclear Pr-SSG–derived
GSH values were 0.87 ± 0.35 and 0.7 ± 0.1 nmol/mg Pr, re-
spectively (Fig. 4; NLS-DAAO–transfected, untreated). In
NLS-DAAO–transfected, NADA-treated cells, cytoplasmic
and nuclear Pr-SSG– derived GSH values were 0.34 ± 0.08 to
0.48 ± 0.09 nmol/mg Pr and 1.75 ± 0.23 to 2.2 ± 0.22
nmol/mg Pr, respectively (Fig. 4, NLS-DAAO–transfected).
This represents a twofold increase in Pr-SSG in the nucleus
induced by NLS-DAAO. Decreases in cytoplasmic Pr-SSG
in NLS-DAAO–transfected/untreated versus NLS-DAAO–
transfected/NADA treated were not found to be significant.
These concentrations of Pr-SSG–derived GSH represent only
a small fraction (<5%) of total cellular GSH/GSSG (data not
shown). Interestingly, substantial oxidation in nuclear glu-
tathione occurred with the addition of 0.01, 0.1, or 1 mM
NADA, although the data do not support a NADA concentration-
dependent response. Variations in transfection efficiency,
substrate delivery, and glutaredoxin activity may account for
this observation. Significant ROS generation was not de-
tected by DCF oxidation in NLS-DAAO–transfected, 0.01 mM
NADA-treated cells (Fig. 3A), even though nuclear Pr-SSG did
increase under these conditions, suggesting that nuclear
GSH/GSSG is highly sensitive to NLS-DAAO–induced
oxidative stress, scavenging ROS and preventing detection by
DCF.
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Effects of NLS-DAAO on Trx1 redox state

Changes in Trx1 redox state in NLS-DAAO–transfected
cells were examined by redox Western analysis with cell frac-
tionation, to provide redox state in both cytoplasmic and nu-
clear compartments (Fig. 5). Cells were transfected for 24 h
and subsequently treated with 1 mM NADA for ≤30 min
(Fig. 5A). No oxidation of nuclear Trx1 was seen in NLS-
DAAO–transfected, NADA-treated cells at any of the time
points examined relative to untreated, pLacZ-transfected cells
(Fig. 5A, B). Likewise, treatment with 1 mM NADA in the
absence of NLS-DAAO did not cause oxidation of nuclear
Trx1 (Fig. 5B). No differences in Trx1 redox state between
NLS-DAAO–transfected and control cells were observed in
cytoplasmic fractions. Nuclear and cytoplasmic Trx1 redox
state did not change at 12 or 24 h after NADA treatment (data
not shown). Significant oxidation of Trx1 occurred in both
nuclear and cytoplasmic fractions in H2O2-treated cells
(Fig. 5B). Similarly, DTT-treated cells showed significant re-
duction of Trx1 in both subcellular fractions (Fig. 5B).

NF-�B activity in NLS-DAAO–transfected cells

The role of subcellular compartmentation in the regulation
of the redox-sensitive transcription factor, NF-�B, has been
well established. Here we tested the ability of nuclear-localized
oxidative stress to influence NF-�B activity. With a known
stimulator of NF-�B activity, tumor necrosis factor-� (TNF-�)
(44), we first examined the effect of NLS-DAAO/NADA on
TNF-�–induced nuclear translocation of the NF-�B subunit,
p50. Western blot analysis of p50 nuclear fractions (normalized

FIG. 4. Nuclear and cytoplasmic protein S-glutathionylation
in NLS-DAAO–transfected cells. Cells were transfected
and treated with different concentrations of NADA or H2O2 for
10 min as shown. Nuclear and cytoplasmic fractions were ob-
tained as described in Materials and Methods. Proteins were
precipitated in trichloroacetic acid, and protein-bound GSH
was extracted from nuclear and cytoplasmic protein fractions
by reduction with DTT and measured by HPLC. The Y-axis
represents GSH derived from glutathionylated protein 
(Pr-SSG) normalized to total protein amounts. Data points rep-
resent the mean ± SEM; n = 3; *significantly different relative
to pLacZ, untreated control, †significantly different relative to
NLS-DAAO–transfected, untreated control, p < 0.05, one-way
ANOVA with post hoc Student’s t test for significance.

FIG. 5. Nuclear and cytoplasmic Trx1 redox states in NLS-
DAAO–transfected cells. (A) Cells were transfected with
NLS-DAAO and treated with 1 mM NADA for 0–30 min as in-
dicated. Redox Western analysis of cytoplasmic (top) and nu-
clear (bottom) Trx1 was carried out as described in Materials
and Methods. (B) Cells were transfected with pLacZ (lanes 1,
2) or nontransfected (lanes 3, 4) and treated as indicated for 10
min. Carboxymethylated Trx1 appears as three distinct bands:
top band is the two disulfide form, present under highly oxidiz-
ing conditions (H2O2-treated, B, lane 3), middle band is the one
disulfide-oxidized form (principally active-site oxidation), and
the lower band is the fully reduced form (60). The experiment
shown is representative of results obtained from four separate
experiments.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1526&iName=master.img-006.jpg&w=177&h=133
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1526&iName=master.img-007.jpg&w=227&h=152


to protein amount) showed significant increases in p50 nuclear
translocation in both pLacZ and NLS-DAAO–transfected cells
after 1 h of TNF-� (10 ng/ml) stimulation (Fig. 6A). NADA treat-
ment (1 mM, 1 h) of pLacZ and NLS-DAAO–transfected cells
did not induce p50 nuclear translocation. TNF-�–induced p50
nuclear translocation was unaffected in NLS-DAAO–trans-
fected, NADA-treated cells (Fig. 6A). Next, we investigated
the effects of NLS-DAAO–induced ROS on NF-�B reporter
activity. Cells were cotransfected with NLS-DAAO, NF-�B
luciferase reporter, and pLacZ for 24 h. Luciferase activity
was normalized to �-galactosidase activity (Fig. 6B). NF-�B
activity was stimulated by a single addition of TNF-� (10
ng/ml, 1 h), and then followed up over 7 h. TNF-� caused a
fivefold increase in NF-�B reporter expression relative to
unstimulated control in pLacZ-transfected and NLS-
DAAO–transfected cells. TNF-�–induced NF-�B reporter ac-
tivity was significantly suppressed in NLS-DAAO–transfected,
NADA-treated cells (58% decrease relative to NLS-
DAAO–transfected, TNF-�–treated cells), suggesting that
nuclear localized ROS had an inhibitory effect on NF-�B
DNA binding activity.

DISCUSSION

The redox machinery of the nucleus and the systems it
regulates represent a vital component of intracellular redox
signaling pathways, integrating antioxidant response, control
of gene transcription, and repair of oxidative DNA damage.
We investigated the relative responsiveness of nuclear redox
couples Trx1 and GSH/GSSG to nuclear-specific oxidative
stress by using a H2O2-generating enzyme targeted to the nu-
cleus. We further examined the capacity of this localized
H2O2 generation for the inhibition of NF-�B–dependent tran-
scription by using a reporter system. The results show that
nuclear GSH/GSSG is more sensitive to subcellular oxidation
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than are nuclear Trx1 and that NF-�B, which contains a
redox-sensitive cysteine in the DNA-binding region, and has
decreased activity under conditions of nuclear oxidative
stress.

Previous studies show a dual role for Trx1 in the regula-
tion of NF-�B activation and DNA binding (24). In the
cytoplasm, Trx1 has an inhibitory effect on I-�B kinase, thus
inhibiting NF-�B translocation to the nucleus. In the nu-
cleus, Trx1 promotes DNA binding of NF-�B by maintaining
redox-active cysteines of p50 in a reduced state via its inter-
action with Ref1 (40, 43). Overexpression of nuclear Trx1
promotes DNA binding of p50 and redox modification of
Cys62 in p50 results in decreased DNA binding (37, 38, 46).
Although the compartmentation of redox regulation of NF-�B
has been established, as well as the effects of extranuclear
oxidative stress, the effects of nuclear-localized oxidative
stress on this system are unclear. By using NLS-
DAAO/NADA as a tool for H2O2 generation in the nucleus,
we found that nuclear- specific oxidative stress causes the
inhibition of NF-�B reporter activity in the absence of nu-
clear Trx1 oxidation. Whereas this finding does not exclude
nuclear Trx1 as a major component in the redox regulation of
NF-�B in the nucleus, it does suggest that nuclear-localized
H2O2 interacts more readily with other nuclear redox-sensitive
components that influence NF-�B activity. Possible sites of
redox sensitivities are shown schematically in Fig. 7. Inhibi-
tion of NF-�B activity by NLS-DAAO– induced nuclear ox-
idative stress may be caused by oxidation of Ref1 (arrow 1,
Fig. 7) or by direct oxidative modification of redox-active
cysteines in the DNA binding site of p50, as described later
(arrows 2–4, Fig. 7).

In vitro models reveal that S-glutathionylation of Cys62 re-
versibly inhibits DNA binding of the transcription factor (46).
Similarly, artificially shifting the GSH/GSSG redox balance in
cultured cells by the addition of N-acetyl cysteine (NAC) pro-
motes NF-�B activation (19). Given the significant increase in

FIG. 6. The effects of nuclear-localized oxidative stress on NF-�B nuclear translocation and NF-�B reporter activity.
(A) Cells were cotransfected with pLacZ or NLS-DAAO and treated with NADA (1 mM) or TNF-� (10 ng/ml) for 1 h. Nuclear
protein extracts (15 �g per lane) were separated by 10% SDS-PAGE and probed with anti-p50. (B) Cells were cotransfected with
NLS-DAAO, NF-�B reporter plasmid and pLacZ and NF-�B was stimulated with TNF-� (10 ng/ml) for 1 h. TNF-�–containing
media was removed, and cells were incubated in normal or NADA (1 mM)-containing media for 7 h. Luminescence values were
normalized to corresponding �-galactosidase activities for each sample. Data points represent the mean ± SEM; n = 3; *signifi-
cantly different relative to pLacZ-transfected, untreated control; †significantly different relative to NLS-DAAO–transfected,
untreated control; ‡significantly different relative to NLS-DAAO–transfected, TNF-�–treated control; p < 0.05, one-way ANOVA
with post hoc Student’s t test for significance.
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nuclear Pr-SSG observed here, it is possible that S-
glutathionylation of p50 forms the mechanistic basis for the
inhibition of NF-�B activity during nuclear oxidative stress
(arrow 2, Fig. 7). Protein S-glutathionylation has been pro-
posed to occur by GSSG reacting directly with protein thiols
(14) or by GSH reacting with activated thiol residues (8). The
former may be limited by the low concentrations of GSSG
(micromolar range) in the cell. Here we observed protein
S-glutathionylation within 15 min of treatment with NADA,
which may indicate a substantial oxidation of the nuclear
GSH/GSSG pool, resulting in significant Pr-SSG formation.
Alternatively, oxidative modification of Cys62 in p50 may
occur through formation of sulphenic acid (–SOH) (arrow 4,
Fig. 7) (46).

Preferential GSH/GSSG oxidation appears to point to pro-
tein S-glutathionylation as an important mechanism by which
the nuclear redox environment adapts to oxidative challenge.
S-Glutathionylation as a signaling mechanism is advanta-
geous, as it is reversible, can occur rapidly due to catalysis by
glutaredoxin-1, and can be highly specific (12, 54). Previous
studies show that H2O2, generated in cells at subtoxic levels
by the addition of glucose oxidase, causes protein
S-glutathionylation, although not at the same levels elicited
by exogenous oxidant (9). Others have demonstrated correla-
tions between S-glutathionylation and gene expression during
oxidative stress (13). Interestingly, genes involved in NF-�B
activation and DNA methylation were overrepresented among
genes most responsive to GSH depletion. This suggests that
nuclear-specific proteins may be particularly responsive to
S-glutathionylation. S-Glutathionylation can also result in
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altered enzymatic activity (18, 36). We have demonstrated a
significant increase in nuclear protein S-glutathionylation in
response to subtoxic levels of H2O2 in the nucleus. Because
cytoplasmic Pr-SSG is not affected under these conditions,
we conclude that a localized set of nuclear proteins undergo
S-glutathionylation as part of the nuclear oxidative stress re-
sponse. It has yet to be determined what the critical nuclear
proteins are in this scheme, but redox-active proteins such as
Ref1 and peroxiredoxins are likely targets, as S-glutathionylation
could protect against irreversible oxidation.

Glutathione S-transferase (GST) may contribute to Pr-SSG
formation in the context of nuclear oxidative stress. Although
the role of GST in cell signaling in the cytoplasm through its
interaction with apoptosis signal–regulating kinase 1 (ASK1)
and c-Jun N-terminal kinase (JNK) has been established, its
role in redox signaling in the nucleus is less clear (1, 6). Be-
cause of their drug-metabolizing ability, GSTs are frequently
studied in terms of drug efficacy. Indeed, GST-pi has been
found to be highly expressed in certain cancer cells (52), and
increased GST-pi in the nucleus is associated, clinically, with
more aggressive tumors (2, 17). Some anticancer drugs such
as doxorubicin and cisplatin are thought to generate ROS as a
cytotoxic byproduct (53). Additionally, GSH depletion is as-
sociated with decreased drug resistance, due to diminished
efflux of the drug (3). Given the model described here of
nuclear-localized ROS induced–Pr-SSG formation, it is
possible that drug-induced ROS also causes an increase in
Pr-SSG either through oxidation of GSH/GSSG or through
alterations in GST-pi localization and activity (arrow 3,
Fig. 7). Recent studies have revealed an association between
GST-pi and the reactivation of oxidized 1-Cys Prx, further
highlighting a potential role for nuclear-localized ROS in
redox signaling (49).

In conclusion, the present results demonstrate that using a
nuclear-targeted D-amino acid oxidase provides a model for
specific nuclear oxidation. Under these conditions, nuclear
GSH/GSSG, as measured by Pr-SSG, shows greater respon-
siveness than Trx1 to nuclear oxidative stress. The results, sur-
prisingly, show that NF-�B reporter activity is inhibited even
without oxidation of nuclear Trx1. Consequently, the data sug-
gest a major role for nuclear protein S-glutathionylation in
controlling nuclear transcription during nuclear oxidative
stress.
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ABBREVIATIONS

ASK 1, apoptosis signal–regulating kinase 1; AP-1,
activator protein 1; CMF-DA, 5-chloromethylfluoresein
diacetate; DAA, D-amino acid; DAAO, D-amino acid
oxidase; DCFH-DA, dichlorofluorescin diacetate; Gpx, glu-
tathione peroxidase; GSH, reduced glutathione; GSSG,
glutathione disulfide; GST, glutathione S-transferase; JNK,
c-jun N-terminal kinase; NAC, N-acetyl cysteine; NADA, 

FIG. 7. Scheme of nuclear oxidative stress-induced inhibi-
tion of NF-�B activity. NF-�B translocates from the cyto-
plasm to the nucleus when it becomes unbound from I-�B, a
process regulated by Trx1-dependent control of I-�B kinase.
Nuclear-localized H2O2 inhibits NF-�B activity, potentially
through modulation of p50 redox-active cysteine in the DNA-
binding region. Mechanistically, this may occur by (1) oxida-
tion of Ref1, thereby preventing it from maintaining p50 in a
reduced state, (2) S-glutathionylation of p50 by GSSG nonen-
zymatically or catalyzed by glutaredoxin-1, (3) GST-mediated
glutathionylation of p50, or (4) direct oxidation of p50 redox-
active cysteine, yielding sulphenic acid.
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N-acetyl-D-alanine, NF-�B, nuclear factor �B; Prx, peroxire-
doxin; Pr-SSG, S-glutathionylated protein; ROS, reactive
oxygen species; Trx1, thioredoxin 1; TNF-�, tumor necrosis
factor-�.
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