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ZNF216 in the NF-xB Signhaling Pathway

The inhibitory effects of ZNF216 we observed, along with a recent report in-
dicating that ZNF216 inhibits NF-«B activation (29), prompted us to investigate
the relationship between ZNF216 and NF-«B signaling in osteoclastogenesis.
For NF-«B activation, the degradation of its inhibitory binding molecule, I« B, is
crucial. Activation of the NF-«¢B pathway requires phosphorylation of I« B lead-
ing to its degradation via the ubiquitin-proteasome system (30). As shown in
Figure 3A, IxBa was rapidly degraded by LPS in mock-transfected RAW264.7
cells. Neither the full-length nor the truncated mutants of ZNF216 affected
Ik Bo degradation (Fig. 3A). NF-«B dissociated from I« B exposes its nuclear lo-
calization signal. Thus, we investigated cytoplasmic to nuclear translocation of
NF-«B in RANK293 cells, which are a cell line derived from HEK293 cell stably
transfected with a vector to express RANK. Cells were treated with RANKL,
and the nuclear fraction subsequently extracted and monitored for the translo-
cation of NF-«B. As shown in Figure 3B, there were no significant alterations in
the nuclear translocation of p50, p52, and p60 NF-«B subunits between mock-
and ZNF216-infected cells. ZNF216 was localized predominantly in the cyto-
plasm and to a lesser extent in the nucleus (data not shown). We next examined
whether ectopic expression of ZNF216 disrupted the binding ability of NF-«B
to its target promoter. Although no band shift was observed in nuclear extracts
from nontreated RANKZ293 cells, RANKL-treated cell extracts showed a promi-
nent band shift (Fig. 3C). The binding ability of NF-«B to oligo probe was not
affected by expression of either full-length or truncated mutants of ZNF216
(Fig. 3C). Finally, neither the expression of full-length nor truncated mutants
of ZNF216 affected transcription of the reporter luciferase gene driven by the
NF-«B promoter after TNFa stimulation (Fig. 3D) or the AP-1 promoter (Fig.
3E). Together, these results suggest that ZNF216 is not directly involved in the
NF-«B signaling pathway.

DISCUSSION

In the present study, we have identified genes regulated in RANKL-induced
osteoclast differentiation. Although some of the up-regulated genes have been
previously reported to be involved in osteoclast differentiation, the majority
of the down-regulated genes have not been described. Recently, it was demon-
strated that the ITAM-bearing protein family of transmembrane adaptors, such
as DAP12, play critical roles in osteoclast development and function (31-33).
These co-stimulatory adaptors are known to be associated with Fc receptors in
the modulation of their signals (34,35). Notably, the expression of Fc receptors
were down-regulated during osteoclast differentiation in our study (Table 2),
suggesting that the function of the ITAMs may not associated with the Fc re-
ceptors, but other cell surface molecules, such as TREM2 (36,37).
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Figure 3: ZNF216 does not inhibit the NF-«B pathway. (A) Degradation of lkBe protein by
LPS. RAW264.7 cells stably expressing the indicated constructs were stimulated with

10 ng/mL LPS. At the indicated fime points, cells were lysed and analyzed for lkBa protein
by immunoblotting. (B) Expression levels of the NF-«B protein subunits. RANK293 cells were
transfected with the indicated vector constructs. Cells were then treated with 0, 2, and

25 ng/mL RANKL for 30 min. Nuclear fraction was isolated and subjected to immunoblot
analysis for the p50, P52, and p65 NF-«B subunits. Cells were treated with 10 ng/mL RANKL
for the indicated time periods, and immunoblot analyses were performed. (C) RANKL-
dependent band shift of NF-«B. EMSA analyses were conducted with nuclear extracts from
the indicated vector constructs in RANK293 cells as described in Materials and Methods.
Arrow indicates nonbound free probe. (D) TNFa-dependent NF-«B reporter gene activation.
HEK293 celis were fransfected with 5 ng or 25 ng of the indicated ZNF216 constructs and 10
ng of pNF-«B-Luc. All luciferase activities were corrected with renilla luciferase activities.
Each experiment was performed at least in triplicate, and data are expressed as the
means + SD. (E) Effect on AP-1-dependent transcription. HEK293 cells were transfected
with 10 ng MEKK-expressing plasmid and 250 ng ZNF216 full-length plasmid. All luciferase
activities were corrected with renilla luciferase activities. Each experiment was performed
at least in duplicate, and data are expressed as the means + SD. (Continued)

Interferons have also been shown to play important roles in physiologi-
cal and pathological osteoclast function (38). IFNS is induced by the RANKL-
RANK pathway through Fos and inhibits the function of the transcription factor,
forming a negative feedback loop (39). In our studies, significant decreases in
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the expression of a series of IFN-responsive genes were observed at the later
stages (48 hr) of differentiation. We speculate that the feedback loop may regu-
late the early phase of differentiation and that, once the cells pass through that
phase, they may become resistant to IFN in terms of the osteoclastogenesis. In
support, fos has been shown to be replaced by known downstream effectors, in-
cluding Fral and Fra2 (Table 2) in the later phase of osteoclast differentiation
(40). The regulation and relationship between IFN and fos family proteins are
interesting issues worth further study.

In addition, several genes for lysosomal enzymes and the lysosomal marker,
LAMP2, were shown to be down-regulated. Active osteoclasts are highly polar-
ized and possess bone-resorbing activity by providing acidified compartments
and hydrolyzing enzymes, including MMP9 and cathepsin K, between the apical
surface and sealing zones of osteoclasts and the bone surface. It has been re-
ported that the resorption compartment is similar to early endosomes and lyso-
somes (41,42). The decrease in the expression of the lysosomal genes throughout
osteoclast differentiation that were shown in our study may support the idea
that the ruffled border membrane and the acidified extracellular compartment
are specialized for bone matrix resorption and different from the lysosomes
observed in other cell types.

We also identify a gene encoding ZNF216 as up-regulated by RANKL-
induced osteoclast differentiation. Furthermore, ectopic expression of full-
length ZNF216 inhibited but the zinc finger-truncated mutants accelerated
osteoclast differentiation. Because the gene was also up-regulated by TNF«,
RANKL may share common machinery with TNFea in induction of ZNF216
expression. Factors known to activate NF-«B, such as LPS and TPA, also up-
regulated the expression of ZNF216. It is of interest that the promoter region
of human ZNF216 gene contains a possible NF-«B response element (data not
shown). These results suggested that a probable factor involved in the induc-
tion of ZNF216 is the NF-«B transcription factor, although further experiments
are required. In support, IFNS is a strong negative regulator of osteoclastoge-
nesis (43,44), and expression of ZNF216 suppressed osteoclast differentiation
in our study. Therefore, ZNF216 may take part in the IFN-mediated regulatory
mechanism NF-«B.

The precise molecular function of ZNF216 is still unclear. It has been re-
ported that ZNF216 may inhibit the NF-«B pathway (29). Although we have
examined the influence of ZNF216 on NF-«B activation, neither inhibition of
nuclear translocation nor DNA-binding ability of NF-«B was reproduced by ec-
topic expression of full-length or truncated mutants of ZNF216 (not shown).
Furthermore, we have tested the NF-«¢B inhibitory activity of ZNF216, as well
as A20 protein, using reporter gene constructs. Ectopic expression of A20, but
not full-length ZNF2186, strongly inhibited NF-«B activation (data not shown).
In addition, no endogenous NEMO or RIP protein was detected in a proteome
analysis of the ZNF216 complex (unpublished observation). Therefore, ZNF216
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does not seem to be a direct regulator of the NF-«B signaling pathway, although
its involvement is still under investigation. It was recently described that one
of the seven A20-type zinc finger domains in A20 protein possesses E3 ubiqui-
tin ligase activity (45). Thus, ZNF216 also may be involved in ubiquitin-related
systems. It is of interest that our expression studies resulted in opposing pheno-
types in osteoclastogenesis that were largely dependent on the mutation. Thus,
the truncated mutants may act in a dominant negative manner compared with
the endogenous or wild-type ZNF216. How does ZNF216 inhibit osteoclastoge-
nesis without affecting NF-«xB pathway? Future studies will be aimed at eluci-
dation of the molecular mechanisms involved in ZNF216-mediated osteoclast
differentiation.
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Abstract

Oxidative and nitrosative stress lead to the S-glutathionylation of proteins and subsequent functional impairment. Glutathione
S-transferase (GST) from Schistosoma japonicum was found to bind to the glutathione moiety of S-glutathionylated proteins, thus
establishing a convenient method for detecting S-glutathionylated proteins by biotinylated GST. Applications of this method to pro-
teins that were prepared from cultured cells and blotted onto a membrane exhibited numerous positive bands, which were abolished
by treatment with dithiothreitol. Treatment of a cellular extract with nitrosoglutathione led to enhanced staining of the bands in a
dose-dependent manner. The method was also applicable for the histochemical detection of S-glutathionylated proteins in situ. The
positive staining by biotin—GST became faint in the presence of S-glutathionylated ovalbumin, suggesting that the reaction is specific
to S-glutathionylated proteins. Collectively, these data indicate that the method established here is simple and useful for detecting

S-glutathionylated proteins on blotted membrane and in situ.
© 2005 Elsevier Inc. All rights reserved.
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Various types of stress increase the production of
reactive oxygen species (ROS)! and reactive nitrogen
oxide species (RNOS), which, in turn, cause the oxida-
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tive modification of biological compounds [1]. The sulf-
hydryl group is the most susceptible group in proteins to
ROS and RNOS. When an essential sulfhydryl group in
proteins is modified, the cells become dysfunctional.
While ROS converts sulfhydryl groups to sulfenic, sulfi-
nic, and sulfonic acid derivatives, the groups are also
oxidized to form disulfides by reacting with other thiols.
The formation of intra- and inter-molecular disulfide
bonds, as a response to oxidative and nitrosative stress,
is common [2]. The DNA binding activity of oxidative
stress-sensitive transcription factors, such as c-Jun [3]
and Nrf2 [4], is directly or indirectly regulated by ROS/
RNOS.

Glutathione, an abundant tripeptide, contains a
sulfhydryl group and is involved in maintaining redox
balance in cells. An accumulating body of evidence
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indicates that an increase in mixed disulfide formation
between glutathione and protein thiols occurs during
oxidative and nitrosative stress [5—7]. When S-glutath-
ionylation occurs at an essential sulthydryl group, this
also affects protein function [6]. For example, the func-
tion of glyceraldehyde-3-phosphate dehydrogenase [8],
aldose reductase [9], annexin A2 [10], protein kinase C
[11], carbonic anhydrase III [12], and tubulin [13] are
all known to be affected by S-glutathionylation. On the
other hand, the antioxidative protein, peroxiredoxin 6,
is activated as the resulit of this modification [14]. Thus,
S-glutathionylation is not only a marker for oxidative
stress, but also is actually involved in the regulation of
cellular function [6]. The S-glutathionylation reaction
is partially reversed by glutaredoxin, which releases
glutathione moiety from the modified protein in con-
junction with the formation of glutathione disulfide
[15-17].

A number of S-glutathionylated proteins have been
identified. Several attempts have been made to detect S-
glutathionylated proteins by a proteomic approach. The
most popular method is the use of a radioisotope, *S,
which labels the sulfur atom of a glutathione moiety in
S-glutathionylated proteins. Using this technique, sev-
eral S-glutathionlyated proteins have been identified
[18,19]. However, this is applicable only for in vitro
experiments and such labeling may cause experimental
artifacts, due to metabolic labeling [20]. A biotinylated
membrane-permeable analogue of glutathione was
developed to detect proteins that are susceptible to spe-
cific stimuli including S-nitrosoglutathione (GSNO).
Annexin II was identified as a reactive protein by this
method [21]. The specific reduction of the mixed
disulfides by glutaredoxin followed by reaction with N-
ethylmaleimide-biotin led to the detection of S-glutath-
ionylated proteins [22]. Using this method, 43 different
proteins were found to be S-glutathionylated. A method
using GSNO-Sepharose was also developed to detect
proteins that form GSNO-induced mixed disulfides [6].
These methods are sophisticated, but rather complex,
and, hence, applicable for the analysis of small numbers
of samples. An antibody against glutathione has been
raised, but its use has been applied for limited so far [23—
26]. The development of a simple and widely applicable
method for detecting S-glutathionylated proteins is still
awaited.

In this study, we found that glutathione S-transferase
(GST) from Schistosoma japonicum binds the glutathi-
one moiety of S-glutathionylated proteins and thus rep-
resents a simple method, employing biotinylated GST,
for detecting S-glutathionylated proteins. Since this
method uses GST as a glutathione-detecting probe, simi-
lar to an antibody, it can be performed in a manner anal-
ogous to an immunoblot analysis. In addition, it is also
applicable for the histochemical detection of S-glutath-
ionylated proteins in situ.

Materials and methods
Materials

Glutathione, reduced and oxidized forms, was pur-
chased from Roche (Mannheim, Germany). 1-Chloro-
24-dinitrobenzene  (CDNB),  4-chloro-1-naphthol,
GSNO, and isopropyl B-p-thiogalactoside (IPTG) were
from Wako Pure Chemicals (Osaka, Japan). N-
Hydroxysuccinimide (NHS)-biotin and horseradish per-
oxidase (HRP)-conjugated streptavidin were obtained
from Pierce (Rockford, IL). Diamide was from ICN
(Aurora, OH). Glutathione-Sepharose 4B and PD-10
were from Pharmacia (Wilksroms, Sweden). All other
reagents used were of the highest quality available.
Experiments using animals were performed in accor-
dance with the declaration of Helsinki under the proto-
col approved by the Animal Research Committee of this
institution.

Protein assay

Protein concentrations were determined by means of
the Bradford method using protein assay dye solution
(Bio-Rad).

GST activity assay

GST activity was assayed in the presence of 1 mM
glutathione, 1TmM CDNB, and 100mM potassium
phosphate (pH 6.5) at 37°C by continuously monitor-
ing the increase in absorbance at 340 nm. The molar
absorption coefficient of glutathione conjugated
CDNB was 9,600. One unit is defined for the amount of
enzyme required to catalyze the conjugation of 1 pmol
of CDNB/min.

Production in Escherichia coli and purification of
recombinant GST

A plasmid carrying the GST gene from S. japonicum
(pGEX-4T-1, Amersham Bioscience) was used for the
transformation of E. coli DH5a. The gene has a rac pro-
moter inducible by IPTG. After the induction of GST by
IPTG, the cells were collected by centrifugation and sus-
pended in 10ml of 150mM NaCl, ImM EDTA, and
50mM Tris—HCI, pH 8.0. After sonication three times
for 10s each on ice, the homogenate was centrifuged at
15,000 rpm for 30 min. The soluble fraction was collected
and applied to a glutathione-Sepharose 4B column
equilibrated with 140mM NaCl and 40mM phosphate
buffer, pH 7.3, followed by washing with the same buffer.
Bound proteins were eluted from the column by 10mM
GSH in 50mM Tris-HCIl, pH 8.0, and dialyzed in
40 mM NaCl and 40 mM phosphate buffer, pH 7.3, over-
night at 4°C to remove GSH.
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Biotinylation of GST

Since a significant fraction of the GST activity is abol-
ished during the biotinylation reaction, to protect the gluta-
thione binding site of GST, biotin labeling was performed
using GST bound to the glutathione—Sepharose 4B resin.
GST was mixed with 1ml of glutathione-Sepharose 4B
and incubated for 30min at room temperature. The GST-
bound resin was collected by centrifugation and labeled
with biotin according to manufacturer’s instruction. The
reaction was terminated by adding 0.1 ml of 1 M Tris-HCI,
pH 8.0. After placing the mixture on the column, it was
washed with 30ml buffer and eluted with 10mM GSH in
50mM Tris-HCI, and dialyzed at 4°C overnight.

Glutathionylation of bovine serum albumin and ovalbumin

Since bovine serum albumin (BSA) has a limited num-
ber of sulfhydryl group that can be S-glutathionylated, the
disulfide bonds were reduced in the first step. BSA, dis-
solved in PBS, was denatured by treatment with 0.1% SDS
and reduced with 5mM dithiothreitol (DTT) for Smin in
boiling water. DTT and excess SDS were removed by a
PD-10 desalting column. Either GSH or GSSG was added
to ImM to the reduced BSA or ovalbumin (OVA). To
affect oxidation, 2.5mM diamide or 100mM hydrogen
peroxide was added followed by incubation for 15min at
37°C. Excess glutathione and hydrogen peroxide were
removed by passing the solution through the PD-10 col-
umn again. OVA was also reduced and S-glutathionylated
with 25mM GSH and 200mM hydrogen peroxide in the
same manner as was used for BSA.

Cell culture

HelLa cells were maintained in Dulbecco’s modified
minimum essential medium (DMEM; Sigma) containing
100 U/ml penicillin and 100 pg/ml streptomycin supple-
mented with 10% fetal bovine serum (FBS; Invitrogen).
Cells were grown at 37°C in a humidified atmosphere
with 5% CO,.

Preparation and S-glutathionylation of cellular proteins

After washing twice with PBS, the cells were scraped,
collected by centrifugation, and disrupted by sonication
in PBS. After centrifugation at 15,000rpm for 20 min
in a microcentrifuge, the soluble fraction was collected
and stored at —20°C until use. S-Glutathionylation was
performed by incubation with agents at 37°C under
indicated conditions.

SDS-PAGE and blotting to nitrocellulose membranes

Protein samples (20 pg/lane) were subjected to 10%
SDS-PAGE under non-reducing conditions. The

separated proteins were then either stained with Coo-
massie brilliant blue G-250 or transferred to a Hybond
nitrocellulose membrane (Amersham-Pharmacia) under
semi-dry conditions using a transfer-blot SD semi-dry
transfer cell (Bio-Rad).

Detection of S-glutathionylated proteins by biotin-GST
on blotted membrane

The membranes were blocked by incubation with 5%
BSA in PBS for 2h at room temperature and further
incubated with 30 pg/ml biotin—-GST overnight. After
washing with PBS containing 0.1% Tween 20 for 10 min
by changing buffer three times, they were reacted with
HRP-conjugated streptavidin (1:1000 dilution) for 1 h at
room temperature. Peroxidase activity was detected after
treatment with 2mM hydrogen peroxide and 0.6 mg/ml
4-chloro-1-naphthol in PBS.

Histochemical detection of glutathionylated proteins
in rat tissues

Tissues, obtained from rats killed under anesthesia
with diethyl ether, were immediately fixed in Bouin solu-
tion for histochemical study. After embedding in
paraffin, 4 um sections were prepared and mounted on
silan-coated glass plates. After deparaffinization and
rehydration, the tissue sections were subjected to auto-
claving for 10 min to increase reactivity to GST and then
treated with 1% porcine serum for 10 min to block non-
specific binding. They were incubated with biotin—GST
(30 pg/ml) at room temperature for 2 h, washed, and then
reacted with HRP-conjugated streptavidin (1:1000 dilu-
tion; Santa Cruz) for 1 h. After a final rinse, labeling was
examined using 3,3’-diaminobenzidine (Envision kit
HRP(DAB), Dako, Japan) as the chromogen, which was
placed on the tissues for a few minutes. To examine the
specificity of the positive staining, sections were incu-
bated without biotin—GST or reacted with biotin-GST
in the presence of S-glutathionylated OVA and then pro-
ceeded to the following reaction. Photographs were
taken with a digital camera under a light microscope
(Olympus BX50, Tokyo, Japan).

Preparation of mouse tissue samples

Three pairs of hetero SODI1-knockout mice, estab-
lished by Matzuk et al. [27], were purchased through the
Jackson Laboratories (Bar Harbor, ME) and bred in our
institute. Fresh tissues were dissected from mice under
anesthesia with diethyl ether and immediately frozen in
liquid nitrogen. They were powdered in a mortar under
liquid nitrogen. After homogenization in PBS and
centrifugation at 15,000 rpm for 20 min, soluble fractions
were used in the detection of S-glutathionylated
proteins.
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Results
Detection of S-glutathionylated BSA by biotin-GST

Glutathione S-transferase (GST) from S. japonicum
binds glutathione with high affinity and is often used to
detect GST-fusion proteins expressed as recombinant
proteins in cells. Another merit to use GST from
S. japonicum is the availability of specific antibody
against it. The antibody is specific to S. japonicum GST,
although GST is present ubiquitously in living organ-
isms. We established a simple method to detect glutath-
ionylated proteins by employing binding ability of GST
to the glutathione moiety of the S-glutathionylated pro-
teins. Labeling of GST with biotin made it possible to
detect bound GST using HRP-conjugated streptavidin.

We first examined whether or not S-glutathionylation
could be detected by biotin-labeled GST using S-glutath-
ionylated BSA in vitro (Fig. 1). BSA was first reduced
with DTT, incubated with GSH, GSSG, or GSNO with
or without oxidation by diamide. The BSA on each lane
showed a slightly different mobility on gels (Fig. 1B).
This can be attributed to a conformation that is unique
to each redox state of BSA since, when it is separated on
a reducing gel, no such shift was detected (data not
shown). This GST-overlay method detected the BSA
that had been reacted with GSH, with or without oxida-
tion by diamide, or GSNO (Fig. 1A). Diamide alone
showed no band on the blot. The presence of GSSG
increased the positive band only slightly.

Detection of S-glutathionylated proteins in cellular
extract by GST

We then applied the method to the detection of S-glu-
tathionylation in proteins extracted from HelLa cells. A
soluble extract was prepared from HeLa cells and sub-
jected to the biotin-GST-overlay method (Fig. 2).
Numerous proteins were found to be S-glutathionylated,
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Fig. 1. Detection of the glutathionylation in BSA by biotin-GST over-
lay followed by treatment with HRP-streptavidin. BSA was reduced
and immediately incubated with the agents indicated. After SDS-
PAGE, the proteins were either blotted onto a nitrocellulose mem-
brane (A) or stained with Coomassie brilliant blue G-250 (B). The blot
was overlaid with biotin-GST and incubated overnight, followed by
the reaction with HRP-streptavidin and visualization of the bands.
The details of experiments are described under Materials and methods.
Typical data from several experiments are shown.

A -PTT B +DTT
CTR Diamide GSNO CTR GSNO  Diamide
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Fig. 2. Detection of S-glutathionylated proteins on blots by the biotin—
GST-overlay method. Soluble protein extracts were prepared from
HelLa cells and were incubated under the indicated conditions for 1h
at 37°C. Proteins (20 pg) were separated on 10% SDS-PAGE, and
were blotted onto nitrocellulose membranes. (A) The membranes were
subjected to the biotin—-GST-overlay method. (B) To evaluate the spec-
ificity of the method, the blot membrane was incubated with 10 mM
DTT for 1h at 37°C and then subjected to the biotin—-GST-overlay
method. Typical data from several experiments are shown.

even in untreated cells (Fig. 2A). The resulting bands
were elevated by treatment of the cell extracts with either
GSNO or GSH plus diamide, as found in the BSA.
GSNO alone enhanced the S-glutathionylation reaction
that was decreased by the presence of GSH. Diamide
enhanced the reaction only when GSH was present. This
is consistent with previous reports in which *S was
employed to detect S-glutathionylated proteins [20].
Diamide-induced oxidation in the presence of GSH
showed different profiles for S-glutathionylation from
the other treatments, especially in the high molecular
weight range. This could be caused by the harsh oxida-
tive potential of diamide. The specificity of the method
to S-glutathionylated proteins was assessed using mem-
branes that had been pretreated with 250mM of 2-
mercaptoethanol (data not shown) or 10mM DTT for
1h at 37°C (Fig. 2B). These treatments reduced the
disulfide bonds and released the bound GSH. No band
was observed after the reduction, and this loss of stain-
ing confirms the specificity of this method for detecting
S-glutathionylated proteins. We also attempted to use an
anti-GST antibody to detect GST bound to S-glutath-
ionylated proteins. Although similar sized bands were
detected, several bands remained on the reduced blot
with DTT (data not shown). This would be due to non-
specific binding of the antibody. Hence, we chose the
biotin-GST to detect S-glutathionylation in subsequent
studies.

Characterization of GSNO-dependent S-glutathionylation

Since GSNO is a well-known mediator of the S-glu-
tathionylation reaction [6], we further characterized
GSNO-dependent S-glutathionylation using the GST-
overlay method. When cellular proteins were incubated
in the presence of various concentrations of GSNO, the
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Fig. 3. Dose effects of GSNO-dependent S-glutathionylation. Soluble
protein extracts were first incubated with various concentrations of
GSNO for 1h at 37°C, and then subjected to detection of S-glutath-
ionylation by the biotin—-GST-overlay method. Typical data from sev-
eral experiments are shown.

extent of S-glutathionylation of proteins correlated with
GSNO concentration (Fig. 3). Although the intensity of
each band increased, the positions of the signals were
not altered. Thus, GSNO enhanced only the S-glutath-
ionylation reaction of susceptible proteins.

Effects of several agents on S-glutathionylation in cells

We then examined effects of agents that either affect
the intracellular redox state or become sources of ROS/
RNOS on the levels of S-glutathionylated proteins in
Hela cells (Fig. 4). The concentrations used are ones
commonly used in this kind of experiments. After incu-
bating the cells with these agents for an appropriate
period, soluble proteins were prepared and subjected to
the GST-overlay method to detect S-glutathionylated
proteins. All of these agents stimulated S-glutathionyla-
tion under these conditions. Although oxidation by
diamide resulted in a unique profile of S-glutathionyla-
tion in cell-free samples, as shown in Fig. 2, a similar pro-

Fig. 4. Comparison of the effects of several agents on the formation of
S-glutathionylated proteins in cells. HeLa cells were incubated under
control conditions (lane 1) or with 1 mM diamide (30 min, lane 2),
1 mM hydrogen peroxide (30 min, lane 3), 5mM GSNO (30 min, lane 4),
1 mM BCNU (24 h, lane 5), 5mM BSO (24 h, lane 6), or 20mM NAC
(24 h, lane 7) at 37 °C. Soluble proteins were prepared and subjected to
the GST-overlay method. Typical data from several experiments are
shown.

file of S-glutathionylated proteins to other stimuli was
observed in the cells. It is noteworthy that NAC, a reduc-
ing agent, and BSO, a glutathione-depleting agent, also
enhanced the S-glutathionylation of cellular proteins.

Histochemical detection of S-glutathionylated proteins
in tissues

We then attempted to detect glutathionylated pro-
teins in tissue sections from several rat organs. The
application of biotin—GST to tissue sections clearly per-
mitted positive staining to be detected (Fig. 5). Although
some proteins endogenously contain biotin, staining
found without biotin-GST was very weak, compared
with positive signals, and can be considered negligible
(data not shown). When S-glutathionylated OVA was
present during an incubation with biotin—GST, the sig-
nal became very faint. This suggests that most signals
were derived from biotin-GST bound specifically to S-
glutathionylated proteins. Thus, the GST-overlay
method is also applicable to in situ detection of S-glu-
tathionylation. In the preliminary study, epithelia of
uterus, oviduct, and granulose cells among rat female
reproductive tissues were strongly stained by this
method. Epithelial cells of some other tissues, such as the
epididymis and renal tubules in the kidney, also showed
strong staining (data not shown).

Fig. 5. Histochemical detection of S-glutathionylated proteins by bio-
tin-GST in rat female reproductive tissues. GST overlay was applied
to the in situ detection of S-glutathionylated proteins on sections from
rat female reproductive tissues. After reaction with biotin-GST 2h at
room temperature and washing with PBS, tissue sections were treated
with HRP-conjugated streptavidin for 1h and washed. An Envision
kit HRP(DAB) was used to visualize the reactive materials. Typical
data from several experiments were shown. Magnification, 260x. (A,
B) Uterus. Black arrowhead, surface epithelia; blue arrowhead, endo-
metrial gland. For evaluating specificity of the reaction, S-glutathiony-
lated OVA was included during incubation with biotin—GST (B). (C)
Oviduct. Black arrowhead, epithelial cells. (D) Ovary. Black arrow-
head, granulosa cells; blue arrowhead, primordial follicle.
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Fig. 6. Levels of S-glutathionylated proteins in SODI1-knockout and
wild-type mouse tissues. Tissue homogenates were prepared from
SOD1-knockout (KO) and wild-type (WT) mouse organs, separated
by SDS-PAGE, and blotted onto nitrocellulose membranes. The bio-
tin-GST overlay was performed to detect glutathionylated proteins on
the membranes.

Tissue levels of S-glutathionylated proteins in mice

To determine the tissue distribution of S-glutathiony-
lation, we prepared proteins from eight tissues from
wild-type mice. Since oxidative stress and, hence, protein
S-glutathionylation may be increased in SOD1-knock-
out mouse, proteins were also prepared from
SODI1-knockout mouse. They were subjected to the
GST-overlay method (Fig. 6). Numerous protein bands
were detected in all tissues examined. S-Glutathionyla-
tion occurred in manners specific to each tissue, implying
that proteins that are susceptible to S-glutathionylation
are unique to individual tissues. Unexpectedly, no
significant difference was observed between the SODI-
knockout and wild-type mice. This is, however, consis-
tent with healthily growing knockout mice under clean,
specific pathogen free (SPF) breeding conditions.

Discussion

Oxidative and nitrosative stress cause the modifica-
tion of proteins and impair their biological function.
Among the amino acids found in proteins, cysteine is the
most susceptible to modification by ROS and RNOS.
Glutathione is present in the millimolar range in cells
and prevents reactive sulfhydryls from oxidative modifi-
cation. The resulting GSSG is recycled by glutathione

reductase that is present ubiquitously and especially
abundant in the epithelia of ductal tissues [28-30]. It has
been known for more than 50 years that glutathione also
reacts with other thiol compounds, including proteins,
and forms mixed disulfides. The physiological signifi-
cance of this reaction has, however, been recognized only
recently [6]. This occurs coincidentally with an increase
in studies of the consequences of ROS and RNOS. It is
now generally accepted that a significant aspect of sulf-
hydryl modification is related to S-glutathionylation [2].
Since studies of the physiological function of S-glutath-
ionylation have just begun, many issues remain to be
answered [6]. A novel function of S-glutathionylation is
the requirement for the activation of the antioxidative
enzyme 1-Cys peroxiredoxin [14]. Numerous proteins
were found to be S-glutathionylated in vivo in a tissue-
specific manner, but the physiological meaning of the
modification has awaited clarification.

The mechanism by which S-glutathionylation occurs
in cells is largely unknown. To elucidate the mechanism
and physiological roles of the S-glutathionylation reac-
tion, a convenient assay method that reflects the modifi-
cation is needed. Several methods have been developed
and applied to the detection of sulfhydryl modification.
The metabolic labeling of glutathione with a radioiso-
tope, *3S, is the most common method, but sometimes
problems are encountered [20]. Other methods also have
drawbacks associated with difficulty in handling and
from the quantitative point of view. In addition, an
evaluation of S-glutathionylated proteins in vivo is
impossible by such methods. The identification of S-glu-
tathionylated proteins by anti-GSH antibody has
recently been reported [31]. However, the antibody also
reacted with reduced proteins, suggesting that the speci-
ficity was not very high. The utilization of antibodies
with an ambiguous specificity may cause false positive
bands, leading to erroneous results. A simple and quanti-
tative method, that is capable of detecting S-glutathiony-
lated proteins in situ and which can be performed in any
laboratory is still awaited. We describe here the estab-
lishment of a rather simple method using GST origi-
nated from S. japonicum. Although the binding ability of
GST to S-thiolated glutathione is lower than to free
GSH, it was able to detect the glutathione moiety in pro-
teins sufficiently.

We first tested this method in a simple system using
BSA incubated with GSH, GSSG, or GSNO in the
absence or presence of diamide. While GSH alone stimu-
lated the S-glutathionylation of BSA, GSSG did not (Fig.
1). Although a thiol-disulfide exchange is one of the pos-
tulated mechanisms for the S-glutathionylation of pro-
teins, it appears that it was not efficient under these
experimental conditions. A similar conclusion was
obtained when human neutrophil proteins [32] and actin
[26] were used as target proteins for S-glutathionylation.
The thiol-disulfide exchange reaction is accelerated in the
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presence of high concentrations of GSSG and at alkaline
pH, but the S-glutathionylation by GSSG may not be the
major contributor under physiological conditions with
very low concentrations of GSSG and at a neutral pH.

The application of this method to proteins isolated
from cultured cells exhibited numerous bands on the
blot membrane that were totally abolished by treatment
with DTT (Fig. 2). This indicates that the reduction of
disulfide bonds released glutathione. Thus, bands
detected by this method were mainly derived from S-glu-
tathionylated proteins. These data indicate that a signifi-
cant fraction of the proteins were S-glutathionylated in
the cells under conventional culture conditions. Since
oxygen concentrations in a CO, incubator are higher
than most normal tissues in vivo, cells are constitutively
exposed to hyperoxic conditions when in such a culture.
This would enhance the S-glutathionylation of cellular
proteins. Even though, S-glutathionylation in cultured
cells would still reflect, at least in part, the in vivo state
because many proteins were found to be S-glutathiony-
lated in extracts from tissues of mice (Fig. 6).

In situ detection of S-glutathionylation would be a
powerful tool, in terms of understanding the physiologi-
cal role of the reaction. The method established here is
simple and quite similar to the immunological method
and, hence, is applicable for use with tissue sections as
well as protein-blotted membranes. In the preliminary
histochemical study (Fig. 5), we found that S-glutath-
ionylation preferentially occurred in tissues that express
high levels of glutathione reductase [29,30], except for
some cells such as granulosa cells. A high recycling activ-
ity of GSSG is required for tissues that are under consti-
tutive oxidative stress and many epithelial tissues would
fit this criterion. :

Treatment of cellular extracts with GSNO led to an
increase in intensity of bands in a dose-dependent man-
ner, but excess GSH suppressed the reaction (Figs. 2 and
3). It is likely that this is due to a shift in the reaction to
form GSSG, as the result of the presence of GSH. GSNO
is a well-known S-glutathionylating agent [2]. The actual
active species is not GSNO, but its decomposition prod-
uct, glutathione disulfide S-oxide [33-35]. Formation of
glutathione disulfide S-oxide is believed to involve the sul-
fenic acid and thiosulfinamide that are generated by reac-
tion of GSH with ROS and RNOS in cells [34]. On the
other hand, it has been proposed that sulfenic acid is an
intermediate in the formation of disulfides in BSA that
had been treated with either hydrogen peroxide or perox-
ynitrite [36]. However, the mechanism of S-glutathionyla-
tion by other stimuli is not clear as of this writing,

While diamide alone had either no effect or slightly
decreased staining of band, the presence of GSH
increased the levels of S-glutathionylated proteins. This
would be due to the fact that a fairly large amount of
glutathione is required for the S-glutathionylation of
proteins. The profile for the positive bands that

appeared in the presence of GSH and diamide was quite
different from either the original bands or a GSNO-
treated sample. Since diamide is a strong oxidant, excess
disulfide bonds would be formed by the harsh oxidation
of proteins. The treatment of cultured cells with diamide,
however, showed profile that was similar to the other
stimuli (Fig. 4). Although diamide is frequently used as
an oxidant in studies of S-glutathionylation, this sug-
gests that special care will be needed for studies in which
isolated proteins are used.

Unexpectedly, treatment of cells with BSO, BCNU, or
NAC also stimulated the S-glutathionylation reaction.
Both BSO and BCNU are commonly used to reduce
intracellular free glutathione. These data, however, indi-
cate that a significant portion of the glutathione forms a
mixed disulfide with proteins in cells. Both the inhibition
of glutathione biosynthesis and recycling would cause oxi-
dative stress and elevate glutathionylation. The enhanced
S-glutathionylation by NAC may be explained by the ele-
vation in glutathione levels by augmented glutathione bio-
synthesis. NAC is generally used to increase intraceflular
glutathione. However, elevation in the level of glutathione
may increase population that binds proteins. Although
NAC is a well-known antioxidant, based on in vitro
experiments, prooxidant capability of NAC and GSH has
been reported [37]. BSO inhibits glutathione synthesis by
inhibiting y-glutamylcysteine synthetase, a rate-determin-
ing enzyme of glutathione synthesis. BCNU, on the other
hand, inhibits glutathione reductase, resulting in inhibi-
tion of recycling of oxidized glutathione (GSSG). Thus,
both BSO and BCNU decrease levels of intracellular glu-
tathione. Since GSH plays a major role in maintaining
intracellular redox state, lowering GSH levels causes oxi-
dative stress. Thus, the enhanced glutathionylation might
occur during the process of GSH depletion. Further
examination would be required to clarify this.

Conclusions

The use of GST as a probe for detecting S-glutath-
ionylated proteins was found to be a simple and sensitive
method. This method is applicable to proteins on blots
as well as tissues sections. The identification of individ-
ual proteins in each tissue is required if the functional
consequence of S-glutathionylation is an issue. Owing to
its simplicity and sensitivity, the GST-overlay method
represents a potentially powerful tool in proteomics for
investigating S-glutathionylated proteins in vivo.
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Singlet oxygen causes the cytotoxic process of tumour cells in
photodynamic therapy. The mechanism by which singlet oxygen
damages cells is, however, not fully understood. To address this
issue, we synthesized and used two types of endoperoxides,
MNPE (1-methylnaphthalene-4-propionate endoperoxide) and
NDPE (naphthalene-1,4-dipropionate endoperoxide), that gener-
ate defined amounts of singlet oxygen at 37 °C with similar half
lives. MNPE, which is more hydrophobic than NDPE, induced the
release of cytochrome ¢ from mitochondria into the cytosol and
exhibited cytotoxicity, but NDPE did not. RBL cells, a rat baso-
phil leukaemia-derived line, that overexpress phospholipid hy-
droperoxide glutathione peroxidase in mitochondria were found
to be highly resistant to the cytotoxic effect of MNPE. MNPE

treatment induced much less DNA ladder formation and nuclear
fragmentation in cells than etoposide treatment, even though these
treatments induced a similar extent of cellular damage. Singlet
oxygen inhibited caspase 9 and 3 activities directly and also sup-
pressed the activation of the caspase cascade. Collectively, these
data suggest that singlet oxygen triggers an apoptotic pathway by
releasing cytochrome ¢ from mitochondria via the peroxidation of
mitochondrial components and results in cell death that is different
from typical apoptosis, because of the abortive apoptotic pathway
caused by impaired caspase activation.

Key words: apoptosis, caspase, cytochrome ¢, endoperoxide,
singlet oxygen.

INTRODUCTION

ROS (reactive oxygen species) are produced during various
biological process, such as inflammation and aging, and result in
the dysfunction of susceptible cells [1]. Considerable efforts have
been made to comprehend the mechanism of damage, including
apoptosis, by ROS. In the intrinsic apoptotic pathway, ROS com-
monly triggers the release of cytochrome ¢ from mitochondria
into the cytosol [2,3]. The released cytochrome c, together with
dATP and magnesium ions, stimulates protein factors, including
Apaf-1 and procaspase 9, to form an apoptosome, resulting in pro-
teolytic activation of the caspase cascade [4]. At a later stage,
procaspase 3 is converted into the active form by the activated
caspase 9, cleaves protein components, such as ICAD [inhibitor
of caspase-dependent proteinase CAD (caspase-activated DNase)]
and PARP [poly(ADP-ribose) polymerase], and leads to DNA
fragmentation. From morphological points of view, chromatin
condensation and nuclear fragmentation occur during apoptosis.
The hydroxyl radical, which is produced from H,0, via a one-
electron reduction, is regarded as the most reactive and, hence, is
an extremely detrimental ROS. Singlet oxygen is produced during
photochemical reactions in the presence of a photosensitizer.
Superoxide-mediated radical reactions [5] and the decomposition
of peroxynitrite [6] may also be sources of singlet oxygen.
Singlet oxygen is assumed to cause skin photoaging [7] and the
cytotoxic process for tumour cells during photodynamic therapy
[8]. Singlet oxygen kills bacteria [9-11] and is utilized to exter-
minate viruses without adverse effects [12]. When viruses are ex-

posed to singlet oxygen, infection is prohibited without causing
viral DNA damage. NAD(P)H appears to be one of primary targets
of singlet oxygen in mitochondria [13]. Since proteins are present
at high concentrations in the body and contain reactive residues,
such as tryptophan, tyrosine, histidine and cysteine, approx. 68 %
of singlet oxygen is consumed by proteins [14].

Singlet oxygen produced by UVA irradiation is known to
induce apoptosis in T-cells [15,16] and HL-60 cells [17]. Singlet
oxygen and UV activate mitogen-activated protein kinases, p38,
JNK (c-Jun N-terminal kinase) and ERK (extracellular-signal-
regulated kinase) [18-20]. Singlet oxygen, as well as H,O,, result
in the cleavage of Bid, which causes the release of cytochrome
¢ from mitochondria. Zhuang et al. [21] compared the effects
of singlet oxygen and H,0,, and concluded that singlet oxygen
activates both the p38- and caspase-8-mediated pathways, but
H,0, activates only the caspase-8-mediated pathway. Despite
its significant role in photoaging and for therapeutic purposes,
the biological effects of singlet oxygen, especially on proteins,
are poorly characterized. One of reasons is that an adequate sys-
tem for producing pure singlet oxygen quantitatively is barely
available.

We synthesized water-soluble endoperoxides that enabled us to
investigate the function of singlet oxygen in biological systems. In
the present paper, we report that singlet oxygen produced within
cells is highly toxic and causes cell death. Although the release of
cytochrome ¢ from mitochondria was observed, cell death did not
show the typical profile of apoptosis mainly due to the suppression
of caspases by singlet oxygen.

Abbreviations used: BHT, butylated hydroxytoluene; BSO, t-buthionine sulphoximine; DABCO, 1,4-diazadicyclo[2.2.2]octane; DAPI, 4,6-diamidino-
2-phenylindole; DMEM, Dulbecco's modified minimum essential medium; DTT, dithiothreitol; ERK, extracellular-signal-regulated kinase; FBS, foetal
bovine serum; GPx, glutathione peroxidase; JNK, c-Jun N-terminal kinase; LDH, lactate dehydrogenase; MCA, methyl-coumaryl-7-amide; MNP, 1-
methylnaphthalene-4-propionate; MNPE, 1-methylnaphthalene-4-propionate endoperoxide; NDP, naphthalene-1,4-dipropionate; NDPE, naphthalene-1,4-
dipropionate endoperoxide; PARP, poly(ADP-ribose) polymerase; PHGPx, phospholipid hydroperoxide GPx; ROS, reactive oxygen species; SNAP,
S-nitroso-N-acetyl-p,L-penicillamine; SOD, superoxide dismutase; TBS, Tris-buffered saline; THF, tetrahydrofuran; WST-1, 2-(4-iodophenyl)-3-

(4-nitrophenyl)-5-(2,4-disulphophenyl)-2H-tetrazolium.
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EXPERIMENTAL
Materials

MNPE (1-methylnaphthalene-4-propionate endoperoxide) and
NDPE (naphthalene-1,4-dipropionate endoperoxide) were syn-
thesized as described previously [22]. The structure and purity
of the endoperoxides were determined by NMR. The half-lives of
MNPE and NDPE were approx. 25 min and 27 min at 37°C re-
spectively. The generation of singlet oxygen from endoperoxides
was detected by ESR using DRD156 [4.4'-bis(1-p-carboxy-
phenyl-3-methyl-5-hydroxyl)pyrazole] as a sensitive singlet-
oxygen-detecting probe, which specifically reacts with singlet
. oxygen among the ROS [23]. The efficiency of singlet oxygen
formation was similar between MNPE and NDPE, although
reported yield varies from 45 to 98 %, depending on the assay
methods used [24,25]. Vitamin E, vitamin E succinate, DABCO
(1,4-diazadicyclo[2.2.2]octane) and B-carotene were purchased
from Sigma.

Cell culture

HepG2 cells were maintained in DMEM (Dulbecco’s modified
minimal essential medium) (Sigma) containing 100 units/ml peni-
cillin and 100 ug/ml streptomycin supplemented with 10 % FBS
(foetal bovine serum) (Invitrogen). RBL cells, a rat basophil
leukaemia-derived line, and their transfectants were maintained in
DMEM containing the above antibiotics supplemented with 5 %
FBS and 0.5 mg/ml geneticin (Gibco BRL). Cells were grown at
37°C in a humidified atmosphere containing 5 % CO,.

HPLC analysis of MNP (1-methylnaphthalene-4-propionate)
and NDP (naphthalene-1,4-dipropionate) in cells

The delivery of endoperoxides to cells was assessed by measuring
decomposition products, MNP and NDP, as described by Klotz
et al. [19]. After incubation with 2 mM MNPE or NDPE for 2 h,
HepG2 cells (1 x 107) were washed with PBS and scraped. Cells
were disrupted for 1 min by a Bioruptor (Cosmo Bio, Tokyo,
Tapan) at 200 W with cooling in ice-cold water. The sample was
centrifuged at 15000 g for 10 min followed by centrifugation at
100000 g for 60 min. The supernatant was partially deproteinized
by Microcon (cut-off molecular mass 30kDa) (Millipore) and
subjected to HPLC (LC-2000; Jasco) on a reversed-phase C,3
column (Toso, Tokyo, Japan). The decomposition product, MNP
or NDP, was eluted at 25°C at a flow rate of 1 ml/min. The mobile
phase was methanol/50 mM ammonium acetate, pH 7.0, with
20 % methanol for 1 min, increased to 100 % methanol in 9 min,
and was kept at 100 % methanol for 5 min. Absorbance of the
eluent was monitored at 290 nm. Amounts of the decomposed
compounds that had been incorporated into cells were standard-
ized based on the recovery of a known amount of MNP or NDP
added to the supernatant prepared from untreated control cells.

HPLC analysis of vitamin E in cells

The delivery of vitamin E or vitamin E succinate into cells was
determined according to the method described in [26]. After
incubation with 10 M vitamin E or vitamin E succinate for 16 h,
the cells (1 x 107) were washed with PBS, scraped and suspended
into 100 ul of PBS containing 0.01 % BHT (butylated hydroxy-
toluene). The cell suspension was mixed with 500 1 of n-hexane.
After 2 min, this mixture was deproteinized with cool ethanol, de-
natured with 5 % methanol, and vortex-mixed for S min. The up-
per phase was separated after centrifugation at 8000 g for 10 min,
and dried under nitrogen. The residue was dissolved in 100 il of
methanol and analysed by HPLC on a reversed-phase C,g column.

© 2005 Biochemical Society

The sample was eluted with 100 % methanol at 25°C at a flow rate
of 1 ml/min. Absorbance of the eluent was monitored at 284 nm.,
Amounts of vitamin E or vitamin E succinate incorporated into
cells were standardized based on the recovery of known amount
of each compound added to the control cell suspension.

HPLG analysis of g-carotene in cells

The delivery of B-carotene was determined according to the
method described by Offord et al. [27]. -Carotene (10 mM) was
dissolved in THF (tetrahydrofuran) and was added to a final con-
centration of 10 ©M to DMEM containing 10 % FBS and 0.01 %
Tween 20. After sonication for 1 min, the medium was sterilized
by passing through an Acrodisc syringe filter with a 0.2 um
pore-size HT Tuffryn membrane (Pall, Ann Arbor, MI, U.S.A)).
The cells (1 x 107) treated for 16 h with DMEM containing -
carotene were washed with PBS and lysed with 600 ul of lysis
buffer (150 mM NaCl, 2 mM EDTA, 1 % Tween 20 and 100 mM
Tris/HCI, pH 8.0). The cells were scraped and sonicated for 30 s
in 15 ml plastic tubes, then mixed thoroughly with 0.8 ml of water,
1.6 ml of ethanol and 8 il of deferoxamine mesylate (10 mg/ml)
in the dark. The samples were extracted twice with 3.6 ml of
n-hexane containing 0.03 % (w/v) BHT. After centrifugation for
5 min at 2000 g at room temperature (25 °C), the two supernatants
were mixed and dried under nitrogen. The residue was dissolved in
100 1 of THF containing 0.03 % BHT and analysed by HPLC on
areversed-phase Cjz column, The sample was eluted with 100 %
methanol at 40 °C at a flow rate of 2 ml/min. The eluent was moni-
tored by absorbance at 450 nm. The amount of S-carotene incor-
porated into cells was standardized based on the recovery of a
known amount of each compound added to the control cell lysate.

Establishment bf selenium-deficient cells

In order to establish selenium-deficient HepG2 cells, the serum
concentration of the medium was decreased stepwise from 10 %
to 1 % over 7 days as described previously [28]. Cells were used
for experiments at least 7 days after being maintained in medium
containing 1 % FBS. For the replenishment of selenium, sodium
selenite (Wako, Osaka, Japan) was added to a concentration of
1 uM.

Measurement of total glutathione content in cells

Depletion of glutathione in HepG2 cells was achieved by treat-
ment with 5 mM BSO (L-buthionine sulphoximine) (Sigma) for
24 h. Total glutathione was measured by the method described
by Anderson [29]. Briefly, cells (1 x 10%) were washed twice
with PBS and suspended in 100 ul of 5% sulphosalicylic acid
by vigorous vortex-mixing. After centrifugation at 8000 g for
10 min, the supernatant was recovered for assay. Samples (10 ul)
were mixed with the 980 pul of reaction mixture containing
100 mM sodium phosphate, pH 7.4, 5 mM EDTA, 0.6 mM 5,5'-
dithiobis(2-nitrobenzoic acid) (Wako) and 0.3 mM NADPH. The
increase in absorbance at 412 nm was monitored after the addition
of 3 units of glutathione reductase (Roche, Mannheim, Germany).
Authentic glutathione (Roche) solutions were used as a standard.

Enzyme assays

After washing once with PBS, cells were scraped from a culture
dish and were collected by centrifugation at 500 g for 4 min. Cells
were suspended in an appropriate volume of 10 mM Tris/HCl,
pH 7.4, and were disrupted by a Bioruptor at 200 W for 30 s with
cooling in ice-cold water. The supernatant was collected after
centrifugation at 15000 g for 15 min, and was used in the assay of
enzyme activities. SOD (superoxide dismutase) activity was
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determined as described previously [30] using WST-1 [2-(4-
iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulphophenyl)-2H -tetra-
zolium] (Wako) for the detection of generated superoxide anion.
Briefly, the reaction mixture contained an appropriate amount
of diluted xanthine oxidase (Roche), 0.1 mM xanthine (Wako),
0.025 mM WST-1, 0.1 mM EDTA, 50 mM NaHCO,, pH 10.2,
in a total volume of 3ml. The increase in the absorbance at
438 nm was monitored at 25 °C for 1 min. One unit was defined as
the amount of enzyme required to inhibit 50 % of the absorbance
change of 0.060/min. This unit of enzyme activity is equivalent
to that determined by the standard procedure using Nitro Blue
Tetrazolium. CuZnSOD and MnSOD activities were defined
as 2mM NaCN-inhibitable activity and -resistant activity
respectively.

GPx (glutathione peroxidase) activity was determined as de-
scribed previously [30]. One unit was defined as the amount of
enzyme required to oxidize 1 umol of NADPH, corresponding to
2 umol of GSH.

Caspase activity was determined essentially as described by
Stennicke and Salvesen [31]. Acetyl-Leu-Glu-His-Asp-4-MCA
(methyl-coumaryl-7-amide) and acetyl-Asp-Glu-Val-Asp-4-
MCA were used for the measurement of caspase 9 and caspase
3 activity respectively. The reaction mixture contained 25 mM
Pipes/KOH, pH 7.2, 5 mM MgCl,, 10 mM DTT (dithiothreitol),
0.1% CHAPS, 10 % sucrose and 0.05 mM substrate in a 200 ul
volume. The initial rates of enzymatic hydrolysis were measured
by the release of MCA from the substrate as the emission at
460 nm upon excitation at 380 nm using a BioLumin 960 Fluoro-
meter (Molecular Dynamics, Tokyo, Japan) equipped with a ther-
mostatically controlled plate reader.

Evaluation of the viahility of cells by LDH (lactate dehydrogenase)
activity

LDH activity was measured to assess the sensitivity of the cells
to singlet oxygen [30]. At 24 h after treatment of cells in 24-well
plates, portions of the medium were collected for measurement
of LDH activity. The cells were collected and disrupted by brief
sonication in PBS containing 0.1 % Tween 20. Cellular extracts
free of debris were prepared by centrifugation at 15000 g for
10 min. The assay for LDH activity was performed using an LDH
CII kit (Wako). The viability of the cells was calculated as the
percentage of the LDH activity recovered in the cellular extract
against the total (cellar extract plus medium) recovered activity.

SDS/PAGE and immunoblot analysis

Protein samples were subjected to SDS/PAGE with appropriate
concentrations of polyacrylamide and then transferred on to a
Hybond-P membrane (Amersham Biosciences, Little Chalfont,
Bucks., U.K.) under semi-dry conditions by means of a Transfer-
blot SD Semi-dry transfer cell (Bio-Rad). The membrane was
then blocked by incubation with 5 % (w/v) skimmed milk in TBS
(Tris-buffered saline; 137 mM NaCl, 2.7 mM KCl and 25 mM
Tris/HCl, pH 7.6) containing 0.1 % Tween 20 for 2 h at room
temperature. The membranes were then incubated with a mouse
anti-(cytochrome ¢) Ig (1:1000 dilution) (Pharmingen, San Diego,
CA, U.S.A)), rabbit anti-(caspase 3) IgG (H-277, Santa Cruz
Biotechnology, Santa Cruz, CA, U.S.A.), rabbit anti-thuman
caspase 9) Ig (Cell Signaling Technology, Beverly, MA, U.S.A.),
or rabbit anti-PARP IgG (H-250, Santa Cruz Biotechnology) for
16 h at 4°C. After washing with TBS containing 0.1 % Tween
20, the membrane was incubated with 1:1000 diluted peroxidase-
conjugated goat anti-mouse IgG or goat anti-rabbit IgG (Santa
Cruz Biotechnology) for 1 h at room temperature. After washing,
the peroxidase activity on the membranes was detected by a che-

miluminescence method using an ECL® (enhanced chemilumin-
escence) Plus kit (Amersham Biosciences) and exposed to X-ray
films (Kodak, Rochester, NY, U.S.A.). The amounts of protein
were quantified by densitometric scanning of X-ray films using
an Atto Densitograph (Atto, Tokyo, Japan).

Measurement of cytochrome ¢ release from mitochondria in cells

Control cells or glutathione-depleted cells by incubation in 5 mM
BSO-containing medium for 24 h were treated with endoperox-
ides or a precursor for 2 h, then incubated for an additional 4 h
in fresh medium. Cytosolic fractions were prepared as described
previously [32]. Briefly, 1 x 107 cells were scraped and washed
in PBS, and suspended in 500 ul of a lysis buffer (250 mM
sucrose, 50 mM Pipes/KOH, pH 7.4, 50 mM KCl, 5 mM EGTA,
2mM MgCl,, 1 mM DTT and 1 mM PMSF). After 30 min on
ice, the cells were lysed with 40 strokes using pestle B in a
Dounce homogenizer. After centrifugation at 14000 g for 15 min,
the supernatant was regarded as the cytosolic fraction. Cytosolic
proteins (10 pg) were subjected to immunoblot analysis.

Effects on cytochrome ¢ release from isolated mitochondria

Mitochondria were isolated from rat livers by conventional sub-
cellular fractionation. Briefly, 6 g of rat liver was homogenized in
3 vol. of solution A (0.32 M sucrose, 3 mM MgCl, and 20 mM
Tris/HCI, pH7.6), and the homogenate was filtered through
cheesecloth. The homogenate was gently poured on to 20 ml of
solution A in a 50 ml centrifuge tube, and centrifuged at 800 g
for 10 min. The supernatant was centrifuged further at 8000 g for
10 min. The precipitate was suspended gently in 4 ml of a buffer
(0.25 M sucrose, 1 mM MgCl, and 10 mM Tris/HC], pH 7.6) by
means of Dounce homogenizer using pestle B. All of the above
procedures were performed at 4°C. The isolated mitochondria
were treated with each endoperoxide for 60 min followed by cen-
trifugation at 12000 g for 10 min. Equal volumes of supernatants,
containing approx. 20 ug of proteins, were separated and analysed
as above.

Quantification of fragmented nuclei using fluorescence microscopy

After treated with MNPE or etoposide, cells were trypsinized,
washed in PBS and suspended into PBS. Approx. 5 x 10° cells
in 10 ul were stained with 0.03 mM DAPI (4,6-diamidino-2-
phenylindole), and photographs were taken with a digital camera
using a fluorescence microscope (Olympus BX 50, Tokyo, Japan).
At least 500 cells on photographs were counted for calculating
the percentages of the cells that had an intact, condensed or frag-
mented nucleus.

Detection of fragmented DNA hy agarose gel elecirophoresis

DNA was isolated from RBL-S1 cells (1 x 10° cells) according
to the methods described by Ishizawa et al. [33]. Isolated DNA
samples were electrophoresed on a 2 % agarose gel in Tris/borate/
EDTA buffer. DNA was visualized on a UV illuminator after
staining with 0.5 ug/ml ethidium bromide.

Evaluation of caspase activation in a cell-free system

Caspase activation in a cell-free system was achieved essentially
according to a method described previously [34]. Briefly, HepG2
cell lysate was prepared in 4 vol. of buffer containing 0.32 M
sucrose, 3 mM MgCl,, 20 mM Tris/HCL, pH 7.5, 2 ng/ml apro-
tinin, 2 pg/ml pepstatin A, 50 uM (p-amidinophenyl)methane-
sulphony! fluoride hydrochloride by homogenizing the cells with
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Figure 1

(R) Structures of MNPE and NDPE. (B) HepG2 cells were incubated with 4 mM MNPE, NDPE or
MNP (a precursor of MNPE) for 2 h and then incubated in fresh medium for an additional 22 h.
LDH activity in the medium and cells were measured. CTR, control. (C) Effects of S-carotene,
DABCO and vitamin £ on the protection of cells from the cytotoxicity of singlet oxygen were
examined. Cells were pre-incubated in medium containing 10 ;<M B-carotene, 5 mM DABCO
or 10 M vitamin E for 16 h and then treated without {open bar) or with 2 mM MNPE (hatched
cotumn) for 2 h. In the case of DABCO, 5mM DABCO was present in the medium during
MNPE treatment. Viability of the cells was assessed by measuring LDH activity after 22 h. The
means + S.0. for triplicate assays are shown.

MNPE, but not NDPE, exerted cytotoxic effects on HepG2 cells

40 strokes using pestle B in a Dounce homogenizer. The homo-
genates were centrifuged at 8000 g for 10 min, and the resulting
supernatants were centrifuged at 100000 g for 1 h. The caspases
in the 100000 g supernatants were activated by incubation at
37°Cfor 1 h with 75 pg/ml cytochrome ¢, 2 mM dATP and 2 mM
MgCl, with or without MNPE or SNAP (S-nitroso-N-acetyl-D,L-
penicillamine).

Statistics

Data are presented as the means & S.D. for triplicate experiments.
Student’s ¢ test was used to compare the significance of the dif-
ferences between data. Values of P < 0.05 were considered to be
significant.

RESULTS
Cellular damage is caused hy hydrophobic endoperoxides

We synthesized two types of endoperoxides, MNPE and NDPE
(Figure 1A) that generate defined amounts of singlet oxygen with
half lives of approx. 25 and 27 min at 37°C in aqueous solution
respectively. After incubation of HepG2 cells with each endo-
peroxide for 2 h, the media were changed to fresh media, and the
cytotoxic effects of the compounds were evaluated by measuring
LDH activity after 22 h (Figure 1B). MNPE decreased cellular
viability in a dose-dependent manner, while NDPE, as well as
MNP, a precursor of MNPE, had essentially no effect under these
conditions. To attribute the cytotoxic effect of MNPE to generated
singlet oxygen, we examined the protective action of singlet oxy-
gen inhibitors, S-carotene, DABCO and vitamin E, on cellular
viability (Figure 1C). An assay of LDH activity indicated that
all three compounds significantly protected the cells from the
cytotoxic effects of MNPE. Vitamin E succinate, a soluble form
of vitamin E, had about the same protective effect as vitamin E, but
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Table1 MNP, NDP, vitamin E, vitamin E succinate and g-carotene contents
in HepG2 cells

The concentrations of the compounds were measured by HPLC under conditions described
in the Experimental section. The values of these compounds in untreated cells were regarded as
baseline fevels. Data are presented as means + S.D. for triplicate samples.

Compound - Concentration (nmol/107 cells)

Degradation product of endoperoxide

MNP 85+12
NDP 12403
Singlet oxygen inhibitor
Vitamin E 43401
Vitamin E succinate 51405
B-Carotene 0.02340.003
(A) (B)
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Figure2 Enhanced susceptibility to singlet oxygen of cells cultivated under
selenium-deficient or GSH-deficient conditions

(A) Cells cultivated in medium containing 10% FBS (O}, 1% FBS (A) or 1% FBS with
replenishment of 1 .M sodium selenite (CT) were exposed to various concentrations of MNPE.
(B) Cells were incubated without (O) or with (A) 5mM BSO for 24 h and then ireated with
various concentrations of MNPE. Viability of the cells was assessed by measuring LDH activity.

histidine and vitamin C had virtually no effect under these condi-
tions (results not shown). Table 1 shows intracellular contents
of the decomposition products of the endoperoxides, MNP and
NDP, and inhibitors of singlet oxygen, B-carotene, vitamin E
and vitamin E succinate. Values were consistent with the harmful
effects of corresponding peroxides. A low level of B-carotene
incorporation into cells may explain the lower efficiency than for
vitamin E in protection against cytotoxicity of endoperoxides.

Effects of MNPE on selenium-deficient or GSH-depleted cells

We then examined the dose-dependent cytotoxicity of MNPE on
cells that were cultivated in medium supplemented with 1 % FBS,
instead of conventional 10 % FBS, which resulted in a selenium
deficiency, or in medium containing 5mM BSO, an inhibitor
for y-glutamylcysteine synthetase. Treatment of these cells with
MNPE indicated an enhanced cytotoxicity in cells cultivated
under conditions of selenium-deficiency or with decreased GSH
by BSO treatment (Figure 2). When selenium was replenished to
the medium with 1 % FBS, a resistance similar to the conventional
culture was observed (Figure 2). No significant difference was
observed in SOD activities among these cells (Table 2). While
GPx activity was significantly decreased in cells cultivated in
1% FBS, supplementation by selenium elevated the activity,
as has been reported previously [28]. The depletion of GSH
had no effect on GPx activity, which was assayed using t-butyl
hydroperoxide as a substrate in the presence of a large excess
of GSH. However, since BSO treatment lowered intracellular
GSH levels, the potential for peroxide detoxification by GPx




