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Mitochondrial P5, a member of protein disulphide isomerase
family, suppresses oxidative stress-induced cell death
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PS5, one of the protein disulphide isomerase (PDI) family
members, catalyses disulphide bond formation in proteins
and exhibits molecular chaperone and calcium binding
activities in vitro, whereas its physiological significance
remains controversial. Recently, we have reported that PS
localizes not only in the ER but also in mitochondria, al-
though it remains unclear so far about its physiological
significance(s) of its dual localization. Here we report that
H,0,— or rotenone-induced cell death is suppressed in
MTS-PS5 cells, which stably express P5 in mitochondria.
H,0;-induced cell death in Saos-2 cells occurred, in large
part, through caspase-independent and poly(ADP-ribose)
polymerase (PARP)-dependent manner. In MTS-PS5 cells
challenged with H,O, treatment, PARP was still acti-
vated, whereas release of cytochrome ¢ or apoptosis-
inducing factor and intramitochondrial superoxide
generation were suppressed. We also found that mito-
chondrial P5 was in close contact with citrate synthase
and maintained large parts of its activity under H,0O,
exposure. These results suggest that mitochondrial P5
may upregulate tricarboxylic acid cycle and possibly,
other intramitochondrial metabolism.

Keywords: cell death/mitochondria/oxidative stress/
PARP/PDI.

Abbreviations: AIF, apoptosis-inducing factor; cyt c,
cytochrome ¢; ER, endoplasmic reticulum; F1;
FoF1-ATPase subunit B; hsp60, heat shock protein
60; hsp70, heat shock protein 70; IMS, intermem-
brane space; MOMP, mitochondrial outer membrane
permeabilization; PARP, poly(ADP-ribose) polymer-
ase; PDI, protein disulphide isomerase.

Protein disulphide isomerase (PDI) (EC5.3.4.1) is a key
enzyme responsible for the oxidation, reduction and
isomerization of disulphide bonds in proteins in the
endoplasmic reticulum (ER) (/, 2). PDI and related
proteins constitute a protein family (/, 2) and have

two or three CGHC sequences in their active sites.
P35, one of PDI family members, catalyses disulphide
bond formation and its isomerization and exhibits mo-
lecular chaperone and calcium binding activities
in vitro, whereas its physiological significance remains
controversial (3—6). Like many other soluble PDI
family members in the ER, P5 contains both the secre-
tory signal sequence at its amino-terminus and the ER
retrieval signal at its carboxy-terminus and is indeed
mostly localized in the ER lumen (7). Recently, we
have reported that P5 localizes not only in the ER
but also in the mitochondria (8), although it remains
unclear so far about its physiological significance(s) of
its dual localization.

Mitochondria are intracellular powerhouse, which
produce adenosine 5 triphosphate (ATP) through the
concerted action of the enzymes for tricarboxylic acid
(TCA) cycle and the respiratory chain complexes.
Recent extensive studies show that the organelles are
also the major executioner in some cell death pro-
grammes (9, 10). The caspase-dependent cell death
pathways are well characterized and classically categor-
ized into the ‘intrinsic’, mitochondrial and the ‘extrin-
sic’, death receptor pathways (9, 10). In the intrinsic
pathway, upon death-inducing stimuli proapoptotic
Bcl-2-related proteins like Bax or Bak are activated
and concomitantly mitochondrial outer membrane per-
meabilization (MOMP) is induced to release several
intramitochondrial proteins, such as cytochrome c,
Smac/DIABLO, HtrA2/Omi, apoptosis-inducing
factor (AIF), several of which are involved in the cas-
pase activation cascades, eventually leading to cell
demise (9, 10). Recent reports indicate that cell death
is induced even in a caspase-independent manner, and
some of such types of cell death have been characterized
so far. Among these are the autophagic cell death,
necroptosis and  poly(ADP-ribose)  polymerase
(PARP)-dependent cell death, in all of which much
remains to be characterized (10, 11). Notably, many
studies of these caspase-independent cell death have
been performed under caspase-inactivated conditions,
for example, in Bax/Bak-double knockout cells,
suggesting that these cell death pathways may be
back-up system in case for caspase inactivation,
though many of their physiological significance(s) are
not yet clear (10, 11).

Reactive oxygen species (ROS) such as superoxide
anion and hydrogen peroxide (H,O,) are not only
known to act as critical signalling molecules but also
trigger cellular dysfunction by damaging lipids, pro-
teins, nucleic acids and so on (/2—15). Intracellular
levels of ROS are strictly regulated by superoxide
dismutase (SOD), the glutathione system and the
thioredoxin system that can detoxify them (/2—14).
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Oxidative stress occurs when the levels of ROS
overwhelm these antioxidant defence systems, leading
to activation of stress signalling pathways or even to
cell death by apoptosis or necrosis (/5). HyO, is a
relatively stable ROS and acts both a mediator of
cytotoxicity and a signalling molecule in living cells
(12, 13, 16). The major forms of oxidative DNA
damage are lesions such as 8-oxo-2'deoxyguanosine
that are repaired by base excision repair including
PARP activation (/7). Recent studies show that
H»0, induces cell death in PARP-dependent manner,
though how ‘live or die’ decision is made is not well
understood yet (/8, 19). On the other hand, rotenone,
an inhibitor of complex I to generate ROS, is reported
to cause apoptosis, though how rotenone triggers
apoptosis is still an unresolved issue (20—24).

In the present study, to elucidate the physiological
function(s) of P5 in mitochondria, we have made a
transformant, which stably expressed PS5 in mitochon-
dria and characterized it with respect to the effect on
oxidative stress-induced cell death.

Experimental Procedures

cDNA cloning of mouse P5 and constructions

of MTS-P5

The ¢cDNA encoding the mouse P5 (accession No.
NM_027959) was prepared by RT—PCR using P19
cells” poly(A)" RNA as a template and the following
primers: mP5NI1, mP5Cl, mP5N2 and mP5C2
(Supplementary Table SI). PCR fragments were sub-
cloned into pGEM-T Easy vector (Promega) or
pBluescript 1T SK (+) vector (Stratagene), and the
full-length cDNA was obtained using its endogenous
restriction sites. The cDNA clone of FLAG-tagged P5
mature region was prepared by PCR using full-length
cDNA as a template and the following primers: mP5N6/
ECO/NDE, mP5C3/FLAG/SAL and mP5C4/FLAG/
SAL (Supplementary Table SI). mP5N6/ECO/NDE
and mP5C1 were used to delete the original signal
sequence portion and mP5C3/FLAG/SAL and
mP5C4/FLAG/SAL were used to insert the FLAG
tag sequence in front of the KDEL sequence. MTS
region was prepared by PCR using full-length cDNA
of OXA1 (accession No. NM_026936) as a template and
the following primers: mOXAINI/BAM and
mOXA1C3/ECO (Supplementary Table SI). In-frame
cDNA clone of MTS-P5 was obtained from resultant
two PCR fragments using their restriction sites and sub-
cloned into the mammalian cell expression vector
pcDNA3 (Invitrogen).

Cell cultures

Saos-2 or MTS-P5 cells were cultured in DMEM
containing 10% (v/v) fetal calf serum, 4 mM L-glutam-
ine, 0.2% (w/v) NaHCO;, 100 U/ml penicillin and
100 pg/ml streptomycin at 37°C in a 5% CO,
incubator.

Screening for the stable transformants of MTS-P5

For stable expression, MTS-P5 plasmids were first
linearized with Nrul and then transfected into Saos-2
cells by using lipofectamine reagent (Invitrogen). After
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single colonies were isolated, cells were screened in the
presence of G418 (Sigma) at the concentration of
1.6 mg/ml.

Subcellular fractionation, proteinase-sensitivity
assay and hypotonic treatment

Cells grown on 10-cm dish were washed once with cold
PBS, collected and suspended into the ‘HEMS buffer’
containing 10mM HEPES—-KOH (pH 7.4), | mM
EDTA, 220mM mannitol, 70mM sucrose and one
Complete EDTA-Free tablet (Roche). Cells were
then homogenized through 20 G syringe 20—30 times
and the homogenates were applied to conventional
subcellular fractionation as described previously (8).
Briefly, the pellets from the 8,000g centrifugation
were washed with excess amounts of HEMS buffer
to obtain the heavy membrane (crude mitochondria)
fraction and the supernatants were subjected to ultra-
centrifugation at 100,000g for 60 min at 4°C to obtain
the microsomal and cytosolic fractions. Each sample
obtained above was subjected to SDS—PAGE followed
by western blot analysis using the antibodies indicated
in the figures. For protease-sensitivity assay mitochon-
dria (10 pg) were treated with proteinase K at the
concentrations indicated in the figures as described
previously (25) except using HEMS buffer. Hypotonic
treatment was performed as described (8). Detection
was performed by ECL or ECL-plus (GE Healthcare)
and analysed by LAS-1000 plus or LAS-4000 (GE
Healthcare). Protein concentrations were determined
with a BCA assay kit (Pierce).

Immunofluorescence microscopy

Saos-2 cells or MTS-P5 cells (5 x 10* cells) were first
cultured on coverslips for 24h, then incubated with
100nM MitoTracker Red (Molecular Probes) for
15min. After rinsed with 1x PBS briefly, they were
fixed with 4% (w/v) paraformaldehyde (PFA) for
15 min, treated with methanol/acetate (50%/50%, v/v)
for 3min at room temperature. After rinsed with 1x
PBS briefly, they were incubated with 1x PBS contain-
ing 5% goat serum for 30 min at room temperature, and
further treated with the primary antibodies indicated in
the figures for 60 min, followed with the secondary
antibodies conjugated with Alexa568 (Molecular
Probes) or FITC (BIOSOURCE). Nuclei were stained
with Hoechst 33342. Labelled cells were observed with a
confocal laser-scanning microscope (FluoView
FV1000, Olympus) and analysed with FV10-ASW
software (Olympus). In order to check the release of
mitochondrial death-inducing factors, each cell was pre-
treated with 500 uM H->O,.

Cell viability assays

The cell viability was measured by trypan blue
exclusion assay or XTT (sodium 3'-[1-[(phenylamino)-
carbonyl]-3,4-tetrazolium]-bis(4-methoxy-6-nitro)-
benzene-sulphonic  acid  hydrate) assay (Cell
proliferation kit 11, Roche). For trypan blue exclusion
assay cultured cells (5 x 10* cells/well) on six well plates
were treated with the reagents described in the figures.
Both cultured medium and cells on the plates were col-
lected separately, centrifuged at 3,000 rpm for 10 min by



swing rotor (himac CT6D, Hitachi). The pellets were
resuspended in PBS, mixed with the same amount of
trypan blue solution and viable and non-viable cells
were then counted. For XTT assay, cells were seeded
in triplicate onto 96-well plates at 1x 10* cells/well.
Plates were analysed in a microtiter plate reader
(Biotrak 11 plate reader, Amersham) at 492 nm with a
reference of 620 nm. Viability was shown by relative
values to those of control cells regarding as 100%.
Data were shown by mean 4= SD and statistical analysis
was performed using Student’s z-test.

siRNA transfection
The following Stealth RNA duplexes (Invitrogen) were
used for knockdown experiments.

AIF sense; 5-GGAGUCAGCAGUGGCAAGUU
ACUUA-3.

AIF antisense; 5-UAAGUAACUUGCCACUGCU
GACUCC-3'.

Stealth RNAI negative control duplexes (Invitrogen)
whose GC content is similar to that of each duplex
siRNA were used as ‘scrambled’ negative controls.
Cells were grown to 40—50% confluence on a 6-well
plate and transfected with siRNAs shown above
(100 pmol each) using Lipofectamine 2000 (Invitrogen).
After 48 h, cells were retransfected as above for 24 h and
used in the experiments.

Flow cytometry analysis

Mitochondrial membrane potential (A¥m) was ana-
lysed using JC-1 (AAT Bioquest). Cells were first trea-
ted with 2.5pg/ml of JC-1 for 30min at 37°C,
collected, washed three times with cold PBS. The fluor-
escence intensities were measured using a flow
cytometer at FL1 and FL2 channels (JSAN desktop
cell sorter, Bay Bioscience). The data were analysed
using AppSan software (Bay Bioscience) and shown
by FL2/FL1 ratio. Mitochondrial superoxide gener-
ation was analysed using MitoSOX Red (Molecular
Probes). Cells were first treated with 5puM MitoSOX
Red for 15min at 37°C, collected, washed three times
with PBS. The fluorescence intensity was measured
using the flow cytometer at FL2 channel with counting
5,000 cells for each sample.

Crosslinking and immunoprecipitation

Isolated mitochondria (200 pg) were treated with SmM
DSP (Pierce), a cleavable cross-linking reagent, for
30min at room temperature. After quenched with
100mM Tris—HCI (pH 8.0) for 15min at room tem-
perature, the cross-linked adducts were washed once
with HEMS buffer, centrifuged at 16,100g for 5min
at 4°C. The pellets were then treated with lysis buffer
(100mM HEPES-KOH, pH 7.4, 2mM EDTA,
150mM NaCl, and 1% (w/v) Triton X-100) for
30min on ice. After adding the washing buffer
[10mM HEPES—-KOH, pH 7.4, 2mM EDTA,
150 mM NaCl and 0.05% (w/v) Triton X-100], the ex-
tracts were cleared by centrifugation for 30min at
100,000g at 4°C. The resulting supernatants were incu-
bated at 4°C overnight with the anti-FLAG
M2-agarose beads (Sigma). After centrifuged at 800g
for S5min, the beads were washed twice in HEMS
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buffer and the supernatants were precipitated by
10% (w/v) trichloroacetic acid. Each sample obtained
above was incubated at 37°C for 30min in
SDS—PAGE loading buffer containing 20mM DTT
to cleave DSP and subjected to SDS—PAGE followed
by western blot analysis.

Measurement of citrate synthase activity

Citrate synthase activity was analysed using isolated
mitochondria described above. Briefly, mitochondria
(10 pg) were first added to the reaction buffer contain-
ing 100 mM Tris—HCI (pH 8.0), 100 uM 5,5-dithiobis-
(2-nitrobenzoic acid) (DTNB), 50 uM acetyl coenzyme
A and 0.1% (w/v) Triton X-100 and the reaction was
started by addition of 250 uM oxaloacetate. The activ-
ity was measured as the increase in absorbance at
412nm using SmartSpec Plus spectrophotometer
(BIO-RAD).

Antibodies

Antibodies used in this work are: FLAG (Sigma), F{8
(BD Biosciences), calnexin (Santa Cruz), hsp70 (Santa
Cruz), hsp60 (BD Biosciences), procaspase-3 (Santa
Cruz), PARP-1 (Santa Cruz), Tom20 (Santa Cruz or
BD Biosciences), cytochrome ¢ (Santa Cruz or BD
Biosciences), AIF (Santa Cruz or Cell Signaling),
Smac/DIABLO (Stressgen or BD Biosciences), HtrA2/
Omi (R&D), citrate synthase (Nordic Immunology),
PDI (BD Biosciences), actin (Santa Cruz). Rabbit
anti-P5 antibodies were raised against Escherichia coli-
expressed human P5 and affinity purified. Anti-10H
monoclonal antibodies were prepared as described pre-
viously (26).

Results

Oxidative stress-induced cell death is suppressed in

the cells which express mitochondrially localized P5

Previously, we have shown that P5is localized not only in
the ER, but also in mitochondria (8). To understand
physiological role(s) of mitochondrial P5, we first made
cell lines in which P5 proteins were stably expressed in
mitochondria (termed ‘the MTS-P5 cells’) using Saos-2
osteosarcoma cells as a donor, because in these cells
mitochondria show normal morphology and mitochon-
drial mass, and they are often used in studying cell death
(27). Since the mitochondrial targeting signal (MTS)
portion of endogenous P5 has not yet been clearly
defined, we have made the clone that consists of
mature portion of P5 fused both to MTS of mouse
Oxal instead of its signal sequence at amino-terminal
and to FLAG tag before carboxy-terminal KDEL ER
retrieval signal (termed ‘MTS-P5-FLAG?’, see Fig. 1A).
After isolating the MTS-P5 cells, as shown in Fig. 1B and
C, the expressed fusion protein in these cells was indeed
localized to mitochondria. The expression level of mito-
chondrial P5 in MTS-PS cells was around 3-fold com-
pared to that in control, Saos-2 cells (Supplementary
Fig. S1A). As shown in Supplementary Fig. SI1B, the
expressed protein in MTS-P5 cells was cofractionated
with the pellets (the mitoplasts) after hypotonic treat-
ment, while some fractions of endogenous PS5 were
collected in the supernatants, suggesting a fraction of it
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localizes in the intermembrane space. As also shown in
Supplementary Fig. S1C, the proteinase K-sensitivity of
the expressed protein was much similar to that of hsp60
(the matrix protein) whose significant portions were
resistant at 100 pg/ml of proteinase K, whereas not to
those of Tom20 (the outer membrane protein) whose
large portions were sensitive at 0.5 pg/ml of proteinase
K, or to those of AIF (the inner membrane protein
exposed its large portion to the intermembrane space)
whose significant portions were degradable at 10 pg/ml

A P5

of proteinase K to smaller sizes (Supplementary Fig.
S1C, single asterisk of AIF panel). As also shown in
the figure is that the expressed protein was not localized
in microsomes [Supplementary Fig. SIC, FLAG (Ms)
panel]. These results show that the most portions of the
expressed protein reside in the mitochondrial matrix as
expected, because the fused MTS portion should target
passenger protein to mitochondrial matrix. In contrast,
while most fractions of the endogenous P5 were resistant
at 100 pg/ml of proteinase K, even at above this
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Fig. 1 Intracellular localization of MTS-P5. (A) Schematic diagrams of domain structure of original P5 and MTS-P5. SS: signal sequence, a’, a°
domain containing catalytic CGHC motif; a, a domain containing catalytic CGHC motif; b, b domain; ¢, ¢ domain containing acidic Ca’t
binding activity; KDEL, C-terminal ER retrieval motif; MTS, mitochondrial targeting signal. (B) Immunofluorescent microscope images of
MTS-P5 cells. MTS-P5 cells were stained with anti-FLAG antibody (green), MitoTracker Red (magenta) and Hoechest 33342 (blue) and then
observed by a confocal laser scanning microscope. Bar indicates 40 pm. (C) Subcellular fractionation of MTS-P5 cells. MTS-P5 cells were
fractionated as described in ‘Experimental Procedures’ section and the resulting mitochondrial (lane 1), microsomal (lane 2) and cytosolic (lane
3) fractions were subjected to SDS—PAGE followed by western blotting using antibodies indicated in the figure.
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concentration some portions were also resistant. This is
probably due to microsomal contamination because
microsomal P5 was resisitant to even at 1,500 pg/ml of
proteinase K [Supplementary Fig. S1C, P5 (Ms) panel].
Using the cell clones thus obtained, we next examined
any effects on cell death induced by oxidative stress
using the trypan blue exclusion assay (Fig. 2). As
shown in Fig. 2A and B, H,O» induced cell death in a
dose- and time-dependent manner, while such cell death
was effectively suppressed in the MTS-P5 cells. It should
be noted that in our assays Saos-2 cells are rather resist-
ant to H,O» because ~90% of them are likely to be alive
even at 200 uM, the concentration of which many cell
types cause apoptosis (Fig. 2A). Cell death suppression
was also observed with rotenone, the ROS generating
reagent by inhibiting mitochondrial respiratory
complex I electron transport activity (Fig. 2C and D).
Essentially the same results were obtained with the
MTS-P5 clone made with HeLa cells (Y. Tonohora
et al., unpublished data). We hereafter performed
experiments on H>O,-induced cell death pathway.

H>0»-induced cell death is poly(ADP-Ribose)
polymerase (PARP) dependent

Next, we examined what mechanisms caused H,O»-
induced cell death in the wild-type Saos-2 cells. As
shown in Fig. 3A, using the XTT assay, it was hardly
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suppressed by the pretreatment with z-VAD.fmk, the
pan-caspase inhibitor [Fig. 3A(a)], whereas effectively
with DPQ (3.,4-dihydro-5-[4-(1-piperidinyl)butoxyl]-
1(2H)-isoquinolinone), the poly(ADP-ribose) polymer-
ase (PARP) inhibitor [28; Fig. 3A(b)]. Notably, the
viability measured with the XTT assay was apparently
much lower than that with the trypan blue exclusion
assay for unknown reason. In sharp contrast, staurospor-
ine (STS), the well-known inducer of caspase-dependent
cell death, induces cell death that was effectively sup-
pressed by z-VAD.fmk (Fig. 3Ba), but not by DPQ
[Fig. 3B(b)]. By further assays, we revealed that H,O,-
induced cell death was significantly suppressed with the
antioxidant, N-acetyl r-cysteine (NAC), but not with
cyclosporine A (inhibitor of permeability transition
pore), 3-methyladenine (inhibitor of autophagy),
MDL28170 (calpain inhibitor) or necrostatin-1 (29;
necroptosis inhibitor) (Table I). These results suggest
that in Saos-2 cells H,O, (500 uM) induces cell death
mainly in a PARP-dependent manner even without in-
activation of Bax and Bak.

Previous reports showed that in the PARP-mediated
cell death pathway mitochondrial intermembrane
space proteins such as cytochrome ¢ and AIF are
released into the cytosol (28, 30). In order to check
this, we next performed the experiments using im-
munofluorescence microscopy and cell fractionation
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Fig. 2 Oxidative-stress-induced cell death is suppressed in MTS-P5 cells. (A) H,0, -induced cell death is suppressed in MTS-P5 cells in a
dose-dependent manner. Saos-2 or MTS-P5 cells were first cultured on six well plates for 24 h and then treated with H,O, for 48 h at concen-
trations indicated in the figure. The cell viability was measured by trypan blue exclusion assay and indicated as described in ‘Experimental
Procedures’ section (n=6). (B) Time course of H,O,-induced cell death. Cells were treated with 500 uM H,O, for the indicated times. (n=4).
(C) Rotenone-induced cell death is suppressed in MTS-P5 cells. Cells were treated with rotenone at the indicated concentrations (n = 3).

(D) Time course of rotenone-induced cell death. Cells were treated with 2 uM rotenone for the indicated times (n = 3). The single and double

asterisks indicate P<0.05 and P<0.01, respectively.
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Fig. 3 H,0,-induced cell death is PARP dependent, but caspase independent in Saos-2 cells. Saos-2 cells were pretreated with indicated con-
centration of DPQ (a) or z-VAD.fmk (b) for 1 h before 500 uM H,0, (A) or 25nM staurosporine (STS) (B) treatment. After 48 h cell viability
was measured by XTT assay as described in ‘Experimental Procedures’ section (n=3).

Table I. Summary of the effects of reagents on HO,— or stauros-
porine (STS)-induced cell death.

Reagents H,0, (500 pnM) STS (25nM)
z-VAD.fmk (100 uM) - +

DPQ (30 uM) + -
cyclosporine A (5 uM) — -

N-acetyl L-cysteine (10 mM) + +
3-methyladenine (10 mM) - ND
MDL28170 (50 uM) - ND
necrostatin-1 (30 uM) - ND

+, cell death is suppressed; —, cell death is not suppressed; ND, not
determined.

experiments. As shown in Fig. 4A, upon H,0, treat-
ment for 8h, cytochrome ¢ was released from
mitochondria to the cytosol. Release was also indi-
cated by inconsistent distribution patterns of fluores-
cence intensity (Fig. 4B). Similar release was observed
for Smac/DIABLO (Supplementary Fig. S2A), HtrA2/
Omi (Supplementary Fig. S2B), while less frequently
for AIF (Fig. 4C), judging also from the inconsistent
distribution patterns of AIF with those of Tom20
(Fig. 4D). In the cell fractionation experiments, we
detected the release of not only cytochrome ¢, but
also AIF, probably in the processed form in the cytosol
(asterisks in the figure), though less than the formers in
amount (Fig. 4E). These results suggest that in our
study AIF is released less effectively than observed
with the other factors upon H>O, treatment. We also
obtained the results that the release of cytochrome
¢ and AIF was suppressed by DPQ, but not by
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z-VAD.fmk with both immunofluorescence micros-
copy (Supplementary Fig. S3A—D) and the cell frac-
tionation experiments (Supplementary Fig. S3E),
consistent that PARP activation is necessary for the
release.

In H>05-induced cell death AIF plays an important role
The results shown above suggest that in Saos-2 cells
H,0O,-induced cell death occurs without caspase acti-
vation though cytochrome c is released. Since in some
of the previous studies H>O, is known to induce the
caspase dependent, intrinsic pathway, we next exam-
ined whether caspase-9 and caspase-3 are activated in
H,0;-treated Saos-2 cells. While the processing forms
of procaspase-3 and PARP-1 were clearly detected in
STS-treated cells (Fig. 5A), they were negligibly
detected in H>O,-treated ones (Fig. 5B), consistent
with our previous data (Fig. 3A). This seemingly
caspase-independent cell death is induced without the
activity of HtrA2/Omi because Ucf-101, the inhibitor
of HtrA2/Omi serine protease activity, did not signifi-
cantly affect on it (3/; Supplementary Fig. S4).
Although we do not exclude the possibility that
HtrA2/Omi is required for the H,O,-induced cell
death in Saos-2 cells since in the previous studies the
serine protease activity of HtrA2/Omi is required for
caspase-independent cell death, we consider it less
likely at present (32, 33).

Next, we checked whether AIF, another candidate
for caspase-independent cell death executioner, is
required for the H»O,-induced cell death using
siRNA that is designed to knockdown human AIF.



We first checked several siRNAs and then selected
only one candidate that not only knocked down
AIF but also kept cells alive, because the rest
siRNAs were lethal under our experimental condi-
tions (Y. Shitara et al., data not shown). As shown
in Fig. 5C, using this siRNA expression of endogen-
ous AIF was effectively suppressed. Under these con-
ditions, trypan blue exclusion assay was performed
after treatment with H,O,. As shown in Fig. 5D,
death was significantly compromised with AIF
knockdown compared with control, although the via-
bility measured with control, scrambled siRNA was
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apparently higher than that with the previous data
in Fig. 2A for unknown reason. Taken together, the
results shown above suggest that in Saos-2 cells
H,O, induces cell death in PARP-dependent and
caspase-independent manner and that AIF, probably
not HtrA2/Omi, plays an important role for cell
death induction, even though the amount of release
is negligible compared with that of cytochrome c.
Notably we do not exclude the possibility that some
other factor(s) other than AIF are required, because
the cell death was not completely suppressed by the
knockdown (Fig. 5D).
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Fig. 4 Intramitochondrial cell death-inducing factors are released upon H,O, treatment. (A and C) Saos-2 cells were treated with 500 pM H,O, for
8 h and then stained using antibodies against Tom20 (green), cyt ¢ (A) or AIF (C) (magenta) and with Hoechest 33342 (blue). Cells were observed
with confocal microscopy. Arrows indicate the cells in which cell death-inducing factors are released. Bar indicates 40 um. (B and D) (left) The
images of Tom20 and cyt ¢ (A) or AIF (C) were merged and shown in (B) or (D), respectively. (Right) Intracellular distribution of Tom20 and cyt
¢ (B) or AIF (D) indicated by fluorescence intensity when sectioned at a line in each merged panel. (E) Release of cell death-inducing factors
revealed by subfractionation followed by western blotting analysis. Cells were treated with 500 pM H,O, for indicated times and then fractio-
nated to obtain heavy membrane and cytosol fractions. Each fraction was subjected to SDS—PAGE followed by western blotting analysis using
antibodies against cyt ¢, AIF, Tom20 and Hsp70. Arrow indicates mature AIF and asterisk indicates truncated form of AIF.
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(A) Both caspase-3 and PARP are efficiently processed upon STS treatment. Saos-2 cells were treated with 1 uM staurosporine (STS) for
indicated times in the presence or absence of z-VAD.fmk (100 uM). Then each reaction was stopped with 10% (w/v) trichloroacetic acid and
analysed by western blotting using antibodies against caspase-3 or PARP-1. Activated forms of caspase-3 (p21, p19, p17) and truncated form of
PARP-1 (tPARP-1) are indicated. (B) Both caspase-3 and PARP are negligibly processed upon H,O, treatment. Cells were treated with 500 pM
H,0, for indicated times. Each reaction was stopped with 10% (w/v) trichloroacetic acid and analysed by western blotting as described in (A).
The single and double asterisks indicate the non-specific bands. (C) AIF knockdown experiments. Saos-2 cells were transfected with siRNAs
(scramble or AIF) as described in ‘Experimental Procedures’ section. Cells were then collected and subjected to SDS—PAGE followed by western
blotting analysis using antibodies against AIF or actin. (D) H>O»-induced cell death is effectively suppressed by AIF knockdown. Saos-2 cells
transfected with siRNAs were treated with 500 uM H,O, for 48 h. Cell viability was then measured by trypan blue exclusion assay (n=10).

The asterisk ** indicates P<0.01.

In MITS-P5 cells release of intramitochondrial cell
death-inducing factors are suppressed

Next, we examined whether H,O,-induced cell death
induces the release of intramitochondrial death-
inducing factors in the MTS-P5 cells or not. First, we
found that using immunofluorescence microscopy the
release of cytochrome ¢ (Fig. 6A), Smac/DIABLO
(Supplementary Fig. S5A), HtrA2/Omi
(Supplementary Fig. S5B) and AIF (Fig. 6C) was sup-
pressed, which was also indicated by the largely con-
sistent distribution patterns of fluorescence intensity
(Fig. 6B and D). Similar results were also obtained
with the cell fractionation experiments (Fig. 6E).
Preliminary data indicate that upon H,O, treatment
polyADP-ribosylated smear bands were still observed
in MTS-P5 cells (data not shown), suggesting that in-
hibition of PARP activity may not be required for the
suppression and/or that acceptor proteins of
poly(ADP-ribose) may be different in MTS-P5 cells
from those of wild-type Saos-2 cells.
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In MITS-P5 cells citrate synthase activity is protected
against H,0,

Because in many cell deaths mitochondrial inner mem-
brane potential (AWm) is declined as the death pro-
gramme progresses, we next checked whether such
dissipation is also suppressed in the MTS-P5 cells
using JC-1, a lipophilic, cationic dye as a probe that
can selectively enter mitochondria and reversibly
changes colour from green to red as the AWm increases
(34). As shown in Supplementary Fig. S6, not only in
Saos-2 cells, but also in the MTS-P5 cells, the AWm
was dissipated to a similar extent. Next, we examined
whether intramitochondrial superoxide generation is
suppressed or not, using fluorescent dye MitoSOX,
which permeates live cells and selectively targets mito-
chondria, where it is rapidly oxidized by superoxide
but not by other reactive oxygen or nitrogen species.
As shown in Supplementary Fig. S7 left panels, in
wild-type Saos-2 cells upon H,O, treatment more
intensely fluoresced cells appeared, suggesting



500 uM H,0,

ocyte

Hoechst 33342

0 hr

8 hr

C D

500 uM H,0,
a AIF

o Tom20 Hoechst 33342

0 hr

8 hr

E heavy membrane

Suppression of cell death by mitochondrial P5

500 uM H,0,

0 hr

8 hr

Tom20/cyt ¢

4000]

10 20 30
Length (um)

3000

Intensity

2000

1000}

10
Length (pm)

500 uM H,0,

Tom20/AIF
< 4000}

30004
20004

|

|
3000
20040 i

|

1000/

20 30 40
Length (jam)

cytosol

0 24 48

0 24 48 H,0;(hr)

!

cyte

AIF

Hsp70 | === == ==

Tom2() | —

4 5 6
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indicates 40 pm. (E) Cell death-inducing factors release is suppressed in MTS-P5 cells revealed by subfractionation following western blotting as

described in the legend to Fig 4(E).

H,0, induced intramitochondrial superoxide forma-
tion which could be suppressed in the presence of
NAC. On the other hand, as shown in
Supplementary Fig. S7 right panels, in MTS-P5 cells,
significant distribution change was hardly observed in
the presence or absence of NAC, suggesting that in
MTS-P5 cells intramitochondrial superoxide forma-
tion is probably suppressed.

How mitochondrial PS5 suppressed H>O,-induced
cell death? To answer this question, we next performed
co-immunoprecipitation experiments using anti-FLAG
IgG-conjugated Protein A Sepharose. As shown in
Fig. 7A, middle panel, in MTS-P5 cells the expressed
FLAG-tagged protein was effectively precipitated.

Under these conditions, we found that citrate synthase,
the rate-limiting enzyme in the TCA cycle, was copre-
cipitated (Fig. 7A, left panel). This interaction is likely
to be specific because B-subunit of FoF1-ATPase (F1p)
was not coprecipitated (Fig. 7A right panel). Next, we
examined expression levels of citrate synthase. As
shown in Fig. 7B, expression levels of citrate synthase,
as well as control protein PDI, were not significantly
decreased with or without H>O, treatment. Notably,
citrate synthase expression level elevated significantly
compared with that in Saos-2 cells, whereas that of
PDI was almost constant. Under these conditions, we
next examined citrate synthase activity under H»O,-
treated conditions. As shown in Fig. 7C, in wild-type
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mean £ SD (n=35). The asterisk indicates P<0.05.

Saos-2 cells the activity was significantly depressed
upon H»O, treatment, whereas in the MTS-P5 cells
the large portion (~80%) of it was maintained even
after 48 h with the treatment. These results are intri-
guing because previous report indicated that P5 ex-
hibits molecular chaperone activity towards citrate
synthase in vitro (4). Taken together, we conclude
that mitochondrial P5 protects citrate synthase against
H»O, stress, probably through its chaperone activity.

Discussion

It has been thought that most PDI family proteins
localize only in the ER. However, recent studies
show that they reside also in the compartments outside
the ER (35). PS5, one of the PDI family members, has
been reported to be secreted to the cell surface or to
reside in mitochondria (8, 36). To investigate the
physiological function(s) of mitochondrial PS5, we
have characterized MTS-P5 cells that stably express
P5 in mitochondria, and revealed that oxidative
stress-induced cell death was suppressed in MTS-P5
cells. Our studies also showed that in Saos-2 cells

82

H>0O»-induced cell death was mediated largely through
PARP-dependent and caspase-independent pathway,
consistent with previous report (28). In that report,
alkylating agent N-methyl-/N -nitro-/N-nitrosoguani-
dine (MNNG) or H,O, potentiates PARP activity,
induces MOMP to release cytochrome ¢ and AIF,
eventually leading to cell death. Among released fac-
tors, AIF is likely to be an important death execu-
tioner, because AIF knockout (28) or knockdown
(Fig. 5D, ref. 30) significantly lowered the induced
death. However, our results are apparently inconsist-
ent with previous results in two points: AIF is released
less extensively and more slowly compared with previ-
ous reports (28, 30), and calpain activity is likely not to
be required. For the former, these may be because
some other factor(s) lacking in Saos-2 cells are
required for efficient AIF release. One such candidate
is p53, since Saos-2 cells are reported to be pS53-null
and in some cases pS53 directly or indirectly activates
Bax/Bak to induce MOMP (37, 38). Another potential
factor is mitochondrial ERK, because in the previous
report ERK protects several cancer cells, including
Saos-2 cells, against death through inhibition of the



permeability transition (39). Indeed, we have shown
that Saos-2 cells are not very sensitive to stress stimuli
(Fig. 2), possibly due to these cell-protecting factors.
For the latter, although our results are not conclusive,
we think it less likely that calpain(s) are required for
the AIF release, because cell death was neither sensi-
tive to calpain inhibitor (MDL28170) nor to
z-VAD.fmk, which can inhibit not only caspases but
also calpains. Whether calpain activation is required
for AIF release is still a matter of debate (30, 40)
and further investigation are needed to clarify this
point. Notably, we do not exclude the possibility that
some other factor(s) other than AIF are required in
order to induce H,O,-induced cell death, and further
investigations are required to elucidate these issues.
How is the oxidative stress-induced cell death sup-
pressed in the MTS-P5 cells? To answer this question,
we performed a series of experiments and have
revealed that the release of intramitochondrial death-
inducing factors, including AIF, was suppressed, while
H,0,-induced polyADP-ribosylation was not signifi-
cantly suppressed. In relation to this, recent studies
show that free poly(ADP-ribose) (PAR) resulting
from PARP activation directly binds to AIF on the
mitochondrial outer membrane to cause its release
(41—43). How do these facts reconcile with our present
data? Since mitochondrial P5 is likely not to act on
PAR generation and since dissipation of AWm, prob-
ably resulting from acting of free PAR to mitochon-
dria (28, 41), is similarly observed in MTS-PS5 cells,
mitochondrial PS5 may prevent PAR binding to AIF,
probably indirectly. So one possibility is that ROS-
dependent posttranslational modification on AIF is
required for efficient PAR binding, considering
together that intramitochondrial superoxide gener-
ation is suppressed in the MTS-P5 cells. However, we
think this less likely, because the release suppression is
not specific to AIF and so far it has not been reported
for direct stimulatory effect(s) of PAR on MOMP.
Another possibility is that some other factor(s)
derived from mitochondria in the MTS-P5 cells pre-
vent, directly or indirectly, the AIF release. As shown
in this study, we have identified citrate synthase, the
rate-limiting enzyme of the TCA cycle, as one of pos-
sible target proteins of mitochondrial P5. This inter-
action is likely to be relevant because significant
portions of its activity were maintained after 48h
upon H,O, treatment. Since even under healthy state
in MTS-P5 cells the expressed level of citrate synthase
elevated around 1.5-fold, it is plausible that the levels
of some intermediate molecule(s) of TCA cycle are also
elevated. Indeed mitochondrial NADH level in
MTS-P5 cells are found to be elevated compared to
with that in control Saos-2 cells (Y. Shitara et al., un-
published data). Intriguingly, enough, recent reports
have shown that some TCA cycle-derived metabolites
(succinate, fumarate, citrate, etc.) resulting from pro-
liferating or oncogenic metabolism upregulate amino
acid and lipid biosynthesis, or associate with transcrip-
tional regulation (hypoxia-inducible factor-1, histone
demethylases, etc.), or are utilized as an antioxidant
(44—49). On the basis of these results, we speculate
that mitochondrial P5 could upregulate mitochondrial
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metabolism, including TCA cycle, thereby preventing
the death pathway through TCA cycle-derived meta-
bolite-dependent mechanism.

Another important issue remained to be solved is to
elucidate physiological function(s) of mitochondrial P5.
Indeed, in Saos-2 cells that endogenous P5 had been
knocked down, H,O,-induced cell death was not signifi-
cantly increased compared to that in control cells, while
in MTS-P5 cells that had been similarly treated, cell
viability was significantly lowered (Y. Shitara er al.,
unpublished data). At present, we speculate that mito-
chondrial P5 would exhibit activities of suppressing cell
death in such condition(s) that might overexpress mito-
chondrial PS5, for example, the unfolded protein
response. Mitochondrial P5 could also have a role
other than the cell death signalling. Previously it was
shown that the isomerase and chaperone activities are
weaker than those of PDI (4). However, P5 possesses a
function that PDI does not have. For example, expres-
sion of PS5 in the embryonic midline has been reported
to be required for the establishment of left/right asym-
metries during ontogeny (50). Furthermore, in contrast
to our results, recent report indicates that PDI stimu-
lates apoptosis induced by misfolded proteins through
triggering MOMP (51). Thus, physiological function(s)
of P5 are likely to be differentiated from those of PDI,
and its dual localization may be the reason for such
functional diversity. We have suggested three possibili-
ties for the physiological significance of P5 in mitochon-
dria (8): (i) as an oxidoreductase, (i) as an assembly
factor or a chaperone or (iii) as yet unidentified activ-
ities. In this study, we have shown that mitochondrial
P5 is in close contact with citrate synthase and protect
its enzyme activity against oxidative stress. This is
probably due to P5 chaperone activity described previ-
ously, although the mechanism underlying this protec-
tion requires further investigation (4).

Taken together, future studies, including the identi-
fication of additional interacting proteins in mitochon-
dria, the extensive analysis with metabolic or gene
expression change(s) and the elucidation of cell death
suppression mechanism, will pave the way to elucidate
not only unique function(s) of P5, but also relation-
ships between mitochondrial energy metabolism and
cell death pathway.

Supplementary Data

Supplementary Data are available at JB Online.
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