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We identified a sequence homologous to the Bcl-2 homology
3 (BH3) domain of Bcl-2 proteins in SOUL. Tissues expressed
the protein to different extents. It was predominantly located
in the cytoplasm, although a fraction of SOULwas associated with
the mitochondria that increased upon oxidative stress. Recom-
binant SOUL protein facilitated mitochondrial permeability
transition and collapse of mitochondrial membrane potential
(MMP) and facilitated the release of proapoptotic mitochon-
drial intermembrane proteins (PMIP) at low calcium and phos-
phate concentrations in a cyclosporine A-dependent manner in
vitro in isolated mitochondria. Suppression of endogenous
SOUL by diced small interfering RNA in HeLa cells increased
their viability in oxidative stress. Overexpression of SOUL in
NIH3T3 cells promoted hydrogen peroxide-induced cell death
and stimulated the release of PMIP but did not enhance
caspase-3activation.Despite the releaseofPMIP,SOULfacilitated
predominantly necrotic cell death, as revealed by annexin V and
propidium iodide staining. This necrotic death could be the result
of SOUL-facilitated collapse of MMP demonstrated by JC-1 fluo-
rescence. Deletion of the putative BH3 domain sequence pre-
vented all of these effects of SOUL. Suppression of cyclophilinD
prevented these effects too, indicating that SOUL facilitated
mitochondrial permeability transition in vivo. Overexpression
of Bcl-2 and Bcl-xL, which can counteract the mitochondria-
permeabilizing effect of BH3 domain proteins, also prevented
SOUL-facilitated collapse ofMMPand cell death. These data indi-
cate that SOUL can be a novel member of the BH3 domain-only
proteins that cannot induce cell death alone but can facilitate both
outer and inner mitochondrial membrane permeabilization and
predominantly necrotic cell death in oxidative stress.

We have previously observed that heme-binding protein
2/SOUL facilitates mitochondrial permeability transition and
cell death without affecting reactive oxygen production (1). A
data base search indicated that heme-binding protein 2/SOUL
has a BH32 domain-like structure. BH3 domain-only proteins

play a significant role in the processes of cell death and survival
(2, 3). Mammalian cells express a group of evolutionarily con-
served proteins known as the Bcl-2 (B-cell-associated leukemia
protein 2) family. The effect of Bcl-2 proteins on the apoptotic
process is due to the presence of one ormore conserved regions
of amino acid sequences, known as Bcl-2 homology (BH)
domains. Based on their function, Bcl-2 proteins can have
either proapoptotic (Bax, Bad, Bak, Bim, and Bid) or antiapo-
ptotic (Bcl-2 and Bcl-xL) properties. All antiapoptotic Bcl-2-
related proteins described to date containBH1, BH2, and some-
times BH4 domains in addition to the BH3 domain (4–6).
Proapoptotic family members either share the multidomain
structure (e.g. Bax and Bak) or contain only the BH3 domain
(e.g. Bim and Bid). Bcl-2 proteins containing only the BH3
domain have been suggested to play an important role in initi-
ating mitochondrial-mediated apoptosis (7–9). Proapoptotic
BH3 domain-containing proteins are generally regarded as
latent death factors that are normally held in check andmust be
activated to exhibit their death-inducing functions. Several
mechanisms appear to contribute to the activation of the
prodeath function of Bcl-2 family proteins. Bax undergoes con-
formational changes, relocates tomitochondria, may oligomer-
ize with other Bax molecules in the mitochondrial membrane,
and can be cleaved by calpain to enhance its proapoptotic
effects (10, 11). Bid andBim share a commonmode of action via
BH3-domain-mediated binding to Bax-type proteins at the
outer mitochondrial membrane (12). This physical interaction
is believed to trigger a conformational change of the multido-
main proapoptotic members, resulting in their intramembra-
nous oligomerization and permeabilization of the outer mito-
chondrial membrane (13). In addition, interactions between
proapoptotic Bcl-2 family members and lipid bilayers have an
important contribution to this process. Specific lipids can pro-
mote the membrane association of activated forms of Bax and
Bid and can induce mitochondrial cyt-c release (14). Specifi-
cally, cardiolipin increases binding of both cBid and tBid to
pure lipid vesicles as well as to the outer mitochondrial mem-
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branes (15), and myristoylation of tBid further enhances its
membrane avidity (16). Furthermore, other possible mecha-
nisms of action have been proposed for proapoptotic BH3
domain-only proteins, including (i) binding to and neutraliza-
tion or reversal of prosurvival Bcl-2-type family member func-
tions (3) and (ii) modulation of resident mitochondrial chan-
nels, such as voltage-dependent anion channel (VDAC) and
adenine nucleotide translocator (17). It was demonstrated that
VDACs are not an absolutely necessary component of themito-
chondrial permeability transition (mPT) complex (18), but
when VDAC is present, it can play a role in the regulation of
mPT (19–21). There are data indicating that proapoptotic
Bcl-2 homologues can activate mPT in oxidative, stress show-
ing that an oxidant-damaged mitochondrial membrane system
can react differently to BH3 domain proteins (21–24). In addi-
tion, the oligomer Bax alone can induce mitochondrial perme-
ability transition and complete cytochrome c release without
oxidative stress, indicating that under certain conditions, BH3
domain proteins can contribute to mitochondrial inner mem-
brane permeabilization, mPT, and necrotic death (20–25).
It was also demonstrated that antiapoptotic Bcl-xL can bind

to the VDAC-1 barrel laterally at strands 17 and 18 and can
influence mitochondrial permeabilization (26–28). Therefore,
antiapoptotic Bcl-2 protein can also influence (protect) the
inner mitochondrial system, probably via interaction with
VDAC (26, 28–30).
The presence of a BH3 domain in SOUL and the above data

indicate that this protein besides binding hememay have a role
in the processes of cell death and survival. In the present paper,
we provide evidence for the sensitization effect of SOUL in
hydrogen peroxide-induced cell death, the facilitation of the
release of proapoptotic mitochondrial proteins, and the pro-
motion of the collapse of mitochondrial membrane potential
(MMP) both in living cells and in vitro in isolatedmitochondria.
We show that SOUL promotes the permeabilization of both
outer and inner mitochondrial membranes in oxidative stress
and that its effect can be reversed by deleting the putative BH3
sequence from SOUL as well as by inhibition of mitochondrial
permeability transition either by cyclophilin D suppression or
overexpression of antiapoptotic Bcl-2 members.

EXPERIMENTAL PROCEDURES

All of the chemicals for cell culture, cyclosporine A (CsA),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), propidium iodide (PI), and rhodamine-1,2,3 (Rh-123)
were purchased from Sigma. Fluorescent dyes 5,5�,6,6�-tetra-
cloro-1,1�,3,3�-tetraethyl-benzimidazolyl-carbocyanine iodide
(JC-1) and fluorescein-conjugated annexinVwere fromMolec-
ular Probes (Leiden, Netherlands). The following antibodies
were used: anti-rabbit IgG (Sigma) anti-cytochrome c mono-
clonal antibody (BD Pharmingen), and anti-AIF and anti-endo-
nuclease G polyclonal antibodies (Oncogene, San Diego, CA).
Anti-cyclophilin D mouse monoclonal antibody was from
Merck, and anti-Smac/DIABLO (mitochondria-derived activa-
tor of caspase/direct IAP (inhibitors of apoptosis proteins)-
binding protein with low pI) rabbit polyclonal antibody was
from ProSci Inc. (Poway, CA). Hoechst 33342 was from
Cambrex Bio Science (Rockland, ME), mammalian vector

pcDNA3.1was purchased from Invitrogen, and pEGFP-C1 vec-
tor was from BD Biosciences. Human tissues from patients
were provided by theMedical University of Pécs Department of
Pathology and Oncotherapy. Cyclophilin D silencer (CycD
siRNA) was purchased fromAmbion Applied Biosystems (Fos-
ter City, CA). Bcl-2- and Bcl-xL-overexpressing clones were
ordered from RZPD GmbH (Berlin, Germany), �BH3-SOUL
plasmid was ordered from MrGene.com (Mr. Gene GmbH,
Regensburg, Germany). All tissue samples were obtained after
approval by the local ethics committee.
Blood and Tissue Samples—Specimens (n � 39) were col-

lected from different types of human tissues. After homogeni-
zation by Ultra-Turrax in standard Laemmli sample solution
containing 1 mM phenylmethylsulfonyl fluoride, all of the sam-
ples were centrifuged (10,000� g for 10min), and the superna-
tants were measured by BCA reagent assay and equalized for 1
mg/ml protein content. All samples were stored at�20 °C until
assay.
Cell Culture and Sample Preparation—NIH3T3 and HeLa

cells were purchased from the American Type Culture Collec-
tion (Manassas, VA). All cell lines were maintained in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal calf
serum, 2 units/ml penicillin/streptomycin mixture (Flow Lab-
oratories, Rockville, MD), and incubated in 5% CO2, 95% air at
37 °C. Cells were harvested and centrifuged at low speed, and
then the pellet was dispersed by vortexing in lysis buffer (50mM

Tris, pH 7.4, 1mM phenylmethylsulfonyl fluoride) for 10min at
4 °C. After further cell disruption in a Teflon/glass homoge-
nizer, the homogenate was pelleted, and the supernatant was
measured by BCA reagent and equalized for 1 mg/ml protein
content in Laemmli solution for Western blotting.
Western Blot Analysis—20 ng/lane protein of tissue, cell cul-

ture, or mitochondrion samples was subjected to 12% (w/v)
SDS-PAGE (Bio-Rad). Immunoblots were blocked and devel-
oped with self-developed anti-SOUL polyclonal rabbit primary
antibody (1) or polyclonal antibodies against the signal trans-
duction pathway proteins followed by horseradish peroxidase-
labeled secondary IgG as described by Sambrook et al. (31).
Protein bands were revealed by the ECL system. All experi-
ments were repeated four times.
Construction of Bacterial SOUL or �BH3-SOUL Expression

Plasmids—The whole open reading frame of SOUL was cloned
into pGEX-4T-1 expression vector (Amersham Biosciences),
pcDNA3.1 (Invitrogen), and pEGFP-C1 (BD Biosciences)
mammalian vectors. �BH3-SOUL was cloned into pcDNA3.1.
Stable Transfection—Full-length SOUL or �BH3-SOUL

cDNA was PCR-amplified, and the construct was subcloned
into a pcDNA3.1 vector. The vector-containing SOUL or
�BH3-SOUL or the empty pcDNA3.1 vector was transfected
into NIH3T3 cells with Lipofectamine 2000 according to the
manufacturer’s protocol (Invitrogen). Cells were then grown in
selective medium (10% fetal calf serum, Dulbecco’s modified
Eagle’s medium containing 500 �g/ml G418). Cell clones were
subsequently screened by Western blot analysis with anti-
SOUL polyclonal antibody for an increase in SOUL or
�BH3-SOUL protein expression relative to that in the
pcDNA-transfected cells. SOUL- or �BH3-SOUL-overexpress-
ing clones were selected for further experiments.
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Suppression of SOUL Expression by Diced siRNA Technique—
The whole coding sequence was PCR-amplified, double-
stranded RNA was generated by the BLOCK-IT RNAi TOPO
transcription kit, the double-stranded RNA was diced by the
BLOCK-IT dicer RNAi transfection kit, and the result was
diced small interfering RNA. The whole procedure was done
according to the manufacturer’s protocol (Invitrogen). HeLa
cells were transiently transfected with the dsiRNA in OPTI-
MEM I reduced serum medium (Invitrogen) using Lipo-
fectamine 2000 (Invitrogen). The effect of suppression was
tested by Western blotting using polyclonal anti-SOUL pri-
mary antibody.
Cell Viability Assay—Cells were seeded into 96-well plates at

a starting density of 104 cells/well and cultured overnight before
H2O2 or CsA was added to the medium at the concentration
and composition indicated in the figure legends and under
“Results.” After culturing, the media were removed and re-
placedwithDulbecco’smodified Eagle’s medium containing an
appropriate amount of MTT solution (Chemicon Inc., El Seg-
undo, CA) for 4 h. TheMTT reactionwas terminated by adding
HCl to the medium at a final concentration of 10 mM. The
amount of water-insoluble blue formasan dye formed from
MTT was proportional to the number of living cells and was
determined by an Anthos Labtech 200 enzyme-linked immu-
nosorbent assay reader at a 550-nmwavelength after dissolving
the blue formasan precipitate in 10%SDS.All experimentswere
run in at least four parallels and repeated three times.
Caspase Activity Assay—2 � 106 SOUL-pcDNA or pcDNA-

transfected NIH3T3 cells were treated with 300 �M H2O2 for
12 h. The cells were collected by centrifugation, washed twice
with ice-cold phosphate-buffered saline, and resuspended in 50
�l of ice-cold lysis buffer (1 mM dithiothreitol, 0.05% Nonidet
P-40, in 50 mM Tris, pH 7.5), kept on ice for 30 min, and cen-
trifuged at 13,000 � g for 15 min at 4 °C. 40 �g of protein was
incubated with 50 �M caspase substrate (Ac-DEVD-7-amino-
4-methylcoumarin) in triplicates in a 96-well plate in a final
volume of 150 �l for 3 h at 37 °C. Fluorescence was monitored
by a fluorescent ELISA reader at excitation and emission wave-
lengths of 360 and 460 nm, respectively.
Fluorescent Microscopy—Nuclear morphology was observed

after staining with 10 mM Hoechst 33342 (Cambrex Bio Sci-
ence) and 1 mM PI, as described previously (32). NIH3T3 cells
transfected with empty, SOUL- or �BH3-SOUL-expressing
pcDNA3.1 vectors were seeded to coverslips at a starting den-
sity of 1 � 106 cells/well in a 6-well plate. After subjecting the
cells to the appropriate treatment indicated in the figure leg-
ends, coverslips were rinsed twice in phosphate-buffered saline
and thenwere put upside down onto a silicon isolator placed on
top of a microscope slide to create a small chamber, which was
filled with phosphate-buffered saline supplemented with 0.5%
fetal calf serum and containing 5 �g/ml JC1-dye (Molecular
Probes). The same microscopic field was imaged, first with
546-nm bandpass excitation and �590-nm emission (red) and
then with 450–490-nm excitation and �520-nm emission
(green). A green filter setup was used for detecting GFP fluo-
rescence. An Olympus BX61 fluorescent microscope equipped
with ColorView CCD camera and analysis software was used
with a �60 objective and epifluorescent illumination. Under

these conditions, we did not observe considerable bleed-
through between the red and green images.
Isolation of Mitochondria—Rats were sacrificed, and the

mitochondria were isolated from the liver by differential cen-
trifugation as described by a standard protocol (33). All isolated
mitochondria were purified by Percoll gradient centrifugation
(34), and themitochondrial protein concentrations were deter-
mined by the biuret method with bovine serum albumin as a
standard. Mitochondrial membrane potential (��) was moni-
tored by fluorescence of Rh-123, released from the mitochon-
dria following the induction ofmPT at room temperature using
a PerkinElmer Life Sciences fluorimeter at an excitation wave-
length of 495 and an emission wavelength of 535 nm. Briefly,
mitochondria at a concentration of 1 mg of protein/ml were
preincubated in the assay buffer (70 mM sucrose, 214 mMman-
nitol, 20 mM Hepes, 5 mM glutamate, 0.5 mM malate, 0.5 mM

phosphate) containing 1 �M Rh-123 and recombinant SOUL
for 60 s. Alteration of the �� was induced by the addition of
calcium at the indicated concentrations. Changes of fluores-
cence intensity were detected for 4 min. The results are dem-
onstrated by representative original registration curves from
five independent experiments, each repeated three times.
Detection ofMitochondrial Protein Release—Detection of the

release of rat liver mitochondrial proapoptotic proteins in vitro
was performed as described previously (35). Samples from the
cuvette were taken 20min after the induction of the permeabil-
ity transition by Ca2�, with CsA or SOUL present at the indi-
cated concentration, and centrifuged at 13,000 rpm for 15 min.
Pellets and supernatants were analyzed for cyt-c, AIF, and Endo
G. Equal amounts of proteins were separated by a 12% poly-
acrylamide gel for the detection of AIF and Endo G and by an
18% polyacrylamide gel for the detection of cytochrome c.
Western blots were prepared as described before (35). Results
are demonstrated by a photomicrograph of a representative
blot of three independent experiments.
Flow Cytometry Analysis—Cell death was induced with 300

�M hydrogen peroxide (Sigma) for 24 h in sham-transfected or
SOUL-overexpressingNIH3T3 cells. Theywere either co-over-
expressing or not co-overexpressing Bcl-2 or Bcl-xL proteins or
were pretreated with 30 nM anti-cyclophilin D siRNA for 24 h.
After treatment, cellswere rinsed andharvested. The annexinV
FLUOS staining kit (Roche Applied Science) was used to stain
cells with fluorescent isothiocyanate-conjugated annexinV and
PI according to the manufacturer’s protocol. The cells were
analyzed by flow cytometry on a BD FacsCalibur flow cytome-
ter (BD Biosciences). Quadrant dot plots were created by
Cellquest software (BD Biosciences) to identify living and
necrotic cells and cells in the early or late phase of apoptosis
(36). Cells in each category are expressed as a percentage of the
total number of stained cells counted and are presented as pie
charts.

RESULTS

Characterization of SOUL Protein—NCBI data base analysis
showed that there is a BH3 domain in SOUL protein, which is a
member of the heme-binding protein family. A multiple align-
ment of the BH3 domains of Bcl-2-associated proteins show
high homology to a sequence found in SOUL (Fig. 1A). The
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gene was mapped to chromosome 6 (6q24), and it was found to
have a close relation to heme binding-related proteins, such as
“heme-binding protein 1” (AAP35958.1; 28% identity, 46% sim-
ilarity) and to other yet uncharacterized or unnamed proteins.
SOUL was found to have homologues in different species as
well (Fig. 1B). The gene is made up of four exons. Analyzing the
amino acid sequence,we found that SOULdid not have a heme-
regulated motif (37), but several hydrophobic amino acid seg-
ments seem to suggest that these regions may be involved in
heme binding (38). By searching for the related expressed
sequence tag sequences in GenBankTM, it could be assumed
that SOUL mRNA is expressed mainly in retina, prostate, pan-
creas, placenta, lung, brain, and uterus, but in small amounts, it
is expressed in many different tissues.
To detect SOUL protein in different types of tissues, we

developed anti-SOUL, as was described earlier (1). Using the
purified anti-SOUL antibody, different levels of SOUL expres-
sion were identified in human tissue samples, and it could be
detected in some malignant tissues too (Fig. 1C). Higher con-
centrations of the protein were expressed (e.g. in certain lym-
phomas or in pancreatic tumors). We selected the NIH3T3
mouse fibroblast cell line that contained virtually no SOUL for
overexpression studies.
To analyze the subcellular distribution of SOUL, we per-

formed confocal microscopy using NIH3T3 cells transfected
with pEGFP-C1 plasmid containing the full-length SOUL open

reading frame. We found SOUL-GFP to be localized to the
cytoplasm of the cells unlike GFP alone, which was localized
mainly to the nucleus and to a smaller extent to the cytoplasm
(Fig. 2A). However, as we previously published (1), it had
marked effects in isolated mitochondria, suggesting a signifi-
cant mitochondrial localization of the protein. To demonstrate
the redistribution of SOUL during the cell death process, we
performed immunoblot experiments on fractionated HeLa
cells treated or not with 300 �M H2O2 for 24 h. Fig. 2B shows
that in untreated HeLa cells, SOUL was mainly present in the
cytoplasm, but to a smaller extent it was also detected in the
mitochondrial fraction. However, upon prolonged exposure to
oxidative stress, there was a significant increase of SOUL pro-
tein in the mitochondrial subfraction of the cells accompanied
by a slight decrease in the cytosolic fraction. This finding indi-
cates that in response to oxidative stress, SOUL can relocate to
the mitochondria.
Effect of SOUL on Release of Mitochondrial Intermembrane

Proteins in Oxidative Stress—To test the SOUL protein’s effect
on mitochondria, first we transfected NIH3T3 cells with con-
trol vector or SOUL cDNA-containing vector and then treated
them with 300 �M hydrogen peroxide for 24 h. Translocations
of AIF and Endo G to the nucleus and release of cyt-c and
Smac/DIABLO to the cytosol in response to H2O2 treatment
were detected by Western blot after isolating cellular subfrac-
tions. Hydrogen peroxide induced the release of AIF, Endo G,

FIGURE 1. Sequence properties and expression of SOUL. A, comparison of the BH3 domains among SOUL and Bcl-2 family members. Black-shaded amino
acids are identical, dark gray-shaded amino acids are conserved substitutions, and light gray-shaded amino acids are semiconserved substitutions. Sequences
of Bcl-xL, Bcl-2, Bcl-W, Bim, Bfk, Bik, Bid, Bax, Bad, and Bcl-2-KSHV proteins were accessed from the NCBI Protein data base. B, multiple-sequence alignment of
SOUL and heme-binding protein 1 of representative vertebrates. HBP1, human heme-binding protein 1 (AAF89618); HBP1-Mouse, murine heme-binding
protein 1 (NP_038574); SOUL-Mouse, murine SOUL protein (NP_062360); SOUL-Rat, rodent SOUL protein (XP_218664); SOUL-Chick, avian SOUL protein
(NP_990120). Sequences were accessed from the NCBI Protein data base and were aligned using the ClustalW algorithm. Black-shaded amino acids are identical
residues, dark gray-shaded amino acids are conserved substitutions, and light gray-shaded amino acids are semiconserved substitutions. C, expression of SOUL
protein in cell lines and human tissues. Human tissue extracts were electrophoresed on 12% (w/v) SDS-PAGE. A single band was detected at 28 kDa by Western
blot analysis using anti-SOUL antiserum developed in rabbits as primary antibody and horseradish peroxidase-labeled anti-rabbit IgG as secondary antibody.
Protein bands were revealed by the ECL chemiluminescence system. A representative loading control developed for actin is shown below each blot. The
positions of molecular mass markers are displayed on the left. Each lane contains 10 ng of total protein derived from the indicated tissues. The lanes of the left
blot show the following (from left to right): SOUL antigen, melanoma, pancreas adenocarcinoma, neurogenic tumor, brain, Panc-1, HeLa, Jurkat, and NIH3T3 cell
lines. The lanes of the right blot show the following (from left to right): SOUL antigen, placenta, muscle, liver, pancreas, lung, prostate, thyroid gland, and heart.
Photomicrographs demonstrate representative blots of three independent experiments.
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cyt-c, and Smac/DIABLO. Although SOUL alone had only a
slight effect on the release, in the presence of hydrogen perox-
ide, SOUL overexpression further increased the release of these
proapoptotic intermembrane proteins (Fig. 3A). Caspase-3
activationwas determinedwith fluorescent caspase-3 substrate
(Ac-DEVD-7-amino-4-methylcoumarin). Hydrogen peroxide
alone increased caspase-3 activity (Fig. 3B), but SOUL overex-

pression did not induce any further increase in caspase-3 acti-
vation. SOUL overexpression promoted hydrogen peroxide-
induced cell death, which was predominantly necrotic, as indi-
cated by the enhanced staining of the nucleus by propidium
iodide (Fig. 3C).
Effect of SOUL on the mPT and �� in Vitro—In order to

demonstrate the direct effect of SOUL on mitochondrial per-
meability transition, we monitored �� and mitochondrial
swelling from isolated, Percoll gradient-purified rat liver mito-
chondria. Supplemented calcium (150 �M) induced the
decrease of the ��, as detected by the release of the membrane
potential-sensitive dye, Rh-123, from isolated liver mitochon-
dria (Fig. 4A, line 2). SOULalone at different concentrations did
not induce the dissipation of ��; however, SOUL induced the
decrease of �� in the 50–400 nM concentration range in the
presence of 30 �M Ca2�, a calcium concentration that was not
sufficient to induce loss of��when added alone. The loss of��
was dependent on the concentration of SOUL and was pre-
vented by CsA (Fig. 4A). These findings were consistent with
our data obtained under in vivo conditions.
High amplitude swelling of the mitochondria due to mPT

was monitored by the decrease of absorption 540 nm. In iso-
lated liver mitochondria, the swelling was induced by 150 �M

Ca2� (Fig. 4B, line 2), whichwas completely inhibited by 2.5�M

CsA (Fig. 4B, line 3).When calciumwas added at a low concen-
tration (30 �M), no significant swelling was detected. The addi-
tion of SOUL to themitochondria in the absence of calcium did
not induce mPT either. However, when 30 �M calcium was
added to recombinant SOUL-containing system, mPT was
induced (Fig. 4B, lines 4–7), showing that SOUL sensitized
mitochondria to calcium-induced permeability pore formation
in a concentration-dependent manner. The addition of 2.5 �M

CsA to this system prevented the SOUL-facilitated mPT (Fig.
4B, line 8).

FIGURE 2. Intracellular localization of SOUL. A, immunofluorescent confo-
cal microscopy analysis of GFP-SOUL in NIH3T3 cells. Cells were transfected
with pEGFP-C1 plasmid containing the full-length SOUL open reading frame
(2) or with pEGFP-C1 plasmid alone (1). Representative images of three inde-
pendent experiments are presented. B, Western blot analysis of cytosolic (C),
mitochondrial (M), and nuclear (N) fractions of HeLa cells treated (H2O2) or not
(Control) with 100 �M H2O2 for 24 h. Western blotting was performed as
described previously utilizing respective primary antibodies recognizing
SOUL, the cytosolic marker glyceraldehyde-3-phosphate dehydrogenase
(GA3PD), the mitochondrial marker pyruvate decarboxylase-1� (PDC-1�), and
the nuclear marker histone H1 (Histon H1). Photomicrographs demonstrate
representative blots of three independent experiments.

FIGURE 3. Mechanism of SOUL-facilitated cell death in vivo. A, translocations of AIF, Endo G, cyt-c, and Smac/DIABLO were detected by Western blotting after
isolating cellular subfractions. Control SOUL- and �BH3-SOUL-overexpressing cells were treated or not with 100 �M H2O2 for 24 h. Glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) and histone H1 (Histon H1) were used as loading controls for the cytosolic and nuclear fraction, respectively. Photomicrographs
demonstrate representative blots of three independent experiments. B, caspase-3 activation in SOUL-overexpressing cells. Cell death was induced by admin-
istering 500 �M H2O2 for 12 h in mock-transfected (dark gray bars; 1 and 2) and SOUL-overexpressing (light gray bars; 3 and 4) cells, and then the activity of
caspase-3 was detected by using a fluorescent caspase-3 substrate, Ac-DEVD-7-amino-4-methylcoumarin. Values are means � S.E. of three experiments.
C, increase in H2O2-induced nuclear fragmentation. Mock-transfected (pcDNA) and NIH3T3 cells transfected with pcDNA3.1 vector subcloned with full-length
SOUL cDNA (SOUL) were plated and treated or not with 1 mM H2O2 for 24 h and then were stained with Hoechst 33342 (blue) and propidium iodide (red) dyes.
Representative images of three independent experiments are presented.
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The proapoptotic proteins AIF, Endo G, and cyt-c are
sequesteredwithin themitochondria and are released following
the rupture of the outer membrane. Mitochondrial permeabil-
ity transition induced by 150 �M Ca2�, as described above,
caused the release of AIF, Endo G, and cyt-c from the isolated
mitochondria into the medium. The release of proapoptotic
proteins was inhibited by the mPT inhibitor, CsA (Fig. 4C).
SOUL alone up to the concentration of 400 nM did not have any
effect on the release of the mitochondrial proteins (data not
shown). Calcium at a concentration of 30�Mdid not induce the
release of AIF, Endo G, and cyt-c either, but when added
together with 50–400 nM SOUL to the reaction mixture, a sig-
nificant release of the proapoptotic proteins was observed. The
SOUL-facilitated release of AIF, EndoG, and cyt-cwas found to
be concentration-dependent and was inhibited by CsA (Fig.
4C). These experiments showed that SOUL has a mitochon-
drial membrane potential-destabilizing effect, it is able to
decrease the amount of Ca2� needed for the induction of mito-
chondrial permeability transition, and it is specifically inhibited
by CsA.
Effect of Deletion of the Putative BH3 Domain on the Cell

Death-facilitating Effect of SOUL—Although not exclusively,
the BH3domain is required inmost of the cases for the function
of the BH3-only proteins. In order to determine the role of the
putative BH3 domain we found in SOUL by multiple-sequence
alignment, we deleted 9 amino acids (LREDGKVFD) between
positions 162 and 170, as was described previously for Bak (39).

Mock-transfected and �BH3-SOUL- and SOUL-expressing
cells were treated with different concentrations of hydrogen
peroxide ranging from 0 to 500 �M for 24 h, and then viability
was measured by the MTT method. We found comparable
expression levels for �BH3-SOUL and SOUL byWestern blot-
ting utilizing anti-SOUL primary polyclonal antibody (Fig. 5A).
Fig. 5B shows that SOUL-overexpressing cells are sensitized to
hydrogen peroxide, whereas the cells overexpressing �BH3-
SOUL had similar sensitivity toward it as the sham-transfected
cells. In other words, when a sequence that was assumed to be
functional in its putative BH3 domain was deleted, SOUL failed
to sensitize H2O2-induced cell death.
Effect of SOUL Suppression by dsiRNA Technique on H2O2-

induced Cell Death—The presence of SOUL in excess facili-
tated H2O2-induced cell death. To prove the specific effect of
SOUL on the cell death process, we silenced it by dsiRNA in the
HeLa cell line, which expresses this protein endogenously to a
high extent (Fig. 1C). Fig. 5C shows that SOUL protein levels
were significantly decreased after 24 h of transfection by
dsiRNA andwere the lowest 48 h after transfection. SOUL sup-
pression significantly protected HeLa cells against hydrogen
peroxide-induced cell death in the 75–300 �M concentration
range (Fig. 5D), indicating specificity of the effect of SOUL.
Determination of the Role of the mPT Complex in the SOUL-

induced Sensitization toward Oxidative Stress—To further
assess the effect of SOUL in vivo at the cellular level, we used
siRNA to silence cyclophilin D, a constitutional element of the

FIGURE 4. Effect of recombinant SOUL on permeability transition and mitochondrial membrane potential in isolated mitochondria. A, membrane
potential was monitored by measuring the fluorescent intensities of the cationic fluorescent dye Rh-123. Isolated rat liver mitochondria added at the first arrow
(*) took up the dye in a voltage-dependent manner and quenched its fluorescence. SOUL at the concentrations indicated together with 30 �M Ca2� or 150 �M

Ca2� added at the second arrow (�) facilitated depolarization, resulting in release of the dye and an increase of fluorescence intensity. Line 1, no agent; line 2,
150 �M Ca2�; line 3, 30 �M Ca2�; line 4, 200 nM SOUL; line 5, 50 nM SOUL plus 30 �M Ca2�; line 6, 100 nM SOUL plus 30 �M Ca2�; line 7, 200 nM SOUL plus 30 �M

Ca2�; line 8, 200 nM SOUL plus 2.5 �M CsA plus 30 �M Ca2�. Representative plots of three independent experiments are presented. B, permeability transition
demonstrated by monitoring E540 in isolated rat liver mitochondria was induced by adding Ca2� at the arrow. Line 1, no agent (base-line swelling); line 2, 150
�M Ca2�; line 3, 150 �M Ca2� plus 2.5 �M CsA; line 4, 30 �M Ca2�; line 5, 50 nM SOUL plus 30 �M Ca2�; line 6, 100 nM SOUL plus 30 �M Ca2�; line 7, 200 nM SOUL
plus 30 �M Ca2�; line 8, 200 nM SOUL plus 30 �M Ca2� plus 2.5 �M CsA. Representative plots of three independent experiments are presented. C, effect of SOUL
on the release of proapoptotic mitochondrial proteins from isolated rat liver mitochondria. Immunoblot analysis of AIF, Endo G, and cyt-c was performed from
the supernatant after inducing mitochondrial permeability transition by 150 or 30 �M Ca2� in the absence or presence of 2.5 �M CsA or different concentrations
of SOUL. Lane 1, control (no agent added); lane 2, 150 �M Ca2�; lane 3, 150 �M Ca2� plus 2.5 �M CsA; lane 4, 30 �M Ca2�; lane 5, 30 �M Ca2� plus 100 nM SOUL;
lane 6, 30 �M Ca2� plus 200 nM SOUL; lane 7, 30 �M Ca2� plus 200 nM SOUL plus 2.5 �M CsA. Photomicrographs demonstrate representative blots of three
independent experiments.

Novel BH3 Domain Only Protein SOUL Facilitates Cell Death

JANUARY 15, 2010 • VOLUME 285 • NUMBER 3 JOURNAL OF BIOLOGICAL CHEMISTRY 2145



mitochondrial transition pore. SOUL-overexpressing and
sham-transfected control NIH3T3 cells were pretreated or not
with 30 nM cyclophilin D-specific siRNA. Efficacy of the sup-

pression of cyclophilin D and expression of SOULwas tested by
Western blotting (Fig. 6A). All cells were treated with different
concentrations of hydrogen peroxide, ranging from 0 to 500

FIGURE 5. Deletion of putative BH3 domain from SOUL and suppression of the wild-type protein abolished the effect of SOUL in H2O2-induced
oxidative stress. Sham-transfected (pcDNA) �BH3-SOUL- and SOUL-expressing NIH3T3 cells (A and B) and SOUL-dsiRNA-transfected HeLa cells (C and D) were
treated for 24 h with hydrogen peroxide at concentrations ranging from 0 to 500 �M (B) or from 0 to 600 �M (D). A, demonstration of expression of �BH3-SOUL
and SOUL in the cells was performed by Western blotting utilizing anti-SOUL and anti-actin (loading control) primary antibodies. Photomicrographs demon-
strate representative blots of three independent experiments. B, comparison of the effect of H2O2 on survival of NIH3T3 cells transfected with pcDNA3.1 (black
bars), SOUL (white bars), or �BH3-SOUL (light gray bars). C, demonstration of SOUL expression in the HeLa cell homogenates prepared 1– 4 days after
transfection detected by Western blotting utilizing anti-SOUL polyclonal rabbit antiserum. D, comparison of the effect of H2O2 in HeLa cells (dark gray bars) and
SOUL-dsiRNA-transfected HeLa cells (light gray bars) on the second day of transfection. Survival was measured by the MTT method and was expressed as
percentage of the survival of untreated non-transfected cells. Values are means � S.E. of three independent experiments. Significant differences are indicated
above the bar. *, p 	 0.01; **, p 	 0.001.

FIGURE 6. Suppression of cyclophilin D abolished the effect of SOUL on H2O2-treated NIH3T3 cells. Suppression of CycD was achieved by co-transfecting or not
(Control) sham-transfected (pcDNA) and SOUL-expressing (SOUL) NIH3T3 cells with 30 nM specific siRNA-expressing vector (CycD siRNA) according to the manufac-
turer’s recommendation. The cells were treated for 24 h with hydrogen peroxide at concentrations ranging from 0 to 500 �M. A, demonstration of expression of SOUL
and cyclophilin D in the cells was performed by Western blotting utilizing anti-SOUL and anti-cyclophilin D as well as anti-actin (loading control) primary antibodies.
Photomicrographs demonstrate representative blots of three independent experiments. B, comparison of the effect of H2O2 on survival of NIH3T3 cells transfected
with pcDNA3.1 (black bars), SOUL (light gray bars), pcDNA3.1 plus CycD siRNA (white bars), or SOUL plus CycD siRNA (dark gray bars). Survival was measured by the MTT
method and was expressed as percentage of the survival of untreated double sham-transfected cells. Values are means � S.E. of three independent experiments.
Significant differences are indicated above the bar. *, p 	 0.01; **, p 	 0.001. C, detection of necrosis and apoptosis was by flow cytometry following fluorescein-
conjugated annexin V and PI double staining performed at the end of a 24-h incubation in the presence or absence of 300 �M H2O2. D, pie charts demonstrate the
distribution of living (white), necrotic (gray), and apoptotic (black) cells. Values are means of three independent experiments.
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�M. We observed that SOUL-overexpressing cells are sensi-
tized to hydrogen peroxide, whereas the cyclophilin D-sup-
pressed cells had similar sensitivity toward it as the sham-trans-
fected cells (Fig. 6B). Similar experiments were performed with
�BH3-SOUL-overexpressing cells; however, we did not find
any significant difference between these cells and mock-trans-
fected cells (data not shown). In other words, blocking mPT by
suppressing cyclophilin D inhibited mitochondrial permeabil-
ity transition and blocked the cell death-sensitizing effect of
SOUL in oxidative stress.
To confirm our findings, we double-stained the above men-

tioned cells with annexin V-conjugated fluorescein isothiocya-
nate and propidium iodide and used a flow cytometer to detect
cell death. Mock-transfected and SOUL-overexpressing
NIH3T3 cells were co-transfected (CycD siRNA) or not (con-
trol) with 30 nM cyclophilin D siRNA and were treated or not
with 300 �M hydrogen peroxide for 24 h (Fig. 6C). Among con-
trol, untreated cells, 94.92 � 3.9% were intact (annexin V- and
PI-negative), 4.74 � 2.3% were necrotic (annexin V-negative,
PI-positive), and 2.08 � 1.2% were apoptotic (annexin V-posi-
tive and PI-positive or -negative). An increase in the number of
necrotic cells (6.74 � 2.7%) was observed in the SOUL-overex-

pressing untreated cells. Treatment
with H2O2 increased the number of
necrotic cells in both the control
and in the SOUL-overexpressing
cells (44.88 � 4.1 and 70.42 � 4.8%,
respectively). When cyclophilin D
was silenced, control cells showed
basically no change in survival
(90.73 � 4.2% living). However,
unlike in control cells, SOUL over-
expression failed to increase (p �
0.17, n � 3) the percentage of
necrotic cells as compared with
cyclophilin D-silenced mock-trans-
fected cells (41.47 � 4.8 versus
36.37 � 3.2%, respectively) upon
H2O2 treatment. These results indi-
cate that SOUL protein facilitates
necrotic cell death in oxidative
stress, and this effect can be specifi-
cally inhibited by suppressing cyclo-
philin D, indicating that SOUL
seems to exert its effect by interact-
ing with the mitochondrial perme-
ability transition pore.
Effect of SOUL on Cell Death Is

Inhibited by the Overexpression of
Antiapoptotic Proteins—NIH3T3
cellswere co-transfected or notwith
vectors expressing the full-length
open reading frame of Bcl-2 or
Bcl-xL and empty pcDNA or full-
length SOUL cDNA containing
pcDNA vector. Western blotting
was used to detect the efficacy of the
transfection (Figs. 7A and 8A). To

determine the functional consequences of the co-overexpres-
sion of Bcl-2 and SOUL proteins, we monitored survival of the
cells when treated with different concentrations of hydrogen
peroxide. Bcl-2 overexpression alone resulted in a survival ben-
efit at all hydrogen peroxide concentrations we used. SOUL
overexpression significantly increased the cell death in the
0–500 �M hydrogen peroxide concentration range (p 	 0.01),
demonstrating that SOUL-facilitated oxidative stress
induced cell death. However, when cells were co-overex-
pressing the antiapoptotic Bcl-2 protein and SOUL, the
effect of SOUL protein was counteracted, and survival of
these cells was similar to that of mock-transfected cells (Fig.
7B). Similar data were observed when Bcl-xL protein was
used instead of Bcl-2 in an identical experimental setup (Fig.
8). In the presence of overexpressed Bcl-xL, SOUL could not
decrease the percentage of surviving cells compared with
controls (Fig. 8B). Similar experiments were performed with
�BH3-SOUL-overexpressing cells; however, we did not find
any significant difference between these cells and mock-
transfected cells (data not shown). Data from flow cytometry
(Figs. 7C and 8C) following annexin V-fluorescein isothio-
cyanate and PI double staining supported our findings and

FIGURE 7. Antiapoptotic BH3 domain protein Bcl-2 abolished the effect of SOUL on H2O2-treated
NIH3T3 cells. Bcl-2 was overexpressed by co-transfecting or not (Control) sham-transfected (pcDNA) and
SOUL-expressing (SOUL) NIH3T3 cells with Bcl-2-expressing vector (Bcl-2). The cells were treated for 24 h
with hydrogen peroxide at concentrations ranging from 0 to 500 �M. A, demonstration of expression of
SOUL and Bcl-2 in the cells was performed by Western blotting utilizing anti-SOUL and anti-Bcl-2 as well as
anti-actin (loading control) primary antibodies. Photomicrographs demonstrate representative blots of
three independent experiments. B, comparison of the effect of H2O2 on survival of NIH3T3 cells trans-
fected with pcDNA3.1 (black bars), SOUL (light gray bars), pcDNA3.1 plus Bcl-2 (white bars), or SOUL plus
Bcl-2 (dark gray bars). Survival was measured by the MTT method and was expressed as a percentage of the
survival of untreated double sham-transfected cells. Values are means � S.E. of three independent exper-
iments. Significant differences are indicated above the bar. *, p 	 0.01; **, p 	 0.001. C, detection of
necrosis and apoptosis was by flow cytometry following fluorescein-conjugated annexin V and PI double
staining performed at the end of a 24-h incubation in the presence or absence of 300 �M H2O2. Pie charts
demonstrate the distribution of living (white), necrotic (gray), and apoptotic (black) cells. Values are means
of three independent experiments.
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showed that the cell death facilitated by SOUL was mainly
necrotic. When cells were co-overexpressing Bcl-2 or Bcl-xL,
overexpressed SOUL could not facilitate necrotic cell death

induced by H2O2 (70.42 � 4.8% versus 28.02 � 1.8 or 36.69 �
2.5%, respectively), whereas mock-transfected cells showed
virtually no change in survival (96.11 � 4.7 and 95.28 � 3.8%

living, respectively). These results
indicate that SOUL promoted
necrotic cell death induced by oxi-
dative stress, and this effect was
counteracted by the presence of
antiapoptotic Bcl-2 homologues.
Effect of SOUL on the Hydrogen

Peroxide-induced Collapse of
MMP—The specific inhibitory
effect of cyclophilin D suppression
and overexpressed Bcl-2 or Bcl-xL
proteins on the collapse of mito-
chondrial membrane potential
induced by hydrogen peroxide was
also determined in SOUL- or
�BH3-SOUL-overexpressing or
mock-transfected NIH3T3 cells
using 1 �M JC-1 fluorescent dye
(40).We used a hydrogen peroxide
concentration that alone was not
able to induce significant decrease
in MMP. However, in SOUL-over-
expressing cells, loss of red fluo-
rescence of JC-1 indicated a signif-
icant decrease in MMP (Fig. 9).
Suppression of cyclophilin D (Fig.
9A) and overexpression of Bcl-2
(Fig. 9B) and Bcl-xL (data not
shown) prevented the MMP-de-
creasing effect of SOUL in oxidative
stress. However, JC-1 images of
�BH3-SOUL-overexpressing cells
were identical to those of mock-
transfected cells (Fig. 9). These data

FIGURE 8. Antiapoptotic BH3 domain protein Bcl-xL abolished the effect of SOUL on H2O2-treated
NIH3T3 cells. Bcl-xL was overexpressed by co-transfecting or not (Control) sham-transfected (pcDNA) and
SOUL-expressing (SOUL) NIH3T3 cells with Bcl-xL-expressing vector (Bcl-xL). The cells were treated for 24 h with
hydrogen peroxide at concentrations ranging from 0 to 500 �M. A, demonstration of expression of SOUL and
Bcl-xL in the cells was performed by Western blotting utilizing anti-SOUL and anti-Bcl-xL as well as anti-actin
(loading control) primary antibodies. Photomicrographs demonstrate representative blots of three indepen-
dent experiments. B, comparison of the effect of H2O2 on survival of NIH3T3 cells transfected with pcDNA3.1
(black bars), SOUL (light gray bars), pcDNA3.1 plus Bcl-xL (white bars), or SOUL plus Bcl-xL (dark gray bars).
Survival was measured by the MTT method and was expressed as a percentage of the survival of untreated
double sham-transfected cells. Values are means � S.E. of three independent experiments. Significant differ-
ences are indicated above the bar. *, p 	 0.01; **, p 	 0.001. C, detection of necrosis and apoptosis was by flow
cytometry following fluorescein-conjugated annexin V and PI double staining performed at the end of a 24-h
incubation in the presence or absence of 300 �M H2O2. Pie charts demonstrate the distribution of living (white),
necrotic (gray), and apoptotic (black) cells. Values are means of three independent experiments.

FIGURE 9. SOUL depolarizes mitochondrial membrane in vivo in H2O2-treated NIH3T3 cells. Mock-transfected (pcDNA) and SOUL- and �BH3-SOUL-
overexpressing cells were co-transfected or not with vectors expressing cyclophilin D siRNA (A) or Bcl-2 protein (B). All cells were exposed or not to 100 �M

hydrogen peroxide for 3 h, and then the medium was replaced with a fresh one without any agents and containing 1 �M JC-1 membrane potential-sensitive
fluorescent dye. After 10 min of loading, green and red fluorescence images of the same field were acquired using a fluorescent microscope equipped with a
digital camera. The images were merged to demonstrate depolarization of mitochondrial membrane potential in vivo indicated by loss of the red component
of the merged image. Representative merged images of three independent experiments are presented.
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confirm our previous findings that SOUL facilitates cell death
by interacting with the mPT complex because cyclophilin D is
an integral protein of the complex, and antiapoptotic Bcl-2 ana-
logues can inhibit mPT by binding to VDAC and other compo-
nents of the complex (21, 30).

DISCUSSION

Heme-binding proteins have been identified before (41–43),
and in some cases their heme binding properties have been
determined (41, 43, 44). However, very little information is
available about their other biological functions. Previously, we
reported that SOUL can facilitate cell death in taxol- and
A23187-treated cells (1). Analyzing the protein sequence data
base, we found that SOUL contained a sequence with a high
similarity to BH3 domains (Fig. 1A), suggesting that this feature
may account for its observed cell death-facilitating effect.
Previously, SOUL was reported to be strongly expressed in

retina, the pineal gland, and liver (41, 42). We found that it was
expressed in various tissues to different extents (Fig. 1C).
Expression level was high in some cancer-derived cell lines:
Panc-1, Jurkat, andHeLa. Interestingly, we found a high expres-
sion in pancreas adenocarcinoma, whereas it was almost unde-
tectable in normal pancreas tissue (Fig. 1C). Overexpressing
SOUL in a cell line that normally expresses it to a low extent
sensitized the cells against hydrogen peroxide-induced cell
death. We assumed a mitochondrial mechanism, because
recombinant SOUL could facilitate mPT and the collapse of
membrane potential in mitochondria sensitized with low cal-
cium in a concentration-dependent manner (Fig. 4). In addi-

tion, it was also detected that upon
hydrogen peroxide treatment, a
larger amount of SOUL binds to
mitochondria (Fig. 2B). Its overex-
pression in NIH3T3 cells facilitated
hydrogen peroxide-induced release
of proapoptotic mitochondrial pro-
teins AIF, Endo G, cyt-c, and Smac/
DIABLO (Fig. 3A) and collapse
of the mitochondrial membrane
potential (Fig. 9). As it was de-
scribed previously (45), H2O2
induced the disruption of the
mitochondrial membrane systems
resulting in release of mitochon-
drial proapoptotic proteins. De-
pending on its concentration,
the cell death process can proceed
with a predominantly apoptotic or
necrotic mechanism. Our flow
cytometry results indicated facilita-
tion of necrotic cell death by SOUL
overexpression (Figs. 6C, 7C, and
8C). Furthermore, SOUL overex-
pression failed to further increase
H2O2-induced caspase-3 activation
(Fig. 3B) and resulted in the disrup-
tion of the nuclear membrane as it
was revealed by PI staining (Fig. 3C).

All of these findings suggest that overexpression of SOUL facil-
itated H2O2-induced deathmainly by increasing necrosis.
We investigated the effect of endogenous rather than over-

expressed SOUL on the cell death process in HeLa cell line that
expresses SOUL to a high extent (Fig. 1C). Suppression of
SOUL by the dsiRNA technique in this cell line protected the
cells against oxidative stress (Fig. 5C), indicating its specific
function in the cell death process. As a further proof that SOUL
exerted its effect by a direct effect on the mitochondrion, both
inhibition by cyclosporine A and suppression of cyclophilin D
by the siRNA technique prevented all effects of SOUL both in
vitro in isolated mitochondria (Fig. 4) and in vivo in H2O2-
treated cells (Fig. 6). Since cyclophilin D is an essential integral
protein of the mPT complex (46), it seems likely that SOUL
exerts its effect by interacting with the complex itself.
Multiple-sequence alignment indicated that SOUL has a

BH3domain-like structure, andwe assumed that the cell death-
promoting effect of SOULmight be related to this structure. To
prove this concept, we disrupted the putative BH3 domain of
SOUL by deleting 9 amino acids from the functional core sim-
ilarly as it was done for disrupting BH3 domain function in Bak
(39). We found that the resulting protein failed to facilitate
H2O2-induced release of mitochondrial intermembrane pro-
teins (Fig. 3A) and cell death (Fig. 5B). When cell death was
induced under the conditions of cyclophilin D suppression or
Bcl-2 as well as Bcl-xL overexpression, �BH3-SOUL-express-
ing cells did not differ significantly from the sham-transfected
ones. Furthermore, it did not promote H2O2-induced mito-
chondrial membrane depolarization, as was revealed by JC-1

FIGURE 10. Schematic diagram of the proposed molecular mechanism of SOUL. Subeffective concentra-
tion of Ca2� or free radicals together with SOUL induces permeability transition accompanied by the loss of
mitochondrial membrane potential and the release of intermembrane proteins, eventually leading to cell
death. CsA, suppression of cyclophilin D, Bcl-2, or Bcl-xL prevents this process, indicating the direct effect of
SOUL on the mitochondrial permeability transition pore (mPTP). Established components of the mitochondrial
permeability transition pore are indicated schematically. ANT, adenine nucleotide translocator; Cyp-D, cyclo-
philin D; CL, adenine nucleotide translocator-associated cardiolipin; HK, hexokinase; Bcl-2, B-cell-associated
leukemia protein 2; Bcl-xL, B-cell-associated leukemia protein xL. Note that the exact stochiometry and compo-
sition of the mitochondrial permeability transition pore are elusive. Moreover, the mitochondrial permeability
transition pore composition is not fully illustrated and may be cell type-dependent.
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staining (Fig. 9). Because excision of this short sequence
resulted in loss of all cell death-related properties of SOUL, and
this sequence showed homology to the BH3 domains of estab-
lished Bcl-2 family proteins, SOUL could represent a novel BH3
domain-only protein.
It was reported that BH3 domain proteins, such as the pro-

apoptotic Bcl-2 familymember tBid, by forming a complexwith
another family member, Bax, can induce cyclophilin D-inde-
pendent outer mitochondrial membrane permeabilization and
release of proapoptotic mitochondrial proteins (23). Oligomer
Bax can evoke even mitochondrial permeability transition and
mitochondrial swelling (25, 47). Despite the accompanying
release of proapoptotic mitochondrial proteins, mPT induced
by oligomerBax can lead to cyclophilinD-sensitive necrotic cell
death (25, 47). Besides tBid andBax, Bakwas reported to bind to
VDAC and facilitate necrotic and apoptotic cell death (47–51).
It is very likely that SOUL as a BH3 domain-only protein exerts
its effect in a similar manner. This is specifically true under the
conditions of oxidative stress where mPT is induced, and both
apoptotic and necrotic cell death pathways can be activated
(46).
Antiapoptotic Bcl-2 homologues can bind to VDAC and

inhibitmPTand cell death (21, 30, 52).Wedeterminedwhether
these Bcl-2 homologues can reverse the action of SOUL. Our
data clearly showed that both Bcl-2 and Bcl-xL could prevent
SOUL-promoted cell death (Figs. 7 and 8) and protect SOUL-
facilitated collapse of MMP in oxidative stress (Fig. 9). There-
fore, antiapoptotic Bcl-2 proteins counteract the effect of both
SOUL and the proapoptotic Bcl-2 proteins in basically the same
manner. Similarly to oligomer Bax (25), SOUL promoted the
permeabilization of not only the outer but also the inner mito-
chondrial membrane (Fig. 10), and as a consequence, SOUL
facilitated predominantly necrotic cell death.
Previously, it was reported that the recombinant SOUL pro-

tein oligomerizes and forms hexamers in aqueous solution (44).
It is also known that Bax andBak can oligomerize (53), and their
oligomer forms are very effective in inducing cell death (25, 47).
Therefore, it is likely that oligomerization plays a role in the
effect of SOUL.
The best studied BH3 domain-only proteins, Bim and Bid,

permeabilize the outer mitochondrial membrane and release
proapoptotic mitochondrial proteins without affecting the
integrity of the inner membrane; therefore, they induce cyclo-
philin D-insensitive apoptotic death (23, 55, 56). In contrast,
SOUL could not induce cell death by itself like Bim and Bid, but
when cell death was induced by various stimuli, such as taxol,
A23187 (1), or H2O2, SOUL enhanced it and directed it mainly
toward necrosis. The effects on the cell death process of olig-
omer Bax and SOUL are very similar. Both are capable of per-
meabilizing the inner together with the outer mitochondrial
membrane, inducing the release of proapoptoticmitochondrial
proteins and promoting cell death. However, Bax can induce
both necrotic and apoptotic cell death by itself (25, 47, 54),
whereas SOUL can only facilitate cell death induced by other
stimuli and direct it toward a necrotic mechanism, presumably
by amplifying mitochondrial impairment.
In conclusion, SOUL not only permeabilized the outer mito-

chondrial membrane like proapoptotic Bcl-2 homologues but

also facilitated an inner membrane permeabilization in a cyclo-
philinD-dependentmanner, leading tomitochondrial swelling,
rupture of the outer membrane, the release of intermembrane
proapoptotic proteins, and the collapse ofmitochondrial mem-
brane potential. Most likely, this difference is responsible for
the observed properties of SOUL, namely that it cannot induce
cell death alone like other proapoptotic BH3 domain-only pro-
teins but facilitates predominantly necrotic cell death. Thus,
SOUL plays a much more complex role in cell physiology than
its mere possible involvement in binding and transporting
heme intermediates.
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