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Stimuli for apoptotic signalling typically induce release of cyt c
(cytochrome c) from mitochondria. Cyt c then initiates the form-
ation of the apoptosome, comprising Apaf-1 (apoptotic protease-
activating factor 1), caspase-9 and other cofactors. The issue of
whether the redox state of the haem in cyt c affects the initiation
of the apoptotic pathway is currently a subject of debate. In a
cell-free reconstitution system, we found that only oxidized cyt c
was capable of activating the caspase cascade. Oxidized cyt c was
reduced by the physiological reductants cysteine and glutathione,
after which it was unable to activate the caspase cascade. It is thus
likely that cyt c with oxidized haem is in a conformation capable
of interaction with Apaf-1 and forming apoptosomes. When either
oxidized or reduced cyt c was treated with submillimolar concen-
trations of endoperoxide, which affected less than 3% of the

redox state of haem, the ability of the oxidized cyt c to activate
the caspase cascade was abolished. Higher amounts of singlet
oxygen were required to affect the optical spectral change of haem,
suggesting that the suppressed pro-apoptotic function of oxidized
cyt c is a mechanism that is separate from the redox state of haem.
Oxidative protein modification of cyt c by singlet oxygen was
evident, on the basis of elevated contents of carbonyl compounds.
Our data suggest that singlet oxygen eliminates the pro-apoptotic
ability of oxidized cyt c not via the reduction of haem, but via the
modification of amino acid residues that are required for apo-
ptosome formation.
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INTRODUCTION

Several distinguishable pathways are involved in the activation
of the caspase cascade during apoptotic cell death [1]. Typically,
many apoptotic stimuli trigger the release of cyt c (cytochrome c)
from mitochondria into the cytosol [2,3]. The released cyt c,
together with dATP and Mg2+ ions, stimulates the production
of protein factors, mainly Apaf-1 (apoptotic protease-activating
factor 1) and procaspase-9, to form an apoptosome, resulting in
the proteolytic activation of the following caspase cascade [4,5].
At a later stage, procaspase-3 is converted into the active form,
which then cleaves protein components such as PARP [poly(ADP-
ribose) polymerase] and ICAD (inhibitor of caspase-activated
DNase). Chromatin condensation and nuclear fragmentation oc-
cur simultaneously in the general apoptotic process.

Cyt c is weakly bound to the inner-mitochondrial membrane,
and plays an essential role by transferring electrons to cyt c oxid-
ase in the mitochondrial electron-transfer system. The redox
function of cyt c is performed by a haem group that is covalently
bound to two cysteine residues. They are conserved among the
cyt c proteins of various species, and no other cysteine residue is
present. Met-80 and His-18 co-ordinate axially to the haem iron
[6].

ATP levels and redox potential are intimately involved in deter-
mining the destiny of cells, whether or not they undergo apoptosis
[7]. A high redox potential of cells appears to confer resistance to
various apoptotic stimuli [8,9]. The anti-apoptotic function of
Bcl-2 may partly be mediated by increasing the levels of the
reduced form of glutathione, GSH [10,11]. Although the relation-
ship between redox state and pro-apoptotic function of cyt c is of

interest, controversial data have been reported on this issue [12].
An interesting hypothesis that concerns the control of apoptosis
by redox regulation of released cyt c into the cytosol has been
proposed [13].

ROS (reactive oxygen species) are produced under various con-
ditions and exert detrimental effects on cells, including apo-
ptosis. Among these ROS, the biological function of singlet oxy-
gen is not fully understood. Singlet oxygen is not a free radical,
but is reactive to certain biological compounds, especially con-
jugated double bonds [14]. Proteins contain many reactive resi-
dues, such as tryptophan, tyrosine, histidine, methionine and
cysteine, and consume approx. 70% of the available singlet oxy-
gen [15]. The well-characterized physiological function of singlet
oxygen, which is largely generated by UV-A irradiation, is its
involvement in the photoaging of skin [16]. Cytotoxic effects
include the common deletion of mitochondrial genome DNA [17].
Singlet oxygen also appears to be involved in myeloperoxidase-
mediated bacterial killing in neutrophil phagosomes [18] and
is utilized to exterminate viruses [19]. Singlet oxygen is pro-
duced during photochemical reactions in the presence of a
photosensitizer, and plays an essential role in the cytotoxic process
for tumour cells during photodynamic chemotherapy [20].

Cell death induced by singlet oxygen in T cells [21] and HL-60
cells [22] shows the characteristic profiles of apoptosis. During
this process, the cleavage of Bid occurs and cyt c is released from
mitochondria. Singlet oxygen appears to activate a signalling
cascade, which is mediated by c-Jun N-terminal kinase, p21-
activated kinase 2 and p38 mitogen-activated protein kinase
[23–26]. We have recently shown that singlet oxygen induces
atypical cell death [27]. DNA fragmentation and PARP cleavage
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occurred only to a limited extent during cell death, while cyt c
release and chromosomal condensation were observed. This was
mainly due to suppression of the caspase cascade prior to apo-
ptosome formation, as well as the direct inhibition of active
caspase by singlet oxygen.

In the present study, we first characterized the redox state of
cyt c that is capable of activating the caspase cascade, because the
issue of whether or not redox state of cyt c affects the activation of
the caspase cascade is ambiguous. We then investigated the effects
of singlet oxygen on cyt c in view of the haem redox state and the
activation of the caspase cascade.

EXPERIMENTAL

Reagents

Horse heart cyt c was purchased from Sigma (Tokyo, Japan).
Rabbit anti-caspase-9 and anti-caspase-3 antibodies were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, Santa Cruz,
CA, U.S.A.) and Cell Signaling Technology (Beverly, MA,
U.S.A.) respectively. An anti-mouse cyt c monoclonal antibody
was obtained from Pharmingen (San Diego, CA, U.S.A.). Sub-
strates for caspase-9 and -3 were obtained from the Peptide
Institute (Osaka, Japan). An Oxyblot kit was obtained from
Intergen. All other chemicals used were purchased from Sigma
(Tokyo, Japan) or Wako (Osaka, Japan).

Synthesis of endoperoxides

MNPE (1-methylnaphthalene-4-propionate endoperoxide) was
synthesized as described previously [28]. The structure and purity
of the endoperoxide were determined by NMR spectroscopy. The
half-life of MNPE was approx. 25 min at 37 ◦C. The generation
of singlet oxygen from MNPE was detected by EPR spectroscopy
using DRD156 as a sensitive singlet-oxygen-detecting probe,
which specifically reacts with singlet oxygen among the ROS
[29].

Oxidation and reduction of cyt c

Cyt c was either oxidized by incubation with 10 µM K3[Fe(CN)6]
for 1 h, or reduced with 0.2 mM DTT (dithiothreitol) for 1 h
in PBS at room temperature (≈22 ◦C). Excess reagents were
removed by passing the mixture through a PD10 gel-filtration
column (Pharmacia LKB). To examine effects of singlet oxygen,
cyt c was incubated with MNPE in PBS at 37 ◦C and separated
from MNPE and the decomposition product on the PD10 column.
In some experiments, 20 mM NaN3, 20 mM histidine, 5 mM
DABCO (1,4-diazabicyclo[2,2,2]octane) or 10 µM β-carotene
was included to rationalize the role of singlet oxygen. The concen-
tration of cyt c protein was determined by the Bradford method
(Bio-Rad).

Cell culture

HepG2 cells were maintained in Dulbecco’s modified minimum
essential medium (Sigma) containing 100 units/ml penicillin and
100 µg/ml streptomycin supplemented with 10% (v/v) fetal bo-
vine serum (Invitrogen). Cells were grown at 37 ◦C in a humidified
atmosphere containing 5% CO2.

Evaluation of caspase activation in a cell-free system

Caspase activation in a cell-free system was achieved essentially
according to a method described previously [27]. Briefly, a cell
lysate was prepared from HepG2 cells in 4 vol. of buffer con-
taining 0.32 M sucrose, 3 mM MgCl2, 20 mM Tris/HCl, pH 7.5,

2 µg/ml aprotinin, 2 µg/ml pepstatin A and 50 µM (p-ami-
dinophenyl)methanesulphonyl fluoride hydrochloride by homo-
genizing the cells with 40 strokes using a pestle in a Dounce
homogenizer. The homogenates were centrifuged at 8000 g for
10 min, and the resulting supernatant was centrifuged at 100000 g
for 1 h. The ability of cyt c to activate the caspase cascade was
assessed by incubating the supernatant with cyt c (6.25 µM for
the standard experiment), 2 mM dATP and 2 mM MgCl2 at 37 ◦C
for 1 h.

Caspase assay

Caspase activity was determined essentially as described in a pre-
vious report [27]. Acetyl-Leu-Glu-His-Asp-4-methylcoumaryl-7-
amide and acetyl-Asp-Glu-Val-Asp-4-methylcoumaryl-7-amide
were used for the measurement of caspase-9 and caspase-3 ac-
tivity respectively [30]. The reaction mixture contained 25 mM
Pipes/KOH, pH 7.2, 5 mM MgCl2, 10 mM DTT, 0.1% CHAPS,
10% sucrose and 0.05 mM substrate in 200 µl. The initial rates of
enzymatic hydrolysis were determined by measuring the release
of 4-methylcoumaryl-7-amide from the substrate as the emission
at 460 nm upon excitation at 380 nm using a BioLumin 960
Fluorometer (Molecular Dynamics, Tokyo, Japan) equipped with
a thermostat-controlled plate reader. Since caspase-9 activity was
lower than that of caspase-3, the baseline level was set slightly
higher.

Spectrophotometry

Absorbance change in cyt c was measured using a spectrophoto-
meter (Hitachi, Tokyo, Japan). To assess the effects of singlet
oxygen, 200 µM of either oxidized or reduced cyt c was treated
with various concentrations of MNPE at 37 ◦C for 1 h.

EPR spectroscopy

EPR spectra of cyt c (4 mM) were recorded at 77 K with a spec-
trometer (TE-200; Jeol, Tokyo, Japan). The instrument settings
were: sweep time, 8 min; time constant, 0.3 s; modulation ampli-
tude, 0.5 mT; modulation frequency, 100 K; microwave power,
8 mW; and microwave frequency, ≈9.2 GHz. The samples were
introduced into an EPR quartz tube (outer diameter 5 mm) and
placed in the microwave cavity under liquid nitrogen conditions.

SDS/PAGE and immunoblot analysis

Protein samples were subjected to SDS/PAGE (10–15% gels),
and then transferred to a Hypond-P membrane (Amersham Bio-
sciences, Bucks., U.K.) under semi-dry conditions with the use of
a Transfer-blot SD Semi-dry transfer cell (Bio-Rad). The mem-
brane was then blocked by incubation with 5% skimmed milk
in TBS (Tris-buffered saline; 150 mM NaCl/20 mM Tris/HCl,
pH 7.6) for 2 h at room temperature. The membranes were then
incubated with rabbit anti-caspase-9, anti-caspase-3, or anti-
mouse cyt c monoclonal antibody (1:1000 dilution) for 16 h at
4 ◦C. After washing with TBS containing 0.1 % (v/v) Tween
20, the membrane was incubated with horseradish-peroxidase-
conjugated goat anti-mouse IgG (1:1000 dilution; Santa Cruz
Biotechnology) for 1 h at room temperature. Detection of protein
carbonyls was performed by using an Oxyblot kit (Intergen) ac-
cording to the manufacturer’s instructions. After washing, the
peroxidase activity on the membranes was detected by a chemi-
luminescence method using an ECL® Plus kit (Amersham Bio-
sciences) and exposed to X-ray films (Kodak, Rochester, NY,
U.S.A.). The amounts of cyt c protein were quantified by densito-
metric scanning of X-ray films by Densitography (Atto, Tokyo,
Japan).
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Figure 1 Effects of oxidized and reduced cyt c on activation of caspases

After incubation of cytosolic fractions from HepG2 cells with oxidized or reduced cyt c, the activities of caspase-9 (A) and -3 (B) were measured. An immunoblot analysis was performed for the
caspase assay mixture containing either oxidized (C) or reduced (D) cyt c using specific antibodies against caspase-9, -3 or cyt c (1:1000 dilution). The arrowheads in (C) indicate the processed,
active form of the caspases. Abbreviation: U, units.

Statistics

Data are presented as the means +− S.D. for triplicate experiments.
The Student’s t test was used to compare the significance of the
differences between data. Values of P < 0.05 were considered
significant.

RESULTS

Redox-state-dependency of the pro-apoptotic function of cyt c

Since the issue of whether the redox state of haem affects the
pro-apoptotic function of cyt c is currently under debate, we first
examined the relationship between the redox state and the ability
of cyt c to activate the caspase cascade in a cell-free system. Cyt
c was first fully oxidized by treatment with 10 µM K3[Fe(CN)6],
and used with or without reduction by 0.2 mM DTT. The redox
state of cyt c was confirmed by scanning the wavelength in a
spectrophotometer (results not shown). The ability of cyt c to
activate the caspase cascade was examined in a cell-free re-
constitution system using the cytosolic fraction prepared from
HepG2 cells. As a result, oxidized cyt c dose-dependently activ-
ated both caspase-9 and -3 (Figures 1A and 1B). However,
reduction of the oxidized cyt c with DTT totally abolished this
ability. Conversion into processed, active forms of these enzymes
was confirmed by immunoblotting (Figures 1C and 1D). Thus
these data are consistent with the view that only oxidized cyt c
serves as a pro-apoptotic molecule [31].

Effects of cyt c reduction by GSH or cysteine on caspase activation

We examined the effects of the physiological reductants, GSH
and cysteine, on the spectral change of the oxidized cyt c in
the range of 370–600 nm. The absorbance at 550 nm (α-band)
characteristic of the reduced form was observed for reduced
cyt c, but not for oxidized cyt c (Figure 2A). Both GSH and

Figure 2 Effects of GSH and cysteine on redox state of cyt c

(A) After incubation of oxidized cyt c with 1 mM DTT, GSH or cysteine for 1 h at 37◦C, spectral
changes between 370 and 600 nm were measured. The dotted line shows the spectrum of oxidized
cyt c in the absence of a reductant; the solid line shows superimposed spectra of oxidized cyt c
treated with GSH or cysteine. (B) Absorbance at 550 nm of oxidized cyt c was continuously
recorded in the presence of 1 mM GSH or cysteine for 1 h. The spectra corresponded to oxidized
cyt c (9 µM) that was incubated with GSH (top trace), cysteine (middle trace) or no reductant
(bottom trace).

cysteine reduced the oxidized cyt c under these conditions. The
characteristic absorbance at 550 nm was continuously monitored
to evaluate the redox potency of GSH and cysteine on cyt c during
the incubation (Figure 2B). GSH was found to be more potent than
cysteine, as is generally accepted [32].
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Figure 3 Dose-dependent inhibition by GSH and cysteine of the caspase-activating ability of oxidized cyt c

After pre-incubation of oxidized cyt c with various concentrations of GSH or cysteine for 1 h at 37◦C, a cell-free caspase (Casp)-activation assay was performed. The activities of caspase-9 (A)
and -3 (B) are shown. An immunoblot analysis was performed for the caspase assay mixture containing cyt c treated with either GSH (C) or cysteine (D) using specific antibodies against caspase-9,
-3 or cyt c (1:1000 dilution). The arrowheads indicate the processed, active form of the enzymes.

When the effects of treatment with these reductants on the
ability of oxidized cyt c to activate the caspase cascade were
examined, both GSH and cysteine treatment decreased the pro-
apoptotic ability of the oxidized cyt c in a dose-dependent
manner (Figures 3A and 3B). Consistency of the activities and
processed, active forms of caspase-9 and -3 were confirmed by
immunoblotting (Figures 3C and 3D). This suggests that the
suppression of caspase activation occurred at the initial step of
the caspase cascade, and support the view that cyt c in cells with
a high redox potential is unable to activate the caspase cascade
[13].

Effects of singlet oxygen on the pro-apoptotic function of cyt c

We have recently shown that a singlet-oxygen donor, MNPE,
induced atypical cell death in which the caspase cascade was only
slightly activated, despite the release of cyt c from mitochondria
into the cytosol [27]. To determine whether singlet oxygen affects
the pro-apoptotic function of cyt c, the effects of singlet oxygen
on the ability of oxidized cyt c to activate the caspase cascade
was examined by incubating cyt c with MNPE. Treatment of the
oxidized cyt c with MNPE dose-dependently abolished the pro-
apoptotic ability, whereas a precursor, MNP, had virtually no
effect (Figures 4A and 4B). The levels of active forms of caspase-9
and -3 as detected by an immunoblot analysis were consistent with
the activity (Figures 4C and 4D). To rationalize involvement of
singlet oxygen in suppression of pro-apoptotic ability of cyt c
by MNPE, we examined protective action of singlet oxygen
inhibitors (sodium azide, histidine, DABCO and β-carotene)
during treatment with cyt c (Figure 5). The assay of caspase
activity in the reconstitution system indicated that all four com-
pounds significantly suppressed the effect of MNPE on the pro-
apoptotic ability of oxidized cyt c. This suggests that singlet
oxygen released from MNPE converted the oxidized, pro-

apoptotic cyt c into the inactive form, in view of the activation of
the caspase cascade.

Relationship between the suppressed pro-apoptotic function and
the redox state of cyt c by treatment with singlet oxygen

Since the redox state affects the pro-apoptotic function of cyt c, we
examined the effects of singlet oxygen on the redox state of cyt c
spectrophotometrically. MNPE at less than 0.5 mM, which fully
inactivated the pro-apoptotic ability of cyt c, affected less than
3% of the redox state of haem, as judged from the spectra of both
oxidized and reduced cyt c (results not shown). Either oxidized
(Figure 6A) or reduced (Figure 6B) cyt c was then treated with
1, 3 and 5 mM MNPE for 1 h, and the change in absorbance was
monitored. The absorbance at a unique peak maximum of 550 nm
was increased in oxidized cyt c, but decreased in reduced cyt c
time-dependently (Figure 6C). Thus singlet oxygen affected haem
not by shifting the redox balance, but in a more complex manner.
To understand better the role of singlet oxygen, we measured
spectral changes from 370–720 nm and presented data in the range
of 600–720 nm (Figure 6D), because only spectral changes of this
range were informative. Treatment of oxidized cyt c with MNPE
caused the disappearance of the characteristic 695 nm absorbance
maximum. The conversion of the low-spin state into the high-spin
state occurred at concentrations higher than 1 mM, as judged by
EPR spectral results (Figure 7). A similar profile was observed in
cyt c by nitration [33], and was attributed to the loss of Met-80–
haem-iron interactions [6].

Characterization of the modification of cyt c by singlet oxygen

To characterize this process further, we examined whether the
effects of singlet oxygen on the pro-apoptotic function of cyt
c were reversible or not (Figure 8). Oxidized cyt c was first
treated with MNPE, and then with the oxidant K3[Fe(CN)6], or
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Figure 4 Effects of MNPE treatment on the caspase-activating ability of oxidized cyt c

After incubation of oxidized cyt c with various concentrations of MNPE or MNP for 1 h at 37◦C, a cell-free caspase (Casp)-activation assay was performed. The activities of caspase-9 (A) and -3
(B) are shown. An immunoblot analysis was performed for the caspase assay mixture containing cyt c treated with MNPE (C) or MNP (D) using specific antibodies against caspase-9, -3 or cyt c
(1:1000 dilution). The arrowheads indicate the processed, active form of the enzymes.

Figure 5 Effects of singlet oxygen ‘quenchers’ on pro-apoptotic ability of
reduced cyt c

Cyt c in PBS was first oxidized and treated with 1 mM MNPE or the control condition (CTR) in
the presence of 20 mM NaN3, 20 mM histidine, 5 mM DABCO or 10 µM β-carotene at 37◦C
for 1 h. After gel filtration of cyt c on the PD10 column, caspase activity was measured in a
cell-free reconstitution system. Data represent relative activities of caspase-9 and -3 to control
experiments that were performed with fully oxidized cyt c (CTR).

the reductants DTT, GSH and cysteine. Neither treatment led
to the recovery of the pro-apoptotic activity of cyt c. This implies
that an irreversible modification was induced by singlet oxygen,
and cyt c was converted into the inactive form.

Since the oxidative modification of proteins by ROS generally
causes an increase in the levels of carbonyl compounds, we com-
pared the carbonyl contents after treatment of cyt c with 1 mM

MNPE for 1 h. Analysis of carbonyl contents in cyt c by an
Oxyblot kit indicated that treatment with singlet oxygen in-
creased the carbonyl contents approx. 6 times over a control
sample (Figure 9). This suggests that singlet oxygen oxi-
datively modified cyt c (see Supplementary Table 1; http://
www.BiochemJ.org/bj/392/bj3920399add.htm), resulting in the
elimination of pro-apoptotic ability.

DISCUSSION

We have recently shown that singlet oxygen triggered the release
of cyt c from mitochondria, and consequently led to cell death,
which was, however, different from typical apoptosis [27]. This
was caused by impairment in the caspase cascade by singlet oxy-
gen. One mechanism involves the direct action of singlet oxygen
on caspases, probably via the oxidative modification of the
enzyme. There also appears to be an action of singlet oxygen
on the process of activation of the caspase cascade in which an
assembly of apoptosomes is required. Cyt c plays a pivotal role in
the initiation of this process by interacting with Apaf-1 [4,5]. Since
cyt c is a haem-containing electron-transferring protein, a causal
connection between the redox state of haem and apoptosome-
forming ability is an interesting issue.

Cells are resistant to apoptotic stimuli when they are in a
high redox potential with abundant thiol compounds, such as
GSH, present [8–11]. The rapid efflux of GSH and its resultant
depletion occur prior to apoptosis triggered by Fas ligand [34].
It has been reported that reduced cyt c functions to activate the
caspase cascade in the cytoplasm, although this process does not
rely on electron transfer from cyt c [12]. On the contrary, Pan et al.
[31] showed the activation of apoptosis machinery by oxidized
cyt c. Here, we have clearly shown that cyt c with oxidized haem
is capable of activating the caspase cascade, but cyt c with reduced
haem is not (Figure 1). We also found that the physiological
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Figure 6 Effects of singlet oxygen on redox state of cyt c

After incubation of either oxidized (A) or reduced (B) cyt c (8 µM) with 0, 1, 3 or 5 mM MNPE
for 1 h at 37◦C, spectral changes between 370 and 800 nm were measured. Informative spectral
ranges are shown. (A) Spectral traces shown from bottom to top (↑) correspond to oxidized cyt c
that was treated with 0, 1, 3 or 5 mM MNPE. (B) Spectral traces shown from top to bottom
(↓) correspond to reduced cyt c that was treated with 0, 1, 3 or 5 mM MNPE. (C) Absorbance
changes at 550 nm of oxidized or reduced cyt c (8 µM) in the presence of 1 mM MNPE were
continuously recorded for 60 min. (D) Spectral changes between 600 and 720 nm are shown.
Spectral traces shown from top to bottom (↓) correspond to oxidized cyt c (50 µM) that was
incubated with 0 (top), 1 (middle) or 5 (bottom) mM MNPE for 1 h at 37◦C.

reductants cysteine and GSH were able to reduce the oxidized
cyt c, and abolished the ability of cyt c to induce caspase activ-
ation (Figure 2). GSH, abundantly present in cells, appears to
be involved in the Bcl-2-induced suppression of apoptosis that is
caused by granzyme B [10] and radiation [11]. It has been hypo-
thesized that the redox control of cyt c acts as a failsafe mechanism
in the regulation of programmed cell death [13]. This suggests that
a functional interaction is induced among apoptosomal proteins
by oxidized cyt c, and the apoptotic signal is transduced to
downstream caspases without the transfer of electrons.

When oxidized cyt c was treated with MNPE, a singlet-oxy-
gen donor, even cyt c with oxidized haem was unable to activ-
ate the caspase cascade. Regarding the redox state of haem,

Figure 7 EPR spectra of oxidized cyt c treated with or without MNPE at 77 K

(A) The spectrum of oxidized cyt c (4 mM) without MNPE, (B) the spectrum of oxidized cyt c with
1 mM MNPE, and (C) the spectrum of oxidized cyt c with 5 mM MNPE are shown. Cyt c (4 mM)
was incubated in PBS. Instrumental conditions were: sweep time, 8 min; time constant, 0.3 s;
modulation amplitude, 0.5 mT; modulation frequency, 100 KHz; and microwave frequency,
≈9.2 GHz.

Figure 8 Irreversible dysfunction of cyt c by treatment with singlet oxygen

Cyt c was first fully oxidized, and then treated as indicated. After the treatments, a cell-free
caspase-activation assay was performed. Data represent relative activities of caspase-9 and -3
to control experiments that were performed with fully oxidized (Ox) cyt c. CTR, control.

singlet oxygen that is generated during photosensitization using
Methylene Blue changes the haem electronic state of cyt c from
low spin to high spin [35]. In the present study, however, inability
of oxidized cyt c to activate the caspase cascade was caused by
submillimolar concentrations of endoperoxide (Figure 6), which
had a slight effect (less than 3%) on the haem redox state,
whereas the conversion of the low-spin state into the high-spin
state occurred at concentrations higher than 1 mM, as judged
from the EPR spectral results (Figure 7). This change in spin state
could be related to a loss of Met-80–haem-iron interactions [6].
This suggests that the lack of activation of the caspase cascade
by singlet oxygen was a separate function from the redox state of
haem.

Activation of the caspase cascade requires the interaction of
cyt c with Apaf-1. Since ionic strength is critical, an electrostatic
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Figure 9 Elevated carbonyl contents in singlet oxygen-treated cyt c

(A) Carbonyl contents of oxidized cyt c (100 ng) that were treated with or without 1 mM MNPE
for 1 h at 37◦C were assessed by an Oxyblot kit. Protein staining by Coomassie Brilliant Blue
(CBB) was performed to show equal protein loading. (B) Quantification of the band intensity was
performed for five assays by densitometric scanning of X-ray films. Data represent the mean
values +− S.D. relative to the control sample (without MNPE treatment).

interaction has been postulated [36]. Nε-Trimethylation of a
specific lysine residue has been reported to abrogate the pro-
apoptotic ability of cyt c [37]. A mutational analysis of the epitope
for cyt c binding to Apaf-1 suggests the importance of some
lysine residues in cyt c [38]. In addition, cardiolipin, an acidic
phospholipid, appears to play a pivotal role in the retention of
cyt c by the inner mitochondrial membrane [39]. It is possible
that singlet oxygen converts the cyt c protein conformation
into one similar to the reduced form, because redox-dependent
conformational changes commonly occur in cyt c from various
species [40,41]. However, the disappearance of the pro-apoptotic
function of cyt c by singlet oxygen did not always accompany
the reduction of haem (cf. Figures 4 and 6). Similarly, the
haem-independent prevention of apoptosome formation has been
observed for apo-cyt c that lacks haem [42,43]. This suggests that
even apo-cyt c is incorporated into apoptosomes, and interferes
with the formation of active machinery by preventing holo-cyt c
from functioning.

The effects of singlet oxygen on the pro-apoptotic function of
cyt c can be reasonably explained by the oxidative modification
of some amino acid residues of cyt c by singlet oxygen. Based
on calculations, approx. 70% of the singlet oxygen is consumed
by proteins due to their abundance and high reactivity [15]. ROS
and reactive nitrogen oxide species are known to inhibit cysteine
proteases [44]. Cathepsin K, a cysteine protease in lysosomes, is
inhibited by nitric oxide donors [45]. The oxidative modification
of cyt c by singlet oxygen, however, appears to be neither simple
disulphide formation nor oxidation to sulphenic acid, because
two cysteine residues in cyt c are covalently bound to haem,
and DTT treatment had no effect on the recovery of the pro-
apoptotic function of cyt c (Figure 8). A similar irreversible in-
activation was observed in the singlet-oxygen-treated cysteine
proteases cathepsins B and L/S [46]. Whereas caspase and cath-
epsins are cysteine proteases, and have reactive cysteines at their
catalytic centre, cyt c does not contain such a reactive cysteine.
A spectrophotometric analysis suggested that Met-80 is dissoci-
ated from haem iron by treatment with singlet oxygen (Figure 6D).

Since methionine is one of the most reactive amino acids with
respect to singlet oxygen, the oxidative modification of Met-80
may occur, thus eliminating the pro-apoptotic ability of cyt c. An
elevation in the carbonyl content in MNPE-treated cyt c (Figure 9)
supports oxidative modification of amino acids by singlet
oxygen.

The findings herein show that singlet oxygen modifies cyt c,
converting it into a form that is unable to activate the subsequent
caspase cascade. Dysfunction of common apoptotic pathways,
including caspases [27] and cyt c (the present study), leads a
cell to more necrotic cell-like death. Intracellular components
are released during necrotic cell death, and may enhance inflam-
matory responses [47,48]. An impaired removal of dead cells by
apoptosis and following scavenging cause autoimmune diseases,
as reported in mice lacking a gene responsible for phagocytosis
by macrophages [49]. The development of a marker specific for
modification by singlet oxygen is awaited to evaluate the parti-
cipation of singlet oxygen in pathogenesis.
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