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To gain some insight into the mechanism of plant programmed cell death, certain features of cytochrome c (cyt c) release were
investigated in heat-shocked tobacco (Nicotiana tabacum) Bright-Yellow 2 cells in the 2- to 6-h time range. We found that 2 h after
heat shock, cyt ¢ is released from intact mitochondria into the cytoplasm as a functionally active protein. Such a release did not
occur in the presence of superoxide anion dismutase and catalase, thus showing that it depends on reactive oxygen species (ROS).
Interestingly, ROS production due to xanthine plus xanthine oxidase results in cyt c release in sister control cultures. Maximal cyt ¢
release was found 2 h after heat shock; later, activation of caspase-3-like protease was found to increase with time. Activation of
this protease did not occur in the presence of ROS scavenger enzymes. The released cyt c was found to be progressively degraded
in a manner prevented by either the broad-range caspase inhibitor (zZVAD-fmk) or the specific inhibitor of caspase-3 (AC-DEVD-
CHO), which have no effect on cyt ¢ release. In the presence of these inhibitors, a significant increase in survival of the cells
undergoing programmed cell death was found. We conclude that ROS can trigger release of cyt ¢, but do not cause cell death,

which requires caspase-like activation.

Plant cells can respond to various stimuli, including
pathogen attacks, fungal toxins, biotic and abiotic
stresses, and chemical agents, by initiating pro-
grammed cell death (PCD; McCabe and Leaver, 2000;
Rizhsky et al., 2004; van Doorn and Woltering, 2005).
However, knowledge of how PCD occurs remains
rather obscure, thus necessitating the use of a plant
model in which the role of cell components can be
investigated in some detail. In this regard, we have
shown that, as a result of heat shock (HS) at 55°C,
in vitro cultured tobacco (Nicotiana tabacum) Bright-
Yellow 2 (TBY-2) cells undergo a process leading to cell
death. This process showed several morphological
features associated with the better understood phe-
nomenon of PCD in animal systems, namely, cytoplas-
mic shrinkage, chromatin condensation, and DNA
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laddering. Hence, although the evidence is not yet
complete, it seems very likely that what we were ob-
serving in our plant system corresponds to PCD in
animals. Moreover, cell death occurring in other plant
model systems with the morphological features de-
scribed above has long been recognized as pro-
grammed in a spatial and temporal sense (Balk et al.,
1999; McCabe and Leaver, 2000; Tiwari et al., 2002;
Rizhsky et al., 2004). With the reservation that final
demonstration of the equivalence remains to be firmly
established, we use the term PCD to describe the
process studied in this work.

In heat-shocked tobacco cells, reactive oxygen spe-
cies (ROS) are produced with early mitochondrial
damage (Vacca et al., 2004). On the other hand, among
a variety of events occurring during PCD, the release
of cytochrome c (cyt c) has been shown both in mam-
malian and plant mitochondria. In the former case, it
was shown that the released cyt c (1) can work as a ROS
scavenger and as an electron donor to cytochrome
oxidase, thus driving ATP synthesis, which is neces-
sary for apoptosis to occur (Atlante et al., 2003a, 2003b)
and (2) binds to apoptotic protease-activating factor
(Apaf-1) protein and, in the presence of ATP/dATP,
activates caspase-9, thus triggering activation of a
caspase cascade that leads to the morphological changes
typical of apoptosis (Li et al., 1997; Zou et al., 1999). In
plant cells, cyt c release was already shown in a variety
of cases, including menadione-induced death in to-
bacco protoplasts (Sun et al., 1999), b-Mannose-induced
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cell death in maize (Zea mays) cells (Stein and Hansen,
1999) during development-associated PCD (Balk and
Leaver, 2001), and in response to stress (Balk et al.,
1999; Tiwari et al., 2002; Krause and Durner, 2004).
However, the possibility that release of cyt c is an
obligatory step in plant PCD has been questioned (Xu
and Hanson, 2000; Yu et al., 2002; Yao et al., 2004).

This prompted us to investigate whether and how
cyt cis released in HS-induced PCD in TBY-2 cells with
particular attention to cyt ¢ time-dependent cytosolic
and mitochondrial content and to the role of caspase-
like protease in causing cyt ¢ degradation and PCD.

We found that cyt ¢ release is dependent on the
production of ROS, which cannot trigger PCD. More-
over, after cyt c release, caspase-like activation occurs,
leading to cyt c degradation en route to PCD.

RESULTS

Cyt c Release Occurs in HS-Induced PCD of TBY-2
Cells in a ROS-Dependent Manner

Cyt c release from mitochondria was investigated by
immunoblot analysis using a monoclonal antibody
against cyt c. Both cytosolic and mitochondrial frac-
tions, obtained from TBY-2 cells subjected to HS (cells
in these conditions will be referred to as HS cells), were
examined. Typical immunoblots are shown in Figure
1A. Two hours after HS (2-h HS cells), when, due to
technical reasons (see “Materials and Methods”), the
first analysis could be carried out, an increase of cyt ¢
over control cells was detected in the cytosolic fraction
of HS cells. The amount of cyt ¢ in the corresponding
mitochondrial fractions, evaluated in the same cellular
preparation, decreased with respect to control mito-
chondria, indicating a release of cyt ¢ from the mito-
chondria to the cytosol. To verify that release of cyt ¢
takes place in HS cells from intact mitochondria and is
not due to mitochondrial damage occurring during
the heat treatment, the presence of mitochondrial ade-
nylate kinase isoenzyme 2 (mADK), localized in the
mitochondrial intermembrane space, and mitochon-
drial glutamate dehydrogenase (mGDH), a mitochon-
drial matrix enzyme, was also checked in the same
experiment by immunoblot analysis using the respec-
tive antibodies. The amounts of mADK and mGDH
found in the cytosolic fraction of the control and HS
cells did not differ one from another and were negli-
gible as compared with that of the mitochondrial
fraction (Fig. 1A). Hence, we can deduce that the low
level of cyt ¢, as well as of mMADK and mGDH, in the
cytosolic fraction of control cells is a result of manip-
ulation during the cell fractionation procedure. As a
further control, the intactness of the mitochondria was
also checked both in control and in 2-h HS cells by
measuring the activity of both mADK (Bobba et al.,
1999) and fumarase (Balk et al., 1999; Bafunno et al.,
2004), a mitochondrial matrix enzyme (Table I). Neg-
ligible mADK activity was found in the cytosolic
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fraction of either control or HS cells and the assay of
fumarase activity showed a mitochondrial intactness
ranging from 94% to 96%.

To ascertain whether such a cyt ¢ release could
depend on the production of ROS caused by HS, we
investigated the role of ROS production on cyt ¢
release by using ROS scavenging enzymes (ROS-SE),
including superoxide dismutase (SOD) and catalase
added to the culture medium 30 min before HS (Fig.
1A). No significant release of cyt ¢ from mitochondria
to cytosol was found when cell death was induced in
the presence of ROS-SE. In a parallel experiment (Fig.
1B), we confirmed that the superoxide anion (O, ) and
hydrogen peroxide (H,0,) are produced in HS cells.
O, " and H,0O, production, as measured 30 min after
HS, were, respectively, 10- and 3-fold higher in HS
cells than controls. As expected, the presence of either
SOD or catalase resulted in an almost complete re-
moval of the ROS produced. That ROS-SE can some-
how protect heat-shocked cells against PCD is shown
in Figure 1C. DNA laddering (i.e. the DNA cleavage
into oligonucleosomal units, typically observed dur-
ing the apoptosis process and occurring in our system
at 72 h after HS), was significantly reduced if cells were
subjected to HS in the presence of either SOD or
catalase. Prevention of cell death was also consistently
found in the presence of ROS-SE. Cell viability mea-
sured in 15-h HS cells was 60% % 2% in the absence of
ROS-SE; 90% * 5% and 80% =+ 5% cell survival was
found for cells preincubated with SOD or catalase,
respectively.

The ability of ROS-SE to prevent cyt ¢ release was
investigated statistically as shown in Figure 1D, where
a densitometric analysis of the cytosolic and mito-
chondrial cyt c content is reported as derived from six
independent experiments. To account for possible cyt c
release due to mitochondrial damage occurring during
the cell fractionation procedure, the mGDH amount in
each lane was used to normalize the corresponding
amount of cyt ¢ revealed on the same filter. Cyt c con-
tent in HS cells was found to increase in the cytosolic
fraction to 120% = 10% over control cells; a similar
increase over the control was found during cyt ¢ re-
lease in development-associated PCD (Yu et al., 2002).
A decrease to a value of 55% = 11% in the mitochon-
drial fraction with respect to control was consistently
detected. However, when PCD was induced in the
presence of ROS-SE, the cyt ¢ content in both the
cytosolic and mitochondrial fractions was not statisti-
cally different from the control value.

To determine whether the cyt ¢ released into the
cytosol was functionally active, we resorted to an
experimental approach already reported (Atlante etal.,
2003a) in which the ability of cell homogenate of either
control or 2-h HS cells to oxidize ascorbate (ASC) was
checked. Briefly, because ASC cannot permeate per se
the outer mitochondrial membrane (Alexandre and
Lehninger, 1984), its oxidation can occur only as a re-
sult of the release from mitochondria of a component
that can oxidize ASC and then reduce oxygen via cyt c
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oxidase (i.e. active cyt c; Atlante et al., 2000). Thus, in a
typical experiment, the rate of ASC-dependent oxygen
consumption was measured polarographically in
TBY-2 cell homogenate (Fig. 2). The rate of oxygen
consumption, due to 5 mmM externally added ASC, was
found to be 3.5 and 10 nat oxygen/min X mg cell
protein in homogenates from control and 2-h HS
cells, respectively. In both cases, externally added
N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD;
0.2 mm) was found to strongly stimulate the rate of
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oxygen uptake that was essentially blocked as a result
of the addition of cyanide (KCN; 1 mM), which is a pow-
erful inhibitor of mitochondrial cytochrome oxidase
(Fig. 2A). The increase in the rate of oxygen consump-
tion due to added ASC, which mirrors cyt c release,
was found to be statistically significant in control and
2-h HS cells. On the other hand, no difference was
found when comparing the rates of oxygen uptake due
to TMPD addition, which showed a similar capacity of
the two samples to support electron flow. In agreement

Plant Physiol. Vol. 141, 2006



with Figure 1D, a reduction of 46% * 3% in the rate of
oxygen uptake occurred when cell death was induced
in the presence of the ROS-SE (Fig. 2B).

To gain further insight into the ability of ROS to
cause cyt c release, another set of experiments incu-
bated normal control TBY-2 cells in the presence of
xanthine plus xanthine oxidase (X/XOD), an experi-
mental system already used to produce exogenous
ROS in different cell systems (Naveilhan et al., 1994;
Satoh et al., 1998; Atlante et al., 2000). The exogenous
generated O, 'may dismutate spontaneously to H,0,,
which may diffuse inside the cell or directly diffuse
across cell membranes, as reported by Mao and
Poznansky (1992). The X/XOD system resulted in a
4-fold increase in O, production in TBY-2 cells (Fig.
3A). Interestingly, ROS generation with the X/XOD
system causes cyt c release in TBY-2 cells as detected
by both immunoblot analysis (2-fold increase com-
pared to nontreated cells; Fig. 3B) and polarographic
measurement (1.7-fold increase compared to non-
treated cells) in cell homogenate (Fig. 3C). Externally
added SOD largely prevented both ROS production
and cyt c release. In agreement with Delledonne et al.
(2001) and de Pinto et al. (2002), where it was shown
that exogenous ROS failed to induced cell death both
in soybean (Glycine max) and TBY-2 cells in the absence
of the simultaneous production of other effectors such
as nitric oxide, we found that ROS production by the
X/XOD system did not cause death in TBY-2 cells: cell
viability was found to be almost unaffected (98% =
2%) as monitored up to a 72-h period. No DNA
laddering was observed at that time (data not shown).

The Cyt ¢ Released in HS-Induced Cell Death in TBY-2
Cells Is Degraded by Caspase-Like Proteases

Having ascertained that cyt c was already released
in 2-h HS cells, the cyt ¢ content in the cytosolic and
mitochondrial fractions was investigated by immuno-
blot analysis as a function of time after HS. Two hours

Table I. Detection of mADK activity in the cytosolic fraction and
fumarase activity in the mitochondrial fraction of TBY-2 cells

Cytosolic and mitochondrial fractions were obtained by cell frac-
tionation procedure from control (C) and HS cells. mADK activity was
measured in the cytosolic fractions spectrophotometrically at 340 nm
in the direction of ATP production and the enzymatic activity was
expressed as nanomoles NADP™ reduced/min X mg protein. Fuma-
rase activity was measured spectrophotometrically at 240 nm after
L-malate addition (50 mm) to isolated mitochondria either in the
absence or presence of the detergent TX-100. The enzymatic activity
was expressed in nanomoles fumarate formed/min X mg protein (see
“Materials and Methods”). Values represent the mean (*sem) of six
independent measurements.

Fumarase Activity

mADK Activity

Samples Cytosolic Fraction Mitochondrial Mitochondrial Fraction
Fraction + TX-100
C 0.05 = 0.03 12 = 0.1 195 = 0.1
HS 0.03 = 0.02 9+ 0.6 190 = 0.2
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Figure 2. Functional activity of cyt c released from mitochondria of HS
TBY-2 cells. The following TBY-2 cell cultures were used: control cells
kept at 27°C (C), HS cells, cells heat shocked in the presence of both
75 units mL™" SOD and 100 units mL™" catalase (ROS-SE + HS). A,
Homogenates (0.2 mg protein) were incubated at 25°C in 1.5 mL of
respiratory medium (see ““Materials and Methods”) in the presence of
rotenone (2 ug), antimycin (2 ug), and myxothiazole (3 um) in a water-
jacketed glass vessel to monitor oxygen consumption polarographi-
cally. Atthe arrows, ASC (5 mm), TMPD (0.2 mm), and KCN (T mm) were
added. Numbers along the traces are rates of oxygen uptake expressed
as nat oxygen/min X mg protein. B, Statistical analysis of ASC oxygen
consumption rate measured as nat oxygen/min X mg cell protein.
Results are means (*sem) of three independent experiments. The
asterisk (*) indicates values that are significantly different from the
control (P < 0.01).
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after HS, the cytosolic cyt c content was approximately
twice that in the controls, but it subsequently de-
creased and, at 6 h, was similar to the controls (Fig. 4,
A and B). Conversely, the cyt c content measured in the
corresponding mitochondrial fractions was at a min-
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imum after 4 h (43% = 3% compared to the control in
three experiments) and remained constantly low
(40% = 2%) even 6 h after HS (Fig. 4, A and B). The
difference in cytoplasmic cyt ¢ content between 2- and
4-h HS cells, and the constancy of the mitochondrial
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Figure 4. Effect of zZVAD-fmk on cyt c release from mitochondria of HS TBY-2 cells. The following TBY-2 cell cultures were used:
control cells kept at 27°C (C) and HS cells. Where indicated, cells were heat shocked in the presence of 100 um zVAD-fmk; in the
other cultures, the same volume of dimethyl sulfoxide was added. A, Release of cyt ¢ analyzed by western-blot analysis.
Cytosolic and mitochondrial fractions were obtained 2, 4, and 6 h after HS and immunoblot analysis was performed by using
anti-cyt c and mGDH antibodies. B, Statistical analysis of the cytosolic and the mitochondrial cyt ¢ content. Cyt ¢ content was
expressed after normalization with mGDH as a percentage of control cells set at 100. Values represent the mean (*sem) of three
independent measurements. C, Oxygen consumption caused by externally added ASC. Homogenates were obtained 2, 4, and 6 h
after HS and polarographic measurements were performed as described in Figure 2. Values represent the mean (£sem) of three
independent measurements. Asterisks (*) indicate values for zZVAD-fmk-treated apoptotic cells that are significantly different from

the untreated apoptotic cells (P < 0.01).

content, are consistent with cytosolic degradation of
the released cyt c¢. To find out whether this derives
from activation of caspase-like proteases, as in animal
cells (Bobba et al., 1999), we added zVAD-fmk, a broad-
range caspase inhibitor (Armstrong et al., 1996), to
TBY-2 cells before heat treatment and monitored the
cyt c release both by immunoblot analysis (Fig. 4, A
and B) and by polarographic measurements in cell
homogenate (Fig. 4C). No change in the early cyt c
release measured after 2 h was found, which shows
that cyt ¢ release is not caspase dependent, as was also
found in tobacco protoplasts undergoing menadione-
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induced apoptosis (Sun et al., 1999). Moreover, in the
presence of zVAD-fmk, no decrease of cyt ¢ content
was found over a 2- to 6-h period in the cytosolic
fraction of HS cells, whereas in the corresponding
mitochondrial fraction the cyt ¢ content decreased in
4- and 6-h HS cells as found in untreated HS cells. To
substantiate the conclusion that degradation of the
released cyt c in the cytosol could arise from activation
of caspase-like proteases, we investigate the presence
of caspase-3-like protease activity in HS cells up to
15 h (Fig. 5). The caspase-3-like activity was monitored
by measuring the hydrolysis of Ac-DEVD-pNA, the
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Figure 5. Time-dependent activation of caspase-3-like proteases dur-
ing HS-induced PCD in TBY-2 cells. Cell cultures were heat shocked
and returned to 27°C for a 15-h period. At the indicated time intervals
after HS, cells were collected, frozen in liquid nitrogen, and assay for
caspase-3-like activity was carried out in 10 ug of cell lysate by
following the hydrolysis of the specific caspase-3 substrate Ac-DEVD-
pNA. Specific activity is expressed as the percentage of the activity of
control cells (C), which was given a value of 100. The variability of
caspase-3-like activity in the control cells during the O- to 15-h period
was always less than 5%. Data represent the mean (*sem) of three
independent measurements. Asterisks (*) indicate values that are
significantly different from the control (P < 0.01).

caspase-3-like protease-specific substrate (Talanian
et al., 1997). Caspase-3-like protease activity was es-
sentially identical to that of the control sister cells in
2-h HS cells, but showed a progressive increase with
time after heat treatment, and was 1.45- and 5.25-fold
higher than that in control cells in 4- and 15-h HS cells,
respectively (Fig. 5). In a parallel experiment, given
that caspase-3 is considered a key protease in different
cell systems and one of the first effector caspases to be
activated in animal cells (Gerhardt et al.,, 2001),
zVAD-fmk and the specific caspase-3 inhibitor (Ac-
DEVD-CHO) were compared with respect to their
ability to affect cyt c¢ release and cytosolic content
during HS-induced PCD (Table II). The inhibitors
studied did not differ significantly with respect to
their ability to prevent the decrease of cyt c in the
cytosolic fraction. In another experiment, we con-
firmed that zZVAD-fmk completely inhibited caspase-
3-like activity. A control was also made to show that
the presence of ROS-SE in the cell culture resulted in
the prevention of caspase-like activation, whereas
ROS-SE themselves added in the assay did not affect
the caspase activity (Fig. 6).

To ascertain whether proteases of the caspase family
play a major role in determining HS-dependent cell
death, we checked whether incubation of cells in the
presence of the broad-range caspase inhibitor zZVAD-
fmk, the selective inhibitor of caspase-1 (Ac-YVAD-
cmk), and that of caspase-3 (Ac-DEVD-CHO), added
separately, could prevent cell death. All the checked
inhibitors largely prevented HS PCD, cell survival
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being 87% * 2.5%, 84% * 2%, and 85% * 2%, re-
spectively, 15 h after HS for cells preincubated with
either zZVAD-fmk or inhibitors of caspase-1 and cas-
pase-3, respectively (Fig. 7). No DNA laddering was
observed in the presence of any of the checked caspase
inhibitors (data not shown).

DISCUSSION

We have previously shown that heat treatment of
TBY-2 cells in a narrow window around 55°C leads to
cell death by a process showing the morphological
features of apoptosis (see introduction). At tempera-
tures up to 45°C, cell viability was unaffected, whereas
incubation at higher temperatures (60°C-65°C) resulted
in rapid cell death not associated with chromatin con-
densation and DNA laddering (Vacca et al., 2004). Thus,
in this work we have used cells heat shocked at 55°C as
a model to characterize the apoptosis pathway further.

The release of cyt ¢ from the mitochondrial inter-
membrane space to the cytosol of cells en route to PCD
has been reported in many systems. Although the
release of cyt ¢ is considered as a crucial regulatory
step in PCD (Kroemer et al., 1997; Bossy-Wetzel et al.,
1998; Bobba et al., 2004), the mechanism by which cyt c
release occurs is not unique, being dependent on the
nature of the cells as well as on how the apoptotic
process is induced. In plants, this subject is poorly
investigated, and to our knowledge, no detailed in-
vestigation of the release mechanism has been to date
reported, or on the role and fate of the released cyt c
during cell death. In this article, we show that release

Table Il. Effect of the specific caspase-3 inhibitor (Ac-DEVD-CHO)
and zVAD-fmk on cyt c release during HS-induced PCD

Cell cultures were treated at 55°C and returned to 27°C for a 6-h
period. Where indicated, either Ac-DEVD-CHO or zVAD-fmk (100 um)
was added before HS; in the other cultures, the same volume of
dimethyl sulfoxide was added. Cytosolic cyt c content was measured by
immunoblot analysis of cytosolic fractions from either control (C) or HS
TBY-2 cells obtained 2 and 6 h after HS. Cyt ¢ content was expressed,
after normalization with GDH, as a percentage of control cells set at
100. Cyt c activity was measured in cell homogenate as oxygen
consumption caused by externally added ASC. The rate of the oxygen
consumption is expressed as nat oxygen/min X mg cell protein. Values
represent the mean (sem) of three independent measurements.

Sample Cytosolic Cyt ¢ Oxygen Consumption

Content Rate
% of Control  nat Oxygen/min X mg
Ch 100 = 3 45 =1
Con 108 = 4 4.8 0.5
HS, 215 = 22 10+ 1.5
HSe h 105 £5 5.8 =1
Ac-DEVD-CHO + HS,,, 205 =38 10 =1
Ac-DEVD-CHO + HSg,,  240° = 10 9.7 £ 0.5
zVAD-kmk + HS, 203 =10 105 =15
zVAD-kmk + HS, , 247% =20 10 = 1

“Values of Ac-DEVD-CHO and zVAD-fmk-treated HS cells that are
significantly different from untreated HS cells (P < 0.01).
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Figure 6. Effect of ROS-SE on caspase-3-like activity
in HS TBY-2 cells. The following TBY-2 cell cultures
were used: control cells kept at 27°C (C), HS cells,
cells heat shocked in the presence of zVAD-fmk
(100 um; zVAD-fmk + HS), and cells heat shocked in
the presence of both 75 units mL™" SOD and 100
units mL™" catalase (ROS-SE + HS). Cells were
collected 15 h after HS, frozen in liquid nitrogen,

%

1] T T

T
C HS ZVADfmk+HS  ROS-SE+HS

of cyt c occurs in HS-induced cell death in tobacco cells
in a manner in which ROS play a major role and that
the released cyt c is degraded en route to cell death in a
caspase-dependent manner. Finally, we show that the
impairment of caspase activation/function results in
strong prevention of cell death. Together, these fea-
tures further confirm that HS at 55°C results in PCD.

Cyt c Release in HS Cells

At present, the mechanism for release of cyt c in plant
PCD remains a matter of speculation. However, our
findings rule out the possibility that cyt c release occurs
due to damage of the outer membrane because cyt ¢
release occurred under conditions in which mADK was
not significantly released. One could argue that using
the release of mADK as a control may not be sufficient
if the proteins are disparate in size or differentially
complexed with other proteins. However, because
mADK is a soluble intermembrane enzyme in plants
(Igamberdiev and Kleczkowski, 2003) and cyt c is
loosely bound to the outer face of the inner mitochon-
drial membrane, we are encouraged to conclude that
mitochondria retaining mADK are essentially intact.
Consistently, we can rule out that the release of cyt c can
occur in a manner dependent on the mitochondrial
permeability transition pore (PTP), which itself allows
for mADK release into the extramitochondrial phase.
Thus, our system differs from others in which cyt c is
released by swollen mitochondria through external
membrane rupture (Vander Heiden et al., 1997), by
PTP opening (Andrabi et al., 2004; Yao et al., 2004), with
a loss of mitochondrial membrane potential (Yang and
Cortopassi, 1998), or by formation of a specific channel
involving Bcl-2 family protein in the outer mitochon-
drial membrane (Jiirgensmeier et al., 1998). It has also
been suggested that mitochondria-mediated ROS gen-
eration promoted cyt ¢ release from mitochondria by a
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and assay for caspase-3-like activity was carried out
in 10 ug of cell lysate following the hydrolysis of the
specific caspase-3 substrate Ac-DEVD-pNA. Both 75
units mL™' SOD and 100 units mL™" catalase were
also added to cell lysate of HS cells (HS + ROS-sE).
Specific activity is expressed as the percentage of the
activity of control cells (C), which was given a value
of 100. Asterisks (*) indicate values that are signifi-
cantly different from the control (P < 0.01).

HS+ROS-SE

PTP-independent process consisting of cyt ¢ dissocia-
tion from cardiolipin, followed by permeabilization of
the outer membrane by interaction with the voltage-
dependent ion-selective channel (Petrosillo et al., 2003).

The Role of ROS in Cyt ¢ Release

In this article, we begin to investigate how ROS
production and cyt c release are linked to one another.
In HS-induced PCD, we have already reported that a
ROS burst takes place in the early phase of the death
program (Vacca et al., 2004). Here we found that cyt ¢
release is strongly inhibited by adding ROS-SE, in-
cluding SOD and catalase, before HS in TBY-2 cells,
thus showing that cyt c release depends on the increase

100 — =

80 — —

Cell viability (%)

60 — —

o/f' | | \ \ A

0 3 6 9 12 15
Incubation time (h)

Figure 7. Effect of caspase inhibitors on cell survival in HS TBY-2 cells.
TBY-2 cell cultures were heat shocked in the absence (@) or in the
presence of different caspase inhibitors (100 um): zZVAD-fmk (A); Ac-
YVAD-cmk (m); and Ac-DEVD-CHO () and returned to 27°C fora 15-h
period. At the indicated time intervals after HS, viability of both control
(C) and HS cells was measured as reported in “Materials and Methods.”
In both cases, the percentage (*sem) of viable cells was counted in a
population of at least 1,000 cells in six separate experiments.
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in ROS production, which occurs soon after induction
of PCD (Fig. 1). In this case, we have to assume that
ROS are freely diffusible across the cell membrane so
that internal and external ROS are in equilibrium;
scavenging of the external ROS will then reduce the
internal concentration. In fact, the use of ROS-SE to
study the role of intracellular ROS production has
been used widely by different investigators (Jiang and
Zhang, 2002; Luo et al., 2005; Wang et al., 2005). As a
matter of fact, we found that, in the presence of SOD
and catalase, the ROS produced independently of the
presence of these enzymes were almost totally re-
moved. Interestingly, we also found that exogenous
ROS production via the X/XOD system, although not
sufficient to induce cell death as found in other exog-
enous ROS production systems (Delledonne et al.,
2001; de Pinto et al., 2002), can cause cyt ¢ release from
control cells (Fig. 3). As in Yu et al. (2002), cyt c release
proved to be ineffective per se to trigger PCD. Because
cyt ¢ release is a consistent feature of PCD, we can
speculate that this is not a cause, but a consequence, of
the PCD response and both ROS production and cyt c
release, although necessary, are not sufficient for PCD
to occur. We found that 2 h after HS, the minimal time
that can be investigated for technical reasons, when
morphological changes due to PCD are still unde-
tected, cyt c release had already occurred (Fig. 1). On
the other hand, en route to PCD, other events caused
by HS must occur, including activation of transcription
and translation and impairment of mitochondrial ox-
idative metabolism (Vacca et al., 2004). Furthermore,
activation of protein factors could also occur as in
animal cells, which, binding to cyt c in its new cyto-
plasmic location, activate a caspase cascade that leads
to PCD (Li et al., 1997; Zou et al., 1999).

Our observation that cyt c is released in plant PCD is
not unique (see Balk etal., 1999; Stein and Hansen, 1999;
Sun et al., 1999; Balk and Leaver, 2001; Tiwari et al.,
2002; Krause and Durner, 2004), but because, in addi-
tion to immunoblot analysis, we monitor cyt c release
by measuring cyt c activity by polarography, this article
has the added dimension of showing that cyt c is re-
leased from intact mitochondria as a functional protein
capable of transferring reducing equivalents from ex-
ternally added ASC to oxygen (Fig. 2). At present, we
do not know whether, as in cerebellar neurons, the cyt c
released in plants can work both as a ROS scavenger
and as a respiratory substrate for energy production by
oxidative phosphorylation (Atlante et al., 2003a, 2003b;
Bobba et al., 2004; La Piana et al., 2005) or whether cytc
can transfer electrons from the respiratory chain to the
redox enzymes that generate mitochondrial ROS as sig-
naling molecules for apoptosis to occur (Giorgio et al.,
2005). Nonetheless, this point is under investigation.

Caspase-Like Proteases Have No Effect on the Release
of Cyt ¢, But Can Degrade It

The role of the released cyt ¢, and in particular the
time course of the changes in cyt ¢ levels both in the
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cytosolic and mitochondprial fractions, deserves special
discussion. At 2 h from the heat treatment, an increase
of cyt ¢ content in the cytosolic fraction and a decrease
in the mitochondria occur. However, a clear difference
is found after longer periods from the treatment when
the amount of cyt c remains constant in the mitochon-
dria, even if at a concentration 50% lower than in the
control, but is strongly decreased in the cytosol. A
corresponding decrease in the cyt ¢ activity was also
detected (Fig. 4). These findings demonstrate that cyt c
in plant cells is released during the phase of PCD
commitment and is degraded during the execution
phase. So far, the degradation of released cyt ¢ has
been reported in two cell systems of animal origin (i.e.
cerebellar granule cells; Bobba et al., 1999, 2004) and
superior cervical ganglion neurons (Neame et al.,
1998). In both cases, the degradation process was
prevented by zVAD-fmk, thus suggesting a primary
role for caspases in regulating the cytosolic concentra-
tion of cyt c.

In animal systems, specific proteases are activated in
the execution phase of PCD, namely, caspases (for
review, see Hengartner, 2000). The existence of caspa-
ses in plants is controversial (Lam and del Pozo, 2000;
Woltering et al., 2002), however, caspase-3-like pro-
tease has recently been partially purified and charac-
terized (Chichkova et al., 2004) and proved to be
activated during heat-induced apoptosis in tobacco
cells (Tian et al., 2000). We have consistently found a
time-dependent activation of caspase-3-like protease
in HS cells. Caspase-3-like activity was undetectable in
2-h HS, when cyt c is at its maximal level in the cy-
tosolic fraction, whereas activation of caspase-3-like
activity occurred 4 to 6 h after HS when the level of cyt
c was strongly decreased in the cytosol (Fig. 5). Thus, a
caspase-dependent proteolysis of cyt ¢ can be assumed
to occur. Such a conclusion is confirmed by the exper-
iments using the broad-range caspase inhibitor zVAD-
fmk and the specific caspase-3 inhibitor AC-DEVD-CHO,
which gave clear experimental evidence that cyt c re-
leased in the cytosolic fraction of HS-TBY-2 cells is not
mediated by caspase because neither zZVAD-fmk nor
Ac-DEVD-CHO can block cyt ¢ release, but both of
them can block its degradation (Fig. 4; Table II). It was
shown that caspase-specific inhibitors can prevent dif-
ferent forms of plant PCD, suggesting that caspase-like
proteases may also be involved in this response in
plants (Elbaz et al., 2002; Mlejnek and Prochazka,
2002). A further importance of the role of caspase-like
protease in plant apoptosis is given by the finding that
the broad-range caspase inhibitor zZVAD-fmk and the
specific caspase-1 and caspase-3 inhibitors largely
block HS-induced cell death in TBY-2 cells (Fig. 7).

Furthermore, we show that ROS scavenger en-
zymes, which per se have no effect on caspase-3-like
activity, but, removing ROS, inhibit cyt c release (Fig. 1)
and block the caspase-3-like activity in HS cells (Fig. 6).
This suggests that the relevance of cyt c release in the
PCD mechanism is to take part in activation of the
caspase-like cascade.
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The picture emerging from our previous studies
(Vacca et al., 2004) and from this work could be, then,
as follows. In the phase ranging from 0 to 2 h after HS,
an immediate production of ROS occurs that promotes
cyt ¢ release from intact mitochondria. The caspase-
like proteases play no role in this phase, essentially
being inactive; later, ranging between 4 to 15 h, the
released cyt ¢ contributes to their activation. The in-
crease in caspase-like activity and the resulting cas-
pase-like cascade results in degradation of cyt ¢ and
leads to cell death.

MATERIALS AND METHODS
Cell Culture, Growth Conditions, and HS Treatment

The suspension of tobacco (Nicotiana tabacum L. cv BY-2) BY-2 cells was
routinely propagated and cultured at 27°C, according to Nagata et al. (1992).
In this work, a stationary culture was diluted 4:100 (v/v) and cultured for 4 d.
HS at 55°C was induced by transferring the cell suspension into a water bath
at 55°C, with a heating time of either 3 or 10 min, depending on the cell
suspension volume (10 or 100 mL, respectively). After HS, the cells were
returned to 27°C. Cell viability was measured using trypan blue staining as
described in de Pinto et al. (1999). At the indicated times, aliquots of cells were
collected for analysis either by filtration on Whatman 3M paper or by
centrifugation at 1,000¢ for 10 min at 25°C.

Preparation of Cell Homogenate, Mitochondria,
and Cytosolic Fractions

Mitochondria and cytosolic fractions were isolated from lysed protoplasts
essentially as described in de Pinto et al. (2000), with some modifications.
Briefly, TBY-2 cells (0.5-10 g) were washed with the preplasmolysis buffer
consisting of 0.65 M mannitol and 25 mm Tris-MES, pH 5.5. The cells were then
incubated with 2% (w/v) caylase (Cayla) and 0.1% pectolyase (Sigma) in the
same medium. The digestion of the cell wall proceeded for 1 h, in the dark, at
30°C. The protoplasts were sedimented at 200g for 5 min at 25°C and washed
three times with preplasmolysis buffer adjusted to pH 6.5. Because the
experimental procedure described takes 2 h from HS, analysis is not possible
before this time. The protoplasts were then suspended in the ice-cold lysis
buffer (5mL/g of cells) consisting of 0.3 M Suc, 10 mm EDTA, 10 mMm potassium
phosphate (pH 7.4), 2 mm Cys, and 0.2% bovine serum albumin (BSA) and
lysed on ice by homogenizing them in a Potter, the pestle of which was
connected to a motor-driven grinder. Cell homogenate was obtained by
centrifuging the suspension twice at 1,500¢ for 5 min at 4°C to remove cell
debris.

The homogenate was centrifuged at 10,000g for 15 min at 4°C, the resulting
pellet was rehomogenized in isolation buffer (0.3 mm Suc, 0.2% BSA, and
10 mMm potassium phosphate, pH 7.5), and the supernatant was kept on ice.
Mitochondria were precipitated at 17,000¢ for 15 min at 4°C and gently
suspended in 0.1 to 1 mL of isolation buffer, depending on the starting cell
weight, to obtain about 4 mg of mitochondrial protein/mL. After the first
centrifugation at 10,000g, the supernatant was centrifuged again at 15,000g
and the supernatant obtained was utilized as the cytosolic fraction, aliquoted,
and stored at —80°C. Cell protein assay was carried out according to Bradford
(1976).

mADK and Fumarase Assay

The integrity of mitochondria in homogenates after purification was
assessed by measuring the activities of both mADK, an enzyme of the
mitochondrial intermembrane space, and fumarase, an enzyme of the mito-
chondrial matrix. mADK activity was measured spectrophotometrically at
340 nm in the direction of ATP production by using the ATP-detecting system,
consisting of Glc (2.5 mm), hexokinase (0.2 enzymic units [EU]), Glc 6-P
dehydrogenase (0.1 EU), and NADP* (0.25 mwm). The rate of absorbance
increase at 340 nm following ADP addition (1 mm) was measured as the
tangent to the initial part of the progress curve and expressed as nanomoles
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NADP" reduced/min X mg protein. The value of &,,, for NAD(P)H measured
under our experimental conditions was 6.3 mm 'em .

Fumarase activity was measured spectrophotometrically at 240 nm as
reported in Bergmeyer et al. (1974) by following the rate of absorbance
increase at 240 nm after L-malate addition (50 mm) to isolated mitochondria
(control and 2-h HS cells) either in the absence or presence of the detergent
Triton X-100 0.2% (TX-100). The rate of reaction was measured as a tangent to
the initial part of the progress curve and expressed in nanomoles fumarate
formed/min X mg protein. The percent integrity of the inner membrane was
calculated as 1 — (v, _1x.100/ Vo s1x100) X 100. The value of &5, for fumarate
measured under our experimental conditions was 2.44 mm ™~ 'em .

Oxygen Uptake Studies

Oxygen consumption was measured polarographically at 25°C as in
Atlante et al. (2003a) in 1.5 mL of respiratory medium consisting of 210 mm
mannitol, 70 mm Suc, 20 mm TRIS-HC], 3 mm MgCl,, 5 mg/mL BSA, and 5 mm
potassium phosphate, pH 7.4, by means of a Gilson 5/6 oxygraph using a
Clark electrode. The instrument sensitivity was set to a value that allowed us
to follow rates of oxygen uptake as low as 0.5 nat/min X mg protein.

To detect the presence of cyt ¢ in the cytosolic fraction polarographically,
the ability of both the control and 2-h HS cell homogenates to oxidize ASC
(5 mm) was checked. Because ASC cannot permeate the outer mitochondrial
membrane (Alexandre and Lenhinger, 1984), its oxidation can only occur as a
result of the release from mitochondria of a component that can oxidize ASC
and then reduce oxygen via cyt ¢ oxidase (i.e. cyt ¢ present in the cytosolic
fraction; Atlante et al., 2000).

Immunoblot Analysis

Immunoblot analysis was performed on cytosolic and mitochondrial
extracts from control and HS cultures. Mitochondria were incubated with
0.2% TX-100 for 5 min on ice and samples were centrifuged at 15,000g for
15 min at 4°C to remove insoluble materials. Supernatants, corresponding to
the solubilized mitochondrial fraction, were aliquoted and stored at —80°C.
Either 30 ug of cytosolic proteins or 10 ug of mitochondrial proteins were
loaded onto a 15% SDS-polyacrylamide gel, separated, and transferred to a
polyvinylidene difluoride membrane, which was probed with the monoclonal
anti-cyt ¢ antibody (1:500 dilution; Pharmingen). The same filter was stripped
and reprobed with either the polyclonal anti-mADK isoenzyme 2 antibody
(1:200 dilution; Abgent) or the polyclonal anti-mGDH antibody (1:1000
dilution; provided by Dr. F. Rothe, Institut Medizinische Neurobiologie,
University of Magdeburg, Magdeburg, Germany). Inmunoblot analysis was
performed with horseradish peroxidase-conjugated anti-mouse or anti-rabbit
antibodies using enhanced chemiluminescence western-blotting reagents
(Amersham-Pharmacia Biotech).

Densitometry values for immunoreactive bands were quantified using a
GS-700 imaging densitometer (Bio-Rad Laboratories); multiple expressions of
the same immunoblots in a linear range were performed. Cyt ¢ protein levels
were calculated as a percentage of the control taken as 100 in arbitrary units
after normalization using the amount of mGDH in each lane on the same filter.
The variability of protein levels in the control cells, measured by comparing
the percentage protein level from different control samples on the same filter,
was always less than 5%.

Superoxide Anion and H,O, Determination

H,O, in the extracellular phase was measured according to Bellincampi
et al. (2000). Briefly, 1 mL of cell cultures was harvested by centrifugation
(10,000g, 20 s, 25°C) and the H,O, concentration was measured in the su-
pernatant. An aliquot of supernatant (500 uL) was added to 500 uL of assay
reagent (500 uM ferrous ammonium sulfate, 50 mm H,SO,, 200 um xylenol
orange, and 200 mM sorbitol). After 45 min of incubation, the peroxide-
mediated oxidation of Fe?* to Fe® was determined by measuring the A, of
the Fe** xylenol orange complex.

The detection of superoxide anion in the extracellular phase was per-
formed using the nitroblue tetrazolium method (Murphy et al., 1998). Briefly,
1 mL of cell cultures was harvested by centrifugation (10,000g, 20 s, 25°C) and
the O, " concentration was measured in the supernatant by monitoring the
reduction of nitroblue tetrazolium (100 um) at 530 nm. SOD (100 units) was
added in a duplicate cuvette to access the specificity of measured changes of
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absorbance on O, concentration. The amount of superoxide anion was then
calculated using s5 pm = 12.8 mm~'em ™! (Murphy et al., 1998).

DNA Fragmentation Analysis

At 72 h after HS, cells were collected from cell suspension and homogenized
in liquid nitrogen. DNA was extracted by the cetyl-trimethyl-ammonium
bromide method (Murray and Thompson, 1980). DNA samples were digested
with 100 ug mL ™! DNAse-free RNAse for 1 h at 37°C, and DNA fragments were
separated by electrophoresis on a 1.8% (w/v) agarose gel, followed by visual-
ization by staining with ethidium bromide.

Measurement of Caspase-3-Like Activity in TBY-2 Cells

At time intervals over a 15-h period following HS, TBY-2 cells were
collected from 1 mL of cell suspension by centrifugation (10,000g, 20 s, 4°C),
washed once with preplasmolysis buffer, ground in liquid nitrogen, and
stored at —80°C. Cells were lysed at 4°C in 100 uL of lysis buffer (BD
Biosciences) and 10 ug of lysate containing cytosol and mitochondria were
assayed for caspase-3-like activity with 50 uM of Ac-DEVD-pNA as substrate
using the caspase colorimetric assay kit, according to the manufacturer’s
instructions (BD Biosciences). After incubation at 37°C for 1 h, the absorbance
of pNA hydolyzed from the peptide substrate was quantified at 405 nm using
a microplate reader.

Statistics

The data are reported as the mean * sem for the indicated experiments. The
statistical significance of differences between groups was determined by one-
way ANOVA followed by a Student-Newman-Keuls test. Statistical differ-
ences between mean values of control and treated cells were determined with
the Student’s ¢ test. All experiments were repeated at least three times.
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