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Summary

Involvement of the mitochondrial permeability transi-
tion pore (PTP) in apoptosis and PTP structure are
highly controversial. In this issue of Molecular Micro-
biology, experiments based on yeast genetics
analyse the roles of the three proteins commonly con-
sidered to form the PTP, i.e. porin, ADP/ATP carrier
(ACC) and mitochondrial cyclophilin, on apoptosis-
like cell death. Whereas knocking out cyclophilin
had no effect, the porin-1 knockout yeast showed
enhanced apoptosis, suggesting that porin-1 has
an antiapoptotic role. Loss of the ACC proteins
afforded protection against some causes of death,
but enhanced death induced by H.O,, suggesting a
more complex role for the ACC proteins in regulating
apoptosis-like death in yeast.

Apoptosis in biomedical sciences

Apoptosis has become a major research area in biomedi-
cal sciences because its deregulation has potential im-
plications for many diseases. There can be too much
apoptosis (as appears to be the case in some neurode-
generative diseases) or too little apoptosis (as is the case
in autoimmune diseases and cancer) (Lawen, 2003). In
addition to apoptosis, several other forms of cell death
have now been described and have been more or less
well defined (Bredesen et al., 2006). Apoptosis (and other
forms of cell death) might have evolved as a protective
mechanism against invading pathogens in primitive
multicellular organisms (Yuan, 2006). However, nature
was able to adopt cell death programmes already devel-
oped in unicellular organisms like yeast (Goldfarb and
Scheffers,
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2004; Gourlay et al., 2006). The cell death nomenclature
is anything but clear and the number of death categories
and subcategories is continually increasing (Kroemer
et al., 2005; Gourlay et al., 2006). As apoptosis was mor-
phologically defined in mammalian cells, however (Kerr
etal., 1972), | believe we should refer to ‘apoptosis-like
cell death’ in yeast to avoid even more confusion.

Apoptosis-like yeast cell death has many features in
common with mammalian apoptosis — not least being the
involvement of mitochondria in a major death pathway
(Eisenberg et al., 2007). In the mitochondrial pathway —
both in yeast and in mammals — the outer mitochondrial
membrane permeabilization (MOMP) and release of
pro-apoptotic proteins from the intermembrane space
are crucial for death. Many of the pro-apoptotic proteins
released are conserved from yeast to human, including
cytochrome ¢, apoptosis-inducing factor (AIF) and HtrA/
Omi (Gourlay et al., 2006), which makes yeast a good
model organism to study the intrinsic pathway. Cyto-
chrome c release appears to contribute to but does not
appear to be necessary for apoptosis-like yeast cell death
(Silva et al., 2005), whereas release of AlIF appears to be
necessary for yeast apoptosis-like death (Wissing et al.,
2004). The nature of the pore that releases these proteins
is still unknown (both in yeast and in mammalian cells),
however, and the identity of the proteins involved in its
formation is highly controversial (Ly et al., 2003; Kinnally
and Antonsson, 2007).

Mechanism of cytochrome c release

Two channels might be responsible for release of cyto-
chrome ¢ and other pro-apoptotic proteins in mammalian
cells, the permeability transition pore (PTP) and the mito-
chondrial apoptosis-induced channel (MAC) (Kinnally and
Antonsson, 2007). MAC appears to contain at least Bax or
Bak, and Bax/Bak double knockout murine embryonic
fibroblasts (MEFs) are resistant to many apoptotic triggers
(Wei etal.,, 2001). Yeast does not contain any Bax or
Bak homologues (Manon et al., 1997) and therefore lacks
MAC. Thus, the group of Cérte-Real decided to analyse
the role of the yeast PTP in cytochrome c release and
apoptosis-like cell death (Pereira et al., 2007).
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The idea that PTP might be involved in mammalian
cytochrome c release stems from observations that it can
be inhibited by PTP inhibitors like bongkrekic acid and
cyclosporin A (CsA). However, there are also many
reports showing that PTP inhibition has no effect on cyto-
chrome crelease (e.g. Grubb et al., 2001; Ly et al., 2003).
The notion that PTP opening can lead to MOMP is also
controversial. The most commonly suggested mecha-
nisms propose either the PTP-dependent formation of a
specific releasing pore in the outer mitochondrial mem-
brane (OMM) or OMM rupture and cytochrome c release
as result of PTP-dependent mitochondrial swelling
(Garrido et al.,, 2006). The latter hypothesis, however,
does not account for the fact that not all intermembrane
space proteins are released into the cytosol.

The PTP

The mammalian PTP is commonly considered to be com-
posed of the adenine nucleotide translocator (ANT) in the
inner mitochondrial membrane (IMM), the voltage-
dependent anion-selective channel (VDAC) in the OMM
and cyclophilin D (CyPD) in the mitochondrial matrix
(Fig. 1A) with a range of associated proteins, including
hexokinase | (HKI), creatine kinase (CK) and the benzo-
diazepine receptor (BR) (Desagher and Martinou, 2000;
Ralph et al., 2006; Javadov and Karmazyn, 2007). Yeast
possess homologues of the core PTP proteins [yeast
VDACs 1 and 2 (POR1 and POR2), a yeast mitochondrial
cyclophilin (CPR3) and three ADP/ATP carrier proteins
(AAC1, AAC2 and AACS3)] that are believed to function
in a similar manner, forming a yeast PTP (Fig. 1B) that
is also known as the yeast mitochondrial unselective
channel or MUC (Manon et al., 1998).

Mitochondrial cyclophilin

Cyclophilins are peptidyl-prolyl cis/trans isomerases that
catalyse the cis/trans isomerization of prolyl peptide
bonds (Fischer and Aumdiller, 2003). They can be inhib-
ited by the immunosuppressive drug CsA (Lawen, 1996).
The mammalian mitochondrial cyclophilin is CyPD, while

the yeast homologue is CPR3 (Wang and Heitman, 2005).
The PTP is reportedly CsA-sensitive and CyPD (CPR3) is
believed to associate with the ANT (ACC) on the matrix
side (see Fig. 1). CsA-sensitive and -insensitive cyto-
chrome c release have both been reported in mammals
(reviewed in Ly et al., 2003) but the strongest evidence
comes from the use of CyPD knockout mice (Baines
et al., 2005; Nakagawa et al., 2005). As expected, PTP is
no longer sensitive to CsA in these mice but the CyPD
knockout was without effect on apoptosis, although some
forms of necrotic cell death were inhibited. The paper from
the Corte-Real group analyses apoptosis-like cell death in
a Acpr3 yeast strain (Pereira et al., 2007). As in CyPD
knockout mice, Acpr3 yeast did not show any resistance
to either H,O,- or diamide- [a drug that in mammalian
systems triggers PTP opening (Zamzami et al., 1998)]
induced apoptosis-like cell death. Thus, it appears that in
yeast, as in mammals, mitochondrial cyclophilin is not
involved in regulating of cytochrome c¢ release and
apoptosis-like cell death.

The ADP/ATP carrier

The mammalian PTP can be inhibited by bongkrekic acid
and atractyloside [both ligands of ANT (Grubb etal,
2001)], supporting a role of ANT in PTP structure.
However, mice lacking both endogenous ANT isoforms
still show CsA-sensitive permeability transition and cyto-
chrome c release (Kokoszka et al., 2004). These data
suggest that ANT is a non-essential structural component
of mammalian PTP and is not involved in cytochrome
c release. The situation in yeast appears to be quite
different. Yeast has three isoforms of the ANT homologue,
AAC1-3. When Pereira et al. (2007) used a Aaac1/2/3
yeast strain — lacking all three yeast AAC isoforms, they
observed strong protection against acetic acid and
diamide-induced apoptosis-like cell death. This effect is
not likely to be due to an impaired mitochondrial electron
transport, as complex Il and V inhibitors sensitized wild-
type yeast to acetic acid, rather than protecting them, a
result reproduced with the Aatp2 strain that lacks the
B-subunit of complex V. Importantly, the authors observed

Fig. 1. Suggested structures of the
mammalian (A) and yeast (B) PTP.
For abbreviations used, see text.
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almost complete inhibition of cytochrome c release in the
Aaac1/2/3 yeast strain after acetic acid treatment (the
cytosolic cytochrome ¢ observed in Fig. 3 of Pereira et al.
(2007) appears to be mainly attributable to unspecific
membrane rupture, as some other mitochondrial proteins
were also released). The resistance of the Acpr3 yeast
strain to acetic acid appears not to be the result of the
loss of ADP/ATP translocation activity, as the expression
of a loss of function mutant of aac2 in the Aaac1/2/3
yeast strain reversed the resistance phenotype observed
in Aaac1/2/3. In further contrast with the mammalian
system, the authors do not observe any differences in
metacaspase YCA1 activation between wild type and
Aaac1/2/3, despite clear differences in cytochrome c
release. A further indication that cytochrome c release
might not be directly linked to metacaspase activation and
apoptosis-like death was provided by the results of an
experiment in which H,O, was used to induce death. As
with acetic acid treatment, cytochrome c release was
inhibited in the Aaac1/2/3 yeast strain, but cell death was
dramatically enhanced.

Porin (VDAC)

Finally, the authors analysed a VDAC1 knockout strain for
its capacity to undergo apoptosis-like cell death. VDAC is
believed to be the IMM component of the PTP (Fig. 1).
Mammals have three VDAC isoforms, whereas yeast has
only two (De Pinto et al., 2003). Many reports suggest a
role for VDAC in cytochrome c release (e.g. Zheng et al.,
2004) and apoptosis (e.g. Zaid et al,, 2005). However,
recent data suggest a more peripheral role for VDAC in
apoptosis, as mouse cells lacking all three VDAC iso-
forms were still capable of inducing apoptosis through the
intrinsic pathway, releasing cytochrome c in response to
Bax and Bid, pro-apoptotic members of the Bcl-2 family of
proteins. Moreover, their mitochondria still showed perme-
ability transition (Baines etal, 2007). As with CyPD,
VDAC now appears to be more important for non-
apoptotic forms of cell death (Yagoda et al., 2007). When
Corte-Real’s group tested a Apor1 strain, lacking the
yeast VDAC1 gene, they observed enhanced apoptosis-
like cell death induced by all three agents tested. Unfor-
tunately, they did not study a porin 2 knockout or a double
knockout, so we do not know whether the effects
observed are specific for porin 1. Although it is commonly
believed that yeast VDAC2 is not able to form pores, the
literature does not contain any data directly demonstrating
this. The Apor2 strain does not present any obvious phe-
notype, but por2 can partially reverse the phenotype
of the Apor1 strain, although POR2 was unable to form
pores in a liposomal system (Blachly Dyson et al., 1997).
Together, these data suggest that there is at least some
redundancy between POR1 and POR2.

© 2007 The Author

Conclusion — what have we learned?

The data presented by Pereira et al. (2007) do not solve /

the puzzle of cytochrome c release, but they do add an
important piece to the puzzle. In mammals, the data
suggest that PTP is mainly involved in non-apoptotic
forms of cell death, like necrosis (Tsujimoto and Shimizu,
2007). Either CyPD, ANT or VDAC appears to be dispens-
able elements of PTP. In this recent addition to the puzzle,
the data from the Corte-Real group support a role for
both POR1 and AAC in apoptosis-like yeast cell death.
However AAC appears to be protective in some regimens
while enhancing cell death in others. POR1, on the other
hand, at least for the treatments tested, appears to protect
from apoptosis-like cell death. The data on CPR3, dele-
tion of which had no effect, support the claim that at
least the CsA-sensitive yeast PTP is not necessary for
apoptosis-like cell death. Whether the effects observed
with yeast strains lacking porin 1 and the three AAC
isoforms are due to their association with the yeast PTP or
due to some other functions and whether they are indis-
pensable components of yeast PTP or not will be revealed
by further experiments. Mammalian VDAC is also local-
izad to the plasma membrane, where it can also regulate
apoptosis (Elinder et al., 2004; Lawen et al., 2005); thus,
at least porin 1 might have functions in addition to those in
the OMM. Cérte-Real’s group is certainly well placed and
the tools established in this communication will be useful
in answering these questions.
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