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ABSTRACT Permeabilization of the outer mitochondrial membrane that leads
to the release of cytochrome c and several other apoptogenic proteins from
mitochondria into cytosol represents a commitment point of apoptotic path-
way in mammalian cells. This crucial event is governed by proteins of the Bcl-
2 family. Molecular mechanisms, by which Bcl-2 family proteins permeabilize
mitochondrial membrane, remain under dispute. Although yeast does not
have apparent homologues of these proteins, when mammalian members of
Bcl-2 family are expressed in yeast, they retain their activity, making yeast an
attractive model system, in which to study their action. This review focuses
on using yeast expressing mammalian proteins of the Bcl-2 family as a tool to
investigate mechanisms, by which these proteins permeabilize mitochondrial
membranes, mechanisms, by which pro- and antiapoptotic members of this
family interact, and involvement of other cellular components in the regula-
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tion of programmed cell death by Bcl-2 family proteins.

INTRODUCTION

Proteins of the Bcl-2 family are recognized as principal reg-
ulators of programmed cell death in mammalian cells [1].
They regulate the release of the cytochrome ¢ and several
other apoptogenic proteins from mitochondria in response
to a broad range of various death-inducing stimuli, which
constitutes a commitment point of mitochondrial apoptot-
ic pathway. When released into cytosol, cytochrome c¢
binds to the cytosolic protein APAF-1 and induces its oli-
gomerization into a complex called apoptosome that acti-
vates caspases. Mechanisms, by which proteins of the Bcl-2
family operate to permeabilize mitochondrial membranes,
still remain unclear. This review focuses on the use of yeast
as a model to study their action.

Bcl-2 family consists of proteins that share a homology
with the founding member, Bcl-2 (B-cell lymphoma), in at
least one of four conserved domains called BH (Bcl-2 ho-
mology) domains [2]. Presence of these domains in particu-
lar Bcl-2 family member proteins correlates with their func-
tion. Based on both presence of BH domains and the func-
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agonist,

Bim - Bcl-2 interacting mediator,
BH - Bcl-2 homology,

MAC - mitochondrial apoptosis-
induced channel,

PTP - permeability transition pore,
VDAC - voltage-dependent anion
channel.

tion, Bcl-2 proteins can be classified into three subfamilies
(Figure 1).

The subfamily of antiapoptotic proteins consists of Bcl-
2 family members, e.g. Bcl-XL and Bcl-2, which contain all
four BH domains. These proteins are located either in the
outer mitochondrial membrane (Bcl-XL) or in all intracellu-
lar membranes (Bcl-2), and they inhibit the activity of
proapoptotic proteins in living cells. The proapoptotic pro-
teins Bax and Bak, which contain three BH domains (BH1-
BH3), constitute the second subfamily. These proteins are
essential for the permeabilization of the mitochondrial
membrane and the release of the cytochrome ¢ from mito-
chondria. In the absence of death signal, monomeric Bax
and Bak are located in the cytosol or outer mitochondrial
membrane, respectively. The third subfamily of Bcl-2 pro-
teins consists of BH3-only proteins. These are proapoptotic
members of the Bcl-2 family that contain only one of the
homologous domains - BH3. Inactive BH3-only proteins
exhibit diverse cellular locations in the absence of
proapoptotic signal. In response to the death signal, BH3-
only proteins are activated, mostly by a posttranslational
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modification, and translocated into the mitochondria. They
induce the mitochondrial translocation of Bax, the oli-
gomerization of Bax or Bak in mitochondrial membranes
and release of the cytochrome ¢ from mitochondria.

BAX - A PORE-FORMING PROAPOPTOTIC PROTEIN

Yeast Saccharomyces cerevisiae, whose genome does not
encode for the apparent homologues of Bcl-2 family pro-
teins, has been considered as a model system, in which to
study Bcl-2 proteins since the observation that the expres-
sion of murine Bax induces the cell death in yeast. This has
been reported for the first time when the yeast two-hybrid
system has been employed to study the interactions
among Bcl-2 family members. Expression of hybrid mole-
cules containing multidomain proapoptotic protein Bax
appeared to be toxic for yeast and this toxicity was sup-
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pressed by the co-expression of fusion proteins containing
antiapoptotic members of the Bcl-2 family [3]. Expression
of native murine Bax in yeast was also found to be cytotox-
ic and its cytotoxicity to be dependent on the homodimeri-
zation and mitochondrial localization [4]. In yeast cells ex-
pressing Bax, the release of the cytochrome ¢ from mito-
chondria was observed [5], indicating that Bax permea-
bilizes mitochondrial membranes, which corresponds to its
activity in mammalian cells. Moreover, several markers,
typical for mammalian apoptosis, including the loss of
asymmetric distribution of phosphatidylserine in plasma
membrane, plasma membrane blebbing, chromatin con-
densation and margination, and DNA fragmentation, have
been observed in Bax-expressing yeast cells [6]. It should
be noted here that the paper reporting the latter, together
with another one reporting a similar phenotype in a yeast
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FIGURE 1: The Bcl-2 family. Domain structure of Bcl-2 family proteins is shown schematically with sizes of proteins roughly in scale. Position
of BH domains is indicated. In multidomain anti- and proapoptotic proteins, positions of a-helices are indicated with numbered black bars.
Blue bar indicates the position of the hydrophobic groove. Members of the Bcl-2 family not studied in yeast and not mentioned in text are

omitted.
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mutant [7], laid the foundation for the field of yeast apop-
tosis, which has been well established by now (for review
see e.g. [8]).

In mitochondrial membranes, isolated from yeast cells
expressing human Bax, a high conductance channel de-
tected by patch clamping technique has been reported [9].
This channel has essentially the same electrophysiological
characteristics as the mitochondrial apoptosis-induced
channel (MAC) that is observed in mitochondria of human
fibroblasts, in which apoptosis was induced by growth fac-
tor withdrawal [9]. This was the first report of a pore with
the size, inferred from single-channel conductance, suffi-
cient to let particles as large as cytochrome c to diffuse
through the outer mitochondrial membrane. As MAC dif-
fered in channel characteristics from channels formed by
purified Bax in artificial membranes [10-13], it is likely that,
in addition to Bax, formation of MAC does require a com-
ponent present in both yeast and mammalian mitochon-
dria but absent in in vitro systems used [9].

Bax and the permeability transition pore

In a hunt for mitochondrial components that are required
for the formation of a pore by Bax, cell killing activity of
Bax was tested in yeast strains devoid of selected mito-
chondrial components due to deletions of corresponding
genes. Among these, a lot of attention was paid to putative
components of the mitochondrial permeability transition
pore (PTP) - a large nonselective pore in mitochondrial
membranes implicated in several forms of cell death [14].
These components, including the voltage-dependent anion
channel (VDAC) of the outer mitochondrial membrane and
the ATP/ADP carrier of the inner membrane, both of which
have been suggested to play a role in permeabilization of
mitochondrial membranes by Bcl-2 proteins [15-17], as
well as several others have been tested. Although it was
initially reported that both the VDAC [17, 18] and the
ATP/ADP carrier [15] may be involved in Bax-induced killing
in yeast, further experiments have shown that both of
these proteins are dispensable for Bax-mediated killing of
yeast cells. Yeast strains lacking VDAC due to the deletion
of POR1 gene do not differ from wild type strains in their
sensitivity towards expression of Bax [19, 20] and they do
form MAC when Bax is expressed [9]. Strains with deletions
of the genes encoding for three isoforms of the ATP/ADP
carrier (AAC1, AAC2 and AAC3) are sensitive towards the
action of Bax with only a slight delay in dying, which can be
attributed to the lower growth rate of these strains [21,
22].

The conclusion that these components and the perme-
ability transition pore are not required for Bax activity has
also been confirmed in the mammalian system. After pro-
duction of a knock-out mice with impaired ability to form
PTP due to the deletion of a gene encoding for mitochon-
drial cyclophilin D, a model of Bax acting independently of
PTP has been generally accepted [23-25]. The absence of
cyclophilin D renders mitochondria of these mice strikingly
less susceptible to PTP opening by Ca*’, and completely
insensitive to cyclosporin A, which are two of the features
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that define PTP, while these mice do not manifest any de-
fects in mitochondrial apoptotic pathway [23-25].

Recent developments in our understanding of the per-
meability transition pore may once again point to the pos-
sible link between Bax and PTP. In a genetic screening for
yeast mutants that are resistant to the expression of Bax,
the mitochondrial F,Fo-ATPase was identified [26]. The
F.Fo-ATPase was recently identified as a central constituent
of the permeability transition pore in mammalian cells [27]
and in yeast [28]. One can, therefore, speculate that Bax
may, in fact, regulate the activity of PTP, and this would
not necessarily contradict the observations on cyclophilin D
knock-out mice mentioned above [23-25]. This would as-
sume that Bax is able to convert F;Fo-ATPase into PTP
without participation of cyclophilin D and the resulting
pore would, indeed, be cyclosporin A insensitive.

Bax and cardiolipin

Another component of the mitochondrial membrane sug-
gested to play a role in Bax-mediated release of the cyto-
chrome ¢ is a unique mitochondrial phospholipid - cardi-
olipin, which was reported to be required for binding to
and permeabilization of phospholipid vesicles by Bax and
BH3-only protein tBid in vitro [29, 30]. Yeast mutants with
the deletion of CRD1 (CLS1), gene encoding for cardiolipin
synthase, are viable even if they do not contain cardiolipin
in mitochondrial membranes [31]. Growth of these strains
on nonfermentable carbon sources, hence the proper ac-
tivity of oxidative phosphorylation, however, requires
phosphatidylglycerol, a biosynthetic precursor of cardi-
olipin, which accumulates in mitochondrial membranes in
these strains and is able to functionally substitute cardi-
olipin in many functions [32, 33]. Deletion of PGS1 (PEL1),
the gene encoding for phosphatidylglycerolphosphate syn-
thase, produces a strain that does not contain detectable
phosphatidylglycerol and cardiolipin in mitochondrial
membranes and grows poorly on nonfermentable sub-
strate [32, 34]. Using CRD1 and PGS1 deletion yeast strains
it was shown, that mitochondria lacking cardiolipin are
able to release cytochrome ¢ when treated with Bax [35]
and that the expression of Bax in these strains induces
killing as it does in wild type strains [36]. Yeast experi-
ments, however, did not address the possible involvement
of cardiolipin in tBid binding to mitochondria that has been
well established in other experimental systems [37, 38].
Experiments with yeast mitochondria lacking cardiolipin,
on the other hand, indicated that cardiolipin may affect the
release of cytochrome ¢ from mitochondria by binding the
cytochrome ¢ to the inner mitochondrial membrane [35],
stressing that the release of the cytochrome c likely occurs
in two steps. First, cytochrome c is detached from the inner
membrane and second, the outer membrane is permea-
bilized by Bax and the solubilized cytochrome c escapes
from the intermembrane space.

Other proteins interacting with Bax

In order to identify other proteins interacting with Bax,
several genetic screenings have been performed. Screening
of the mammalian library for the clones that suppress the
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cell killing activity of Bax in yeast led to the identification of
BI-1 (Bax inhibitor-1), the first member of a novel class of
Bax inhibitors [39], homologues of which were also identi-
fied in non-mammalian animals, plants, fungi, bacteria and
viruses (see section ‘Bxilp/Ybh3p — a yeast protein in ques-
tion’).

In another screen for Bax suppressors, a clone from
murine cDNA library encoding for sphingomyelin synthase
1 (mSMS1) was identified [40]. This enzyme catalyzes the
synthesis of sphingomyelin by the transfer of phosphocho-
line from phosphatidylcholine to ceramide [41]. Expression
of mSMS1 would thus in yeast lead to the decrease in
ceramide level and may affect the killing by Bax (see be-
low).

Screening of the plant library identified another sup-
pressor of Bax-induced lethality in yeast, glutathione S-
transferase/peroxidase (BI-GST, Bax inhibiting-glutathione
S-transferase) [42]. This enzyme has also been shown to
protect yeast cells from oxidative stress induced by hydro-
gen peroxide in the absence of Bax. Several other plant
enzymes, on the other hand, identified in screens for their
stress-protective activity, were also shown to suppress
lethality in yeast induced by expression of Bax, e.g. phos-
pholipid hydroperoxide glutathione peroxidase [43]. These
enzymes are clearly able to protect cells from oxidative
stress that the expression of Bax induces downstream of
the membrane permeabilization. However, as the suppres-
sion of Bax-induced lethality by expression of BI-GST ap-
pears very efficient, in fact comparable with inhibition by
Bcl-2, and as the expression of BI-GST suppresses effects of
Bax on mitochondrial and vacuolar morphology [44], it may
not be ruled out that BI-GST actually impairs the ability of
Bax to create pores in mitochondrial membranes.

Yet another protein investigated in yeast for its ability
to suppress the effects of Bax is the mammalian prion pro-

FIGURE 2: Structure of the human Bax. NMR structure of the
human Bax is shown with following structural features empha-
sized: N-terminal domain in purple, hydrophobic groove in blue
and a-helix 9 in yellow. Picture was generated by iMol 0.40 soft-
ware using structural data from [57].
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tein PrP. It has been shown that the expression of PrP pro-
tects cultured human neurons against cell death induced
by overexpression of Bax induced by microinjection of Bax
cDNA [45]. In normal cells, PrP is a GPl-anchored protein
localized at the outer surface of plasma membrane [46].
Several versions of the prion protein have been co-
expressed with Bax in yeast. Because native human PrP
does not enter the secretory pathway very effectively
when expressed in yeast, a modified version that is pro-
cessed properly was used and shown to be effective in
suppressing Bax activity [47]. A truncated version that lacks
the signal sequence and is thus localized in the cytosol is
not protective [47]. Interestingly, expression of the native
human PrP, which is mostly localized in cytosol, was re-
ported to suppress Bax-induced lethality [48]. Together
these data indicate that both the cell surface-bound and
the cytosolic PrP are likely capable of the inhibition of Bax.
Although not using yeast, interesting extension of these
studies recently indicated that pathogenic forms of PrP,
that are associated with Creutzfeldt-Jakob disease and fatal
familial insomnia [49] or Gerstmann-Straussler-Scheinker
syndrome [50], are defective in suppressing Bax.

Structure-function relationships and targeting of Bax to
the mitochondria

As described above, plain expression of Bax in yeast can
induce cell death, indicating that expressed Bax protein
does not require activation and is rather constitutively
active. This may, indeed, reflect the absence of antiapop-
totic proteins, or other molecules, interacting with Bax, in
yeast. However, a number of papers report the expression
of Bax in inactive form, which only induces cell death when
activated [51-53]. It has been suggested that the latter
behavior is associated with the expression of native human
Bax while constitutive activity is typical for tagged or modi-
fied Bax protein [54]. There is, however, no consensus on
this issue, as both modified and unmodified versions of
human or murine proteins have been described to be con-
stitutively active, e.g. [4, 15, 26, 39, 55, 56].

Yeast expression system that uses unmodified version
of human Bax producing inactive protein that only kills
yeast cells when activated (e.g. by co-expression of
proapoptotic BH3-only protein Puma), has been employed
to characterize regions and amino acid residues that are
important for Bax activation and its interaction with mito-
chondrial membranes [54]. The three-dimensional struc-
ture of soluble Bax, as determined by NMR, consists of
nine a-helices connected with short loops (Figure 2) [57].
Interestingly, the overall fold of proapoptotic Bax closely
resembles that of antiapoptotic Bcl-XL [58]. In both pro-
teins, helices are arranged in a way that resembles translo-
cation domains of bacterial toxins, such as diphtheria toxin
and colicins. While the C-terminal helix (a9) in Bcl-XL forms
a transmembrane domain that integrates Bcl-XL into the
outer mitochondrial membrane, corresponding helix in Bax
appears to be a mobile helix that is involved in regulation
of Bax function. In soluble Bax, helix a9 is bound to a hy-
drophobic groove, where it likely inhibits the homodimeri-
zation and the heterodimerization of Bax with other mem-
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bers of the Bcl-2 family (Figure 2). When displaced from
this groove, a9 was proposed to interact with the mito-
chondrial membrane and to regulate Bax insertion into the
membrane [57]. Therefore, the C-terminal helix is the one,
at which a lot of attention has been focused. Expression of
human Bax C-terminally tagged with c-myc epitope re-
vealed that the addition of a tag converts cytosolic Bax into
mitochondrially localized. The same effect was observed
when a9 was partially replaced with a random sequence
[51]. Expression of Bax, in which a9 was replaced with the
corresponding transmembrane helix from Bcl-XL, resulted
in mitochondrially localized protein that was not able to
induce cell death in yeast, as well as in transfected mam-
malian cells [59]. These data indicate that a9 of Bax does
not function as a true membrane anchor, as it is in case of
a9 in Bcl-XL. The serine within a9 (position 184) is, howev-
er, likely a key residue involved in regulation of interaction
of Bax with the mitochondrial membrane. Deletion of this
residue converts a9 into functional membrane anchor [57].
This serine has also been identified as a target for phos-
phorylation (in mammalian cells), which renders Bax inca-
pable of translocation into the mitochondrial membrane
[60]. Other point mutations in the a9 that disrupt its inter-
action with hydrophobic groove or render the loop just
upstream from a9 more flexible result in constitutively
active protein in yeast that is both mitochondrially local-
ized and capable of inducing cell death response [52]. Tak-
en together, these data indicate that the displacement of
a9 from hydrophobic groove is crucial for activation of Bax
likely by enabling the dimerization of Bax rather than
providing a membrane anchor [54].

Another domain intensively studied is a domain con-
sisting of the first nineteen residues of Bax (Figure 2). The
isoforms of Bax lacking this domain have been identified in
rat ischemic brain cells [61] and human glioblastoma cells
[62]. These isoforms, called Baxk or Baxy, respectively, are
produced by alternative splicing of Bax mRNA, utilizing an
alternative initiation codon corresponding to the methio-
nine in position 20 of full length Bax (also called Baxa).
Baxy is more effectively translocated to the mitochondria
in mammalian cells [63]. Expression of N-terminally trun-
cated Bax (corresponding to Baxy) in yeast resulted in ac-
tive protein capable to release cytochrome c as well as to
induce death [51, 63]. For its ability to alter the localization
of Bax that is required for its activation, this domain has
been named ART (for Apoptotic Regulation of Targeting).
As this domain in Bax is very mobile, it may be that the
movement of ART domain regulates the Bax targeting to
the mitochondria. Site directed mutagenesis introducing
changes of arginine residue within ARS domain (position 9)
and of aspartate residue (position 154) within BH2 domain,
which likely interact electrostatically in inactive Bax,
demonstrated that the disruption of the electrostatic in-
teraction between these residues leads to mitochondrial
targeting and constitutively active Bax in yeast cells [64].

Besides the role of ARS and a9 helix, involvement of
the protein import machinery of the outer mitochondrial
membrane (TOM complex) in targeting of Bax into mito-
chondrial membranes was investigated in yeast. When
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human Bax is expressed in a yeast mutant expressing low
level of Tom22, a receptor subunit of TOM complex, de-
creased mitochondrial targeting [65], decreased release of
cytochrome ¢ [66] and physical interaction of Bax and
Tom22 were reported [67]. Contradicting results, on the
other hand, demonstrated that Bax is integrated into yeast
mitochondria independently of TOM [68]. The involvement
of the protein import machinery in the process of integrat-
ing of Bax into mitochondria thus remains unclear.

Why does the expression of Bax kill yeast?

Although the yeast is used as a model to understand the
activity of Bax in mammalian cells, it is, obviously, im-
portant to understand why and how yeast cells expressing
Bax die. The observation that, in yeast, Bax permeabilizes
mitochondrial membrane for cytochrome ¢ and a signifi-
cant release of cytochrome ¢ from mitochondria into cyto-
sol occurs [5], as well as the fact that the killing effect of
Bax can be prevented by co-expression of antiapoptotic
proteins of the Bcl-2 family [55], indicates that the mecha-
nism, by which Bax kills yeast cells, is related to that, by
which Bax acts in mammalian cells. As yeast cells do not
have the homologues of mammalian downstream effec-
tors, such as APAF-1, which are required for cell death re-
sponse to the release of the cytochrome ¢ in mammals, the
presence of cytochrome c in the cytoplasm does not ap-
pear to be involved in inducing cell death in yeast. Accord-
ingly, it has been shown that yeast mutants lacking cyto-
chrome ¢ due to the deletion of genes encoding for two
isoforms of apocytochrome ¢ (CYC1 and CYC7) are killed by
expression of Bax to the same extent as the wild type yeast
[19, 21].

Even though the permeabilization of mitochondrial
membranes and the release of proteins from the mito-
chondrial intermembrane space into the cytosol do induce
a response in yeast involving yeast native cell death path-
ways (see [69, 70] for review), it appears that the permea-
bilization of mitochondrial membranes by itself interferes
with essential processes, such as import of proteins into
mitochondria. Reported impairment of the protein import
pathway that delivers mitochondrial carriers into the inner
mitochondrial membrane [22] is likely the result of the
release of essential small Tim proteins [71] from the inter-
membrane space of permeabilized mitochondria. This con-
clusion is also supported by the reported release of small
Tim proteins (Tim10 and Tim13) from yeast mitochondria
treated with recombinant Bax [68].

ANTIAPOPTOTIC PROTEINS BCL-2 AND BCL-XL

To understand how Bcl-2 family proteins regulate the re-
lease of the cytochrome c, it is necessary to uncover how
antiapoptotic proteins of the family regulate the activity of
Bax and Bak. The expression of antiapoptotic proteins Bcl-
XL and Bcl-2 in wild type yeast has no obvious phenotype
when these proteins are expressed individually, but it is
able to completely inhibit the function of co-expressed
proapoptotic proteins Bax or Bak [55]. In cells, co-
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expressing Bax or Bak together with Bcl-XL or Bcl-2, no
release of cytochrome c can be observed [5].

How do antiapoptotic proteins inhibit Bax?

In order to address the nature of the interactions among
the members of Bcl-2 family, the combinations of pro- and
antiapoptotic proteins have been co-expressed in yeast.
One of the typical features of Bcl-2 family proteins is their
ability to heterodimerize [72, 73]. The significance of pro-
tein-protein interactions in inhibition of proapoptotic pro-
teins by antiapoptotic proteins has been tested by using a
mutant protein with mutations in BH3 domain, which is
involved in Bcl-2 family protein heterodimerization. Intro-
duction of the mutation (tyrosine in position 101 to lysine)
into antiapoptotic protein Bcl-XL rendered the protein un-
able to heterodimerize with Bax but did not affect its abil-
ity to inhibit Bax [20, 55, 74], indicating that the ability to
heterodimerize may not be required for the antiapoptotic
function of Bcl-XL. When different amounts of Bax and Bcl-
XL have been co-expressed, the amount of Bcl-XL protein
required for yeast cell survival did not correlate with the
amount of Bax expressed, rather a threshold amount of
Bcl-XL was required to inhibit the activity of any amount of
Bax tested [20]. These observations further stress that
mechanisms other than heterodimerization may play a
crucial role in the antiapoptotic activity of Bcl-XL. As these
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mechanisms likely do not involve physical binding of Bcl-XL
(and Bcl-2) to Bax (and Bak), a model, in which these two
antagonistic proteins compete for a binding partner in the
mitochondrial membrane (Figure 3A), was proposed [20].

Of the models, proposed for the inhibition of Bax by
Bcl-XL, several others would be consistent with this obser-
vation in yeast. These include the model, in which Bcl-XL
inhibits Bax by translocating it from mitochondria into the
cytosol (Figure 3B) [75]. According to this model, in living
cells, Bax would constantly translocate from the cytosol to
the mitochondrial membrane and would be retrotranslo-
cated into the cytosol by Bcl-XL. When inhibited by BH3-
only proteins, Bcl-XL would fail to retrotranslocate Bax, and
Bax would form oligomers in the outer mitochondrial
membrane.

Another model that would be consistent with the ob-
servations in yeast is a model, in which Bax induces the
assembly of a lipid pore built from ceramide (Figure 3C). In
this model molecules of ceramide align in a membrane
with their hydrophobic tails oriented in parallel with the
plane of the membrane into columns stabilized by inter-
molecule hydrogen bonds. These ceramide columns as-
semble into rings with hydrophilic heads lining a central
pore [76, 77]. Such pores, with a diameter of 6-10 nm, are
large enough to facilitate the diffusion of proteins of the
size of the cytochrome ¢ and their formation is observed
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FIGURE 3: Models for inhibition of Bax by antiapoptotic proteins. (A) Competition for a mitochondrial binding site. In order to permeabilize
mitochondrial outer membrane, Bax needs to bind to a specific binding site in the membrane. Bcl-XL binds to the same site with higher affin-
ity, not allowing Bax to interact with the site. (B) Bax is constitutively targeted into mitochondrial membranes while Bcl-XL retrotranslocates
Bax back to the cytosol. (C) Bax induces assembly of ceramide pores in the outer mitochondrial membrane and Bcl-XL disassembles these
pores. (D) Bax interacts with F1;Fo-ATPase to induce permeability transition that results in swelling of mitochondria and ultimately the rup-
ture of the outer mitochondrial membrane. Bcl-XL inhibits the opening of the permeability transition pore.
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when ceramide is added to phospholipid vesicles or to the
isolated mitochondria. The addition of purified Bax to puri-
fied rat or yeast mitochondria stimulates the formation of
ceramide pores [78, 79], while the addition of Bcl-XL disas-
sembles these pores and mitochondria isolated from yeast
cells expressing Bcl-2 are not able to form ceramide pores
[80]. Moreover, involvement of ceramide in Bax-mediated
permeabilization of the outer mitochondrial membrane
would explain the Bax-suppressing effect of sphingomyelin
synthase (mSMS1) [40] mentioned above.

Interesting observation from both mammalian and
yeast cells points to yet another possible mechanism, by
which Bcl-XL could antagonize the cell killing activity of Bax.
Bcl-XL was found to stabilize the inner mitochondrial
membrane potential and to physically interact with F;Fq-
ATPase [81]. Authors suggest that Bcl-XL could prevent
irregular fluctuations in the membrane potential by inhibit-
ing the leak of ions across the inner mitochondrial mem-
brane and that this leak may be mediated by F,Fo,-ATPase.
Again, if F,Fo-ATPase is a key constituent of the permeabil-
ity transition pore, Bcl-XL would likely prevent its opening
(Figure 3D).

Non-apoptotic functions of Bcl-2 and Bcl-XL

Besides the inhibition of proapoptotic proteins, Bcl-2 and
Bcl-XL have been reported to affect other cellular functions
in yeast that are independent of the expression of other
mammalian proteins. When Bcl-2 is expressed in yeast
mutants lacking copper-zinc superoxide dismutase or man-
ganese-containing superoxide dismutase due to the dele-
tion of SOD1 or SOD2 genes, respectively, it significantly
improves their stationary phase survival rate as well as
their ability to form viable colonies when grown in hy-
peroxia [82]. Expression of Bcl-2 and Bcl-XL also significant-
ly increases the survival rate of yeast cells exposed to oxi-
dative stress (treatment with hydrogen peroxide and men-
adion) and heat shock [83].

As it was observed that Bcl-XL may help mammalian
cells facilitate a switch in metabolism when cells lose the
ability to utilize glucose [84], a genetic screen to identify
genes with analogous function in yeast was performed
[85]. In this screen, a library of yeast deletion mutants was
searched for mutants, in which the expression of Bcl-XL
improves growth when cells shift metabolism from fer-
mentation to oxidative phosphorylation (diauxic shift).
Thus identified genes include TCM62, a mitochondrial
chaperone involved in assembly of the succinate dehydro-
genase complex - a homologue of human prohibitin [86],
and SVF1, an unknown factor required for diauxic shift and
for survival under conditions of oxidative stress and cold
stress [87].

Human Bcl-XL and Bcl-2 have also been found to in-
crease the viability of yeast mutants with the deletion of
FIS1 gene in the presence of hydrogen peroxide or acetic
acid [88]. Fislp is an outer mitochondrial membrane pro-
tein that is involved in mitochondrial fission [89]. Besides
its role in mitochondrial fission it has been found to be
involved in the regulation of cell survival, as deletion mu-
tants lacking Fislp are more sensitive to acetic acid and
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hydrogen peroxide - two typical inducers of programmed
cell death in yeast [88].

Taken together, these data show that antiapoptotic
proteins Bcl-XL and Bcl-2 clearly have other functions in
cells that are independent from their interactions with
other Bcl-2 family members.

Viral antiapoptotic proteins

Homologues of antiapoptotic proteins can be found in
many viruses [90]. These proteins, collectively referred to
as vBcl-2 proteins, inhibit apoptosis in infected cells to en-
able virus to complete its replication cycle and to spread.
Co-expression of these proteins with cellular Bcl-2 family
proteins in yeast can provide a simple system, in which to
study interactions between vBcl-2 and cellular Bcl-2 pro-
teins. An example of such a protein studied in yeast is vBcl-
2 encoded by M11 gene of Murine gammaherpesvirus 68.
Co-expression of M11 with Bax or Bak in yeast saves cells
from cell death induced by these proapoptotic proteins
[91, 92]. In addition to the inhibition of apoptosis, in in-
fected murine cells, M11 also inhibits autophagy that is
dependent on the interaction of M11 with BH3 domain of
Beclin-1, a protein involved in the regulation of autophagy
[93]. This effect is not observed in yeast [91]. The inability
of M11 to inhibit autophagy in yeast most likely reflects a
poor homology between the yeast orthologue of Beclin -
Atg6/Vps30 - and murine Beclin-1 in the region containing
BH3 domain. Yeast cells expressing murine M11 (together
with either Bax or Bak) thus represent an experimental
system, in which Bax/Bak-inhibiting function of M11 can be
separated from the effects of M11 on autophagy, which
provides us with a further advantage.

Yeast and screening for cancer drugs

Many types of cancer cells overexpress antiapoptotic pro-
teins of the Bcl-2 family, which makes them resistant to
apoptosis [94]. Compounds specifically inhibiting relevant
antiapoptotic proteins are therefore potentially interesting
as anti-cancer drugs. A class of compounds that act as BH3-
mimetics - they bind to BH3 peptide-binding groove of
antiapoptotic proteins - includes for example ABT-
263/Navitoclax  [95], ABT-737 [96] and GX15-
070/Oblatoclax [97], some of which are in clinical trials for
the cancer treatment. These molecules differ in their affini-
ty to individual antiapoptotic proteins. Because for cancer
treatment it is necessary that the drug specifically targets
the antiapoptotic proteins that are overexpressed in a par-
ticular type of cancer cells, it would be desirable to have an
easy assay for testing the activity and selectivity of candi-
date compounds. Yeast strains co-expressing Bax together
with individual antiapoptotic proteins (Bcl-XL, Bcl-2, Bcl-w,
Al and Mcl-1) have been tested as a system, in which
chemical compounds can be screened for their ability to
inhibit antiapoptotic proteins [98]. This system worked well
with tested compounds (ABT-263/Navitoclax ABT-737) and
as it is simple enough, it is likely that, if automatized, it can
be used for high throughput screening.
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BH3-ONLY PROTEINS

As mentioned above, proteins of the Bcl-2 family homolo-
gous with Bcl-2 only in the BH3 domain constitute a dis-
tinct subfamily of this protein family. In living mammalian
cells these proteins act as sentinels of cellular damage that
respond to diverse cell death signals by activation of Bax
and Bak [99, 100]. Individual BH3-only proteins differ in
their intracellular localization in living cells and in the
mechanism of their activation in response to death signal,
which usually involves a posttranslational modification. For
example, Bid is expressed as a 21 kDa protein localized in
the cytosol. When cleaved by caspase, an active 15 kDa C-
terminal fragment, tBid (truncated Bid), is produced. tBid
then translocates to the mitochondria and activates the
formation of a pore by Bax or Bak.

Several models have been proposed for the activation
of Bax and Bak by BH3-only proteins. All these models gen-
erally reflect the fact that the BH3 domain is capable of
binding into the hydrophobic groove in multidomain pro-
teins consisting of BH1 and BH3 domains. BH3-only pro-
teins are thus able to bind to both pro- and antiapoptotic
multidomain proteins. In ‘direct activation’ model, activat-
ed BH3-only proteins bind to the inactive monomeric
proapoptotic proteins Bax and Bak to induce their oli-
gomerization and the formation of a pore in the mitochon-
drial membrane. ‘Indirect model’, on the other hand, as-
sumes that active BH3-only proteins bind to antiapoptotic
proteins like Bcl-XL and Bcl-2 to inhibit their antiapoptotic
activity, which results in activation of Bax and Bak indirect-
ly. Extensions of these models assume that some of the
BH3-only proteins, called ‘activators’ do directly activate
Bax and Bak, while others, ‘sensitizers’, employ indirect
mechanism [100, 101].

Yeast co-expressing individual BH3-proteins together
with pro- and antiapoptotic multidomain proteins does
present a powerful tool to address the mechanisms of their
interactions. Indeed, it has been demonstrated for several
BH3-only proteins that their expression induces cell death
in yeast in Bax- or Bak-dependent manner. Because the
pathways that lead to the activation of BH3-only proteins
in response to death signals in mammalian cells are absent
in yeast, for some BH3-only proteins it may be necessary to
express the modified versions of their genes, producing
proteins that correspond to the processed active forms of
these BH3-only proteins. For example, to study the activity
of Bid, its truncated version (tBid) has to be expressed. Of
many BH3-only proteins, the expression of several has
been reported in yeast.

Bid

As already mentioned, Bid (BH3 interacting-domain death
agonist) is a cytosolic protein in mammalian cells that is
activated by the cleavage with caspase 8, thus activating
the mitochondrial apoptotic pathway when apoptosis is
triggered by the extracellular ligands through a receptor
pathway. Activated tBid interacts with mitochondrial
membranes and activates Bax and Bak. Besides the activa-
tion of the pore assembly, tBid has been described to par-
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ticipate at mitochondrial cristae remodeling that likely mo-
bilizes the pool of cytochrome ¢, most of which is trapped
inside cristae unavailable for release by only permeabiliza-
tion of the outer membrane [102].

The expression of tBid by itself in yeast does not induce
any phenotype. When tBid is expressed together with mul-
tidomain proapoptotic proteins (Bax or Bak) and antiapop-
totic proteins (Bcl-XL or Bcl-2), it triggers cell death [91,
103]. Cell killing potency of Bax or Bak is, however, not
affected by the expression of tBid in the absence of Bcl-XL.
As the phenotype depends on the presence of antiapoptot-
ic proteins, the results of these experiments seem to indi-
cate that tBid, in fact, inhibits antiapoptotic proteins. It is,
however, important to note that in the experimental set-
ting used in these experiments, Bax and Bak were active in
the absence of other Bcl-2 proteins, which may have
masked the direct effect of tBid on Bax and Bak.

Not detecting a direct activation is, however, in agree-
ment with the results reported when the effect of tBid on
both inactive and constitutively active Bax was analyzed
[51]. In this experiment, tBid was not able to induce killing
in the presence of inactive Bax but did significantly en-
hance killing by active Bax, which may mean that tBid is not
able to activate Bax directly but operates at the mitochon-
drial membrane in a way that contributes to the cell killing
when active Bax is present. Yet in another paper, tBid is
described to kill cells even in the absence of Bax and its cell
killing activity is inhibited by the co-expression of Bcl-2
[104].

Bim

Bim (Bcl-2 interacting mediator) is the BH3-only protein
involved in the apoptosis induced by stimuli involving anti-
gen receptor ligation, Ca”" flux, treatment with taxol or UV
irradiation. In the absence of death signal, Bim is seques-
tered to the cytoskeleton by binding to the light chain of
the dynein [105]. Upon apoptotic stimulus, it is released
from the complex and activates Bax or Bak to form pores in
the mitochondrial membrane. Several isoforms of Bim exist
due to the alternative splicing of the Bim transcript. The
longest form, Bimg, is produced from unspliced mRNA and
other isoforms, including Bim, and Bimg, are generated by
the excision of introns [106]. Individual Bim isoforms differ
in the death-inducing potency, Bims being the most and
Bimg,_being the least potent. The different potency of these
proteins likely reflects the different regulation of their ac-
tivity resulting from the absence of the domains of the
protein that interact with other cellular proteins, for ex-
ample the dynein binding domain is absent in Bims.

The ability of purified Bim to induce the release of cy-
tochrome ¢ and to decrease the membrane potential of
isolated mitochondria from both rat liver and yeast was
reported [107]. In these experiments the effect of Bim on
yeast mitochondria depended on the presence of VDAC, as
addition of Bim to mitochondria isolated from POR1 dele-
tion mutant had no effect. These data also indicated that
the permeabilization of mitochondrial membranes by Bim
would not require any other proteins of the Bcl-2 family,
since these are not present in yeast mitochondria. Inde-
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pendence on other Bcl-2 family proteins, however, was not
observed when Bim was expressed in yeast. When ex-
pressed in yeast, Bim is efficiently targeted and integrated
into mitochondrial membranes even in the absence of oth-
er Bcl-2 family proteins, but when expressed alone, Bim
has no effect on the cell viability and growth [108]. The
expression of either splice variant of Bim has been shown
to induce cell dying only when co-expressed with Bax [109,
110], or together with Bax and Bcl-XL [108]. Deletion of
POR1 gene in the host strain has no effect on the pheno-
types induced by the expression of Bim, indicating that its
activity is VDAC-independent [108].

Other BH3-only proteins

Other BH3-only proteins expressed in yeast include Bmf,
Bad, Bik, Bnip3, Bnip3L, Noxa and Puma. Similarly to Bim,
binding to the cytoskeleton regulates the activity of Bmf
(Bcl-2 modifying factor). It is bound to the dynein light
chain in the myosin V motor complex associated with actin
microfilaments [111]. The loss of cell adhesion or presence
of toxins induces the detachment of Bmf and the activation
of multidomain proapoptotic proteins. Bad (Bcl-2-
associated death promoter) activates Bax and Bak in re-
sponse to the absence of growth factors, e.g. in neurons of
developing brain. In the presence of growth factors, phos-
phorylated Bad is sequestered by 14-3-3 proteins in the
cytosol. When dephosphorylated, Bad translocates into the
mitochondria [112]. Bik (Bcl-2-interacting killer) is localized
in the membrane of the endoplasmic reticulum (ER) and
activates Bax by unknown mechanism without transloca-
tion into mitochondria [113]. Bnip3 (Bcl-2/E1B-19K-
interacting protein 3) proteins constitute a subclass of BH3-
only proteins including Bnip3 and Bnip3L (Bnip3-like) pro-
teins, expression of which is induced under conditions of
cellular stress and proteins are subsequently translocated
into the mitochondria, where they form homodimers and
activate Bax and Bak [114]. Noxa (latin for damage) [115]
and Puma (p53 upregulated modulator of apoptosis) [116]
are transcriptionally activated by p53 in response to DNA
damage or other cellular stress.

The expression of these proteins in yeast has been re-
ported. In these experiments a constitutively active version
of Bax was used. When Bad, Puma, BNip3, Bnip3L and
Noxa were co-expressed with Bax and Bcl-2, Bad and Puma
were observed to induce cell death, while the expression
of other three BH3-only proteins had no effect on cell
growth [104]. In other paper, Bmf, Noxa and Bik were re-
ported to induce cell death when co-expressed with Bax or
Bak and Bcl-XL or Bcl-2, but have no additional effect when
co-expressed with Bax or Bak in the absence of antiapop-
totic molecules [103]. This, again, may indicate that these
proteins act as inhibitors of antiapoptotic proteins and
activate Bax or Bak indirectly. The activity of Puma was
investigated also by co-expression with inactive Bax [53]. In
this experimental setting neither Puma nor Bax has any
effect on yeast growth. When expressed together, howev-
er, cells die and death-inducing effect of these two pro-
teins can be inhibited by co-expression of Bcl-XL. This
would suggest that Puma activates Bax directly. Neverthe-
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less, as the results for these BH3-only proteins are ob-
tained using different expression systems and different
versions of Bax, one has to be very careful when comparing
the results and drawing conclusions.

BXI1P/YBH3P — A YEAST PROTEIN IN QUESTION
As already mentioned, yeast-based screening of mouse
genomic library led to the identification of BI-1 (Bax inhibi-
tor 1), the first member of a novel class of Bax inhibitors
residing in the endoplasmic reticulum and involved in the
Ca®* homeostasis [39, 117]. BI-1, also known as TMBIM®,
together with at least five other highly conserved proteins
— TMBIM1-5 — constitutes the Transmembrane Bax Inhibi-
tor-1 Motif-containing (TMBIM) protein family. Because of
their proposed inhibitory effect on apoptosis, these pro-
teins seem to represent additional regulators of pro-
grammed cell death pathways, plainly not related to the
well established apoptotic regulators belonging to the Bcl-2
protein family [118]. Homologues of TMBIM family mem-
bers were found in non-mammalian animals, plants, fungi,
bacteria and viruses. The putative ortholog of mammalian
TMBIMG6/BI-1 with a high degree of sequence similarity to
all human TMBIM family members has been also identified
in S. cerevisiae [119, 120], though its affiliation to TMBIM6
protein subfamily is ambiguous [121]. Accordingly, it was
suggested that TMBIMG6/BI-1 homolog is absent in S. cere-
visiae and yeast BI-1 is rather homologous to
TMBIM4/GAAP protein subfamily [122]. In any case, yeast
TMBIM homolog, renamed to Bxilp [119], exhibits the
same cytoprotective effect against Bax-induced cell death
as do all tested eukaryotic homologues of BI-1 when as-
sayed in yeast. These BI-1 homologues from animals,
plants and yeast provide cytoprotection also against other
forms of cellular stress, including hydrogen peroxide-
induced oxidative stress and heat shock. The pro-survival
function of BI-1 homologues is dependent on the presence
of the C-terminal protein domain, indicating evolutionarily
conserved mechanism for their action [120]. The mecha-
nism of anti-programmed cell death function of Bxilp was
proposed, when its localization in the ER was revealed
[119]. Yeast strains lacking Bxil protein are more prone to
ethanol- and glucose-induced programmed cell death. At
the same time, they are more responsive to endoplasmic
reticulum stress-inducing drugs, what is accompanied by
the decreased unfolded protein response in BX/1 deletion
strain. Altogether, these results identified the endoplasmic
reticulum-localized Bxil protein as an important link be-
tween the unfolded protein response and the programmed
cell death in yeast [119]. Further support for the involve-
ment of the endoplasmic reticulum in the yeast cell death
[123] is based on the observations that Bax directly acti-
vates the unfolded protein response by inducing splicing of
HAC1 gene mRNA and that the function of the transmem-
brane protein kinase Irelp, that acts as the ER-resident ER
stress sensor, is also involved in the Bax-induced cell death
in yeast [124].

Interestingly, in silico search for homologues of BH3-
only proteins in the yeast genome revealed a surprising hit:
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the gene identified and named YBH3 (yeast BH-3 only pro-
tein) [125] was the same gene (YNL305C) as BX/1. The affil-
iation of Ybh3p/Bxilp to the Bcl-2 protein family is based
on the presence of the putative yeast BH3 domain se-
qguence at the very C-terminus of the protein. Though BH3
motif in Ybh3 protein contains all three essential amino
acids identifying the BH3 domain (L-4(X)-D-(D/E)), it also
displays two unusual characteristics, unprecedented
among classical BH3-only proteins: (i) yeast BH3 sequence
is truncated because of its C-terminal localization, and (ii) it
overlaps with the last transmembrane segment of the mul-
timembrane-spanning protein with seven transmembrane
domains, which by itself is another atypical feature for the
classical BH3 domain-containing proteins [101]. Despite
these for BH3-only proteins unusual characteristics, Ybh3p
was shown to interact with Bcl-XL and the BH3 domain
within Ybh3p was found to be functional. The BH3 domain-
dependent apoptosis in yeast is triggered by the transloca-
tion of the Ybh3 protein to the mitochondria and is medi-
ated by the mitochondrial phosphate carrier Mirlp, as the
deletion of MIR1 gene abolished the translocation of
Ybh3p to the mitochondria. A yeast strain with a deleted
MIR1 gene exhibits resistance to the induction of apoptosis
and a prolonged lifespan, both replicative and chronologi-
cal [125]. Even though these data obviously contradict
those reported for BX/1, there may be an agreement with
the results of Bxil protein studies if Yoh3p would also en-
hance the unfolded protein response mediated by its func-
tional BH3 motif, as it has been described that some of the
BH3-only proteins provoke the signaling activity of endo-
plasmic reticulum stress sensor Irela [118, 126].

Very recently, an insight into the function of
Bxilp/Ybh3p came from bacteria. A homolog of BI-1
(BsYet)) was identified in Bacillus subtilis and its crystal
structure was determined [121]. The structure consists of
seven transmembrane a-helices (7TMs) and reversible
transitions between open and closed conformations are
driven by changes in pH [121]. A pair of aspartate residues
engaged in hydrogen bonding is crucial for these confor-
mational transitions associated with calcium leak across
the membrane. Sequence alignments of bacterial BsYet)
and human TMBIMs showed that both aspartates, residing
in TM6 and TM7, are conserved not only in hBI-1/TMBIM6
but also in human TMBIM1-5 proteins [121]. Most im-
portantly, these aspartates are fully conserved also in yeast
Bxilp/Ybh3p protein [120], strongly supporting the view
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