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Response of yeast to the regulated expression of proteins in the Bcl-2 family
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The mechanisms by which pro-apoptotic members of the
Bcl-2 family of proteins promote the release of mitochondrial
factors like cytochrome c, subsequently activating the apoptotic
cascade, or by which anti-apoptotic family members block this
release, are still not understood. When expressed in yeast, Bcl-2
family members act directly upon conserved mitochondrial
components that correspond to their apoptotic substrates in
mammalian cells. Here we describe a system in which the levels
of representative pro- and anti-apoptotic members of the Bcl-2
family can be regulated independently in yeast. Using this sys-
tem, we have focused on the action of the anti-apoptotic family
member Bcl-xL, and have defined the quantitative relationships
that underlie the antagonistic action of this protein on the
lethal consequences of expression of the pro-apoptotic family
member Bax. This system has also allowed us to demonstrate

biochemically that Bcl-xL has two actions at the level of the
mitochondrion. Bcl-xL is able to inhibit the stable integration of
Bax into mitochondrial membranes, as well as hinder the action
of Bax that does become stably integrated into these membranes.
Taken together, our results suggest that both the functional and
biochemical actions of Bcl-xL may be based on the ability of
this molecule to disrupt the interaction of Bax with a resident
mitochondrial target that is required for Bax action. Finally,
we confirm that VDAC (voltage-dependent anion channel) is
not required for the functional responses observed following the
expression of either pro- or anti-apoptotic members of the Bcl-2
family.

Key words: apoptosis, Bax, Bcl-xL, mitochondria, voltage-
dependent anion channel (VDAC), yeast.

INTRODUCTION

Although many proteins are known to be involved in the
control of PCD (programmed cell death), members of the evol-
utionarily conserved Bcl-2 family are central regulators. These
proteins appear to function primarily by modulating the release
of cytochrome c and several other protein factors from the mito-
chondrial intermembrane space into the cytosol, a required step in
the activation of the downstream caspases necessary for efficient
apoptosis [1], and representing an irreversible commitment point
in the apoptotic pathway [2]. The Bcl-2 family includes pro-
apoptotic proteins (e.g. Bax, Bak or Bid) that promote the release
of mitochondrial factors and anti-apoptotic proteins (e.g. Bcl-xL

and Bcl-2) that prevent the release of these factors [1]. Family
members share sequence homology in up to four BH domains
(Bcl-2 homology domains) and many also have a C-terminal
hydrophobic domain that targets these proteins to membranes.
A subset of pro-apoptotic proteins (e.g. Bid and Bad) share
homology only in the BH3 domain (‘BH3-only’ proteins). When
cellular location is assessed, anti-apoptotic family members are
differentially targeted to intracellular membranes; Bcl-2 is associ-
ated with all intracellular membranes, while Bcl-xL is targeted
primarily to the OMM (outer mitochondrial membrane) [3]. In the
absence of a death signal, pro-apoptotic family members contain-
ing a C-terminal hydrophobic domain can also have diverse cel-
lular locations. Thus pro-apoptotic family members are localized
mainly to the OMM (i.e. Bak) or are primarily cytosolic and trans-
locate to mitochondria following a death signal (e.g. Bax) [4,5],
although low levels of Bax and Bak may also reside in the
endoplasmic reticulum [6].

The precise mechanisms by which pro-apoptotic family mem-
bers promote the release of these mitochondrial factors, or by
which anti-apoptotic family members block this release, have
been the subject of much conjecture and are still not understood.

Abbreviations used: BH domain, Bcl-2 homology domain; OMM, outer mitochondrial membrane; PCD, programmed cell death; PTP, permeability
transition pore; VDAC, voltage-dependent anion channel; HA, haemagglutinin.
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Two general models have been developed. The first is based on
the observation that both pro- and anti-apoptotic family members
are able to form channels in the synthetic phospholipid mem-
branes [7–9]. Consequently, the formation of large Bax oligomers
of sufficient size (22 Å) to allow the transfer of proteins like cyto-
chrome c across membranes has been observed in vitro [10,11]
and in ATP-depleted cells [12]. Formation of these oligomeric
complexes is prevented by anti-apoptotic Bcl-2 family members
by mechanisms that remain to be defined [7,12]. However, it is
not yet clear whether, in vivo, these large oligomeric complexes of
pro-apoptotic molecules like Bax are alone responsible for the re-
lease of intermembrane components like cytochrome c. A second
set of models depends on modulation of the mitochondrial PTP
(permeability transition pore) [13,14], or its components, by these
proteins. For example, Bax has been proposed to induce the open-
ing of PTP, leading to a massive osmotic swelling of mitochondria,
rupture of the outer membrane accompanied by a fall of mito-
chondrial membrane potential, and the consequent release of
proteins from intermembrane space [15,16]. In this scheme, anti-
apoptotic family members inhibit PTP opening. Extensions of this
general idea have focused on the direct interaction of the VDAC
(voltage-dependent anion channel) of the OMM, a proposed
integral component of the PTP, with both pro-apoptotic and
anti-apoptotic Bcl-2 family members. These models view direct
interaction with VDAC as a crucial step in the processes by which
Bcl-2 family members exert their effects, although models directly
implicating VDAC differ in their mechanistic details [17–26].
Recently, however, a number of reports have failed to implicate
the PTP, VDAC or other molecules proposed to participate in the
formation of the PTP in the action of Bcl-2 family members or in
processes leading to PCD [27–29].

In order to address basic questions on the mechanisms that
underlie the action of Bcl-2 family members, we have examined
the response of the yeast Saccharomyces cerevisiae to the
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Table 1 Yeast strains used in this study

Strain Genotype

CML282 MATa ura3-1, ade2-1, leu2-3,112; his3-11,15, trp1-�2, can1-100, CMV p (tetR-SSN6)::LEU2
CML282/GAL-BAX CML282 HIS3::GAL1/10-HA -BAX
CML282/GAL-BAX/TET-BCL-XL* CML282 HIS3::GAL1/10-HA -BAX plus pCM252/HA-BCL-XL
CML282/�por1/GAL-BAX CML282 POR1::kanMX4, HIS3::GAL1/10-HA -BAX
CML282/�por1/GAL-BAX/TET-BCLXL* CML282 POR1::kanMX4, HIS3::GAL1/10-HA -BAX plus pCM252/HA-BCL-XL
CML282/VDAC-HA CML282 POR1::kanMX4, URA3::VDAC-HA
CML282/VDAC-HA/GAL-BAX CML282 POR1::kanMX4, URA3::VDAC-HA , HIS3::GAL1/10-HA -BAX
CML282/VDAC-HA/GAL-BAX/TET-BCLXL* CML282 POR1::kanMX4, URA3::VDAC-HA , HIS3::GAL1/10-HA -BAX plus pCM252/HA-BCL-XL
CML282/VDAC-HA/GAL-BAX/pGAL-BAX/TET-BCL-XL CML282 POR1::kanMX4, URA3::VDAC-HA , HIS3::GAL1/10-HA -BAX plus p426GAL/HA-BAX and pCM252/HA-BCL-XL

* The same strain carrying a plasmid with the point mutation Y101K was used where indicated.

expression of proteins in this family. Although yeast expresses
a caspase-like protease which has been implicated in some forms
of environmentally induced yeast cell death [30,31], the yeast
genome does not encode proteins such as Bcl-2 family members
or other proteins involved in programmed cell death in metazoan
cells. However, pro-apoptotic Bcl-2 family members (e.g. Bax
and Bak) result in cell death when expressed in yeast, and these
proteins are targeted to the OMM, as they are in metazoan cells
[32–34]. In contrast with mammalian cells, pro-apoptotic mol-
ecules like Bax do not require activation when expressed in yeast;
Bax is directly targeted to mitochondria in yeast, whereas in mam-
malian cells Bax is normally localized to cytoplasmic sites and
translocated to mitochondria in response to PCD signals. This
difference perhaps reflects the absence of molecules forming sites
required for cytoplasmic localization in mammalian cells prior to
PCD signals, the lack of other endogenous Bcl-2 family members
(e.g. anti-apoptotic Bcl-2 family members [11]) or the existence
of other pathways (which remain to be defined in any system)
that mediate the activation of these molecules in mammalian cells
in the absence of BH3-only family members. Bax functions as
it does in mammalian cells following targeting to mitochondrial
membranes and consequently modulates mitochondrial function
in yeast in similar ways, resulting in the release of cytochrome c,
mitochondrial swelling, alterations of mitochondrial membrane
potential, mitochondrial matrix alkalization and cytosolic acidi-
fication [32,35–37]. The yeast system therefore allows careful
analysis of the mechanisms by which Bax mediates these mito-
chondrial responses. In contrast, the anti-apoptotic Bcl-2 family
member, Bcl-xL, suppresses Bax-induced cell death when co-
expressed in yeast and is also targeted to the OMM [34,38,39]. In
summary, all results generated in these studies indicate strongly
that Bcl-2 family members act directly upon highly conserved
mitochondrial components in yeast that correspond directly to
their apoptotic substrates in mammalian cells.

In this report, we describe a system in which the levels of rep-
resentative pro- and anti-apoptotic members of the Bcl-2 family
can be regulated independently in yeast and employ this system to
define the quantitative and mechanistic relationships that underlie
the antagonistic action of these proteins. By focusing on the action
of a specific anti-apoptotic family member, we show that Bcl-xL

promotes cell survival by displacing Bax from mitochondria and
preventing the stable integration of Bax into mitochondrial mem-
branes. In addition, Bcl-xL can inhibit the actions of Bax stably
associated with mitochondria. Our results are consistent with the
idea that the function of both pro- and anti-apoptotic members of
the Bcl-2 family depends on their ability to associate with a com-
mon mitochondrial target. Finally, we confirm that VDAC is not
required for the functional responses observed following the ex-

pression of either pro- or anti-apoptotic members of the Bcl-2
family.

EXPERIMENTAL

Strains, plasmids and growth conditions

The yeast strain used throughout this study was CML282 [MATa
ura3-1, ade2-1, leu2-3, 112; his3-11, 15, trp1-�2, can1-100,
CMVp(tetR-SSN6)::LEU2], provided kindly by Enrique Herrero
(Universitat de Lleida, Lleida, Spain) [40]. These cells express
a mutant tetR-V16 hybrid transactivator that mediates gene in-
duction at tetO promoters following binding of the activator to
antibiotic (the ‘reverse’ or ‘tet-on’ system [40]). Table 1 lists the
yeast strains created in the CML282 background and used in this
work. Cells were grown on complete media containing the indi-
cated carbon sources and lacking the appropriate amino acids.
Yeast were transformed by standard lithium acetate protocols.

To modulate Bax expression levels, sequences encoding the
murine Bax protein containing an N-terminal HA (haemagglu-
tinin) tag were placed downstream of the yeast Gal1/10 promoter
and subcloned into the pRS303 integrative vector [41]. The re-
sulting plasmid was cut with HindIII and linear DNA used for
transformation of CML282. Stable integrants (CML282/GAL-
BAX) were identified by growth on media lacking histidine and
integration at the chromosomal HIS3 locus confirmed by PCR.
For Bax induction, cells were grown to the exponential phase
in appropriate selective media containing 2% glucose; cells were
then harvested by centrifugation, washed twice by resuspension in
sterile water and transferred to appropriate selective liquid or solid
media containing 2% raffinose and the indicated concentration
of galactose. A multi-copy plasmid, pGAL-BAX, was prepared
by subcloning the SacI–KpnI fragment from pRS303-GAL-BAX
containing GAL1/10-HA-BAX sequences into SacI/KpnI-cleaved
pRS426 [42].

To modulate the expression of Bcl-xL, sequences encoding
murine Bcl-xL were subcloned into centromeric (CENIV) vector
pCM252 [40] downstream of the tetracycline-responsive tetO
promoter. The N-terminal HA tag was introduced by PCR using
oligonucleotide primers that contain HA sequence and the PacI
restriction site (forward, 5′-TAGCTTAATTAAATGTATCCATA-
TGATGTTCCAGATTATGCTTCTCAGAGCAACCGGGAGC-
3′, and reverse, 5′-CAGTTTAATTAATAGAGATGGGCTCGT-
GCC-3′). The PCR product was cleaved with PacI and ligated
(TET-BCL-XL). The Y101K mutation (Y101 refers to the residue
in the original untagged Bcl-xL) was introduced into HA-BCL-
XL by PCR using the Stratagene Quikchange System (forward
primer, 5′-GTTTGAACTGCGGAAACGGAGAGCGTTCAG-3′;
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reverse primer, 5′-CTGAACGCTCTCCGTTTCCGCAGTTCA-
AAC-3′). Introduction of the mutation was verified by DNA
sequencing. For tetO-mediated induction of wild-type and
Y101K-mutant HA-BCL-XL, cells were grown in glucose-based
media as described above, washed and transferred to selective
liquid or solid media containing 2% galactose and the indicated
concentration of doxycycline. Expression of Bax was maximally
induced by growth in media containing >1% galactose, and
expression of Bcl-xL was maximally induced by growth in media
containing >1 µg/ml doxycycline.

To generate a CML282 derivative containing a deletion of
the POR1 gene, a 1.8-kb XhoI/PstI DNA fragment containing
sequences 560 bp upstream of the translational initiation site and
369 bp downstream of the translational stop site was inserted into
pBluescript (Stratagene). A 0.6-kb EcoRV/EcoRI fragment within
the open reading frame was replaced with a cassette containing
a geneticin-(G418) resistance gene (EcoRI/SmaI fragment of
pFA6a-kanMX4 [43]). The resulting plasmid was cleaved with
BamHI and HindIII and used for transformation of CML282
and CML282/GAL-BAX. The derivatives in which the POR1
gene had been deleted (�por1) were then selected on plates
containing 200 µg/ml G418, generating CML282/�por and
CML282/�por/GAL-BAX, respectively.

To generate CML282 derivatives in which the wild-type POR1
gene was replaced with sequences encoding a VDAC protein
with a C-terminal HA tag, the tagged VDAC was prepared by
PCR using the pBluescript-POR1 plasmid described above as
a template and oligonucleotide primers encoding the HA tag
(5′-ATACGATCATATGATGTTCCAGATTATGCTTGAACGT-
ATATAATCTAATAT-3′ and 5′-TAGCATACATATGGATAAGC-
GTCGAAGGACAAAGA-3′). The product of PCR reaction was
cleaved with NdeI, ligated, and the fusion verified by DNA
sequencing. A BamHI/HindIII fragment containing the VDAC–
HA construct was then subcloned into the pRS306 integrative
vector [41], linearized by cleavage with BbsI, and transformed
into �por1 strains. Stable integrants were selected for growth on
medium lacking uracil and integration at the chromosomal URA3
locus confirmed by PCR, resulting in strains CML282/VDAC-HA
and CML282/VDAC-HA/GAL-BAX.

To assess the growth potential of individual strains, cells were
grown overnight in media containing 2% glucose with or without
the indicated concentration of doxycycline, diluted to D600 = 0.5
and 10 µl aliquots of serial 5-fold dilutions spotted on to test
plates. Growth was assessed following incubation at 30 ◦C for
2–3 days. The last four out of five dilutions are shown.

Preparation of yeast extracts, assessment of protein expression
by quantitative immunoblotting and cell fractionation

Protein extracts were prepared by alkaline lysis and trichloroacetic
acid precipitation [44], separated by electrophoresis on SDS/
10%-polyacrylamide gels and transferred to nitrocellulose mem-
brane by semi-dry electroblotting. Antibodies used for protein
detection were a mouse monoclonal antibody directed against the
HA epitope (HA1.1; Covance), rabbit polyclonal anti-yVDAC
[45], rabbit polyclonal anti-Bcl-xS/L (L-18; Santa Cruz Bio-
technology) and rabbit polyclonal anti-AAC2 provided by
Dr Martin Klingenberg, Univeristy of Munich, Munich, Germany.
Immunoblots of cell extracts or subcellular fractions were sub-
sequently incubated with appropriate horseradish peroxidase-
conjugated secondary antibodies (Promega) and binding was
visualized using a chemiluminescent substrate (Pierce). The
chemiluminescence was quantified by scanning with a Kodak
Digital Image 440 station and analysed using the Kodak Digital
Science 1D software package (v. 3.02).

Mitochondria were prepared as described previously [36,46].
Briefly, cells were converted into spheroplasts by enzymic diges-
tion with Zymolyase 20T (Seikagaku Kogyo, Tokyo, Japan) and
homogenized with a glass/Teflon homogenizer. The homogenate
was centrifuged at 3000 g, and the resulting supernatant cen-
trifuged at 10000 g to pellet heavy membranes enriched in
mitochondria. The supernatant from this centrifugation was re-
centrifuged at 10000 g and subsequent supernatant containing
the cytosol loaded on to SDS/polyacrylamide gels. The heavy
membrane fraction was washed twice with homogenization buffer
prior to separation on SDS/10%-polyacryamide gels.

For alkali treatment, the mitochondrial pellet was resuspended
at 0.25 mg of protein/ml in freshly prepared 0.1 M sodium carbon-
ate, pH 11.5, and incubated on ice for 30 min. Membranes were
then pelleted by centrifugation at 150000 g, whereas proteins
removed from mitochondria by alkali treatment were precipitated
from the resulting supernatant by addition of trichloroacetic
acid to 7%, centrifuged and washed with acetone. Both alkali-
extracted proteins and membrane fractions were analysed by
SDS/PAGE and Western blotting.

RESULTS

Response of yeast to variations in the level of Bax

In order to extend the analysis of Bcl-2 family members in yeast,
we established a system in which the level of expression of mem-
bers of the Bcl-2 family can be regulated independently in a com-
mon yeast strain, CML282. This strain constitutively expresses a
modified tetR protein that mediates the expression of target genes
placed downstream of tetO sequences in response to tetracycline
or its analogues (‘reverse’ or ‘tet-on’ system [40]). To regulate
the expression of a representative pro-apoptotic family member,
sequences encoding the Bax protein containing an N-terminal
HA tag were placed downstream of the Gal1/10 promoter and
integrated into the genome at the HIS3 locus (CML282/GAL-
BAX). Previous studies have demonstrated that protein expression
mediated by the Gal1/10 promoter is proportional to the amount
of galactose present in the growth medium [47]. To regulate
the expression of a representative anti-apoptotic family member,
sequences encoding the Bcl-xL protein also containing an N-
terminal HA tag were placed in a CEN plasmid downstream of the
tetO promoter (TET-BCL-XL). Characterization of this system
has demonstrated that the level of protein expression mediated
by the tetO promoter in CML282 is proportional to the amount
of doxycycline present in the growth medium [40]. Finally,
CML282 was further modified by replacement of the wild-type
gene encoding the major VDAC isoform expressed in yeast
(POR1) with sequences encoding VDAC molecules containing a
C-terminal HA tag under the control of the native POR1 promoter.
As shown in Figure 1(a), the resulting strain expressed levels
of HA-tagged VDAC similar to that generated by the wild-type
POR1 gene. Figure 1(b) demonstrates that HA-modified forms of
VDAC functioned as unmodified VDAC proteins, since VDAC–
HA could fully complement growth defects observed in �por1
strains when grown on non-fermentable carbon sources at
restrictive temperatures [45]. Thus in the strain containing the
HA-modified versions of Bax, Bcl-xL and VDAC, the levels of
expression of Bax and Bcl-xL were regulated independently by the
concentration of galactose or doxycycline present in the growth
media, respectively. The common HA tag in each of these proteins
allowed quantitative assessment of the levels of individual Bcl-2
family members required for each functional response (i.e. cell
death or survival) relative to each other and relative to a common
standard in the OMM, VDAC.
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396 P. Polčic and M. Forte

Figure 1 HA-tagged VDAC is expressed at similar levels to and functions
as wild-type VDAC

(a) Expression of VDAC in CML282 in which the endogenous POR1 gene has been replaced
with the VDAC–HA construct (see the Experimental section) compared with wild-type levels
of expression in CML282 (wild-type) and CML282 lacking POR1 (�por1). Immunoblots were
probed with antibodies directed to yeast VDAC, the HA epitope and yeast AAC2 protein.
(b) VDAC–HA complements phenotypes resulting from the deletion of POR1. Cells in which
the POR1 gene has been deleted are unable to grow on non-fermentable carbon sources
at 37 ◦C [45]. 5-fold serial dilutions of suspensions from strains containing the VDAC–HA
construct, lacking POR1 (�por1) and CML282 (wild-type) were tested for growth at 37 ◦C
on media containing 2 % glycerol as the sole carbon source. Growth was assessed after
4 days.

To assess the level of Bax protein required to kill cells, we
assessed cell viability following serial dilution of strains contain-
ing GAL–Bax on to plates containing increasing concentrations
of galactose. As expected, the amount of Bax protein expressed
was proportional to the amount of galactose present in the growth
media (Figures 2a–2c). Yeast viability was dramatically compro-
mised under conditions that mediated maximum levels of Bax ex-
pression (>1% galactose; Figure 2d). When the levels of Bax
protein were reduced by growth in medium containing lower
levels of galactose, we found that Bax expression mediated by
0.1% galactose killed cells as effectively as higher concentrations
(Figure 2d). At lower levels of galactose (≈0.05%), Bax expres-
sion was still evident (Figure 2b), yet this level of expression had
a negligible impact on yeast viability (Figure 2d). Quantitative
immunoblotting using the common HA antibody indicated that
the minimum level of Bax required to kill cells (i.e. as mediated
by 0.1% galactose) was roughly 200-fold less than the level of
VDAC present in the OMM (Figure 2c).

Response of yeast to variations in the level of Bax and Bcl-xL

We next assessed the level of Bcl-xL required to rescue cells from
Bax-mediated cell killing in CML282/GAL-BAX cells trans-
formed with plasmids that mediate the expression of Bcl-xL

(TET-BCL-XL) in response to the addition of doxycycline to the
growth medium. As expected, the amount of Bcl-xL protein ex-
pressed was proportional to the amount of doxycycline present in
the growth medium (Figures 3a and 3b); maximal expression was
induced by 0.5 µg/ml doxycycline. The level of Bcl-xL expressed
at 0.5 µg/ml doxycycline was sufficient to completely rescue cells
from the toxicity associated with maximal Bax expression (>1%
galactose; results not shown). We then determined the minimum
level of Bcl-xL required to protect cells from the effects of Bax by
assessing viability following serial dilution on to plates contain-
ing different concentrations of both galactose and doxycycline.
Expression of Bcl-xL as mediated by 0.1 µg/ml doxycycline was
sufficient to rescue cells from Bax-induced cell killing at all
concentrations of galactose tested (Figure 3c).

To test further the functional relationship between the levels of
Bax and Bcl-xL, we transformed CML282/GAL-BAX cells with
multi-copy plasmids containing a GAL–Bax construct similar to
that integrated at the HIS3 locus. In these cells, galactose induc-
tion of Bax expression results in roughly 4-fold higher levels of
Bax than observed in cells containing integrated GAL–Bax con-
structs alone (Figure 3d). Again, Bcl-xL expression as mediated
by 0.1 µg/ml doxycycline was required to rescue these cells from
Bax-mediated cell killing (Figure 3e).

Since the signals generated by Bcl-xL and VDAC on
immunoblotting with the common HA antibody overlap, we used
quantitative immunoblotting to compare the levels of Bcl-xL

generated by different concentrations of doxycycline (Figure 3a)
with the amount of Bax driven at 2% galactose in the strain
expressing non-tagged VDAC, and then we extrapolated to VDAC
indirectly from the Bax/VDAC ratio at this concentration of
galactose (Figure 3b). Under these conditions, reflecting maximal
Bax expression, the level of Bcl-xL that was required to rescue
cells (i.e. at 0.1 µg/ml doxycycline) was roughly equivalent to the
level of Bax and corresponded to levels 20-fold lower than
the level of VDAC. However, the results also indicated that the
same level of Bcl-xL was required to rescue cells at the lowest level
of Bax required for killing (0.1% galactose); this concentration of
galactose mediates the expression of 10-fold lower levels of Bax.
Furthermore, the level of Bcl-xL required for rescue did not change
even if Bax levels were increased 30–40-fold. By extension then,
the level of Bcl-xL required to rescue cells from Bax-mediated
killing was roughly 20-fold lower than the level of VDAC, irres-
pective of the levels of Bax expressed.

Results indicating that the same level of Bcl-xL is required to
rescue cells from Bax killing, even if Bax levels are dramatically
changed, make it unlikely that heterodimerization of Bcl-xL with
Bax plays a role in the ability of Bcl-xL to rescue cells. Consist-
ent with this idea, TET-mediated expression of a Bcl-xL protein
containing mutation of amino acid 101 from tyrosine to lysine
(Y101K), which blocks the ability of Bcl-xL to heterodimerize
with Bax [39], demonstrated that the levels of mutant Bcl-xL

required to rescue cells from Bax-mediated cell killing were ident-
ical with those observed for wild-type Bcl-xL at all concentrations
of galactose tested (results not shown).

Bcl-xL inhibits productive Bax interaction with mitochondrial
membranes

We examined the cellular localization of both Bax and Bcl-xL by
subcellular fractionation (Figure 4). Bax was targeted largely to
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Figure 2 Response of yeast to variations in the level of Bax

CML282/VDAC-HA cells containing an integrated GAL–Bax construct were grown in media containing 2 % raffinose and varying levels of galactose. Expression of Bax relative to VDAC and growth
responses were assessed. (a and b) Extracts were prepared from cells following growth for 24 h in media with varying levels of galactose. Expression of Bax and VDAC was assessed on immunoblots
probed with antibodies directed to the HA epitope present in both VDAC and Bax. Expression of Bax induced by 0.05 % galactose is shown on the longer exposure of the blot in (b). (c) Quantification
of signals on immunoblots by procedures outlined in the Experimental section. The ratio of Bax to VDAC is shown as a function of concentration of galactose. (d) Growth of CML282 cells containing
GAL–Bax construct in response to varying concentrations of galactose. Growth of CML282 (control) is shown on media containing 2 % galactose. 5-fold serial dilutions of cell suspensions were
spotted on to plates containing the indicated concentrations of galactose and growth was assessed after 3 days.

mitochondria in the absence of Bcl-xL. Furthermore, under these
conditions, mitochondrially targeted Bax was completely resistant
to alkali treatment, indicating that it is stably integrated into
mitochondrial membranes. Subcellular fractionation also demon-
strated that on co-expression of Bcl-xL to the levels that protect
cells from Bax-mediated killing (on 0.1 and 2 µg/ml doxy-
cycline), significant cytoplasmic accumulation of Bax was ob-
served. Moreover, while Bax expressed in the absence of Bcl-xL is
primarily associated with mitochondria in an alkali-resistant form,
significant amounts of Bax could be extracted from mitochondria
by alkali treatment on co-expression of Bcl-xL; roughly half of
the Bax expressed in the presence of Bcl-xL can be extracted
by alkali, while the remaining Bax appears stably associated
with mitochondria. Similar results were obtained with cells co-
expressing mutant Bcl-xL

Y101K (results not shown), indicating
that the ability of Bcl-xL to form heterodimers does not affect
subcellular integration of Bax into mitochondrial membrane. In
all cases, Bcl-xL was primarily localized to mitochondria in an
alkali-resistant manner.

Deletion of VDAC does not change sensitivity of cells to Bax
and Bcl-xL

We next assessed whether the absence of the outer mitochondrial
channel, VDAC, shifts in any way the level of Bax required to kill

yeast cells or the level of Bcl-xL required to rescue cells from Bax-
mediated killing. Derivatives of CML282/GAL-BAX were gen-
erated in which the gene encoding the VDAC1 protein in yeast,
POR1, had been deleted by homologous recombination. As was
the case in wild-type cells, the amount of Bax and Bcl-xL ex-
pressed was again proportional to the amount of galactose and
doxycycline, respectively, present in the growth medium (results
not shown) and the levels of Bax expression mediated by 0.1%
galactose were again sufficient to kill cells as effectively as higher
concentrations (results not shown). These results confirm pre-
vious studies demonstrating that VDAC is not required for Bax-
mediated killing [36,48] and furthermore that the levels of Bax
required for cell killing in �por1 cells were similar to that required
in wild-type cells.

To extend these studies, we determined whether the level of
Bcl-xL protein required to rescue the �por1 strain from Bax-
mediated killing was similar to that observed in wild-type
cells. CML282/GAL-BAX/�por1 cells were transformed with
plasmids described above that mediate expression of Bcl-xL fol-
lowing addition of doxycycline to the growth medium. As was ob-
served in wild-type cells, the amount of Bcl-xL protein expressed
was proportional to the amount of doxycycline present in the
growth medium (Figures 5a and 5b). Cell suspensions were then
serially diluted and spotted to plates with varying concentrations
of galactose and doxycycline. At all concentrations of galactose
tested, the same concentration of doxycycline (0.1 µg/ml) was
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Figure 3 Response of yeast to variations in the level of Bax and Bcl-xL

CML282/GAL-BAX cells harbouring the TET-BCL-XL plasmid were grown in media containing varying concentrations of galactose and doxycycline. Expression of Bax and Bcl-xL, and growth
responses were assessed. (a) Extracts were prepared from cells following growth for 24 h in medium containing 2 % galactose and varying concentrations of doxycycline. Expression of Bcl-xL

and Bax was assessed on immunoblots probed with antibodies directed to the HA epitope. (b) Quantification of signals on immunoblots by procedures outlined in the Experimental section. The
Bcl-xL/ VDAC ratio was determined by extrapolation from the Bcl-xL/Bax ratio and the data shown in Figure 2(b). The ratio of Bcl-xL to both VDAC (left-hand axis) and Bax (right-hand axis) is shown
as a function of doxycycline concentration. (c) Growth of yeast cells containing Bax and TET-BCL-XL (GAL–BAX, TET-BCL-XL) in response to varying concentrations of galactose and doxycycline.
Growth of controls strains containing GAL–Bax and TET vector (GAL–BAX) and wild-type CML282 containing TET vector (control) are shown at the highest concentration of doxycyline. 5-fold serial
dilutions of cell suspensions were spotted on to plates containing the indicated concentrations of galactose and doxycycline, and growth was assessed after 3 days. (d) CML282/GAL-BAX cells were
co-transformed with pGAL-BAX and TET-BCL-XL plasmids. Extracts were prepared from cells following growth for 24 h in medium containing 2 % galactose. Expression of Bax was assessed on
immunoblots probed with antibodies directed to the HA epitope. Blots were also probed with antibodies directed to the yeast AAC2 protein. Lane 1, extracts from CML282/GAL-BAX cells harbouring
the pGAL-BAX plasmid. Lane 2, extracts from CML282/GAL-BAX cells harbouring vector alone. Quantification of the signals indicates that CML282/GAL-BAX cells harbouring the pGAL-BAX plasmid
express 3–4-fold-higher levels of Bax relative to CML282/GAL-BAX cells. (e) Growth of yeast cells containing Bax, TET-BCL-XL and pGAL-BAX (GAL–BAX, pGAL-BAX, TET-BCL-XL) in response
to medium containing 2 % galactose and various concentrations of doxycycline. Growth of control strains containing GAL–Bax, pGAL-BAX and TET vector (GAL–BAX, pGAL-BAX) and wild-type
CML282 containing GAL and TET vectors (control) is shown at the highest concentration of doxycycline. 5-fold serial dilutions of cell suspensions were spotted on to plates containing the indicated
concentrations of doxycycline, and growth was assessed after 3 days.

required to rescue cells as was observed in wild-type cells
(Figure 5c). Furthermore, quantitative immunoblotting as des-
cribed above indicated that the same level of Bcl-xL proteins
found to counteract the functional effects of Bax expression on
cell viability in wild-type cells is required to generate these effects
in �por cells (Figures 5b and 5c).

DISCUSSION

The means by which pro-apoptotic Bcl-2 family members pro-
mote the release of mitochondrial factors, which initiate PCD
processes, or by which anti-apoptotic family members block this
release, has been the subject of much conjecture and is still not
understood. We, and others, have examined the response of the
yeast, Saccharomyces cerevisiae, to the expression of proteins in
this family in order to address basic questions on the mechanisms
that underlie the action of Bcl-2 family members [32–37,48–
50]. These earlier studies demonstrate that Bcl-2 family members
are likely to act upon highly conserved mitochondrial components

in yeast that correspond directly to their apoptotic substrates in
mammalian cells, generating similar, if not identical, biochemical
and physiological responses.

Previous genetic studies utilizing the yeast system to examine
the function of Bcl-2 family members have often produced incon-
sistent results; e.g. alternately showing that yeast genes encoding
inner membrane adenine nucleotide transporters [49,51,52] and
the outer membrane channel VDAC [18,36,48,53] are required or
not required for the response of yeast cells to the expression of
pro-apoptotic Bcl-2 family members. In earlier studies, we have
demonstrated that the response of yeast to the expression of a
representative pro-apoptotic Bcl-2 family member, Bax, was not
dependent on a variety of genes encoding proteins (e.g. VDAC)
required for wild-type mitochondrial function. To extend these
studies, we have established a system in which the level of ex-
pression of both pro- and anti-apoptotic members of the Bcl-2
family can be regulated independently in a set of strains with
a common genetic background, eliminating genetic background
differences as a potential source of the inconsistent results
noted above. The strains used in this study contain HA-modified
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Figure 4 Subcellular localization of Bax and Bcl-xL

CML282/GAL-BAX cells harbouring TET-BCL-XL plasmid or TET vector were grown in media
containing 2 % galactose supplemented with 0.1 and 2 µg/ml doxycycline (doxy), converted
into spheroplasts, suspended in isotonic buffer, and homogenized. Homogenates were separ-
ated into soluble cytosolic and heavy-membrane fractions enriched in mitochondria by dif-
ferential centrifugation. Protein (50 µg) of each fraction was separated by SDS/PAGE (upper
panel). Mitochondrial fractions were subsequently subjected to extraction with 0.1 M sodium
carbonate, pH 11.5, and membranes were pelleted by centrifugation. Supernatants and pellets
generated from 50 µg of total mitochondrial protein were separated by SDS/PAGE. Immunoblots
were probed with antibodies directed to the HA epitope and Bcl-xL and yeast VDAC1.

versions of Bax, Bcl-xL and VDAC, allowing the level of expres-
sion of Bax and Bcl-xL to be regulated independently by the con-
centration of galactose or doxycycline present in the growth
medium, respectively, and functional responses directly compared
with quantitative assessment of the levels of individual Bcl-2
family members, relative to each other and to a common standard
in the OMM.

Quantitative immunoblotting using the common HA antibody
indicated that the minimum level of Bax required to kill cells (i.e.
as mediated by 0.1% galactose) was roughly 200-fold less that
the level of VDAC present in the OMM, demonstrating that the
functional effects of Bax expression do not require levels of Bax
equivalent to the levels of VDAC present in the OMM. Lower
levels of galactose (i.e. 0.05%) had negligible effects on yeast
viability despite low, yet significant, levels of Bax expression.
Expression of Bcl-xL as mediated by 0.1 µg/ml doxycycline was
sufficient to completely rescue cells from Bax-induced cell killing
at all levels of Bax expression. Indeed, following transformation
with plasmids that mediate even higher levels of expression of
Bax in response to galactose, the same level of Bcl-xL expression
(i.e. as mediated by 0.1 µg/ml doxycycline) was sufficient to
abrogate the effects of Bax expression on cell viability. Thus
the level of Bcl-xL required for rescue does not change even if
Bax levels are varied over a 30–40-fold range. These quantitative

Figure 5 Response of yeast lacking VDAC to variations in the level of Bax
and Bcl-xL

CML282/�por1 cells containing the GAL–Bax construct and harbouring the TET-BCL-XL
plasmid were cultivated in media containing varying concentrations of galactose and doxycycline.
Expression of Bcl-xL and Bax, and growth responses were assessed. (a) Extracts were prepared
from cells following growth for 24 h in medium containing 2 % galactose and the indicated con-
centrations of doxycycline. Expression of Bcl-xL and Bax was assessed on immunoblots probed
with antibodies directed to the HA epitope. (b) Quantification of signals on immunoblots by
procedures outlined in the Experimental and Results sections. The level of Bcl-xL relative to
Bax (right-hand axis) and to the level of VDAC expressed in the wild-type cells (left-hand axis)
is shown as a function of doxycycline concentration. (c) Growth of CML282/�por cells con-
taining GAL–Bax and TET-BCL-XL (GAL–BAX, TET-BCL-XL) in response to media containing the
indicated concentrations of galactose and doxycycline. Growth of control strains containing
GAL–Bax and TET vector (GAL–BAX) and CML282/�por1 cells containing TET vector (control)
is shown at the highest concentration of doxycyline. Serial dilutions (5-fold) of cell suspensions
were spotted.

results make it unlikely that heterodimerization of Bcl-xL with
Bax plays a role in the ability of Bcl-xL to rescue cells. Consistent
with this conclusion, expression of mutant Bcl-xL proteins unable
to heterodimerize with Bax [39] demonstrated that the levels of
mutant Bcl-xL required to rescue cells from Bax-mediated cell
killing was identical to that observed for wild-type Bcl-xL. These
results confirm a number of studies that have demonstrated that
the formation of inactive Bax/Bcl-xL heterodimers is likely not to
be the mechanistic basis for the ability of anti-apoptotic family
members like Bcl-xL to promote cell survival in response to PCD
signals in either yeast or mammalian cells [39,50].

To examine potential mechanisms that might underlie the
quantitative relationship between the levels of Bax and Bcl-xL
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and the consequent growth response of yeast, we assessed mito-
chondrial targeting and stability of integration in association with
mitochondrial membranes of both Bax and Bcl-xL. In the absence
of Bcl-xL, Bax is targeted preferentially to mitochondria, as has
been observed in previous studies [35,36,48], and virtually all ex-
pressed Bax is fully integrated into the mitochondrial membrane,
as indicated by resistance to alkali extraction; this form of Bax
is probably responsible for the cytotoxic effect in yeast. Bcl-xL is
also targeted preferentially to mitochondria, as it is in mamma-
lian cells [3], even on co-expression of Bax. Interestingly, a related
anti-apoptotic family member, Bcl-2, is distributed to a variety
of intracellular membranes in both mammalian cells and yeast
[3,54]. Similar to earlier observations [34], significant cytosolic
accumulation of Bax was observed when Bcl-xL was co-expressed
with Bax, at the lowest levels of Bcl-xL that completely rescue
cells. Even under these conditions, however, significant levels of
Bax protein (≈50%) were integrated into mitochondrial mem-
branes in an alkali-resistant manner. Although it is technically
difficult to make accurate quantitative conclusions from fraction-
ation and alkali-extraction data, it is likely that the amount of Bax
stably integrated into mitochondrial membranes on co-expression
of Bcl-xL was several-fold higher than the amount of total Bax
necessary for killing (e.g. on expression mediated by 0.1%
galactose). Since at this level, Bcl-xL fully maintains the viability
of cells expressing Bax (at any level), Bcl-xL not only inhibits the
association of Bax with mitochondrial membranes, resulting in
cytosolic displacement and the failure to stably integrate into these
membranes, but can also protect cells by preventing membrane-
integrated Bax from acting to produce cytotoxic effects. Further-
more, our results suggest that Bcl-xL does not mediate cell survival
through direct interaction with Bax itself, since the same amount
of Bcl-xL can protect cells regardless of the amount of Bax present.

Based on these data we propose a working model, in which Bax
and Bcl-xL share a common target in the OMM. This hypothetical
target preferentially associates with Bcl-xL. In the absence of Bcl-
xL, association of Bax with the target results in permeabilization
of membrane and cell death. When Bcl-xL is co-expressed, Bcl-xL

associates with the hypothetical target and prevents or blocks its
interaction with Bax. Under this scenario, occupation of a critical
proportion of these targets by Bax is required to alter growth
potential, since growth at low levels of galactose (e.g. 0.05%) has
little consequence on yeast cell viability. By extension, our results
would suggest that only when all or a majority of the critical targets
are occupied with Bcl-xL is the cell protected from the effects of
Bax, again when expressed at any level. Displacement of Bax from
mitochondria and the lower efficiency of its stable integration
into mitochondrial membranes may be the consequence of Bax’s
inability to access this target in the presence of Bcl-xL. A similar
phenomenon has been observed in the case of VDAC, since newly
imported VDAC is unable to stably integrate into OMMs in the
absence of pre-existing VDAC complexes [55].

Clearly, the identity of the components forming the target
defined in these studies is an important issue. Our results are
compatible with the notion that the mitochondrial target of these
Bcl-2 family members is formed by either a protein or complex
of proteins, or by specific mitochondrial lipids like cardiolipin
[56]. Models invoking association with a specific mitochondrial
protein would be consistent with the recent finding that Bax failed
to form oligomeric complexes in the membranes in the absence
of mitochondrial proteins [11], suggesting that the critical target
may, in part, be composed of proteins.

Of the possible mitochondrial targets that have been proposed
for the interaction with Bcl-2 family members, a number of
studies in both yeast and mammalian cells have implicated
direct interaction of VDAC as being required for Bax-mediated

toxicity or the ability of Bcl-xL to abrogate Bax-mediated effects
[23,25,26]. While the yeast genome contains two genes that
encode VDAC isoforms, POR1 and POR2 [45], previous charac-
terization of the proteins encoded by each gene has indicated that
the major functional VDAC present in the yeast OMM is encoded
by the POR1 gene [45,57]. Here we have used the system de-
veloped to carefully examine the sensitivity of yeast lacking the
POR1 gene to the expression of Bax and Bcl-xL. The results
confirm that VDAC is not required for the action of Bcl-2 family
members in yeast, nor does it determine the sensitivity of yeast to
the functional effects of the expression of these molecules. Thus
VDAC is probably not a component of the Bax/Bcl-xL target in
the OMM. Our results are also in contrast with previously pub-
lished work suggesting that yeast cells missing the POR1 gene
have a marginally increased sensitivity to Bax expression [58].
Finally, it is worth noting that VDAC has been demonstrated to
be dispensable for the formation of a novel Bax-dependent OMM
channel that has recently been characterized in yeast mitochondria
by patch-clamping [53].

Extension of these results to mammalian cells would predict
that, in the absence of a PCD signal, anti-apoptotic family mem-
bers residing in the OMM would preferentially associate with the
analogous mitochondrial target. Following a PCD signal, trans-
location of pro-apoptotic molecules like Bax to the mito-
chondrion, coupled with the action of BH3-only molecules on
both Bax and pro-apoptotic family members that normally reside
in the OMM, like Bak, lead to the effective association of
these molecules with this target. The conformational changes
associated with the activation of pro-apoptotic family members,
perhaps oligomerization [12,59–62], coupled with or driven by
their interaction with the target, would then initiate the release
of intermembrane-space components, like cytchrome c, and the
PCD cascade.

Experiments leading to the development of the model outlined
above would have been difficult to conduct in mammalian cells,
and point out the advantages of the yeast system for uncovering
basic mechanisms that underlie the function of proteins in the Bcl-
2 family. The goal of future studies will be to use the biochemical
and genetic approaches possible in this organism to test further
the implications of this model and to define the molecular nature
of the target suggested by our results.
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and critical reading of the manuscript. This work was supported by grants to M. F. from
the National Institutes of Health.
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