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The Bax Inhibitor-1 needs a functional electron transport chain
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Abstract Bax inhibitor-1 (BI-1) is an evolutionarily conserved
cell death suppresser in animals, yeast, and plants. In this study,
yeast strains carrying single-gene deletions were screened for
factors related to cell death suppression by Arabidopsis BI-1
(AtBI-1). Our screen identified mutants that failed to survive
Bax-induced lethality even with AtBI-1 coexpression (Bax
suppressor). The Acox16 strain was isolated as a BI-1-inactive
mutant; it was disrupted in a component of the mitochondrial
cytochrome ¢ oxidase. Other mutants defective in mitochondrial
electron transport showed a similar phenotype. ATP levels were
markedly decreased in all these mutants, suggesting that BI-1
requires normal electron transport activity to suppress cell death
in yeast.
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1. Introduction

Apoptosis, or programmed cell death, is a part of normal
development and homeostasis in metazoans. Apoptosis is co-
regulated by the conserved family of Bcl-2-related proteins,
which includes both anti-apoptotic (e.g., Bcl-2 and Bcl-xL)
and pro-apoptotic (e.g., Bax and Bak) members [1]. Bcl-2
family members function mainly at the mitochondria, and
are pivotal in deciding the fate of a cell.

In mammalian cells following a death signal, Bax translocates
to the mitochondria and promotes release of cytochrome ¢ from
the mitochondrial intermembranous space to the cytosol. This
cytochrome c is then available to associate with Apaf-1 follow-
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ing activation of caspases, a protease family that induces apop-
totic changes such as chromatin condensation and DNA
laddering. The Bcl-2 and caspase family are highly conserved
in the animal kingdom, but have no obvious homologues in
yeast or plant genomes. Nonetheless, expression of Bax in yeast
and plants causes cell death accompanying DNA laddering
[2,3]. Moreover, expression of anti-apoptotic Bcl-2-related pro-
teins, such as Bcl-2, Bel-xL, and Ced-9, repress Bax- and oxida-
tive stress-induced cell death in yeast and plants [4-6].

A human Bax inhibitor-1 (BI-1) gene was identified
originally as a suppresser of Bax-mediated lethality in yeast
[7]. Unlike Bcl-2 family members, BI-1 is an evolutionarily
conserved endoplasmic reticulum (ER) protein that suppresses
cell death in animal, yeast, and plant cells [8,9]. Arabidopsis BI-
1 homologue, AtBI-1, suppresses Bax- and H,O,-mediated cell
death in yeast, animals and plants [3,10,11]. AtBI-1 contains
six or seven potential transmembrane helices, and a highly con-
served C-terminal domain that contains a binding region for
calmodulin and is essential for the suppression of cell death
[11,12]. Expression of AtBI-1 is rapidly upregulated in plants
during wounding or pathogen challenge [13] and downregu-
lated during elicitor-induced hypersensitive response (HR)
[14]. These data indicated that BI-1 controls cell death mecha-
nisms conserved in animals, yeast, and plants, however, the
molecular machineries underlying these mechanisms remain
unclear.

Traditional genetic approaches were successfully applied in
yeast to identify possible apoptosis-regulating genes [7,15].
This study aimed to identify functional partners of BI-1 in Sac-
charomyces cerevisiae strains carrying single-gene deletions.
Yeast mutants coexpressing AtBI-1 and Bax were screened
systematically to reveal BI-1-inactive mutants, which do not
survive from Bax-induced lethality despite them coexpressing
BI-1. Isolated BI-1-inactive mutants demonstrated ATP-less
phenotype, suggesting possible involvement of ATP in the sur-
vival mechanism of AtBI-1.

2. Materials and methods

2.1. Yeast strains and transformation

S. cerevisiae single-gene disruption mutants were purchased
from EUROSCARF (http://web.uni-frankfurt.de/fbl5/mikro/euro-
scarf/index.html). Yeast strains were cultured in YPD (1% yeast extract,
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Table 1

Saccharomyces cerevisiae strains used in this study

Strain Systematic name Genotype

WT BY4741 MATa his3A1 leu2A0 met15A0 ura3A0

Andil YML120c MATa his3A1 leu2A0 met15A0 ura3A0 YMLI120c::kanM X4
Asdh2 YLLO41c MATa his3A1 leu2A0 met15A0 ura3A0 YLLO41c::kanMX4
Asdh4 YDR529¢ MATa his3A1 leu2A0 met15A0 ura3A0 YDR178w::kanMX4
Aqcer7 YDR178w MATa his3A1 leu2A0 met15A0 ura3A0 Aqer7::kanMX4
Aqcr6 YFRO033c MATa his3A1 leu2A0 met15A0 ura3A0 YDRS529c::kanM X4
Aqer8 YJL166w MATa his3A1 leu2A0 met15A0 ura3A0 YJL166w::kanMX4
Acyt2 YKLO087¢c MATa his3A1 leu2A0 met15A0 ura3A0 YALO39c::kanMX4
Acyc2 YORO037w MATa his3A1 leu2A0 met15A0 ura3A0 Acyc2::kanMX4
Acox5a YNLO52w MATa his3A1 leu2A0 met15A0 ura3A0 YORO037w::kanM X4
Acox6 YHRO51w MATa his3A1 leu2A0 met15A0 ura3A0 Acox6::kanMX4
Acox7 YMR256¢ MATa his3A1 leu2A0 met15A0 ura3A0 YHROS51w::kanMX4
Acox8 YLR395¢ MATa his3A1 leu2A0 met15A0 ura3A0 Acox8::kanMX4
Acox11 YPL132w MATa his3Al leu2A0 met15A0 ura3A0 YPL132w::kanMX4
Acox15 YJLO03w MATa his3A1 leu2A0 met15A0 ura3A0 YER141w::kanM X4
Acox16 YER 141w MATa his3A1 leu2A0 met15A0 ura3A0 YJLO03w::kanMX4
Acox18 YGRO062c MATa his3A1 leu2A0 met15A0 ura3A0 YGRO062¢c::kanM X4
Aatpl YBLO099w MATa his3A1 leu2A0 met15A0 ura3A0 YBL0O99w::kanM X4
Aatp2 YJIR121w MATa his3A1 leu2A0 met15A0 ura3A0 YJR121w::kanMX4
Aatpl5 YPL271w MATa his3A1 leu2A0 met15A0 ura3A0 YPL271w::kanMX4
Aatpl7 YDR377w MATa his3A1 leu2A0 met15A0 ura3A0 YDR377w::kanM X4

2% peptone, and 2% glucose), YPGal (2% galactose, 1% yeast extract,
and 2% peptone) or synthetic dextrose (SD) medium with appropriate
supplements at 30 °C. Yeast transformation was performed by the lith-
ium acetate method. Mutant genotypes used in this study are listed in
Table 1.

2.2. Plasmid construction

The expression vector pYX112-AtBI-1 has been described previ-
ously [16]. The pYX112-mBcl-2 vector was constructed by ligating
EcoRI-digested pYX112 (TPI-promoter, Ura-marked, 2-um replicon)
plasmid and EcoRI-tagged mouse Bcl-2 gene (a kind gift from Dr. Fuj-
ita, University of Tokyo, Japan). YEpS51-Bax was kindly provided by
Dr. J.C. Reed (The Burnham Institute, La Jolla, CA, USA). To obtain
expression vector NMV3-COX16, the coxI6 gene tagged with EcoRI
and Sall recognition sequences was amplified by the PCR method,
and then introduced into the EcoRI- and Sa/l-digested NMV3 expres-
sion vector (GALI0 promoter, Trp-marked; a kind gift from Dr. Nak-
ano and Dr. Matsuda, RIKEN, Japan).

2.3. Spot assay

Yeast cell suspensions grown in SD-glucose medium for 1 day were
adjusted to an ODgg of 0.1 or 0.2, and diluted to various concentra-
tions. Aliquots (5 pl) from each dilution were spotted onto SD—glucose
or SD-galactose medium containing appropriate supplements, and
incubated for 2 days (glucose medium) or 4 days (galactose medium)
at 30 °C.

2.4. RT-PCR

Yeast total RNA was extracted using the RNeasy plant miniprep
kit (Qiagen, Hilden, Germany). Two micrograms of this RNA consti-
tuted the template for RT-PCR using specific primers for AtBI-1
(5'-GGAATTCATGAGCATCCTTATCACTGCATT-3' and 5'-GG-
TACCTCAGTTTCTCCTTTTCTTCTTC-3’) and Bax (5-GGCAT-
GCTCAGCCCATCTTCTTCCAGAT-3" and 5'-CCTCGAGATGG-
ACGGGTCCGGGGAGCAG-3'). Direct amplification with Ready-
to Go RT-PCR Beads (Amersham Pharmacia Biotech Inc., Piscata-
way, NJ) was conducted with 1 cycle at 42 °C for 20 min and 1 cycle
at 95 °C for 5 min; then 35 cycles at 95 °C for 30 s and at 72 °C for
1 min.

2.5. Measurement of ATP content

Yeast strains were grown in YPD medium for 1 day then subjected
to ATP extraction using the LL100-2 kit (TOYO B-Net; Japan). An
ATP luminescence kit (LL100-1; TOYO B-Net; Japan) measured the
amount of ATP in yeast cells of the same OD.

3. Results

3.1. AtBI-1 does not inhibit Bax-induced cell death in Acox16
mutants

Yeast strains carrying single-gene deletions were used to
screen for genes related to BI-1 function. Each mutated gene
was disrupted by homologous recombination with the kanMX
marker conferring resistance to G418. We randomly selected
300 of the disrupted strains and transformed them with
YEp51-Bax, which produces Bax under control of the galact-
ose-inducible GALI0 promoter. The cells were further trans-
formed with pYX112-AtBI-1 (TPI promoter) and plated on
glucose-containing medium. Coexpression of anti-apoptotic
protein AtBI-1 from the constitutive TPI promoter abrogated
the effects of Bax on cell viability. Thus, cells harboring both
Yep51-Bax and pYX112-AtBI-1 survive on galactose-contain-
ing (Gal) medium [16]. To obtain AtBI-1-inactive mutants,
strains not recovered on Gal-medium, in spite of AtBI-1 coex-
pression, were isolated from the randomly selected yeast
mutants. Yeast colonies possessing Bax and AtBI-1 plated
on SD-glucose medium were replicated onto the SD—galactose
plates to induce Bax expression. After 2 days of incubation at
30 °C, strains showing inhibited growth on Gal-medium were
picked up from the replica plate on glucose medium.
Successive screening of ~300 strains isolated an AtBI-1-inac-
tive single-deletion mutant, Acox16. As shown in Fig. 1A,
the wild type (WT) strain possessing Bax and BI-1 showed
recovered growth on Gal-medium, whereas the Acox16 strain
failed to survive. For the complementation test, we constructed
the NMV3-COX16 plasmid, which expresses cox16 under con-
trol of the Gall promoter. On the Gal-medium, Acox16 strains
transformed with YEp51-Bax, pYX112-AtBI-1, and NMV3
(as a vector control; indicated as — cox16 in Fig. 1B) did
not grow, however, those transformed with YEp51-Bax,
pYX112-AtBI-1, and NMV3-COX16 showed recovered
growth (Fig. 1B).

AtBI-1 protein has been localized at ER membranes in yeast
and plant cells [3]. To confirm the presence of AtBI-1 protein
in the Acox16 mutants, pYX112-AtBI-GFP (AtBI-GFP) and
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