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INTRODUCTION

The Bcl-2 family of proteins, which includes Bcl-2, Bcl-XL, and Bax, serves
as regulators of cellular responses to diverse apoptotic stimuli. Bcl-2 and Bcl-XL
encourage cell survival without increasing the rate of cell proliferation, while Bax
promotes cell death. It is the ratio of Bcl-2 and Bcl-xL to Bax, rather that the
absolute concentrations that ultimately determines the cell's fate.

Bcl-2, Bcl-XL, and Bax are expressed in normal mammary epithelium, but
their expression changes in breast cancers. In one study, approximately 1/3 of
the patients sampled had reduced levels of Bax, which correlated with poor
response to therapy and a decreased time to tumor progression and shorter
overall survival. A correlation was also found between reduced Bax levels and a
reduced amount of Bcl-2 as well as a tendency for such tumors to exhibit
mutations in the p53 tumor suppressor, suggesting a global deregulation of
apoptotic control mechanisms. An understanding of the biochemical function of
these apoptotic regulatory proteins could lead to the development of novel
therapies for the treatment of breast cancer.

The amino acid sequences of the Bcl-2 family members have provided few
clues as to how these proteins might function biochemically to control apoptosis.
The 3-dimensional structure of the soluble form of Bcl-xL had just been
determined when this project was initiated three years ago. Its structure shows a
striking resemblance to that of the well-studied membrane-translocation domain
of diphtheria toxin and the pore-forming domains of the bactericidal colicins A
and El. The structural similarity between Bcl-xL and the pore-forming domains
of bacterial toxins suggests that the Bcl-2 family of proteins may regulate cell
survival through pore formation in organelle membranes. The resulting pores
may be able to regulate cell homeostasis by translocation of ions, proteins, or
both.

The in vitro pore-forming capability of Bcl-xL and Bcl-2 has been
demonstrated both by measurement of channel conductance in planar lipid
bilayers demonstrating protein-induced ion efflux from KCl-loaded lipid
vesicles. Optimal pore formation occurs at acidic pH, although pores are
observable in planar bilayer measurements at neutral pH. The most commonly
observed channel conductances of Bcl-xL and Bcl-2 are ~ 20 and - 40 pS,
respectively. Both channels prefer cations over anions. The pore-forming
activity is highly dependent on the presence of negatively charged lipids.
Recently, the channel-forming capability of Bax has been tested on KCl-loaded
lipid vesicles. Like Bcl-2 and Bcl-XL, Bax avidly forms pores at acidic pH.

With the goal of providing insight into the mechanisms of Bcl-2 family
proteins, the aims of this project were to address the following questions: (1)
what is the nature of the structural changes that must occur to convert Bcl-2 and
Bax from soluble to membrane-inserted proteins; (2) which regions of Bcl-2 and
Bax participate in pore formation; (3) what is the character of residues lining the
channel lumen and what are the relative sizes of the pores formed by Bcl-2 and
Bax?
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To attain these goals, we utilized membrane-protein biochemistry,
assaying Bcl-2 and Bax action on liposome vesicles and planar bilayers. Site-
directed mutagenesis was also used, creating Bcl-2-Bax hybrid proteins. We also
used biophysical techniques, including circular dichroism and fluorescence
spectroscopy of Bcl-2 in the presence of vesicles doped with fluorescence-
quenching moieties, and generated cysteine mutants for EPR spectroscopy
studies.

BODY

OBJECTIVES:

The originally proposed objectives were partially accomplished:

1. Analyze structural changes accompanying Bcl-2, Bcl-xL, and Bax membrane
insertion.

2. Analyze regions of Bcl-2, Bcl-XL, and Bax involved in pore-formation.
3. Characterize the pore diameter of Bcl-2 family proteins.

PROGRESS:

TECHNICAL OBJECTIVE #1

Analyze the structural changes accompanying membrane insertion by Bcl-2, Bcl-
XL, and Bax.

Task #1: Lipid binding assays.

This task was accomplished. The optimal lipid composition of membranes for
pore-formation by Bcl-2, Bcl-XL, Bax, and Bid was determined. Acidic
phospholipids such as phosphatidyl serine (PS) were found to be required.
Neutral lipids such as phosphatidyl choline (PE) did not support protein
insertion and pore-formation. These findings were published in (Schendel, et al.,
Proc Natl Acad Sci USA, 94:5113-5118, 1997; Matsuyama, et al., J Biol Chem,
273:30995-31001, 1998; and Schendel, et al., J Biol Chem, 274:21932-21936, 1999)

Task #2: Generation of single Tryptophan mutants.

A single tryptophan mutant of Bcl-xL was generated by PCR-based mutagenesis
techniques.

Task #3: Purification of single Tryptophan mutants.

The single Tryptophan mutant of Bcl-XL was expressed in E. coli and purified by
affinity chromotography.
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Task #4: Analyze fluorescence of single Typtophan mutants.

Fluorescence techniques were used to compare the single Tryptophan mutant of
Bcl-xL in the presence of unilammelar liposomes at neutral and acidic pH
conditions that control membrane insertion and pore-formation. The sensitivity
of the techniques proved to be inadequate for monitoring changes in the location
of the Tryptophan residue in aqueous versus membrane environments.

Task #5: Analysis of circular dichroism (ED) spectra of Bcl-2 and Bax in the
presence and absence of membranes.

This task was accomplished. We used CD to contrast the secondary structure of
Bcl-2, Bax, and Bid in the presence and absence of membranes at neutral (non-
inserted) and acidic (inserted) pH. The u.-helicity of these proteins was
preserved, indicating that membrane insertion involves a change in tertiary but
not secondary structure of Bcl-2 family proteins. These results were published
(Xie, et al., Biochemistry, 37:6410-6418, 1998; and Schendel, et al., J Biol Chem,
274:21932-21936, 1999).

Task #6: Molecular modeling of Bcl-xL for selection of cysteine residues for
mutagensis.

This task was accomplished. 3-dimensional models of Bcl-xL, Bcl-2, Bax, and Bid
were constructed using the Rasmol program.

Task #7: Generation of cysteine mutants of Bcl-xL.

This task was accomplished. Each of the seven cu-helicies of Bcl-XL was
individually mutated to insert a single cysteine. Figure 1 depicts the mutants
produced.

a l a2 a3 a4 ao5 a 6 a 7 TM

Asp11Cys •_Cysl51Ala
Asp95Cys
Cys151Ala

Serl07Cys
Cysl51Ala lal

GIul24Cys
Cysl51Ala s124 -aa4 51

ATal7lCys L_1
Cysl51Ala MW

Cys 171
Thrl9Oys
Cysl~lAa

Task #8: Purification of cysteine mutants.
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This task was accomplished. The seven mutants of Bcl-xL were expressed in E.
coli and affinity purified.

Task #9: Analysis of cysteine mutants.

We conjugated the flourescent compound BODYPI to the sulfhydryl groups of
the single cysteine Bcl-xL mutants. Unfortunately, the BODYPI reagent failed to
produce satisfactory results. The dynamic range of the fluorescence changes in
BODYPI, with and without addition of anti-BODYPI antibody, was too narrow
for producing reliable data. We hope to use these cysteine mutants in the future
for alternative approaches to addressing questions about which of the uc-helices
of Bcl-xL inserts into membranes.

TECHNICAL OBJECTIVE #2.

Task #1: Assay of Bcl-2 membrane insertion in bromated liposomes.

This task was not addressed.

Task #2: Generation and purification of cysteine mutants for EPR studies.

We delivered the seven cysteine mutants to our collaborator, Wayne Huebbel at
UCLA, for EPR analysis. Unfortunately, his laboratory failed to accomplish the
EPR analysis. We had no direct access to EPR instrumentation ourselves and
thus were unable to accomplish this task

TECHNICAL OBJECTIVE #3.

Task #1: Bcl-2 and Bax mutants devoid of charged residues in hydrophobic core
cc-helices.

This task was accomplished, we systematically removed polar residues in Bax
and then tested the bioactivity of these mutant proteins in both mammalian cells
and yeast. We found that polar residues are required for Bax-induced cell death
in yeast but not in mammalian (human) cells. In human cells, Bax has two
functions; one is related to its pore-forming function; the other is explained by its
ability to bind and control the function of other members of the Bcl-2 family. The
mutants of Bax that we generated displayed a gain of function phenotype with
respect to binding to antiapoptotic protein Bcl-XL. These findings were published
(Nouraini, et al., Mol Cell Biol, 20:1604-1615, 2000)

Task #2: Purification of chargeless mutants.

The apolar ("chargeless") mutants of Bax proved to be insoluble when produced
in E. coli, precluding purification. We attempted multiple alternative methods of
expressing these propteins in bacteria, but none were successful.
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Task #3: Analysis of chargeless mutants in planar bilayers.

We were unable to analyze the mutants due to protein insolubility. As an
alternative, we attempted to express the proteins in Xenopus oocytes and then
tried to patch-clamp mitochondria. Some preliminary data were obtained, but
the grant expired before we could complete these alternative studies. We hope
to return to these experiments when new personnel are available.

Task #4: Optimization of cyt-c encapsulating residues.

This task was accomplished

Task #5: Analysis of Bax and Bcl-2 activity on Cyt-c encapulated residues.

This task was accomplished. In unilamellar liposomes, neither Bcl-2 nor Bax
caused release of cytochrome c. These observations are consistent with recent
data suggesting that Bax collaborates with either VDAC (Voltage-dependent
anion channel) or ANT (Adenine nucleotide translocator) in forming pores that
control directly or indirectly the release of cytochrome c. Some of these data
were published in collaborative papers with Guido Kroemer's group, (Brenner,
et al., Oncogene 19:329, 2000).

PUBLICATIONS ATTRIBUTED TO THIS GRANT

A. MANUSCRIPTS:
1. Schendel, S.L., Xie, Z., Montal, M.O., Matsuyama, S., Montal, M. and Reed,

J.C.: Channel formation by anti-apoptotic protein, Bcl-2. Proc Natl Acad Sci
USA, 94:5113-5118, 1997.

2. Schendel SL, Azimov R, Pawlowski K, Godzik A, Kagan BL, Reed JC: Ion-
channel activity of the BH3 only Bcl-2 family member, BID. J. Biol. Chem.,
274:21932-21936, 1999.

3. Matsuyama, S., Schendel, S.L., Xie, Z.H., Reed, J.C.,: Cytoprotection by
Bcl-2 Requires the Pore-Forming a5 and a6FHelices. J. Biol. Chem. 273:
30995-31001, 1998.

4. Nouraini, S., Six, E., Matsuyama, S., Krajewski, S., Reed, J.C.: The putative
pore-forming domain of Bax regulates mitochondrial localization and
interaction with Bcl-X(L). Mol Cell Biol, 20:1604-15, 2000.

5. Brenner, C., Cadiou, H., Vieira, H.L., Zamzami, N., Marzo, I., Xie, Z.,
Leber, B., Andrews, D., Duclohier, H., Reed, J.C., Kroemer, G.: Bcl-2 and
Bax regulate the channel activity of the mitochondrial adenine nucleotide
translocator. Oncogene, 19:329-336, 2000.

B. ABSTRACTS:
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1. Xie, Z., Schendel, S.L., Zha, H., Aime-Sempe, C., Matsuyama, S., and Reed,
J.C.: pH modulates kinetics of Bcl-2 family protein interactions and their
asociation with membranes. Blood 90 (suppl. 1) 52a, 1997.

2. Matsuyama, S., Schendel, S.L., Xie, Z., Reed, J.C.: Cytoprotection by Bcl-2
requires the pore-forming 0S and a6 helices. Blood 92 (suppl. 1):373a, 1998.

3. Matsuyama, S., Schendel, S.L., Xie, Z., Reed, J.C.: Cytoprotection by Bcl-2
requires the pore-forming u5 and a6 helices. Proc. Am. Assc. Cancer Res.
40:628, 1999.

C. Generated plasmids encoding multiple mutants of Bcl-2, Bcl-xL, and Bax.
Several of these reagents are now available to other scientists at
www.sciencereagents.com.

KEY RESEARCH ACCOMPLISHMENTS
1. Demonstrated pore-forming activity of Bcl-2, Bax, and Bid proteins for first

time.
2. Demonstrated a role for pore-formation in some but not all aspects of Bcl-2

family function.

REPORTABLE OUTCOMES
1. Published five papers and three abstracts.
2. Generated multiple plasmid reagents which will serve as foundation for

future studies.

CONCLUSION
Alterations in the expression of Bcl-2 family proteins occur commonly in breast
cancers, including overexpression of anti-apoptotic protein Bcl-2 in - 70% and
Bcl-XL in - 35% of tumors, as well as loss of Bax expression in - 40% of breast
cancers. Defects in the expression of Bcl-2 family proteins are sometimes
associated with aggressive tumor behaviors, such as poor responses to
chemotherapy among breast cancers expressing Bcl-xL or with loss of Bax
expression. Understanding the mechanisms of Bcl-2 family proteins therefore is
important if strategies for restoring apoptosis sensitivity to breast cancers are to
be realized. The data generated as a result of this grant have contributed to an
improved understanding of molecular mechanisms of Bcl-2 family proteins,
suggesting novel ways of screening for drugs that might modulate the activities
of Bcl-2 family proteins and restore apoptosis competency to breast cancers.
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Appendices

Published Work Covered by the Generous Support
of DAMD17-98-1-8167
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The Putative Pore-Forming Domain of Bax Regulates
Mitochondrial Localization and Interaction with Bcl-XL

SHAHRZAD NOURAINI, EMMANUELLE SIXt SHIGEMI MATSUYAMA, STAINSLAW KRAJEWSKI,
AND JOHN C. REED*

The Burnham Institute, La Jolla, California 92037

Received 13 September 1999/Returned for modification 21 October 1999/Accepted 29 November 1999

Bax is a proapoptotic member of the Bcl-2 family of proteins which localizes to and uses mitochondria as its
major site of action. Bax normally resides in the cytoplasm and translocates to mitochondria in response to
apoptotic stimuli, and it promotes apoptosis in two ways: (i) by disrupting mitochondrial membrane barrier
function by formation of ion-permeable pores in mitochondrial membranes and (ii) by binding to antiapoptotic
Bcl-2 family proteins via its BH3 domain and inhibiting their functions. A hairpin pair of amphipathic
ct-helices (ot5-ce6) in Bax has been predicted to participate in membrane insertion and pore formation by Bax.
We mutagenized several charged residues in the at5-or6 domain of Bax, changing them to alanine. These
substitution mutants of Bax constitutively localized to mitochondria and displayed a gain-of-function pheno-
type when expressed in mammalian cells. Furthermore, substitution of 8 out of 10 charged residues in the
u5-ot6 domain of Bax resulted in a loss of cytotoxicity in yeast but a gain-of-function phenotype in mammalian
cells. The enhanced function of this Bax mutant was correlated with increased binding to Bcl-XL, through a
BH3-independent mechanism. These observations reveal new functions for the ot5-ot6 hairpin loop of Bax: (i)
regulation of mitochondrial targeting and (ii) modulation of binding to antiapoptotic Bcl-2 proteins.

Members of the Bcl-2 family are major regulators of apo- ot6) abrogates their ability to form ion-conducting pores in
ptosis and include both pro- and antiapoptotic proteins. Bax is vitro (23, 38), suggesting that this domain performs a similar
a proapoptotic Bel-2 family member which participates in the function in the Bcl-2 family.
induction of apoptosis in response to a variety of apoptotic The putative pore-forming ce-helices in Bcl-2 family proteins
signals (4, 15, 27, 31). Furthermore, overexpression of Bax are amphipathic. When inserted into membranes, the polar
induces apoptosis in many cells (31, 50). A number of bio- residues of the amphipathic ot-helices presumably line the
chemical functions have been defined for Bax, some of which aqueous channels of pores, and this would be expected to play
correlate with its proapoptotic activity, including (i) het- an important role in mediating the function of Bcl-2 family
erodimerization with the proapoptotic Bcl-2 proteins (9, 48, proteins in their capacity as pore-forming proteins. Alterna-
49), (ii) homodimerization (8, 19, 51), (iii) release of cyto- tively, since the ca5-a6 domain is involved in membrane inser-
chrome c from mitochondria (14), and (iv) disruption of the tion, the charged residues within this domain might participate
potential across the inner mitochondrial membrane (32, 47). in or regulate interactions of Bax with other proteins within
Recently, it has been shown that Bax functionally interacts with mitochondrial membranes. We therefore generated a series of
components of the mitochondrial inner membrane, the ade- alanine substitutions for charged residues within the ot5 and ea6
nine nucleotide transporter (ANT) (22), and the mitochondrial helices of Bax, evaluating the relevance of these polar residues
FoF, ATPase H' pump (24), as well as the outer membrane to the proapoptotic function of the Bax protein.
voltage-dependent anion channel (VDAC) (40).

The three-dimensional structures of the Bcl-2 family mem-
bers Bcl-XL and Bid have been determined, revealing striking MATERIALS AND METHODS
resemblance to the pore-forming domains of certain bacterial Plasmids. Bax mutants were constructed by the method of two-step PCR
toxins (2, 25, 35). Moreover, Bcl-2 and Bax can be readily mutagenesis (10), using a cDNA encoding the open reading frame of mouse Baxmodeled on the same X-ray crystallographic coordinates (36), (49). The final PCR products were cloned into EcoRI andAhoI sites of the pSKIImodeed n te sme -ra crstalogaphc cordnats (6), plasmid, and the entire mouse Bax open reading frame was sequenced. Subse-
suggesting that they also possess similar protein folds. This quently, wild-type (WT) and mutant Bax cDNAs were subcloned into the yeast
structural homology correlates with the ability of at least four expression plasmids pGilda (a gift of E. Golemis) and pEMBLGST (a gift of
members of the Bcl-2 family, Bcl-XL, Bcl-2, Bid, and Bax, to Elain Elion) as EcoRIIXhoI and Smal/HindlIl fragments, respectively. Bax is
form ion-conducting pores in synthetic lipid membranes in expressed as a fusion protein with an N-terminal LexA DNA-binding domainA and glutathione-S-transferase in the pGilda and pEMBELGST plasmids, respec-
vitro (1, 26, 37-39). A hairpin pair of oa-helices within the tively. For mammalian expression, the EcoRI/Xhol fragments of WT and mutant
pore-forming domains of bacterial toxins that share structural Bax cDNAs were subcloned into the EcoRI/lXhoI and EcoRl/Salt sites of HA-
similarity to Bcl-2 family proteins directly participates in mem- pcDNA3 and pEGFP-C2, respectively. Bax is expressed as a fusion protein
brane insertion, leading to the generation of voltage-depen- C-terminal to three contiguous HA tags and to green fluorescent protein (GFP)

in HA-pcDNA3 and pEGFP-C2, respectively.
dent ion-conducting channels (3, 28). Similarly, deletion of the Yeast studies. The yeast strains EGY48 and Brm-I were used for Bax-medi-
corresponding ce-helical hairpin in Bcl-2 and Bax (i.e., (x5 and ated cytotoxicity assays (24). Cells were transformed by the lithium acetate

method, using 1.0 pig of plasmid DNA and 1.0 ixg of sheared, denatured salmon
sperm (carrier) DNA. To test viability, transformant colonies were streaked on

* Corresponding author. Mailing address: The Burnham Institute, histidine-deficient (pGilda-based plasmids) or uracil-deficient (pEMBELGST-
10901 N. Torrey Pines Rd., La Jolla, CA 92037. Phone: (858) 646-3140. based plasmids) minimal medium containing either glucose or galactose as a

carbon source. The ability of the cells to grow in the presence of Bax expression
Fax: (858) 646-3194. E-mail: jreed@burnham-inst.org. (on galactose-containing medium) was monitored after incubation at 30'C for 4

t Present address: Institut Pasteur, URA 1773 CNRS, 75724 Paris to 5 days. For analysis of protein expression, transformants were grown in the
Cedex 15, France. appropriate liquid minimal medium containing glucose to an optical density at
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600 nm of 0.4 to 0.5. The cells were washed in H20 three times before incubation protease inhibitors). After a low-speed centrifugation to pellet whole cells and
in minimal medium containing galactose for 12 h. nuclei, the cell extract was divided into two portions, each of which was centri-

Cell culture, transfection, and mammalian-cell apoptosis assays. Cos-7 and fuged to obtain an HM fraction. One HM fraction was resuspended in a mito-
293T cells were cultured in Dulbecco's modified Eagle's medium supplemented chondrial resuspension buffer (120 mM mannitol, 70 mM sucrose, 1 mM EDTA,
with 10% fetal bovine serum, 1 mM L-glutamine (final concentration), and 1 mM EGTA, and 10 mM HEPES [pH 7.5]). The other HM preparation was
antibiotics. The transfection reagents Lipofectamine (Gibco BRL) and Superfect resuspended in the same volume of freshly prepared 0.1 M Na2 CO3 (pH 11.5).
(Qiagen) were used for transfection of Cos-7 and 293T cells, respectively. For Both HM fractions were incubated on ice for 30 min, followed by centrifugation
luciferase-based killing assays, 0.5 p.g of either pEGFP-C2 or GFP fusion plas- for 10 min at 170,000 × g in a Beckman airfuge. Mitochondrial pellets and
mids, along with 0.1 Rg of pGL3 control plasmid (Promega) containing the firefly supernatants were boiled in Laemmli sample solution, normalized for cell equiv-
luciferase gene, was used to transfect 5 x 10' Cos-7 cells in 12-well tissue culture alents, and separated in SDS-12% polyacrylamide gels. Protein was blotted onto
dishes. The transfectants were washed with phosphate-buffered saline and har- Immobilon-P nylon membranes and probed with a rat monoclonal anti-HA
vested using a luciferase assay system (Promega). Luciferase activity was mea- high-affinity antibody (Boehringer Mannheim), a mouse monoclonal antibody to
sured using a luminometer (MicroLumat LB96P; Wallac Inc., Gaithersburg, human mitochondrial Hsp60 (Santa Cruz), and a mouse monoclonal antibody
Md.). To test apoptotic activity in 293T cells, both floating and adherent cells (Molecular Probes) recognizing subunit II of human cytochrome c oxidase
were pooled, fixed in 3.7% paraformaldehyde, and subjected to staining with (COX-II).
4',6'-diamidino-2-phenylindole (DAPI) 6 to 18 h after transfection with 2.0 ýcg of
pcDNA3 or pEGFP-C2 plasmids encoding WT or mutant Bax. For transfections
with pcDNA3 constructs, 0.5 pig of pEGFP-N2 was included to identify trans- RESULTS
fected cells. In some transfections, zVAD-fmk (100 A.M) was added 2 h after
transfection, and apoptotic and cytotoxic activity was assessed by DAPI staining Cytotoxicity of Bax alanine substitution mutants in yeast.
and propidium iodide (PI) dye exclusion, respectively, 48 h posttransfection. To The putative pore-forming 05-c6 region of Bax is predicted to
test suppression of Bax activity by Bcl-XL, 0.5 pg of either WT or mutant GFP comprise a hairpin-pair of amphipathic cv-helices which con-
fusion plasmids was cotransfected with 1.5 Rg of either pcDNA3-Bcl-XL or tains 10 charged residues (Fig. 1). We systematically replaced
pcDNA3 into 293T cells. Cytotoxic and apoptotic assays were performed as

described above at 48 h posttransfection. these charged residues with alanine to investigate their signif-
Confocal microscopy. Cos-7 cells (104) in eight-chambered glass slides icance for the killing activity of Bax. Bax confers a lethal

(LabTek) were transfected with 0.25 Rg of either pEGFP-C2 or GFP-Bax (WT phenotype when ectopically expressed in the lower eukaryote
or mutant) fusion constructs using 0.75 p.l of Lipofectamine. The cells were
incubated with or without Staurosporine (STS) (1 p.M final concentration) for Saccharoryces cerevisiae, with characteristics similar to that
4 h, after which they were fixed with 2% paraformaldehyde. To test the local- imposed by Bax on mammalian cells, including induction of
ization of Bax in 293T cells, 6 x 10' cells were transfected with 2.0 Ag of the cytochrome c release from mitochondria and disruption of
above-mentioned plasmids and the cells were harvested 6 h posttransfection, mitochondrial membrane potential in a manner that is sup-
fixed with 2% paraformaldehyde, and mounted on a glass slide. The localization pressible by Bcl-2, Bcl-XL, and Mcl-1 (13, 21, 34, 50). It is
of GFP and GFP fusion proteins was monitored by confocal microscopy using a
Bio-Rad laser confocal microscope (MRC-1024). highly likely that the ability of Bax to kill yeast is related to its

Immunoblot and immunoprecipitation studies. For immunoblot assays involv- intrinsic activity as a pore-forming protein for two reasons: (i)
ing yeast, extracts were prepared by breaking the cells using glass beads in lysis yeast lacks Bcl-2 family proteins and (ii) deletion of the ce5-cX6
buffer (150 mM NaCI, 5 mM EDTA, 50 mM Tris [pH 7.4], 1% NP-40, and region of Bax abrogates its lethal effect in yeast (23). As such,
protease inhibitors). Aliquots containing 10 [tg of total protein were separated in
sodium dodecyl sulfate (SDS)-10% polyacrylamide gels, transferred to Immo- yeast provides a convenient readout system for understanding
bilon P nylon membranes, and incubated with a polyclonal rabbit anti-LexA structure-function relations within Bax protein which are rel-
antiserum (a gift of E. Golemis). Antigen was detected by incubation of the blots evant to its pore-like activity. Thus, we initially analyzed the
with horseradish peroxidase secondary antibodies followed by the Enhanced cytotoxic activity of the Bax mutants in the yeast S. cerevisiae
ChemiLuminescence detection kit (Amersham). For mammalian expression
studies, cells were lysed in radioimmunoprecipitation assay buffer (10 mM Tris strain EGY48. For these experiments, WvT and mutant ver-
[pH 7.4], 150 mM NaCI, 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS, 5 mM sions of Bax were expressed in yeast under the control of the
EDTA, and protease inhibitors). Aliquots of extracts containing 5 to 30 pAg of GALl promoter, which permits repression and induction of
total protein were analyzed by SDS-polyacrylamide gel electrophoresis immu- Bax protein expression, by plating cells on media containing
noblotting as described above. Antigen detection was accomplished using either
a polyclonal rabbit anti-mouse Bax (16) or a monoclonal antibody to GFP glucose or galactose, respectively. As shown in Fig. 2A, the
(Clonetech). cytotoxic activity of Bax is not compromised upon alanine

For immunoprecipitation experiments, Cos-7 cells (7.5 X 105/10-mm-diameter substitution for up to 7 of 10 charged residues within a 5 -ct6;
dish) were transfected with 5.0 pRg of FLAG-BcI-XL in pcDNA3 and 5.0 Pg of however, replacement of an additional charged residue
either pEGFP-C2 or GFP fusion Bax plasmids, using 30 i. of Lipofectamine.
zVAD-fmk was added to cultures 2 h posttransfection, and the cells were incu- (R109), leaving E131 and R147 as the only charged residues,
bated for a further 20 h. Cell extracts were prepared using an isotonic lysis buffer completely abrogated the killing activity of Bax in yeast. Single
(142.5 mM KCI, 1 mM EGTA, 5 mM MgCI2, 10 mM HEPES [pH 7.41, 0.2% substitution of tryptophan for the R109 residue did not lead to
NP-40, and protease inhibitors). Following preclearing of extracts with agarose- loss of Bax activity (not shown), suggesting a requirement for
GST, Bcl-XL complexes were immunoprecipitated using an anti-FLAG M2-
agarose affinity gel (Sigma). The immune complexes were denatured by boiling multiple substitutions in the putative pore-forming domain for
them in the presence of Laemmli sample buffer, and aliquots from each sample inactivation of the cytotoxic function of Bax in yeast. Measure-
were loaded into SDS-12% polyacrylamide gels. The presence of Bcl-XL and ment of protein expression by immunoblotting (Fig. 2B)
GFP-Bax (WT or mutant) complexes was monitored by immunoblotting using a showed that the loss of activity of the multiply substituted Bax
polyclonal anti-human Bcl-X1 (17) and a monoclonal anti-GFP antibody, respec-
tively. mutant was not due to instability of the mutant protein.

Subcellular fractionation. Cos-7 cells (3 x 10
5
/20-mm-diameter plate) were Neutralization of charged residues in the ox5-ot6 region of

transfected with 18 Rg of HA-pcDNA3 Bax (WT or mutant) along with 2 jag of Bax enhances apoptotic and cytotoxic activities. To further
pEGFP-C2 plasmid, using 60 pIl of Lipofectamine. zVAD-fmk (50 jAM) was evaluate the characteristics of Bax mutants, we first concen-
added to the cell cultures 2 h posttransfection, and the cells were incubated for trated on Bax mutants B and C, which remain active in yeast
a further 20 h. Then the cells were incubated in the presence or absence of STS
(1 jaM) for 4 h. Cell extracts were prepared in a hypotonic buffer (5 mM Tris-HCI and which, among the mutants tested, have the fewest substi-
[pH 7.4], 5 mM KCI, 1.5 mM MgCI2, and protease inhibitors), and fractionated tutions in the pore-forming domain. Although neutralization
as previously described (43). The heavy-membrane (HM) and light-membrane of charged residues in the ot5-cv6 domain did not inactivate the
(LM) fractions were boiled in 100 pl of Laemmli buffer. The soluble fraction was
mixed with one-third volume of a 4X-concentrated Laemmli solution and boiled. cytotoxicity of Bax in yeast, we considered the possibility that
Aliquots of fractions normalized for cell equivalents were separated on SDS- some of these residues in the cs5-ot6 helix might be required for
12% polyacrylamide gels and transferred to Immobilon nylon membranes. apoptosis in mammalian cells. For this reason, the apoptotic
Antigen detection was performed using a rat monoclonal antihemagglutinin activity of Bax mutants B (K119A and K123A) and C (K119A,
(anti-HA) high-affinity antibody (Boehringer Mannheim) and a rabbit polyclonal K12
anti-human Bcl-2 antiserum (27). For alkali extractions using HM mitochondri- 3A, D142A, R145A, and E146A) was compared with WT
on-enriched fractions, cell extracts were prepared in buffer A (20 mM HEPES Bax in transient-transfection assays in 293T and Cos-7 cells.
[pH 7.4], 10 mM KCI, 1.5 mM MgCI2, 1 mM EDTA, 1 mM dithiothreitol, and The Bax B and C mutants induced higher percentages of ap-
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FIG. 1. Diagram of mutations generated in Baa. (Top) Ribbon diagrams of the n5-nc6 helical hairpin of Baa. The hypothetical three-dimensional structure of Bax
was modeled, based on the coordinates available for Bcl-XL, using the Quanta software package (Molecular Simulations, San Diego, Calif.). The charged residues lining
the helical hairpin (residues N10l6 to 0153) are shown as ball-and-stick representations for WT Baa (A). To illustrate the mutagenic alterations (B to F), the
ball-and-stick representations for the residues replaced by alanine are omitted. (Bottom) Amino acid sequence of the n5-rs6 regions of WT and mutant Bax proteins.
Although the nt5-cn6 region contains a total of 10 charged residues, we have not considered R147, since it is present in the opposite side of all other charged residues.
Accordingly, the ball-and-stick representation of this residue is not depicted in the ribbon diagrams above. The letters on the left correspond to the panels above. The
dashes represent residues identical to those in sequence A.

optosis in 293T cells than did WT Bax (Fig. 3A). Similarly, the To investigate whether the increase in apoptotic activity of
B and C mutants of Bax were more potent than WI Bax at Bax mutants is also manifested in yeast, we tested the killing
inducing cell death in Cos-7 cells (Fig. 3B) when tested in a activity of the B and C Bax mutants in the yeast strain Brm-1
cytotoxicity assay that uses luciferase activity as an endpoint for (for Bax-resistant mutant 1), which, as we have shown previ-
determining relative numbers of surviving cells (45). Compar- ously, is resistant to the cytotoxic activity of WT Bax (24). In
ison of the steady-state levels of WT and mutant Bax proteins contrast to WT Bax, which was unable to kill the Brm-1 yeast
by immunoblot analysis of lysates prepared from 293T and strain, the gain-of-function Bax mutants were cytotoxic, pre-
Cos-7 transfectants revealed that the B and C mutant Bax venting the growth of Brm-1 cells on galactose-containing me-
proteins were generally present at slightly lower levels than dium, which induces production of these proteins (Fig. 3C).
WT Bax, excluding excessive production of mutants as an ex- Immunoblot analysis suggested that the enhanced activity of
planation for their apparent gain-of-function phenotypes. the B and C Bax mutants was not due to higher levels of



VOL. 20, 2000 NOVEL FUNCTIONS FOR Bax PORE-FORMING DOMAIN 1607

t Acourse of apoptosis induction was examined in cultures of 293TACont. A cells following transfection with plasmids encoding WYT Bax or
the B and C mutants of Bax. The GFP-encoding pEGFP-N2
plasmid was included in all the transfections to monitor trans-

Glucose fection efficiency. Although WT Bax induced a lower percent-
age of transfected cells to undergo apoptosis than did the
gain-of-function mutants at 6 h posttransfection, given suffi-_cient time, the apoptotic activity exhibited by WT Bax ap-

Galactose proached that of the B and C mutants (Fig. 5). Immunoblotting
experiments indicated that the faster kinetics of apoptosis in-
duction exhibited by the B and C mutants was not attributable
to accelerated production of these proteins in transfected cells
compared to WT Bax (Fig. 5, inset). Indeed, WT Bax protein

Cant. A B C D E F levels were consistently higher than those of Bax-B or Bax-CB proteins. This observation suggests that the gain-of-function
Bax mutants bypass a rate-limiting step required for Bax pro-

Bax '•- tein activation or function.
Bax mutants constitutively localize to mitochondria. Previ-

FIG. 2. Cytotoxic activity and expression of Bax mutants in yeast. (A) Yeast ously, it has been shown that Bax protein resides in the cytosol
strain EGY48 was transformed with 1.0 l.g of either the empty yeast expression of some types of cells, undergoing translocation to mitochon-
vector pGilda (Cont.) or pGilda containing WT Bax or the various Bax alanine
substitution mutants (the letters correspond to those in Fig. 1). Individual trans- drial membranes upon receiving an apoptotic stimulus (11, 12,
formant colonies were streaked on histidine-deficient (His-) medium containing 46). Since the only early rate-limiting step thus far identified in
glucose (Bax expression repressed) or His--galactose (Bax expression induced) the Bax pathway for apoptosis is the localization of Bax to
semisolid medium and incubated at 30°C for 4 days. (B) Immunoblot results are mitochondria, we used fluorescence microscopy to monitor the
shown for lysates (10 iLg) of yeast cells grown in His--galactose medium for 12 h.
The blot was incubated with anti-LexA antiserum, followed by enhanced chemi- subcellular localization of GFP-tagged WT and mutant Bax
luminescence-based detection. proteins. These experiments were performed using Cos-7 cells,

in which it has been reported that STS induces the transloca-
tion of Bax to mitochondria (11, 12, 46). As shown in Fig. 6A,
Bax displayed a uniform distribution in unstimulated Cos-7

protein production than WT Bax (not shown). We concluded, cells but localized to cytosolic organellar structures upon treat-
therefore, that the B and C mutants of Bax display a gain-of- ment with STS. In contrast, the B and C mutants of Bax
function phenotype in both mammalian cells and yeast. exhibited a punctate cellular distribution in both the presence

Cytotoxic activity of gain-of-function mutants of Bax is nul- and absence of STS (Fig. 6A [only mutant B is shown]). Two-
lified by BcI-XL but not by the caspase inhibitor zVAD-fmk. It color analysis using a mitochondrion-specific dye (Mitotracker
has been shown that the cytotoxic activity of Bax arises from C) confirmed colocalization of Bax to mitochondria following
two separable components which are caspase dependent and exposure to STS (not shown). We conclude, therefore, that the
independent (14, 47, 50), with the latter ascribed to the intrin- alanine substitutions in the hyperactive mutants B and C mod-
sic function of Bax as a pore-forming protein (reviewed in ify the subcellular distribution of these proteins, allowing con-
references 7 and 33). The intrinsic caspase-independent activ- stitutive mitochondrial localization.
ity of Bax can be monitored by culturing Bax-overexpressing Similar observations were made using 293T cells. In 293T
cells in the presence of the broad-spectrum caspase inhibitor cells, WNT Bax constitutively targets mitochondria when over-
zVAD-fmk. Accordingly, 293T cells were transiently trans- expressed by transient transfection without the necessity for
fected with plasmids encoding WT or mutant Bax proteins and additional apoptotic stimuli (50). By monitoring GFP-Bax lo-
then cultured in the presence or absence of zVAD-fmk. The calization in 293T cells at various times after transfection, we
percentages of apoptotic and dead cells were measured after observed that WNT GFP-Bax was diffusely distributed through-
48 h by DAPI staining and by PI dye exclusion assays, respec- out most cells at 6 h posttransfection (Fig. 6B, left), localizing
tively (43, 50). As shown in Fig. 4A, when tested in the absence to mitochondria only in apoptotic cells (Fig. 6B, right). In
of zVAD-fmk, WT Bax and the Bax B and C mutants induced contrast, the GFP-tagged Bax B and C mutants exhibited a
both apoptosis and cell death of transiently transfected 293T punctate distribution indicative of mitochondrial localization
cells, with the B and C mutants displaying enhanced cytotoxic in essentially all cells examined at 6 h posttransfection (Fig.
activity relative to that of WT Bax. In contrast, addition of 6B). Cotransfection of Bcl-XL did not alter the punctate dis-
zVAD-fmk almost completely prevented Bax-induced apopto- tribution of Bax mutants in 293T or Cos-7 cells (not shown) but
sis but did not block cell death induction. Moreover, the Bax B did prevent Bax-induced cell death.
and C mutants continued to exhibit enhanced cytotoxic activity To confirm that the punctate distribution of Bax mutants
relative to WIT Bax, even in the presence of zVAD-fmk (Fig. represents constitutive mitochondrial localization, we per-
4). In contrast to zVAD-fmk, which only suppressed Bax-in- formed subcellular-fractionation experiments using cell lysates
duced apoptosis but not cell death, Bcl-XL suppressed both from Cos-7 cells which had been transiently transfected with
apoptosis (nuclear fragmentation as revealed by DAPI stain- plasmids encoding HA-tagged WT Bax or Bax mutant B. The
ing) and cell death (PI dye uptake) induced by WT and mutant cells were cultured in the presence or absence of STS prior to
Bax proteins (Fig. 4B). These data argue that the enhanced preparation of soluble (cytosolic), LM, and HM fractions. As
cytotoxicity of the B and C mutants does not arise through shown in Fig. 7A, WT Bax was located predominantly in the
nonspecific mechanisms, since it is suppressible by Bcl-XL. soluble fractions of unstimulated Cos-7 cells, with a negligible

Gain-of-function Bax mutants induce apoptosis with accel- association with membrane fractions in the absence of STS. In
erated kinetics. To investigate whether the enhanced apoptotic contrast, in extracts prepared from STS-treated cells, WT Bax
activity of Bax mutants was due to a higher rate of apoptosis was clearly detected in both the LM and mitochondrion-en-
induction versus an absolute increase in potency, the time riched HM fractions. Although some of the mutant B and C
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FIG. 3. Bax mutants B and C display a gain-of-function phenotype in mammalian and yeast cells. (A) 293T cells were transfected with empty HA-pcDNA3 vector

(bar 1) or pcDNA3 encoding HA-tagged WT Bax (bar 2) or mutant Bax-B (bar 3) or Bax-C (bar 4) protein. The percentage of apoptotic cells (+ standard deviation
[SD]) was determined by DAPI staining at 8 h posttransfection. The inset shows an immunoblot analysis of the cells transfected with HA-pCDNA3 (lane 1) or plasmids
encoding WT Bax (lane 2) and mutant Bax-B (lane 3) and Bax-C (lane 4), detected with a polyclonal anti-mouse Bax antiserum. (B) Cos-7 cells were transfected with
0.1 l.g of the luciferase-encoding plasmid pGL3 control, along with either empty pEGFP-C2 (bar 1), pEGFP-C2-Bax WT (bar 2), pEGFP-C2-Bax mutant B (bar 3),
or pEGFP-C2-Bax mutant C (bar 4). The amount of luciferase activity measured for WT and mutant Bax was normalized to that obtained for pEGFP-C2 alone, taking
the latter as 100% activity. The results were then subtracted from 100% and plotted as percent inhibition. The data shown represent the averages of three different
experiments, each performed in duplicate (mean + SD). The inset shows expression of GFP-WT Bax (lane 2) or GFP-mutant Bax (lanes 3 and 4) proteins detected
with a monoclonal antibody to GFP. Lane 1 contains extract from cells transfected with empty vector. (C) The Bax-resistant yeast strain Brm-1 was transformed with
1.0 l.Lg of empty pEMBELGST vector, or pEMBELGST encoding WT Bax or Bax mutants B and C. Transformants were selected on Ura--glucose' medium, and
individual colonies were grown on Ura--glucose' medium (Bax expression repressed) or Ura--galactose+ medium (Bax expression induced) for 4 days at 4°C.

Bax protein was found in the soluble fraction, a considerable Bax-C gain-of-function mutant proteins constitutively target
proportion of the Bax-B (Fig. 7A) and Bax-C (not shown) and insert in membranes prior to any evidence of apoptosis or
localized to intracellular membranes, including mitochondria, stimulation with exogenous apoptosis-inducing agents.
in the absence of STS, unlike WT Bax. These observations thus As shown in Fig. 6, mutant Bax-B has a punctate localization
confirm the results obtained by confocal microscopy using throughout the cytoplasm in healthy cells, consistent with the
GFP-tagged proteins. Furthermore, the HM-associated Bax-B presence of both soluble and membrane-bound Bax-B protein
and Bax-C proteins were mostly membrane inserted, based on detected in subcellular fractionation experiments (Fig. 7A).
their resistance to extraction from membranes by alkali (Fig. However, in apoptotic cells, GFP-Bax-B becomes solely con-
7B and not shown). Examination of soluble (Hsp60) and inte- centrated on mitochondria such that the distributions of mu-
gral (COX-II) membrane mitochondrial proteins as controls tant and WT Bax become indistinguishable under these con-
verified successful use of the alkali extraction procedure for ditions (Fig. 6). It has been suggested that in response to
assessing the status of WT and mutant Bax proteins (Fig. 7B). apoptotic stimuli, a fraction of soluble Bax localizes to mito-
We conclude, therefore, that a large fraction of the Bax-B and chondria and the remaining soluble Bax is removed by prote-
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FIG. 5. Gain-of-function Bax mutants kill 293T cells with accelerated kinet-

1 0 25 ics. Plasmid HA-pcDNA3 (Vector) or HA-pcDNA3 encoding WT-Bax (Bax) or
Z 2A mutants Bax-B (B) and Bax-C (C) (2.0 [ig each) was transfected into 293T cells.

20 The percentages of apoptotic nuclei were scored 6, 12, and 18 h after transfection
(mean t standard deviation; n = 3). The inset is an immunoblot showing the
expression of WT and mutant Bax at 6 and 8 h after transfection, using a

" COL 15 polyclonal anti-mouse Bax antiserum.

S10

5 retained cytotoxic activity in yeast, we next turned our atten-
0 tion to the Bax-F mutant, which displayed a loss-of-function

Bax B C Cont Bax B C Cont phenotype in yeast (Fig. 2) and in which 8 out of 10 charged
residues in the c5-a6 domain of Bax had been neutralized. In

"-BcI-XL +BcI-X L contrast to the results obtained in yeast, when expressed by
transient transfection in 293T and Cos-7 cells, a GFP-tagged

FIG. 4. Inhibition of apoptotic and cytotoxic activity of WT and mutant Bax Bax-F mutant displayed a gain-of-function phenotype (Fig. 8)
by zVAD-fmk and Bcl-X 1 . (A) zVAD-fmk inhibits the apoptotic but not the
cytotoxic activity of WT and mutant Bax. Empty HA-pcDNA3 (Cont) or and constitutive localization to cellular membranes (not
pcDNA3 encoding HA-WT Bax, Bax-B, or Bax-C (2 pjg each) was transfected shown). Similar to Bax mutants B and C, Bax-F showed en-
into 293T cells, followed by culturing in the presence (+) or absence (-) of 100 hanced cytotoxic activity which was suppressed by Bcl-XL (not
piM zVAD-fmk. The percentages of apoptotic cells and dead cells were mea- shown) but not by zVAD-fmk (Fig. 8C).
sured by DAPI staining of the nuclei and cellular uptake of PI, respectively, 2
days posttransfection (mean + standard deviation [SD]; n = 3). (B) Bcl-XL Since the cytotoxic activity of Bax in yeast has been attrib-
inhibits both the apoptotic and cytotoxic activities of WT and mutant Bax. uted to the intrinsic pore-forming activity of Bax, we consid-
Control HA-pcDNA3 plasmid (Cont) or HA-pcDNA3 plasmids encoding WT ered the possibility that the gain-of-function phenotype of Bax
Bax or HA-Bax mutants (0.5 pjg), were transfected into 293T cells, with or mutant F in mammalian cells relates to its ability to bind
without 1.5 jig of pcDNA3-Bcl-XL. The cells were scored for apoptotic nuclei B
and cytotoxic cell death (means + SD) by DAPI staining of nuclei and uptake of antlapoptotic cl-2 family proteins which are not present in
PI, respectively, 2 days after transfection. yeast. To test this hypothesis, we made a combination mutant

(F+BH3) in which the F mutation was combined with an
alanine substitution for the D68 residue in the BH3 domain.
Previously, it has been shown that the BH3 domain is the

olysis (5). Thus, the difference in the cellular distributions of minimal region of Bax required for binding to antiapoptotic
GFP-Bax-B protein in healthy and apoptotic cells might be Bcl-2 proteins and that a D68A substitution greatly inhibits this
due to proteolysis of the fraction of Bax that remains soluble interaction (44, 49, 51). The apoptotic activity of the GFP-
after receipt of an apoptotic signal. Alternatively, the fraction tagged F+BH3 mutant was compared to that of GFP-tagged
of soluble Bax-B might undergo a conformational change and WT Bax, Bax-F, and Bax-D68A mutants by transient transfec-
translocate to mitochondria in apoptotic cells. Nevertheless, tion in 293T and Cos-7 cells.
the combined data presented in Fig. 6 and 7 indicate that, As shown in Fig. 8, the F+BH3 combination mutant exhib-
unlike WT Bax, a large fraction of mutant Bax-B protein con- ited reduced apoptotic and cytotoxic activity compared to the
stitutively localizes to mitochondria, correlating with a gain-of- F mutant in 293T and Cos-7 cells. This reduced activity was not
function phenotype. attributable to a change in cellular distribution (not shown) or

The mutant Bax-F reveals a dual function for the 5ot-a6 to impaired production of Bax-(F+BH3) protein, as deter-
domain. Having evaluated the effects of the Bax mutants (B mined by immunoblot analysis (Fig. 8). However, in both 293T
and C) which contained fewer alanine replacements and which and Cos-7 cells, the F+BH3 mutant retained some killing
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FIG. 7. Analysis of Bax mutants by subeellular fractionation and alkali extraction. Cos-7 cells were transfected with 18 l.Lg of pcDNA3 encoding HA-Bax or
HA-Bax-B, followed by incubation for 20 h. Then the transfectants were incubated for 4 h with or without STS. (A) Cell extracts were prepared and fractionated into
soluble (S), light-membrane (L), and HM (H) fractions. Aliquots from each fraction normalized to cell equivalents were monitored for the presence of transfected
HA-Bax (WT or mutant) and for endogenous Bcl-2 protein by immunoblot analysis using rat monoclonal anti-HA and polyclonal anti-human Bcl-2 antibodies,
respectively. (B) Mitochondrion-enriched HM pellets were resuspended in either Na 2CO 3 (pH 11.5) or mitochondrial isolation buffer (pH 7.4). After 30 min of
incubation on ice, the mitochondria were pelleted and resuspended in Laemmli sample buffer. Equal proportions of the mitochondrial supernatants (S) and pellets (P)
were analyzed by immunoblotting and probing for the presence of HA-Bax (WT or mutant), COX-II (inner membrane), or Hsp60 (matrix or soluble). +, present; -,
absent.

activity, despite disruption of its BH3 domain and neutraliza- Accordingly, the presence of charged residues in the a5-e6
tion of most charged residues in its a5-a6 region. region of Bax imposes certain restrictions on the membrane-

In an effort to probe the mechanism responsible for the inserted state of this protein. One of these is that energetic
enhanced function of the Bax-F mutant and the residual activ- barriers exist to attaining the membrane-inserted state, since
ity of the Bax-(F+BH3) mutant, we performed coimmunopre- polar residues must be driven into an apolar environment.
cipitation experiments exploring the association of these mu- Second, once inserted into the membrane, the charged resi-
tants with Bcl-XL. For these experiments, Cos-7 cells were dues, residing on one face of each of the amphipathic n-helices
transiently transfected with plasmids encoding GFP, GFP-Bax, in the 65-a6 domain, must be somehow shielded from the lipid
GFP-Bax-F, GFP-Bax-BH3, or GFP-Bax-(F+BH3), along bilayer. The most straightforward mechanism for accomplish-
with FLAG-tagged Bcl-XL. Immunoprecipitations were then ing this shielding is by directing the polar face of the mem-
performed with anti-FLAG antibody, and the resulting im- brane-inserted a-helices towards the aqueous lumen of a chan-
mune complexes were analyzed for associated Bax protein by nel and having two or more Bax molecules collaborate by
SDS-polyacrylamide gel electrophoresis immunoblotting. As contributing pairs of a-helices that can form a ring around this
shown in Fig. 9, the BH3 domain D68A mutation greatly re- lumen (reviewed in references 28 and 36). Presumably, this
duced the interaction of Bax with Bcl-XL (compare lanes 2 and highly charged aqueous lumen would participate in the chan-
3), as previously reported (51). However, when examined in nel formation and cytotoxicity of Bax by allowing passage of
combination with the F mutations, the BH3 domain D68A ions through the membrane. We predicted, therefore, that
mutation only partially reduced interaction with Bcl-XL, com- neutralizing charged residues in the a5-ot6 region of Bax
pared to WT Bax (Fig. 9, lane 5). Moreover, the Bax mutant F should make it easier for the protein to attain a membrane-
displayed enhanced interaction with Bcl-XL compared to that inserted state but also might impair its ability to form ion-
of WT Bax (Fig. 9, compare lanes 2 and 4). These observationsmuoations permeable cytotoxic channels. The systematic alanine substi-correlate with the inability of the BH3 domain D68A mutation tutions reported here support these concepts but also reveal
to completely abolish the apoptotic activity of Bax when com- prebine wit th n5-x6 m tan F a d p ovid an xpl nati n f r eviously unidentified functions for the ce5-ae6 helical hairpinbined with the 05-u6 mutant F and provide an explanation for of Bax.
the gain-of-function phenotype of mutant F, despite its lack of of Bax.cytotoxic activity in yeast. •5-oi6 helical hairpin of Bax as regulator of membrane

insertion. We have shown that neutralization of as little as two
charges in the u5 helix of Bax allows the protein to localize to

DISCUSSION cellular membranes, including mitochondria. Mitochondria
The e5-a6 helical hairpin of Bax has been implicated in the represent a major site of action of BcI-2 family proteins. Al-

formation of ion-conducting channels in cellular membranes, though the antiapoptotic proteins Bcl-2 and BcI-XL are pre-
by analogy to prior work performed with structurally similar dominantly localized to mitochondria and other cellular mem-
bacterial toxins (3, 23). The analogous a-helices of colicins branes (46), the proapoptotic protein Bax is normally cytosolic
have been shown to insert into membranes, based on electron and migrates to the mitochondria in response to undefined
paramagnetic resonance and fluorescence probe studies (3). apoptotic signals (11, 20, 46). Previous mutational analysis,
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FIG. 8. Apoptotic and cytotoxic activity of Mutant Bax F in mammalian cells. (A and B) Mutant Bax F displays a gain-of-function phenotype in mammalian cells.

Plasmids encoding GFP-tagged WT, mutant F, mutant F+BH3, or mutant BI-13 (D68A) Bax were transfected into 293T (A) and Cos-7 (B) cells and assayed for
apoptosis 5 (A) and 16 (B) h posttransfection, respectively. Protein expression was tested in 293T cells (A, bottom) using either 5 (lanes 1, 3, 5, and 7) or 10 (lanes

2, 4, 6, and 8) ig of protein from extracts of cells transfected with plasmids encoding GFP-Bax (lanes 1 and 2), GFP-F (lanes 3 and 4), GFP-(F+BH3) (lanes 5 and

6), or GFP-BH3 (lanes 7 and 8). For measurement of protein expression in Cos-7 cells (B, bottom), 10 ltg of proteins from cells expressing GFP-Bax (lane 1), GFP-F

(lane 2), GFP-(F+BH3) (lane 3), or GFP-BH3 (lane 4) was analyzed. Antigen detection for both 293T and Cos-7 extracts was accomplished using monoclonal anti-GFP

antibody. (C) zVAD-fmk inhibits the apoptotic, but not the cytotoxic, activity of mutant F. Plasmid DNA was transfected into 293T cells, and zVAD-fmk (100 RM)
was added to the cell culture medium 2 h posttransfection. Apoptosis and cytotoxicity were measured by DAPI staining and PI dye exclusion assays, respectively, 48 h
posttransfection. The error bars indicate standard deviation. +, present; -, absent.
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1 2 3 4 5 proteins. Since mutant F constitutively localizes to mitochon-
dria but lacks lethal activity in yeast, we predict that this pro-

x-GFP I wtein is defective in channel activity and/or interaction with
I P other mitochondrial channel proteins. Despite substantial ef-

cx-BcI-XL I fort, we have been unable to produce any of the Bax mutants
as recombinant proteins suitable for direct measurement of

c-GFP I 4W channel activity, precluding the determination of the precise

_---_______-______ _ - -Lusate biochemical activities that are responsible for the gain-of-func-
cx-Bc-X, Ition phenotype of mutants B and C and the loss-of-function

phenotype of mutant F in yeast.
FIG. 9. The gain-of-function phenotype of Bax mutant F correlates with The a5-a6 region of Bax as a regulator of interactions with

increased binding to Bcl-XL. Cos-7 cells were transfected with pcDNA3 encoding Bcl-XL. Previous studies have suggested that Bax has two
FLAG-tagged Bcl-XL, along with plasmids encoding GFP (lane 1) or GFP
fusions of WT Bax (lane 2) or Bax mutant F (lane 4), F+BH3 (lane 5), or BH3 mechanisms for killing mammalian cells: one linked to its in-
(lane 3). Cell extracts were subjected to immunoprecipitation with a monoclonal trinsic function as a channel-forming or membrane-inserted
antibody to the FLAG epitope. The immune complexes and 1/40 of the extract protein mediated by its a5-a6 region and the other attributable
used for coimmunoprecipitations were analyzed by immunoblotting, using a to its ability to dimerize with proapoptotic Bcl-2 family pro-
monoclonal antibody to GFP and a polyclonal anti-human Bcl-XL antiserum. IP,
immunoprecipitate. teins through its BH3 domain, nullifying their cell survival

functions (44, 47, 49). Thus, ablating either of these mecha-
nisms individually through mutagenesis of the Bax protein is
insufficient to abolish its proapoptotic function in mammalian

aimed at determining the regulatory event(s) leading to mito- cells. Despite lacking activity in yeast-killing assays, mutant
chondrial localization of Bax, have concentrated on the C- Bax F, in which 8 of 10 charged residues in a5-a6 were neu-
terminal hydrophobic domain (TM domain) of this protein (6, tralized, displayed a gain-of-function phenotype in mammalian
30). The results of these studies suggest that an interaction cells. Inasmuch as the Bax-F mutant would be expected to lack
between the TM domain and the N-terminal first 20 amino intrinsic pore-forming activity, we presumed that the ability of
acids of Bax prevents Bax from localizing to mitochondria and Bax-F to kill mammalian cells but not yeast reflected the BH3-
that a conformational change disrupts this interaction, leading dependent mechanism of killing by Bax. However, when the
to mitochondrial targeting and membrane insertion (6, 30). BH3 domain in Bax-F was mutated (D68A) in a way previously
The work presented here implicates the charged residues in shown to greatly reduce interactions of the WT Bax protein
the a5 helix of Bax as additional determinants of mitochon- with Bcl-2 and Bcl-XL (51), the resulting Bax-(F+BH3) mu-
drial localization. Since the K119A and K123A substitutions in tant protein still retained substantial apoptotic activity. Our
the a5 helix of Bax resulted in mitochondrial localization of a attempts to explore the basis for retention of activity by the
large fraction of mutant B and led to enhanced apoptotic Bax-(F+BH3) protein have revealed that it retains the ability
activity, we suggest that either or both of the positively charged to associate with BcI-XL in coimmunoprecipitation assays.
residues K1 19 and K123 are required for maintaining Bax in an Thus, whereas the BH3 mutation (D68A) greatly reduces bind-
aqueous-soluble state. Similar mutational analysis of the mem- ing to Bcl-XL within the context of the otherwise WT Bax
brane insertion a-helical hairpin of diphtheria toxin has shown protein (51), it does not prevent association with Bcl-XL within
that substitution of positively charged residues for acidic resi- the context of the Bax-F protein. Moreover, the Bax-F protein
dues in the loop connecting the two a-helices in this domain displayed enhanced association with Bcl-XL compared to that
(a-helices 8 and 9) blocks membrane insertion (41). This sug- of WNT Bax, suggesting that alanine substitution neutralization
gests that the presence of positively charged residues is in- of charged residues in the 05-a6 region of Bax facilitates its
hibitory for membrane insertion and is consistent with the interaction with antiapoptotic Bcl-2 family proteins.
previously documented energetic unfavorability of inserting The reasons for the apparently enhanced interaction of
positively charged residues into membranes (18). Interestingly, Bax-F with Bcl-XL remain to be elucidated. One possibility is
previous studies have shown that enforced dimerization of Bax that the superior membrane-inserting ability of Bax-F com-
leads to mitochondrial localization and apoptosis in the ab- pared to WT Bax allows it to more fully expose the amphi-
sence of external apoptotic stimuli (8, 44). Conceivably, there- pathic face of its BH3 domain, which has been shown to be
fore, Bax homodimerization might additionally promote mem- involved in dimerizing with antiapoptotic Bcl-2 family proteins.
brane insertion by masking positive charges within the a5-a6 Accordingly, perhaps the D68A mutation within the BH3 do-
domain, main is no longer an impediment to BH3-mediated dimeriza-

The a5-a6 helical hairpin as regulator of intrinsic cytotoxic tion in this setting. Alternatively, recent chemical cross-linking
activity of Bax. The cytotoxic activity of Bax in yeast has been studies and other investigations have suggested that mem-
attributed to the intrinsic pore-forming capacity of Bax, based brane-inserted Bax and Bcl-2 or Bcl-XL may physically interact
on the observation that deletion of the 05-a6 region nullifies in membranes in a BH3-independent fashion (44). By favoring
the ability of Bax to induce cell death in yeast (23) and due to membrane insertion, therefore, it is possible that the neutral-
the absence of Bcl-2 homologues in yeast (reviewed in refer- izing alanine substitution mutations in the a5-a6 region of the
ences 7 and 33). Furthermore, it has recently been shown that Bax-F protein enhance this BH3-independent association of
Bax functionally interacts with other evolutionarily conserved Bax with antiapoptotic proteins, such as Bcl-XL, affording the
channel proteins resident in mitochondrial membranes, such as protein a gain-of-function phenotype. This putative enhanced
VDAC, ANT, and the FoF, ATPase proton pump, in both interaction of the membrane-inserted forms of Bax and Bcl-XL
yeast and mammalian cells (22, 24, 29, 42). Bax mutants B and hypothetically could abrogate or modify the intrinsic channel
C, which largely localize to mitochondria, display gain-of-func- activity of the Bcl-XL protein (44) or could improve the ability
tion phenotypes in both mammalian cells and the Bax-resistant of Bax to compete with Bcl-XL for interactions with other
mutant yeast strain Brm-1. Thus, we hypothesize that en- proteins in mitochondrial membranes, such as VDAC or ANT
hanced membrane insertion facilitates channel formation or (22, 29, 42). Further investigations are required to distinguish
interaction with the above-mentioned mitochondrial channel among these possible explanations for the data presented here
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and to further delineate the mechanisms of the Bax protein 19. Lewis, S., S. Bethel], S. Patel, J.-C. Martinou, and B. Antonsson. 1998.

function. Purification and biochemical properties of soluble recombinant human Bax.
Protein Expr. Purif. 13:120-126.

Conclusions. The results reported here support prior sug- 20. Li, H., H. Zhu, C. Xu, and J. Yuan. 1998. Cleavage of BID by caspase 8
gestions that the Bax protein has a dual mechanism of action: mediates the mitochondrial damage in the Fas pathway of apoptosis. Cell

(i) formation of pores in cellular membranes, attributed to the 94:491-501.
putative pore-forming a5-a(6 region, and (ii) heterodimeriza- 21. Manon, S., B. Chaudhuri, and M. Bu6rin. 1997. Release of cytochrome c and

decrease of cytochrome c oxidase in Bax-expressing yeast cells, and preven-
tion with antiapoptotic Bcl-2 family members through the 113 tion of these effects by coexpression of Bcl-XL. FEBS Lett. 415:29-32.
domain of Bax. Our results, however, also suggest that the 22. Marzo, I., C. Brenner, N. Zamzami, J. M. Jurgensmeier, S. A. Susin, H. L. A.

ot5-ce6 domain participates in or regulates interactions of Bax Vieira, M.-C. Prevost, Z. Xie, S. Matsuyama, J. C. Reed, and G. Kroemer.

with antiapoptotic Bcl-2 family proteins, such as Bcl-XL, and 1998. Bax and adenine nucleotide translocator cooperate in the mitochon-
drial control of apoptosis. Science 281:2027-2031.that it influences mitochondrial targeting. It remains to be 23. Matsuyama, S., S. Schendel, Z. Xie, and J. Reed. 1998. Cytoprotection by

determined whether the ce5-ce6 domain of Bax participates Bcl-2 requires the pore-forming a5 and a6 helices. J. Biol. Chem. 273:30995-

directly in interaction of the membrane-inserted Bax protein 31001.
with other integral membrane proteins, such as components of 24. Matsuyama, S., Q. Xu, J. Velours, and J. C. Reed. 1998. The mitochondrial
the mitochondrial permeability transition pore complex. FOF1-ATPase proton pump is required for function of proapoptotic protein

Bax in yeast and mammalian cells. Mol. Cell 1:327-336.
25. McDonnell, J., D. Fushman, C. Milliman, S. Korsmeyer, and D. Cowburn.
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Bcl-2 and Bax regulate the channel activity of the mitochondrial adenine
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Bcl-2 family protein including anti-apoptotic (Bcl-2) or ability, culminating in the release of apoptogenic
pro-apoptotic (Bax) members can form ion channels factors such as cytochrome c, mitochondrial pro-
when incorporated into synthetic lipid bilayers. This caspases, and apoptosis-inducing factor (AIF) from
contrasts with the observation that Bcl-2 stabilizes the the mitochondrial intermembrane space (Liu et al.,
mitochondrial membrane barrier function and inhibits the 1996; Mancini et al., 1998; Susin et al., 1999b,c;
permeability transition pore complex (PTPC). Here we Zamzami et al., 1996). Changes in the flux of ions and
provide experimental data which may explain this water across the inner mitochondrial membrane
apparent paradox. Bax and adenine nucleotide translo- characterize the early phase of apoptosis, during
cator (ANT), the most abundant inner mitochondrial which an increase in matrix volume may precede a
membrane protein, can interact in artificial lipid bilayers collapse of the inner transmembrane potential (AT.)
to yield an efficient composite channel whose electro- (Green and Reed, 1998; Kroemer et al., 1998; vander
physiological properties differ quantitatively and qualita- Heiden et al., 1997). These changes are suppressed by
tively from the channels formed by Bax or ANT alone. Bcl-2/Bcl-XL, facilitated by Bax, and mediated at least
The formation of this composite channel can be observed in part by the so-called permeability transition pore
in conditions in which Bax protein alone has no complex (PTPC). The PTPC is a two-membrane
detectable channel activity. Cooperative channel forma- spanning polyprotein complex containing one of the
tion by Bax and ANT is stimulated by the ANT ligand most abundant inner transmembrane proteins, the
atractyloside (Atr) but inhibited by ATP, indicating that adenine nucleotide translocator (ANT, also called
it depends on the conformation of ANT. In contrast to ATP/ADP carrier), the most abundant outer mem-
the combination of Bax and ANT, ANT does not form brane protein, voltage-dependent anion channel
active channels when incorporated into membranes with (VDAC, also called porin), cyclophilin D (a soluble
Bcl-2. Rather, ANT and Bcl-2 exhibit mutual inhibition matrix protein), and members of the Bcl-2 family
of channel formation. Bcl-2 prevents channel formation including Bax, Bcl-2 and Bcl-XL (Crompton et al.,
by Atr-treated ANT and neutralizes the cooperation 1998; Marzo et al., 1998a,b; Narita et al., 1998;
between Bax and ANT. Our data are compatible with a Woodfield et al., 1998). Thus, Bcl-2-like oncoproteins
mdnage d trois model of mitochondrial apoptosis and Bax-like tumour suppressors can interact with
regulation in which ANT, the likely pore forming protein sessile mitochondrial proteins involved in the traffick-
within the PTPC, interacts with Bax or Bcl-2 which ing of intermediate metabolites, in particular in the
influence its pore forming potential in opposing manners. exchange of ATP and ADP between the matrix and the
Oncogene (2000) 19, 329-336. cytosol (Marzo et al., 1998a,b; Narita et al., 1998).

Bax and Bcl-2 influence the molecular device
Keywords: anti-oncogene; mitochondrial transmem- determining apoptosis resistance or susceptibility (the
brane potential; oncogene; permeability transition; 'apostat'), at least in part by direct effects on the PTPC
planar lipid bilayer (Kroemer, 1997; Marzo et al., 1998a,b; Narita et al.,

1998; Shimizu et al., 1998; Zamzami et al., 1996). In
isolated mitochondria as well as in purified PTPC
reconstituted in liposomes, Bcl-2 can completely

Introduction prevent the membrane permeabilizing effect of
atractyloside (Atr) (Marzo et al., 1998b; Shimizu et

It has recently been recognized that a critical event al., 1998; Zamzami et al., 1996), a specific ANT ligand
leading to apoptosis induced in many cell death stimuli whose conformational effects may mimic those
involves a change in mitochondrial membrane perme- mediated by perturbed ADP/ATP gradients (vander

Heiden et al., 1997). In contrast, Bax is required for
*Correspondence: G Kroemer, 19 rue Guy M6quet, B.P. 8, F-94801, Atr to permeabilize the membranes of purified
Villejuif, France mitochondria, and recombinant Bax protein can
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14 October 1999 responsive channel in artificial membranes (Marzo et
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al., 1998a). Although proteins from the Bcl-2/Bax
family have been originally thought to be confined to
the outer membrane, recent data indicate that they are A Vector +Co. Vector +Ar. B
enriched in the inner/outer membrane contact site 100, EWT
(where the PTPC is expected to form) (Krajewski et al., 13 vector
1994) and that they can insert into the inner 0
mitochondrial membrane, in a reaction which depends I I
on the conformation of the ANT/cyclophilin D 060
complex (Marzo et al., 1998a). . 40

Bcl-2, Bcl-XL, and Bax have been reported to form ActA-BcI-2+Atr. CbS-Bt 2+Atr..
ion channels when incorporated into artificial mem- - 2
branes (Antonsson et al., 1997; Minn et al., 1997;

Schendel et al., 1997; Schlesinger et al., 1997). The 0 o A
channels formed by Bcl-XL and Bcl-2 have several -E. -Atr"
levels of conductance (80, 130, 180, 280 pS for Bcl-XL;
20, 40, 90 pS and up to 1.9 nS for Bcl-2) and exhibit
mild K' selectivity (Minn et al., 1997; Schendel et al., Figure 1 Differential effect of mitochondrial or extramitochon-
1997; Schlesinger et al., 1997). In contrast, Bax drial Bcl-2 overexpression on apoptosis induced by the ANT
demonstrates mild CI- specificity. Its conductance ligand Atr. Rat-1 cell transfected with a control vector or cells
may raise from values of 26, 80, 180, and 250 pS to expressing Bcl-2 either in mitochondria (actA-Bcl-2 fusionmaxraimu from l velus of 1.526, nS , (Atonsson eta.1997 protein) or in the endoplasmic reticulum plus nucleus (cb5-Bcl-2
maximum levels of 1.5-2 nS (Antonsson et al., 1997; fusion protein) were microinjected with buffer only (control) or
Schlesinger et al., 1997). Purified ANT, which normally Atr. Two hours after microinjection of Atr, cells were stained
is a strict ADP/ATP antiporter, forms channels in with the A.m-sensitivc dye CMXRos and the DNA-intcrcalating
response to Ca2- in the range of 300-600 pS dye Hoechst 33342. Representative cells are shown on the left and
(Brustovetsky and Klingenberg, 1996). the frequency of cells having undergone nuclear apoptosis after

injection of buffer only, Atr, or cytochrome c is shown on the
How ANT, Bcl-2 and Bax differentially regulate right. At least 200 cells were injected for each data point

mitochondrial membrane permeabilization in intact (mean±s.d., n=3)
organelles (ANT and Bax as facilitators, Bcl-2 as an
inhibitor) is unclear, given that they all can act on
artificial membranes to increase their permeability.
Intrigued by this paradox, we decided to evaluate 100- El Co.
possible cooperative effects between ANT, Bax and M " 0ANT-
Bcl-2 in artificial membranes, comparing the electro- 80 S
physiological properties of these proteins in pairwise I.a
combinations (ANT-Bax or ANT-Bcl-2) with each of P 60-
the proteins alone. Our data indicate that Bax
increases the capacity of ANT to form active 40-

channels with Atr, whereas Bcl-2 reduces channel 20"
formation by ANT. These observations may explain
the mode of action of Bcl-2 which, in its o
physiological context, is likely to act as a channel L , . ,..
inhibitor rather than as an autonomous ion channel. Untreated SDS Atr t-BHP

Figure 2 Identification of ANT as a functionally important
PTPC constituent. PTPC were either ANT depleted or sham-
immunodepleted and reconstituted into liposomes, treated with

Results and discussion Atr or tert-butylhydroperoxide, and determination of DiOC6 (3)
retention within liposomes in the flow cytometer, as described in

Functional interaction between ANT and mitochondrion- the Materials and methods section (n=2). Incubation of
targeted Bcl-2 in intact cells liposomes with SDS marks the 100% value of liposomal

membrane permeabilization
Bcl-2 prevents the Atr-induced mitochondrial swel-
ling, ATI,. dissipation, and release of soluble
intermembrane proteins in isolated mitochondria
(Susin et al., 1996, 1999b; Zamzami et al., 1996). ANT is the major Atr target within the PTPC
We have validated this result in intact cells, in The semi-purified PTPC can be reconstituted into
which the mitochondrion-targeted expression of Bcl-2 liposomes and responds to a variety of inducers
(but not the expression of Bcl-2 in the endoplasmic including Atr or the pro-oxidant t-BHP by
reticulum) prevents the AT, collapse and nuclear increasing membrane permeability to small
apoptosis induced by microinjection of Atr (Figure (< 1500 Da) solutes such as DiOC,(3). Upon
la,b). As a control, Bcl-2, however, fails to inhibit immunodepletion of ANT, the capacity of PTPC
manifestations of apoptosis induced by microinjected to confer Atr- or t-BHP-induced membrane permea-
apoptogenic proteins such as cytochrome c (Figure bilization is abolished, suggesting that ANT is the
lb). Collectively, these data confirm and extend our likely Atr target within the PTPC (Figure 2).
earlier observations suggesting a close functional Purified ANT, which lacks any immunodetectable
interaction between the target of Atr, ANT, and contamination by ANT-interacting proteins such as
proteins from the Bcl-2/Bax family within the PTPC VDAC, cyclophilin D, Bax, or Bcl-2 (Figure 3a),
(Marzo et al., 1998a,b). can be reconstituted into planar lipid bilayers. In
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Figure 3 Electrophysiological properties of purified ANT. (a) Purification of ANT. Three pg of purified ANT was separated by
SDS-PAGE and silver-stained. Immunoblots of 50 pg of proteins from rat heart mitochondria (lane 1) or 3 pg purified ANT were
performed for the detection of ANT, Bax, VDAC, and cyclophilin D, as described in Materials and methods (lane 2). As positive
control for Bcl-2 immunodetection, mitochondria from the HT 29 cell line were used (lane 1). Arrows indicate the presence of
specific bands in positive controls. (b) Macroscopic conductance of ANT. ANT was reconstituted into synthetic lipid bilayers, and
submitted to slow voltage ramps (I min/cycle) to determine the current at different voltages in symmetric conditions (100 mM KCl
on both sides of the membrane), either in the absence (line 1) or in the presence of 40 iLM Atr (line 2) or 1 mM CaCI2 (line 3). The
macroscopic conductance of Atr-treatcd ANT was also recorded in asymmetric conditions (100/400 mM CaCI2 KCI + I mM CaCI2,
line 4). Results are representative of three independent determinations. (c) Single-channel recordings of ANT channels induced by
Ca

2
l or Atr. Recordings were obtained using the dip-tip method (same concentrations of ANT, Atr or CaCI2 as in (b) and were

representative of the most frequently observed channels. c: closed state; o: open state. (d) Statistical analysis of conductances of Atr.
and Ca

2
+ induced ANT channels. The conductance levels (y) observed for single channel openings (obtained as in c) were plotted

against the frequency (N) of events

accord with previous observations (Brustovetsky and conductance (30 pS in Figure 3c,d), as compared to
Klingenberg, 1996), ANT has little if any capacity to Ca2 '. In conclusion, ANT is required for the Atr
increase the current on planar lipid bilayers in a response of PTPC and can, by itself, form an Atr
voltage-dependent fashion (line I in Figure 3b). responsive channel.
However, after addition of Atr or Ca-', ANT
mediates significant conductance (lines 2 and 3 in ANT and Bax cooperate to form an Atr-responsive
Figure 3b) in macroscopic determinations. Of note, channel
the channel formed by ANT is slightly cation
specific under an applied 400/100 mM KCI (cis/ Single channel recordings reveal that a mixture of Bax
trans) gradient, yielding a Vrev of - - 15 mV (line and ANT (molar ratio 1:4) has a higher probability of
4 in Figure 3b) and a PK:PcI ratio of 2.8. Single pore opening and possesses at 150 mV conductance
channel recordings obtained at optimal voltages levels (30 and 80 pS) different from what might be
confirm that ANT by itself does not form any expected from the simple addition of Bax-mediated
channels (Figure 3c), yet forms channels in response channels (-200 pS) to Atr-treated ANT (30 pS, see
to Ca2l with two levels of conductance (70 and above, Figure 3d) (Figure 4a,b). Moreover, when
250 pS in Figure 3c,d). In response to Atr, ANT employed at relatively low doses (1 nM), Bax does not
forms only one channel species with a relatively low yield any major macroscopic conductance (line 1 in
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Figure 4 Cooperation between ANT and Bax in tip-dip experiments. (a) Cooperative effect at the single channel level. ANT
(treated with 40 uM Atr or not) and/or recombinant Bax protein (molar ratio ANT:Bax=4: 1) or Bax mutant proteins (Bax Aa5/6
or Bax AIGDE, used at the same ratio as Bax wild-type protein) were incorporated into synthetic membranes and single channel
recordings were performed using the dip-tip technique. The applied voltage was 150 mV unless specified differently and the
recordings shown are representative for at least three independent determinations. Note that the scale of the ordinate is indicated for
each recording. (b) Statistical analysis of conductances obtained in (a). Results were expressed as current distributions at different
voltages. Conductances may be calculated by division of current by voltage

Figure 5a), unless combined with ANT treated with Atr In summary, Bax and ANT can cooperate by
(line 4 in Figure 5a). Thus, the combination of forming a new class of channels which acquire distinct
ANT + Atr + Bax (line 4) forms a much more efficient electrophysiological properties as well as a far higher
membrane permeabilizing channel than do the combi- probability of opening than either of the two
nations ANT + Atr (line 2), ANT + Bax (line 3 in Figure compounds on its own. This cooperative effect
5a), or Atr+Bax (not shown). The ANT/Bax coopera- depends on the conformation of the ANT, as
tion is not observed when wild-type Bax is replaced by manifested by the effects of actractyloside and ATP.
two mutant proteins which have lost their apoptogenic
potential (Matsuyama et al., 1998; Ying et al., 1994): Bcl-2 inhibits the formation of an Atr-responsive, ANT-
Bax AIGDE, which lacks a homodimerization domain dependent channel
in BH3, and Bax Au5/6, which lacks a putative pore
forming domain (Figure 5b). Preincubation of ANT As previously reported (Minn et al., 1997; Schendel et al.,
with its physiological ligand ATP completely inhibits 1997; Schlesinger et al., 1997), Bcl-2 can form a channel
the channel activity mediated by ANT + Atr + Bax when incorporated into artificial membranes (Figure 6a).
(Figure 5b). The channel formed by ANT+ Bax is K+ This effect was obtained at neutral pH, provided that
specific (line 5 in Figure 5a). Thus the combined ANT/ Bcl-2 was mixed with dried lipids, prior to generation of
Bax channel resembles that formed by ANT (which is the lipid bilayer (Figure 6a,b); it was not observed for a
also cation-specific, line 4 in Figure 3b), yet differs from Bcl-2 mutant protein lacking the putative ct5/6 mem-
that formed by Bax alone (which is anion-specific) brane insertion domain (Schendel et al., 1997) and was
(Schendel et al., 1997). modified by a single amino acid exchange in the BH1
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Figure 5 Macroscopic determination of the ANT-Bax cooperation. (a) Effects of Bax addition on macroscopic conductance of
ANT. Current/voltage (I- V) curves were determined for preparations containing Bax only (1), Atr-treated ANT (2), ANT + Bax (3)
or Atr-treated ANT+ Bax (4, 5), in symmetric (1-4) or asymmetric (5) conditions. (b) Conductances determined from I-V curves
in symmetric conditions. The conductance (corresponding to the slope of the I - V curve obtained in c) was calculated for different
preparations of ANT (4 nM), in the presence of Bax (1 nm unless specified), mutated Bax proteins (1 nM BaxAIGDE or BaxAa5/6),
ATP (1 mM) and/or Atr (40 pM), as indicated. These experiments have been repeated two to five times, yielding similar results

domain (G145A), which yields a channel with a reduced and Bax, as well as between ANT and Bcl-2.
conductance (Figure 6b). Intriguingly, we found that, in Although each of these molecules can form ion
combination with ANT, Bcl-2 does not form channels in channels, their combination has new, unexpected
artificial membranes (nor does Bcl-2 G145A), suggesting properties. Bax potentiates the capacity of ANT to
that the physical interaction between ANT and Blcl-2 form an Atr-responsive channel, whereas the combi-
(Marzo et al., 1998a) can change the ion channel nation of Bcl-2 and ANT is inactive. These
properties of Bcl-2. This effect is optimal in conditions observations may resolve the long-standing contra-
of molar equivalence of ANT and Bcl-2. It becomes diction between Bcl-2 effects on synthetic membranes
particularly evident when macroscopic measurements and on mitochondria. In artificial lipid bilayers, Bcl-2/
are performed (Figure 6c). The combination of ANT Bcl-XL forms a mostly cation-specific ion channel
plus Bcl-2 results in a virtual cessation of ion movement (Minn et al., 1997; Schendel et al., 1997; Schlesinger
indicative of the closure of both ANT and Bcl-2 et al., 1997). However, in isolated mitochondria or
channels. Though not shown, the channel activity of intact cells, Bcl-2/Bcl-XL prevents the influx of water
Bcl-2 was not influenced by Atr. If Blcl-2 is replaced by a into the mitochondrial matrix and the dissipation of
mutant protein (Bcl-2 A&5/6) lacking a putative pore the AT,, (Kroemer, 1997; Marzo et al., 1998a,b;
formation domain (Matsuyama et al., 1998; Schendel et Narita et al., 1998; Shimizu et al., 1998; vander
al., 1997), the inhibition of ANT-mediated conductance Heiden et al., 1997; Zamzami et al., 1996). As shown
is suboptimal, both at the macroscopic (Figure 6c) and here, it becomes plausible that, within its physiologi-
single channel levels (Figure 6a). In conclusion, Blcl-2 and cal context (that is in the presence of other proteins
ANT exhibit mutual inhibition of ion channel formation including ANT), Blcl-2 acquires electrophysiological
in vitro. properties that have not been revealed in a more

As expected (Antonsson et al., 1997; Oltvai and artificial setting. As a word of caution, it has to be
Korsmeyer, 1994), an excess of Bcl-2 prevented the stated, however, that the electrophysiological experi-
formation of channels induced by the combination of ments in which ANT was reconstituted into the same
Bax and ANT (Figure 6d). Thus, in addition to its synthetic lipid bilayer as Bax and Bcl-2 might
Bax-independent effect on the ANT (Figure 6a,b), Bcl- inaccurately reflect the in vivo physiology of
2 can neutralize Bax (Antonsson et al., 1997; Oltvai mitochondria, in which ANT is confined to the
and Korsmeyer, 1994), including the cooperative effect inner membrane whereas Bax and Bcl-2 are enriched
of Bax on ANT. in the outer membrane, within the contact site

between inner and outer membranes (Krajewski et
Concluding remarks al., 1993). At present, it remains unclear to which

extent the interactions in situ involve close interac-
The electrophysiological data contained in this work tions between ANT and Bcl-2-like proteins (as they
reveal a close functional interaction between ANT are suggested by co-immunoprecipitation studies
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Figure 6 Electrophysiology of the ANT/Bcl-2 interaction. (a) Bcl-2 inhibits opening of the Atr/ANT channel at the single channel

level. Recordings of single-channels of different combinations of ANT, Bcl-2 (molar ratio ANT: Bcl-2= 1:1), Bcl-2 AU5-a6, Bcl2

G145A and/or Atr obtained at a voltage of 110 mV. (b) Statistical analysis of channel opening and conductances obtained for Bcl-2

and Bcl-2 G145A. (c) Effects of Bcl-2 addition on macroscopic conductance of ANT. I-V curves were obtained in different

conditions, namely in the presence of (Atr-treatcd) ANT (line 1), Bcl-2 alone (line 2) or an equimolar combination of both (line 3).

All recordings were done in equimolar conditions (1 : 1; 20 nM). Note that the scale of the ordinate is different from Figure 2c. (d)

Effect of Bcl-2 on the Bax/ANT cooperative effect. I-V curves were obtained with (Atr-treated) ANT (line 1), or

ANT+BAX+Bcl-2 (10:1:10 molar ratio; line 2), or ANT+Bax (10: 1; line 3), the amount of ANT being constant in each

preparation. Experiments are representative of two to four independent data sets

(Marzo et al., 1998a)) and/or a translocation of Bcl-2/ independent function of Bcl-2 would be to interact
Bax from the outer to the inner membrane. with ANT, the core protein of the PTPC, and to

Although the exact stoichiometry of the ANT/Bax prevent it from forming a pore. This Bax-independent
or ANT/Bcl-2 reaction (e.g. heterodimers, heterote- function of Bcl-2 might be restricted to those ANT
tramers or higher-order structures) remains elusive, molecules interacting with the outer mitochondrial
the present data, as well as the earlier observations of membrane within the contact site. In contrast, the
direct physical Bcl-2/Bax (Oltvai et al., 1993), ANT/ major function of Bax, apart from neutralizing Bcl-2,
Bax and ANT/Bcl-2 interactions (Marzo et al., would be to interact with ANT to facilitate pore
1998a) may be integrated into a menage d trois formation in an ANT conformation-dependent
model of promiscuous interactions between ANT, fashion, thus allowing for ion and subsequent water
Bax, and Bcl-2 within the PTPC. Hypothetically, one influx into the matrix and final AT. dissipation. This
of the functions of Bcl-2 would be to withhold Bax scenario of 'apostat' regulation would be compatible
from its functionally relevant site of action, which is with the reported autonomous, Bax-independent
the inner mitochondrial membrane, to which some function of Bcl-2 and vice versa (Knudson and
Bax molecules may translocate in a colicin-like Korsmeyer, 1997). If correct, the minage d trois
fashion (Marzo et al., 1998a). An additional, Bax- model of ANT/Bcl-2/Bax interactions could have far-
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reaching consequences for the development of new EDTA, and 6% [vol:vol] Triton Xl00; Boehringer Mann-
classes of apoptosis-inhibitory and apoptosis-inducing heim, Mannheim, Germany). 2 ml of this solution were

agents which selectively inhibit ANT/Bax and ANT/ applied to a column containing I g hydroxyapatite (BioGel

Bcl-2 interactions, respectively. HTP, Biorad) and eluted with buffer B, then diluted 1 : 1 with
buffer C (20 mM MES, 200 pM EDTA, pH 6.0; 0.5% Triton
X-100) supplemented with 1 M NaCl, applied to a HiTrap SP
column (Pharmacia Biotech, Uppsala, Sweden) pre-equili-
brated with buffer C, washed with buffer C, and eluted at a

Materials and methods flow of 1 ml/min by gradually increasing the salt concentra-
tion (0 to 500 mm NaCI within 10 min). ANT containing

Cell culture and microinjection fractions were checked for purity using silver staining and

Rat-1 fibroblast cells transfected with a control vector only, immunoblot (12.5% SDS-PAGE, 3 pg protein/lane) using a

Bcl-2 wild-type or Bcl-2 fusion proteins selectively directed to monoclonal antibody recognizing VDAC (31HL, Calbio-

the mitochondrion (actA-Bcl-2) or the endoplasmic reticulum chem), a polyclonal rabbit antisera specific for ANT (see

and nuclear envelope (cb5-Bcl-2) (Zhu et al., 1996), were above), an antiserum raised against the N-terminus of

microinjected (pressure 150 hPa; 0.2 s; (Marzo et al., 1998a)) cyclophilin D (gift from Paolo Bernardi, University of

with buffer only, atractyloside (50 uM) or horse cytochrome c Padova, Padova, Italy; (Nicolli et al., 1996)), Bcl-2 (specific
(10 pM, Sigma). After microinjection, cells were cultured for for residues 20-34; Calbiochem, La Jolla, CA, USA), or Bax

120 min and stained for 10 min with the AP,-sensitive dye (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Positive

CMXRos and the DNA-intercalating dye Hoechst 33342, as controls were total mitochondrial proteins (50 pg/lane) from

described (Marzo et al., 1998a). Microinjected viable cells the rat heart. Recombinant human Bcl-2 (1-218), mutant Bcl-

(100-200 per session, two to three independent sessions of 2(Glyl45Ala) and Bcl-2Aa5/6 (Bcl-2 (A143-184), Bcl-2Aa5/6

injection) were identified by inclusion of 0.25% (w:v) FITC- (Bcl-2 A143-184), murine Bax (1-171) or mutant Bax AIGDE

dextran (green fluorescence) in the injectate. Only the blue or (A66-69) and a Bax Aa5/6 (A106-153) lacking the hydro-

red fluorescence was recorded. phobic transmembrane domain (A219-239 in the case of Bcl-
2; A172-192 for Bax) were purified as described (Jfirgensmeier
et al., 1998; Schendel et al., 1998; Xie et al., 1998). Circular

Functional assays on purified and reconstituted PTPC in dichroism spectra revealed correct folding of all recombinant
liposomes proteins.

PTPC from Wistar rat brains were purified and reconstituted
in liposomes following published protocols (Marzo et al., Electrophysiological methods
1998b). Briefly, membrane-associated, Triton X-100-soluble
proteins co-purifying with hexokinase 1 were enriched by The pore-forming activities of ANT, Bax, Bax AIGDE, Bax
anion exchange chromatography. Immunodepletion of ANT A&6/6, Bcl-2 and/or Bcl-2 Aa5/6 were investigated at both the
was performed at this stage using a polyclonal rabbit macroscopic (black membrane) and single-channel (patch
antibody (gift from Dr Heide H Schmid; (Giron-Calle and clamp) levels, following published protocols (Brullemans et
Schmid, 1996)). One volume of PTPC-containing preparation al., 1994). The lipid mixture palmitoyloleoylphosphocholine/
was incubated with one volume of polyclonal anti-ANT or an dioleoylphosphocholine (7: 3; w:w) supplemented with 3%
equivalent concentration of pre-immune rabbit antiserum for cardiolipin (Avanti Polar Lipids Inc., Alabaster, AL, USA)
2 h at 4°C. 0.1 volume of protein A and protein G agarose was dissolved in 1 or 0.1%. For the macroscopic conductance
beads was added and the mix was incubated for 30 min at configuration, solvent free bilayers were formed by apposi-
room temperature. The beads were collected by centrifuga- tion of two lipid monolayers onto a 175-200 pm diameter
tion (10 min, 2000 g), and the supernatant was used for hole in a 25-pm thick PTFE film sandwiched between two
further experiments. The PTPC (approx. 1 pg protein/mg glass half cells pretreated with hexane/hexadecane (40: 1 v/v)
lipid) were reconstituted into phosphatidylcholine/cholesterol (Montal and Mueller, 1972). Unless specified, recordings were
(5:1 =w:w) vesicles by overnight dialysis. Liposomes performed in symmetric conditions (100mM KCI, 2mM
recovered from dialysis were ultrasonicated (120 W, Ultra- MgCI2 , 10 mm HEPES, pH 7.4). To determine anion/cation
sonic Processor, Bioblock) for 7 s in 5 mM malate and 10 mM specificity, asymmetric conditions (400/100 mM KCI, cis/
KCI, charged on a Sephadex G50 column and eluted with trans) were imposed on the bilayer and the reversal potential
125 mm sucrose+ 10 mm HEPES (pH 7.4). Proteoliposomes (V,..) was calculated by means of the Goldmann-Hodgkin-
containing maximum hexokinase activity were recovered, as Katz equation (Hille, 1984). For recording single-channel
described (Marzo et al., 1998b) and were incubated at room fluctuations, lipid bilayers were preformed at the tip of patch-
temperature for 30 min with different PT pore-opening agents clamp glass micropipettes by the 'tip-dip' method (Hanke et
in 125 mm sucrose+ 10 mM HEPES (pH 7.4). For determina- al., 1984). Bilayer formation was monitored by the
tion of 3,3'dihexylocarbocyanine iodide (DiOC,(3)) fetention, capacitance response and, prior to protein addition, bare
liposomes were equilibrated for 30 min with 80 nM membranes were checked under applied potentials for
(DiOC,(3)) and then analysed in a cytofluorometer (Marzo electrical silence. Before addition to the bilayer, proteins
et al., 1998b). were incubated with 1 mM CaCI2, 40 pM Atr or control

electrolyte (10 mM HEPES, 100 mm KCI, 2 mm MgCI2,
pH 7.4) for 30 min at room temperature, then mixed with

Purification of ANT and recombinant Bax/Bcl-2 proteins evaporated lipid mixture (60 pg protein per mg lipid) and
ANT was purified (Riick et al., 1998) from rat heart treated with Biobeads SM-2 (BioRad) to eliminate Triton X-
mitochondria isolated as described (Susin et al., 1999a). 100. The lipid protein mixture was added to both sides of the
Mitochondria were subjected to mechanical shearing in a bilayer in the macroscopic configuration and to the bath in
Emvejhem potter; solubilized (8 min, 4°C) in buffer A the tip-dip configuration (2.5 pg protein/ml). In some
(220 mm mannitol, 70 mM sucrose, 10 mM HEPES experiments, Bax was added directly to the aqueous
(pH 7.4), 200 pM EDTA, 1 mm /1-mercaptoethanol) supple- subphase after bilayer formation. Macroscopic current-
mented with 0.5 mg/ml subtilisin; and subjected to differential voltage curves were repeated at least three times, and the
centrifugation (5 min 500 g, discard pellet; then 10 min single channel recordings (digitally stored and subsequently
10000 g, discard supernatant). Soluble (30 min, 24000 g, analysed using Satori 3.01 software from Intracel Ltd,
4°C) mitochondrial proteins (10 mg/ml) were resuspended in Royston, UK) are representative of the most frequently
buffer B (40 mm KH2PO4 (pH 6.0), 40 mm KCI, 2 mM observed events.
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