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Bcl-B protein is an anti-apoptotic member of the Bcl-2 family pro-
tein that contains all the four BH (Bcl-2 homology) domains
(BH1, BH2, BH3 and BH4) and a predicted C-terminal trans-
membrane domain. Our previous results showed that Bcl-B binds
Bax and suppresses apoptosis induced by over-expression of Bax;
however, Bcl-B does not bind or suppress Bak. To explore the
molecular basis for the differential binding and suppression of
Bax and Bak, we studied the BH3 dimerization domains of Bax
and Bak. Chimeric mutants of Bax and Bak were generated
that swapped the BH3 domains of these pro-apoptotic proteins.
Bcl-B associated with and blocked apoptosis induced by mutant
Bak containing the BH3 domain of Bax, but not mutant Bax
containing the BH3 domain of Bak. In contrast, Bcl-XL protein
bound and suppressed apoptosis induction by Bax, Bak and both
BH3-domain chimeras. A strong correlation between binding

and apoptosis suppression was also obtained using a series of
alanine substitutions spanning the length of the Bax BH3 domain
to identify critical residues for Bcl-B binding. Conversely, using
structure-based modelling to design mutations in the BH3-binding
pocket of Bcl-B, we produced two Bcl-B mutants (Leu86 → Ala
and Arg96 → Gln) that failed to bind Bax and that also were unable
to suppress apoptosis induced by Bax over-expression. In contrast,
other Bcl-B mutants that still bound Bax retained protective
activity against Bax-induced cell death, thus serving as a control.
We conclude that, in contrast with some other anti-apoptotic Bcl-
2-family proteins, a strong correlation exists for Bcl-B between
binding to pro-apoptotic multidomain Bcl-2 family proteins and
functional apoptosis suppression.
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INTRODUCTION

Apoptosis is an evolutionarily conserved process that is critical
for a wide variety of biological events, such as embryonic deve-
lopment, immunological defence, maintenance of tissue homoeo-
stasis, and removal of non-instructed, misinstructed and damaged
cells. Defects in apoptosis regulation contribute to many diseases,
including cancer, autoimmunity, stroke, heart failure, neuro-
degeneration and AIDS [1].

Mitochondria constitute one of the centres of death control
within cells. Mitochondria undergo profound changes in mem-
brane integrity during the apoptosis process, leading to the release
of apoptogenic proteins, including cytochrome c, AIF (apoptosis-
inducing factor), SMAC/Diablo (second mitochondria-derived
activator of caspase/direct IAP-binding protein with low pI),
Endo G (endonuclease G) and Omi/HtrA2 (high temperature
requirement A2) [2,3]. The Bcl-2-family proteins represent
a group of evolutionarily conserved proteins that govern the
mitochondria-dependent cell-death pathway, functioning to either
promote or suppress release of apoptosis-inducing proteins. Many
Bcl-2 proteins are constitutively localized to the membrane of
mitochondria, whereas others are induced to translocate to these
organelles in response to specific stimuli [4–6].

Sequence homology within Bcl-2 family protein clusters into
regions known as BH (Bcl-2 homology) domains, with various
family members containing as many as four conserved BH
domains, i.e. BH1, BH2, BH3 and BH4 [4–6]. All known anti-
apoptotic members of the Bcl-2 family possess all four BH
domains, and most also contain a C-terminal hydrophobic span
of amino acids responsible for their insertion into membranes.
In contrast, pro-apoptotic Bcl-2 family proteins are more diverse

Abbreviations used: Bcl-B(�TM), Bcl-B lacking its C-terminal transmembrane domain; BH, Bcl-2 homology; DAPI, 4,6-diamidino-2-phenylindole; DEVD-
AFC, Asp-Glu-Val-Asp 7-amino-4-trifluoromethylcoumarin; DTT, dithiothreitol; FPA, fluorescence polarization assay; GFP, green fluorescent protein; L63A
etc, Leu63 → Ala etc; KX, Bak chimera containing the BH3 domain from Bax; NP40, Nonidet P40; XK, Bax chimera containing the BH3 domain of Bak.

1 To whom correspondence should be addressed (e-mail jreed@burnham.org or reedoffice@burnham.org).

in their sequences, typically containing only a subset of the four
recognized BH domains.

Members of the Bcl-2 family form homo- and hetero-dimers
under certain conditions. Many experiments have suggested that
dimerization of pro- and anti-apoptotic Bcl-2-family proteins
plays an important role in controlling their activity [6,7]. The
BH3 domain of pro-apoptotic Bcl-2-family proteins constitutes an
amphipathic α-helix that is sufficient for inducing apoptosis and
for dimerization with anti-apoptotic family proteins [5,8,9]. Two
classes of BH3-containing pro-apoptotic Bcl-2-family proteins
have been delineated, and are known as ‘BH3-only’ versus
‘multidomain’ proteins. For the structurally diverse BH3-only
proteins, an excellent correlation exists between BH3-domain-
mediated dimerization with anti-apoptotic Bcl-2 family proteins
and induction of apoptosis. In contrast, for the multidomain pro-
apoptotic proteins (which typically contain BH1, BH2 and BH3
domains) such as Bax and Bak, BH3-mediated dimerization does
not uniformly correlate with their apoptosis-inducing activity
[10,11]. Similarly, for the anti-apoptotic Bcl-2-family proteins
such as Bcl-2 and Bcl-XL, the ability to dimerize with pro-
apoptotic family members does not always correlate with their
cytoprotective function [10,11].

Six anti-apoptotic Bcl-2 family proteins have been identified in
humans and mice, excluding splicing variants and isoforms arising
through gene duplication (reviewed in [12]). The most recently
discovered anti-apoptotic member of the human Bcl-2 family
is Bcl-B (also known as Nrh) [13–15]. The closest homologue to
Bcl-B in mice is Diva/Boo, which is expressed exclusively in the
ovary and which has been reported to possess either anti- or
pro-apoptotic activity, depending on cellular context [16,17].
Unlike Diva/Boo of mice, however, the human Bcl-B protein is
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widely expressed in tissues of humans. Previous studies of Bcl-B
indicated that this protein selectively binds the multidomain pro-
apoptotic protein Bax, but not Bak, and that it suppresses apoptosis
induced by over-expression of Bax, but not Bak [13]. In the
present paper, we used mutagenesis approaches to explore further
the anti-apoptotic mechanism of the Bcl-B protein. Our findings
reveal a strong correlation between the ability of Bcl-B to bind
multidomain pro-apoptotic Bcl-2 family proteins and its anti-
apoptotic function.

EXPERIMENTAL

Plasmid construction

BH3-domain swap mutants of Bax with Bak were created in
which the BH3 domains of these proteins were swapped, creating
chimeric proteins. Specifically, a 21-amino-acid segment of Bax,
Q52DASTKKLSECLKRIGDELDS72, was swapped with the P67S-
STMGQVGRQLAIIGDDINR87 region of Bak. To accomplish
this, two primers (forward primer 5′-TGTCTCAAGCGCATC-
GGGGACGAACTGGACAGTCGCTATGACT CAGAGTTCC-
AA-3′, and reverse primer, 5′-CTCGCTCAGCTTCTTGGTGG-
ACGCATCCTGTTGCAGAGGTAAGGTGACCATC-3′) were
employed with a Bax cDNA template (pEGFP-Bax) [10] using
a one-step PCR-based mutagenesis kit (Stratagene; Quik-
Change). Alternatively, mutagenic primers (forward primer, 5′-
CTCGCCATCATCGGGGACGACATCAACCGAAACATGG-
AGCTGCAGAGGATGATT-3′, and reverse primer, 5′-CTGCCG-
TCCCACCTGCCCCATGGTGCTGCTAGGAGGCACCGGG-
TCCAGGGCCA GCT-3′) were employed with a Bak cDNA
template (pEGFP-Bak) [18]. Each pair of the primers contains
both the Bax or Bak sequence upstream or downstream of their
BH3 domains and the sequence of the swapped BH3 domain
of Bak or Bax. Pfu polymerase was used to reduce the poly-
adenylated tailing of PCR products which were cloned into
pEGFP-Bax or pEGFP-Bak by blunt-end ligation.

Site-directed mutagenesis of Bax was performed to generate
the L63A (Leu63 → Ala), K64A, D68A, E69A and L70A
mutants, and site-directed mutagenesis of Bcl-B was performed
to generate the substitution mutants L86A, R96Q and a mutant
of Bcl-B in which three alanines were substituted for the se-
quence F169FR171, using the QuikChangeTM site-directed muta-
genesis kit (Stratagene) following the manufacturer’s protocol,
with pcDNA3-HA-Bax and pcDNA3-Myc-Bcl-B plasmid as
DNA templates respectively [13,19]. Two mutagenic primers were
used to generate the Bcl-B(�118–133) loop deletion mutant by
a similar method: 5′GGGCCGCTGGTGACCGCCCGGGTCG-
CCCGGGACTGCCAGCGC-3′ and 5′-GCGCTGGCAGTCCC-
GGGCGACCCGGGCGGTCACCAGCGGCCC-3′. A cDNA
encoding Bcl-B lacking its C-terminal transmembrane do-
main [Bcl-B(�TM)] was constructed by engineering a termin-
ation codon after residue Val184 of the protein and cloned into the
EcoRI and XhoI sites of the bacterial expression vector pGEX
4T-1.

Protein purification

The GST (glutathione S-transferase)–Bcl-B fusion protein was
expressed from pGEX 4T-1-Bcl-B (�TM) in XL-1 Blue cells
(Stratagene). Briefly, cells were grown in 2 litres of Luria–
Bertani broth with 50 µg/ml ampicillin at 37 ◦C to an D600

of 1.0, then 0.5 mM IPTG (isopropyl β-D-thiogalactoside) was
added, and the cultures were incubated at 25 ◦C for 6 h. Cells
were then recovered and incubated with 0.5 mg/ml lysozyme

in 20 mM phosphate buffer (pH 7.4), 150 mM NaCl, 1 mM
DTT (dithiothreitol), 1 mM EDTA and 1 mM PMSF at room
temperature for 10 min, followed by sonication. Cellular debris
was pelleted by centrifugation at 27 500 g for 20 min, and the
resulting supernatants were incubated with 10 ml of gluta-
thionine–Sepharose (Pharmacia) at 4 ◦C for 2 h. The resin was
washed 3 times with 20 mM phosphate buffer (pH 7.4), 150 mM
NaCl and 1 mM DTT, and then 10 mM of reduced glutathione
dissolved in 50 mM Tris/HCl (pH 8.0) was used to elute the
GST–Bcl-B protein. Further purification was achieved by anion-
exchange chromatography, using a Mono S column (Pharmacia).
The resulting GST–Bcl-B protein was dialysed with 50 mM
Tris/HCl (pH 7.5)/1 mM DTT. The purity of GST–Bcl-B protein
was > 95 % as determined by Coomassie Blue staining of the
SDS/PAGE gels.

Fluorescence polarization assays (FPAs)

To determine the binding affinity of different BH3 peptides to
Bcl-B protein, FPAs were performed as described previously
[20]. Briefly, various concentrations of GST–Bcl-B fusion protein
were incubated with 5 nM of FITC-conjugated synthetic purified
Bax, Bak or Bad BH3 domain peptides dissolved in DMSO in
the dark. Fluorescence polarization was measured using an Ana-
lystTM AD Assay Detection System (LJL Biosystem, Sunnyvale,
CA, U.S.A.). IC50 determinations were performed as described
previously [21], using a GraphPad Prism software package. To
determine the contribution of individual amino acid residues
of Bax BH3 peptide to the binding to Bcl-B, a series of mu-
tant Bax BH3 peptides with alanine substitutions were used
in competitive inhibition FPA. In this assay format, the un-
labelled peptides were used to compete against the fluorescein-
labelled Bax BH3 peptide (5 nM) for the binding to Bcl-B protein
(120 nM). The IC50s were derived from comparison with the
relative affinities.

Cell culture, transfection and apoptosis assays

HEK-293T and COS7 cells were maintained in Dulbecco’s modi-
fied Eagle’s medium (Irvine Scientific) supplemented with 10 %
fetal bovine serum, 1 mM L-glutamine and antibiotics (1 % peni-
cillin/1 % streptomycin). For transient transfection apoptosis
assays, cells (5 × 105) in six-well dishes were co-transfected using
LIPOFECTAMINE PlusTM (Invitrogen) with 0.5 µg of pEGFP-C1
(ClonTech), pEGFP-Bax, pEGFP-Bax(BH3-K) (swap mutant of
Bax containing the BH3 domain of Bak), pEGFP-Bak or pEGFP-
Bak(BH3-X) (swap mutant of Bak containing the BH3 domain
of Bax) plasmids together with 1.5 µg of pcDNA3-myc-Bcl-B or
pcDNA3-myc-Bcl-XL plasmids. Both floating and adherent cells
were collected, fixed and stained with 0.1 mg/ml 4,6-diamidino-
2-phenylindole (DAPI). The percentages of apoptotic cells were
determined by counting the GFP (green fluorescent protein)-
positive cells having nuclear fragmentation and/or chromatin
condensation (means +− S.D.; n = 3). Statistical significance of
apoptosis data was determined by unpaired Student’s t test, with
P � 0.01 as the threshold for significance.

Caspase activity assays

HEK-293T cells were co-transfected with 0.5 µg of control
plasmid or pcDNA3-Bax together with 2 µg of plasmids encoding
Bcl-XL, Bcl-B or various mutants of Bcl-B. Cell lysates were pre-
pared after 24 h, normalized for protein content and 25 µg of
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cell lysate was incubated with 100 µM DEVD-AFC (Asp-Glu-
Val-Asp 7-amino-4-trifluoromethylcoumarin), measuring en-
zyme activity by the release of AFC (7-amino-4-trifluoro-
methylcoumarin) fluorescence as described previously [22].
Statistical significance of results was determined by unpaired
Student’s t test, with P � 0.01 as the threshold for significance.

Co-immunoprecipitation and immunoblotting assays

Immunoblotting was performed as described previously [13].
Transfected HEK-293T cells (5 × 105) were cultured with 50 µM
benzoyl-Val-Ala-Asp-fluoromethylketone (Bachem) to prevent
cell death. At 24 h post-transfection, cells were collected and
resuspended in lysis buffer [10 mM Hepes (pH 7.4), 142.4 mM
KCl, 5 mM MgCl2, 0.5 mM EGTA, 0.2 % NP40 (Nonidet
P40) or 2 % CHAPS] containing 12.5 mM β-glycerophosphate,
2 mM NaF, 1 mM Na3VO4, 1 mM DTT, 1 mM PMSF and
a protease inhibitor mixture (Roche Molecular Biochemicals).
Soluble lysates were incubated with 10 µl of anti-Myc (Santa
Cruz) antibody-conjugated Sepharose beads overnight at 4 ◦C.
Beads were then washed four times in 1 ml of lysis buffer and
boiled in an equal volume of Laemmli gel-loading solution before
analysis of proteins by SDS/PAGE and/or immunoblotting using
polyclonal rabbit anti-GFP (Roche Molecular Biochemicals) or
monoclonal mouse anti-Myc (Santa Cruz) antibodies.

Molecular modelling

Modelling of the Bcl-B interactions with Bax and Bak was
accomplished by a three-step procedure. First, a full three-
dimensional model of Bcl-B was built on to a Bcl-2 template
(Protein DataBank accession number 1G5M), based on FFAS [23]
alignments and using the MODELLER program [24]. In addition,
the BH3 domains of Bax and Bak were modelled separately,
using the same procedure as described above. In a second step,
possible structures of Bcl-B–BH3 domain complexes from Bax or
Bak were built using a docking program GRAMM [25]. Finally,
all complexes were evaluated using detailed energy calculations
and careful residue level analysis. Models of several different
substitution mutants were created by substituting appropriate
residues in the model of the complex and repeating the energy
minimization analysis.

RESULTS

The BH3 domains of Bax and Bak dictate their ability to bind Bcl-B

Our previous studies showed that the Bcl-B protein binds and
suppresses apoptosis induced by Bax but not Bak [13]. Since anti-
apoptotic Bcl-2-family proteins contain a hydrophobic crevice
that binds BH3 peptides from pro-apoptotic family members [9],
we tested the hypothesis that differences in the BH3 domains
of Bax and Bak account for their differential binding to Bcl-B.
Accordingly, we constructed expression plasmids encoding
chimeras of Bax and Bak in which their BH3 domains were
swapped. Co-immunoprecipitation assays were then used to
contrast the ability of the wild-type and chimeric proteins to bind
Bcl-B, upon transient transfection in HEK-293T cells. For
comparative purposes, identical experiments were performed
using Bcl-XL instead of Bcl-B. For these experiments, Bcl-B
and Bcl-XL were expressed with N-terminal Myc-epitope tags,
whereas Bax, Bak and the chimeric mutants were expressed with
N-terminal GFP tags.

As shown in Figure 1, Bcl-B interacted with Bax, and the
Bak chimera containing the BH3 domain from Bax (abbreviated
as KX), but not Bak and not the Bax chimera containing the
BH3 domain of Bak (abbreviated as XK). Similar results were
obtained regardless of whether lysis solution contained NP40
(Figures 1A and 1B) or CHAPS (Figure 1C), a detergent that
is thought to more closely reflect the physiological interactions
of Bcl-2-family proteins [26]. In contrast, Bcl-XL demonstrated
binding to all of these proteins, but not to control GFP protein.
Immunoblot analysis confirmed production of Bcl-B, Bcl-XL,
Bax, Bak and chimeric proteins at comparable levels, excluding
trivial explanations for the failure of Bcl-B to interact with Bak and
XK. The Myc-tagged Bcl-B expressed in HEK-293T cells also
displayed selective interactions with the endogenous Bax protein,
but not the endogenous Bak protein in co-immunoprecipitation
assays, whereas Bcl-XL interacted with both endogenous Bax and
Bak (Figure 1D).

The BH3 domains of Bax and Bak determine sensitivity to
Bcl-B-mediated apoptosis suppression

To correlate binding with function, we tested the ability of
Bcl-B to suppress apoptosis induced by Bax, Bak and the XK
and KX chimeric proteins. Again, comparisons were made with
Bcl-XL. When plasmids encoding Bax, Bak, XK or KX were
transiently transfected into HEK-293T (Figure 2A) or COS7
(Figure 2B) cells, approx. 80% of the transfected cells (marked
by GFP) underwent apoptosis within 24 h, as determined by
DAPI staining. Co-expression of Bcl-B markedly suppressed
apoptosis induced by Bax or KX, but not by Bak or XK, in both
HEK-293T and COS7 cells. In contrast, Bcl-XL was effective at
suppressing apoptosis induced by all these proteins (Figure 2).
As shown above, the failure of Bcl-B to suppress apoptosis
induced by Bak and XK was not due to differences in protein
production. We conclude therefore that the BH3 domains of
Bax and Bak determine whether these proteins are sensitive to
apoptosis suppression by Bcl-B.

Bcl-B protein binds to BH3 peptide of Bax but not Bak, Bid or Bad

FPAs were used to directly contrast the binding of Bcl-B to the
BH3 peptides of several pro-apoptotic Bcl-2 family proteins. For
these experiments, we purified recombinant GST–Bcl-B(�TM)
protein and employed it in combination with FITC-labelled
synthetic peptides corresponding to the sequences of the BH3
domains of Bax, Bak and Bad (Figure 3A). For optimal results,
FITC was conjugated at different sites within the BH3 peptides,
empirically optimizing the conjugation site based on binding
to recombinant Bcl-XL(�TM) protein (results not shown). For
the Bak and Bad BH3 peptides, this required substituting lysine
residues to provide a primary amino group for FITC conjugation
(i.e. Bak D84K and Bad E120K).

Among the BH3 peptides tested, Bcl-B bound only to the Bax
peptide, with an IC50 of approx. 175 nM (Figure 3B). No binding
was detected for the FITC-labelled Bad, Bid and Bak peptides up
to 1 µM (Figure 3B and results not shown). To exclude artifacts
in the binding assay attributable to the conjugation of FITC to
BH3 peptides, we also performed competition experiments in
which unlabelled wild-type Bax, Bak, Bad,and Bid BH3 peptides
were tested for ability to compete with FITC-labelled Bax peptide
for binding to Bcl-B. For the competition experiments, we used
5 nM FITC–Bax and 120 nM GST–Bcl-B(�TM), which was
empirically determined to provide an optimal signal-to-noise

c© 2003 Biochemical Society



232 D. Zhai and others

Figure 1 Analysis of binding of Bcl-B and Bcl-XL to BH3 domain chimeras of Bax and Bak

(A–C) HEK-293T cells in 100 mm-diameter dishes were transiently transfected with 0.5 µg of plasmids encoding GFP–Bax, GFP–Bak, GFP–Bax containing the BH3 domain of Bak (XK), GFP–Bak
containing the BH3 domain of Bax (KX) or 0.5 µg of GFP control, together with 1 µg of pcDNA3-Bcl-B or pcDNA3–Bcl-XL. Cells were cultured for 24 h in 50 µM benzoyl-Val-Ala-Asp-
fluoromethylketone to avoid apoptosis, then lysed in solutions containing either 0.2 % NP40 (A and B) or 2 % CHAPS (C) detergent. Lysates were normalized for total protein concentration, and then
subjected to immunoprecipitation, employing anti-Myc antibody. Immune complexes were analysed by SDS/PAGE and immunoblotting, using mouse monoclonal anti-GFP antibody (top panel). To
verify expression of all proteins, equivalent volumes of lysates were also loaded directly on to gels and analysed by SDS/PAGE and immunoblotting using antibodies against Myc (middle panel)
or GFP (bottom panel). (D) HEK-293T cells were transfected with 0.5 µg of pcDNA3-Bcl-B or pcDNA3-Bcl-XL without Bax- or Bak-encoding plasmids. NP40-containing lysates were subjected to
immunoprecipitation using anti-Bax (33) or anti-Bak (31) sera, and the resulting immune complexes were analysed by SDS/PAGE and immunoblotting using anti-Bax or anti-Bak antibodies (top
panel), anti-Bax (middle panel) or anti-Bak (bottom panel). For efficiency of presentation, only the portion of gels containing the relevant bands is shown. IP, immunoprecipitation; WB, Western
blotting.

ratio. As shown in Figure 3(C), unlabelled Bax peptide effectively
competed with the FITC–Bax peptide for binding to Bcl-B,
whereas the unlabelled wild-type Bak, Bad and Bid peptides did
not. Thus we conclude that Bcl-B binds selectively to the BH3
domain of Bax.

Identification of critical residues in Bax BH3 domain required for
binding to Bcl-B

The residues within the Bax BH3 peptide required for binding
to Bcl-B were defined by alanine substitutions spanning the
entire length of the Bax BH3 peptide (Figure 4). Since alanine
naturally occupies position number 3 of the Bax BH3 peptide,
we substituted a glycine at this position. Again, 5 nM FITC–

Bax wild-type peptide and 120 nM GST–Bcl-B(�TM) pro-
tein were used for these competition experiments, and IC50 values
were calculated for each peptide. These experiments showed that
Thr56, Leu59, Glu61, Leu63, Lys64, Ile66 and Leu70 make important
contributions to binding of Bax BH3 peptides to Bcl-B, increasing
the IC50 by approx. 20-fold or more relative to wild-type Bax BH3
peptide, which displayed an IC50 of approx. 0.5 µM under the
conditions of these assays (Figure 4).

Use of Bax mutants for correlating binding and apoptosis
suppression by Bcl-B

Previously, we generated and characterized mutants of the Bax
protein in which specific residues within the BH3 domain were
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Figure 2 Bcl-B only inhibits apoptosis induced by the Bax/Bak chimeras
that it can bind

HEK-293T (A) or COS7 (B) cells at approx. 50 % confluence in six-well dishes were co-
transfected with 0.5 µg of plasmids encoding GFP (control) or GFP–Bax, GFP–Bak, GFP–
XK, or GFP–KX alone or in combination with 1.5 µg of pcDNA3-Bcl-B or pcDNA3-Bcl-XL.
After 24 h, cells were collected, fixed and stained with DAPI. The percentage of GFP-positive
cells with apoptotic morphology (fragmented nuclei or condensed chromatin) was determined
(means +− S.D.; n = 3). Data are representative of several experiments. CNTL, control.

mutated, including L63E, D68A and E69A [10]. Based on
the FPA data presented above, we expected the L63A, K64A
and L70A mutants to display markedly reduced binding to
Bcl-B, whereas the D68A and E69A mutations should not be
deleterious to Bcl-B binding. Taking advantage of the availability
of expression plasmids encoding these mutant Bax proteins, we
compared the ability of Bcl-B to associate with them in cells
by co-immunoprecipitation assays (Figure 5A) and to suppress
apoptosis in cells over-expressing these Bax mutants (Figure 5B).
Bcl-B retained the ability to bind the D68A and E69A mutants
of Bax, and inhibited apoptosis when over-expressed in HEK-
293T cells. In contrast, Bcl-B failed to bind the L63A, K64A and
L70A mutants of Bax, and also did not suppress apoptosis induced
by these proteins (Figure 5). Thus a correlation exists for Bcl-B
between binding to Bax and suppressing Bax-induced apoptosis.

Mutants of Bcl-B that fail to bind Bax also lack cytoprotective
activity

To further explore the relation of Bax binding to anti-apoptotic
function of Bcl-B, we used structure-based modelling to design
mutations in the BH3-binding pocket of Bcl-B in an effort to
create versions of Bcl-B that fail to bind Bax. For this pur-
pose, Bcl-B was modelled on the reported structures of Bcl-XL and

Figure 3 FPA analysis of Bcl-B binding to BH3 peptides

FPAs were used to study the specificity of Bcl-B for various BH3 peptides. (A) The sequences
of the BH3 peptides used for FPA studies are presented, indicating the site at which the FITC
fluorochrome was conjugated (fitc). Lysines were substituted for the endogenous sequences in
those cases where FITC was placed internally within the peptide. (B) Various concentrations
of GST–Bcl-B(�TM)-fusion protein were incubated in the dark with 5 nM of FITC-conjugated
synthetic Bax, Bak or Bad BH3 peptides dissolved in DMSO. Fluorescence polarization was
measured (mP). (C) Competition studies were performed using various concentrations of
unlabelled BH3 peptides as indicated, added to 5 nM FITC–Bax and 120 nM GST–Bcl-B(�TM),
measuring polarization (mP) after 15 min.

Figure 4 Alanine scanning replacement analysis of Bax BH3 peptide
binding to Bcl-B

A series of alanine substitutions spanning the length of the Bax BH3 peptide were used at various
concentrations in a competition assay with 5 nM FITC–Bax and 120 nM GST–Bcl-B(�TM).
IC50 determinations were performed for each peptide and are shown on the right. Asterisks at
bottom indicate those residues that resulted in a �19-fold increase in IC50.

Bcl-2 [27–29], with BH3 peptides from Bak and Bax respectively
docked into the structures. Additional mutants of Bcl-B were also
made in other regions of the protein during the course of these
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Figure 5 Bcl-B fails to block apoptosis induced by Bax mutants that it
cannot bind

The ability of Bcl-B to bind and block apoptosis induced by various Bax mutants was tested.
HEK-293T cells were transiently transfected with plasmids encoding HA (haemagglutinin)–Bax,
or HA–Bax with the following substitutions, L63A, K64A, L70A, D68A or E69A, with pcDNA3-
HA control or pEGFP-Bcl-B. (A) Lysates were prepared from transfected cells after 24 h using
NP40-lysis buffer, and the lysates were used for immunoprecipitation assays employing anti-HA
antibody. Immune complexes were analysed by SDS/PAGE and immunoblotting using anti-
GFP antibody. (B) After 24 h, cells were collected, fixed and stained with DAPI. The percentage
of GFP-positive cells with apoptotic morphology (fragmented nuclei or condensed chromatin)
was determined (means +− S.D.; n = 3). Data are representative of several experiments.

experiments, and used to test the correlations between binding to
Bax and suppression of Bax-induced activation of caspases.

Two mutations in the BH3-binding pocket of Bcl-B, L86A
and R96Q, ablated Bax binding activity, as demonstrated by
co-immunoprecipitation assays using lysates from transiently
transfected HEK-293T cells (Figure 6A). In addition, deletion of a
loop between the first and second α-helices of Bcl-B(�118–133)
also abolished Bax binding. These mutants of Bcl-B that lacked
Bax-binding activity also failed to suppress caspase activation
induced by over-expression of Bax (Figure 6B). In contrast, a
mutant of Bcl-B in which three alanines were substituted for
the sequence F169FR171 within the predicted BH3-binding pocket
retained the ability to bind Bax, and also suppressed caspase
activation induced by over-expression of Bax (Figure 6).

These data derived from mutants of Bcl-B thus provide further
evidence that suppression of Bax-induced apoptosis by Bcl-B
correlates with its ability to dimerize with Bax. We presume
that the L86A and R96Q mutations in the BH3-binding pocket
of Bcl-B directly interfere with binding to the BH3 domain of
Bax, whereas the loop-deletion mutant presumably distorts the

Figure 6 Bcl-B mutants that fail to bind Bax are defective in blocking Bax-
induced caspase activation

(A) HEK-293T cells were transiently transfected with various plasmids encoding Myc-tagged
proteins, including hCBP (human CREB-binding protein, used as a control) (Myc-hCBP),
wild-type Bcl-B (Myc-Bcl-B), Bcl-B(L86A) (Myc-L86A), Bcl-B(R96Q) (Myc-R96Q), mutant
of Bcl-B in which three alanines were substituted for the sequence F169FR171 (Myc-FFR), or
Bcl-B(�118–133) (Myc-�118–133). Cell lysates were prepared and immunoprecipitated with
anti-Myc antibody conjugated beads. Immunoprecipitates were then subject to SDS/PAGE
and immunoblot analysis using rabbit polyclonal antibody specifically against Bax. To verify
expression of proteins, lysates were also normalized for total protein content (25 µg), and
subjected to immunoblot analysis using antibodies specifically against either Bax (middle
panel) and or Myc (bottom panel). (B) For caspase assays, HEK-293T cells were co-transfected
with 0.5 µg of Bax and 1.0 µg of various Bcl-B-encoding plasmids. Cell lysates were prepared
24 h after transfection, normalized for protein content (25 µg), and incubated with 100 µM
DEVD-AFC. Enzyme activity was determined by the release of AFC fluorescence, and V max was
calculated (means +− S.D.; n = 3). CNTL, control; L86A, Bcl-B(L86A); R96Q, Bcl-B(R96Q);
FFR169, mutant of Bcl-B in which three alanines were substituted for the sequence F169FR171;
�118–133, Bcl-B(�118–133).

geometry of the BH3-binding pocket or otherwise disturbs Bax
binding through a more indirect mechanism.

DISCUSSION

Bcl-2 family proteins differ in their preferences for dimerization
partners, constituting a complex network of homo- and hetero-
dimers. Resolving the roles of specific interactions among Bcl-2
family proteins is important for understanding the biology of
these proteins and for devising potential therapeutic strategies.
Previously, we reported that Bcl-B can differently bind and
regulate the activity of Bax and Bak, but the relevant mechanism
was unclear [13]. We show here that the BH3 domain represents
the critical region of the Bax protein required for its association
with and sensitivity to suppression by Bcl-B. Swapping the BH3
domain of Bax into the Bak protein converted Bak into a Bcl-
B-binding protein, correlating with sensitivity to Bcl-B-mediated
apoptosis suppression. Conversely, substituting the BH3 domain

c© 2003 Biochemical Society
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of Bak into the Bax protein abolished its ability to bind Bcl-B
and rendered the protein resistant to apoptosis suppression by
Bcl-B. Thus the BH3 domain of Bax dictates its sensitivity
to suppression by Bcl-B. This correlation between binding and
function was further supported by mutagenesis studies in which
mutants of Bax that lost Bcl-B-binding activity were found to be
resistant to Bcl-B with respect to cell death. Similarly, mutants of
Bcl-B that lost the ability to bind Bax were inactive at suppressing
Bax-induced cell death.

These findings have important implications for understanding
the biological roles of Bcl-B, in as much as Bcl-B would be
predicted to function as a physiologically important apoptosis
suppressor when Bax, but not Bak, becomes activated. In this
regard, gene ablation studies in mice in which bax, bak or
both of the multidomain pro-apoptotic Bcl-2 family genes is
disrupted indicate that either bax or bak is required for apoptosis
induced by diverse stimuli in fibroblasts and embryonic stem cells
[30,31]. However, analysis of the Bax and Bak proteins in vivo
indicates that not all tissues simultaneously express these
proteins [32–34]; thus circumstances presumably exist where
Bcl-B is adequate to provide protection from apoptosis because
Bak is not expressed. Evidence supporting this notion is found in
studies of mice in which only the bax gene was ablated, showing,
for example, a non-redundant role for the Bax protein in neuronal
cell death induced by stroke and axotomy [35,36]. Evidence for
an important role for the Bax protein has also been identified in
human tumours that develop mutations in both copies of their BAX
genes, correlating with loss of sensitivity to apoptosis induced, for
example, by TRAIL (tumour-necrosis-factor-related apoptosis-
inducing ligand) in vitro [37,38] and with poor patient prognosis
[39]. Similarly, bax− /− mice display increased incidence of tu-
mours under certain circumstances [40,41], indicating that nulli-
fying bax alone can be sufficient to afford cells with a selective
survival advantage and thus promote malignancy.

The Bcl-2 family comprises a large membership, with 24
and 27 genes identified in humans and mice respectively [12].
Tissue-specific roles for various members of this multigene family
(n = 24 in humans) have been defined using gene knock-out
experiments in mice [4], suggesting unique roles for individual
Bcl-2 family proteins at discrete developmental stages. Based
on nucleotide and amino-acid sequence comparisons, the closest
homologue of Bcl-B in the mouse is Diva/Boo. Analysis of boo/
diva knock-out mice showed no obvious histological abnorma-
lities, and long-term survival did not differ from littermate controls
[42]. Although diva/boo is highly expressed in ovary and testis, the
boo/diva− /− mice are born at the expected ratios and both females
and males are fertile [42]. However, it remains questionable
whether BCL-B and diva/boo represent orthologous genes, given
the striking differences in their patterns of expression in vivo,
where mouse Diva/Boo is predominantly expressed in ovary and
testis, being almost undetectable in other organs, whereas human
Bcl-B is present in many organs, with the highest levels typically
found in liver, pancreas, brain and lung [13,14]. Also, striking
differences in the specificity of Bcl-B and Diva/Boo for BH3-
containing dimerization partners has been reported, with human
Bcl-B binding Bax, but not Bak, and mouse Diva/Boo binding
Bak, but not Bax [13,17].

Pathological elevations in expression of Bcl-2 or Bcl-XL are
commonly observed in many leukaemias, lymphomas and solid
tumours, including prostate, breast, lung and colorectal cancers
[34,40,41,43]. We have also observed frequent expression of
Bcl-B in human tumour cell lines (D. Zhai, unpublished work),
although the relative importance of Bcl-B relative to other anti-
apoptotic Bcl-2 family members, such as Bcl-2 and Bcl-XL,
remains to be determined. Recently, interest has emerged in

the possibility of generating small-molecule drugs that target the
BH3-binding pockets of anti-apoptotic Bcl-2 family proteins,
mimicking the inhibitory effects of pro-apoptotic BH3 domains,
and restoring apoptosis sensitivity to cancer cells that over-
express proteins such as Bcl-2 and Bcl-XL [12]. Indeed, several
prototype chemical compounds have been described that compete
for interactions with the BH3-binding pocket of either Bcl-2
or Bcl-XL and that induce apoptosis of tumour cell lines in
culture [44–46]. Through medicinal chemistry, compounds can
be designed to either interact broadly with several anti-apop-
totic Bcl-2 family members or selectively with only certain
members of this family. The goal of such structure–activity
relation studies is to determine which Bcl-2 family proteins are
critical to inhibit for achieving efficacy, and which are desir-
able to avoid because of toxic side effects. Given the apparent
differences in the BH3 domain specificity of Bcl-XL and Bcl-B, as
demonstrated in the present paper, it should be possible to design
compounds that selectively target anti-apoptotic proteins, such as
Bcl-2 or Bcl-XL, without interfering with Bcl-B. For example,
to avoid toxic side effects, it may be important to delineate
whether compounds intended to antagonize Bcl-2 or Bcl-XL also
interact with Bcl-B, so that structure–activity relation studies can
steer reactivity away from Bcl-B, while retaining activity against
Bcl-2 or Bcl-XL. Alternatively, if Bcl-B proves to be important
for maintaining survival of tumour cells, then broad-spectrum
compounds that target Bcl-B in addition to Bcl-2 and Bcl-XL

might be desired. We have observed, for example, by NMR
methods that one of the previously described Bcl-XL antagonists,
BH3Is [45], also interacts with the BH3-binding pocket of
Bcl-B (D. Zhai, unpublished work). Thus it would be interesting
to contrast the anti-tumour activity and side-effect profiles of
analogues of BH3Is that have been modified to either retain or
lose Bcl-B-binding activity. The findings reported in the present
study should help to contribute to those efforts.
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support of the National Institutes of Health (grants GM60554 and CA78040).
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