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bcl-x is a member of the bcl-2 family of genes. The major protein product, Bel-x, , is a 233-amino-acid protein
which has antiapoptotic properties. In contrast, one of the alternatively spliced transcripts of the bcl-x gene
codes for the protein Bcl-xg, which lacks 63 amino acids present in Bel-x; and has proapoptotic activity. Unlike
other proapoptotic Bcl-2 family members, such as Bax and Bak, Bcl-xg does not seem to induce cell death in
the absence of an additional death signal. However, Bcl-xg does interfere with the ability of Bcl-x; to antagonize
Bax-induced death in transiently transfected 293 cells. Mutational analysis of Bcl-xg was conducted to identify
the domains necessary to mediate its proapoptotic phenotype. Deletion mutants of Bcl-xg which still contained
an intact BH3 domain retained the ability to inhibit survival through antagonism of Bcl-x, . Bcl-xg was able to
form heterodimers with Bcl-x; in mammalian cells, and its ability to inhibit survival correlated with the ability
to heterodimerize with Bcl-x;. Deletion mutants of Bax and Bcl-2, which lacked BH1 and BH2 domains but
contained a BH3 domain, were able to antagonize the survival effect conferred by Bcl-x, . The results suggest
that BH3 domains from both pro- and antiapoptotic Bcl-2 family members, while lacking an intrinsic ability

to promote programmed cell death, can be potent inhibitors of Bcl-x; survival function.

Like several other Bcl-2 gene family members, including
bcl-2 and bax, the bcl-x gene can encode several protein prod-
ucts as a result of alternative splicing. The longest reading
frame encodes Bcl-x;, a protein with high homology to Bcl-2
(1). Like Bcl-2, Bel-x;_has four bcl-2 homology (BH) domains,
a region of low homology between BH3 and BH4, the loop
domain, and a transmembrane domain at the C terminus.
Three other transcripts, known as bcl-x ATM, bcl-xB, and bcl-
xv, are similar to bcl-x, except that these transcripts lack a
transmembrane domain at the C terminus (11, 13, 37). These
alternatively spliced transcripts produce proteins that are also
antiapoptotic. In contrast, the smallest transcript, bcl-x, which
differs from bcl-x, by having 189 bases spliced out, encodes a
proapoptotic protein. As a result of this deletion, Bcl-xg lacks
BH1 and BH2 domains but still contains BH3, BH4, loop, and
transmembrane domains.

Bcl-xg exhibits a more limited tissue distribution than Bel-x;,
which appears to be the most ubiquitously expressed isoform.
Bcl-xg has been detected by Western blot analysis in human
tonsil, prostate, testis, ovary, and oviduct, as well as in murine
basal ganglia (21). bcl-xg mRNA levels have been reported to
increase prior to apoptosis in involuting mammary epithelial
cells and in ischemic rat brains (8, 15).

Bcl-xg has been shown, in several experimental systems, to
be capable of promoting apoptosis. Coexpression of Bcl-xg
with Bcl-x; or Bcl-2 reversed the protected phenotype of these
transfected cells in response to growth factor deprivation and
chemotherapeutic treatment (1, 24, 34). Transgenic mice over-
expressing Bcl-xg in keratinocytes demonstrated an increased
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susceptibility to apoptosis in the skin induced by UV irradia-
tion (28). Infection with an adenoviral vector engineered to
encode Bcl-xg resulted in an increased susceptibility of tumor
cells to apoptosis both in vitro and in vivo (5, 9, 10). These data
all demonstrate the efficacy of Bcl-xg as a negative modulator
of cell survival. Bel-xg lacks the BH1 and BH2 domains, which
have been shown to be important in mediating the antiapo-
ptotic function of Bel-x; (38). These two domains are impor-
tant not only for heterodimerization with proapoptotic mem-
bers, such as Bax and Bak, but also for pore-forming properties
(30, 31). Like many other proapoptotic family members, Bcl-xg
maintains an intact BH3 domain. Unlike any other proapo-
ptotic family member, Bcl-xg also contains a BH4 domain,
which has been shown to be important for the antiapoptotic
properties of Bcl-2 and Bel-x; (16, 17).

To investigate the domain(s) of Bcl-xg necessary to potenti-
ate apoptosis, deletion mutants of Bcl-xg were generated and
tested for function in a transient-transfection system. The BH3
domain of Bcl-xg was found to be necessary for the inhibition
of the antiapoptotic function of Bcl-x;. The BH3 domains of
several other Bcl-2 family proteins were tested and found to
share the ability to suppress the survival function of Bcl-x;.
These data suggest that the ability to inhibit the antiapoptotic
action of proteins such as Bcl-x; is a feature shared by all BH3
domains, including BH3 domains which reside in proteins with
antiapoptotic function.

MATERIALS AND METHODS

Plasmid construction. Deletion mutations were generated by PCR mutagen-
esis and confirmed by sequencing. All Bcl-xg wild-type and deletion constructs
had either a FLAG epitope (MDYKDDDDAK) or a hemagglutinin (MDYPYD
VPDYA) epitope added to the 5’ end by PCR. These constructs were cloned into
the plasmid pBluescript II SK(+) (Stratagene) and subcloned into the EcoRI
restriction site of the mammalian expression plasmids pSFFV-Neo and pCDNA
3 (Invitrogen).

Cell culture and transfection. Human embryonic kidney 293 cells were cul-
tured at 37°C in 5% CO, in Dulbecco’s modified Eagle’s media supplemented
with 10% fetal calf serum, 2 mM glutamine, 100 U of penicillin per ml, and 100
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wg of streptomycin per ml. Transfections were carried out in either six-well plates
or 10-cm-diameter plates. All death assays were conducted in six-well plates.
Cells were seeded at approximately 30% confluency and transfected 24 h later by
standard calcium phosphate protocols with the indicated amounts of DNA plus
50 ng of the pEGFP plasmid (Invitrogen), which expresses enhanced green
fluorescent protein (EGFP). The quantity of DNA transfected was kept constant
for each well or dish transfected throughout each individual experiment. Fol-
lowing transfection, cells were harvested at 15 h for Western blot analysis or 24 h
for viability assays. Both adherent and nonadherent cells were collected for cell
harvesting. Adherent cells were detached from the plates by incubation with a
sterile solution of 5 mM EDTA in phosphate-buffered saline (PBS).

Viability assays. Supernatants and cells were harvested 24 h following trans-
fection. Cells were pelleted and fixed in 1 mM paraformaldehyde for 10 min.
Following fixation, cells were repelleted and resuspended in 75% cold ethanol.
After a minimum of 1 h of incubation at 4°C, fixed cells were pelleted and
resuspended in propidium iodide (PI) staining buffer (3.8 mM sodium citrate,
0.125 mg of RNase A per ml, and 0.01 mg of PI per ml) and incubated at 4°C for
1 h. Cells were then analyzed by flow cytometry to measure PI staining of the
EGFP-positive cells (22).

Western blotting and immunoprecipitation. Cells were harvested 15 h post-
transfection. Cells in suspension and adherent cell fractions were combined and
pelleted. Cells were lysed in either radio immunoprecipitation assay buffer (1%
Nonidet P-40, 1% deoxycholate, 0.1% sodium dodecyl sulfate [SDS]) or NET-N
(100 mM NaCl, 1 mM EDTA, 20 mM Tris, 0.2% Nonidet P-40) for immuno-
precipitations. Lysates were supplemented with 8 pg of aprotinin per ml, 2 pug of
leupeptin per ml, and 170 ng of phenylmethylsulfonyl fluoride per ml. After
cellular debris was removed by centrifugation, protein concentrations were as-
sayed by colorimetric bicinchoninic acid analysis (Pierce). Western blot analyses
were performed as described previously (2). For FLAG epitope Western blots,
membranes were incubated with 1 pg of M2 mouse monoclonal anti-FLAG
antibody (Kodak) per ml. Bcl-x expression was assayed with either the S-18 rabbit
polyclonal antibody (Santa Cruz) at 250 ng/ml or the 13.6 polyclonal antibody at
a 1:5,000 dilution. Bax was probed with the N-20 rabbit polyclonal antibody
(Santa Cruz) at 250 ng/ml. The 12CAS5 mouse monoclonal antibody (Boehringer
Mannheim) was used at 1 pg/ml to detect hemagglutinin (HA) epitope tags.
Immunoprecipitations were carried out as described previously (2). Briefly, cells
were harvested and lysed in NET-N buffer (pH 8.0). Lysates were precleared and
incubated with antibody and then incubated with protein G-agarose. Immuno-
precipitated proteins were then separated by SDS-polyacrylamide gel electro-
phoresis (PAGE). For every 100 pg of protein, FLAG immunoprecipitations
were carried out with 1 ug of M2 antibody per ml, and HA immunoprecipitations
utilized 12CAS5 antibody (10 pg/ml).

Immunofluorescence staining. Cells were harvested and fixed with 1% para-
formaldehyde at 15 h posttransfection. Fixed cells were washed with a 0.03%
saponin solution in PBS. M2 antibody staining was conducted with 1 pg/10° cells
in a 0.3% saponin solution in PBS supplemented with 20% goat serum. Cells
were stained with M2 antibody for 1 h at 4°C, washed with 0.03% saponin, and
then incubated with an anti-mouse fluorescein isothiocyanate-conjugated sec-
ondary antibody in 0.3% saponin for 1 h at 4°C. Following secondary-antibody
incubation, cells were washed twice with a 0.03% saponin solution, followed by
a wash with a fluorescence-activated cell sorter buffer (PBS with 1% bovine
serum albumin and 0.01% sodium azide). Cells were then analyzed by flow
cytometry for fluorescein isothiocyanate expression.

In vitro fluorescence titration assay. Recombinant BH3 peptide was pur-
chased from PeptidoGenic Research & Co. (Livermore, Calif.) and purified by
reverse-phase high-performance liquid chromatography on a Cg column. For
titration, the fluorescence emission of the Trp residues of Bcl-x; was monitored
as a function of increasing peptide concentration. The fluorescence measure-
ments were done on a Shimadzu RF5000U spectrofluorometer with excitation
and emission wavelengths of 290 and 340 nm, respectively. The Trp fluorescence
intensity was fitted with the equation Aly,, = X), X Al _ 5, where Al is
the difference between the observed intensity and the fluorescence intensity
of the free protein, X}, is the mole fraction of the bound state, and A, _  is the
fluorescence difference between the bound and free forms of the protein. Mole
fractions were calculated from a dissociation constant, K, by using the known
initial concentrations of the protein and peptide. A least-squares analysis was
then performed with systematic variations of K, and Al(;, _ 5. A linear correction
for peptide fluorescence was applied to the BH3 peptide prior to data analysis.

Yeast culture and Bax toxicity assay. Yeast studies were carried out with
Saccharomyces cerevisiae W303 (ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1
ura3-1). The yeast cells were maintained on selective synthetic complete medium
(1.5 g of U.S. Biological yeast nitrogen base per liter, 5 g of ammonium sulfate
per liter, 2 g of amino acid powder mix lacking histidine per liter). Human
cDNAs for Bax, the Bax a2 domain, Bcl-xg, and the Bcl-xg a2 domain, all with
an N-terminal HA tag, were cloned into the multicopy expression plasmid p423
GALL (histidine selection) controlled by a galactose-inducible promoter (26).
Yeast cells were transformed with the p423 GALL expression plasmids by the
lithium acetate method and selected on histidine-deficient plates (12). For the
Bax toxicity assay, yeast cells were grown at 30°C for 24 h on histidine-deficient
plates containing 2% dextrose as a carbon source, after which they were resus-
pended in histidine-deficient liquid media containing 2% raffinose. The yeasts
were then normalized to an optical density of 0.3 at 600 nm, spotted at 10-fold
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FIG. 1. Bel-xg can prevent Bcel-x; rescue of Bax-induced cell death. (A) 293
cells, plated in six-well dishes, were transiently transfected with the indicated
combinations of constructs, each at 1 wg per transfection. The amount of total
DNA per transfection was maintained at 3 pg. Cells were harvested 24 h post-
transfection, and the subdiploid percentage of the subpopulation of cells express-
ing the marker for transfection, EGFP, was measured. Means and standard
deviations of at least three independent experiments are shown. (B) Transfec-
tions were conducted as for panel A, but cells were harvested at 15 h posttrans-
fection. Cells were lysed, and proteins were separated by SDS-PAGE. Proteins
were blotted with a polyclonal anti-Bcl-x antibody and a polyclonal anti-Bax
antibody.

serial dilutions on both histidine-deficient dextrose and histidine-deficient 2%
galactose—2% raffinose plates, and allowed to grow at 30°C for 3 to 4 days.

RESULTS

Bcl-xg fails to promote cell death but can reverse Bel-x;
protection. In order to investigate the proapoptotic function of
Bcl-xg, the human embryonic 293 kidney epithelial cell line was
transiently transfected by using calcium phosphate with expres-
sion constructs of various Bcl-2 family members. Cells were
cotransfected with an EGFP expression plasmid as a marker
for transfection. Twenty-four hours posttransfection, cells were
harvested, and the DNA content of the EGFP-positive cells
was measured by staining them with PI, followed by flow cy-
tometric analysis (22). For each transfection, 1 pg of each
expression construct was used and a quantity of a control
vector (Neo) was added to maintain total DNA quantity at 3
g per transfection. At the concentrations used, Bax induced a
sixfold-higher percentage of subdiploid cells than the Neo con-
trol vector (Fig. 1A). Equal or greater amounts of Bcl-xg (up to
3 pg per transfection) had no effect on cell viability. The ability
of 1 pg of Bax to induce apoptosis was blocked by cotransfec-
tion with an equal amount of Bcl-x; . When all three plasmids
were cotransfected at 1 g each, the presence of Bcl-xg re-
versed the ability of Bcl-x; to inhibit Bax-induced apoptosis.
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FIG. 2. Alignment of Bcl-xg with deletion mutants of Bcl-xg. (Top) Schematic of Bcl-xg with alpha-helical domains (based on homology to Bel-x; ) highlighted above.
TM, transmembrane domain at the C-terminal end of Bcl-xg. (Bottom) Deletion mutants used in this study. Thin lines represent gaps of sequence missing from the
deletion constructs. The asterisk identifies the Leu 90-to-Ala point mutation. All constructs, including Bcl-xg, have N-terminal FLAG epitope tags.

Cotransfection of Bcl-xg with Bax did not enhance Bax-in-
duced apoptosis, and the transfection of Bcl-x; and/or Bel-xg in
the absence of Bax transfection was indistinguishable from that
of the Neo control (data not shown). To confirm that the
alterations in cell viability correlated with the expression of the
transfected proteins, cell lysates of the transfectants were an-
alyzed for protein expression (Fig. 1B). Western blotting con-
firmed that the expected proteins were observed following
transfection and that the levels of individual proteins were
similar whether transfected singly or in combination. Although
the levels of Bax relative to those of Bcl-x; and Bcl-xg are
difficult to estimate since those proteins are detected with
distinct antibodies, the levels of Bax transfected alone consis-
tently induced death in 293 cells. In addition, we have found
that the levels of Bcl-xg detected by Western blotting with
anti-Bcl-x polyclonal antisera relative to those Bcl-x; are con-
sistently underestimated (see below).

The BH3 domain is necessary for the proapoptotic pheno-
type of Bel-xg. To identify the regions of Bcl-xg important for
its inhibition of Bcl-x; function, a series of deletion mutants of
Bcl-xg were generated and tested for function in the 293 assay
(Fig. 2). With the previously solved structure of Bcl-x; used as
a reference, the deletion mutants of Bcl-xg were designed to
test the significance of secondary-structure elements found in
Bel-xg. The 63 amino acids in Bcl-x, that are not found in
Bcl-xg encompass the core hydrophobic alpha-helices 5 and 6
in Bcl-x;. The primary sequences of the other amphipathic
helices are little affected by this deletion and are predicted to
maintain their secondary structure in Bcl-xg. The deletion mu-
tants of Bcl-xg were designed to test the contribution of the
remaining alpha-helices (al, a2, o3, and a4) to proapoptotic
function. All Bel-xg constructs contained an N-terminal FLAG
epitope tag (MDYKDDDDK) and the wild-type transmem-
brane domain. Previous work with the Bcl-x; homologue Bcl-2
demonstrated that the C-terminal hydrophobic domain was
necessary and sufficient for proper membrane targeting (27).
When transfected in the absence of other Bcl-2 family mem-
bers (at 1 wg per transfection), as in the case of wild-type
Bcl-xg, none of the deletion mutants were able to induce apo-
ptosis (data not shown). The Bcl-xg mutants were then tested
for their ability to inhibit cell survival in the presence of Bcl-x;
and Bax. One microgram each of Bax, Bcl-x;, and the various
Bcl-xg deletion mutants was transiently transfected into 293
cells. Analysis of the Bcl-xg deletion mutants revealed that
most of the Bcl-xg molecule is dispensable for its proapoptotic
function, including the BH4 domain and the loop domain (Fig.

3A). The only region essential for function appeared to be the
a2 helix, which encompasses the BH3 domain. Furthermore, a
point mutant of Leu 90 in the BH3 domain, which is com-
pletely conserved in the BH3 domains of all mammalian Bcl-2
family proteins, is sufficient to inactivate construct a2347. To
ensure that differential expression of the deletion constructs
was not responsible for the results, the transfectants were in-
tracellularly stained with an anti-FLAG antibody. No signifi-
cant differences were detected in the expression levels of the
different mutants (Fig. 3B).

The BH3 domains of Bak and Bad were previously shown to
be necessary for heterodimerization with Bcl-x; . Furthermore,
Bad, the first identified BH3-only-containing family member, is
a potent inhibitor of antiapoptotic proteins and manifests its
function only through heterodimerization. It seemed highly
likely that Bcl-xg, which contains a BH3 domain but does not
have a BH1 or BH2 domain, might also mediate its antisurvival
phenotype through heterodimerization. Previous reports have
yielded conflicting data regarding the heterodimerization ca-
pacity of Bcl-xg. Yeast two-hybrid studies suggested that Bel-xg
could heterodimerize with Bcl-x; and Bcl-2 (29, 32). However,
Bcl-xg had failed to coprecipitate with Bel-x; in FL5.12 cell
lines (24).

Bcl-xg heterodimerizes with Bcel-x; through its BH3 domain.
To determine whether heterodimerization with Bcl-x; corre-
lated with the phenotype of the various Bcl-xg mutants, equal
amounts of Bcl-x; and various Bcl-xg constructs were cotrans-
fected into 293 cells. In addition to wild-type Bcl-xg, three
deletion mutants of Bcl-xg were chosen for this assay. Con-
structs «2347 and «2347 L90A differ only by a point mutation
that abolishes «2347 function. The mutant a2, containing the
BH3 domain, is the minimal construct which still facilitates
apoptosis when coexpressed with Bax and Bcl-x;. Cells were
harvested 15 h posttransfection, and the Bcl-xg mutants were
immunoprecipitated with the anti-FLAG antibody against the
FLAG epitope present on these constructs. Western blot anal-
yses were performed on both whole-cell lysates and immuno-
precipitated proteins to examine the degree of coassociation of
Bel-x; with the Bcl-xg mutants (Fig. 4). In contrast to the
results shown in Fig. 1, Fig. 4 shows that the anti-Bcl-x anti-
body S-18 recognizes Bcl-xg and Bcl-x; equivalently, confirm-
ing that roughly equivalent levels of Bel-x; and Bcl-xg are
achieved under these transfection conditions. Unfortunately,
this antibody also interacts nonspecifically with a 32-kDa
protein. In Fig. 4, the amount of Bcl-x; expressed is constant
in all lanes. Since the anti-Bcl-x antibody, S-18, used in these
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FIG. 3. The BH3 domain is necessary for the proapoptotic phenotype of
Bcl-xs. (A) Bax, Bel-x, Bel-xg, and mutants of Bel-xg were transfected in equal
quantities (1 pg each) as indicated. Cells were harvested at 24 h posttransfection,
and the subdiploid percentage of the EGFP-positive population was measured.
Means and standard deviations of three independent experiments are shown. (B)
Transfections were conducted as for panel A. Cells were harvested at 24 h
posttransfection, and intracellular staining with an anti-FLAG monoclonal an-
tibody (M2) was performed. Fluorescence was measured by flow cytometry.
Results are representative of three independent experiments.

experiments binds to the al helix of Bcl-x, it did not recog-
nize the deletion mutants of Bcl-xg. The Western blot anal-
ysis with anti-FLAG antibody demonstrated that all the
Bcl-xg constructs are expressed roughly equivalently with
the exception of a2, which is expressed at a lower level.
Immunoprecipitations with the anti-FLAG antibody, fol-
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lowed by Western blotting with the same antibody, demon-
strated that the three deletion mutants of Bcl-xg were im-
munoprecipitated in the same relative ratio as expressed in
the whole-cell lysates. As shown in Fig. 4D, Bcl-xg migrated
alongside the immunoglobulin light chain of the anti-FLAG
antibody used for the immunoprecipitation. This prevented
the visualization of Bcl-xg in the anti-FLAG Western blot.
Western blot analysis with the S-18 antibody demonstrated
the presence of Bcl-xg in the immunoprecipitation. The two
functional mutants of Bcl-xg, 2347 and o2, as well as wild-
type Bcl-xg, heterodimerized with Bcl-x;, whereas the non-
functional «2347 L90A mutant did not. Interestingly, the
minimal a2 construct, even though underexpressed, het-
erodimerized with significantly more Bcl-x; than did the
other two functional constructs.

Previous in vitro studies failed to find an association of
Bcl-x; with a 16-mer peptide encompassing the BH3 domain of
Bcel-x. An extended 25-mer peptide spanning the sequence
found in the a2 construct (minus the transmembrane domain)
was synthesized and tested in the in vitro fluorescence titration
assay. Titrations with a 25-mer peptide encompassing the BH3
domain of Bcl-x (residues 80 through 104) bound to Bel-x;
with a K; of 0.49 = 0.28 uM, which is of a magnitude compa-
rable to the binding constant of the 16-mer peptide of Bak
BH3 to Bcl-x; . This value is 3 orders of magnitude greater than
that of the Bcl-x 16-mer peptide composed of residues 84 to 99,
which had a K, of 325 wM. Thus, as was observed with the BH3
domain of Bad, although a minimal BH3 peptide of Bcl-x did
not heterodimerize with Bcl-x;, extension of the peptide to
encompass the entire alpha-helical domain («2) resulted in
high-affinity binding.

It is possible that Bcl-xg interacts with other Bel-2 family
members, particularly Bax. Bid, another BH3-only family
member, has been reported to heterodimerize with Bcl-2 and
Bax, leading to the inactivation of Bcl-2 and the potentiation of
Bax-induced death (35). To test whether Bcl-xg and Bax inter-
acted, 293 cells were transfected with either FLAG-Bcl-x; or
FLAG-Bcl-xg, and the lysates were immunoprecipitated with
an anti-FLAG antibody and Western blotted with either anti-
Bcl-x antibody or anti-Bax antibody. Bcl-x; interacted with
endogenous Bax, as shown previously. However, no significant
amount of Bax was detectable in the Bcl-xg immunoprecipita-
tion (data not shown), supporting the yeast two-hybrid data
that demonstrated the interaction of Bcl-xg with Bcl-x; and
Bcl-2 but not with Bax (32).

BH3 domains from both pro- and antiapoptotic Bcl-2 pro-
teins exhibit an intrinsic antisurvival phenotype. Most studies
of the function of BH3 domains have focused on the BH3
domains found in proapoptotic proteins, such as Bak, Bax, and
Bad. The studies presented here demonstrate that the BH3
domain found in Bcl-xg, which is identical to the BH3 domain
of Bel-x; , can also antagonize survival through the inactivation
of Bcl-x; . This suggested that all BH3 domains might have an
intrinsic ability to inhibit survival through heterodimerization
with antiapoptotic Bcl-2 family members, resulting in their
inactivation. To test this possibility, we generated deletion mu-
tants of two additional Bcl-2 family members, Bax and Bcl-2.
Relying on the homology between Bcl-x; and these two pro-
teins, the new mutants were designed both to be analogous to
a2 (the smallest Bcl-xg deletion mutant which still retained
function) and, like Bcl-xg @2, to contain the BH3 domain as
well as the putative C-terminal transmembrane domain (Fig.
5). These mutants, designated Bax a2 and Bcl-2 o2, were
tested for their ability to antagonize the ability of Bcl-x; to
block Bax-induced death in 293 cells (Fig. 5A). As demon-
strated previously, wild-type Bcl-xg and the Bcl-xg a2 construct

1sanb Aq 8T0Z ‘Gz Jequwialdas uo /Bio wse qowy/:dnuy woly papeojumog


http://mcb.asm.org/

VoL. 19, 1999

Bel-x +

FLAG- Bcl-xg
FLAG- 2347
FLAG- 2347 LS0A
FLAG-u2

>
; Neo

29KD ==
. WB: Bcel-x
18KD o=
20kD— b - IP: FLAG
and
. ‘  WB: Bclx
18KD ==

BH3 DOMAIN OF Bcl-xg 6677
Bcel-x +
<
(=]
3
25 5
3 & & «
@ g 3 g
& 2' 3' 4
B 823332
29kD =
18KD ==
WB: FLAG
15KD s --
——
20kD== = T -a i
ye .
18KD = IP: FLAG
and
15KD == WB: FLAG
-’T

FIG. 4. Heterodimerization with Bcl-x; correlates with the presence of the BH3 domain in Bcl-xg. Cells were transfected with equal amounts of Bel-x; and Bcl-xg
or Bel-xg deletion mutants. All Bel-xg constructs had an N-terminal FLAG epitope. Cells were harvested and lysed after 15 h. (A) Western blot analysis of the whole-cell
lysates visualized with an anti-Bcl-x antibody (S-18). Note that the deletion mutants of Bcl-xg lack the S-18 epitope. (B) Western blot analysis of whole-cell lysates with
an anti-FLAG antibody. (C) Whole-cell lysates were immunoprecipitated with anti-FLAG, and immunoprecipitates were blotted with an anti-Bcl-x antibody (S-18).
(D) Western blot analysis with M2 (anti-FLAG) of immunoprecipitates following immunoprecipitation with M2. Note that the immunoglobulin light chain (*)

comigrates with Bcl-xg. WB, Western blot; IP, immunoprecipitation.

prevented Bcl-x; from protecting against Bax-induced apopto-
sis. As expected, the a2-containing deletion construct of Bax
also prevented Bcl-x; from exerting its survival properties in
the presence of Bax. Surprisingly, however, the a2-containing
deletion mutant of Bcl-2, an antiapoptotic protein, was also
able to block Bcl-x; function under these conditions. As ob-
served with the deletion mutants of Bcl-xg, none of the trans-
fected a2 mutants of Bax and Bcl-2 led to significant apoptosis
in the absence of cotransfected Bax, even when the concentra-
tion of transfected plasmid was increased threefold (Fig. 5B
and data not shown).

These data demonstrate that a minimal BH3 domain is
sufficient to antagonize Bcl-x, but inadequate in promoting
death independently. However, since most mammalian cell
lines express multiple Bcl-2 family members, we sought to
confirm our results in an independent system in which Bax
had been shown to induce cell death in the absence of other
coexpressed family members. The yeast S. cerevisiae does
not express any known homologues of Bcl-2, and previous
work has shown that Bax overexpression in yeast leads to
toxicity and growth arrest (39, 40). This toxicity can be
blocked by coexpressed Bcl-x; (25). As previously reported,
yeast cells overexpressing Bax because of an inducible pro-
moter exhibited a reproducible growth deficit relative to
control yeast cells. In contrast, the overexpression of Bcl-xg
or the a2 constructs of Bax or Bcl-xg under similar condi-
tions had no effect on the growth of yeast (Fig. 5D). These
data support the results obtained in 293 cells, which suggest
that BH3-only-containing constructs lack the ability to di-
rectly promote cell death.

BH3 domain of Bax shows higher affinity for Bcl-x; but
cannot promote death independently. As noted previously, the
immunoprecipitation of the a2 construct of Bcl-xg coprecipi-
tated a significantly greater amount of Bcl-x; than did either
Bel-xg or a2347, particularly when the lower levels of expres-
sion of a2 relative to the other constructs are taken into ac-
count. This fact suggested that the minimal a2 construct might
have a higher affinity for Bcl-x;, perhaps due to the lack of
steric hindrance which might otherwise be imposed upon the
BH3 domain by other domains present in Bcl-xg. To investi-
gate whether increased binding by minimal BH3 domains is a
general characteristic of Bcl-2 family proteins, we compared
binding affinities of Bax and Bax a2 for Bcl-x, . Both Bax and
Bax o2 were N-terminally tagged with the HA epitope. Equal
quantities of Bcl-x; and either Bax or Bax a2 expression con-
structs were cotransfected. Cells were harvested, lysed, and
immunoprecipitated with the anti-HA antibody 12CAS. A non-
specific band comigrated with HA Bax to about 21 kD. Similar
to the a2 construct of Bel-xg, the Bax o2 protein was under-
expressed relative to wild-type Bax (Fig. 6). The Bax o2 protein
heterodimerized with more Bcl-x; than did the wild-type Bax
protein. Despite this increased ability to associate with Bel-x, ,
Bax a2 lacked the independent cell-killing function in 293 cells
displayed by wild-type Bax (Fig. 5). Thus, in this assay, the
ability of proapoptotic proteins to heterodimerize with Bel-x;
correlated with an ability to reverse the functional effects of
Bel-x;, but did not appear to reflect a direct proapoptotic
function. In contrast, full-length Bax did not require the pres-
ence of Bcl-x; to promote death.
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FIG. 5. The o2 helices of Bcl-x, Bax, and Bcl-2 all antagonize Bcl-x; . (A) Cells in six-well dishes were transfected with the indicated constructs, all at 1 pg per
transfection. Total DNA concentration was maintained at 3 pg per transfection. The EGFP-positive, subdiploid percentage was measured 24 h after transfection. Means
and standard deviations of three independent experiments are shown. (B) Cells were transfected with 1 pg of each indicated construct per transfection. Two micrograms
of control vector was used in each transfection. (C) a2 constructs of Bcl-xg, Bcl-2, and Bax. Bold lines represent regions of cDNAs retained in deletion constructs. (D)
Yeast cells expressing either Bax, Bax a2, Bcl-xg, or Bel-xg a2 under the control of a galactose-inducible promoter were grown in the presence of glucose or galactose.

DISCUSSION

The proapoptotic product of the bcl-x gene, Bcl-xg, is a
potent antagonist of the antiapoptotic function of Bcl-x; and
Bcl-2. Although much work has focused on elucidating the role
of the major product of the bcl-x gene, Bcel-x,, relatively little
attention has been directed towards Bcl-xg. The studies de-
scribed here have examined the mechanism of action of Bcl-xg
and have identified the BH3 domain as necessary for its func-
tion. Furthermore, it was found that BH3 domains, in general,
have an ability to block Bcl-x; from functioning. This ability,
however, is not sufficient to account for the proapoptotic,
death-inducing action of Bax.

It is interesting that Bcl-xg did not induce apoptosis whereas
Bax was able to do so. Previous reports have suggested that
Bel-xg can induce apoptosis (5). Furthermore, other family
members which lack BH1 and BH2 domains, such as Bik and
Hrk, were shown to be able to induce apoptosis in other cell
lines by a similar transient transfection protocol (14, 18). How-
ever, the overexpression of Bcl-xg at levels that completely
inhibit Bcl-x; did not induce apoptosis on its own. This dis-
crepancy in apoptotic induction could be due to many different
factors. The simplest explanation might be the differing levels
of endogenous apoptosis-regulatory factors in different cell
lines. The 293 cells, which were established by adenoviral
transformation, express the viral homologue of Bcl-2, the E1B

19,000-molecular-weight (19K) protein. E1B 19K has previ-
ously been shown to be resistant to inhibition by Bcl-xg (23).
This, however, cannot be the only explanation for the failure of
Bcl-xg to cause death independently. Unlike Bax, which con-
tains BH1 and BH2 domains in addition to a BH3 domain,
Bcl-xg is unable to induce cell death when overexpressed in 293
cells or when expressed in yeast.

We have shown that the association of Bcl-xg with Bcl-x; is
dependent on an intact BH3 domain. The other domain
present in Bcl-xg, BH4, is dispensable for its proapoptotic
phenotype. As in the case of BH3-only family members, such
as Bad, Bik, and Hrk, which lack BH1 and BH2 domains, the
proapoptotic function of Bcl-xg appears to be dependent on its
ability to heterodimerize and inactivate antiapoptotic proteins,
such as Bcl-x; .

The ability of Bel-xg to heterodimerize had, hitherto, been in
dispute. Although the yeast two-hybrid data suggested that
Bcl-xg could heterodimerize with Bcl-x, in vivo experiments
failed to show evidence of such interactions (24). There are
several significant differences between the experiments de-
scribed in this study and those previously described. Previous
studies on interactions were carried out with the FL5.12 cell
line and stable transfectants. The present studies used both a
different cell line and a transient-transfection assay, which may
have allowed the introduction of higher levels of expression
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than can be maintained by stable expression. In the FL5.12 cell
line, clones expressing high levels of Bcl-xg could not be iso-
lated, whereas clones with highly expressed Bcl-x; were easily
generated, suggesting that high levels of Bcl-xg put cells at a
growth disadvantage even in the absence of growth factor with-
drawal, perhaps due to increased susceptibility to environmen-
tal stresses. Furthermore, FLS5.12 cells express relatively high
levels of endogenous Bax protein, a strong binder of Bcl-x;,
which could serve as a possible competitive inhibitor for
Bcl-x; —Bcl-xg interactions. In addition, interactions could be
influenced by C terminus-dependent targeting. Recent evi-
dence has suggested that the ability of the carboxy terminus to
induce the membrane localization of Bax can be regulated in at
least some cell lines (36). Finally, the interactions detected in
293 cells were weak in comparison with Bax—Bcl-x; interac-
tions assayed in *S-labeled FL5.12 cells.

Previous findings demonstrated that Bad, a BH3-only-con-
taining Bcl-2 family member, lacked heterodimerization-inde-
pendent cell death-promoting activity. Neither wild-type E1B
19K, which does not heterodimerize with Bad, nor functional
point mutants of Bcl-x; that failed to bind to Bad were inhib-
itable by the overexpression of Bad (3, 19). Mutants of Bcl-xg
lacking an ability to heterodimerize with Bcl-x; could not re-
verse the survival function of Bcl-x;, suggesting that het-
erodimerization is the mechanism through which BH3-only
proteins exert their antisurvival properties. Thus, BH3-only
proteins may lack independent proapoptotic activity.

Unlike Bcl-xg, proapoptotic proteins with BH1 and BH2
domains, such as Bax, can induce apoptosis irrespective of
their ability to associate with antiapoptotic proteins (33).
Bcl-xg failed to induce death in 293 cells even when trans-

fected at high levels. Although Bcl-xg and Bax can het-
erodimerize with and inactivate Bcl-x;, only Bax has the
ability to induce apoptosis independently in 293 cells and to
cause a growth defect in yeast. Furthermore, the Bax dele-
tion mutant, Bax a2, which lacks the BH1 and BH2 domains
of Bax but contains a BH3 domain, has an even greater
ability to heterodimerize with Bcl-x; than with wild-type Bax
but is unable to induce apoptosis in 293 cells or delayed
growth in yeast when expressed alone. Bax «2 is still a
functionally active proapoptotic entity, as it was able to
antagonize the ability of Bcl-x; to inhibit Bax. These data
clearly demonstrate that the death-inducing activity of Bax
requires more than heterodimerization to Bcl-x; . One pos-
sibility is that the heterodimerization-independent activity
and the death-inducing activity of Bax are both dependent
on pore formation. Since pore formation is predicted to be
dependent on the a5 and a6 helices encompassing the BH1
and BH2 domains (31), which are absent in Bcl-xg and Bax
a2, these two constructs would be predicted to lack the
ability to form channels in lipid bilayers. Recent data sug-
gest that point mutations in the a5 and a6 helices affect
pore-forming properties which can, in turn, influence apo-
ptotic regulation by these proteins (25). Thus, it is reason-
able to conclude that the deletion of these two helices can
have significant effects on the ability of these proteins to
independently regulate cell death.

The ability of the BH3 domains from Bax, Bcl-x, and Bcl-2 to
facilitate apoptosis to a similar degree suggests that all BH3
domains have an intrinsic ability to inactivate inhibitors of
apoptosis (20). An earlier finding demonstrated that the BH3
domains of the proapoptotic proteins Bak, Bax, and Bid, but
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not that of Bcl-2, could promote apoptosis in Xenopus egg
extracts (7). However, the BH3 peptides used in that system
were 15-mers, while the minimal «2 constructs used in our
assays contained a sequence flanking the a2 helix. As the
fluorescence-quenching experiments with Bad and Bcl-x pep-
tides of various lengths demonstrate, the ability of BH3-con-
taining peptides to bind to Bcl-x; can depend on the sequence
outside the a2 helix (19). Whether this additional sequence is
necessary for specific binding interactions or simply for the
stabilization of the core a2 helix is unclear.

The ability of the BH3 domain of Bcl-xg and Bcl-2 to
inhibit cell survival in the presence of Bax and Bcl-x; pre-
sents an interesting problem. The BH3 domain of Bcl-xg is
identical to the BH3 domain of Bcl-x; . Furthermore, unlike
Bcl-xg, Bcl-2 has no known alternative-splicing variants which
are proapoptotic, yet it still contains a proapoptotic BH3
domain. Clearly, this proapoptotic function of BH3 is sub-
ordinate to the antiapoptotic effects of intact Bcl-2. The
conversion by caspase cleavage of Bcl-2 and Bcl-x; from
antiapoptotic to proapoptotic proteins, as recently reported,
could be due to enhancement in function or the availability
of the BH3 domain resulting from a confirmational change
(4, 6). Alternatively, a BH3 domain-only construct may act
as a dominant negative. For example, it may be that the BH3
domain is critical for dimerization but additional regions of
the protein, including BH1 and BH2, are necessary for pro-
survival function. The inactivation of the survival function of
Bcl-2 by point mutations in BH1 and BH2 support this
possibility (38). BH1 and BH2 domains have been shown to
play a critical role in the formation of the hydrophobic
binding pocket of Bcl-x; (30). In addition, these domains
are necessary for the pore-forming properties of Bcl-x;.
Further experiments will need to be conducted to determine
if one or both of these functional properties play an impor-
tant role in the proapoptotic function of Bax or the anti-
apoptotic function of Bcl-x; .
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