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Homo-oligomerization of Bax (or Bak) has been hypothesized to be responsible for cell death through the
mitochondria-dependent apoptosis pathway. However, partly due to a lack of structural information on the
Bax homo-oligomerization and apoptosis inducing domain(s), this hypothesis has remained difficult to test. In
this study, we identified a three-helix unit, comprised of the BH3 (helix 2) and BH1 domains (helix 4 and helix
5), as the homo-oligomerization domain of Bax. When targeted to mitochondria, this minimum
oligomerization unit induced apoptosis in Bax−/−Bak−/− mouse embryonic fibroblasts (DKO). Strikingly, the
central helix of Bax (helix 5), when replacing the corresponding helix (helix 5) of Bcl-xL, an anti-apoptotic
Bcl-2 family protein structurally homologous to Bax, converted Bcl-xL into a Bax-like molecule capable of
forming oligomers and causing apoptosis in the DKO cells. Finally, a series of systematic mutagenesis
analyses revealed that homo-oligomerization is both necessary and sufficient for the apoptotic activity of Bax.
These results suggest that active Bax causes mitochondrial damage through homo-oligomers of a three-helix
functional unit.
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The Bcl-2 family proteins, characterized by the presence
of at least one of the four Bcl-2 homology domains (BH1–
4), are major regulators and effectors of the mitochon-
dria-dependent pathway of apoptosis (Danial and Kors-
meyer 2004). Functionally, the Bcl-2 family can be cat-
egorized into the anti-apoptotic and the proapoptotic
groups. The anti-apoptotic family members—e.g., Bcl-2
and Bcl-xL—function to protect the integrity of the mi-
tochondria. The proapoptotic family members can be
further divided into two subgroups, the BH1–3 proapo-
ptotic members (also called Bax-like or multidomain pro-
apoptotic members)—i.e., Bax and Bak—and the BH3-
only proteins, such as Bim, Bad, Bid, and Puma (Borner
2003). In response to apoptotic stimulation, select BH3-
only molecules directly or indirectly activate the mul-
tidomain proapoptotic molecules, which in turn cause
the permeabilization of the mitochondrial outer mem-
brane and the release of cytochrome c and other apopto-
genic factors (Willis and Adams 2005). When released
into the cytoplasm, cytochrome c triggers the formation

of the “apoptosome,” which is responsible for the pro-
teolytic activation of the effector caspases and the de-
mise of the cell (Jiang and Wang 2004).

The critical role of the BH1–3 proapoptotic molecules
in the mitochondria-dependent pathway was demon-
strated by both genetic and biochemical analyses. While
mice deficient for either Bax or Bak showed minor phe-
notypes related to apoptosis, mice doubly deficient for
Bak and Bax displayed severe defects in apoptosis, in-
cluding an imbalance of hematopoietic cells and persis-
tence of interdigital tissues known as webbing (Lindsten
et al. 2000). More importantly, mouse embryonic fibro-
blasts (MEFs) from these mice showed almost complete
resistance to mitochondria-dependent apoptosis induced
by various stimuli, including UV, �-irradiation, and se-
rum starvation (Wei et al. 2001). In addition, these cells
failed to respond to the BH3-only molecules to initiate
apoptosis (Zong et al. 2001). On the other hand, bio-
chemical studies using reconstituted systems have dem-
onstrated that activated Bax or Bak can cause the release
of cytochrome c from mitochondria (Jurgensmeier et al.
1998; Desagher et al. 1999; Saito et al. 2000; Wei et al.
2000). These results establish the role of Bax and Bak as
the gateway to mitochondria-dependent apoptosis.
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While Bak is a mitochondrial resident, Bax has been
found in the cytoplasm or loosely attatched to mitochon-
dria as a monomeric protein under normal conditions
(Hsu et al. 1997; Hsu and Youle 1998). Upon apoptotic
stimulation, Bax undergoes a conformational change and
translocates to mitochondria via the mitochondrial tar-
geting sequence at the C terminus (Wolter et al. 1997;
Nechushtan et al. 1999). Once on mitochondria, both
Bax and Bak were found to form homo-oligomers, which
have been hypothesized to be responsible for cytochrome
c release (Nechushtan et al. 2001).

Oligomerzation of Bax, as commonly detected by gel-
filtration or cross-linking analyses, is associated with the
permeabilization of mitochondrial membranes and the
release of cytochrome c (Gross et al. 1998; Antonsson et
al. 2001; Mikhailov et al. 2003). It has been demonstrated
that nonionic detergents can induce homo-oligomer for-
mation (Hsu and Youle 1997). These detergent-induced
homo-oligomers of Bax have been shown to be able to
induce mitochondrial membrane permeabilization
(Antonsson et al. 2000; Kuwana et al. 2002). It is there-
fore postulated that homo-oligomers of Bax or Bak are
responsible for permeabilization of the outer mitochon-
drial membrane and release of cytochrome c. However,
since the mechanism of the homo-oligomerization pro-
cess is poorly understood, the relationship between
oligomerization and apoptotic activity of Bax remains
uncertain (Borner 2003).

A number of proteins have been proposed to bind to
and regulate Bax. Truncated Bid (tBid) has been proposed
to directly interact with and activate Bax or Bak (Desa-
gher et al. 1999; Wei et al. 2000; Kim et al. 2006). PUMA
and some non-Bcl-2 family proteins, such as Bif-1, and
p53, have also been suggested to function similarly to
trigger activation of Bax (Cuddeback et al. 2001; Cartron
et al. 2004; Chipuk et al. 2004). On the other hand, the
anti-apoptotic Bcl-2 family proteins, their viral ho-
mologs (e.g., E1B 19K), and several non-Bcl-2 family pro-
teins (e.g., Ku70 and humanin) have been reported to
complex with Bax and thereby inhibit its mitochondrial
translocation, homo-oligomerization, or apoptotic activ-
ity (Perez and White 2000; Sundararajan and White 2001;
Guo et al. 2003; Sawada et al. 2003).

The overall structure of Bax bears strong resemblance
to that of Bcl-xL, with a central hydrophobic helix (helix
5) surrounded by eight amphipathic �-helices (Suzuki et
al. 2000). Similar to Bcl-xL, the BH1, BH2, and BH3 do-
mains of Bax form a hydrophobic groove (Suzuki et al.
2000; Petros et al. 2004). However, while the hydropho-
bic groove of Bcl-xL has been found to receive the BH3
domain of Bad and Bak, the hydrophobic groove of Bax is
occupied by its own C-terminal tail (CT) (helix 9), which
is responsible for mitochondrial localization (Sattler et
al. 1997; Petros et al. 2000; Suzuki et al. 2000). It is there-
fore hypothesized that Bax undergoes an extensive con-
formational change to disengage helix 9 and allow inter-
actions with other BH3-only molecules (Suzuki et al.
2000). Of importance, helix 5 and helix 6 of both Bax and
Bcl-xL form a hairpin structure, which has been termed
the putative pore-forming domain, reminiscent of pore-

forming bacterial toxins (Borner 2003). However, it is not
obvious from the available structural information why
Bax and Bcl-xL can perform opposite biological func-
tions.

To understand how Bax forms homo-oligomers and ex-
erts its apoptotic function, we carried out a structure–
function analysis of Bax. We identified the long-sought-
after Bax homo-oligomerization domain as well as the
apoptosis-inducing domain of Bax. With the use of the
Bax−/−Bak−/− MEF (DKO) cells and a series of extensive
mutational analyses, the relationship between homo-
oligomerization and the apoptotic activity of Bax was
determined. Unexpectedly, our study also revealed a
single structural element in Bax that can convert Bcl-xL
into a BH1–3 proapoptotic molecule.

Results

Transfected GFP-Bax can be induced to form
oligomers in Bax−/−Bak−/− MEFs (DKO)

To study the mechanism of Bax homo-oligomerization,
we transfected an expression plasmid encoding GFP-Bax
(G-Bax) into Bax−/−Bak−/− MEFs (DKO) and examined
oligomerization of the transfected Bax by gel-filtration
analysis. Fractionation of cell extracts on a size-exclu-
sion column in the presence of the zwitterionic deter-
gent CHAPS has been commonly used to monitor the
oligomerization of Bax (Antonsson et al. 2001). GFP ex-
pression plasmid was transfected and used as a negative
control. As shown in Figure 1, 20 h after transfection,
both GFP (27 kDa) and GFP-Bax (G-Bax, ∼50 kDa) can be
detected in the gel-filtration analysis as monomers. Two
strategies were tested to induce oligomerization of the
transfected Bax. One is cotransfection with an expres-
sion plasmid for tBid, which is known to induce apopto-
sis through Bax and Bak (Wei et al. 2000, 2001; Zong et
al. 2001), and the other is the addition of Staurosporine
(STS), a general kinase inhibitor that presumably induces
apoptosis through the mitochondrial pathway. As shown
in Figure 1A, when expression plasmids for G-Bax and
tBid were cotransfected, the majority of G-Bax migrated
as high-molecular-weight complexes. Similarly, in Fig-
ure 1B, following transfection of the G-Bax or GFP plas-
mids, treatment of the cells with STS caused a signifi-
cant portion of G-Bax, but not GFP, to shift to the high-
molecular-weight fractions, indicating the formation of
higher-order oligomers (Antonsson et al. 2001). These
results indicate that both tBid and STS can induce homo-
oligomerization of G-Bax. Since tBid cotransfection
showed a consistently higher percentage of conversion
from monomers to oligomers (Fig. 1), we chose tBid co-
transfection as our strategy for further analysis of Bax
homo-oligomerization.

Identification of the oligomerization domain of Bax

To locate the region of Bax responsible for oligomeriza-
tion, a series of N-terminal and C-terminal deletion mu-
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tants of Bax were constructed as GFP fusion proteins,
each of which was cotransfected with tBid expression
plasmid into the DKO cells. Oligomerization of G-Bax
and its truncation mutants was examined by gel-filtra-
tion analysis as described in Figure 1. As shown in Figure
2A, while deletion of helix 1 had minimum effect on
oligomerization, the removal of both helix 1 and helix 2
(the BH3 domain) abolished oligomerization. Similarly,

while the serial C-terminal truncation of helices 9, 8, 7,
and 6 had little effect, a further deletion of helix 5 re-
sulted in a complete loss of oligomerization. These re-
sults suggest that the central region of Bax encompassing
helices 2–5 may play a critical role in oligomer for-
mation. Strikingly, the mutant G-BaxH(2–5), which con-
tains only helices 2–5, was able to form oligomers,
indicating that helices 2–5 contain all the structural in-
formation necessary for homo-oligomerization. Interest-
ingly, some deletion mutants that were unable to form
high-molecular-weight homo-oligomers appeared to
form monomers and dimers, as suggested by their migra-
tion on the size-exclusion column. However, the signifi-
cance and mechanism of dimer formation remain to be
studied.

To further examine the role of the individual helices in
Bax oligomerization, a series of internal deletions that
remove individual helices from full-length Bax was con-
structed and tested for oligomerization in the DKO cells.
As shown in Figure 2B, although the removal of helices
3 or 6 had little effect, the removal of helices 2, 4, or 5
individually abolished oligomer formation. These results
suggest that the central region containing helices 2
(BH3), 4, and 5 functions as the homo-oligomerization
domain responsible for oligomer formation of Bax.

Apoptotic activity of the Bax oligomerization domain
in the DKO cells

Since homo-oligomerization has been hypothesized to be
responsible for the apoptotic activity of Bax, we set out
to examine the apoptotic activities of both full-length
Bax and its oligomerization domain in the DKO cells.
First, using Hoechst staining after transfection, we ex-
amined the apoptotic activities of the full-length G-Bax
in the absence and presence of tBid cotransfection.
Oligomerization was monitored by gel-filtration analysis

Figure 2. Mapping the oligomerization do-
main of Bax through N-terminal, C-termi-
nal, and internal deletions. (A) Homo-oligo-
merization of GFP fusions of Bax and its
N-terminal and C-terminal deletion mu-
tants in the DKO cells. On the left, a sche-
matic representation of wild-type Bax and
the N-terminal and C-terminal truncation
mutants. Each red rectangle represents a he-
lix, which is numerically labeled (Suzuki et
al. 2000). The lines outside of the rectangles
represent nonhelical linker regions of Bax.
Helix 9 is located within the CT. The indi-
cated GFP fusion of Bax wild type and mu-
tants was cotransfected with tBid expres-
sion plasmid into the DKO cells, and gel-
filtration analyses were carried out and are
shown on the right. (B) Mapping the oligo-
merization domain of Bax through internal
deletion mutants. The amino acid se-
quences deleted in each construct are speci-
fied in Materials and Methods.

Figure 1. Homo-oligomerization of transfected Bax in
Bax−/−Bak−/− MEFs (DKO). (A) Gel-filtration analysis of G-Bax
in DKO cells with coexpression of tBid. DKO cells were trans-
fected with the expression plasmids for the indicated proteins.
Twenty hours after transfection, cells were harvested and lysed
in 2% CHAPS. The cell extracts were analyzed on a Superdex
200 column. Each fraction was analyzed by Western blot using
GFP antibody. Fraction numbers were specified. The molecular
weights (in kilodaltons) for standard proteins were labeled
above the fraction numbers. (B) Gel-filtration analysis of G-Bax
in DKO cells treated with STS. DKO cells were transfected with
the expression plasmids for the indicated proteins. Twenty
hours after transfection, cells were treated with either DMSO or
1 µM STS. After an additional 8 h, cells were harvested and
analyzed by gel filtration as described in A.
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as described in Figure 1. As shown in Figure 3B, while
G-Bax alone displayed a modest level of apoptosis, co-
transfection of G-Bax and tBid plasmids markedly en-
hanced the apoptotic activity, suggesting that G-Bax was
activated by tBid in the DKO cells.

Second, we examined the apoptotic activity of the Bax
oligomerization domain. Since mitochondrial localiza-
tion has been shown to be required for Bax function, we
attached the CT, a known mitochondria targeting se-
quence of Bax (Nechushtan et al. 1999), to the oligomer-
ization domain. The resulting mutant, G-BaxH(2–5)-CT,
was examined for oligomerization and apoptotic activity
in the absence or presence of tBid cotransfection. As
shown in Figure 3, unlike full-length G-Bax, G-BaxH(2–
5)-CT formed oligomers and displayed strong apoptotic
activities with or without tBid cotransfection. Similarly,
when the CT of Bcl-xL, another mitochondrial target-
ing sequence (Kaufmann et al. 2003), was attached to
the oligomerization domain, the resulting mutant
G-BaxH(2–5)-CT(xL) also displayed oligomerization and

apoptotic activities regardless of tBid cotransfection.
These results indicate that the oligomerization domain
of Bax, when targeted to the mitochondria, is fully ca-
pable of inducing apoptosis in the DKO cells. Of note,
the constitutive oligomerization and apoptotic activity
of the oligomerization domain suggested that helices of
Bax outside the oligomerization domain might play an
inhibitory role in Bax activation.

To further define the minimum oligomerization do-
main and the minimum region responsible for the apo-
ptotic activity of Bax, a series of deletion and alanine
substitution mutants were generated based on
G-BaxH(2–5)-CT and examined for oligomerization and
apoptosis. As expected, deletion of either helix 2 (BH3) or
helix 5 completely abolished oligomerization and apo-
ptotic activity in DKO cells (Fig. 3). To test the require-
ment for helix 3 or helix 4, we replaced the entire helix
3 or helix 4 with six or seven alanine residues, respec-
tively (Fig. 3). While alanine replacement of helix 3 did
not have any effect, alanine replacement of helix 4

Figure 3. The mitochondria-targeted oligomerization domain of Bax is capable of causing apoptosis in the DKO cells. (A) Gel-
filtration analysis of the mitochondria-targeted oligomerization domain of Bax and its mutants in the DKO cells. Plasmids for the
indicated Bax wild type and mutants were transfected individually with or without the tBid expression plasmid into the DKO cells.
(B) Apoptotic activities of the mitochondria-targeted Bax oligomerization domain and its mutants in the DKO cells. The indicated
expression plasmids were cotransfected with a GFP expression plasmid (pEGFPC3) into DKO cells. Twenty hours after transfection,
cells were stained with Hoechst dye. The percentage of GFP-positive cells that underwent nuclear condensation and fragmentation
were quantified. The results are the average of at least three independent transfections. (C) Summary of the locations of the oligo-
merization domain and the apoptosis domain identified in the present study. The rectangles represent �-helices of Bax. The green color
indicates the domains identified in this study.
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greatly reduced both oligomerization and apoptotic ac-
tivity (Fig. 3). The apoptotic activities of these mutants
were also confirmed in a caspase assay (Supplementary
Fig. S1). Thus, combined with the findings from the in-
ternal deletions of full-length Bax (Fig. 2B), we conclude
that helices 2 (the BH3 domain), 4, and 5 constitute the
minimum oligomerization domain that is also respon-
sible for the apoptotic activity of Bax (Fig. 3C).

Bax helix 5 converts Bcl-xL into an activated Bax-like
protein

As a more stringent test for the role of helices 2, 4, and 5
as an oligomerization domain, a “domain-swapping” ex-
periment between Bax and Bcl-xL was carried out. Based
on the strong structural homology between Bax and Bcl-
xL, especially in the helices 2–5 region, as illustrated in
Figure 4A, we generated a Bcl-xL/Bax chimeric protein,
replacing helices 2–5 of Bcl-xL with the corresponding
region of Bax (Fig. 4B). Either wild-type Bcl-xL or the

Bcl-xL/Bax chimera was transfected with or without an
expression plasmid for tBid into the DKO cells and ex-
amined for oligomerization. As shown in Figure 4B,
while G-Bcl-xL was unable to form high-molecular-
weight homo-oligomers, the chimeric protein G-xL/
BaxH(2–5) was fully capable of forming oligomers. To
further pinpoint which helices confer oligomerization to
Bcl-xL, we replaced one or two helices of Bcl-xL with the
corresponding helices of Bax. As shown in Figure 4B,
helices 2 and 3 as well as helices 3 and 4 of Bax failed to
cause oligomerization to Bcl-xL. In contrast, Bax helices
4 and 5 caused Bcl-xL to form high-molecular-weight
oligomers (Fig. 4B). More strikingly, Bax helix 5 alone,
but not an alanine mutant of helix 5 (L113FYF116 to
AAAA), was capable of converting Bcl-xL into a protein
capable of homo-oligomerization (Fig. 4B). This result
suggests that the BH3 domain of Bcl-xL can function in
conjunction with Bax helix 5 to mediate homo-oligomer-
ization. Indeed, as shown in Supplementary Figure S2, an
alanine mutation in the Bcl-xL BH3 domain of G-xL/

Figure 4. Identification of structural determinant for homo-oligomerization by domain swapping between Bcl-xL and Bax. (A) Struc-
tural homology between Bax and Bcl-xL. The structural representation for Bax (1F16) (Suzuki et al. 2000) and Bcl-xL (1MAZ) (Much-
more et al. 1996) were taken from the NCBI Chemical Database. The helices highlighted with yellow are helices 2–5. Helix 5 in both
Bax and Bcl-xL is perpendicular to the page, pointing outward. (B) The homo-oligomerization of the Bcl-xL/Bax chimeric proteins in
the DKO cells. Schematic representations of wild-type Bax, Bcl-xL, and the chimeric proteins are shown on the left, with Bax helices
shown in red and Bcl-xL helices in blue. Plasmids for the indicated Bcl-xL/Bax chimeras were transfected individually with or without
the tBid expression plasmid into the DKO cells. Gel-filtration and Western blot analyses were carried out as described in Figure 1 and
Materials and Methods. The asterisk indicates the alanine mutation in helix 5. (C) The apoptotic activities of Bcl-xL and the Bcl-xL/Bax
chimeric proteins in DKO cells. The percentage of apoptotic cells was quantified as described in Figure 3B and Materials and Methods.
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BaxH5 abolished the ability to form oligomers, indicat-
ing that the Bcl-xL BH3 functions similarly to Bax BH3.

Next, we examined the apoptotic activities of the chi-
meric proteins. Expression plamids for each of the chi-
meric proteins were transfected into the DKO cells in
the presence or absence of tBid expression plamid. As
shown in Figure 4C, while wild-type Bcl-xL, as well as
G-xL/BaxH(2–3) and G-xL/BaxH(3–4), showed no apopto-
tic activities, all the chimeras with an intact Bax helix 5
(G-xL/BaxH5) demonstrated potent apoptotic activity in
the absence and presence of tBid. As expected, the chi-
meric protein containing Bax helices 4 and 5 was found
to be able to cause the release of cytochrome c from
mitochondria in the DKO cells (Supplementary Fig. S3).
In contrast, both the mutation in Bax helix 5 and the
mutation in the Bcl-xL BH3 domain totally abolished
apoptotic activity (Fig. 4C; Supplementary Fig. S2). It is
worth noting that the apoptotic activity of the mutant
G-xL/BaxH(4–5) is 20%–30% stronger than that of
G-xL/BaxH5, suggesting that helix 4 of Bax may play a
regulatory role on the apoptotic activity of Bax (Fig. 4C).
These results established the unit of helices 2 (the
BH3 domain), 4, and 5 of Bax as a bona fide oligomeriza-
tion domain capable of causing apoptosis in the DKO
cells when targeted to mitochondria. Furthermore, we
conclude that Bax helix 5 is a major structural determi-
nant for oligomerization, distinguishing between Bax
and Bcl-xL.

Homo-oligomerization is sufficient for the apoptotic
activity of Bax in the DKO cells

Next, we asked whether oligomerization is sufficient for
the apoptotic activity of Bax. To answer this question, it
is necessary to identify Bax mutants that spontaneously
undergo homo-oligomerization. Such mutants should be
constitutively active in inducing apoptosis in DKO cells
if oligomerization is sufficient for apoptotic activity of
Bax. We therefore sought to screen for Bax mutants that
are able to spontaneously form oligomers in the DKO
cells.

Since conformational changes are associated with Bax
activation, we employed a “proline-scanning” mutagen-
esis strategy to perturb the Bax conformation and screen
for Bax mutants that form oligomers without tBid co-
transfection. A proline mutation, which is commonly
used to introduce a turn in a helix, may be able to perturb
the conformation of the monomeric Bax, which is com-
posed of nine �-helices. Accordingly, as illustrated in
Figure 5A, a total of nine single-proline mutants were
generated in the context of full-length Bax, each with a
single proline mutation located in the middle of a differ-
ent �-helix. In order to test the effect of these proline
mutations on oligomerization, each mutant was indi-
vidually transfected into DKO cells in the absence of
tBid expression plasmid. Comparable levels of the pro-
line mutants were expressed in the DKO cells (Supple-
mentary Fig. S7). As shown in Figure 5A, among the nine
proline mutants, while most showed minimal oligomer-
ization, G-BaxH3P and G-BaxH8P, which have proline

mutation in helix 3 and helix 8, respectively, eluted pri-
marily as high-molecular-weight oligomers. Moreover,
both of these mutants constitutively localized to mito-
chondria (Supplementary Fig. S4). These results indicate
that a conformational change may be able to cause mi-
tochondrial translocation and oligomerization of Bax.

We next examined the apoptotic activities of these
mutants in DKO cells. As shown in Figure 5B, both
G-BaxH3P and G-BaxH8P, which displayed spontaneous
oligomerization, demonstrated strong apoptotic activi-
ties comparable to that displayed by the cotransfection
of G-Bax and tBid expression plasmids. To examine the
effects of these constitutively active mutants of Bax on
the mitochondrial pathway of apoptosis, we examined
the localization of cytochrome c after the transfection.
As shown in Figure 5C, the expression of wild-type G-
Bax, which is mainly localized to the cytoplasm in DKO
cells, did not affect the mitochondrial localization of cy-
tochrome c. In contrast, the expression of G-BaxH3P and
G-BaxH8P induced a homogeneous distribution of cyto-
chrome c throughout the cell, consistent with a release
of cytochrome c from mitochondria. Taken together,
these results strongly support the hypothesis that homo-
oligomerization of Bax is sufficient for its apoptotic ac-
tivity.

Homo-oligomerization is required for the apoptotic
activity of Bax

The identification of the oligomerization domain of Bax
allowed us to formally test the requirement of homo-
oligomerization for the apoptotic activity of Bax. A total
of 14 alanine mutations that replace three or four resi-
dues with the same number of alanines were introduced
into the oligomerization domain (helices 2–5) in the con-
text of the full-length Bax (as illustrated in Supplemen-
tary Fig. S5). Each of these alanine-scanning mutants was
transfected into the DKO cells in the presence of tBid
expression plasmid. As shown in Figure 6A, while most
did not have any effect, three mutations, located in helix
2 (G-Bax63–65A), helix 4 (G-Bax92–94A), and helix 5 (G-
Bax113–116A), respectively, were found to be defective
in oligomerization, strengthening our conclusion that
these three helices are critical for homo-oligomerization.
The apoptotic activities of the whole panel of alanine-
scanning mutants were examined in DKO cells in the
presence of the tBid-expressing plasmid. As shown in
Figure 6B, while the majority of the mutants retained the
apoptotic activity, the three mutants, G-Bax63–65A,
G-Bax92–94A, and G-Bax113–116A, which are defective
in homo-oligomerization, displayed a total loss of apo-
ptotic activities. It is worth mentioning that the mutants
were expressed at comparable levels in the DKO cells
(Supplementary Fig. S7).

To exclude the possibility that the defect of these
three alanine mutants may be due to their inability to
interact with tBid, we tested if the proline mutation-
induced activation of Bax can rescue their oligomeriza-
tion and apoptotic activities. The proline mutation
within helix 8, which caused activation of Bax (Fig. 5),
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was introduced to each of these three mutants. As shown
in Supplementary Figure S6, when transfected into DKO
cells in the absence of tBid expression plasmid, none of
these compound mutations demonstrated oligomeriza-
tion or apoptotic activity, indicating that the alanine
mutations in these mutants indeed abolished the ability
of Bax to form homo-oligomers.

To test the requirement of homo-oligomerization for
the apoptotic activity of Bax in a different context, we
examined the oligomerization and apoptotic activities of
two of the oligomerization-defective alanine mutants,
G-Bax92–94A and G-Bax113–116A, in response to STS.
Expression plasmid for G-Bax, G-Bax92–94A and
G-Bax113–116A were transfected into the DKO cells in-
dividually. Cells were treated with STS after transfec-
tion. As shown in Figure 6C,D, while the wild-type G-
Bax displayed an induced oligomerization and apoptotic
activity, none of the alanine mutations was able to form
oligomers or cause apoptosis in the presence of STS.

Taken together, these results indicate that oligomeriza-
tion of Bax is required for its apoptotic activity.

Discussion

Bax and Bak constitute the gateway to mitochondria-
dependent apoptosis (Wei et al. 2001). Although the so-
lution structure of monomeric Bax provided critical in-
sights into the regulation of Bax, the lack of structural
information on the active form of Bax has been a major
obstacle to our understanding of how these molecules
exert their functions on mitochondria (Suzuki et al.
2000). In this study, with the aid of Bax−/−Bak−/− DKO
cells, we dissected the Bax molecule and defined the
structural requirements for homo-oligomerization as
well as the apoptotic activity of Bax, thus providing in-
sights into the active site of Bax. Through an extensive
mutagenesis study, we also established the functional

Figure 5. Identification of constitutively active mutants of Bax. (A) Gel-filtration analysis of proline-scanning mutants of Bax in DKO
cells. Schematic representation of the proline mutants of Bax are shown on the left. (p) The proline mutation. The amino acid residues
for each proline mutant are specified in Materials and Methods. DKO cells were transfected with the expression plasmids of indicated
wild type and proline mutants of Bax. All transfections in this figure were carried out in the absence of the tBid expression plasmid
unless specified otherwise. (B) Apoptotic activities of the proline mutants of Bax in DKO cells. (C) Cytochrome c release from
mitochondria induced by two proline mutants. Cells that were transfected with the indicated expression plasmids for GFP fusion
proteins are shown on the left. Cells stained with cytochrome c antibody are shown on the right. Arrows point to the cells that express
the indicated GFP fusion proteins.
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relationship between homo-oligomerization and apopto-
tic activity of Bax.

Although a three-dimensional (3D) structure is highly
desirable to define the active form of Bax, three outstand-
ing issues make solving the 3D structure technically
challenging for this particular protein in its oligomeric
form. (1) The extreme toxicity and insolubility of the
active Bax mutants makes it difficult to obtain even
small amounts of the active form of recombinant Bax (N.
George and X. Luo, unpubl.). (2) Both in vivo and in vitro
studies demonstrated that the oligomeric form of Bax
exists as a heterogeneous mixture of Bax homo-oligom-
ers of various sizes (Antonsson et al. 2001; Nechushtan
et al. 2001). (3) Using detergents to induce oligomeriza-
tion of the wild-type Bax also proves difficult for struc-
tural analysis. In their NMR study of the wild-type Bax,
Suzuki et al. (2000) found that apart from a sharp
conformational change induced by detergents, little
structural information could be retrieved from the deter-
gent-induced oligomers, presumably due to their large
sizes.

The BH3 domain, helix 4, and the central helix (helix
5) as the oligomerization domain of Bax

The BH3 domain has been shown to be critical for both
dimerization and apoptotic activity of Bax (Zha et al.
1996; Wang et al. 1998). However, it was not clear
whether it directly participates in oligomerization or
plays a regulatory role through sequences outside the
oligomerization domain. Our results pointed out the role
of the BH3 domain as an integral part of the oligomer-
ization domain, thus providing new insights into its bio-
chemical function. This conclusion, however, does not
exclude the possibility that the BH3 domain may have
other functions before or after the formation of the oligo-
mers; for example, interacting with other mitochondrial
proteins or mitochondrial lipids.

While both the BH3 domain and helix 4 are amphi-
pathic, helix 5 is primarily hydrophobic. It can be specu-
lated that the oligomers are held together primarily by
hydrophobic interactions. Consistent with this predic-
tion, the alanine mutations in helix 4 (G-Bax92–94A) and

Figure 6. Homo-oligomerization is required for the apoptotic activity of Bax. (A) The homo-oligomerization of Bax and its alanine-
scanning mutants in DKO cells in the presence of tBid. The exact amino acid sequences of these mutations are illustrated in
Supplementary Figure S5. DKO cells were transfected with the expression plasmids for the indicated alanine-scanning mutants in the
presence of the tBid expression plasmid. Gel-filtration analysis was carried out as described in Figure 1. (B) The apoptotic activities of
Bax and its alanine-scanning mutants in DKO cells in the presence of tBid. The apoptotic activities of these mutants were quantified
as described in Figure 4 and Materials and Methods. (C) The homo-oligomerization of Bax and its alanine-scanning mutants in DKO
cells in response to STS. DKO cells were transfected with the expression plasmids for the indicated G-Bax and its mutants. DMSO or
STS (1 µM) was added to the cells 20 h after transfection. After 8 h, cells were harvested for gel-filtration analysis as described in Figure
1. (D) Apoptotic activities of Bax and alanine-scanning mutants in the DKO cells in response to STS. The apoptotic activities of these
mutants were quantified as described in Figure 3 and Materials and Methods.
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helix 5 (G-Bax113–116A), both of which abolished oligo-
merization and apoptotic activity, indeed replaced three
and four bulky hydrophobic residues, respectively. Inter-
estingly, the residues F92F93 from H4 and L113FYF116

from helix 5 are facing each other in close proximity in
the monomeric Bax (Suzuki et al. 2000), raising the pos-
sibility that the interaction between these two groups
may be critical for the formation of homo-oligomers. If
this is true, it is then reasonable to speculate that the
hairpin structure formed by helices 4 and 5 may be main-
tained in the homo-oligomers of Bax. However, the role
of the helical conformation of helix 4 remains to be fully
investigated. It is worth noting that one of the surprises
from this study is that helix 6, which is part of the pu-
tative pore-forming domain of Bax (helices 5 and 6), was
found to be not directly involved in oligomerization.
However, helix 6 may play a role in the regulation of
oligomerization or mitochondrial localization of Bax. In-
terestingly, we found that Bak helices 2–5 were also able
to mediate oligomerization in the DKO cells (N. George,
unpubl. data), suggesting that the role of helices 2–5 as
the oligomerization domain may be conserved among
the BH1–3 proapoptotic Bcl-2 family proteins.

It is worth mentioning that the X-ray structure of an
inactive Bak homodimer was published recently. The
identified dimer interface does not involve the regions
we mapped as the homo-oligomerization domain (BH3
and BH1) of Bax and Bak (Moldoveanu et al. 2006).

The central helix (helix 5) of Bax as the major
structural determinant for homo-oligomerization

Conversion of Bcl-xL into a proapoptotic molecule by
splicing variation or proteolytic cleavage has been docu-
mented. The C-terminal portion of Bcl-xL (Bcl-xL�N61),
generated by caspase cleavage, was shown to be proapo-
ptotic in Cos-1 cells (Clem et al. 1998). The Bcl-xL splice
variant, Bcl-xS, was found to be a proapoptotic molecule
in multiple cell types (Boise et al. 1993). However, it
appears that the apoptotic activities of these Bcl-xL mu-
tants are dependent on endogenous Bax or Bak. We found
that Bcl-xL�N61 was unable to form oligomers or induce
apoptosis in DKO cells (N. George and X. Luo, unpubl.).
Similarly, Bcl-xS was found to be unable to cause apo-
ptosis in DKO cells, indicating that it is behaving as a
BH3-only molecule (Lindenboim et al. 2005).

Our finding that Bax helix 5, but not helices 2, 3, or 4,
can convert Bcl-xL into a Bax-like molecule indicated
that the structural information that distinguishes Bcl-xL
from Bax in terms of oligomer formation and apoptotic
activity is coded within helix 5 (Fig. 4). On the other
hand, the observation that Bax helix 5 can function to-
gether with other parts of Bcl-xL, most likely the BH3
domain and H4, to form oligomers and cause apoptosis
in the DKO cells is in line with the strong structural
homology between the two molecules. Intriguingly, the
chimeric molecule with Bcl-xL BH3 and helix 3 replaced
by those from Bax was found to behave as an anti-apo-
ptotic molecule (N. George and X. Luo, unpubl.), sug-
gesting that the BH3 of Bax is homologous to that of

Bcl-xL in terms of anti-apoptotic function. However,
when helices 2–5 or 4 and 5 of Bax were replaced by those
from Bcl-xL, the resulting chimeric protein acted as a
proapoptotic protein in HeLa cells, suggesting that more
structural elements were required for the anti-apoptotic
function of Bcl-xL (N. George and X. Luo, unpubl.). Since
the amino acid sequences of helix 5 of Bax and Bcl-xL are
homologous, it will not be surprising if only a point mu-
tation in Bcl-xL helix 5 can convert Bcl-xL into a Bax-like
molecule. More systematic mutational analysis is nec-
essary to pinpoint the exact determinant for the apopto-
tic activity at the amino acid level.

The mechanism by which Bax causes damage to the
mitochondrial outer membrane remains controversial.
However, it has been found that Bax, but not Bcl-xL, can
cause a decrease of the lifetime of planar phospholipid
bilayer membranes (Basanez et al. 1999). Based on our
findings, it can be speculated that the Bcl-xL/BaxH5 chi-
mera behaves like Bax in this assay. If that is the case, it
would argue that helix 5 of Bax may play a major role in
destabilizing the phospholipid membranes.

Activation of Bax

Although a conformational change has been associated
with the activation of Bax (Hsu and Youle 1998; Ne-
chushtan et al. 1999), it has been unclear whether this
change has a causal relationship with Bax activation.
Our findings that proline mutation in either helix 3 or
helix 8 can lead to oligomerization and strong apoptotic
activity in DKO cells strongly support the notion that
the conformational change is able to cause Bax activa-
tion (Fig. 5). It remains to be seen how the conforma-
tional change is maintained to effect full activation.

The observation that Bax was activated by a proline
mutation in either helix 3 or helix 8 suggests that the
monomeric Bax may be held in an inactive conformation
by multiple helices under normal conditions. This hy-
pothesis was supported by the constitutive apoptotic ac-
tivities of Bax mutants that contain only the oligomer-
ization domain and the C-terminal mitochondrial target-
ing sequence (Fig. 3). In addition, since the Bcl-xL/Bax
fusion proteins were also found to be constitutively ac-
tive (Fig. 4), it suggests that helices of Bcl-xL were unable
to constrain the Bax oligomerization domain. These ob-
servations also suggest that Bax may be activated
through perturbation at multiple sites. Thus, during ap-
optosis, multiple factors may serve as positive or nega-
tive regulators of Bax activation by either destabilizing
or stabilizing different helices. In support of this hypoth-
esis, tBid was shown to interact directly with Bax helix 1
to effect Bax activation (Cartron et al. 2004). Also con-
sistent with this hypothesis, multiple proteins, includ-
ing humanin, Ku70, p53, E1B 19K, Bcl-2, Bcl-xL, and oth-
ers, have been found to affect the activation of Bax
through interaction (Sundararajan and White 2001; Guo
et al. 2003; Sawada et al. 2003; Chipuk et al. 2004). Thus,
it is of interest to see if helices 3 and 8 might be able to
directly interact with Bax modulators.

In this study, tBid was shown to activate the trans-
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fected full-length Bax in the DKO cells (Fig. 1). However,
the mechanism of this activation, either by directly
binding to Bax or by antagonizing the function of the
anti-apoptotic Bcl-2 family proteins, remains a critical
question that is being highly debated (Cheng et al. 2001;
Kim et al. 2006; Willis et al. 2007).

Oligomerization of Bax is responsible for its apoptotic
activity

The causal relationship between homo-oligomerization
and the apoptotic activity of Bax has remained a hypoth-
esis not readily testable due to the following difficulties.
(1) The lack of knowledge of the oligomerization domain
of Bax impeded systematic mutagenesis studies. (2) Bax−/−

Bak−/− DKO cells, which are a critical tool for testing
this hypothesis, have been generated only in recent
years. (3) The rather nonspecific effects of nonionic de-
tergents, which are known to cause conformational
changes and oligomerization of Bax (Hsu and Youle
1997; Antonsson et al. 2001), contributed to the uncer-
tainty. Bound by such limitations, especially the un-
availability of the DKO cells, many studies argued
against a requirement of homo-oligomerization for the
apoptotic activity of Bax (for review, see Borner 2003).

The identification of the oligomerization domain as
well as the use of the DKOs allowed us to perform ex-
tensive mutagenesis studies and ask whether the oligo-
merization is critical for the apoptotic activity of Bax. A
strict correlation between oligomerization and apoptotic
activity in the DKO cells clearly demonstrated the re-
quirement of oligomerization for apoptotic activity of
Bax (Figs. 3, 4, 6). Significantly, the minimum three-he-
lix oligomerization unit was also found to be the mini-
mum domain for apoptotic activity in the DKO cells
(Fig. 3). The complete overlapping of these two mini-
mum domains strongly supports the hypothesis that Bax
effects mitochondrial damage or apoptosis through
homo-oligomers. This conclusion was further supported
by our finding that helix 5 of Bax conferred homo-oligo-
merization as well as apoptotic activity to the Bcl-xL/
Bax chimera.

Using reconstituted systems with defined lipids that
constitute the mitochondrial outer membrane, it has
been clearly demonstrated that recombinant Bax to-
gether with tBid were able to release high-molecular-
weight molecules trapped in liposomes, mimicking the
release of cytochrome c from mitochondria (Kuwana et
al. 2002). This cooperativity between Bax and tBid was
also evident in our transfection experiments where co-
transfection of Bax and tBid, but not either alone, re-
sulted in apoptosis in DKO cells. However, it has been
unclear whether tBid acts by directly activating Bax or by
acting on the liposomes simultaneously with Bax to
cause the observed changes (Kuwana et al. 2002). The
identification of the spontaneously oligomerizing mu-
tants, which can cause apoptosis in DKO cells indepen-
dently of tBid (Fig. 5), demonstrated that oligomeric Bax
is sufficient for apoptotic activity.

How the BH1–3 proapoptotic Bcl-2 family proteins—

i.e., Bax and Bak—damage mitochondria and eventually
kill cells remains one of the fundamental questions in
the study of apoptosis. The structure–function analysis
presented in this study allowed us to define the oligo-
merization domain and establish the causal relationship
between homo-oligomer formation and apoptotic activ-
ity of Bax. It remains to be explored as to how the oligo-
mers of the three-helix unit interact with mitochondrial
lipids or proteins to cause the release of apoptogenic fac-
tors from mitochondria.

Materials and methods

Plasmid construction

The cDNAs of mouse Bax, human Bcl-xL, and human Bid, and
their respective mutants were PCR-amplified using Taq poly-
merase with 23 cycles of 1 min at 55°C, 1 min at 94°C, and 1
min at 72°C. The forward and reverse primers contain an XhoI
site and an EcoRI site, respectively. The PCR products were
digested with XhoI and EcoRI and cloned into the XhoI–EcoRI-
digested pEGFP-C3 plasmid (Clontec). Proline-scanning and ala-
nine-scanning mutants were generated using standard site-di-
rected mutagenesis with Pfu (Stratagene) followed by DpnI
(New England BioLabs) digestion. Bcl-xL/Bax fusion protein
plasmids were generated using the PCR “gene SOEing” method
(Horton et al. 1990). G-Bax�BH3 deleted residues 63–71,
G-Bax�H3 deleted residues 76–80, G-Bax�H4 deleted residues
91–96, G-Bax�H5 deleted residues 108–126, and G-Bax�H6 de-
leted residues 130–146. G-BaxH(2–5)-CT was generated by ligat-
ing D53–K128 with T167–G192, and G-BaxH(2–5)-CT(xL) was
generated by ligating Bax D53-K128 with R209-K233 of Bcl-xL.
G-BaxH(2,4,5)-CT and G-BaxH(2,3,5)-CT were generated simi-
larly to G-BaxH(2–5)-CT except that each residue between
amino acids 76 and 80 and between amino acids 91 and 96,
respectively, were changed to alanine. G-BaxH(3–5)-CT and
G-BaxH(2–4)-CT were generated by ligating M74–K128 with
T167–G192 and D53–N104 with T167–G192, respectively. G-
xL/BaxH(2–5) was generated by replacing residues 80–158 of
Bcl-xL with Bax 53–128. G-xL/BaxH(2–3) was generated by re-
placing residues 80–114 of Bcl-xL with Bax 53–83, G-xL/
BaxH(3–4) was generated by replacing residues 101–135 of Bcl-
xL with Bax 73–103, G-xL/BaxH(4–5) was generated by replac-
ing residues 115–158 of Bcl-xL with Bax 84–128, and G-xL/
BaxH5 was generated by replacing residues 136–158 of Bcl-xL
with Bax 104–128. G-xL/BaxH5m was generated similarly to
xL/BaxH5 except that Bax residues 113–116 were mutated to
alanine. The following sites were mutated to proline in con-
struction of the proline scan: M20 (H1P), L63 (H2P), Q77 (H3P),
F93 (H4P), A117 (H5P), M137 (H6P), I152 (H7P), L161 (H8P), and
G179 (H9P). Each construct was sequenced to ensure correct
sequence in the coding region.

Cell culture

Simian virus 40 (SV40)-transformed Bax−/−Bak−/− MEFs (DKO
MEFs, described in Wei et al. 2001) were maintained in DMEM
supplemented with antibiotics and 10% fetal calf serum.

Transfection

The DKO MEFs were plated (at a density of 2.5 × 105 cells per
35-mm plate and 7 × 105 cells per 60-mm plate) and cultured for
20–24 h before transfection with the Effectene reagents (Qiagen)
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according to the manufacturer’s recommendation. For each
transfection in a 60-mm plate, 100 ng of plasmid of interest
were used and pcDNA3 was included in the mixture to main-
tain the total amount of DNA at 1.5 µg per transfection. Trans-
fection in 35-mm dishes included 30 ng of plasmid of interest,
30 ng of pEGFP-C3 vector, and pcDNA3 to maintain total DNA
at 0.7 µg per transfection. Where indicated, C-terminal Flag-
tagged tBid was included at 120 ng per 60-mm plate transfection
or 40 ng per 35-mm plate transfection. Twenty hours after trans-
fection, cells were fixed for immunostaining, stained with
Hoechst dye for quantification, or harvested for gel-filtration
analysis.

Western blot and immunostaining

Protein samples were subjected to SDS-PAGE and transferred to
nitrocellulose membranes (Bio-Rad). The membranes were
probed with GFP antibody (Santa Cruz Biotechnology) at
1:2000. Immunostaining was essentially performed as described
(Luo and Sawadogo 1996). Where indicated, either TOM20 an-
tibody (Santa Cruz Biotechnology) or cytochrome c antibody
(PharMingen) was added to the paraformaldehyde-fixed cells at
1:200 dilutions. After washing in PBS, the cells were incubated
with Texas Red-conjugated goat anti-mouse secondary antibody
for cytochrome c and Alexa Fluor 594-conjugated goat anti-rab-
bit secondary antibody for TOM20 (Molecular Probes) at 1:500.
GFP-positive and immunostained cells were photographed un-
der a Nikon Eclipse 50i Fluorescence microscope.

Quantification of apoptotis by Hoechst staining

To quantify apoptosis according to nuclear morphology, cells
were transfected with the plasmid of interest together with the
GFP-expressing plasmid pEGFP-C3. Twenty hours after trans-
fection, cells were stained with Hoechst 33342 at 1 µg/mL (Mo-
lecular Probes). Two different viewing areas were randomly cho-
sen for each transfection. Pictures for both GFP and Hoechst
staining were taken for each viewing area, which contained be-
tween 80 and 200 GFP-positive cells. The percentage of GFP-
positive cells undergoing pycnotic nuclear condensation among
all the GFP-positive cells was calculated for each viewing area.
At least three independent transfection experiments were per-
formed for each construct of interest.

Gel-filtration analysis for oligomerization after transfection

The DKO cells were transfected in the presence of 20 µM z-
VAD. Whole-cell lysates were obtained 18–20 h after transfec-
tion by lysing the cells in lysis buffer (Buffer A with 2%
CHAPS). The composition of Buffer A was 20 mM HEPES-KOH
(pH 7.5), 10 mM KCl, 1.5 mM MgCl2, 1 mM sodium EDTA, 1
mM sodium EGTA, 1 mM dithiothreitol (DTT), and 0.1 mM
PMSF, supplemented with protease inhibitors (5 mg/mL pep-
statin A, 10 mg/mL leupeptin). The cell lysates were incubated
for 1 h at 4°C with rotation before centrifugation 1 h at 100,000g
for at 4°C. The supernatant, ∼1 mg of total protein as measured
by Protein Assay (Bio-Rad), was loaded onto a FPLC Superdex
200 10/30 column equilibrated with 100 mM NaCl in Buffer A
(with 1.8% CHAPS) and calibrated by the Calibration Kit pro-
vided by the manufacturer (Amersham Bioscience). Fractions
were eluted at a rate of 0.5 mL/min in the same buffer. One-
milliliter fractions were collected. Twenty microliters of each
fraction were loaded onto SDS-PAGE and transferred to a nitro-
cellulose membrane after electrophoresis. Western blot analysis
was performed to detect GFP fusion proteins.
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