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Background: The stoichiometry of Bax oligomers on mitochondria and the process of Bax pore formation remain unclear.
Results: Bax oligomerization occurs only if tBid is present, and its membrane insertion highly depends on cardiolipin; Bax tends

to form tetramer on membrane.

Conclusion: Bax pore formation involves two independent steps: Bax oligomerization and membrane insertion.
Significance: This study may help elucidate Bax pore formation.

Bax is a pro-apoptotic Bcl-2 family protein. The activated Bax
translocates to mitochondria, where it forms pore and perme-
abilizes the mitochondrial outer membrane. This process
requires the BH3-only activator protein (i.e. tBid) and can be
inhibited by anti-apoptotic Bcl-2 family proteins such as Bcl-x; .
Here by using single molecule fluorescence techniques, we stud-
ied the integration and oligomerization of Bax in lipid bilayers.
Our study revealed that Bax can bind to lipid membrane spon-
taneously in the absence of tBid. The Bax pore formation under-
goes at least two steps: pre-pore formation and membrane inser-
tion. The activated Bax triggered by tBid or BH3 domain peptide
integrates on bilayers and tends to form tetramers, which are
termed as pre-pore. Subsequent insertion of the pre-pore into
membrane is highly dependent on the composition of cardioli-
pin in lipid bilayers. Bcl-x; can translocate Bax from membrane
to solution and inhibit the pore formation. The study of Bax
integration and oligomerization at the single molecule level pro-
vides new evidences that may help elucidate the pore formation
of Bax and its regulatory mechanism in apoptosis.

Bcl-2 family proteins are the critical regulators of apoptosis
in multicellular organisms (1). Members of Bcl-2 family can be
classified into anti-apoptotic and pro-apoptotic proteins (2, 3).
Anti-apoptotic proteins, such as Bcl-2, Bcl-x;, and Bcl-w, con-
tain four BH domains (BH1-BH4). They prevent cell death by
inhibiting the pro-apoptotic proteins, Bax and Bak. Bax and Bak
are structurally similar to Bcl-x;. However, Bax and Bak can
form pores on the mitochondrial outer membrane (MOM)?
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and induce its permeabilization (4). The functions of the anti-
apoptotic and pro-apoptotic proteins are modulated by the
BH3-only Bcl-2 family proteins (e.g. tBid, Bad, Bim, Noxa, etc.).

In a healthy cell, Bax primarily exists in cytosol as an inactive
monomer and travels back and forth between cytosol and
MOM (5). The process is supposed to be accompanied by a
reversible conformational change of Bax (6). Once the cell is
stressed, Bax dramatically translocates to the MOM and oli-
gomerizes to form pores, which initiates the mitochondrial
outer membrane permeabilization (MOMP) (7-9). Notably, to
form pores in MOM, Bax first needs to be recruited and acti-
vated by BH3-only proteins such as tBid (10). Further study
revealed that Bax binds to tBid only in the presence of lipid
membrane (11). In addition, the mitochondria-specific cardio-
lipin was shown to play an important role in Bax pore forma-
tion. 7% cardiolipin in membrane was sufficient for the Bax-
induced membrane permeabilization (12, 13). Kuwana et al.
(14) demonstrated that Bax cooperated with tBid and cardioli-
pin to form a supramolecular opening in MOM and lead to its
permeabilization. It was suggested that membrane integration,
oligomerization, and membrane insertion are the essential
steps in Bax pore formation, but the order was unclear (15).
However, recent cryo-EM studies argued that Bax monomer
could insert into membrane in the presence of Bid BH3 domain
peptide, and lead to the membrane distortion (16). This indi-
cated that membrane-inserted Bax monomer may be the pore-
forming unit and may control the kinetics of MOMP. Mean-
while, the mitochondrial Bax could be constantly retrotranslocated to
cytosol by Bcl-x; (15), which shifts Bax from the activated form
to the cytosolic inactive form and prevents cells from undergo-
ing Bax-induced apoptosis.

Although much effort has been made to unravel the mecha-
nism of Bax pore formation, there are still many unsolved issues
such as the oligomeric state of Bax on membrane. Here by using
single molecule fluorescence techniques, we studied the inte-
gration and oligomerization of Bax on lipid bilayers, as well as
the roles of tBid, cardiolipin, and Bcl-x; in Bax pore formation.
We found that tBid and cardiolipin are not required for the

SASBMB

VOLUME 289-NUMBER 46-NOVEMBER 14, 2014



Integration and Oligomerization of Bax in Membrane

membrane targeting of Bax, but Bax pore formation is highly
dependent on them. After activation by tBid, Bax tends to form
tetramer in membrane. The oligomerization of Bax takes place
before the complex inserts into membrane. Bcl-x; may trans-
locate Bax from membrane to solution and inhibit pore
formation.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Recombinant Bax
(S16C, C62S, C126S) was cloned into Ndel/Sapl of pTYB1 vec-
tor (New England Biolabs) and expressed in Escherichia coli
BL21 (DE3). A single colony was added to LB medium with 100
g ml™ ' ampicillin and cultured at 37 °C until an optical density
of 0.6 at 600 nm was reached. Cells were induced with 400 um
isopropyl-1-thio-3-p-galactopyranoside for 3 h at 30 °C. The
harvested cells were lysed by sonication on ice in lysis buffer (50
mwm Tris, pH 8.0, 500 mm NaCl) with cOmplete protease inhib-
itor cocktail tablets (Roche Applied Science, catalogue number
04693132001). The recombinant protein was isolated from the
supernatant by chitin affinity chromatography according to the
protocol from the vendor (New England Biolabs, catalogue
number S6651L). Then the protein was purified by ion-ex-
change chromatography (Mono-Q column, GE Healthcare).

Recombinant full-length human Bcl-x; and Bid cloned into
pTYB1 were expressed in E. coli BL21 (DE3), respectively. The
proteins were purified by chitin affinity chromatography as
above followed by gel filtration (Superdex 75, GE Healthcare).
The purified Bcl-x; and Bid were stored in the buffer (20 mm
Hepes, pH 7.5, 20% glycerol) at —80 °C for future use.

Dye Labeling—Bax mutant was labeled with cyanine-3-ma-
leimide (Cy3) (GE Healthcare, catalogue number PA13130) in
10-fold molar excess overnight at 4 °C. Unreacted dye was
removed by dialysis. The unlabeled and labeled proteins were
separated by a Mono-Q column. The labeled protein was dia-
lyzed to the buffer (20 mm Hepes, pH 7.5, 20% glycerol) and
stored at —80 °C for future use. The labeling ratio was verified
before experiments by dividing the fluorophore concentration
by the protein concentration calculated from the absorption at
532 nm (e = 150,000 v ' cm™ ') and 280 nm (e = 21,168 M~ *
cm ™), respectively.

Cleaning and Assembly of Sample Chamber—The glass cov-
erslips (Fischer Scientific, catalogue number: 12-548-5M) were
rigorously washed by sonication for 30 min in Alconox (Fisher
Scientific) and treated by Piranha solution (3:1 mixture of sul-
furic acid and 30% hydrogen peroxide) for 1 hat 90 °C. Then the
cleaned coverslips were rinsed by sonication in H,O (Milli-Q,
18.2 milliohms). The hydrophilic treated coverslips were stored
in H,O and freeze-dried before use. The sample chamber was
assembled according to the method described by Rahul Roy et
al. (17).

Preparation of Lipid Bilayers—1,2-Diphytanoyl-sn-glycero-
3-phosphocholine (DPPC, Avanti Polar Lipids, catalogue num-
ber 850355) and cardiolipin (Sigma, catalogue number C0563)
were dissolved in chloroform at 10 mg/ml separately. The sol-
vent in the samples of DPPC and cardiolipin at a 93:7 mass ratio
or DPPC only was evaporated using a steady nitrogen stream.
Subsequently, the lipids were dissolved in PBS and agitated at a
final concentration of 10 mg/ml. The lipid suspension was sub-
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jected to 10 freeze-thaw cycles. 1 ul of the small unilamellar
vesicles was added to 400 ul of PBS and then injected into a
clean sample chamber. After a 1-h incubation at room temper-
ature, the small unilamellar vesicles formed supported bilayers
on the coverslip. The excess small unilamellar vesicles were
washed off with PBS (18).

Sample Preparation—The Cy3-labeled Bax with or without
tBid or Bid in assay buffer (PBS, 0.1 mg/ml BSA) was injected
into the flow chamber. After standing for 1 h at room temper-
ature, unbound proteins were washed off with PBS. Bax bound
to the bilayers was visualized in image buffer (PBS, 2 mMm
Trolox, 165 units/ml glucose oxidase, 2,170 units/ml catalase,
0.4% B-p-glucose) under total internal reflection fluorescence
microscopy (TIRFM). To assess the membrane insertion of
Bax, lipid bilayers were treated with alkaline buffer (200 mm
Na,COs,, pH 11.5, 2% glycerol) for 30 min. Bax associated at the
surface of the lipid bilayers was washed off by the alkaline
buffer. The remaining membrane-inserted Bax was visualized
in image buffer under TIRFM. To study how Bcl-x; affects the
association of Bax on lipid bilayers, different concentrations of
Bcl-x; in assay buffer were added into the chamber and incu-
bated for 1 h. After incubation with Bcl-x;, the remaining Bax
on the bilayers in image buffer was visualized under TIRFM.

Single Molecule Fluorescence Measurement—Total internal
reflection fluorescence (TIRF) experiments were performed on
an inverted microscope (Olympus IX81). An ~1-milliwatt
528-nm laser from a laser power supply (CrystaLaser, CL-2005)
was used to visualize the sample. A 30-milliwatt laser was used
to cause the photobleaching of the Cy3 dye. Cy3 fluorescence
was collected when total internal reflection was observed at the
interface of the coverslip and the solution with a 100</1.49 oil
objective (Olympus). The fluorescence amplified by dichroic
mirrors and filters was recorded with an EMCCD camera
(iXonX3 Andor Technology) with a time resolution of 100 ms.
Micromanager software (National Institutes of Health, version
1.4) was used to control the camera and collect the images. Five
collections of 3,000 frames per sample with 512 X 512 pixels
were acquired.

Data Analysis—Images were first analyzed by using Image]
(National Institutes of Health, version 1.46). The spots were
selected with the “find maximal” function. The intensity of pix-
els in 3 X 3 regions around the peak pixel was integrated. All
spots except non-circular spots were selected because the non-
circular spots were formed by several spots too close to each
other. The intensities of the selected spots in each frame were
converted into raw data format using the “multi measure” func-
tion. Further analysis of the trajectory data was performed visu-
ally with the aid of an in-house computer program. Only spots
showing apparent photobleaching steps were counted. The
number of observed spots in an image was determined by the
“analyze particles” function in Image]J. Typically, 10 full frames
were co-added to improve the signal-to-noise ratio before the
particle analysis. All data were expressed as mean = S.D,,
derived from five experiments. An unpaired ¢ test was used to
compare the difference between the data, and statistical signif-
icance was displayed as *, p < 0.05 and ***, p < 0.001.
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FIGURE 1. Translocation and oligomerization of Bax with or without tBid or cardiolipin on lipid bilayers. A, TIRF images of Cy3-labeled Bax on DPPC lipid
bilayers with (lower panels) or without cardiolipin (upper panels). The left panels are blank. The central panels are the images of 200 pm Bax. The right panels are
the images of 50 pm tBid and 200 pm Bax. B, number of fluorophore spots in the images of A. The error bars show the S.D. of five independent experiments. **¥,
p < 0.001 between the data in the absence and the presence of tBid. C, photobleaching of the fluorescence at four representative spots on lipid bilayers (93%
DPPC and 7% cardiolipin) incubated with 50 pm tBid and 200 pm Cy3-labeled Bax. AU, arbitrary units. D, distributions of the photobleaching steps of the

fluorophore spots on lipid bilayers (DPPC with or without cardiolipin) incubated with 200 pm Cy3-labeled Bax (with or without 50 pm tBid).

RESULTS

Translocation of Bax to Lipid Bilayers Does Not Depend on
tBid, yet Its Oligomerization on Bilayers Depends on tBid but
Not Cardiolipin—An activator protein (e.g tBid, Bim, and
Puma) and cardiolipin had been reported to be essential in Bax
pore formation (14, 19). Bax, tBid, and cardiolipin cooperate to
form pores in MOM and cause MOMP (14). To further inves-
tigate the specific roles of tBid and cardiolipin, we studied the
integration and oligomerization of Bax on the supported lipid
bilayers in the presence or absence of tBid or cardiolipin. To
study these events by single molecule fluorescence techniques,
we needed to label Bax with the Cy3 fluorophore. Wild-type
Bax has two cysteines: Cys-62 on a2 helix and Cys-126 on a5
helix. As the a5 helix has been proved to insert into membrane
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(20), labeling Cys-126 would likely interfere with Bax pore for-
mation. Meanwhile, the side chain of Cys-62 points to the
inside of the Bax protein, which is inaccessible for Cy3 labeling.
Therefore, we mutated Cys-62 and Cys-126 to serine and
mutated Ser-16 at the N terminus to cysteine. We labeled
Cys-16 of Bax mutant with Cy3, which made the mutant visible
under the irradiation of a 528-nm laser. The lipid bilayers were
formed on a glass coverslip either from DPPC or from 93%
DPPC and 7% cardiolipin. The supported bilayers were taken as
control (Fig. 14), showing a negligible number of spots. After
incubation with Cy3-labeled Bax (with tBid or not), the spots on
lipid bilayers increased (Fig. 14), indicating that Bax bound to
lipid bilayers whether with or without tBid. This is in agreement
with previous studies demonstrating that Bax translocated con-
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stantly to membrane even at an inactive state (5, 15). However,
when comparing the number of spots on bilayers with or with-
out tBid (Fig. 1B), we can see that the spots accumulated more
readily on lipid bilayers after tBid was added. This suggested
that tBid recruited Bax and caused its accumulation on the lipid
bilayers. In addition, the bilayers with 7% cardiolipin had the
same amount of fluorophore spots as the bilayers with DPPC
only, meaning that cardiolipin did not have any effect on the
accumulation of Bax to the lipid membrane.

Also, we analyzed the number of subunits of Bax at each spot
by photobleaching, which may help understand the roles of tBid
and cardiolipin in Bax pore formation. (See supplemental Vid-
eos 1-4.) The number of photobleaching steps is related to the
number of the labeled Bax subunits. Because of the incomplete
labeling and previous photobleaching of Bax, not every subunit
could be observed. The number of photobleaching steps pres-
ents the minimal number of subunits in each Bax oligomer.
Most spots were found to display a step-like bleaching behavior
(Fig. 1C). Few spots showed no bleaching, which may be caused
by impurities or fast fluctuation of the fluorescence. These
spots were excluded from the analysis. As shown in Fig. 1D
(upper left), about 60% of the spots displayed one bleaching step
for Bax without tBid. 30% of the spots showed two bleaching
steps. Only a few spots (about 10%) displayed 3—4 bleaching
steps. However, when Bax was incubated on lipid bilayers with
tBid, the percentage of one bleaching decreased dramatically
down to 20%. The amounts of 2— 4 bleaching steps increased to
about 45, 20, and 12%, respectively (Fig. 1D, upper right). The
shift of the distribution demonstrated that Bax formed higher
oligomers when tBid was added. Meanwhile, by comparing Fig.
1D (upper and lower panels), we found that cardiolipin did not
affect the distribution of the oligomers. This indicated that Bax
oligomerization was related to tBid and independent on
cardiolipin.

Bax Tends to Form Tetramer on Lipid Bilayers—To deter-
mine the exact oligomeric state of Bax on bilayers, we carried
out further analysis on the histograms as shown in Fig. 1D.
Randomly oligomerized states would fit to a Poisson distribu-
tion, whereas oligomers with a defined stoichiometry followed
a binomial distribution. We fitted the numbers of the photo-
bleaching steps to both Poisson distribution and binomial dis-
tribution, respectively. For Poisson distribution, A stands for
the average number of the labeled subunits in Bax oligomers,
and for the binomial distribution, p represents the probability
that the labeled subunit can be observed, which corresponds to
the efficiency of the labeling (EOL). We measured that the EOL
for Cy3-labeled Bax was 0.67 = 0.02. In the absence of tBid, the
histogram of Bax oligomers on the bilayers with 7% cardiolipin
significantly diverged from Poisson distribution (Fig. 24, upper
left). In contrast, a binominal distribution with two and three
subunits fit the histogram well (Fig. 24, lower left). However,
the p value of the three subunits distribution was much lower.
Moreover, there was a steep drop between the two and three
bleaching steps. Both of the results suggest that Bax formed no
more than dimer. Few spots showed 3— 4 bleaching steps, which
we presumed meant that two spots were present in a diffrac-
tion-limited area in these cases. Besides, the diversity between
the p value (p = 0.57 £ 0.01) of the dimer binomial distribution
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and the EOL would be explained by the coexistence of mono-
mer and dimer.

In the presence of tBid, we observed that the distribution was
shifted toward Bax oligomers on bilayers with 7% cardiolipin
(Fig. 1D, lower right). We fitted the histogram to both Poisson
distribution and binomial distribution. We found that the bino-
mial distribution with the number of subunits equal to 4, 5, and
6 (Fig. 24, lower right) fit the histogram well, whereas Poisson
distribution did not (Fig. 24, upper right). The low p values for
n = 5 and 6 and a steep drop between four and five bleaching
steps suggest that the Bax oligomers contained no more than
four subunits. The p value calculated from the tetramer bino-
mial distribution was 0.51 = 0.01, which was also lower than
EOL. This may be caused by the coexistence of monomer,
dimer, trimer, and tetramer, which makes the p value divergent
from EOL.

We also fitted the histograms of the Bax oligomers on DPPC-
only bilayers to both Poisson distribution and binomial distri-
bution. A binomial distribution with two subunits fitted the
distribution well in the absence of tBid. The p value was 0.55 =+
0.08 (Fig. 2B). In the presence of tBid, the histogram could be
well fitted by a binomial distribution with four subunits (p =
0.50 £ 0.02). These results further confirmed that Bax oligo-
merization was dependent on tBid rather than cardiolipin.

Based on the above analysis, we proposed that the majority of
Bax binds to bilayers as monomer and dimer in the absence of
tBid. tBid could induce Bax to form higher oligomers, and Bax
tends to form tetramer on lipid bilayers after activation by tBid.

tBid Stoichiometrically Promotes the Integration of Bax to
Membrane—To determine whether the concentration of Bax
would affect its integration to membrane, we analyzed the
number of the fluorophore spots at different concentrations of
Bax (Fig. 34). We found that the number of the spots increased
along with the concentration of Bax no matter whether Bid or
tBid was added (Fig. 3, A and B). This is consistent with the
above result that Bax alone can bind to the lipid bilayers. Inter-
estingly, 50 pMm tBid promoted the integration of 50 and 200 pm
Bax to lipid bilayers (Fig. 3B). However, when the concentration
of Bax increased to 400 or 800 pm, the promotion effect of tBid
was not observed. At such high Bax concentrations, the num-
bers of spots were almost the same for the samples with or
without tBid. These results suggested that tBid promotes the
integration of Bax to membrane in a stoichiometric manner.
Once Bax was recruited by tBid, the activated Bax might recruit
other Bax molecules to the membrane, where tBid and Bax
molecules formed stable multimeric complexes. When tBid
was consumed, the extra amount of Bax would interact with the
lipid molecules and accumulate to the membrane spontane-
ously. Considering that Bax tends to form tetramer on the bilay-
ers in the presence of tBid (Fig. 2), we deduced that one tBid
molecule may recruit 1-4 Bax molecules and form complexes
on membrane. Meanwhile, we compared the membrane inte-
gration of Bax in the presence and absence of full-length Bid
(Fig. 3B). We found that the numbers of fluorophore spots in
the presence or absence of Bid had no significant difference.
This suggested that full-length Bid had no effect on the integra-
tion of Bax to membrane.
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Further, we analyzed the oligomerization of Bax at different
concentrations (Fig. 3C). (See supplemental Videos 2 and
4-14.) We found that the majority of Bax translocated to lipid
bilayer as monomer and dimer in the absence of tBid or Bid. As
the concentration increased, Bax tended to form into dimer.
When comparing the oligomerization of 50 pm Bax in the
absence and presence of 50 pm tBid, we can clearly see that the
distribution was shifted from monomer and dimer to trimer
and tetramer. Also, 200 and 400 pm Bax had the same results.
However, when Bax concentration was increased to 800 pm,
Bax monomer and dimer became dominant. This may be
explained by the facts described above indicating that tBid sto-
ichiometrically promotes Bax to form into higher oligomers,
and Bax alone may integrate to lipid bilayers as monomer and
dimer. Because 800 pm Bax was redundant for 50 pm tBid, the
excess Bax could only accumulate to bilayers as monomer and
dimer. Besides, when comparing the oligomerization of Bax in
the absence and presence of full-length Bid, we found that the
distribution of Bax oligomers had no significant change after
Bid was added. Full-length Bid did not affect Bax oligomeriza-
tion on membrane.

To confirm the above results, we fitted the histograms of Bax
oligomers to binomial distribution. In the absence of tBid or
Bid, the histograms were well fitted to binomial distributions
with two subunits, and the p value was close to the EOL with the
increasing concentrations of Bax. This confirmed that Bax
tends to form dimer when it translocates to lipid membrane.
Likewise, the binomial distributions with two subunits also fit-
ted the histograms of Bax oligomers well with Bid added. In
contrast, in the presence of tBid, the histograms were well fitted
to tetramer binomial distributions. The p value increased with
the increasing concentrations of Bax from 50 to 400 pm. At the
concentration of 800 pMm, the p value, however, became more
deviated from the EOL. This may be explained by other oligo-
merization states caused by the redundant Bax, which we dis-
cussed above.

We also imaged the Cy3-labeled Bax on lipid membrane
(93% DPPC and 7% cardiolipin) with increasing concentrations
of tBid (Fig. 3D). (See supplemental Videos 2 and 16 —-19.) Anal-
ysis of the photobleaching steps showed that the distribution of
Bax oligomers shifted steadily from dimer to tetramer while the
concentration of tBid increased from 0 to 40 pm (Fig. 3E). As the
concentration was increased to 40—160 pM, the pattern of
the distribution remained almost unchanged. This result fur-
ther confirmed that tBid stoichiometrically promotes Bax inte-
gration on membrane.

BH3 Domain Peptides of tBid, Bim, and Bak Can Induce Bax
Integration to Membrane—The BH3 domain peptides of pro-
apoptotic Bcl-2 family proteins such as Bid, Bad, and Bim may
bind to the hydrophobic pocket on the surface of anti-apoptotic
proteins such as Bcl-x; (21). Meanwhile, the BH3 domain pep-
tides of Bid also bind to Bax and induce its conformational
change (22). To examine whether tBid activates the Bax trans-
location to membrane through its BH3 domain, we mixed 200 pm

Bax with 50 pm Bid BH3 peptide and incubated the sample on
lipid bilayers composed of 93% DPPC and 7% cardiolipin. The
bilayers incubated with 200 pm Bax only were imaged as con-
trol. It was obvious that the fluorophore spots increased in the
presence of tBid BH3 peptide (Fig. 4, A and B), indicating that
the BH3 domain of tBid was able to recruit Bax to membrane.
The same results were obtained with the BH3 peptides of Bim
and Bak.

To investigate whether the BH3 peptides induced Bax oligo-
merization, we analyzed the photobleaching steps of the fluoro-
phore spots as shown in Fig. 4C. (See supplemental Videos 20-22.)
The distributions of Bax oligomers induced by the peptides
were similar to those induced by tBid (Fig. 1D). BH3 peptides
retained the ability to induce Bax oligomerization. Hence, the
BH3 domain of tBid is essential for Bax oligomerization. The
interaction with BH3 peptides could induce the conformational
change of Bax, thus promoting its integration and oligomeriza-
tion on membrane.

Cardiolipin Efficiently Promotes the Membrane Insertion of
Bax—To assess whether Bax inserted into the supported bilay-
ers, alkaline buffer (pH 11.5) was used to wash off Bax at the
surface of the lipid bilayers (DPPC only or DPPC with 7% car-
diolipin). To have enough fluorophore spots left for statistical
analysis, the bilayers were preincubated with 500 pm tBid and 2
nM Bax. Interestingly, after wash, the number of spots on DPPC
bilayers was much lower than that on bilayers with 7% cardio-
lipin (Fig. 5, A and B). As shown in Fig. 1, Band D, 7% cardioli-
pin was not essential for the attachment of Bax to bilayers or its
oligomerization. However, here we showed that the insertion of
Bax into membrane was highly dependent on the lipid compo-
sition. Cardiolipin was the pivotal component for promoting
membrane insertion of Bax.

We further characterized the oligomerization of the mem-
brane-inserted Bax by photobleaching (Fig. 5C). (See supple-
mental Video 23.) Interestingly, the distribution was similar to
the distribution before the sample was washed by alkaline
buffer (Fig. 24). A binomial distribution with four subunits fit-
ted the histogram well, and the p value was 0.50 * 0.001, which
is lower than the EOL. As analyzed above, Bax inserted in mem-
brane also tends to form tetramer, whereas Bax monomer and
lower oligomers coexist in membrane.

Asshown in Fig. 1D, Bax could oligomerize in the presence of
tBid, even if cardiolipin was absent. However, only a few oligo-
mers could insert into the bilayers without cardiolipin (Fig. 5B).
These facts indicated that Bax was capable of forming oligo-
mers before inserting into bilayers. Thus, we suggest that Bax
oligomerization and membrane insertion are relatively inde-
pendent steps during Bax pore formation.

Bcl-x; Retrotranslocates Bax off the Lipid Bilayers—As Bcl-x;,
inhibits the function of Bax, we examined the effect of Bcl-x; on
the association of Bax to membrane. When Bcl-x; was added to
the supported bilayers preincubated with tBid and Bax, the
number of the fluorophore spots was reduced (Fig. 6, A and B).
This indicated that some Bax molecules were pulled off from

FIGURE 2. Fitting the numbers of photobleaching steps with Poisson or binomial distribution. A, distributions of 200 pm Cy3-labeled Bax with (right panels)
or without (left panels) 50 pm tBid on DPPC bilayers with 7% cardiolipin. B, distributions of 200 pm Cy3-labeled Bax with (right panel) and without (left panel) 50

pm tBid on the DPPC-only bilayers.
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FIGURE 3. Integration and oligomerization of various concentrations of Bax in the absence and presence of 50 pm tBid or Bid. A, TIRF images at various
concentrations of Cy3-labeled Bax (upper panels) and with 50 pm Bid (middle panels) or with 50 pm tBid (lower panels) on lipid bilayers (93% DPPC and 7%
cardiolipin). B, numbers of the fluorophore spots at different concentrations of Cy3-labeled Bax and with 50 pm Bid or tBid. Error bars show the S.D. of five
independent experiments. *, p < 0.05 and ***, p < 0.001 between the data in the absence and the presence of tBid. C, distributions of photobleaching steps
of the fluorophore spots on lipid bilayers (93% DPPC and 7% cardiolipin) incubated with different concentrations of Cy3-labeled Bax and with 50 pm Bid or tBid.
D, TIRF images of 200 pm Cy3-labeled Bax with various concentrations of tBid on lipid bilayers (93% DPPC and 7% cardiolipin). £, distributions of photobleaching
steps of the fluorophore spots on lipid bilayers (93% DPPC and 7% cardiolipin) incubated with 200 pm Cy3-labeled Bax with various concentrations of tBid.
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FIGURE 4. Integration of Bax on bilayers may be encouraged by Bid, Bim, or Bak BH3 domain peptide. A, TIRF images of 200 pm Cy3-labeled Bax incubated
with BH3 peptide on lipid bilayers (93% DPPC and 7% cardiolipin). The panel from left to right shows the images of 200 pm Bax, 200 pm Bax with 50 pm Bid, 50
pm Bim, or 50 pm Bak BH3 domain peptide, respectively. B, fluorophore spots quantifying 200 pm Cy3-labeled Bax with or without BH3 peptide. Error bars show
the S.D. of five independent experiments. ***, p < 0.001 between the data in the absence and the presence of BH3 peptide. C, histograms of photobleaching
steps of Cy3-labeled Bax with different BH3 peptides.
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FIGURE 5. Cardiolipin promotes Bax insertion into bilayers. A, TIRF images of Cy3-labeled Bax on DPPC-only bilayers (left) or with 7% cardiolipin (right). The
lipid bilayers were first incubated with 500 pm tBid and 2 nm Bax for 1 h and then washed with alkali buffer (200 mm Na,COs, pH 11.5, 2% glycerol) for 30 min.
The remaining spots were Bax inserted into bilayers. B, numbers of the fluorophore spots in the images of A. Error bars show the S.D. of five independent
experiments. ***, p < 0.001 between the data in the different bilayers. C, distribution of photobleaching steps of the spots left on lipid bilayers (93% DPPC and
7% cardiolipin), fitted with binomial distribution (n = 4).
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FIGURE 6. Bcl-x, may translocate Bax from lipid bilayers to solution. A, TIRF images of 400 pm Cy3-labeled Bax on lipid bilayers (93% DPPC and 7%
cardiolipin). 100 pm tBid and 400 pm Cy3-labeled Bax were incubated with bilayers for 1 h, and the TIRF images recorded are shown in the upper panels (three
independent experiments). The lipid bilayers were then incubated with 0, 0.25, or 1.25 nm Bcl-x,, respectively, and the TIRF images recorded are shown in the
lower panels (from left to right: 0,0.25,and 1.25 nm Bcl-x, ). B, numbers of spots before and after incubation with 0, 0.25, or 1.25 nm Bcl-x, . Error bars show the S.D.
of five experiments. *, p < 0.05 between the data before and after the addition of Bcl-x, . C, Bcl-x, can translocate the membrane-inserted Bax to solution. The
left panel is the TIRF image of 5 nm Cy3-labeled Bax with 1.25 nm tBid in bilayers (93% DPPC and 7% cardiolipin) after washing with alkali buffer. The right panel
is the TIRF image of the sample after incubation with 1.25 nm Bcl-x,. D, numbers of the fluorophore spots in bilayers before (left column) and after (right column)

1.25 nm Bcl-x, incubation. ***, p < 0.001 according to a Student’s t test between the data before and after the addition of Bcl-x,.

the bilayers to solution by Bcl-x;. To check whether Bax
inserted in the bilayers could be pulled back to solution, we first
washed the bilayers with alkaline buffer (pH 11.5) to remove the
surface-attached Bax and then added Bcl-x; to the bilayers.
Interestingly, the number of the spots was decreased signifi-
cantly when compared with the number of spots before Bcl-x;
was added (Fig. 6, C and D), which meant that the membrane-
inserted Bax could also be translocated from the bilayers to
solution.

DISCUSSION

To investigate the mechanism of Bax pore formation, we
designed single molecule fluorescence experiments to study the
integration and oligomerization of Bax on lipid bilayers. A step-
wise photobleaching method was employed to analyze the olig-
omeric states of Bax on the membrane.

As shown previously, Bax predominantly exists as a mono-
mer in cytosol of health cell. It is not usual for Bax to be found in
mitochondria (23). Yethon (6) suggested that the interaction of
Bax with mitochondrial membrane is transient. However,
recent studies in fibroblasts (15, 24) and epithelial cells (5)
showed a dynamic equilibrium of Bax localization at cytosol
and MOM, and suggested that Bax translocated constantly to
mitochondria and that Bcl-x; could translocate it back to cyto-
sol in a healthy cell. Our results demonstrated that Bax inter-
acted spontaneously with membrane (Figs. 1B and 3B) and
argued against the theory that the interaction between Bax and
membrane is transient. The interaction between Bax and lipid
membrane is stable even in the absence of the activator protein

31716 JOURNAL OF BIOLOGICAL CHEMISTRY

tBid. However, the membrane-bound Bax may be translocated
back to solution by anti-apoptotic Bcl-x; protein (Fig. 6).

Our studies also revealed that Bax oligomerized only in the
presence of tBid. Full-length Bid was not competent to promote
Bax translocation or oligomerization. In a stressed cell, Bid is
cleaved by caspase-8 into tBid (25, 26). tBid rapidly translocates
to mitochondrial outer membrane and undergoes a series of
conformational changes (11, 27), which leaves the BH3-con-
taining a3 helix exposed for the interactions with Bax (28).
Here our experiments showed that the BH3 domain peptides of
Bid, Bim, and Bak had the ability to trigger Bax integration and
oligomerization on membrane (Fig. 4). This is consistent with
the previous studies demonstrating that the BH3 domain pep-
tides of Bid and Bim could activate the Bax-induced MOMP
(10). Our results proved that the BH3 domain of the activator
proteins is the primary structural element for Bax activation,
which facilitates Bax integration and oligomerization in
membrane.

Besides, we found that cardiolipin is efficient in promoting
membrane insertion of Bax, although it is not required for Bax
oligomerization. This is in line with previous studies showing
that 7% cardiolipin in the artificial membrane was sufficient for
the Bax-induced membrane permeabilization (14). In addition,
Bax oligomers were found concentrated at mitochondrial fis-
sion sites with cardiolipin enriched (29). Cardiolipin was there-
fore proposed to be related to Bax oligomerization and/or pore
formation (30). However, in our experiments, cardiolipin had
no effect on Bax oligomerization, and Bax can be recruited by
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FIGURE 7. Model of integration and oligomerization of Bax on MOM. In a healthy cell, Bax can bind to the MOM as monomer and dimer. After the induction
of apoptosis, Bax undergoes two steps to form pore on MOM. Bax is activated by tBid and tends to form tetramer. Subsequently, the multimeric complexinserts
into the MOM to cause its permeabilization. Bcl-x, inhibits this process by translocating Bax from MOM to cytosol.

tBid in the absence of cardiolipin (Fig. 1, B and C). It has been
reported that cardiolipin has the ability to alter the curvature of
membrane and promote the formation of non-bilayer structure
(31, 32). Our results imply that cardiolipin may induce negative
curvature in membrane, which promotes the Bax pore
formation.

The pore formation of Bax involves the steps of targeting to
membrane, oligomerization, and membrane insertion (11).
However, the order of these steps is still unclear. Our results
indicated that Bax oligomerization and membrane insertion are
two relatively independent steps. This result is in agreement
with the recent study by Kushnareva et al. (33) showing that Bax
pore formation was a two-step process. We demonstrated that,
in the first step, Bax was activated by tBid and promoted to form
multimeric complexes. These complexes bound to the surface
of the bilayers, which were identified as pre-pores. In the sec-
ond step, the precursor complexes inserted into membrane
with enriched cardiolipin, which facilitated the Bax pore
formation.

As to the stoichiometry of interaction between tBid and Bax,
one tBid molecule can recruit more than one Bax molecule
directly or indirectly (34, 35). Kuwana et al. (14) suggested a
tetramer-sized complex for permeabilization according to the
amount of ~100-kDa Bax oligomers correlated with the per-
meabilization activity. Here we showed that the membrane-
integrated Bax tends to form tetramer (Figs. 1D and 3, Cand E).
Meanwhile, there still exist Bax monomer and lower oligomers.
This supports the recent finding that Bax monomer is a key
functional unit related to the pore formation (16, 33). With the
aid of tBid BH3 peptide, an individual Bax molecule could insert
into the lipid bilayers and form pores, thus initiating the MOM
pore formation. Based on our results, we may propose that both
Bax monomer and Bax oligomers may be the pore-forming
units. The tetrameric structure is the highest state of oligomer-
ization observed at the concentration range, indicating that the
pore is composed no more than four subunits.

As discussed above, in a healthy cell, Bax translocates to the
MOM constantly at an inactive state. Bcl-x; retrotranslocates it
to cytosol to prevent the mitochondrial Bax accumulation (15).
After the induction of apoptosis, Bcl-x; may also shuttle Bax
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back to cytosol to make MOMP, proceeding in a slower manner
(24). Here our data showed that Bcl-x; can retrotranslocate the
membrane-bound Bax to solution even when Bax inserts into
membrane (Fig. 6). The apoptosis would be inhibited by Bcl-x,,
interrupting Bax pore formation

In summary, by using single molecule fluorescence tech-
niques, we examined individual Bax molecule behavior at an
established membrane environment. According to our results,
we propose that in a healthy cell, Bax alone can translocate to
the MOM (Fig. 7). It binds to membrane as monomer and
dimer. After the cell is stressed, Bax undergoes two steps to
form pore on MOM. In the first step, Bax is activated by the
membrane-bound tBid and tends to form tetramer. The multi-
meric complex forms pre-pore on MOM. In the second step,
the precursor complex inserts into the MOM, which is rich in
cardiolipin, to lead the membrane permeabilization. As an anti-
apoptotic protein, Bcl-x; could slow the process by translocat-
ing Bax to cytosol.
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