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Bcl-2 homology domain-3 (BH3) peptides are potent cancer
therapeutic reagents that target regulators of apoptotic cell
death in cancer cells. However, their cytotoxic effects are af-
fected by different expression levels of Bcl-2 family proteins.
We recently found that the amphipathic tail-anchoring pep-
tide (ATAP) from Bfl-1, a bifunctional Bcl-2 family member,
produced strong pro-apoptotic activity by permeabilizing the
mitochondrial outer membrane. Here, we test whether the ac-
tivity of ATAP requires other cellular factors and whether
ATAP has an advantage over the BH3 peptides in targeting
cancer cells. Confocal microscopic imaging illustrates specific
targeting of ATAP to mitochondria, whereas BH3 peptides
show diffuse patterns of cytosolic distribution. Although the
pro-apoptotic activities of BH3 peptides are largely inhibited
by either overexpression of anti-apoptotic Bcl-2 or Bcl-xL or nul-
lification of pro-apoptotic Bax and Bak in cells, the pro-apoptotic
function of ATAP is not affected by these cellular factors. Recon-
stitution of synthetic ATAP into liposomalmembranes results in
release of fluorescentmolecules of the size of cytochrome c from
the liposomes, suggesting that themembrane permeabilizing ac-
tivity of ATAP does not require additional protein factors. Be-
cause ATAP can target to themitochondrial membrane and its
pro-apoptotic activity does not depend on the content of Bcl-2
family proteins, it represents a promising candidate for anti-can-
cer drugs that can potentially overcome the intrinsic apoptosis-
resistant nature of cancer cells.

Recent advances in apoptosis research allow for the possi-
bility of the rational design of cancer therapeutics that selec-
tively activates apoptosis in cancer cells or reduces their apo-
ptotic threshold to other cytotoxic treatments. Extensive
efforts have focused on the mitochondrial apoptosis pathway
to increase the permeability of the mitochondrial outer mem-
brane (MOM)4 to allow release of cytochrome c, apoptosis-

inducing factor, and other mitochondrial proteins that trigger
caspase- and nuclease-mediated cell death (1–4). Proteins of
the Bcl-2 family regulate permeabilization of the MOM dur-
ing apoptosis (5–9). All these proteins contain the canonical
Bcl-2 homology (BH) domains and are divided into three sub-
families based on the number of BH domains present and the
function of the protein. Pro-apoptotic BH3 domain-only pro-
teins convey diverse death signals by either activating pro-
apoptotic multi-BH domain proteins such as Bax and Bak,
which induce permeabilization of the MOM by forming oligo-
meric pores in the membrane, or inhibiting anti-apoptotic
multi-BH proteins such as Bcl-2 and Bcl-xL, which prevent
the membrane permeabilization by neutralizing the activity of
Bax, Bak, and/or BH3-only proteins (10–18). Therefore, the
pro- and anti-death activities of Bcl-2 family proteins are dic-
tated by their interactions through various BH domains.
Recent studies showed that peptides derived from the BH3

domain of pro-apoptotic Bcl-2 family members, such as BH3-
only proteins Bid (an activator of Bax and Bak) and Bad (an
inhibitor of Bcl-2 and Bcl-xL), as well as multi-BH pore-form-
ing proteins Bax and Bak, can induce apoptosis of cancer cells
by either directly binding and activating Bax and/or Bak or
indirectly releasing Bax, Bak, and/or BH3-only proteins from
inhibition by anti-apoptotic Bcl-2 family proteins (12, 19, 20).
Similar pro-apoptotic activity was observed for small chemi-
cal BH3 mimetics, some of which have been advanced into
clinical trials and show promising anti-cancer effects (21–28).
However, the efficacy of currently available BH3 peptides or
chemical mimetics seems to be limited by the contents of
Bcl-2 family proteins in cancer cells. The pro-apoptotic activ-
ity of BH3 peptides was significantly inhibited by the presence
of Bcl-2 or Bcl-xL protein (10, 16, 19, 29, 30). ABT-737, a
BH3-mimicking chemical antagonist of Bcl-2, Bcl-xL, and
Bcl-w, displayed strong pro-apoptotic activity in small cell
lung cancer models but failed to induce apoptosis in acute
myeloid leukemia cells expressing anti-apoptotic Mcl-1 due to
its weak binding affinity to Mcl-1 (21, 31). Furthermore, over-
expression of both Bfl-1 and Bcl-xL caused a significant resis-
tance to ABT-737 in chronic lymphocytic leukemia (32). In
addition, the pro-apoptotic activity of BH3 peptides and their
mimetics was dependent on other cellular factors as the activ-
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ity was abrogated in the absence of Bax and Bak (19, 33, 34).
The down-regulation of pro-apoptotic and/or the up-regula-
tion of anti-apoptotic Bcl-2 family proteins is commonly ob-
served in cancer cells and often causes resistance to BH3 pep-
tide-induced cell death, and thus the application of BH3
peptides and their mimetics in cancer therapy may be limited
by these intrinsic cellular factors.
Previously, we reported that ATAP, a novel amphipathic

tail-anchoring peptide of Bfl-1 (amino acids 147–175), tar-
geted specifically to mitochondria and triggered potent apo-
ptotic cell death in the absence of Bax and Bak (35). Synthetic
ATAP increased the permeability of lipid bilayer membranes
and induced cytochrome c release from isolated mitochon-
dria. Thus, ATAP represents a unique pro-apoptotic peptide
with a potential as a therapeutic agent for treatment of cancer
cells. However, the molecular mechanism of ATAP action at
mitochondria and in cells requires further elucidation. In par-
ticular, it is important to determine whether ATAP can form
the cytochrome c-releasing pore in the MOM in the absence
of other cellular proteins and whether the pro-apoptotic ac-
tivity of ATAP is sensitive to anti-apoptotic Bcl-2 family pro-
teins. It is also of interest to determine the relative efficacy of
ATAP compared with BH3 peptides.
In this study, we analyzed the pore forming activity ATAP

in a MOM-mimicking liposomal membrane and its pro-apo-
ptotic activity in cancer cells, and we compared the activities
of ATAP and BH3 peptides in these systems. We found that
ATAP, unlike BH3 peptides, formed large pores in the lipo-
somal membrane in the absence of any other proteins and
induced apoptosis in cells in a Bax/Bak-independent and Bcl-
2-insensitive manner. These results suggest that ATAP is po-
tentially a better therapeutic lead for cancer treatment than
BH3 peptides and mimetics, as it can bypass the resistance
mechanism resulting from dysregulation of Bcl-2 family pro-
teins in cancer cells.

EXPERIMENTAL PROCEDURES

Plasmid Construction and Protein Preparation—Plasmids
pFLAG-Bcl-xL and pcDNA-Bcl-2 were described previously
(36). To construct pFLAG-Bcl-2, cDNA was amplified using
pcDNA-Bcl-2 as template and primers 5�-AAAGAATTCAT-
GGCGCACGCTGGGAGAAC and 5�-AAAGGTACCTCAC-
TTGTGGGACAGATAGGCAC. The PCR product was
digested with EcoRI and KpnI and then ligated with pFLAG-
ATAP (35) treated with XhoI and BamHI. Expression vectors
for GFP-Bak BH3, GFP-Bid BH3, and GFP-Bad BH3 were
constructed by the PCR subcloning method as described pre-
viously (35) using the following oligonucleotides: 5�-AAAAA-
TCTCGAGCTATGGGGCAGGTGGGACGGCAGCTCGC-
CATCATCGGGGACG and 5�-AAAAAGGATCCTGAGTC-
ATAGCGTCGGTTGATGTCGTCCCCGATGATGGCGAG
for Bak BH3; 5�-AAAAATCTCGAGCTCAAGAAGACATC-
ATCCGGAATATTGCCAGGCACCTCGC and 5�-AAAAA-
GGATCCACGGTCCATGCTGTCCCCGACCTGGGCGAG-
GTGCCTGGCAATATTC for Bid BH3; and 5�-AAAAATCT-
CGAGCTAACCTCTGGGCAGCACAGCGCTATGGCCGC-
GAGCTCCGGAGGATG and 5�-AAAAAGGATCCCTTCT-
TAAAGGAGTCCACAACTCGTCACTCATCCTCCGGAG-

CTCGCGG for Bad BH3. Each paired oligonucleotide
contains complementary sequences at the 3�-end (under-
lined), which were annealed, filled in by PCR, digested with
XhoI and BamHI, and then subcloned into the XhoI and
BamHI sites of pEGFP-C1. The digested PCR products were
also used to generate pFLAG-Bak BH3, pFLAG-Bid BH3, and
pFLAG-Bad BH3 constructs by ligating them with pFLAG-
ATAP vector (35) treated with XhoI and BamHI. Construc-
tion for pGFP-Bax was described previously (35). Expression
and purification of His6-tagged Bcl-2�TM, tBid, and Bax pro-
teins were conducted as described previously (17, 37).
Gene Transfection and Analyses of Cell Death—Apoptotic

cell death was monitored after transfection of expression plas-
mids into HeLa, BMK-W2, and BMK-D3 cells (38). 2 � 105

cells were cultured in 35-mm wells for 24 h in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS). Cells were transfected with 1 �g
(unless specified otherwise) of the indicated expression plas-
mids using Gene Jammar reagent (Stratagene) and further
cultured in the absence or presence of 50 �M pan-caspase
inhibitor, QVD-OPH (Enzyme Systems Products). For mor-
phological assessment of apoptotic cell death, cells were
plated onto LabTek II chamber slides (Nalgen Nunc Interna-
tional) at densities of 5 � 104 cells per well. 24 h after trans-
fection, cells were washed with phosphate-buffered saline
(PBS) prior to fixation with 4% formaldehyde. Subsequently,
cells were stained with a Vectasheild mounting solution (Vec-
tor Laboratories) containing 1 �g/ml DAPI and visualized
under an Axiovert 100 inverted epifluorescence microscope
(Carl Zeiss). Nuclei with rippled contours and chromatin con-
densation were considered to represent the apoptotic cell
death. Cell viability was measured by DAPI exclusion. After
transfection with GFP fusion plasmids, a total of 1 �g/ml
DAPI (Molecular Probes) was added to the cell culture. Cells
were observed and photographed with a fluorescence micro-
scope at three different fields containing �200 GFP-positive
cells. GFP and DAPI double-positive cells were counted as
dead cells. Quantitative analysis of cell viability was also de-
termined by �-galactosidase reporter assay according to the
procedures described previously (35, 39). Briefly, cells were
co-transfected with 1 �g of tested plasmid plus 0.1 �g of
pCMV-� plasmid expressing �-galactosidase (Sigma). 24 h
following transfection, cells were harvested, and �-galactosi-
dase activity was measured using �-galactosidase enzyme assay
system (Promega). In every experiment, each construct was
tested in triplicate, and experiments were repeated at least
three times.
Confocal Microscopy Study—To observe intracellular local-

ization of GFP fusion proteins, fixed HeLa cells were used for
confocal microscopy. HeLa cells were transfected as described
above on LabTek II chamber slides and cultured in the pres-
ence of 50 �M QVD-OPH. 24 h after transfection, cells were
washed with PBS followed by fixation with 4% formaldehyde.
Cells finally were washed, mounted, and analyzed with a con-
focal Zeiss LSM 510 microscope (Carl Zeiss Microscopy, Jena,
Germany) equipped with a 63� objective lens. Image acquisi-
tion was performed at room temperature.
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Immunoprecipitation and Immunoblotting—For co-immu-
noprecipitation experiments, �2 � 105 cells cultured in a
35-mm well were transfected with the indicated plasmids in
the presence of 50 �M QVD-OPH. Cells were harvested 24 h
after transfection and lysed in Nonidet P-40 lysis buffer, 1%
Nonidet P-40 lysis buffer with 20 mM Tris-HCl, pH 7.4, 150
mM NaCl, and protease inhibitor mixture (Roche Applied Sci-
ence), on ice. Postnuclear lysates were normalized for protein
content, precleared with Sepharose 6B (Sigma) for 1 h at 4 °C,
and subjected to immunoprecipitation with anti-FLAG-M2-
agarose beads (Sigma) for at least 2 h at 4 °C on a orbital
shaker. Immunoprecipitates were washed with the Nonidet
P-40 lysis buffer and eluted from the beads by boiling in SDS-
sample buffer. For immunoblotting analysis, 20 �g of protein
was subjected to SDS-PAGE and transferred onto a PVDF
membrane, which was blocked with 5% skimmed milk,
probed with primary antibodies, and visualized using an ECL
chemiluminescence kit (GE Healthcare). Monoclonal anti-
GFP antibody and anti-goat horseradish peroxidase (HRP)
antibody were purchased from Santa Cruz Biotechnology.
Anti-�-actin antibody was purchased from Sigma. Monoclo-
nal anti-FLAG 9E10.2 antibody was purchased from Invitro-
gen. Anti-mouse HRP antibody was purchased from Amer-
sham Biosciences.
Genomic DNA Isolation and Genotyping PCR—Total

genomic DNA was isolated from cultured BMK-W2 or
BMK-D3 cells using TRIzol reagent (Invitrogen) according to
the manufacturer’s protocol. 100 ng of purified genomic DNA
was analyzed by PCR using primers 5�-GTTTCATCCAGGA-
TCGAGCAGG and 5�-CCTCTGCAGCTCCATATTGCTG
for Bax and 5�-CCTATTTAAGAGTGGCATCAGCTG and
5�-CCAACCGCCTCTCTGTGCGATC for Bak. Each primer
pair was designed from a single exon sequence to amplify
short PCR products of 149 bp for Bax and 181 bp for Bak.
PCR products were then analyzed by electrophoresis on 2%
agarose gel and ethidium bromide staining.
Pore Forming Activity Assay—The 29-mer ATAP peptide

corresponding to the C terminus of Bfl-1 were synthesized as
described previously (35). The BH3 peptides of Bid (QEDIIR-
NIAR-HLAQVGDSMDR) and Bad (NLWAAQRYGREL-
RRMSDEFVDSFKK) were synthesized by Abgent (San Diego)
with 99% purity as measured by HPLC and mass spectrome-
try. The peptides were dissolved in dimethyl sulfoxide
(DMSO) to make a 10 mM stock. All phospholipids and lipid
analogs were purchased from Avanti Polar Lipids (Alabaster,
AL). Fluorescent dye Cascade Blue (CB), CB-labeled dextran
of 10 kDa, and rabbit anti-CB polyclonal antibody were ob-
tained fromMolecular Probes. Liposomes were made with the
XenopusMOM characteristic lipids in the membrane and
fluorescent dye CB-labeled dextran (10 kDa) in the lumen by
an extrusion method as described previously (16). The Ni2�-
chelating liposomes were prepared similarly except that the
Ni2�-chelating lipid analog, 1,2-dioleoyl-sn-glycero-3-([N(5-
amino-1-carboxypentyl) iminodiacetic acid]-succinyl) (nickel
salt), was included in the membrane as described previously
(15). The regular or Ni2�-chelating liposomes (12.5 �M)
loaded with CB dextran were mixed with 6 �g/ml anti-CB
antibodies in 250 �l of buffer A (100 mM NaCl, 51 mM

Na2HPO4, and 3.8 mM citric acid, pH 7.4). The initial emis-
sion intensity (F0) was determined after equilibrating the sam-
ple at 25 °C for 5 min. ATAP, BH3 peptide, His6-tagged Bcl-
2�TM, tBid, and/or Bax protein were then added. The first
fluorescence intensity measurement was started exactly 20 s
after the addition of the peptide, chemical, and/or protein(s)
and was followed by multiple measurements in a predeter-
mined time interval for 5 h, resulting in multiple intermediate
intensities (F). At the end of the time course, 0.1% Triton
X-100 was added, and the final measurement was taken, re-
sulting in the final intensity (Ft). The extent of CB dextran
release is proportional to the extent of fluorescence quench-
ing that is equal to �FProtein/�FTriton, where �FProtein � F0 �
F and �FTriton � F0 � Ft. All fluorescence intensities were
measured using the SLM-8100 spectrometer as described pre-
viously (16).
Cross-linking Assay—Synthetic ATAP (17 �M) was incu-

bated with 1.3 mM regular liposome made with the Xenopus
MOM characteristic lipids in 120 �l of buffer A at 22 °C for
1 h. 4 �M BMH (Pierce) was then added to 1 of the 2 aliquots,
and the cross-linking reaction was carried out at 22 °C for 30
min and then quenched by 50 mM �-mercaptoethanol for 15
min. The resulting samples were subjected to a step sucrose
gradient centrifugation as described previously (37). Top half,
bottom half, and pellet fractions were collected, which con-
tain liposome-bound, soluble, and aggregated peptides, re-
spectively. All fractions were precipitated using Cl3CCOOH
and analyzed by 16.5% Tris-Tricine SDS-PAGE under reduc-
ing conditions and silver staining.

RESULTS

Pro-apoptotic Activity of ATAP Is Similar to or Stronger
than That of BH3 Peptides—To compare the cellular function
of ATAP and BH3 peptides derived from pro-apoptotic pro-
teins Bid, Bad, and Bak, we fused these peptides with GFP and
expressed the fusion proteins in HeLa cells for live cell imag-
ing with a confocal microscope (Fig. 1A). Dying cells were
observed by staining their nuclei with a cell-impermeable
DNA dye, DAPI, to detect late stage apoptotic cells. As shown
in Fig. 1, B and C, strong pro-apoptotic activity was observed
in cells expressing GFP-ATAP or GFP-Bak BH3, as a similar
degree of cell death was observed with GFP-ATAP and GFP-
Bak BH3 at 24 h after transfection (Fig. 1C). Transient expres-
sion of GFP-Bid BH3 and GFP-Bad BH3 also caused apoptosis
in HeLa cells, although to a less extent than GFP-ATAP and
GFP-Bak BH3 (Fig. 1, B and C). To test if apoptosis induced
by these peptides involves activation of caspase, a pan-caspase
inhibitor, QVD-OPH, was added to cells during transfection.
As shown in Fig. 1, B and C, the pro-apoptotic activity of
ATAP as well as BH3 peptides was strongly inhibited by treat-
ment with 50 �M QVD-OPH at an early stage of the experi-
ment. At 24 h after transfection, more than 78% of cells ex-
pressing GFP-ATAP were alive in the presence of QVD-OPH.
A stronger inhibitory effect of QVD-OPH was observed
against GFP-BH3 peptides because more than 90% of cells
transfected with GFP-BH3 peptides survived by treatment
with QVD-OPH. At 48 h after transfection, �40% of cells ex-
pressing GFP-ATAP underwent apoptosis, whereas more
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than 80% of cells expressing GFP-Bak BH3 were still alive
(Fig. 1D). These results show that ATAP can induce apoptosis
by both the caspase-dependent apoptotic pathway at an early
stage and the caspase-independent pathways at a late stage,
whereas BH3 peptides induce apoptosis mainly by activation
of the caspase-dependent pathway. When fixed cells were
observed by DAPI staining to compare nuclei among trans-
fected cells, most of the cells transiently expressing GFP-
ATAP or GFP-Bak BH3 displayed condensed and fragmented
chromatin structure, a hallmark of apoptotic cell death
(Fig. 1E).
As fusion with GFP may affect the pro-apoptotic activity of

these peptides, we generated FLAG-tagged peptides to test
the effect of different tags. The cytotoxic activity of the FLAG
peptides was quantified using a �-galactosidase reporter assay
24 h after co-transfection of plasmids encoding �-galactosi-
dase and FLAG peptides in HeLa cells. The decrease in �-ga-

lactosidase activity quantitatively reflects the loss of cell via-
bility (35, 39). Compared with cells co-transfected with the
mock plasmid, an �60% decrease in �-galactosidase activity
was observed in cells transfected with the FLAG-ATAP plas-
mid, which could be prevented by the addition of QVD-OPH
(Fig. 1F). The cytotoxic activity of FLAG-BH3 peptides was
comparable with that of FLAG-ATAP. Taken together, the
data indicate that ATAP exhibits strong pro-apoptotic activity
that is comparable with or stronger than that of the tested
BH3 peptides.
Bcl-2 or Bcl-xL Cannot Block Apoptosis Induced by ATAP

although They Potently Inhibit the Pro-apoptotic Activity of
BH3 Peptides—Although published studies established that
BH3 peptides can induce apoptosis of cancer cells by antago-
nizing the anti-apoptotic activity of Bcl-2 and Bcl-xL or by
agonizing the pro-apoptotic activity of Bax and Bak, several
studies have shown controversial results regarding the effect

FIGURE 1. Transient expression of GFP-ATAP or GFP-BH3 peptides induces apoptosis of HeLa cells. A, schematic diagram of constructs expressing
ATAP or BH3 peptides fused with GFP protein. B and C, HeLa cells were transfected with 1 �g of plasmids expressing GFP-ATAP- or GFP-BH3-peptide fusion
proteins in the absence or presence of the pan-caspase inhibitor QVD-OPH (50 �M). At 24 h after transfection, cells were stained with DAPI and observed
under a fluorescence microscope. B, representative photographs of GFP- or DAPI-positive cells transfected with indicated plasmids. The two images in each
column were from the same field. Bar, 10 �m. C, percentage of surviving cells was determined by the ratio of GFP-positive cells without DAPI staining to
total GFP-positive cells. About 200 cells from three different fields were scored. Data are expressed as the means � S.E. D, time course effect of GFP-ATAP
and GFP-Bak BH3 on HeLa cells. Cell survival was measured by DAPI exclusion in the HeLa cells transfected with 1 �g of plasmids expressing GFP-ATAP or
GFP-Bak BH3. E, transient expression of GFP-ATAP- or GFP-Bak BH3-induced apoptotic nuclear morphology. HeLa cells were transfected with GFP-ATAP or
GFP-Bak BH3. At 24 h of transfection, cells were fixed, stained with DAPI, and observed under a fluorescence microscope. Bar, 10 �m. F, cytotoxic activity of
FLAG-tagged ATAP or BH3 peptides. HeLa cells were co-transfected with 1 �g of the indicated plasmid expressing FLAG peptide and 0.1 �g of pCMV-� re-
porter plasmid either in the presence or absence of 50 �M QVD-OPH. At 24 h after transfection, �-galactosidase activity was measured. Cell viability is
shown as the relative �-galactosidase activity of the FLAG peptide-expressing cells to the control cells.
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of Bcl-2 or Bcl-xL overexpression on the cytotoxic effects of
BH3 peptides (10, 16, 19, 29, 30). To compare the effect of
Bcl-2 and Bcl-xL on the apoptotic activity of ATAP and BH3
peptides, 1 �g of plasmid expressing GFP-ATAP or GFP-BH3
peptides was co-transfected with either 1 �g of FLAG-Bcl-2
or FLAG-Bcl-xL plasmid in HeLa cells. As shown in Fig. 2, A
and B, neither FLAG-Bcl-2 nor FLAG-Bcl-xL appeared to
have a significant effect on apoptosis induced by GFP-ATAP,
because more than 85% of the GFP-positive cells were dead
and stained by DAPI no matter whether they expressed the
anti-apoptotic proteins or not. In contrast, both FLAG-Bcl-2
and FLAG-Bcl-xL showed complete inhibition of apoptosis
induced by all GFP-BH3 peptides in HeLa cells. The inhibi-
tory activity of Bcl-xL on GFP-BH3 peptides could continue
for at least 3 days without a significant decrease (Fig. 2C).
To examine the dose-dependent effect of Bcl-xL on the

apoptosis induced by GFP-ATAP or GFP-BH3 peptides, we
co-transfected HeLa cells with 1 �g of FLAG-Bcl-xL and dif-
ferent amounts of GFP-ATAP or GFP-Bak BH3 plasmid,
which showed the strongest pro-apoptotic activity among the

three constructs for GFP-BH3 peptides (Fig. 1, B and C). As
shown in Fig. 2D, GFP-ATAP and GFP-Bak BH3 showed
clearly different pro-apoptotic activities in the presence of
FLAG-Bcl-xL. Although the pro-apoptotic activity of GFP-
ATAP was not affected by FLAG-Bcl-xL, the activity of GFP-
Bak BH3 was dramatically blocked by FLAG-Bcl-xL. Even
with a 4-fold amount (4 �g) of GFP-Bak BH3 co-transfected
with FLAG-Bcl-xL, no apoptosis was observed. These results
clearly show that ATAP-induced apoptosis is insensitive to
Bcl-2 and Bcl-xL, whereas BH3 peptide-induced apoptosis is
strongly inhibited by Bcl-2 and Bcl-xL.
For further examination of the effect of Bcl-xL on BH3-

induced apoptosis, we co-transfected HeLa cells with a fixed
amount (1 �g) of GFP-Bak BH3 plasmid together with differ-
ent amounts of FLAG-Bcl-xL plasmid. The transfected cells
were analyzed by Western blotting to check the expression
level of GFP-Bak BH3 and FLAG-Bcl-xL (Fig. 2E, upper right
panel). Clearly, more dead cells were detected at higher GFP-
Bak BH3 to FLAG-Bcl-xL ratios (Fig. 2E, graph), indicating
that the BH3 peptide induces cell death by saturating Bcl-xL,

FIGURE 2. Bcl-xL or Bcl-2 does not inhibit ATAP-induced apoptosis but efficiently inhibits BH3 peptide-induced apoptosis. A and B, HeLa cells were
co-transfected with 1 �g of plasmids expressing GFP-ATAP or GFP-BH3 peptides along with 1 �g of mock vector, pFLAG-Bcl-2, or pFLAG-Bcl-xL. At 24 h af-
ter transfection, cells were treated with DAPI and observed under a fluorescence microscope. A, representative photographs show GFP- or DAPI-positive
cells in the same field. Bar, 10 �m. B, percentage of surviving cells was determined by the ratio of GFP-positive cells without DAPI staining to total GFP-posi-
tive cells. About 200 cells from three different fields were scored. Data are expressed as the means � S.E. C, time course effect of FLAG-Bcl-xL on the apo-
ptosis induced by GFP-ATAP or GFP-Bak BH3 in HeLa cells. Cell survival was measured by DAPI exclusion in the HeLa cells transfected with 1 �g of plasmids
expressing GFP-ATAP or GFP-Bak BH3 with or without 1 �g of FLAG-Bcl-xL plasmid. D, HeLa cells were transiently co-transfected with 1 �g of FLAG-Bcl-xL
plasmid and various amounts of GFP-ATAP or GFP-Bak BH3 construct as indicated. The percentage of surviving cells was determined by DAPI exclusion as-
say as described previously above. Data are expressed as the means � S.E. E, HeLa cells were transiently co-transfected with 1 �g of GFP-Bak BH3 construct
and various amounts of FLAG-Bcl-xL construct as indicated. The percentage of surviving cells was determined by the DAPI exclusion assay as described
above. Data are expressed as the means � S.E. Right panel, protein expression in the transfected cells was assessed by immunoblotting the cell lysates us-
ing antibodies specific for FLAG, GFP, or �-actin. Lower panel, representative photographs show cellular distribution of GFP-Bak BH3 fusion protein in the
transfected cells. Bar, 10 �m.

ATAP and Apoptosis

9042 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 11 • MARCH 18, 2011



and thus by preventing Bcl-xL from inhibiting other endoge-
nous pro-apoptotic proteins. Of interest, co-transfection with
20-fold less FLAG-Bcl-xL than GFP-Bak BH3 still showed
significant inhibition of apoptosis in HeLa cells compared
with cells that were not transfected by FLAG-Bcl-xL, suggest-
ing that cancer cells displaying up-regulation of anti-apo-
ptotic protein expression would be more resistant to the BH3
peptide-based therapeutics than the normal cells if the cells
contain a larger pool of free anti-apoptotic proteins. Interest-
ingly, even at the high dose ratio, Bcl-xL did not inhibit GFP-
ATAP-induced apoptosis (1 �g of FLAG-Bcl-xL to 0.05 �g of
GFP-ATAP in Fig. 2D), suggesting that elevated level of anti-
apoptotic Bcl-2 proteins in cancer cells may not affect the
cytotoxic activity of ATAP-based therapeutics.
ATAP Targets Mitochondria to Induce Apoptosis without

Interaction with Bcl-2 and Bcl-xL in HeLa Cells—Notably, we
found that the subcellular localization of GFP-BH3 peptides
seemed to be changed from cytosolic distribution to mito-
chondrial or perinuclear distribution by co-transfection with
Bcl-2 or Bcl-xL (Fig. 2A). Furthermore, more GFP-Bak BH3
protein was localized in the cytosol as less FLAG-Bcl-xL plas-
mid was used in co-transfection (Fig. 2E, lower panel), sug-

gesting that a function of the anti-apoptotic protein is to se-
quester the pro-apoptotic BH3 peptides to intracellular
membranes. To assess the subcellular distribution of these
GFP-peptide fusion proteins, we used confocal microscopy
and treated the transfected cells with QVD-OPH to prevent
morphological changes caused by apoptosis. As shown in Fig.
3A, GFP-ATAP was principally localized in the mitochondria
as it co-localized with mRFP-mito, a mitochondrial
marker, confirming our previous findings that ATAP has
the intrinsic property of a specific mitochondrial target
signal (35). The mitochondrial localization of GFP-ATAP
was not altered by co-expression of FLAG-Bcl-xL. In con-
trast, co-expression of FLAG-Bcl-xL dramatically changed
the localization of GFP-BH3 peptides from the cytosol to
mitochondria (Fig. 3A). Similarly, the co-expression of
FLAG-Bcl-2 also led the GFP-BH3 peptides to the intracel-
lular membranes such as the mitochondrial or perinuclear
compartment (data not shown).
Because FLAG-Bcl-xL predominantly localized to mito-

chondria (35), the mitochondrial localization of GFP-BH3
peptides by Bcl-xL implies that Bcl-xL physically interacts
with them on the mitochondrial membrane to inhibit their

FIGURE 3. GFP-ATAP constitutively localizes in mitochondria and does not interact with Bcl-xL, although GFP-BH3 peptides were translocated from
cytosol to mitochondria by physical association with Bcl-xL. A, subcellular localization of GFP peptides. HeLa cells were co-transfected with 1 �g of plas-
mids expressing GFP-ATAP or GFP-BH3 peptides along with 0.5 �g of pmRFP-mito and with 1 �g of mock vector or pFLAG-Bcl-xL in the presence of 50 �M

QVD-OPH. At 24 h after transfection, cells were fixed using 4% paraformaldehyde and observed under a confocal microscope. Bar, 5 �m. B, GFP peptides
were co-expressed with FLAG-Bcl-xL, FLAG-Bcl-2, or mock vector in HeLa cells in the presence of 50 �M QVD-OPH. Cell lysates were immunoprecipitated (IP)
with anti-FLAG M2-agarose and detected with anti-GFP antibody. WB, Western blot.
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pro-apoptotic activity. To examine whether GFP-ATAP and
GFP-BH3 peptides interact with Bcl-xL or Bcl-2, we per-
formed co-immunoprecipitation assays. HeLa cells were co-
transfected with individual GFP fusion plasmid and either
mock, FLAG-Bcl-xL, or FLAG-Bcl-2 plasmids. Cell lysates
were immunoprecipitated with anti-FLAG antibody and then
immunoblotted with anti-GFP antibody. As shown in Fig. 3B,
GFP-ATAP did not co-precipitate with any of the anti-apo-
ptotic proteins, whereas all GFP-BH3 fusion proteins co-pre-
cipitated with Bcl-2 or Bcl-xL. Taken together, these results
indicate that anti-apoptotic Bcl-2 and Bcl-xL proteins inhibit
the pro-apoptotic activity of BH3 peptides through physical
interaction with these peptides at mitochondria, whereas
these proteins do not interact with ATAP and cannot inhibit
its pro-apoptotic activity.
Bax and Bak Do Not Contribute to ATAP Function but Are

Required for BH3 Peptide-induced Apoptosis—Previously, we
reported that ATAP can induce apoptosis without Bax or Bak
proteins (35). In contrast, apoptosis induced by pro-apoptotic
BH3 peptides and mimetics requires the activation of pro-
apoptotic Bax or Bak proteins (10, 19, 21, 30, 31). To compare
the effect of Bax and Bak on the pro-apoptotic activity of
ATAP and BH3 peptides, the corresponding GFP fusion pro-
teins were transiently expressed in BMK-D3, a baby mouse
kidney cell line derived from the bax�/� bak�/� mice (38)
and in BMK-W2, a cell line derived from wild type litter-
mates. PCR analysis on genomic DNA isolated from
BMK-W2 and BMK-D3 cells confirmed ablations of Bax and
Bak genes in BMK-D3 cells (Fig. 4A). Counting dead cells
among GFP-positive cells indicated that GFP-ATAP induced
apoptosis in BMK-D3 cells at a similar level as in BMD-W2
cells, which is consistent with our previous observation
(Fig. 4, B and C) (35). In contrast, all GFP-BH3 peptides
failed to induce apoptosis in BMK-D3 cells, although they
induced apoptosis in BMK-W2 cells to various degrees
(Fig. 4, B and C). These data demonstrate that ATAP-in-
duced apoptosis is independent of Bax and Bak, although
BH3 peptide-induced apoptosis requires the presence of
either Bax or Bak. The pro-apoptotic effect of GFP-ATAP
showed a dose- and time-dependent manner, whereas
GFP-Bak BH3 could not induce apoptosis at all doses and
time points tested (Fig. 4, D and E).
Together, our data show that BH3 peptides require Bax or

Bak for their apoptotic function, which is inhibited by Bcl-2,
Bcl-xL, or probably other anti-apoptotic family members,
whereas ATAP induces Bax/Bak-independent apoptosis that
cannot be inhibited by Bcl-2 and Bcl-xL anti-apoptotic
proteins.
Synthetic ATAP Peptide Releases Large Molecules from

Liposomes—Previously, we reported that ATAP could per-
meabilize MOM causing the loss of mitochondrial mem-
brane potential and release of cytochrome c to induce apo-
ptosis in cultured cells (35). We also showed that synthetic
ATAP could induce release of cytochrome c from mito-
chondrial preparations isolated from BMK D3 cells (see
Fig. 6C in our previous report published by Ko et al. (35)).
Thus, we postulated that oligomerization of ATAP at
MOM could lead to formation of a large pore for release of

cytochrome c and other pro-apoptotic factors to trigger
apoptosis. To test whether ATAP could oligomerize in the
membrane, we performed chemical cross-linking assay af-
ter reconstitution of synthetic ATAP to the liposomal
membrane composed of the MOM characteristic lipids
(MOM-liposome) (15, 16). Taking advantage of the two
cysteine residues present in ATAP, we used bis-maleimido-
hexane (BMH), a thio-specific bifunctional cross-linking
agent, to examine the potential oligomerization of ATAP
reconstituted in the MOM-liposome. The membrane-
bound ATAP was separated from the soluble and precipi-
tated peptides by floating the liposome and associated
ATAP to the top of a three-step sucrose gradient using a
centrifugation procedure described previously (37). The

FIGURE 4. ATAP does not require either Bax or Bak activity to induce
apoptosis although BH3 peptides do. A, detection of Bax and Bak genes
by PCR. 100 ng of genomic DNA isolated from cultured BMK-W2 (bax�/�,
bak�/�) and BMK-D3 (bax�/�, bak�/�) cells was analyzed by PCR using
primers designed to amplify an exon sequence of 149 bp in Bax gene and of
181 bp in Bak gene. PCR products were then analyzed by agarose gel elec-
trophoresis and visualized by ethidium bromide staining. B, viability of BMK
W2 or BMK D3 cells transfected with 1 �g of GFP-ATAP or GFP-BH3 expres-
sion plasmid. At 24 h after transfection, cells were stained with DAPI and
observed under a fluorescence microscope. Representative photographs
show GFP-positive cells after 24 h of transfection. Bar, 10 �m. C, percentage
of surviving cells was determined by the ratio of GFP-positive cells without
DAPI staining to total GFP-positive cells. About 200 cells from three differ-
ent fields were scored. Data are expressed as the means � S.E. D, dose ef-
fect of GFP-ATAP and GFP-Bak BH3 on apoptosis of BMK D3 cells. Cells were
transiently transfected with the indicated amounts of GFP-ATAP or GFP-Bak
BH3 construct. Cell survival was measured by DAPI exclusion assay. Data are
expressed as the means � S.E. E, time course study of apoptosis induced by
GFP-ATAP and GFP-Bak BH3 in BMK D3 cells. Cells were transiently trans-
fected with 1 �g of GFP-ATAP or GFP-Bak BH3 construct. Cell survival was
measured by DAPI exclusion assay. Data are expressed as the means � S.E.
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resulting fractions were analyzed by SDS-PAGE and silver
staining. As shown in Fig. 5A, complexes larger than ATAP
monomer (Mr 3.4) were detected in the liposome fraction
even in the absence of BMH treatment, suggesting that
ATAP can form stable oligomers in the membrane. Cross-
linking further stabilized and enlarged the ATAP oligomers
as more and larger complexes were detected in the pres-
ence of BMH. Interestingly, the oligomeric ATAP was only
detected in the liposome fraction, suggesting that mem-
brane targeting could promote oligomerization of ATAP
and pore formation activities.
To test the pore-forming potential of ATAP, we used a li-

posome-based fluorescent dye release assay following our es-
tablished protocols (15, 16). For this study, dextran molecules
of 10 kDa with a size similar to that of cytochrome c were la-
beled with a fluorescent dye, CB, and encapsulated into the
MOM-liposomes. The peptide-induced release of CB dextran
from the liposome was monitored by quenching of CB fluo-
rescence by anti-CB antibody presented outside of the lipo-
some. As shown in Fig. 5, B and D, ATAP efficiently released
CB dextrans from the liposomes in a dose- and time-depen-
dent manner. With 50 nM ATAP, the release of CB dextrans
reached a near maximal level in 30 min. In contrast, neither
Bid nor Bad BH3 peptide, which triggered release of cyto-
chrome c from native mitochondrial preparations (10, 19, 20,
40, 41), could release CB dextran from the liposomes even at a
much higher dose (20 �M) than we used for ATAP (Fig. 5B).

Because Bid-BH3 peptide and truncated Bid (tBid) is known
to permeabilize MOM indirectly by activating pro-apoptotic
Bax or Bak proteins (10, 12, 15, 19, 20, 40, 41), we tested
whether Bid and Bad BH3 peptides could permeabilize the
membrane in the presence of the purified Bax protein. As
shown in Fig. 5C, the Bid-BH3 peptide displayed potent activ-
ity of releasing CB dextrans from liposomes in the presence of
Bax, whereas Bad-BH3 showed weaker activity than Bid-BH3
(Fig. 5C). The different activities between Bid and Bad BH3
peptides for the Bax-mediated pore formation is consistent
with previous reports (19, 41).
To estimate the potency of the pore forming activity of

ATAP, we compared it with tBid-activated Bax. As shown in
the Fig. 5D, both ATAP and tBid-activated Bax efficiently
generate large pores. The activity of ATAP was higher than
that of tBid-activated Bax. Because the size of a hydrated dex-
tran of 10 kDa is similar to that of cytochrome c (42), the
ATAP pore formed in the liposomal membrane would allow
for cytochrome c release, as we previously observed in isolated
mitochondria from BMK D3 cells (35). Moreover, because the
ATAP pore in the MOM-liposomal membrane is formed in
the absence of any additional proteins, ATAP alone may form
a cytochrome c-releasing pore in MOM.
We next tested whether Bcl-2 could inhibit the pore for-

mation by ATAP in the liposomal membrane. Because na-
tive Bcl-2 is an integral membrane protein anchored in
MOM by its C-terminal transmembrane (TM) sequence,

FIGURE 5. ATAP forms large pores in the MOM-like liposomal membrane. A, oligomerization of ATAP in the liposomal membrane was examined by BMH
cross-linking. The samples were fractionated using the step sucrose gradient centrifugation. The resulting top (T), bottom (B), and pellet (P) fractions con-
tained liposome-bound, -soluble, and -aggregated peptide and adducts, respectively. All fractions were subjected to Tris-Tricine SDS-PAGE, and the peptide
and adducts were visualized by silver staining. B, release of 10-kDa CB dextrans from the MOM-liposome by the indicated concentrations of ATAP peptide
or BH3 peptides was monitored using the fluorescence quenching method. Data shown are the average extent of release after 5 h of incubation from three
independent experiments with standard deviation. C, release of 10-kDa CB dextrans from the MOM-liposome by BH3 peptides (20 �M) in the presence of
Bax (50 nM) was monitored as above. Data shown are averages from three independent experiments with standard deviation. D, release kinetics of 10-kDa
CB dextrans by ATAP (50 nM) or Bax (50 nM) together with or without tBid (10 nM) was monitored. A negative control shows an effect by DMSO vehicle with-
out any peptide. Data shown are averages from three independent experiments with standard deviation. E, release of 10-kDa CB dextrans from 12.5 �M

Ni2�-chelating liposome by ATAP peptide or tBid-activated Bax in the presence or absence of His6-Bcl-2�TM was monitored as above. Data shown are aver-
ages from three independent experiments with standard deviation. The concentration of ATAP was doubled compared with that in B–D because the batch
of peptide used here is less active than the one used in B–D.
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we tethered the purified recombinant Bcl-2 protein lacking
the TM sequence (Bcl-2�TM) to the MOM-liposomal
membrane via interaction of a His6 tag at the C terminus of
Bcl-2�TM with a Ni2�-chelating lipid analog incorporated
into the membrane as described previously (15), and we
used this membrane-tethered recombinant Bcl-2 to mimic
the native membrane-anchored Bcl-2 for the inhibition
test. As shown in Fig. 5E, the pore forming activity of
ATAP was not inhibited by Bcl-2 at various concentrations
of Bcl-2, whereas the activity of tBid-activated Bax was sig-
nificantly inhibited by Bcl-2. Parallel experiments with full-
length Bcl-xL containing the C-terminal TM sequence and
the MOM-liposomes lacking the Ni2�-lipid demonstrated
that the pore forming activity of ATAP was also insensitive
to Bcl-xL (data not shown). Together, these studies dem-
onstrate that, unlike tBid- or BH3 peptide-activated Bax
(16), the pore forming activity of ATAP is not inhibited by
Bcl-2 or Bcl-xL, which is consistent with the finding from
our cell-based assays (Fig. 2).

DISCUSSION

We conclude that ATAP uses a different mechanism to
induce apoptosis than BH3 peptides based on the following
evidence. (i) The pro-apoptotic activity of ATAP in cells is
insensitive to Bcl-2 and Bcl-xL expression, whereas the
pro-apoptotic effect of BH3 peptides is strongly inhibited
by these anti-apoptotic proteins. (ii) The cell killing activity
of ATAP does not require Bax or Bak, whereas BH3 pep-
tides cause cell death in a strictly Bax- or Bak-dependent
manner. These observations were complemented by our in
vitro reconstitution studies that demonstrate that ATAP is
sufficient to form cytochrome c-permeable pores in a
MOM-mimicking liposomal membrane in the absence of
other cellular proteins.
Our data provide a model for the pro-apoptotic action of

ATAP in cells (Fig. 6A). Once it is delivered into cells, ATAP
targets to mitochondria using an intrinsic mitochondrial tar-
geting sequence (35). The specificity of this targeting may be
achieved via a direct interaction with the MOM lipids or a
protein-mediated process. The amphipathic nature of ATAP
is required for the peptide to insert into the MOM lipid bi-
layer and form aqueous pores (35). Oligomerization of ATAP
in the membrane may facilitate the formation of large pores
that cause release of cytochrome c and potentially other mito-
chondrial proteins. Previously, several amphipathic peptides
have been shown to induce mitochondrial membrane perme-
ability transition and the release of cytochrome c by modulat-
ing the translocases of the outer and inner mitochondrial
membrane (43, 44). Future studies are warranted to deter-
mine whether other mitochondrial proteins are involved in
the pro-apoptotic action of ATAP, although our in vitro re-
constitution assays suggest that other proteins are not re-
quired. For the pro-apoptotic function of BH3 peptides, there
are at least two critical steps controlled by Bcl-2 family pro-
teins (Fig. 6B). First, the cytosolic BH3 peptides must over-
whelm the membrane-bound anti-apoptotic proteins such as
Bcl-2 or Bcl-xL to antagonize their anti-apoptotic activity.
Based on our studies, we speculate that at least 10–20-fold of

excess BH3 peptide over Bcl-2 protein might be needed to
trigger apoptosis. Sequestration of BH3 peptides to MOM
represents a potent mechanism for the anti-apoptotic action
of Bcl-2 or Bcl-xL. Second, there must be pro-apoptotic Bax
or Bak protein in the cell in order for BH3 peptides to induce
apoptosis.
Cancer cells often acquire resistance to apoptotic stimuli,

including chemotherapeutics and �-irradiations, by alteration
of the expression levels of Bcl-2 family proteins. For example,
anti-apoptotic Bcl-2 is overexpressed in 90% of human follic-
ular lymphoma and causes chemoresistance in such tumors
(45). Overexpression of Bcl-xL was detected in certain colo-
rectal adenocarcinomas, which contributes to suppression of
apoptosis (46). In contrast, Bax expression is reduced in ap-
proximately one-third of the metastatic breast cancers and
correlates with poor response to treatment (47). Therefore,
development of novel therapeutics that can induce apoptosis
by directly targeting the Bcl-2 family proteins has been a ma-
jor focus in the cancer research field. As an attempt to induce
apoptosis by directly targeting the Bcl-2 family proteins, sev-
eral groups have developed BH3 peptides derived from pro-
apoptotic Bcl-2 family proteins or produced chemical com-
pounds that could act as BH3 peptides. Recent biochemical
and genetic studies suggest that BH3 peptides from BH3-only
proteins such as Bid, Bad, Bim, and Noxa could antagonize

FIGURE 6. Proposed events for the pro-apoptotic actions of ATAP and
BH3 peptides at mitochondria. A, ATAP derived from tail-anchor domain
of Bfl-1 can target to mitochondrial membrane by its intrinsic nature of the
mitochondrial targeting signal (35). Once at mitochondria, ATAP may insert
into the MOM through a translocation complex on the MOM or through a
direct interaction with the lipid bilayer. An amphipathic helical feature on
the transmembrane segment of ATAP is likely involved in the perturbation
of mitochondria membrane integrity by pore formation. The pore forma-
tion and pro-apoptotic function of ATAP are independent of Bcl-2 family
proteins. B, distinctively, BH3 peptides derived from pro-apoptotic Bcl-2
family proteins accumulate in the cytoplasm, and hence only a small frac-
tion would interact with Bcl-2 family proteins on the MOM. For the pro-
apoptotic activity of BH3 peptides, the intracellular content of Bcl-2 family
proteins is critical. First, the BH3 peptides must be in excess of anti-apo-
ptotic Bcl-2 proteins such as Bcl-2 or Bcl-xL to inhibit their anti-apoptotic
function. Otherwise, the peptides might be sequestered by these anti-
apoptotic proteins on the MOM (shown by dashed lines). Second, there
must be enough pro-apoptotic Bcl-2 proteins such as Bax or Bak because
the pro-apoptotic activity of BH3 peptides was dependent on these pro-
teins. Under this situation, BH3 peptides can induce apoptosis by either
directly binding and activating Bax and/or Bak or preventing anti-apoptotic
Bcl-2 family proteins from blocking Bax, Bak, and/or BH3-only pro-apoptotic
Bcl-2 proteins (12, 19, 20).
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the function of anti-apoptotic Bcl-2 family proteins in a very
specific way and induce apoptosis by releasing pro-apoptotic
Bax and/or Bak protein from the anti-apoptotic proteins (11,
12). Applications of BH3 peptides or their derivatives (pep-
tidomimetics or chemical mimetics) produced some success-
ful outcomes in treating cancers (20–25). However, this ap-
proach seems to have limitations when it is applied to cancers
with overexpression of Bcl-2-related anti-apoptotic proteins
or reduced expression of pro-apoptotic Bax and Bak, because
these aberrant expression levels of Bcl-2 family proteins cause
resistance to these BH3 peptides and mimetics (31–33, 48–
50). Therefore, we must consider alternative strategies that
can bypass the regulation by Bcl-2 family proteins in cancer
cells, such as the application of ATAP as a treatment for
cancer.
The results from this investigation suggest that ATAP can

bypass the regulation by the Bcl-2 family to induce apoptosis.
ATAP permeabilizes the mitochondrial membrane without
the participation of Bax and Bak, which often display compro-
mised function or reduced expression in cancer cells. Addi-
tionally, ATAP-induced apoptosis is not inhibited by Bcl-2
and other anti-apoptotic family members, which are fre-
quently overexpressed in cancer cells. Therefore, ATAP rep-
resents a promising agent for development as a therapeutic
that may escape the Bcl-2-mediated protection mechanisms
and effectively kill resistant cancer cells.
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