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Introduction
The biological functions of Bcl2 family proteins are dependent
on their subcellular localization, particularly at the
mitochondria outer membrane or endoplasmic reticulum.
Many Bcl2 family proteins contain a tail-anchor (TA) domain
at the C-terminus, which targets their pro- or anti-apoptotic
functions to specific intracellular organelles (Borgese et al.,
2003; Duriez et al., 2000; Kaufmann et al., 2003). Recent
studies have shown that several anti-apoptotic members of
Bcl2 proteins contain pro-apoptotic activities that can be
revealed through proteolytic cleavage at the N-terminus
(Cheng et al., 1997; Clem et al., 1998; Kucharczak et al.,
2005). One example is Bfl1, an anti-apoptotic protein that
protects cells from various apoptotic stimuli including
chemotherapeutic drugs, activation of TNF� receptor, and
overexpression of Bax and Bid (Cheng et al., 2000; Duriez et
al., 2000; Holmgreen et al., 1999; Wang et al., 1999; Werner
et al., 2002; Zhang et al., 2000; Zong et al., 1999). Unlike most
other Bcl2 family members, the TA-domain of Bfl1 contains
three charged amino acids that are predicted to align on one
side of an �-helix within a rich hydrophobic environment,
therefore it is named the amphipathic tail-anchoring peptide
(ATAP).

The ATAP sequence has been implicated in targeting of Bfl1
to the mitochondrial membrane, because deletion of 17 amino
acids at the C-terminus caused mistargeting of Bfl1 from the
mitochondria (Ko et al., 2003a). Moreover, Bfl1s, an
alternative splice variant of Bfl1 with a different C-terminal

sequence, is found to localize to the nucleus (Ko et al., 2003b).
Recent studies from our laboratories and others have revealed
the bi-functional nature of Bfl1; proteolysis or deletion of the
N-terminus of Bfl1 converts this molecule from having an anti-
apoptotic function into a pro-apoptotic function (Ko et al.,
2003a; Kucharczak et al., 2005; Yang et al., 2005). Thus, it has
been suggested that the TA domain of Bfl1 contains pro-
apoptotic activity.

In this study, we demonstrate that ATAP is indeed a potent
pro-apoptotic molecule that induces mitochondrial
permeability transition via its amphipathic property that
perturbs the integrity of the mitochondrial membrane. ATAP-
mediated apoptosis does not require Bax and Bak, thus it
represents a unique peptide-mediated cell death mechanism
with potential as a therapeutic agent for treatment of cancer
cells. Within the human genome, the ATAP sequence is present
in another tumor suppressor gene HCCS1 (Kim et al., 2002).
An additional mitochondria-targeting signal (MTS) at the N-
terminus of HCCS1 contributes to its mitochondria targeting
and apoptotic function.

Results
The amphipathic tail-anchor domain is conserved in Bfl1
and HCCS1
The gene encoding Bfl1 (BCL2A1 or BCL2-related protein A1)
is located on chromosome 15q24.3 and contains three exons
that are transcribed into two alternative splice variants, Bfl1
(175 a.a.) and Bfl1s (163 a.a.) (Ko et al., 2003b). The tail-
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2913Apoptosis induction by Bfl1 tail anchor

anchoring (TA) domain of Bfl1 (a.a. 147-175) is encoded by
exon 3. A database search revealed that exon 3 of BCL2A1 is
conserved in HCCS1 (16.4 kb) located on 15q25.1 (Fig. 1A).
Alignment of the genomic sequences for BCL2A1 and HCCS1
showed that an 8.8 kb fragment of BCL2A1 including exon 3
and the surrounding non-coding regions is highly conserved in
HCCS1, possibly as a result of duplication of 12 conserved
gene segments (see supplementary material Fig. S1).

The genomic sequence of HCCS1 also contains three exons
that encode 91 amino acids (Fig. 1A). The DNA sequence for
exon 3 of HCCS1 is 95% identical to that for BCL2A1, and
both have identical reading frame starting at E28 for HCCS1
and E141 for Bfl1, respectively (Fig. 1B). HCCS1 contains a
28 amino acid stretch (E28 to L55) that is identical to that of
the Bfl1 TA, except for a conservative change at L35 (Fig. 1C).
A base-pair deletion in HCCS1 at the 3� end of exon 3 leads
to a frame shift and subsequent changes in the amino acid
sequence at the C-terminus of HCCS1.

Sequence alignments showed a common feature with TA
domains of all anti-apoptotic members of the Bcl2 protein

family, where a hydrophobic-rich segment (HR) was always
surrounded by an N-terminal flanking region (FR-1) and a C-
terminal flanking region (FR-2) (Fig. 1E). The conserved
lysine residues in FR-1 and FR-2 represent potential MTSs for
the TA peptide (see below), whereas three charged residues in
the HR of Bfl1 (E159, K163 and E166) and HCCS1 (E46, K50
and E53) were unique, since they are not conserved in other
Bcl2 family proteins.

Analysis of secondary structures using SOPMA (Geourjon
and Deleage, 1995) and Jpred (Cuff et al., 1998) programs
predict an �-helical structure for the TA peptide (Fig. 1C).
Alignment of amino acids in a �-helical wheel plot revealed
the amphipathic nature of the TA peptide from both Bfl1 and
HCCS1, with the three charged residues aligning on one side
of the �-helix (Fig. 1D). Therefore, we named this domain the
amphipathic tail-anchoring peptide (ATAP).

ATAP induces apoptosis independent of Bax and Bak.
To test the cellular function of ATAP, a Flag-ATAP fusion
peptide was transiently expressed in HEK293 cells to allow for

Fig. 1. The amphipathic tail-
anchoring peptide (ATAP) is
conserved in Bfl1 and HCCS1.
(A) Schematic genomic structures of
BCL2A1 (BFL-1) and HCCS1 genes
on human chromosome 15q24.3 and
15q25.1, respectively. Black bars
indicate exons and red bars indicate
conserved exon-3 of BCL2A1 and
HCCS1 genes. (B) Alignment of
exon-3 sequences from BCL2A1 and
HCCS1 genes. Identical sequences
are shaded gray and single base gap
is shaded black. Stop codons are
yellow. (C) Primary sequence
comparison of the TA region of Bfl1
and HCCS1. Horizontal red bar
indicates the ATAP sequence of Bfl1
and HCCS1. Green lines indicate
predicted �-helical regions.
Mitochondrial targeting signal
(MTS) of HCCS1 is indicated by a
blue line. (D) Helix-wheel diagrams
of ATAP sequences of Bfl1 and
HCCS1. (E) Amino acid sequence
alignment of TA regions from human
anti-apoptotic Bcl2 family proteins
and A1, a mouse homologue of
human Bfl1, and ATAP sequences.
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detection of the recombinant protein using anti-Flag antibody
(Fig. 2A). Twenty-four hours after transfection, the cytotoxic
activity of Flag-ATAP was quantified using a �-galactosidase
reporter assay (Chittenden et al., 1995; Wood and Newcomb,
2000). With co-transfection of plasmids containing �-
galactosidase gene and Flag-ATAP cDNA, the decrease in �-
galactosidase activity reflects the loss of cell viability.
Compared with cells co-transfected with the mock plasmid, a
68.1±3.9% (n=5) decrease in �-galactosidase activity was
observed in cells transfected with Flag-ATAP, which could be
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prevented by the addition of 50 �M OPH, a pan-caspase
inhibitor (Fig. 2A). Moreover, elevated expression of Flag-
ATAP was observed in cells treated with OPH, suggesting that
either ATAP is a potent trigger of cell death or the peptide is
targeted for proteolytic degradation in cells undergoing
apoptosis.

We assembled a GFP-ATAP fusion construct to allow live-
cell imaging of ATAP-induced cell death. As shown in Fig.
2B, cells transiently expressing GFP-ATAP displayed a
condensed and fragmented chromatin structure, illustrating

Fig. 2. ATAP-induced apoptosis is independent of Bax and Bak activities. (A) Transient expression of Flag-ATAP induced caspase-dependent
cell death of HEK293 cells. Cells were co-transfected with 1 �g of mock or Flag-ATAP expression plasmid with 0.1 �g pCMV-�-gal in the
absence or presence of 50 �M OPH. Cell viability was measured by �-galactosidase activity relative to control cells transfected with mock
plasmid and the pCMV-�-gal reporter plasmid (left). The relative expression levels of the Flag-ATAP peptide was determined by western
blotting with an antibody against the Flag tag epitope (right). (B,C) Transient expression of GFP-ATAP-induced apoptotic nucleus morphology
and sub-G1 population in a caspase-dependent manner. GFP-ATAP-transfected HeLa cells were fixed, stained with DAPI and observed under
fluorescence microscope 24 hours after transfection (B). HEK293 cells were transiently transfected with the indicated expression plasmids.
18 hours after transfection, cells were harvested, fixed, and stained with PI. The DNA content of GFP-positive cells was then analyzed by flow
cytometry (C). (D) Transient expression of GFP-ATAP induced acute cell death in a variety of cancer cells, including HEK293, HeLa, caspase-
3 deficient MCF-7 cells and BMK D3 cells derived from the kidney of neonatal knockout mice for Bax and Bak genes. 24 hours after
transfection, cell survival was measured by PI exclusion. Representative images taken from HEK293 cells are shown. (E) The percentage of
surviving cells was determined by the ratio of PI-negative cells to total GFP-positive cells. About 300 cells from three different fields were
scored. Data are expressed as the mean ± s.e. Bars, 10 �m.
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2915Apoptosis induction by Bfl1 tail anchor

the apoptotic nature of cell death. The GFP-ATAP-induced
chromatin fragmentation could be prevented with the addition
of OPH. Quantitative analysis of GFP-ATAP-induced
apoptosis in HEK293 cells was performed using FACS assays,
where elevation of the sub-G1 cell population was used as an
index for cells undergoing apoptosis (Fig. 2C). Clearly, the
pro-apoptotic activity of GFP-ATAP is similar to, or perhaps
stronger than, that of GFP-Bax, a well-known pro-apoptotic
protein (Pan et al., 2001; Smaili et al., 2001) (Fig. 2C). As a
control, we found that expression of GFP-TAxL, containing
the Bcl-xL TA domain (a.a. 202-233) attached to the C-
terminus of GFP, did not show any toxic activity in HEK293
cells.

To test whether there were any cell-type dependent effects
of ATAP, GFP-ATAP was transiently expressed in cell lines
with different genetic backgrounds. In addition to HEK293 and
HeLa cells, we tested GFP-ATAP in MCF-7, a caspase-3
deficient human breast cancer cell line (Janicke et al., 1998),
and BMK-D3, a baby mouse kidney cell line derived from
bax–/–bak–/– mice (Degenhardt et al., 2002). Cell death analyses
using the propidium iodide (PI) exclusion method revealed that
>90% of all cell types underwent apoptosis after transient
expression of GFP-ATAP (Fig. 2D,E). Since pronounced
apoptosis is observed in BMK-D3 cells that lack Bax and Bak
(Fig. 2E and supplementary material Fig. S2), the pro-
apoptotic activity of GFP-ATAP does not require the
participation of Bax and Bak. Moreover, the strong pro-
apoptotic effect of GFP-ATAP on MCF-7 cells suggests that
ATAP can act through caspases other than caspase-3.

The amphipathic nature of ATAP is essential for its pro-
apoptotic activity
Since the charged residues in the HR of Bfl1 and HCCS1 are
not present in other Bcl2 family proteins, and since they
contribute to the amphipathic nature of ATAP, we tested the
contribution of E159, K163 and E166 to the pro-apoptotic
function of ATAP in Bfl1 through site-directed mutagenesis.
To allow the determination of subcellular localization, the
various ATAP mutants were fused with GFP (Fig. 3A). While
mutation of a single residue has little effect on the apoptotic
activity of ATAP, double mutations, e.g. E159Q-E166Q
(mHR3) or E159L-E166L (mHR4), markedly reduce the pro-
apoptotic function of ATAP (Fig. 3B). An additional mutation
(K163L) in mHR3 further decreased toxicity of ATAP in
mHR7. Interestingly, the mHR5 construct containing the
E159K-E166K mutation did not appear to affect the pro-
apoptotic activity of ATAP (Fig. 3B), suggesting that
conservation of charge rather than the polarity of the charge is
involved in its pro-apoptotic function. Using the �-
galactosidase reporter assay, we found that Flag-mHR3, in
which the GFP sequence is replaced with the Flag sequence,
also displayed significantly reduced cytotoxic effect compared
with the Flag-ATAP construct. Twenty-four hours after
transfection, �-galactosidase activity was 26.0±5.2% in Flag-
ATAP-transfected cells, whereas it was 62.0±7.8% in Flag-
mHR3-transfected cells (n=5, P<0.001) (Fig. 3C), compared
with enzyme activity from GFP-transfected cells.

To test whether the amphipathic nature of ATAP is also
involved in the apoptotic function of HCCS1, corresponding
mutations of charged residues were introduced into the full-
length HCCS1 gene. As shown in Fig. 3D, HCCS1-GFP

(E46Q/E53Q) containing mutations corresponding to mHR3 of
the Bfl1 ATAP exhibited significantly reduced cytotoxic
activity. In further studies, we also tested the effect of ATAP
and mHR7 in BMK-D3 cells lacking the expression of Bak and
Bax, and in CHO cells stably transfected with Bcl-xL (Pan et
al., 2000) (see supplementary material Fig. S2). A similar
cytotoxic effect of ATAP was observed in parental CHO cells
compared with CHO cells overexpressing Bcl-xL, and in
BMK-wt cells compared with BMK-D3 cells, suggesting that
the pro-apoptotic function of ATAP is independent of Bax, Bak
and Bcl-xL. Moreover, although GFP-ATAP showed potent
cytotoxic effects on both CHO and BMK cell lines, GFP-
mHR7 showed little cytotoxicity. Taken together, these results
demonstrate that the pro-apoptotic activity of ATAP is closely
related to the amphipathic property of the peptide.

ATAP targets mitochondria permeability transition to
induce apoptosis
Confocal microscopic imaging showed that mutations at E159,
E166 or K163 of ATAP did not alter its intracellular targeting
properties. Indeed, all mHR1 to mHR7 mutants are localized
to the mitochondrial membrane, similarly to the wild-type
GFP-ATAP, based on co-localization pattern with mRFP-Mito
transiently expressed in HeLa cells (Fig. 4C). Previous studies
from other investigators have shown that positively charged
residues located at the N-terminus or C-terminus of the TA
domain are involved in targeting of the TA peptide to
mitochondria (Borgese et al., 2003; Kaufmann et al., 2003).
We found that the conserved lysine residues located in FR-1
and FR-2 played a critical role in targeting of ATAP to the
mitochondria membrane (Fig. 4). Although mutation of single
lysine residues, K147L, K151L or K172L, did not appear to
alter the mitochondrial-targeting property of ATAP, double
mutation of K147L-K151L (mFR4) caused mistargeting of
GFP-ATAP away from the mitochondria (Fig. 4C). The mFR4
mutant localized mainly to the cytoplasm and often formed
cytosolic or perinuclear aggregates, with remarkably reduced
pro-apoptotic activity compared with the other mFR constructs
(Fig. 4B).

In cells undergoing apoptosis, the degradation of
chromosomal DNA can be measured in the sub-G1 population
of cells containing lower DNA content than healthy cells, or
can be detected as a DNA ladder of about 180 bp on an agarose
gel. As shown in Fig. 4D, HEK293 cells expressing GFP-ATAP
and mHR5 displayed a significantly higher percentage of sub-
G1 cells with a more extensive DNA laddering pattern than
those expressing mFR4, mHR3, mHR4 or mHR7, confirming
the apoptotic nature of cell death induced by ATAP. The time-
dependent effects of the various ATAP mutants on apoptosis
were further assayed using the PI exclusion method (Fig. 4E).
Forty-eight hours after transfection of HEK293 cells with
either ATAP or mHR5, more than 95% of cells were PI
positive, whereas only about 38% of cells were PI positive with
expression of either mHR3 or mHR4. In the case of mHR7-
transfected cells, only 19% cells were PI positive at the 48-
hour time point (Fig. 4E). Interestingly, cells transfected with
mFR4 exhibited progressive cell death at later stages of the
experiment (e.g. more than 36 hours after transfection).
Although the mitochondrial targeting of mFR4 seemed to be
impaired, a portion of the protein was detected at the
mitochondria (Fig. 4C). One possibility is that the delayed
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toxic effect of mFR4 results from the gradual accumulation of
the molecule at the mitochondrial membrane.

One particular exception is found with the mFR7 mutant,
where all three lysine residues in FR-1 and FR-2 were mutated
to leucines. Unlike mFR4, mFR7 still maintained its targeting
to mitochondria and possessed a potent pro-apoptotic activity
(Fig. 4B). Analysis of the primary amino acid sequence of
GFP-mFR7 identified other charged residues from the C-
terminal portion of GFP and the multiple cloning site (MCS)
of the pEGFP-C1 plasmid that resides proximal to the ATAP
sequence. This external sequence resembles the FR-1 region of
Bcl-xL in terms of charge contents and positioning, which
could act as surrogate for the MTS in the absence of positively
charged residues within the Bfl1 flanking regions (see
supplementary material Fig. S3). Indeed, deletion of these
positively charged residues eliminated the mitochondrial
targeting of mFR7 and consequently its pro-apoptotic function.
Moreover, insertion of an 11 amino acid linker sequence into
the MCS also eliminated mitochondrial targeting of mFR7 and
reduced its apoptotic activity. These results are consistent with
previous studies of Kaufmann et al. (Kaufmann et al., 2003)
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and further suggest that charged residues must remain adjacent
to HR segment for efficient targeting of ATAP to MOM.

Overall, our data suggest that lysine residues located in the
N-terminal flanking regions of ATAP are essential for targeting
of ATAP to mitochondria, and that the pro-apoptotic activity
of ATAP is closely linked to its association with mitochondria.

Both the MTS and ATAP are involved apoptosis induced
by HCCS1
The primary amino acid structure of HCCS1 contains a stretch
of 18 amino acids (a.a. 1-18) that are proximal to the ATAP
sequence, and may act as an alternative MTS for HCCS1 (see
Fig. 1C). To explore the contribution of MTS and ATAP to the
apoptotic function of HCCS1, we generated GFP fusion
constructs with various HCCS1 deletion mutants (Fig. 5A).
Due to the high level of toxicity produced by ATAP, it was
necessary to include 50 �M OPH in the cell culture medium
in experiments where we visualize the mitochondrial
localization patterns of the various GFP fusion constructs.

As shown in Fig. 5B, HCCS1-GFP, as well as GFP-ATAP
(HCCS1), exhibited close co-localization with mRFP-Mito in

Fig. 3. The pro-apoptotic activity of ATAP requires an amphipathic property. (A) Schematic representation of the GFP-ATAP constructs in
which point mutations were introduced into the hydrophobic rich (HR) region of the ATAP. (B) Cell survival was measured by PI exclusion in
the HEK293 cells transfected with 1 �g GFP-ATAP mutant constructs 24 hours after transfection. (C) Flag-mHR3 peptide showed reduced pro-
apoptotic activity. HEK293 cells were co-transfected with 0.1 �g pCMV-�-gal reporter plasmid and 1 �g of the Flag-ATAP or Flag-mHR3
expression plasmids. 24 hours after co-transfection, cell viability was measured by �-galactosidase activity (left). The relative expression levels
of the Flag-tagged peptides were determined by western blotting with an antibody against the Flag tag epitope (right). (D) Involvement of
amphipathic nature of ATAP in the apoptotic function of HCCS1. HEK293 cells were co-transfected with 0.1 �g pCMV-�-gal reporter plasmid
and 1.0 �g HCCS1-GFP or HCCS1-GFP (E46Q/E53Q) containing mutations corresponding to mHR3 of the Bfl1 ATAP. 24 hours after co-
transfection, cell viability was measured by �-galactosidase activity. Data are expressed as the mean ± s.e.
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2917Apoptosis induction by Bfl1 tail anchor

HeLa cells, demonstrating the specific targeting of HCCS1 at
the mitochondria membrane. Attachment of GFP to the N-
terminus of HCCS1 lacking MTS, GFP-HCCS1 (�MTS),
also revealed a characteristic mitochondria localization
pattern, confirming our observation that the ATAP domain of
HCCS1 contained an intrinsic MTS. Interestingly, attachment
of GFP to the C-terminus of HCCS1 lacking MTS caused
mistargeting of HCCS1 (�MTS)-GFP away from the
mitochondria. This is consistent with earlier studies
demonstrating that addition of a large moiety to the C-
terminal end of TA proteins disrupted their intracellular
targeting properties (Johnston et al., 2002).

The MTS-GFP also exhibited a typical mitochondrial
localization pattern, indicating that the MTS domain of

HCCS1 possesses mitochondrial-targeting properties (Fig.
5B). Therefore, HCCS1 contains dual targeting signals for
mitochondrial localization, one at the N-terminus (MTS) and
one at the C-terminus (ATAP). Cell viability analyses using
the PI exclusion method showed that MTS-GFP had no toxic
effect in HeLa cells, whereas HCCS1-GFP, GFP-HCCS1
(�MTS) and GFP-ATAP (HCCS1) all exhibited potent pro-
apoptotic activities that could be inhibited by OPH.
Moreover, HCCS1 (�MTS)-GFP, which mistargets from
mitochondria, displayed significantly lower cytotoxicity (Fig.
3C). These results further support the notion that ATAP is
responsible for the pro-apoptotic activity of HCCS1 and that
mitochondrial targeting is required for the pro-apoptotic
function of HCCS1.

Fig. 4. The pro-apoptotic activity of ATAP involves targeting to mitochondria. (A) Schematic representation of the GFP-ATAP constructs in
which point mutations were introduced into the flanking regions of the ATAP. (B) Cell survival was measured by PI exclusion in the HEK293
cells transfected with 1 �g GFP-ATAP mutant constructs 24 hours after transfection. (C) Subcellular localization of ATAP mutants fused with
GFP. HeLa cells were transfected with 0.5 �g of the indicated plasmids. Cell culture was performed in the presence of 50 �M OPH to prevent
rapid cell death. 18 hours after transfection, cells were incubated in medium containing 50 nM MitoTracker for 2 hours and fixed using 4%
paraformaldehyde. Localization of GFP fusion proteins was observed using confocal microscopy. Bar, 10 �m. (D) Cellular effects of GFP-
ATAP mutants on apoptosis. HEK293 cells were transiently transfected with the indicated plasmids expressing ATAP mutants fused with GFP.
18 hours after transfection, cells were harvested, fixed, and stained with PI. The DNA content of GFP-positive cells was then analyzed by flow
cytometry (upper panel). DNA fragmentation was also analyzed by electrophoresis on 2% agarose gels (lower panel). SM, 100 bp ladder size
marker. (E) Time-course effect of GFP-ATAP and GFP-ATAP mutants on HEK293 cells. Cell survival was measured by PI exclusion in the
HEK293 cells transfected with 1 �g GFP-ATAP mutant constructs.
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ATAP perturbs membrane permeability in lipid bilayer
assay
Extensive studies have shown that loss of mitochondrial
membrane potential acts as a trigger for cytochrome c release
and caspase activation in apoptosis signaling (Petit et al., 1995;
Zamzami et al., 1995). To determine whether the loss of
mitochondrial membrane potential is directly involved in
ATAP-induced apoptosis, we monitored mitochondrial
membrane potential in HeLa cells using MitoTracker Red
(CM-H2 TMRos), which targets mitochondria and develops
fluorescence by oxidation, only in cells with intact
mitochondrial membrane potential. HeLa cells were
transfected with GFP-ATAP, GFP-mHR7 or GFP-TAxL, in the
presence of 50 �M OPH to reduce the downstream effect of
caspase activation on mitochondrial integrity. Although most
of cells transfected with GFP-TAxL were healthy with bright
MitoTracker staining, a majority of the GFP-ATAP transfected
cells showed diffuse and low intensity MitoTracker staining
(Fig. 6A). On average, 65.0±8.7% (n=5) of HeLa cells
expressing GFP-ATAP were MitoTracker negative, whereas
only 19.0±9.3% of those expressing GFP-TAxL were
MitoTracker negative (Fig. 6B). However, cells transfected
with GFP-mHR7 showed increased MitoTracker staining that
was comparable that in cells transfected with GFP-TAxL.
Similar results were obtained with the other mHR and mFR
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mutant constructs, where development of MitoTracker labeling
is closely associated with the reduced toxic effects of the ATAP
constructs (not shown). These results indicate that ATAP-
induced apoptosis could involve the direct induction of
mitochondria outer membrane permeabilization.

Cytochrome c release is a critical step in the initiation of the
mitochondrial apoptosis pathway. To test the effect of ATAP
and mHR7 on cytochrome c release from mitochondria, we
performed two complementary assays. First, using transient
expression of GFP-ATAP in HEK293 cells, we found that a
significant portion of cytochrome c is released into the cytosol
in cells transfected with GFP-ATAP, whereas GFP-mHR7 does
not produce significant cytochrome c release (Fig. 6C, left).
Second, using isolated mitochondria membrane preparations
from BMK-D3 cells, we found that addition of synthetic ATAP
peptide induced release of cytochrome c – an effect that was
not observed with mHR7 peptide (Fig. 6C, right).

As a direct test of the effects of ATAP on the integrity of
cellular membranes, we performed electrophysiological
studies using the lipid bilayer reconstitution system (Lam et
al., 1998; Ma et al., 1988). The toxic effect of ATAP in E. coli
(not shown) prevents purification of the peptide in sufficient
quantity for our functional studies. Therefore, synthetic ATAP
peptides were used in our bilayer reconstitution assays. As
shown in Fig. 6D, addition of the wild-type ATAP peptide (11

Fig. 5. Both MTS and ATAP are involved in mitochondrial-targeting apoptosis induced by HCCS1. (A) Schematic representation of the GFP
fusion proteins of HCCS1 and its deletion mutants. (B) Subcellular localization of GFP fusion proteins. HeLa cells were transfected with 0.5
�g of the indicated plasmids. Cell culture was performed in the presence of 50 �M OPH. 18 hours after transfection, cells were incubated in
medium containing 50 nM MitoTracker for 2 hours and fixed using 4% paraformaldehyde. Localization of GFP fusion proteins was observed
using confocal microscopy. Bar, 10 �m. (C) Cell survival was measured by PI exclusion in the HEK293 cells transfected with 1 �g GFP fusion
constructs 24 hours after transfection.
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2919Apoptosis induction by Bfl1 tail anchor

�M) produced a significant effect on the permeability of the
lipid bilayer membrane to monovalent cations. In a recording
solution containing 200 mM KCl (cis) and 50 mM NaCl
(trans), outward current from cis to trans was measured at 0
mV holding potential, suggesting that ATAP influences the
cation permeability of the lipid bilayer membrane (n=5).
Although the current traces fluctuate at variable levels without
a definable unitary conductance, a clear reversal potential for
currents was measured at ~ –30 mV, which is close to the
Nernst potential for cations. ATAP at higher concentrations
(>22.2 �M) often caused instability of the bilayer membrane,
with rupture of the lipid bilayer occurring within 30 minutes
of addition of the peptide (n>30). Thus, high concentrations of
ATAP could affect the permeability of the lipid bilayer
membrane, without forming a stable pore structure. In parallel
experiments, we found that the mHR7 mutant peptide did not
induce any notable changes in membrane conductance, at
concentrations of 11-44 �M (n=35, Fig. 6D). This result is

consistent with the reduced apoptotic activity of the mHR7
protein transiently expressed in cells.

Discussion
Previous studies have demonstrated a bifunctional property of
Bfl1, with the full-length protein containing the recognized
anti-apoptotic activity and the N-terminus deletion mutants
displaying potent pro-apoptotic activities (Ko et al., 2003a;
Yang et al., 2005). A recent study by Kucharczak et al.
(Kucharczak et al., 2005) showed that TNF� receptor
activation results in in-vivo proteolysis of Bfl1 by the
proteosome and calpain-like protease, thus converting Bfl1 into
a pro-apoptotic molecule. As a result, it has been hypothesized
that Bfl1 contains an intrinsic pro-apoptotic function that is
normally inhibited by anti-apoptotic moieties to account for the
anti-apoptotic nature of the full-length Bfl1 protein. Here we
demonstrate that the ATAP of Bfl1 and HCCS1 displays potent
pro-apoptotic activities that result from two conserved

Fig. 6. ATAP induces the loss of
mitochondrial membrane potential and
perturbs membrane permeability in
planar lipid bilayers. (A) Effect of GFP-
ATAP on the mitochondrial membrane
potential. Mitochondrial outer
membrane potential was observed using
MitoTracker Red (CM-H2 TMRos) dye.
HeLa cells were transfected with GFP-
ATAP, GFP-mHR7 or GFP-TAxL and
cultured in the presence of 50 �M OPH.
24 hours after transfection, cells were
incubated in medium containing 50 nM
of MitoTracker for 2 hours and observed
under a fluorescence microscope. Bar,
10 �m. (B) Green (GFP) and red
(MitoTracker) double-positive cells
were quantified from about 300 GFP-
positive cells from three different fields.
Data are expressed as the mean ± s.e.
(C) Effect of ATAP on cytochrome c
release. Left panel, HEK293 cells were
transfected with 1 �g of pEGFP (lane
1), pEGFP-ATAP (lane 2) or pEGFP-
mHR7 (lane 3). 20 �g mitochondria-
free cytosol proteins were analyzed by
western blotting using anti-cytochrome c
antibody. Right panel, mitochondria
membrane isolated from BMK-D3 cells
were incubated with synthetic ATAP and
mHR7 peptides (100 �M). ATAP
induced cytochrome c release into the
supernatant (S), whereas cytochrome c
remained in the pellet (P) in preparations
treated with mHR7 and DMSO (as a
control). (D) Effect of synthetic ATAP
and mHR7 peptides on the membrane
permeability of planar lipid bilayer. The
peptides (11.1 �M) were added to the
cis chamber. Current traces at the
corresponding holding potentials were
measured from recording solution of
200 mM KCl (cis) and 50 mM NaCl
(trans). Data are representative of n=5
for ATAP and n>35 for mHR7.
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functional motifs, one that allows targeting to mitochondrial
membrane and the other that provides an amphipathic property
to the peptide.

ATAP targets mitochondria permeability transition to
induce apoptosis
We demonstrate that ATAP can induce mitochondria
permeability transition and act as a potent stimulator of
apoptosis. Although all anti-apoptotic Bcl2 members contain
the TA signature motif at their C-termini, ATAPs of Bfl1 and
HCCS1 are unique as they contain three charged residues in
the middle of the hydrophobic-rich region and therefore are
amphipathic in nature. Previously, the ATAP of Bfl1 has been
excluded as a bona fide TA on the premise that the existence
of charged residues represents a barrier for penetration and
partition of the peptide to lipid bilayer membranes (Cory
and Adams, 2002; Gross et al., 1999). However, many
experimental observations using immunostaining, electron
microscopy and subcellular fractionation have shown that Bfl1
targets to the mitochondria of various cell types (Duriez et al.,
2000; Werner et al., 2002). Our previous work has shown that
deletion of part of the ATAP sequence caused Bfl1 to lose its
targeting to the mitochondria (Ko et al., 2003a; Ko et al.,
2003b). Here we demonstrate that ATAP is sufficient for
localizing a reporter molecule (GFP) at mitochondria. Our
results further reveal that three lysine residues within the FR-
1 and FR-2 regions are critical for targeting to mitochondria.
Interestingly, an external sequence containing basic residues
adjacent to the N-terminus of TA could also function as a
pseudo-flanking region for mitochondrial targeting in the
absence of basic residues within the Bfl1 flanking regions (see
supplementary material Fig. S3). This indicates that the
position of basic residues at the N-terminus of ATAP is
essential for efficient mitochondrial targeting. As a result,
potential interference by external charged residues from vector
sequence must be considered in future studies for examining
the targeting property of TA using fusion constructs with
reporter molecules like GFP.

We showed that charged residues located within the HR
domain are essential for the pro-apoptotic activity of ATAP. We
propose that these charged amino acids (E159, K163 and E166
in Bfl1) are involved in the formation of an aqueous pore to
perturb mitochondrial membrane integrity. This seems likely,
because we have attempted to purify recombinant ATAP
peptide from E. coli for our lipid bilayer reconstitution study;
however, we could not achieve sufficient quantity of the
purified peptide because of the highly toxic effect of ATAP on
bacteria (not shown). Using the lipid bilayer reconstitution
system, we demonstrated that the synthetic wild-type ATAP
peptide produced significant effects to the cation permeability
of the lipid bilayer membrane, whereas a mutant mHR7
peptide, which can bind to the mitochondria membrane but is
not toxic to the cells, did not affect conductance of the lipid
bilayer membrane.

The ATAP-mediated permeability changes in the in vitro
system did not display the typical stable conductance behavior
one would expect from a pore-forming channel. ATAP could
either interact with or modulate the pre-existing channels to
alter mitochondrial membrane permeability, or potentially
other domains of the Bfl1 or HCCS1 proteins may contribute
to changes in membrane permeability observed in vivo.
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Previously, several MTSs located at the N-terminus of
precursor proteins have been shown to induce mitochondrial
membrane permeability transition and release of cytochrome c
by modulating TOM and TIM translocase complexes
(Kushnareva et al., 2001; Muro et al., 2003). Since interaction
between Bcl2 and TOM20 has been reported (Schleiff et al.,
1997) and localization of Bcl2 is partially dependent on
TOM20 (Motz et al., 2002), future studies should focus on
investigating whether other mitochondrial proteins such as
TOM or TIM complex are involved in the pro-apoptotic
function of ATAP.

Pro-apoptotic function of HCCS1 linked to induction of
mitochondria permeability transition
In addition to Bfl1, the ATAP sequence appears in HCCS1, a
recently identified tumor suppressor gene whose cellular
function has yet to be defined (Kim et al., 2002). The genomic
sequence of HCCS1 is located in close proximity to that of
Bfl1 on chromosome 15. In addition to ATAP, HCCS1 contains
a novel MTS at the N-terminus. Since HCCS1 lacking MTS
can target to mitochondria and induce caspase-dependent cell
death, it suggests that ATAP contributes to the intrinsic
mitochondria targeting property for HCCS1. In addition to
mitochondria targeting, we also observed parallel changes in
the pro-apoptotic activities of ATAP with mutation of the
corresponding charged residues in Bfl1 and HCCS1. Our
results indicate that the pro-apoptotic function of ATAP is
conserved in Bfl1 and HCCS1.

Since the full-length Bfl1 and HCCS1 have opposite
functions, one being anti-apoptotic and the other being pro-
apoptotic, it is interesting to observe their expression levels in
various tissues. Analyses of the available mRNA microarray
data and EST expression profiles reveal that the expression of
BCL2A1 and HCCS1 are mutually exclusive in 16 out of 19
tissues examined (supplementary material Fig. S4), suggesting
their possible complementary tissue-specific functions in cell
proliferation and regeneration. Interestingly, only the lymph
node and kidney were found to contain high level transcripts
of both Bfl1 and HCCS1. This result suggests that Bfl1 might
share similar biological functions to HCCS1 as a pro-apoptotic
factor to achieve dynamic regulation of apoptosis according to
cell state at the lymph node and kidney. In support of this
hypothesis, Kucharczak et al. (Kucharczak et al., 2005) found
that Bfl1 can be converted to pro-apoptotic factor by
proteolytic turnover in a FL5.12 pro-B cell line in response to
TNF� stimulation, indicating that the pro-apoptotic activity of
Bfl1 might be involved during the B-cell selection process that
occurs in lymph nodes.

In an attempt to examine the tumor-suppressor function of
HCCS1, we used RT-PCR to examine the expression level of
HCCS1 in normal human tissues including lung, breast and
cervix, and in various well established cancer cell lines
(supplementary material Fig. S4). To discriminate HCCS1 and
BCL2A1 transcripts, we used primer pairs specific to the exon
1 region of HCCS1 and BCL2A1. In the normal lung, breast
and cervix tissues, abundant HCCS1 products were detected
whereas BCL2A1 products were conspicuously absent, which
is consistent with the microarray data, which showed that these
tissues contain abundant levels of HCCS1 but not Bfl1.
Interestingly, a very low expression level of HCCS1 was
detected in two of six breast cancer cell lines, e.g. MDA-
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MB231 and MDA-MB435, indicating a possible role for
HCCS1 in tumorigenesis. It is noticeable that HeLa – a cervical
cancer cell line – also displayed reduced expression of HCCS1
(supplementary material Fig. S3B). Whether downregulation
of HCCS1 is directly involved in the development of cancer
cells, and whether altered targeting of HCCS1 plays a role in
its pro-apoptotic function, need to be examined further.

ATAP as a potential therapeutic reagent for
mitochondria-mediated apoptosis
Two general types of peptides known to trigger mitochondrial
apoptosis are currently under clinical trials as potential cancer
therapeutic reagents. One type is the amphipathic peptides
containing a high content of basic residues derived from anti-
bacterial peptides (Chen et al., 2001; Ellerby et al., 1999; Mai
et al., 2001). Targeting of these peptides to mitochondria
relies on the electrostatic interaction between positively
charged residues in the peptides and negatively charged
mitochondrial membrane lipids. After targeting to the
mitochondrial membrane, these peptides disrupt
mitochondrial function and cause cytochrome c release
through deformation of lipid membrane or formation of pores
at the mitochondrial membrane. This mechanism may be
similar to their antimicrobial function on negatively charged
bacterial membrane (Shai and Oren, 2001). However, since
the cytotoxic activity of these peptides depends on a high
intracellular concentration of peptides because of inefficient
targeting to mitochondria, their specificity in targeting cancer
cells must be maximized to allow effective clinical
application. The other class of peptides are those derived
from BH3-only pro-apoptotic Bcl2 family proteins such as
Bad and Bid (Letai et al., 2002; Schimmer et al., 2001;
Walensky et al., 2004). The BH3 peptide of Bid can directly
bind to pro-apoptotic Bax and Bak to activate them to induce
apoptosis, or can bind to anti-apoptotic Bcl2 and Bcl-xL to
prevent their inhibition of Bax and Bak (Letai et al., 2002).
A recent study showed that a stabilized BH3 peptide derived
from Bid could specifically induce apoptosis of several
leukemia cells, highlighting their therapeutic potential
(Walensky et al., 2004). However, downregulation of pro-
apoptotic protein and/or upregulation of anti-apoptotic
protein often provides cancer cells with a resistance
mechanism against apoptotic therapeutics. Therefore, an
approach where BH3 peptides can overcome this obstacle by
providing an effective dose range without side effects on
normal cells remains to be determined.

We propose that ATAP could be used as potent reagent for
cancer treatment. ATAP is distinguished from the cationic
antibacterial peptides by active and specific targeting to the
mitochondrial membrane. ATAP is unique from BH3 peptides
because of its direct interaction with the mitochondria
membrane, which does not require participation of the Bcl2
family proteins. Anti-apoptotic Bcl-xL cannot block ATAP-
induced apoptosis and the pro-apoptotic activity of Bax or Bak
is not required for the pro-apoptotic function of ATAP.
Therefore, ATAP has the potential to overcome the resistance
of cancer cells to apoptotic stimuli generated by altered
expression levels of Bcl2 family proteins. Here we describe a
new strategy for developing cancer therapeutic reagents using
the ATAP sequence, which can specifically target mitochondria
to disrupt mitochondrial membrane integrity.

Materials and Methods
Plasmid construction
PCR-based mutagenesis and subcloning were used to construct all plasmids used
in this study (Ko and Ma, 2005). Primer sequences used for subcloning and
mutagenesis are listed in supplementary material Tables S1-S3. PCR product
encoding ATAP was amplified using pBfl1-myc (Ko et al., 2003b) as a template,
and that encoding the TA of Bcl-xL (E202-K233) was amplified using pEGFP-Bcl-
xL plasmid (Ko et al., 2003a) as a template. The PCR products were cloned in-
frame behind the GFP sequence into XhoI and EcoRI sites in pEGFP-C1 (Clontech),
to obtain the pGFP-ATAP and pGFP-TAxL plasmids. MGC clone 584619
containing the full-length cDNA of HCCS1 was purchased from ATCC, and used
as a PCR template to construct pHCCS1-GFP, pHCCS1 (�MTS)-GFP, pMTS-GFP,
pGFP-HCCS1 (�MTS) and pGFP-ATAP (HCCS1). The plasmids with GFP fused
to the 3� end were generated through subcloning of PCR products into the BspE1
and EcoRI sites of pEGFP-N1 (Clontech) vector. To generate pFLAG-ATAP and
pFLAG-mHR3, cDNA fragment encoding GFP of pGFP-TA and pGFP-mHR3
plasmids was replaced by cDNA fragment coding the Flag epitope. We used the
following oligos containing 3� ends of 23 bases complementary (italics) between
sense and antisense primers (bold italic). The two overlapping oligos were annealed
and subcloned into the XhoI and EcoRI sites (bold) of pGFP-ATAP and pGFP-
mHR3. Flag/FP4-F, 5�-CCGCTAGCGCTACCGGTCGCCACCATGGACT ACA -
AAGACGATGACGACAAGCTTGAATTCGATTTTCCACCTCCC-3�; FLAG/ FP4-
R, 5�-AGCTCGAGATCTGAGTCCGGACTTGTAGCTGCCCA GTTCTTC ATC G -
GTAGGGGGAGGTGGAAAATCGAATTCAA-3�. pHCCS-1-GFP (E46Q/ E53Q)
was obtained by mutagenesis using BsmBI as described (Ko and Ma, 2005). PCR
amplification was performed using pHCCS-1-GFP as a PCR template and the
following primers: HCCS-mF, 5�-AACGTCTCAAGGAAAGATCTGT CAGAT -
GCTCTTCTGTCCTGAAGCAATA-3�; HCCS-mR, 5�-AACGTCTCATCCTG TA -
ACCTGTAGAAAAGTCATCCAGCCAGATTTA-3�; HCCS-anchor-F, 5�-AATC -
C GGAATGAGAGTTTCATTCTGTCGCCCAGG-3�; HCCS-anchor-R, 5�-AAG -
A ATTCAAAAGTAGAAGTATGTGTTGGCAATCG-3�. The mutant cDNA
fragment of HCCS-1 was subcloned into BspEI and EcoRI sites of the pEGFP-N1
vector.

To generate pGFP-linker-ATAP and pGFP-linker-ATAP, mutants including
pGFP-linker-mFR7 were generated by substitution of cDNA sequences in pGFP-
ATAP and ATAP mutant plasmids with synthetic cDNA fragments encoding
GLPAQITFLSVPGSR. The following synthetic oligos were annealed and
subcloned into the BspEI and XhoI sites of pGFP-ATAP and ATAP mutant
constructs: Linker-F, 5�-CCGGACTCCCCGCCCAGATCACCTTCCTGAGC GT -
GCCCGGCTC-3�; Linker-R, 5�-TCGAGAGCCGGGCACGCTCAGGAAGGTG -
ATCTGGGCGGGGAGT-3�.

To construct expression vector mRFP-mito, mRFP (monomeric red fluorescence
protein) cDNA fragment was amplified using pRSETB-mRFP (Campbell et al.,
2002) as a template. The PCR product was subcloned into NheI and BspEI sites of
pGFP-TAxL to replace GFP by mRFP and generate pmRFP-mito. All constructs
were verified by DNA sequencing.

Bioinformatic analyses
Genomic sequences of human Bfl1 (GeneID 597) and HCCS1 (GeneID 400410)
were obtained from GenBank database (http://www.ncbi.nlm.nih.gov/) and
homology searches were carried out using the BLAST program
(http://www.ncbi.nlm.nih.gov/BLAST). The genomic locations containing BCL2A1
(Bfl1) and HCCS1 are NM_004049 on chromosome 15q24.3 region from 78,040
to 78,050 kb, and XM_375224 on chromosome 15q25.1 region from 77,978 to
77,994 kb, respectively. Alignment of the genomic sequences of BCL2A1 and
HCCS1 was performed with the AVID program using a window size of 100 bp
(http://genome.lbl.gov/vista/index.shtml, 23). Alignment of exon sequences and
primary amino acid sequences were carried out with the CLUSTALW program
(http://www.ebi.ac.uk/clustalw, 24). Secondary structure was predicted using
SOPMA (Geourjon and Deleage, 1995) and Jpred (Cuff et al., 1998) programs. The
MTS of HCCS1 was inferred using Targetp v1.1 (http://www.cbs.dtu.dk/services/
TargetP/, (Emanuelsson et al., 2000; Nielsen et al., 1997).

mRNA expression of Bfl1 and HCCS1 in normal human
tissues and cancer cell lines
Initial analysis with distribution of BCL2A1 and HCCS1 transcripts in normal
human tissues was performed using the available microarray data and EST
expression profiles provided by NCBI UniGene server (http://www.ncbi.nlm.
nih.gov/UniGene). Semi-quantitative evaluation of BCL2A1 and HCCS1 transcripts
was analyzed by RT-PCR, using total RNA of human normal lung, breast and cervix
were purchased from Stratagene (La Jolla, CA). Total RNA of cancer cell lines was
isolated using Tri-reagent (Sigma), according to the manufacturer’s instructions. 1
�g RNA was used in a 20 �l cDNA synthesis reaction using oligo (dT)18 primer
and Moloney murine leukemia virus (MMLV) reverse transcriptase (Promega,
Madison, WI, USA). cDNA mixture (2 �l) was used for PCR amplification. As a
control, human �-actin cDNA was amplified to determine the integrity of the RNA
and the efficiency of the cDNA synthesis. The primers were 5�-ACAAAA TG -
TTGCGTTCTCAGTCCA-3� (sense) and 5�-CGTTTTGCCTTATCCATTCTCC-3�
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(anti-sense) for Bfl1; 5�-TTGCCACAAATGGTGTGCTCTA-3� (sense) and 5�-
TCCTGGTGCCATGATTTACTGT-3� for HCCS1; 5�-GATCAGCAAGC AGG -
AGTATGAC-3� (sense) and 5�-ATGGCAAGGGACTTCCTGTAAC-3� (antisense)
for �-actin. These primers amplified the 302, 320 and 352 bp PCR products of Bfl1,
HCCS1 and �-actin, respectively.

Gene transfection and analysis of cell death
Apoptotic cell death was monitored after transfection of expression plasmids into
HEK293, HeLa, MCF-7 or BMK D3 cells. 2�105 cells were cultured in 35-mm
wells for 24 hours in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum. Cells were transfected using the Lipofectamine 2000
reagent (Invitrogen), with 1 �g of the indicated expression plasmids and further
cultured in the absence or presence of 50 �M of pan-caspase inhibitor, Q-VD-OPH
(OPH, Enzyme Systems Products). For morphological assessment of apoptotic cell
death, cells were plated onto LabTek II chamber slides (Nalgen Nunc International)
at densities of 5�104 cells per well. 24 hours after transfection, cells were washed
with phosphate- buffered saline (PBS) prior to fixation with 4% formaldehyde.
Subsequently, cells were stained with a Vectasheild mounting solution (Vector
Laboratories) containing 1 �g/ml of DAPI and visualized under an Axiovert 100
inverted epifluorescence microscope (Carl Zeiss). Nuclei with rippled contours and
chromatin condensation were considered to represent the apoptotic cell death. Cell
death was also measured by propidium iodide (PI) exclusion. After transfection with
GFP fusion plasmids, a total of 1 �g/ml PI (Molecular Probes) was added to the
cell culture medium. Cells were observed and photographed with a fluorescence
microscope at three different fields containing approximately 200 GFP-positive
cells. GFP and PI double-positive cells were counted as dead cells. Quantitative
analysis of cell viability was determined by �-galactosidase reporter assay
according to the procedures as described (Chittenden et al., 1995; Wood and
Newcomb, 2000). Briefly, cells were co-transfected with 1 �g of tested plasmid
plus 0.1 �g of pCMV� (Sigma) plasmid expressing �-galactosidase. At 24 hours
following transfection, cells were harvested and �-galactosidase 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. Cell viability is shown as the relative �-galactosidase activity
to the control plasmid.

DNA fragmentation assay and flow cytometry
To analyze DNA fragmentation by agarose gel electrophoresis, cellular DNA was
prepared as described (Essmann et al., 2003). 24 hours after transfection, cells in
35 mm wells were lysed in 0.2 ml lysis buffer (20 mM Tris-HCl, 0.5 mM EDTA,
pH 8.0) containing 0.25% NP-40 and 50 �g RNase A at 37°C for 30 minutes. Each
cell lysate was treated with 0.2 mg proteinase K for another 30 minutes at 37°C and
centrifuged at 10,000 g for 10 minutes at 25°C. Supernatant containing fragmented
DNA was analyzed on 2% agarose gel. DNA fragmentation was also determined
by flow cytometry after DNA staining with PI. 24 hours after transfection, cells
were washed twice with cold PBS and subsequently resuspended in PBS containing
50 �g/ml PI and 20 �g/ml RNaseA. Cells were incubated at room temperature for
~30 minutes prior to analysis and were protected from light. DNA contents were
analyzed using Coulter Cytomics FC500 Flow Cytometer (Coulter Electronics).

Assessment of mitochondrial membrane potential and confocal
microscopy
Mitochondrial membrane potential was measured following the protocol of Pratt
and Niu (Pratt and Niu, 2003). Transiently transfected HeLa cells were incubated
for 2 hours in medium containing 50 nM MitoTracker Red (CM-H2 TMRos)
(Molecular Probes), which develops fluorescence in cells with an intact
mitochondrial membrane potential. Living cells were observed and photographed
on a fluorescence microscope. MitoTracker-positive cells were counted from at least
200 GFP-positive cells. To observe intracellular localization 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 presence of 50
�M OPH. 18 hours after transfection, cells were stained with 50 nM MitoTracker
Red (CM-H2 TMRos) and washed with PBS followed by fixation with 4%
formaldehyde. Cells finally were washed, mounted and analyzed with a confocal
microscope Zeiss LSM 510 (Carl Zeiss Microscopy, Jena, Germany) equipped with
a 63� objective. Image acquisition was performed at room temperature.

Western blotting
For western blotting, monoclonal anti-GFP antibody and anti-goat horseradish
peroxidase (HRP) antibody were purchased from Santa Cruz Biotechnology. Anti-
�-actin antibody was purchased from Sigma. The monoclonal anti-Flag 9E10.2
antibody was purchased from Invitrogen. The anti-mouse HRP antibody was
purchased from Amersham Pharmacia. Monoclonal anti-cytochrome c 7H8.2C12
antibody, monoclonal anti-Bcl-xL 2H12 antibody, monoclonal anti-Bax 6A7
antibody, Polyclonal anti-Bak antibody were purchased from BD Biosciences,
Sigma, Zymed Laboratory and from Upstate Biotechnology, respectively. For
immunoblot 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 (Amersham
Pharmacia).

Peptide synthesis and lipid bilayer experiment
The 29-mer ATAP peptide (KFEPKSGWMTFLEVTGKICEMLSLLKQYC)
corresponding to the C-terminus of Bfl1 and its mutant mHR7 (KFEP -
KSGWMTFLQVTG-LICQMLSLLKQYC) were synthesized by Abgent (San
Diego, CA) with 99% purity as measured by HPLC and mass spectrometry. The
peptides were dissolved in DMSO to make a 10 mM stock. Phospholipids were
purchased from Avanti Polar Lipids (Birmingham, AL). Electrophysiological
analysis was performed as described (Lam et al., 1998; Ma et al., 1988). Lipid
bilayer membranes were formed across an aperture of 200 �m diameter with a 1:1
mixture of bovine brain phosphatidylethanolamine and bovine brain
phosphatidylserine dissolved in n-decane at a concentration of 50 mg/ml. The
recording solutions contained: cis, 200 mM KCl and 10 mM HEPES-Tris (pH 7.4);
trans, 50 mM NaCl, 10 mM HEPES-Tris (pH 7.4). 1 �l of 10 mM peptides dissolved
in DMSO were added into 900 �l of cis solution and fused into the bilayer. Voltage
manipulation and currents were measured using an Axopatch 200A amplifier (Axon
Instruments, Foster City, CA). Data analyses were preformed with pClamp and TIPS
software.

Assay for cytochrome c release from mitochondria
Mitochondria-free cytosol was prepared as previously described (Ko et al., 2003a).
Briefly, 24 hours after transfection, HEK293 cells were collected by scraping,
washed twice with ice-cold PBS, suspended in 100 �l extraction buffer (50 mM
PIPES-KOH, pH 7.4, 200 mM mannitol, 70 mM sucrose, 50 mM KCl, 5 mM EGTA,
2 mM MgCl2, 1 mM dithiothreitol and protease inhibitors), and incubated on ice
for 30 minutes. Cells were lysed by Dounce homogenization and homogenates were
centrifuged at 100,000 g for 15 minutes at 4°C. Supernatants were harvested and
20 �g of protein was analyzed by western blotting using monoclonal anti-
cytochrome c antibody. For in vitro analysis of cytochrome c release, heavy
membranes enriched in mitochondria were isolated from BMK-D3 cells using a
mitochondria fractionation kit (Active Motif) according to the instructions of the
manufacturer. Isolated mitochondria were diluted to a concentration of 1 mg/ml in
the extraction buffer and incubated with synthetic ATAP or mHR7 peptides (100
�M) or DMSO as control for 1 hour at 37°C. The reactions were then centrifuged
at 13,000 g for 10 minutes and the resulting pellets and supernatants were analyzed
by SDS-PAGE.
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Supplementary tables 
 

Table S1. Primer pairs for construction of expression vectors 
Primer 

name 
Primer sequence Construct 

ATAP-F 

ATAP-R 

 

TAxL-F 

TAxL-R 

 

HCCS-F1 

HCCS-R1 

 

HCCS-F2 

HCCS-R2 

 

HCCS-F3 

HCCS-R3 

 

HCCS-F4 

HCCS-R4 

 

HCCS-F5 

HCCS-R5 

 

mRFP-mito-F 

mRFP-mito-R 

5’-AACTCGAGCTAAGTTTGAACCTAAATCTGGC 

5’-TTGAATTCAACAGTATTGCTTCAGGAGAGAT 

 

5’-AACTCGAGCTGAGAGCCGAAAGGGCCAG 

5’-TTGAATTCATTTCCGACTGAAGAGTGAGCC 

 

5’-AACTCGAGGCCACCATGAGAGTTTCATTCTGTCGCCC 

5’-AAGAATTCGAAAGTAGAAGTATGTGTTGGC 

 

5’-AACTCGAGGCCACCATGACTGCAACCTCTGTCTCC 

5’-AAGAATTCGAAAGTAGAAGTATGTGTTGGC 

 

5’-AACTCGAGGCCACCATGAGAGTTTCATTCTGTCGCCC 

5’-AAGAATTCGGAGCCGAGATCGCGCCATTG 

 

5’-AATCCGGAGAAAATGGCTTTGTAAAGAAGCTTGA 

5’-AAGAATTCAAAAGTAGAAGTATGTGTTGGCAATCG 

 

5’-AATCCGGAAAGAAGCTTGAGCCTAAATCTGGC 

5’-AAGAATTCAACAATATGGAGTGTCCTTTCTGGT 

 

5’-AAGCTAGCGCCACCATGGATTATAAGGACGATGACGATAAG 

5’-AATCCGGAATAGGCGCCGGTGGAGTGGCG 

pGFP-ATAP 

 

 

pGFP-TAxL 

 

 

pHCCS-1-GFP 

 

 

pHCCS-1 (ΔMTS)-GFP 

 

 

pMTS-GFP 

 

 

pGFP-HCCS-1 (ΔMTS) 

 

 

pGFP-ATAP (HCCS-1) 

 

 

pmRFP-mito 

 

 
 



 
 
Table S2. Primers pairs for construction of mFR mutants of ATAP 

Primer 

name 
Primer sequence Construct 

K1L-F 

ATAP-R 

 

K5L-F 

ATAP-R 

 

ATAP-F 

K26L-R 

 

K1,5L-F 

ATAP-R 

 

K1L-F 

K26L-R 

 

K5L-F 

K26L-R 

 

K1,5L-F 

K26L-R 

5’-AACTCGAGCTCTGTTTGAACCTAAATCTGGCTGG 

5’-TTGAATTCAACAGTATTGCTTCAGGAGAGAT 

 

5’-AA CTCGAGCTAAGTTTGAACCTCTATCTGGCTGGATGACTTTT 

5’-TTGAATTCAACAGTATTGCTTCAGGAGAGAT 

 

5’-AACTCGAGCTAAGTTTGAACCTAAATCTGGC 

5’-TTGAATTCAACAGTATTGCAGCAGGAG AGATAGCATTTCAC 

 

5’-AACTCGAGCTCTGTTTGAACCTCTATCTGGCTGGATGACTTTT 

5’-TTGAATTCAACAGTATTGCTTCAGGAGAGAT 

 

5’-AACTCGAGCTCTGTTTGAACCTAAATCTGGCTGG 

5’-TTGAATTCAACAGTATTGCAGCAGGAG AGATAGCATTTCAC 

 

5’-AA CTCGAGCTAAGTTTGAACCTCTATCTGGCTGGATGACTTTT 

5’-TTGAATTCAACAGTATTGCAGCAGGAG AGATAGCATTTCAC 

 

5’-AACTCGAGCTCTGTTTGAACCTCTATCTGGCTGGATGACTTTT 

5’-TTGAATTCAACAGTATTGCAGCAGGAG AGATAGCATTTCAC 

mFR1 

 

 

mFR2 

 

 

mFR3 

 

 

mFR4 

 

 

mFR5 

 

 

mFR6 

 

 

mFR7 

   

 

 

 

 



 

 

Table S3. Primer pairs for construction of mHR mutants of ATAP 
Primer 

name 
Primer sequence Construct 

E13Q-F 
sTA-R 

 
sTA-F 

E20Q-R 
 

E13Q-F 
E20Q-R 

 
E13L-F 
E20L-R 

 
E13K-F 
E20K-R 

 
K17L-F 
K17L-R 

 
KE2L-F 
KE2L-R 

5′-AACTCGAGCTAAGTTTGAACCTAAATCTGGCTGGATGACTTTTCTACAAGTTACAGGAAAGATCTGT 
5′-TTGAATTCAACAGTATTGCTTCAGGAGAGATAGCATTTCACAGATCTTTCCTGTAACTT 
 
5′-AACTCGAGCTAAGTTTGAACCTAAATCTGGCTGGATGACTTTTCTAGAAGTTACAGGAAAGATCTGT 
5′-TTGAATTCAACAGTATTGCTTCAGGAGAGATAGCATTTGACAGATCTTTCCTGTAACTT 
 
5′-AACTCGAGCTAAGTTTGAACCTAAATCTGGCTGGATGACTTTTCTACAAGTTACAGGAAAGATCTGT 
5′-TTGAATTCAACAGTATTGCTTCAGGAGAGATAGCATTTGACAGATCTTTCCTGTAACTT 
 
5′-AACTCGAGCTAAGTTTGAACCTAAATCTGGCTGGATGACTTTTCTACTAGTTACAGGAAAGATCTGT 
5′-TTGAATTCAACAGTATTGCTTCAGGAGAGATAGCATTAGACAGATCTTTCCTGTAACTT 
 
5′-AACTCGAGCTAAGTTTGAACCTAAATCTGGCTGGATGACTTTTCTAAAGGTTACAGGAAAGATCTGT 
5′-TTGAATTCAACAGTATTGCTTCAGGAGAGATAGCATCTTACAGATCTTTCCTGTAACTT 
 
5′-AACTCGAGCTAAGTTTGAACCTAAATCTGGCTGGATGACTTTTCTAGAAGTTACAGGACTAATCTGT 
5′-TTGAATTCAACAGTATTGCTTCAGGAGAGATAGCATTTCACAGATTAGTCCTGTAACTT 
 
5′-AACTCGAGCTAAGTTTGAACCTAAATCTGGCTGGATGACTTTTCTACAAGTTACAGGACTAATCTGT 
5′-TTGAATTCAACAGTATTGCTTCAGGAGAGATAGCATTTGACAGATTAGTCCTGTAACTT 

mHR1 
 
 
mHR2 
 
 
mHR3 
 
 
mHR4 
 
 
mHR5 
 
 
mHR6 
 
 
mHR7 

 

 


