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Background: BH3-only proteins play a key role in the activation of Bax and Bak during apoptosis.

Results: Interactions among Bcl-2 proteins have been detected in living cells.

Conclusion: Interactions observed in living cells fit to “mixed models.”

Significance: This study in living cells demonstrates direct activation of Bax and Bak by BH3-only proteins.

The key event in the mitochondrial pathway of apoptosis is
the activation of Bax and Bak by BH3-only proteins through a
molecular mechanism that is still a matter of debate. Here we
studied interactions among anti- and proapoptotic proteins of
the Bcl-2 family in living cells by using bimolecular fluorescence
complementation analysis. Our results indicate that the anti-
apoptotic proteins Mcl-1 and Bcl-x; bind preferably to the BH3-
only proteins Bim, PUMA, and Noxa but can also bind to Bak
and Bax. We also found a direct interaction between Bim,
PUMA, or Noxa with either Bax or Bak during apoptosis induc-
tion. In HeLa cells, interaction of Bim with Bax occurs in cytosol,
and then Bim-Bax complexes translocate to mitochondria.
Complexes of either PUMA or Noxa with Bax or Bak were
always detected at mitochondria. Overexpression of Bcl-x; or
Mcl-1 delayed Bim/Bax translocation to mitochondria. These
results reveal the ability of main BH3-only proteins to directly
activate Bax and Bak in living cells and suggest that a complex
network of interactions regulate the function of Bcl-2 family
members during apoptosis.

Bcl-2 proteins are key players of apoptosis induction, regu-
lating mitochondrial permeabilization and release of proteins
that participate in the execution phase of apoptosis. This family
comprises anti- and proapoptotic members that share at least
one of the four Bcl-2 homology (BH)? domains BH1 to BH4 (1).
Proapoptotic members are divided into two subsets: multido-
main Bax-like proteins such as Bax, Bak, and Bok and BH3-only
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proteins. Multidomain proteins Bax and Bak are the “effectors”
for mitochondrial permeabilization, and simultaneous lack of
both proteins renders cells resistant to most apoptotic inducers
(2, 3). Both proteins are usually present in healthy cells in an
inactive state, although Bax can be transcriptionally up-regu-
lated in response to some death stimuli (4). Induction of apo-
ptosis occurs through the BH3-only protein-induced activation
of Bax and Bak, but there is a significant controversy about the
precise mechanism underlying this process. Two different
models were proposed initially (5). According to the indirect
(displacement) model, Bax and Bak remain blocked by antiapo-
ptotic members of the family, which are displaced by BH3-only
proteins upon apoptosis initiation. Among BH3-only proteins,
Bim, Bid, and PUMA would be more efficient because of their
ability to bind all the antiapoptotic members of the family. The
direct model classifies BH3-only proteins in two groups: sensi-
tizers and activators. In this model, Bim, Bid, and PUMA have
been proposed to be direct activators of Bax and Bak, although
two recent reports have suggested that Noxa could also act asan
activator (6, 7). Other BH3-only proteins, such as Bad and Bik,
would act as sensitizers, freeing activators from antiapoptotic
proteins of the family. Evidence in support of the direct model
comes from experiments with BH3-derived peptides. Bim, Bid,
or PUMA peptides can bind Bax and Bak and induce cyto-
chrome ¢ release from isolated mitochondria, whereas BH3
peptides derived from other BH3-only proteins lack this ability
(8). However, a demonstration of a direct interaction of full-
length, putative BH3-only activator proteins and Bax/Bak in
intact cells remains elusive, fueling controversy about this
subject.

In this work we studied interactions among members of the
Bcl-2 family during apoptosis in living cells using the bimolec-
ular fluorescence complementation (BiFC) technique (9). For
BiFC experiments, each protein to be studied is fused to a half of
a fluorescent protein. Interaction between the two proteins
analyzed induces complementation of the fluorescent protein
fragments, and the fluorescent signal can be monitored. BiFC
has been used to study protein interactions in mammalian cells
(10, 11), including oligomerization of caspase 2 (12). Also, BiFC
has been used recently to study Bax homodimerization and
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translocation to mitochondria (13). BiFC, contrary to other
fluorescence-based methods, captures transient interactions
(14). By using BiFC, we found that Mcl-1 and Bcl-x; can asso-
ciate to both BH3-only and multidomain proapoptotic pro-
teins. We also demonstrate that Bim, PUMA, and Noxa can
bind to Bax and Bak. Complexes of Bim with Bax are detected in
cytosol and translocate to mitochondria prior to cell death. We
also found differences in the relative participation of the Hla
and BH3 domains of Bax and Bak in the interaction with BH3-
only proteins.

EXPERIMENTAL PROCEDURES

Construction of the pBiFC and pBabe Vectors—The coding
sequences for human Mcl-1, Bcl-x;, Bim, Bak, Bax, PUMA, and
Noxa were subcloned by standard PCR strategies into BiFC
plasmids containing Venus fragments (FLAG/VN173 or
HA/VC155; VN, VC: N/C-terminal fragment of the Venus pro-
tein) to generate the constructs depicted in Fig. 1A. Constructs
with the Venus moiety at the N or C terminus were tested for
Mcl-1, Bcl-x;, Bak, and Bax. Appropriate restriction sites
(EcoRI/Xbal or EcoRI/Sall for pBiFC-VN173 and EcoRI/BglII
for pBiFC-VC155) were incorporated. Deletions of either the
BH3 domain or the first « helix of some Bcl-2 family proteins
(Fig. 1B) were generated by PCR overlap (15). A variant of
human PUMA -« lacking the first 92 amino acids (PUMAAN)
and a single-substitution mutant of Noxa (NoxaL29E) were also
subcloned into pBiFC-VN173 using the same methods
described above. We confirmed correct localization and func-
tionality of Mcl-1, Bcl-x;, Bak, and Bax fusion proteins. For
instance, we verified that Bax-EYFP is able to translocate to
mitochondria and induce apoptosis and shows the same distri-
bution within the cell that the endogenous protein (data not
shown).

The cDNA of Mcl-1 or Bcl-x; were subcloned in the retrovi-
ral vector pBabe (a kind gift from Reinhard Wallich, University
of Heidelberg) between the EcoRI/Sall and EcoRI/NotlI sites,
respectively. DNA coding for the fusion proteins Bax-EYFP and
EYFP-Bax were generated by PCR overlap. Purified fragments
were also subcloned into a pBabe vector using the EcoRI and
Sall restriction sites. The nucleotide sequence corresponding to
GSRSIAT was introduced between the cDNAs of the two pro-
teins to act as a linker. The accuracy of all generated plasmids
was verified by gene sequencing.

Cell Lines—Human HeLa cervix adenocarcinoma cells were
from the ATCC. Cells stably overexpressing either Mcl-1 or
Bcl-x; were generated by retroviral infection using the pBABE
vector. Clones exhibiting a high expression of the proteins rel-
ative to the controls infected with the empty vector were
obtained by limiting dilution and expanded after puromycin or
fluorescence selection. Cells were routinely cultured at 37 °C
in DMEM supplemented with 10% FCS, r-glutamine, and
penicillin/streptomycin.

Transient Transfection Assays—For BiFC assays, cells grown
to at least 50% confluence were transfected with the appropri-
ate amount of each vector using Lipofectamine 2000 (Invitro-
gen) according to the instructions of the manufacturer. A ratio
of 1 mg DNA:3 ml Lipofectamine was used for all experiments.
Cotransfection with equal amounts of the vector pAL2-mRFP,
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containing mRFP ¢cDNA, was performed to assess transfection
efficiency and relative fluorescence intensities. The amount of
each vector was adjusted so that fusion proteins were expressed
at levels similar to that of endogenous proteins (data not
shown) to avoid random complementation of Venus protein
fragments. Addition of 50 um Z-VAD-fmk (Bachem) was nec-
essary to inhibit caspases and maintain cell integrity when cells
were transfected with two proapoptotic proteins. Transfected
cells were cultured at 37 °C for 24 h, and BiFC complex forma-
tion was analyzed by time lapse fluorescence microscopy and
flow cytometry. Apoptosis was also evaluated when necessary
by measuring phosphatidylserine exposure by flow cytometry
as described below.

Western Blot Analysis—To determine the expression level of
the fusion proteins, SDS-PAGE and Western blot analyses of
cytoplasmic cell lysates were performed. Proteins were immu-
nodetected by using appropriate primary and peroxidase-la-
beled secondary antibodies (Sigma) and visualized with Immo-
bilon Western chemiluminescent HRP substrate (Millipore).
Specific antibodies against the following proteins were used:
Bim (Calbiochem), Bak (BD Biosciences), Bax (BD Biosci-
ences), PUMA (Cell Signaling Technology, Inc.), Mcl-1 (Santa
Cruz Biotechnology), and Noxa (Abcam). Protein loading con-
trol was achieved by membrane reprobing with an anti-a-tubu-
lin antibody (Sigma).

Confocal Microscopy—For confocal microscopy, cells were
grown and transfected on coverslips, washed with PBS, fixed in
4% paraformaldehyde at room temperature for 20 min, washed,
and mounted in Fluoromount G (Southern Biotechnology).
When necessary, unfixed cells were stained with 50 nm Mito-
Tracker Red (CMXRos, Invitrogen) and/or Hoechst 33342 (1
pg/ml, Invitrogen) to analyze mitochondria and nuclear mor-
phology, respectively. Images were collected using a Leica SP2
AOBS confocal scanning microscope in sequential mode with a
X63 oil immersion lens, a line average of 16, and a format of
1024 X 1024 pixels. The confocal pinhole was 1 Airy unit.
Nuclei stained with Hoechst were visualized with an Olympus
FV10i confocal scanning microscope. The images were col-
lected in sequential mode with a X60 oil immersion lens, a line
average of 8, and a format of 1024 X 1024 pixels. The confocal
pinhole was 1 Airy unit. Images were exported without image
manipulation from the Leica confocal software or FV10-ASW
2.0 viewer software into Adobe Photoshop CS2 v12 to generate
the figures.

Time Lapse Microscopy—Cells were plated on w-Slide 8-well
tissue culture plates (Ibidi) and transfected with the vectors
indicated in each experiment. Optimal culture conditions
(37 °C, 5% CO,) were maintained using an environmental con-
trol chamber. Cells were monitored for 72 h with a HCX PL
S-APO 40.0 X 0.75 DRY objective in a Leica AF6000 LX system.
Images were acquired with a CCD camera (C9100-02,
Hamamatsu) at 7-min intervals using LAS AF software (Leica)
to process images. Snapshots of selected times were collected
using LAS AF software (Leica).

Flow Cytometry—Venus (BiFC) and mRFP signals in cells
were quantified in a FACSCalibur flow cytometer using 488 nm
and 635 nm excitation lasers, respectively. A gating analysis on
the basis of mRFP fluorescence was performed to exclude non-
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FIGURE 1.Schematic representation of gene constructs generated for BiFC experiments. A, unique restriction sites in the Multicloning site of pBiFC vectors
were used for cloning the proteins of interest (EcoRI, Xbal, Sall, and Bglll) fused to corresponding fragment of Venus fluorescent protein. B, secondary structure
of proteins and mutations generated for the study of interactions by BiFC technique.

transfected cells. The mean fluorescence intensities of the BiFC
complexes were normalized to the mean fluorescence intensity
of mRFP. At least 10,000 cells were analyzed in each experi-
ment. Cell death was analyzed by determining phosphatidylser-
ine exposure. Cells were incubated at room temperature in 100
ml of annexin-binding buffer (140 mm NaCl, 2.5 mm CaCl,, 10
mM Hepes/NaOH (pH 7.4)) containing 2 ul of annexin V-phy-
coerythrin (PE) (Immunostep) for 15 min. Cells were diluted to
1 ml with annexin-binding buffer prior to flow cytometry anal-
ysis. Mitochondrial membrane potential (AW ) analyses were
performed by incubating cells with 60 nm tetramethylrhod-
amine ethyl ester (Invitrogen) at 37 °C for 15 min and perform-
ing a flow cytometry analysis.

RESULTS

Antiapoptotic Proteins Bind Both to BH3-only and Multido-
main Proapoptotic Proteins—One of the main discrepancies
between the “direct” and the “displacement” models is the way
antiapoptotic proteins block the activation of multidomain
proapoptotic proteins. We first explored interactions of either
Mcl-1 or Bcl-x; with proapoptotic members of the Bcl-2 family
in HeLa cells by using BiFC. Cells were cotransfected with two
vectors, one encoding Mcl-1 or Bcl-x; fused to the N- or C-ter-
minal fragment of Venus (VN-Mcl-1, VN-Bcl-x; VC-Bcl-x;)
and the other encoding Bim, PUMA, Bax, or Bak fused to the N-
or C-terminal fragment of Venus (Fig. 1). Complementation of

SN
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the two Venus halves revealed that Mcl-1 interacts with the
BH3-only proteins Bim and PUMA, as indicated by a significant
percentage of Venus fluorescent cells and high Venus/mRFP
fluorescence ratios (Figs. 2, A and B). Deletion of the BH3
domain of Bim (16) or PUMA (17, 18) has been reported to
abolish their proapoptotic effect, and we observed that ablation
of this domain significantly reduced their binding to Mcl-1 (Fig.
2, A and B). Mcl-1 complexes with Bim and PUMA showed
mainly a punctuate distribution and colocalized with Mito-
Tracker staining (Fig. 2C). Similar results were obtained when
cells were transfected with vectors encoding Mcll1-VC/PU-
MA-VN fusions (data not shown). We also observed interac-
tion between Mcl1-VC/Bim-VN fusions with a similar percent-
age of Venus-positive cells and Venus/mRFP ratio than the one
measured with VN-Mcl1/Bim-VC in Fig. 2, A and B. However,
the Mcl1-VC/Bim-VN pair complexes showed a cytosolic dis-
tribution (data not shown), suggesting that formation of the
complexes affected translocation to mitochondria when the
moiety is located at the C terminus of Mcl-1.

As indicated previously, the displacement model postulates
that Bax and Bak are kept in check by antiapoptotic members of
the Bcl-2 family, such as Mcl-1. In our system, association of
Mcl-1 to Bak could be appreciated in a small portion of cells
(Fig. 2, A and B), and binding to Bax was detected in around 50%
of transfected cells. In both cases, relative fluorescence levels
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FIGURE 2. Interactions of Mcl-1 with proapoptotic proteins of the Bcl-2 family. A and B, Hela cells were cotransfected with vectors expressing the fusion
protein VN-Mcl-1 and Bim, PUMA, Bax, or Bak fused to the other half of Venus (VC). Deletion mutants lacking the BH3 domain (ABH3) were transfected as
indicated. A vector encoding mRFP was also included in the transfection. After transfection, cells were cultured for 24 h, trypsinized, and Venus and mRFP
fluorescence was analyzed by flow cytometry. Results are mean = S.D. of seven independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001. C, HeLa cells
were seeded on coverslips and transfected as indicated in A and B. 24 h after transfection, cells were stained with the mitochondrial probe MitoTracker Red (50 nm),
fixed, and analyzed by confocal microscopy as indicated under “Experimental Procedures.” Scale bar = 50 um. The insets show the enlarged x2.5 boxed regions.

were reduced when BH3 domains were deleted (Fig. 2B), indi-
cating that this domain is involved in the binding of Bak or Bax
to Mcl-1, as other authors have reported previously (19-21).
Deletion mutants were expressed at the same level as full-
length proteins (data not shown), ruling out the possibility that
the decrease in BiFC fluorescence was due to reduced expres-
sion of the constructs. In the case of Bax, deletion of the BH3
produced a reduction in Venus intensity but did not completely
abrogated association to Mcl-1, suggesting that other domains
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could also be involved. Mcl-1-Bax and Mcl-1-Bak complexes
showed discrete mitochondrial localization, as determined by
confocal microscopy in MitoTracker stained cells (Fig. 2C).
Bcl-x; associated to BH3-only proteins in a high percentage
of cells, and interactions with Bax and Bak were also observed
(Fig. 3A). Deletion of the BH3 domains of Bim, PUMA, or Bak
reduced their interaction with Bcl-x; (Fig. 3B), although, in the
case of PUMA, the percentage of fluorescent cells remained
high (A). These results could indicate that PUMA can interact
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FIGURE 3. Interactions of Bcl-x, with proapoptotic proteins of the Bcl-2 fam-
ily. A and B, HelLa cells were cotransfected with vectors expressing the fusion
protein VC- Bcl-x, and Bim, PUMA, Bax, or Bak fused to the other half of Venus
(VN). Deletion mutants lacking the BH3 domain (ABH3) were transfected as
indicated. A vector encoding mRFP was also included in the transfection.
After transfection, cells were cultured for 24 h, trypsinized, and then Venus
and mRFP fluorescence was analyzed by flow cytometry. Results are mean =
S.D.of seven independent experiments. * p < 0.05; **,p < 0.01; ***, p < 0.001.
C, Hela cells were seeded on coverslips and transfected as indicated in A and
B. 24 h after transfection cells were stained with the mitochondrial probe
MitoTracker Red (50 nwm), fixed, and analyzed by confocal microscopy as indi-
cated under “Experimental Procedures.” Scale bar = 50 um. The insets show
the enlarged (x2.5) boxed regions.

with Bcl-x; through different domains but that in the absence
of the BH3 domain, the association probably does not allow for
an efficient complementation of the Venus halves, yielding a
lower fluorescence intensity. Confocal microscopy revealed
that Bcl-x; complexes with Bim, PUMA, Bax, or Bak showed a
mitochondrial localization (Fig. 3C).

On the whole, these results indicate that in healthy cells,
Mcl-1 and Bcl-x; restrain BH3-only proteins but can also block
Bax and Bak, especially the former. In this way, our results agree
with previous reports showing a high affinity of Bim and PUMA
for Mcl-1 (22). The low percentage of cells positive for Mcl-1/
Bak association in BiFC experiments is in accordance with pre-
vious findings. Coimmunoprecipitation of Mcl-1 with Bak has
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been reported by several groups (23—25) but not by others (3),
and in some cases these interactions depended on the detergent
used to prepare cell lysates (26). In Bim/Bid Double Knock-Out
(DKO) mouse embryonic fibroblasts, only 10% of total Mcl-1
was found to coimmunoprecipitate with Bak (6). Our current
results in living cells indicate that both Mcl-1 and Bcl-x; may
interact with Bax. Previous immunoprecipitation approaches
have not revealed interaction between Mcl-1 and Bax (26),
although earlier yeast two-hybrid studies suggested this possi-
bility (27).

Bim/Bax Complexes Form in Cytosol and Translocate to
Mitochondria during Apoptosis—The direct model of activa-
tion relies on putative interactions between “activator” BH3-
only proteins and Bax/Bak effectors. However, solid evidence
for these interactions in living cells is lacking. Some authors
have proposed that activator BH3-only proteins could activate
Bax and Bak through transient, difficult-to-detect interactions.
The BiFC technique could thus be adequate to capture these
probably transient associations because complementation of
the two halves of the fluorescent protein is an irreversible
process. Simultaneous overexpression of either Bim-VN or
PUMA-VN and Bax-VC or VC-Bak induced apoptosis, espe-
cially evident in the case of PUMA. For this reason, cells were
pretreated with the pan-caspase inhibitor Z-VAD-fmk to delay
apoptosis and preserve cell integrity, thus facilitating the visu-
alization of protein-protein interactions. Bim-Bak complexes
were detected in around 20% of transfected cells (Fig. 4A4). Dele-
tion of the BH3 domain of Bim disrupted its association to Bak,
as reflected by the significant decrease in the Venus/mRFP
intensity ratio (Fig. 4B). Distribution of the Bim/Bak pairs sug-
gested mitochondrial localization (Fig. 4C). Cotransfection
with a vector encoding a mitochondria-targeted mRFP con-
firmed that Bim-Bak complexes were located at mitochondria
(data not shown). Importantly, Bim/Bak Venus-positive cells
displayed a reduced mitochondrial transmembrane potential,
as indicated by the faint MitoTracker staining (Fig. 4C, arrows).

Strikingly, around 60% of mRFP-positive cells exhibited
Venus fluorescence after cotransfection with the Bim/Bax BiFC
pair (Fig. 4A). A high Venus/mRFP fluorescence ratio also indi-
cated a strong association between Bim and Bax (Fig. 4B). Dele-
tion of the BH3 domain of Bim significantly reduced this inter-
action (Fig. 4, A and B). Interestingly, Bim/Bax association was
found in the cytosol of healthy cells (Fig. 4C), suggesting that
Bim binds to Bax before translocation to mitochondria. Bax-
Bim complexes were also found partially in nuclei, a fact that
can be explained by the ability of small cytosolic proteins to
diffuse through nuclear pores (28). Both endogenous Bax and
the EYFP-Bax were found in cytosol and nuclei (data not
shown), as described previously (29). In apoptotic cells, how-
ever, Venus fluorescence showed a punctated distribution (Fig.
4C) congruent with mitochondrial distribution. Cells contain-
ing mitochondrial Bim-Bax complexes presented collapsed
AW _ (Fig. 4C, arrows). Time lapse microscopy confirmed that
Bim associates with Bax in cytosol and then Bim-Bax com-
plexes translocate to mitochondria, preceding cell shrinking
and other morphological features of apoptosis (Fig. 4D and sup-
plemental moviesMovIBimBax and Mov2BimBax). Similarly,
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FIGURE 4. Visualizing direct interactions of Bim with Bak and Bax. A and B, HeLa cells were cotransfected with vectors encoding the fusion protein Bim-VN
and Bax or Bak fused to the other half of Venus (VC). Deletion mutants lacking the BH3 domain (ABH3) were transfected as indicated. A vector encoding mRFP
was also included in the transfection. After transfection, cells were cultured for 24 h, trypsinized, and Venus and mRFP fluorescence was analyzed by flow
cytometry. Results are mean = S.D. of six to ten independent experiments. ¥, p < 0.05; **, p < 0.01; ***, p < 0.001. C, HelLa cells were seeded on coverslips and
transfected as indicated in A and B. 24 h after transfection cells were stained with 50 nm MitoTracker Red, fixed, and analyzed by confocal microscopy as
indicated under “Experimental Procedures.” Scale bar = 50 um. The insets show the enlarged (x2.5) boxed regions. D, time lapse microscopy reveals translo-
cation of Bim-Bax complexes from the cytosol to mitochondria. Cells were plated on u-Slide 8-well tissue culture plates and transfected with the vectors
containing the Bim-VN and Bax-VC constructs. Cells were monitored for 72 hin a Leica AF6000 LX system as indicated under “Experimental Procedures.” Images
were acquired with a CCD camera (C9100-02, Hamamatsu) at 7-min intervals, and LAS AF software (Leica) was used to process the images. Also shown is a
representative time lapse sequence from supplemental movies Movi1BimBax and Mov2BimBax showing phase-contrast images (upper panel) and Venus

fluorescence (lower panel). DIC, differential interference contrast.

Yivgi-Ohana et al. (13) have reported that Bax and Bid associate
in cytosol and translocate together to mitochondria.

PUMA Can Bind Directly to Bak and Bax in Intact Cells—
PUMA is a potent apoptosis inducer, and its expression is usu-
ally induced by p53-dependent and -independent death stimuli
(17, 30). Overexpression of PUMA has been reported to induce
apoptosis (31). On the basis of biochemical studies (32) and on
triple genetic ablation of Bim, Bid, and PUMA (33), the latter
has been proposed to be an activator of Bax and Bak. To explore
this hypothesis in living cells, we tested whether PUMA could
interact with Bax and Bak in BiFC experiments. As found pre-
viously, transfection with PUMA and the Bax/Bak vector
induced high mortality, demonstrating the functionality of
fusion proteins. We found that a high percentage of cells were
positive for Venus fluorescence after transfection with
PUMA-VN and VC-Bak or PUMA-VN and Bax-VC (Fig. 54),
indicating that PUMA directly interacts with each of these pro-
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teins. Strikingly, the interaction with Bax was also detected
when using a BH3-truncated form of PUMA (Fig. 5, A and B).
Because PUMAABHS3 has lost its proapoptotic activity (data
not shown and Refs. 17, 18), these results could indicate that
this binding of PUMA to Bax is not sufficient to induce its
activation. A possible explanation for this observation would be
that PUMA could establish another interaction with Bax inde-
pendent of its BH3 domain, but only the interaction via its BH3
is productive to induce the conformational activation of Bax. A
PUMA mutant lacking the N-terminal domain did not interact
with Bax and Bak (Fig. 5, A and B). Thus, this latter domain
could be involved in the binding, but not in the activation, of
PUMA to Bax and Bak. Another possibility would be that the
correct binding of PUMA to antiapoptotic proteins, which
involves an intact BH3 domain (Figs. 2 and 3), could be critical
for its proapoptotic activity, in agreement with previous studies
(34). Both the PUMA-Bak and PUMA-Bax complexes showed a
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contrast images (upper panel) and Venus fluorescence (lower panel). DIC, differential interference contrast.

punctated distribution, suggesting mitochondrial localization,
and cells containing these pairs displayed a lower MitoTracker
staining (Fig. 5C, arrows), indicating loss of AW _, an event fre-
quently associated with cell death. Bax and PUMA pairs
appeared shortly before the initiation of cell death (Fig. 5D and
supplemental movies Mov3 PUMABax and Mov4 PUMABax),
and they were not detected in cytosol, contrary to the observa-
tions with Bim/Bax pairs (Fig. 4). These results are congruent
with the reported mitochondrial localization of PUMA (34).
Different Role of BH3 and H1a Domains of Bax and Bak in the
Binding of BH3-only Proteins—The o 1 helix (H1a) of Bax has
been suggested to be the binding site for BH3-only proteins
(35-37). Thus, we have explored the involvement of Hla and
BH3 domains of Bax and Bak in the corresponding binding to
Bim and PUMA. We transfected cells with forms of Bax and
Bak lacking the H1la helix or the BH3 domains, and expression
of these truncated proteins were confirmed by Western blot
analysis (data not shown). Our present results indicate that the
Hlea of Bax is essential for Bim-Bax and PUMA-Bax interac-
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tions (Fig. 6) in living cells, according to previous reports on the
basis of biochemical data (35-37). Interestingly, the BH3
domain of Bax did not seem to be significantly involved in inter-
actions with BH3-only proteins (Fig. 6, A and B). In contrast,
both the Hla and BH3 domains of Bak were involved in its
association with Bim and PUMA (Fig. 6, C and D). The same
differences were observed when the percentage of the corre-
sponding BiFC-positive cells was analyzed (data not shown).
Taken together, these results indicate that significant structural
differences exist in the interaction of BH3-only proteins with
either Bax or Bak, highlighting functional differences between
these two proapoptotic proteins.

Noxa Can Bind to Antiapoptotic and Proapoptotic Proteins—
Similar to PUMA, Noxa is transcriptionally induced in
response to certain apoptotic stimuli (38), and its overexpres-
sion induces cell death (39). Two recent reports have proposed
that the BH3-only protein Noxa could also act as a direct acti-
vator of Bax and Bak (6, 7). We have analyzed the relevance of
this finding in living cells by using the BiFC technique. As
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shown in Fig. 6, Noxa formed complexes with Mcl-1 and Bcl-x;,
(Fig. 7A), as expected, but also with Bak (B) and Bax (C). Muta-
tion of Leu-29 to Glu abolished its binding to other proteins of
the family (Fig. 7), confirming the implication of the BH3
domain in these interactions (7, 40). The Hl« of Bax, but not its
BH3 domain, was necessary for Noxa-Bax association (Fig. 7C).
However, both regions were required for Bak to interact with
Noxa (Fig. 7B), as observed for Bim and PUMA (Fig. 6, A and B).
The Noxa-Mcl-1 and Noxa-Bcl-x; pairs exhibited a punctate
pattern in the cytoplasm and partial mitochondrial localization
(Fig. 7D). Noxa associated with multidomain proteins Bak and
Bax seemed to localize exclusively at mitochondria (Fig. 7D).
Cells positive for Venus fluorescence with the pair Noxa-Bak or
Noxa-Bax presented reduced mitochondrial transmembrane
potential (Fig. 7D, arrows) and time lapse microscopy showed
that association of Noxa to Bax (supplemental movies
Mov5NoxaBax and Mov6NoxaBax) and Bak (supplemental
moviesMov7NoxaBak and Mov8NoxaBak) preceded cell death
(Fig. 7, Eand F).

Bcl-x; or Mcl-1 Overexpression Delays Interaction of BH3-
only Proteins with Bax and Bak—Interactions between BH3-
only proteins and multidomain proteins were also analyzed in
HelLa cells overexpressing either Bcl-x; or Mcl-1 to determine
whether these antiapoptotic proteins affected the association of
BH3-only proteins to Bax and Bak. We verified that both Bcl-x;.
and Mcl-1 proteins reduced cell death induced by transfection
of Bim or PUMA-containing vectors (Fig. 84). Overexpression
of Bcl-x; or Mcl-1 also delayed the collapse of mitochondrial
potential associated to etoposide-induced apoptosis (Fig. 8B).
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Fluorescence complementation due to interactions of either
Bim or Noxa with Bak and of PUMA with either Bax or Bak was
reduced in cells overexpressing Bcl-x; or Mcl-1 (Fig. 8C). Bim/
Bax fluorescence also decreased, although the difference was
not statistically significant. In all cases, interactions were not
completely eliminated, suggesting that overexpression of anti-
apoptotic proteins at this level offered only a partial protection,
delaying activation of Bax and Bak. These data were in agree-
ment with the effect of Bcl-x; and Mcl-1 in etoposide-induced
apoptosis (Fig. 8B). Also, the greater protection offered by
Bcl-x; was in accord with its greater effect in disrupting the
interactions of Bim or PUMA with Bax or Bak (Fig. 8C). Time
lapse microscopy also demonstrated that overexpression of
these antiapoptotic proteins delayed binding of BH3 proteins to
Bax or Bak (Fig. 8D and supplemental moviesMov9Bcl-x LBim -
Bax and Mov10Bcl-x LBimBax). As shown in Fig. 8D, the num-
ber of cells displaying a punctated Venus fluorescence pattern
(mitochondrial Bim/Bax complexes) and apoptotic morphol-
ogy was lower in cells overexpressing Bcl-x; than in control
cells at equivalent times after transfection (Fig. 4D). These lat-
ter results agree with the fact that Bcl-x; or Mcl-1 protected
cells from apoptosis for the first 24 h (Fig. 8B).

DISCUSSION

In the intrinsic pathway of apoptosis, death signals converge
on Bax and Bak proteins to induce their activation, leading to
mitochondrial permeabilization and release of proteins that
execute cell death. Activation of Bax and Bak is carried out by
BH3-only proteins, but the precise mechanism is still a matter
of controversy. Two models have been proposed and exten-
sively studied in recent years: the indirect (displacement) model
and the direct model (41). Both models are mainly on the basis
of the different binding preferences displayed among members
of the Bcl-2 family. In this work, we have visualized interactions
among proteins of the Bcl-2 family in living HeLa cells by using
the BiFC technique. All main results were confirmed in
HCT116 cells (data not shown). First, our results indicate that
Mcl-1 and Bcl-x; bind to BH3-only proteins, although a frac-
tion of these proteins also interacts with Bax or Bak. Yet, these
results are compatible with the possibility that a certain amount
of antiapoptotic proteins may keep in check activated Bak and
Bax. This hypothesis would also agree with “mixed” models,
such as the “embedded together” model (42) or the “unified”
model (43). Other authors have also proposed that an improved
description of how Bcl-2 proteins work should share features of
both direct and indirect models (5, 8, 44). Anyway, mixed mod-
els also imply the direct activation of Bax and Bak by BH3-only
proteins. Available data supporting the direct activation of Bax
and Bak mainly rely on the use of BH3-peptides or recombinant
proteins on cell-free systems, namely liposomes (6) or isolated
mitochondria (8). Also, a recent genetic study has shown that
the simultaneous absence of Bid, Bim, and PUMA proteins
causes developmental abnormalities in mice, related to defec-
tive apoptosis, as well as resistance to apoptosis ex vivo induced
by different stimuli such as dexamethasone, etoposide, and
cytokine withdrawal (33). According to this study, the pheno-
type of triple knockout mice supports the role of Bid, Bim, and
PUMA as direct activators in the intrinsic cell death pathway.

VOLUME 288+NUMBER 7+-FEBRUARY 15,2013



Noxa / Mcl1

Interactions in the Bcl-2 Family

Noxa / Bcl-xL

Noxa / Bak

Noxa / Bax

Noxa / Bax

A D
104
Ik
3 64 e
5a @
R —
e ] 3
0 — - o
Noxa Noxal29E Noxa Noxal29E ~
Mcl-1 - Mcl-1 BelxL  Bol-xL ]
g
=
]
B b
. 8
15
i3 ]
aa 1
.
i B =
Noxa NoxaLst Noxa Noxa E
BakABH3 BakaH1a
C

I
i,
i =

Noxa NoxaLst Noxa  Noxa
BaxABH3 BaxAH1a

Time (b) 3

FIGURE 7. Interactions of Noxa with antiapoptotic proteins Mcl-1 and direct interaction with proapoptotic proteins Bak and Bax. A, B, and C, Hela cells
were cotransfected with vectors expressing the fusion protein Noxa-VN and Mcl-1, Bcl-x,, Bax, or Bak fused to the other half of Venus (VC). Deletion mutants
lacking the BH3 domain (ABH3) or the single-substitution mutant (Noxal 29E) were transfected as indicated. A vector encoding mRFP was also included in the
transfection. After transfection, cells were cultured for 24 h, trypsinized, and then Venus and mRFP fluorescence were analyzed by flow cytometry. Results are
mean = S.D. of four independent experiments. ¥, p < 0.05; **, p < 0.01; ***, p < 0.001. D, HeLa cells were seeded on coverslips and transfected as indicated in
A, B,and C. 24 h after transfection, cells were stained with 50 nm MitoTracker Red, fixed, and analyzed by confocal microscopy as indicated under “Experimental
Procedures.” Scale bar = 50 uwm. The insets show the enlarged boxed regions. E and F, time lapse microscopy reveals the formation of the Noxa-Bax (E) and
Noxa-Bak complexes (F) before cell death induction. Cells were plated on w-Slide 8-well tissue culture plates and transfected with the vectors containing the
Noxa-VN and Bax-VC/Bak-VC constructs. Cells were monitored for 72 h in a Leica AF6000 LX system, as indicated under “Experimental Procedures.” Images were
acquired with a CCD camera (C9100-02, Hamamatsu) at 7-min intervals, and LAS AF software (Leica) was used to process the images. Also shown is a
representative time lapse sequence from supplemental movies Mov5NoxaBax, Mov6NoxaBax, Mov7NoxaBak, and Mov8NoxaBak showing Venus fluorescence

(lower panel) and phase-contrast images (upper panel). DIC, differential interference contrast.

Another genetic study has proved that the function of BH3-
only proteins depends not only on their ability to displace anti-
apoptotic members of the Bcl-2 family but also on their capacity
to bind Bax (44). Mice expressing mutant forms of Bim in which
the BH3 domain was replaced by that of Bad, PUMA, or Noxa,
accumulate white blood cells and splenocytes, indicating a
reduced proapoptotic activity of mutant forms of Bim (44).
These authors demonstrate that Bim can co-immunoprecipi-
tate with Bax and this association, in addition to Bim engage-
ment of prosurvival proteins, would mediate its proapoptotic
activity. However, data supporting a direct interaction between
putative activators and multidomain proteins in living cells are
scarce. To our knowledge, this is the first report showing a
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direct interaction of the full-length BH3-only proteins with Bax
and Bak in living mammalian cells. Two recent reports have
studied interactions between antiapoptotic proteins of the
Bcl-2 family and BH3-only proteins in living cells by using
FLIM FRET (45) or redistribution assays (46), but an associa-
tion of these latter to Bax or Bak was not addressed. Aranovich
et al. (45) found that interactions between proteins of the Bcl-2
family in living cells were similar to previous in vitro observa-
tions, but, interestingly, they observed differences in the case of
Bim, highlighting the need to study these interactions in their
cellular context. BiFC analysis has also allowed us to determine
the subcellular localization of complexes and to visualize the
translocation of Bim/Bax pairs from the cytosol to mitochon-
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dria. In the absence of death signals, Bim is found in cytosol, may be a direct activator of Bax and Bak, mainly on the basis of
associated to the LC8 subunit of the motor protein dynein in  data from cell-free experiments (36). Our present results con-
several cell types (16). During apoptosis, Bim translocates to  firm that PUMA can bind to multidomain proteins in intact
mitochondria (16), where it exerts its proapoptotic function. cells. However, a PUMA mutant lacking the BH3 domain was
Our present results show that Bim and Bax first associate in  still able to associate with Bax, although it was devoid of apo-
cytosol, and then Bim/Bax complexes translocate to mitochon-  ptotic activity (17, 18). In contrast, the BH3-deletion mutant of
dria. Current models propose that activator BH3 proteins that PUMA did not bind to Mcl-1 and only weakly to Bcl-x; . These
normally reside in the cytosol first translocate to the mitochon-  results could indicate that PUMA can act both as a weak, direct
drial membrane and then bind to Bax (41). Itis conceivable that  activator and as a sensitizer, this latter mechanism being more
current biochemical techniques do not allow detection of the relevant for its apoptotic function. Alternatively, wild-type
Bim-Bax complexes that rapidly translocate to mitochondria, PUMA might efficiently interact during apoptosis with multi-
as demonstrated by time lapse microscopy. Bim is blocked in domain proapoptotic and antiapoptotic proteins via its BH3
healthy cells through binding to Mcl-1, but some apoptotic ~domain. PUMAABH3 mutant could still interact with Bax via
stimuli, e.g. glucocorticoids (47, 48), increase Bim levels exceed- another different region, but this interaction would be unpro-
ing the buffering capacity of Mcl-1. This frees Bim that canbind  ductive to apoptosis. In support of this latter explanation, it has
and activate Bax and Bak. It has also been proposed that PUMA  been demonstrated that PUMA efficiently interacts via its BH3
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domain with Hle in Bax (36). On the other hand, although
Noxa has long been considered as a sensitizer, recent reports
have shown that it can bind iz vitro to Bax and Bak (6). We have
visualized such interactions in living cells, supporting the role
of Noxa as an activator of both Bax and Bak.

Using mutant fusion proteins, we also studied the participa-
tion of different domains of Bax and Bak in their interaction
with anti- and proapoptotic proteins. Although Bax and Bak
share a high sequence homology and function as “effectors” for
mitochondrial outer membrane permeabilization, they still
present some differences in their mechanisms of action. Our
studies herein corroborate these differences at protein interac-
tion level. Both proteins exhibited a similar partner profile, but
the domains implicated in protein-protein interactions were
different. Interactions between Bax and BH3-only proteins
depended on the presence of Hla, according to the proposed
role of this domain as a “receptor” for activator BH3-only pro-
teins (35-37). Antiapoptotic proteins could also bind to Bax
through a region including this Hla, thus preventing interac-
tion of Bax with activator BH3-only proteins (49). The fact that
overexpression of Bcl-x; or Mcl-1 reduced these interactions
supports this hypothesis. Importantly, our results unveil func-
tional differences between Bax and Bak. Contrary to the
observed with Bax, both the Hla and the BH3 domains of Bak
were essential for the binding of activator BH3 proteins, sug-
gesting that the Bak-BH3-only and Bax-BH3-only complexes
are structurally different. Mcl-1 and Bcl-x; would prevent Bak
oligomerization by keeping in check “activated” Bak BH3
domains, but inhibition of Bax by antiapoptotic protein could
affect different domains, such as the Hla involved in activation
by BH3-only proteins.

In conclusion, with the help of the minimally invasive BiFC
technique, we were able to visualize interactions between dif-
ferent Bcl-2 family proteins in living cells. The analysis of these
interactions indicates a more prominent role than believed for
most BH3-only proteins in the activation of Bax and Bak. The
results also suggest that a complex network of interactions reg-
ulates the biological function of Bcl-2 family proteins, accord-
ing to recently proposed models that include both positive and
negative regulation of Bax and Bak during apoptosis.
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