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A B S T R A C T

BCL-XL, an anti-apoptotic BCL-2 family protein, potently inhibits BAK oligomerization and the formation of toxic
mitochondrial pores in response to cellular stress. This report aims to explore which form of mitochondrial
monomeric and oligomerized BAK can be retrotranslocated by BCL-XL. Fluorescence imaging of living cells co-
expressing CFP-BCL-XL and YFP-BAK showed that BCL-XL markedly inhibited mitochondrial BAK oligomer-
ization and resulted in partial cytosolic BAK distribution. Live-cell fluorescence resonance energy transfer
(FRET) analyses showed that BAK auto-oligomerized on mitochondria and BCL-XL physically sequestrated
monomeric BAK to prevent BAK oligomerization. Fluorescence loss in photobleaching (FLIP) analyses showed
that BCL-XL retrotranslocated the monomeric BAK from mitochondria into cytosol, whereas monomeric BAK
reduced the retrotranslocation rate of BCL-XL. Live-cell time-lapse imaging and FLIP experiments in living cells
with BAK oligomers displayed that BCL-XL did not depolymerize or retrotranslocate the oligomerized BAK.
Collectively, BCL-XL retrotranslocates monomeric instead of oligomerized BAK from mitochondria into cytosol.

1. Introduction

BAK and BAX, two pro-apoptotic BCL-2 proteins, are central con-
trollers in apoptosis [1,2]. When cells suffer apoptotic stimulus, BAK
and BAX are activated and then oligomerize on mitochondrial outer
membrane (MOM) to permeabilize MOM via forming pores [3–5], re-
leasing mitochondrial cytochrome c (cyt c) and other apoptotic factors
into cytosol to initiate the caspase cascade that causes cell death [6–9].
BAX, predominantly in cytosol in healthy cells, translocates and accu-
mulates in MOM before oligomerization during apoptosis, while BAK,
an integral MOM protein, oligomerizes immediately bypassing the
translocation step, thus possesses faster killing kinetics than BAX
[10,11]. Moreover, recent studies reveal that BAK is involved in BAX
translocation and oligomerization, whereas BAX is not essential for BAK
oligomerization [12–14].

Prevention of BAK oligomerization is a pivotal step toward pro-
tecting cells survival [15,16]. The anti-apoptotic BCL-2 proteins (e.g.
BCL-2, BCL-XL and MCL-1) play fundamental roles in preventing BAK
oligomerization through sequestrating BH-3-only protein activators
(e.g. BID and BIM) [17–19] or active BAK [20–22]. Furthermore,

inactivation or downregulation of anti-apoptotic BCL-2 proteins results
in BAK auto-activation even without activators [23,24]. BCL-XL is su-
perior to BCL-2 and MCL-1 in resisting apoptosis [23]. Meanwhile,
physiological restraint of BAK by BCL-XL has also been proven to be
essential for cell survival [25]. On the other hand, BCL-XL effectively
inhibits the pro-apoptotic function of BAK by retrotranslocating BAK
from mitochondria into cytosol continuously, like BAX, even though
BAK commonly anchors in MOM [26,27]. In addition, it was reported
that the assembly pathway of BAK was a reversible process [28]. These
findings hint a query that whether BCL-XL depolymerizes and retro-
translocates the oligomerized BAK from mitochondria into cytosol to
inhibit the pro-apoptotic action of BAK.

This report utilized live-cell fluorescence imaging to explore the
retrotranslocation of mitochondrial monomeric and oligomerized BAK
by BCL-XL. Live-cell fluorescence resonance energy transfer (FRET)
analyses demonstrated the oligomerization of mitochondrial BAK and
the direct sequestration of monomeric BAK by BCL-XL. Fluorescence
loss in photobleaching (FLIP) analyses showed that BCL-XL retro-
translocated the monomeric BAK from mitochondria into cytosol,
whereas monomeric BAK reduced the retrotranslocation rate of BCL-XL.
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Furthermore, live-cell time-lapse imaging and FLIP experiments dis-
played that BCL-XL inhibited BAK oligomerization on mitochondria but
did not depolymerize and retrotranslocate the oligomerized BAK, in-
dicating that BCL-XL prevents the formation of BAK oligomers by di-
rectly restraining and retrotranslocating the monomeric BAK.

2. Material and methods

2.1. Plasmids

CFP-BCL-XL was kindly provided by A. P. Gilmore [29]. ECFP-BAK
(#31501), pcDNA3-CFP (CFP) (#13030) and pcDNA3-YFP (YFP)
(#13033) plasmids were purchased from Addgene. Full-length BAK was
synthesized by a standard PCR using ECFP-BAK as template for YFP-
BAK plasmid and was cloned into the plasmid of pEYFP-C1-Drp1 (Ad-
dgene, #45160) by double enzyme digestion (XhoI and BamHI).

2.2. Cell culture and transfection

Hela cells obtained from the Department of Medicine, Jinan
University (Guangzhou, China) were cultured just as described pre-
viously [30]. When cells reached 70% to 90% confluence in a 35-mm
glass dish, plasmids were transfected into cells using Turbofect Trans-
fection Reagent (Thermo Scientific) in the presence or absence of 50 μM
Z-VAD-FMK (MedChemExpress). Co-transfection with 3-fold BCL-XL
than BAK was performed.

2.3. Fluorescence imaging

Cells were washed in PBS, fixed with 4% paraformaldehyde in PBS
for 10min, permeabilized with 0.1% Triton X-100 in PBS for 10min,
and blocked in 5% BSA in PBS for 1 h, followed by incubation with
appropriate primary anti-Tom20 (Cell Signaling Technology, #42406)
in 5% BSA solution for 1 h, and probed with an Alexa-568-conjugated
secondary antibody (Thermo Scientific). Confocal imaging was per-
formed on a confocal microscope (Zeiss LSM 880, Germany) with
Airyscan.

Cells were incubated with culture medium of Hoechst 33258 (G-
clone, #CS2307) or DiIC1(5) (Thermo Scientific) according to the
manufacture's protocol in the presence or absence of 50 μM Z-VAD-
FMK. Fluorescence imaging was performed on a confocal microscope
(Zeiss LSM 880, Germany) or a wide-field microscope (Olympus IX73
equipped with a CCD camera, Japan).

2.4. Quantitative FRET measurement

Quantitative FRET measurements were performed on an inverted
wide-field fluorescence microscope (ApoTom.2, Carl Zeiss,
Oberkochen, Germany) equipped with a 63×1.4 NA oil immersion
lens and a CCD camera (Axiocam 506 mono, Carl Zeiss, Oberkochen,
Germany). A cube comprising a BP436/20 excitation filter (Carl Zeiss,
Germany) and a dichroic mirror of DFT 455 (Carl Zeiss, Germany) as
well as a BP480/40 emission filter (Carl Zeiss, Germany) was used for
donor excitation and donor imaging (IDD); a cube comprising a BP500/
20 excitation filter (Carl Zeiss, Germany) and a dichroic mirror of DFT
515 (Carl Zeiss, Germany) as well as a BP535/30 emission filter (Carl
Zeiss, Germany) was used for acceptor excitation and acceptor imaging
(IAA); a cube comprising a BP436/20 excitation filter (Carl Zeiss,
Germany) and a dichroic mirror of DFT 455 (Carl Zeiss, Germany) as
well as a BP535/30 emission filter (Carl Zeiss, Germany) was used for
FRET imaging (IDA). Acceptor-centric FRET efficiency (EA) was mea-
sured according to the 33-FRET method as described previously [31],
and donor-centric FRET efficiency (ED) and concentration ratio (RC)
were measured according to the E-FRET method as described previously
[32,33].

2.5. FLIP measurement

FLIP experiments were performed on a confocal microscope (Zeiss
LSM 880, Germany) as described previously [26]. In short, cells were
imaged prior to bleaching. Then a single region (diameter of 4 μm for
CFP-FLIP, or 2.5 μm for YFP-FLIP) within the nucleus was repeatedly
bleached with ten iterations of a 458 nm or 514 nm laser line (100%
output). Two images were collected after each bleach pulse, with 30 s
between pulses. After 19 cycles of bleaching for CFP-FLIP, or 16 cycles
of bleaching for YFP-FLIP, separate measurements on the mitochondria
were taken to analyze loss in fluorescence. Unbleached cells neigh-
boring analyzed cells served as controls for photobleaching during
image acquisition of each measurement. Fluorescence intensities were
normalized by setting the pre-bleach fluorescence to 100% signal.

2.6. Statistics

The p values for data sets were analyzed by unpaired Student's t-test.
Statistical and graphic analyses were done using the software SPSS 22.0
(SPSS, Chicago) and Origin 8.0 (OriginLab Corporation).

3. Results

3.1. BAK auto-oligomerizes on mitochondria without apoptotic stimulus

To inspect the location of BAK, cells were transfected with YFP-BAK
in the presence of Z-VAD-FMK. 10 h after transfection, cells were im-
munostained for Tom20 and subsequently were imaged by using a
confocal microscope (Zeiss LSM880 airyscan). In contrast to the even
distribution of cells expressing YFP, the cells expressing YFP-BAK ex-
hibited punctate distribution and co-localization of BAK with Tom20
protein (Fig. 1A), indicating that BAK localized to mitochondria. The
average Coefficient of Variation (CV) value of YFP from at least 15 cells
expressing YFP-BAK was about 120%, much higher than the 40% for
the cells expressing YFP (Fig. 1B), further demonstrating the punctate
distribution of BAK.

To confirm whether BAK auto-oligomerized and formed clusters in
Hela cells [34,35], we performed quantitative E-FRET measurements in
living cells co-expressing CFP-BAK and YFP-BAK, or CFP and YFP-BAK
as the control in the presence of Z-VAD-FMK. Fig. 1C and D show the
fluorescence images of representative cells and the corresponding ap-
parent ED and RC images. Statistical ED value from at least 20 cells co-
expressing CFP-BAK and YFP-BAK was 0.221 ± 0.039, much higher
than the 0.032 ± 0.041 for the control cells co-expressing CFP and
YFP-BAK (Fig. 1E), suggesting that BAK oligomerized and coalesced
into clusters.

3.2. BCL-XL prevents BAK oligomerization and BAK-mediated cell death

To assess the function of BCL-XL and BAK, cells were transfected
with YFP-BAK, or co-transfected with CFP-BCL-XL and YFP-BAK. Cells
were stained with DiIC1(5) and Hoechst before confocal imaging. In
contrast to the cells expressing YFP, cells expressing BAK exhibited
negative DiIC1(5) and positive pyknosis, along with apoptotic body
formation, which were markedly inhibited by the co-expression of BCL-
XL (Fig. 2A). Statistical results showed that co-expression of BCL-XL
distinctly reduced the fraction of negative DiIC1(5) and apoptosis cells
caused by the expression of BAK alone from approximately 75% to 5%
(Fig. 2B), verifying the notion that BCL-XL inhibits the pro-apoptotic
function of BAK.

To survey whether BCL-XL transforms the location of BAK from
mitochondria into cytosol [27], cells were co-transfected with either
CFP and YFP-BAK, or CFP-BCL-XL and YFP-BAK in the presence of Z-
VAD-FMK. After immunostaining for Tom20, the cells were subse-
quently imaged. Cells co-expressing CFP and YFP-BAK exhibited dis-
tinct punctate BAK distribution on mitochondria, whereas the cells co-
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expressing CFP-BCL-XL and YFP-BAK exhibited partly cytoplasmic
distribution of BAK (Fig. 2C), demonstrating that BCL-XL prevented
mitochondrial location of BAK. The average CV value of YFP-BAK from
at least 15 cells decreased from 120% for the cells co-expressing CFP
and YFP-BAK to 47% for the cells co-expressing CFP-BCL-XL and YFP-
BAK (Fig. 2D), further demonstrating the notion that BCL-XL prevents
the mitochondrial punctate location of BAK.

To explore whether BCL-XL prevents BAK oligomerization, we
performed quantitative E-FRET measurements in living cells co-ex-
pressing CFP-BAK and YFP-BAK in the absence (Fig. 1D) or presence
(Fig. 2E) of UT-BCL-XL (no fluorescent label). Fig. 2E shows the re-
presentative quantitative E-FRET measurements for the cells co-ex-
pressing CFP-BAK and YFP-BAK in the presence of UT-BCL-XL. Statis-
tical ED value from at least 20 cells co-expressing CFP-BAK and YFP-
BAK in the presence of UT-BCL-XL was 0.034 ± 0.023, much lower
than the 0.221 ± 0.039 for the cells in the absence of UT-BCL-XL
(Fig. 2F), indicating that BCL-XL prevented BAK oligomerization. In
addition, FRET analysis showed that the ED value (0.034 ± 0.023) of
cells co-expressing CFP-BAK and YFP-BAK in the presence of UT-BCL-XL
was similar to that (0.032 ± 0.041) of the control cells co-expressing
CFP and YFP-BAK (Fig. 2E and F), demonstrating that there were almost
no BAK dimers or oligomers in the cells with excessive BCL-XL [23,36].

In order to further verify that the high ED value of BAK clusters was
not caused by the random collisions between mitochondrial BAK
monomers, we measured the ED value between cytosolic and

mitochondrial CFP-BAK and YFP-BAK in the presence of UT-BCL-XL. As
shown in Fig. S1, although the ED value (0.109 ± 0.031) between
clumped-mitochondrial CFP-BAK and YFP-BAK was modestly higher
than that (0.060 ± 0.045) between cytosolic CFP-BAK and YFP-BAK, it
was much lower than the ED value (0.221 ± 0.039) between CFP-BAK
and YFP-BAK in the absence UT-BCL-XL (Fig. 1D), further verifying that
the random collisions between clumped-mitochondrial BAK monomers
had not been falsely interpreted as BAK oligomerization.

3.3. BCL-XL physically restrains and retrotranslocates monomeric BAK

To investigate whether BCL-XL directly sequestrates monomeric
BAK [25,37], we performed quantitative E-FRET measurements in
living cells co-expressing CFP-BCL-XL and YFP-BAK. Fig. 3A and B show
the fluorescence images of representative cells and the corresponding
apparent EA and RC images. Statistical EA value from at least 30 cells co-
expressing CFP-BCL-XL and YFP-BAK was 0.226 ± 0.032, much higher
than the 0.112 ± 0.033 for the control cells co-expressing CFP-BCL-XL
and YFP (Fig. 3C), evidencing that BCL-XL associated with monomeric
BAK to form hetero-oligomers for preventing BAK oligomerization.

To confirm BCL-XL retrotranslocated monomeric BAK and thus re-
sulted in partial cytosolic BAK location, we performed FLIP experiments
in living cells expressing YFP-BAK in the absence or presence of CFP-
BCL-XL on the confocal microscope. We used a 514 nm laser line to
repeatedly bleach a nuclear region (Fig. 3D, red square) and

Fig. 1. BAK atuo-oligomerizes on mitochondria without apoptotic stimulus. (A) Fluorescence images of cells expressing YFP or YFP-BAK in the presence of Z-VAD-
FMK after immunostaining for Tom20 (red). Line scans show the fluorescence intensities of YFP-signals (yellow) and mitochondria stained by α-Tom20 staining (red)
along the selected white arrow line in the merge panel. Scale bar: 10 μm. (B) Coefficient of Variation (CV) values of the YFP fluorescence of cells expressing YFP or
YFP-BAK in the presence of Z-VAD-FMK. Dots represent the extreme data points of CV. n≥ 15 cells. (C) Three fluorescence images in DD, DA and AA channels (left)
of the living cells co-expressing CFP and YFP-BAK in the presence of Z-VAD-FMK, and the corresponding pixel-to-pixel ED and RC images and histograms (right). Scale
bar: 10 μm. (D) Similar images to (C) of the living cells co-expressing CFP-BAK and YFP-BAK in the presence of Z-VAD-FMK. (E) Statistical ED values of living cells co-
expressing CFP and YFP-BAK, or CFP-BAK and YFP-BAK. Data represent averages± SD. n≥ 20 cells. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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subsequently imaged CFP and YFP after per bleach. A ROI measurement
in the neighboring cell was chose as a control for cell-specific bleaching
(Fig. 3D, purple cycle). As shown in Fig. 3D, YFP-fluorescence on mi-
tochondria of the cells expressing YFP-BAK alone was not weakened
during the FLIP experiments, whereas YFP-fluorescence on mitochon-
dria of the cells in the presence of CFP-BCL-XL gradually diminished by
repeated bleaching, indicating monomeric BAK shuttling between mi-
tochondria and cytosol by BCL-XL. We fitted FLIP curves of the dyna-
mical mitochondrial YFP-fluorescence intensity from 15 ROI measure-
ments by one Exponential Decay model (Fig. 3E), and found that the
retrotranslocation rate of monomeric BAK in the absence of CFP-BCL-XL
was 0.023 ± 5.456× 10−3S−1, much slower than the
7.872 ± 5.018×10−3S−1 in the presence of CFP-BCL-XL (Fig. 3F),
demonstrating that BCL-XL increased the retrotranslocation rate of
monomeric BAK.

3.4. Monomeric BAK reduces the retrotranslocation rate of BCL-XL

Based on the finding that BAX increased BCL-XL shuttling from
mitochondria into cytosol [26,38], we were thus curious about whether
BAK also increased the retrotranslocation rate of BCL-XL. FLIP experi-
ments in living cells co-expressing CFP-BCL-XL and YFP, or CFP-BCL-XL

and YFP-BAK, were performed on the confocal microscope with 458 nm
laser excitation just as described in Fig. 3D. As shown in Fig. 4A, mi-
tochondrial CFP-fluorescence of the cells co-expressing CFP-BCL-XL and
YFP weakened faster than that of the cells co-expressing CFP-BCL-XL
and YFP-BAK by repeated bleaching with 458 nm laser excitation. We
depicted the decay of mitochondrial CFP-BCL-XL fluorescence intensity
from 24 ROI measurements by one Exponential Decay model (Fig. 4B),
and found that the retrotranslocation rate of BCL-XL for cells co-ex-
pressing CFP-BCL-XL and YFP was 6.158 ± 2.120×10−3S−1, faster
than the 4.585 ± 1.534×10−3S−1 for cells co-expressing CFP-BCL-
XL and YFP-BAK (Fig. 4C), demonstrating that monomeric BAK reduced
the retrotranslocation rate of BCL-XL.

3.5. BCL-XL does not depolymerize and retrotranslocate the oligomerized
BAK

Based on the fact that BCL-XL potently prevented mitochondrial
BAK oligomerization (Fig. 2E and F), we wonder whether BCL-XL de-
polymerized the oligomerized BAK. To answer this issue, cells were first
transfected with YFP-BAK for 14 h in the presence of Z-VAD-FMK for
inducing BAK auto-oligomerization, and subsequently were transfected
with CFP-BCL-XL for 12 h (Fig. 5A). After staining with DiIC1(5),

Fig. 2. BCL-XL prevents BAK oligomerization and
BAK-mediated cell death. (A) Fluorescence images of
cells expressing YFP or YFP-BAK, or co-expressing
CFP and YFP-BAK, or CFP-BCL-XL and YFP-BAK after
staining with DiIC1(5) (red) and Hoechst (blue). The
broken spline contours show the DiIC1(5)-negative
cells. Scale bar: 10 μm. (B) Statistical percentages of
negative DiIC1(5) and apoptosis cells. Data represent
averages of triplicates± SD; n≥ 150 cells. (C)
Fluorescence images of cells co-expressing CFP and
YFP-BAK, or CFP-BCL-XL and YFP-BAK in the pre-
sence of Z-VAD-FMK after immunostaining for
Tom20 (red). Line scans show the fluorescence in-
tensities of YFP-signals (yellow), CFP-signals (cyan)
and mitochondria stained by α-Tom20 staining (red)
along the selected white arrow line in the merge
panel. Scale bar: 10 μm. (D) CV values of the YFP
fluorescence of cells expressing YFP or YFP-BAK
(data from Fig. 1B), or co-expressing CFP and YFP-
BAK, or CFP-BCL-XL and YFP-BAK, in the presence of
Z-VAD-FMK. Dots represent the extreme data points
of CV. n≥ 15 cells. n.s. = no statistical significance.
(E) Three fluorescence images in DD, DA and AA
channels (left) of the living cells co-expressing CFP-
BAK and YFP-BAK in the presence of UT-BCL-XL (no
fluorescent label) and Z-VAD-FMK, and the corre-
sponding the pixel-to-pixel ED and RC images and
histograms (right). Scale bar: 10 μm. (F) Statistical
ED values of living cells co-expressing CFP and YFP-
BAK in the absence of UT-BCL-XL (data from
Fig. 1E), or CFP-BAK and YFP-BAK in the absence
(data from Fig. 1E) or presence of UT-BCL-XL. Data
represent averages± SD. n≥ 20 cells. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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confocal imaging showed that the cells expressing BAK exhibited BAK
oligomerization and negative DiIC1(5), which were obviously inhibited
by the post-transfection with BCL-XL (Fig. 5B). Statistical results
showed that post-transfection of BCL-XL distinctly reduced the fraction
of cells with BAK oligomerization and negative DiIC1(5) caused by
expression of BAK alone from approximately 80% to 30% (Fig. 5C),
implicating the possibility that BCL-XL depolymerized the oligomerized
BAK.

We next performed live-cell fluorescence imaging to assess the de-
polymerization and retrotranslocation of the oligomerized BAK by BCL-
XL in the living cells that were firstly transfected with YFP-BAK for 14 h
and subsequently transfected with CFP-BCL-XL. As shown in Fig. 5D, in
the presence of CFP-BCL-XL, the cells with BAK clusters still exhibited
punctate BAK distribution during observation. Moreover, the CV values
of the YFP fluorescence of the cell were still higher than 130% (Fig. 5D),
demonstrating that BCL-XL did not depolymerize the oligomerized BAK.
In addition, the cell expressing CFP-BCL-XL before BAK oligomerization
always exhibited even BAK distribution, and the corresponding CV
values of the YFP fluorescence were still lower than 21% during ob-
servation (Fig. 5E), indicating that BCL-XL did prevent the formation of
BAK oligomers. To confirm whether BCL-XL retrotranslocates the

oligomerized BAK, FLIP experiments in living cells were performed on
the confocal microscope with 514 nm laser excitation just as described
in Fig. 3D. YFP-BAK clusters were not weakened by repeated bleaching
of cytosol YFP-BAK (Fig. 5F). We fitted FLIP curves of the dynamical
YFP-fluorescence intensity in both the cytosol and BAK clusters from 10
ROI measurements by one Exponential Decay model. The YFP fluores-
cence of the BAK clusters weakened similar to the control and much
slower than that of the cytosol region (Fig. 5F), further verifying that
BCL-XL did not retrotranslocate the oligomerized BAK.

4. Discussion

Our data firmly demonstrate that BCL-XL prevents the oligomer-
ization and pro-apoptotic ability of BAK by inhibiting the formation of
BAK oligomers and retrotranslocating the monomeric BAK from mi-
tochondria into cytosol. In vitro evidences have certified the notion that
BCL-XL physically sequestrates monomeric BAK to inhibit the pro-
apoptotic function of BAK [22,37]. We here used live-cell imaging
techniques including FRET and FLIP to assess the regulation way of
BCL-XL on BAK shuttling between mitochondria and cytosol [27]. Live-
cell imaging and FRET experiments verify that BCL-XL directly

Fig. 3. BCL-XL physically restrains and retrotranslocates monomeric BAK. (A) Three fluorescence images in DD, DA and AA channels (left) of living cells co-
expressing CFP-BCL-XL and YFP, and the corresponding the pixel-to-pixel EA and RC images and histograms (right). Scale bar: 10 μm. (B) Similar images to (A) of the
living cells co-expressing CFP-BCL-XL and YFP-BAK. (C) Statistical EA values of living cells co-expressing CFP-BCL-XL and YFP, or CFP-BCL-XL and YFP-BAK. Data
represent averages± SD. n≥ 30 cells. (D) Fluorescence loss in photobleaching (FLIP) analysis of YFP-BAK in the absence or presence of CFP-BCL-XL, in the presence
of Z-VAD-FMK. The regions (red square) are bleached at 514 nm in the both targeted cells (white spline contours). Changes in BAK fluorescence on the mitochondria
are detected in marked areas (green and blue circle, respectively), whereas a ROI measurement in the neighboring cell serves as a control for cell-specific bleaching
(purple circle). The detail images within the second panels are the enlarged views of the white squares. Time points in seconds are displayed above the pictures. Scale
bar: 10 μm. (E) FLIP curves of the dynamical mitochondrial YFP-BAK in the absence (red) or presence (blue) of CFP-BCL-XL by one Exponential Decay model.
Fluorescence of the neighboring cell is shown as control (black). Data represent averages± SEM. n= number of ROI measurements per condition. (F)
Retrotranslocation rates measured for BAK in the absence or presence of CFP-BCL-XL. Data represent averages± SD. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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sequestrates the monomeric BAK to prevent BAK oligomerization and
BAK-mediated cell death. FLIP analyses indicate that BCL-XL increases
the monomeric BAK shuttling from mitochondria into cytosol, whereas
monomeric BAK reduces the retrotranslocation rate of BCL-XL. More-
over, live-cell time-lapse imaging and FLIP experiments demonstrate
that BCL-XL does not depolymerize and retrotranslocate the oligomer-
ized BAK.

Whether BAK auto-oligomerizes on mitochondria without apoptotic
stimulus remains controversial. BN-PAGE and SDS-PAGE analyses on
the isolated mitochondria from WT or BAX−/−BAK−/− (DKO) MEFs
incubated with BAK showed that BAK always maintained its inactive
structure on mitochondria in the absence of apoptotic stimulus [39,40],
indicating that BAK did not auto-oligomerize on mitochondria without
apoptotic stimulation. Furthermore, living Cos-7, Hela and HCT116
DKO cells expressing FP-BAK did not show BAK clusters, but showed
good co-localization of BAK with mitochondria [27,34,35], further in-
dicating that BAK did not auto-oligomerize without apoptotic stimulus.
These aforementioned studies support the idea that although being
predominantly mitochondrial, BAK leads to apoptosis only in the pre-
sence of apoptotic stimuli [27,41]. However, incubation with BAK on
the isolated mitochondria from Hela cells without apoptotic stimulus
showed oligomerized BAK, indicating that BAK auto-oligomerized on
mitochondria [40]. Moreover, expression of BAK markedly induced cyt

c release and apoptosis in Hela cells without apoptotic stimulus [42],
which may be due to the BAK auto-oligomerization. Our FRET analysis
on the cells co-expressing CFP-BAK and YFP-BAK showed much higher
ED value (> 20%) than that of the control cells, indicating that BAK
oligomerized and coalesced into clusters without apoptotic stimulus
(Fig. 1C–E). Furthermore, the cells with BAK clusters exhibited negative
DiIC1(5) (mitochondrial depolarization) (Fig. 5B and C), whereas the
cells without BAK clusters exhibited positive DiIC1(5) (mitochondrial
polarization) (Fig. S2), demonstrating that the oligomerized BAK per-
meabilizes MOM [43], and thus the BAK clusters are definitely active
BAK oligomers in our conditions.

In contrast to the increasing retrotranslocation of monomeric BAK
by BCL-XL (Fig. 3D–F), monomeric BAK reduced the retrotranslocation
rate of BCL-XL (Fig. 4). It was reported that BAK bound to BCL-XL to co-
retrotranslocate from mitochondria into cytosol [27]. FRET analysis on
the cells co-expressing CFP-BCL-XL and YFP-BAK showed much higher
EA value (> 20%) than that of control cells (Fig. 3A–C), supporting the
notion that BAK physically binds to BCL-XL to form hetero-oligomers.
BCL-XL natively shuttles between mitochondria and cytosol, whereas
BAK stably anchors in MOM (Figs. 3 and 4) [26,27,38]. It is the high-
affinity of BAK with MOM [27] that decreases the retrotranslocation
rate of BCL-XL/BAK hetero-oligomers (Fig. 3A-C). Therefore, BCL-XL
increases the retrotranslocation of monomeric BAK, while monomeric
BAK decreases the retrotranslocation of BCL-XL, which further verifies
the notion that monomeric BAK is co-retrotranslocated with BCL-XL in
hetero-oligomer form [27].

Besides the BCL-XL bound to BAK, there are different BCL-XL forms,
such as monomeric BCL-XL, BCL-XL bound to BCL-XL, BCL-XL bound to
BAX, and BCL-XL bound to BH3-only proteins [26,44,45]. Our recent
FRET two-hybrid analyses in living cells co-expressing CFP-BCL-XL and
YFP-BCL-XL, or CFP-BAX and YFP-BCL-XL, or CFP-BCL-XL and BAD-
YFP, or CFP-BCL-XL and YFP-tBID, exhibiting larger than 20% of FRET
efficiency (ED or EA) (data not shown), support that BCL-XL can bind to
BCL-XL, BAX, BAD and tBID, respectively.

The model of BCL-XL dimerization [46] can be used to explain why
BCL-XL retrotranslocates natively and retrotranslocates monomeric
BAK/BAX from mitochondria into cytosol. The hydrophobic C-terminal
tail of BCL-XL is shield in dimer through the direct bindings of C-
terminal tail of one to the hydrophobic groove of the other one [44,46].
Consequently, BCL-XL is thought to spontaneously retrotranslocate
from mitochondria to cytoplasm in homo-dimer. In this scenario,
monomeric BAK/BAX binds to BCL-XL to dissociate the BCL-XL dimers
and form hetero-oligomers. The hydrophobic C-terminal tails of both
BCL-XL and monomeric BAK/BAX are shield in the oligomer through
the direct bindings of C-terminal tail of one to the hydrophobic groove
of the other one, thus triggering the retrotranslocation of the hetero-
oligomers. Although BH3-only proteins can also bind to BCL-XL to form
hetero-oligomers [45], BH3-only proteins lack the hydrophobic groove
to shield the hydrophobic C-terminal tail of BCL-XL [47]. Therefore,
contrast to increasing the retrotranslocation of monomeric BAK/BAX by
BCL-XL, BCL-XL may decrease the retrotranslcation of BH3-only pro-
teins [45,48].

Our data support the notion that BCL-XL does not depolymerize and
retrotranslocate the oligomerized BAK (Fig. 5D and F). Based on the
findings that BAK oligomerization is a reversible process [28] and BCL-
XL potently inhibits the pro-apoptotic function of BAK (Fig. 2), we in-
itially conjectured that BCL-XL may depolymerize the oligomerized
BAK to inhibit the pro-apoptotic function of BAK. To explore this issue,
cells were first transfected with YFP-BAK to obtain cells with auto-oli-
gomerized BAK, and subsequently were transfected with CFP-BCL-XL
(Fig. 5A). About 70% cells co-expressing BAK and BCL-XL did not ex-
hibit punctate BAK distribution, while most of the cells expressing BAK
alone exhibited punctate BAK distribution (Fig. 5B and C). We thus
inferred that BCL-XL depolymerized the oligomerized BAK. To further
verify this issue, we performed live-cell time-lapse imaging and FLIP
experiments for the cells with BAK clusters in the presence of BCL-XL.

Fig. 4. Monomeric BAK reduces the retrotranslocation rate of BCL-XL. (A) FLIP
analysis of CFP-BCL-XL in the absence or presence of YFP-BAK. The regions (red
square) are bleached at 458 nm in the both targeted cells (white spline con-
tours). Changes in BCL-XL fluorescence on mitochondria are detected in marked
areas (green and blue circle, respectively), whereas a ROI measurement in the
neighboring cell serves as a control for cell-specific bleaching (purple circle).
Time points in seconds are displayed above the pictures. Scale bar: 10 μm. (B)
FLIP curves of the dynamical mitochondrial CFP-BCL-XL in the absence (red) or
presence (blue) of YFP-BAK by one Exponential Decay model. Fluorescence of
the neighboring cell is shown as control (black). Data represent
averages± SEM. n= number of ROI measurements per condition. (C)
Retrotranslocation rates measured for BCL-XL in the absence or presence of
YFP-BAK. Data represent averages± SD. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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To our great disappointment, we found that BCL-XL did not depoly-
merize and retrotranslocate the oligomerized BAK (Fig. 5D and F). Al-
though we had no direct evidence about the binding of BCL-XL to the
BAK monomer, FRET analysis (Figs. 3A–C and 2E,F and S1) demon-
strated that BCL-XL physically bound to monomeric BAK to form
hetero-oligomers and there were almost no BAK dimers or oligomers in
the cells with excessive BCL-XL [23,36]. Furthermore, we also found
that BCL-XL did prevent the formation of BAK oligomers (Fig. 5E).
Therefore, we conclude that BCL-XL directly interacts with BAK
monomer to co-retrotranslocate from mitochondria into cytosol.

The oligomerized BAK may not possess binding site with BCL-XL. It
is generally known that BCL-XL sequestrates monomeric BAK by the
binding of the hydrophobic groove of BCL-XL with the BH3 domain of

BAK [43], which is also further verified by the evidences that the BAK
BH3 domain mutant (e.g. BAKQ75L, BAKR76A and BAKQ77A) does not
interact with BCL-XL [25]. During BAK oligomerization, BAK exposes
its BH3 domain to interact with the groove of another BAK to form
symmetric dimers without exposed BH3 domain [4,5,49,50]. In addi-
tion, BN-PAGE and SDS-PAGE analyses on the isolated mitochondria
incubated with BAK dimers and BCL-XL showed that BCL-XL did not
interfere with the linkage between BAK dimers [28], indicating that
BCL-XL did not disrupt the interdimer interactions of α6/α6 or α3/α5
[51,52] in BAK oligomers, even though the interdimer interactions are
weaker than the intradimer ones [28,53].

In summary, we provide ex vivo evidence that BCL-XL physically
sequestrates the monomeric BAK to inhibit the pro-apoptotic function

Fig. 5. BCL-XL does not depolymerize and retrotranslocate the oligomerized BAK. (A) Time flow of fluorescence imaging experiments. Cells transfected with YFP-
BAK alone for 14 h and subsequently transfected with CFP-BCL-XL for 12 h in the presence of Z-VAD-FMK. (B) Fluorescence images of cells transfected with YFP-BAK
alone for 14 h and subsequently transfected with CFP-BCL-XL for 12 h after staining with DiIC1(5) (red). The broken spline contours show the DiIC1(5)-negative cells.
Scale bar: 10 μm. (C) Statistical percentages of cells with negative DiIC1(5) and oligomerized BAK. Data represent averages of triplicates± SD; n≥ 120 cells. (D)
Time-lapse imaging of a representative cell that was firstly transfected with YFP-BAK for 14 h and subsequently transfected with CFP-BCL-XL for 14 h in the presence
of Z-VAD-FMK. The details images in the low panel are the enlarged views of BAK clusters in marked areas (white squares) in the middle panel. Time stamps indicate
time during observation. Line plot shows the dynamical CV values of the YFP fluorescence of the cell. Scale bar: 10 μm. (E) Time-lapse imaging of a representative cell
that was firstly transfected with YFP-BAK for 14 h and subsequently transfected with CFP-BCL-XL for 6 h in the presence of Z-VAD-FMK. Time stamps indicate time
during observation. Line plots show the changes in CFP (blue) and YFP (red) fluorescence of the cell, and the dynamical CV values (black) of YFP fluorescence of the
cell. Scale bar: 10 μm. (F) BCL-XL does not retrotranslocate the oligomerized BAK. The targeted cell (white spline contour), exhibiting BAK clusters in the presence of
CFP-BCL-XL, is bleached in FLIP experiments in the region marked as red square with 514 nm excitation. The details images in the low panel are the enlarged views of
the marked areas (white squares) in the middle panel. Changes in YFP fluorescence of the cytosol (red circle) and BAK clusters (blue circle) are detected respectively,
whereas a ROI measurement in the neighboring cell serves as a control for cell-specific bleaching (purple circle). Time points in seconds are displayed above the
pictures. FLIP curves of the dynamical YFP fluorescence of cytosol (red) and BAK clusters (blue) were fitted by one Exponential Decay model. Fluorescence of the
neighboring cell is shown as control (black). Data represent averages± SEM. n= number of ROI measurements per condition. Scale bar: 10 μm. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of BAK, and summarize the regulation mechanism of BCL-XL on BAK in
Fig. 6. We highlight BCL-XL does not depolymerize and retrotranslocate
the oligomerized BAK. BCL-XL shuttles between mitochondria and cy-
tosol spontaneously, and directly binds to the monomeric BAK to co-
retrotranslocate from mitochondria into cytosol, thus inhibiting BAK
oligomerization.
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