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Exact interaction mechanism between Bax and Bcl-XL, two key Bcl-2 family proteins, is an
interesting and controversial issue. Partial acceptor photobleaching-based quantitative °uores-
cence resonance energy transfer (FRET) measurement, PbFRET, is a widely used FRET
quanti¯cation method in living cells. In this report, we implemented pixel-to-pixel PbFRET
imaging on a wide-¯eld microscope to map the FRET e±ciency (EÞ images of single living HepG2
cells co-expressing CFP-Bax and YFP-Bcl-XL. The E value between CFP-Bax and YFP-Bcl-XL
was 4.59% in cytosol and 11.31% on mitochondria, conclusively indicating the direct interaction
of the two proteins, and the interaction of the two proteins was strong on mitochondria and
modest in cytosol.
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1. Introduction

Bax and Bcl-XL proteins, two members of the Bcl-2
family proteins, play a key role in the `mitochon-
drial' or `intrinsic' apoptosis pathway.1,2 It is
generally considered that proapoptotic protein Bax

resides in the cytoplasm of healthy cells and

translocates to the mitochondrial outer membrane

(MOM) and oligomerizes upon apoptosis induc-

tion,3–5 while anti-apoptotic protein Bcl-XL pre-

senting in both cytoplasm and mitochondria in
untreated cells is generally considered to inhibit Bax
activation.6–9 However, the exact interaction
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mechanism between the two proteins is still an in-
teresting issue in the last two decades.

Bcl-XL was considered to directly interact with
Bax to inhibit Bax activation 20 years ago.10,11

However, this notion was di±cult to reconcile with
the immunoprecipitation experimental evidence
that Bcl-XL did not interact with Bax in cyto-
sol.12,13 Subsequently, Bcl-XL was proposed to
compete with Bax for membrane and tBid binding in
liposomes or isolated mitochondria to inhibit Bax
binding to mitochondria,14,15 which was contra-
dicted with the observations that Bcl-XL was able to
stimulate Bax mitochondrial translocation in Hela
cells16 and Bcl-XL stabilized mitochondrial-associ-
ated Bax to reduce the dissociation rate of mito-
chondrial Bax.17 Moreover, Schellenberg et al.
proposed a novel notion that Bax constitutively
targeted to mitochondria was constantly translo-
cated back to the cytosol in nonapoptotic cells, and
Bax dissociation from the mitochondria occurred
independently of Bcl-2 survival proteins and
direct-activator BH3 proteins.17 The latest study
identi¯ed that Bcl-XL stimulated Bax relocation to
mitochondria and primed mitochondria to permea-
bilization and cytochrome c release.18 In contrast to
this notion, °uorescence loss in photobleaching
(FLIP) and °uorescence recovery after photo-
bleaching (FRAP) analysis in single living cells
demonstrated that Bcl-XL interacted with Bax on
mitochondria to enhance Bax relocalization from
mitochondria to the cytosol in nonapoptotic cells.3,19

Fluorescence resonance energy transfer (FRET)
is a powerful tool for quantitative analysis of
protein–protein interaction, protease and kinase
activities in living cells.6,20,21 Genetically encoded
°uorescent proteins (FPs)-based biosensors make
FRET technology capable of resolving dynamic
signaling events inside living cells in situ and with-
out in°uence normal physiological activities.22,23

Complete acceptor photobleaching is the most
straightforward method to detect FRET,24,25 which
does not require external references and system
calibration.26 However, complete photobleaching
generally takes several minutes, which may induce
serious photodamage to living cells.27 Partial
acceptor photobleaching-based quantitative
FRET measurement (PbFRET) developed by Elder
et al.28 and Wang et al.29 only takes a few seconds,
largely reducing photodamage to living cells,
resolving this issue e®ectively.

In this report, we used PbFRET to quantita-
tively assess the interaction of Bcl-XL and Bax in
live HepG2 cells. Bcl-XL was expressed as fusion to
the yellow °uorescent protein (YFP), and Bax was
fused to the cyan °uorescent protein (CFP). We
performed microscopic PbFRET imaging for living
HepG2 cells co-expressing CFP-Bax and YFP-Bcl-
XL on a wide-¯eld °uorescence microscope, and
found that Bcl-XL interacted directly with Bax,
and their interaction on mitochondria was strong
but modest in cytosol.

2. Materials and Methods

2.1. Reagent and plasmids

TurbofectTM in vitro transfection reagent was
purchased from Fermentas Inc. (Glen Burnie, MD,
USA). Cerulean, Venus-Kras and GFP-Bcl-2Cb5
plasmids were purchased from Addgene Company
(Cambridge, MA). Plasmid of mCherry-Bad was
kindly provided by Andrews.6 Standard FRET
constructs including C32V (Cerulean-32-Venus,
Addgene plasmid 29396), CTV (C-TRAF-Venus,
the TRAF is a tumor necrosis factor receptor-
associated factor domain including 229 amino acid)
and VCV (Venus-5-Cerulean-5-Venus, Addgene
plasmid 27788) were kindly provided by the Vogel
lab (National Institutes of Health, Bethesda, MD,
USA). Plasmid DNA of CFP-Bax was kindly pro-
vided by Dr. Prehn.20 Plasmid DNA of YFP-Bcl-XL
was kindly provided by Prof. Youle.13

2.2. Cell culture and transfection

HepG2 cells, a human hepatocellular carcinoma
cell line, were obtained from the Department of
Medicine, JinanUniversity, Guangzhou, China. Cells
were cultured in Dulbecco's modi¯ed Eagle's medium
(DMEM, Gibco, Grand Island, New York) contain-
ing 10% fetal calf serum (FCS; Sijiqing, Hangzhou,
China) at 37�C under 5% CO2 in a humidi¯ed incu-
bator. For transfection, cells were cultured in DMEM
containing 10% FCS in a 35-mm glass dish with a
density of 4� 104 cells/ml at 37�C under 5% CO2 in
a humidi¯ed incubator. After 24 h, when the cells
reached 70–90% con°uence, plasmid was transfected
into the HepG2 cells by using TurbofectTM in vitro
transfection reagent in 35-mm dish for 24–48 h. Cells
co-expressing CFP-Bax and YFP-Bcl-XL were
treated with 5�M Bcl-XL inhibitor ABT-737
(Merck-Calbiochem, USA) for 6 h or not.

F. Yang et al.
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2.3. PbFRET imaging

Partial acceptor photobleaching-based FRET im-
aging method (PbFRET), as a calibration-free
method, was used to determine the FRET e±ciency
(EÞ of a FRET construct by measuring the degree of
acceptor photobleaching (xÞ and the donor °uores-
cence intensity detected with donor channel that
selectively collect donor °uorescence at donor exci-
tation before (IDÞ and after (IDP Þ partial acceptor
photobleaching. The E value of 1D�nA (\D"
denotes donor molecule and \A" denotes acceptor
molecule, n represents the number of acceptors in
the FRET construct) construct is given as28,30

E ¼ 1� ID=IDP

1� ð1� x=nÞID=IDP

; ð1Þ

where x is determined by monitoring the acceptor
intensity with acceptor excitation before (IAÞ and
after (IAP Þ photobleaching, which is given by
x ¼ ðIA � IAP Þ=IA.

For PbFRET imaging, we ¯rst got the °uores-
cence images of donors with donor channel before
(DÞ and after (DP) partially photobleaching
acceptors and the °uorescence images of acceptors
with acceptor channel before (AÞ and after (AP)
partially photobleaching acceptors of FRET con-
struct. To reduce errors due to cellular motility, we
processed 3� 3 bin smooth for the four °uorescence
images. The auto°uorescence of living HepG2 cells
was found to be very low (data not shown). In the
four °uorescence images, backgrounds were re-
moved with average reading the same cell-devoid
areas. We set an intensity value which was slightly
greater than background as threshold intensity for
each image. To improve image quality, we set the
pixel intensity lower than the threshold intensity to
be zero in each image. Then, we obtained the cor-
responding pixel-to-pixel E image and histogram of
the living cells. Because of cellular motility and the
randomness of protein expression level in living
cells, the pixel-to-pixel E values had a distribution.
To improve precision, we took the average of E
values whose relative frequency was greater than
one third in the corresponding E histogram as the E
value of the image.

2.4. Microscope platform

Microscopic PbFRET imaging experiments were
performed on a wide-¯eld microscope (Axiovision,

Carl Zeiss, Oberkochen, Germany) that was spe-
ci¯cally designed for fast photobleaching to reduce
errors caused by the cellular motility and °uore-
scence recovery as described previously.31 This mi-
croscope is equipped with an X-cite 120Q Metal
halide lamp, a 40�/NA 1.3 oil immersion objective,
a CCD camera (C11440-22CU, HAMAMATSU
PHOTONICS K.K., Hamamatsu, Japan) and 4-
cube ¯lters: D-cube, A-cube, GFP-cube and
mCherry-cube. The ¯lters and dichroic mirrors
(Carl Zeiss, Oberkochen, Germany) in D (CFP/
Cerulean)-cube, A (YFP/Venus)-cube, GFP-cube
and mCherry-cube are BP 436/25 (436 nm excita-
tion), BP 480/40 (emission), FT 455, BP 510/17
(510 nm excitation), LP 530 (emission), DFT
460þ 520, BP 500/20 (500 nm excitation), BP 535/
30 (emission), DFT 515, and BP 565/30 (565 nm
excitation), BP 620/60 (emission), FT 585, respec-
tively. We introduced D-cube, A-cube, GFP-cube or
mCherry-cube to the light-path of the wide-¯eld
microscope by ¯lter wheels to selectively collect
CFP/Cerulean, YFP/Venus, GFP or mCherry
°uorescence. The excitation intensity is controlled
by switching the di®erent luminosity (0%, 12.5%,
25%, 50%, 100% of the total luminosity) of Metal
halide lamp and/or turning the neutral density
¯lters wheel between di®erent attenuation degree
(2%, 20%, 40%, 50%, 70%, 100%).

For PbFRET imaging of cells co-expressing
CFP/Cerlean and YFP/Venus, 436 nm excitation
was used to mainly excite CFP/Cerulean and
510 nm excitation was used to selectively excite
YFP/Venus. The emission ¯lter of D-cube, BP 480/
40, was used to selectively detect the °uorescence of
CFP/Cerulean, and the emission ¯lter of A-cube,
LP 530, was used to collect the YFP/Venus
°uorescence.

For PbFRET imaging of cells co-expressing GFP
and mCherry, 500 nm excitation was used to mainly
excite GFP and 565 nm excitation was used to
selectively excite mCherry. The emission ¯lter of
GFP-cube, BP 535/30, was used to selectively de-
tect the °uorescence of GFP, and the emission ¯lter
of mCherry-cube, BP 620/60, was used to collect
the mCherry °uorescence.

2.5. Statistical analysis

Results are expressed as mean� SD. Data were
analyzed by repeated-measures ANOVA with
parametric methods using the statistical software

Interaction between Bax and Bcl-XL proteins con¯rmed by partial acceptor photobleaching-based FRET imaging
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SPSS 18.0 (SPSS, Inc., Chicago, IL, USA).
Throughout the work, P values less than 0.05 were
considered to be statistically signi¯cant.

3. Results and Discussion

3.1. Suitable excitation conditions

Photobleaching of °uorophores during microscopic
imaging should be rigorously controlled for quanti-
tative FRET measurement. Therefore, it is neces-
sary to select suitable excitation conditions to avoid
photobleaching of both donor and acceptor °uor-
ophores. Figure 1(a) shows the representative time-
lapse images of living HepG2 cells separately
expressing CFP-Bax residing evenly and YFP-Bcl-
XL having clumped distribution. Figure 1(b) shows
the corresponding dynamic °uorescence intensities
of the two living cells in Fig. 1(a) during the time-
lapse imaging with 0.5% transmission, the excita-
tion transmission in our all experiments, of 436 nm
or 510 nm excitation. The same results were also
observed in ten cells separately expressing CFP-Bax
and YFP-Bcl-XL. The constant °uorescence inten-
sity indicated a negligible photobleaching for donor

and acceptor °uorophores during imaging with
0.5% transmission.

High quality images could be obtained with 1%
excitation transmission, but this strong illumination
easily resulted in photobleaching (data not shown).
It was obvious that YFP-Bcl-XL mainly distributed
on mitochondria (Fig. 1(a)), similar to many other
experimental results.6,8 It was reported that about
half of the Bcl-XL resided in the cytoplasm of living
cells,6 and the yellow °uorescence intensity in the
cytoplasm was lower than that on mitochondria
possibly due to the large cytoplasm areas. In reality,
YFP-Bcl-XL °uorescence in the nonmitochondria
area could be imaged clearly with stronger excita-
tion which resulted in saturation and bleaching in
mitochondria area (data not shown).

3.2. Implementation of PbFRET for

measuring the E value of C32V
construct in living cells

For PbFRET imaging, we used a 25% of 510 nm
excitation to bleach partial acceptors. Figure 2(a)
shows the representative °uorescence images of
donors with D-cube before (DÞ and after (DP)
partially photobleaching acceptors and that of
acceptors with A-cube before (AÞ and after (AP)
partially photobleaching acceptors of C32V. By
using Eq. (1), we obtained the corresponding pixel-
to-pixel pseudo-color E image (Fig. 2(b)) and his-
togram (Fig. 2(c)) of the living cells expressing
C32V, and the corresponding E value was 27.99%.
The average E of C32V measured by PbFRET
method was 25:99� 2:32% (n ¼ 13), consistent
with the results of 28:67� 0:95% measured by
modi¯ed spectral FRET quanti¯cation method
(mlux-FRET).32

In the pseudo-color E image, we noted that the
edges of some cells were crimson, which may be due
to the low °uorescence intensity. PbFRET is not
a®ected by imaging conditions and °uorophore
properties such as quantum yields and extinction
coe±cients, so this method can be easily performed
on most imaging systems without any additional
references and system calibrations. However, there
are three prerequisites for PbFRET implementa-
tion: (1) the photobleaching excitation must selec-
tively photobleach acceptors; (2) the acceptor
excitation selectively excites the acceptors to ex-
clude the in°uence of donor °uorescence for the
accurate determination of x; and (3) the donor

(a)

(b)

Fig. 1. Suitable excitation conditions for donor (CFP-Bax)
and acceptor (YFP-Bcl-XL) in living cells. (a) Time-lapse
images of living HepG2 cells separately expressing CFP-Bax
with 436 nm excitation and YFP-Bcl-XL with 510 nm excita-
tion. Scale bar: 10�m. (b) Dynamics of °uorescence intensities
of the two living cells in (a) during the time-lapse imaging.
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detection channel is chosen to selectively detect the
donor °uorescence.31 It is generally di±cult to
choose an appropriate optical ¯lter as a donor
emission channel to selectively collect donor °uo-
rescence for some FPs pairs with a large spectral
overlap such as green °uorescent protein (GFP) and
yellow °uorescent protein (YFP).33 Furthermore,
we should pay attention to turning the cube fast to
reduce errors caused by the cellular motility and
°uorescence recovery during the process of imple-
menting PbFRET, and this imaging process can be
accomplished at most 2 s on our platform.

3.3. Validation of PbFRET imaging by
measuring the E values of standard

FRET constructs in living cells

To validate PbFRET imaging, we implemented
PbFRET imaging on our wide-¯eld microscope for
the living HepG2 cells expressing standard
FRET constructs with di®erent FRET e±ciency.
Figure 3(a) shows the representative °uorescence
images of living HepG2 cells co-transfected with free
Cerulean (C) and Venus-Kras (V). Figure 3(b)
(upper) shows the image of a cell indicated by red
square in Fig. 3(a) (left) and the °uorescence images
of cells expressing CTV (middle) and VCV (right).
The corresponding pixel-to-pixel pseudo-color E
images and histograms were shown in Fig. 3(b)
(middle and lower), and the corresponding E value
was 0.93% for free C and V, 1.65% for CTV and
67.42% for VCV. The statistical E value from at
least 30 live HepG2 cells in three independent
experiments was 3:44 � 5:34% for free CþV

(Fig. 3(c)). The statistical E value from 12 frames
was 2:82� 2:60% for CTV (Fig. 3(c)), consistent
with the results of 6:3� 2:6% measured by °uores-
cence lifetime imaging microscopy (FLIM) and
1:7� 7:0% measured by spectral mixing-based
method in Vogel's laboratory.34 Cells expressing
VCV from 15 frames had an average E value of
63:67� 2:20% (Fig. 3(c)), consistent with the value
measured by our laboratory with Iem-spFRET
method.35

For cells transfected with tandem constructs
CTV or VCV, we directly measured the E value
of the frame. However, for cells co-transfected with
free C and V, there may be some cells only expres-
sing C or V. Therefore, we selected the cells
co-expressing C and V for PbFRET imaging (Fig. 3
(b)). We here substituted n ¼ 1 into Eq. (1) to
obtain E value of cells co-expressing C and V. In
fact, for FRET construct with free donor and
acceptor, the value of n was larger than 1 when
acceptor concentration was higher than donor con-
centration. In this case, substituting n for 1 resulted
in a decrease in the measured E value. We noted
that the E value of the lower edge of the cell was low
in the pseudo-color map of cell expressing CþV
(Fig. 3(b), second row, ¯rst column), which may be
due to lower level expression of C on the lower edge.
We also noted that the E value of the upper edge of
the cell was high in the pseudo-color map of cell
expressing CþV (Fig. 3(b), second row, ¯rst col-
umn), which may be due to high level expression of
both C and V on the upper edge. This inconsistent
expression of donor and acceptor DNA fragments
led to a wide E distribution for cell expressing

(a) (b) (c)

Fig. 2. Implementation of PbFRET for measuring the E value of C32V construct in living HepG2 cells. (a) Typical °uorescence
images in both donor and acceptor channels before and after partially photobleaching acceptor. Scale bar: 100�m. (b) Pixel-to-pixel
FRET e±ciency (EÞ image, and (c) the corresponding FRET e±ciency (EÞ histogram of cells in (a).

Interaction between Bax and Bcl-XL proteins con¯rmed by partial acceptor photobleaching-based FRET imaging
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CþV (Fig. 3(b), third row, ¯rst column). In addi-
tion, mobility of °uorescent molecules in living cells
described in above paragraph may also result in the
wide distribution of E values. Even so, it can be
seen from our results that constructs with low or
high FRET e±ciency in living cells could be exactly
quanti¯ed by PbFRET imaging method on our
wide-¯eld imaging system.

3.4. Mapping Bax-Bcl-XL interaction
in single living cells by PbFRET

imaging

We next used PbFRET imaging to map the inter-
action between CFP-Bax and YFP-Bcl-XL in single

living HepG2 cells. Figure 4(a) (left) shows the
representative °uorescence image of a living HepG2
cell co-expressing CFP-Bax and YFP-Bcl-XL,
showing that CFP-Bax resided in cytoplasm uni-
formly and YFP-Bcl-XL had clumped distribution.
Figures 4(b)–4(d) (left) show the corresponding
pixel-to-pixel pseudo-color E images and histo-
grams of nonmitochondria and mitochondria as
well as whole cell area, and the corresponding
E value was 4.41% for nonmitochondria area, and
12.57% for mitochondria area as well as 8.74% for
the whole cell. The statistical E values from 27
living HepG2 cells were 4:59� 2:66% for non-
mitochondria area, 11:31� 5:47% for mitochondria
area and 7:16� 2:91% for the whole cell (Fig. 4(b)).

Fig. 3. Validation of PbFRET imaging by mapping the E values of standard FRET constructs in living HepG2 cells. (a)
Representative °uorescence images of living HepG2 cells transfected with free Cerulean (C) and free Venus-Kras (V) in donor and
acceptor channels. Cell in the red square co-expressing C and V. Scale bar: 100�m. (b) Typical °uorescence images and the
corresponding pixel-to-pixel E images as well as their histograms of cells expressing CþV, CTV and VCV, respectively. Scale bar:
10�m or 100�m. (c) Statistical E values of CþV, CTV and VCV constructs in living HepG2 cells.

F. Yang et al.
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We chose the region where YFP-Bcl-XL had
clumped distribution as mitochondria area, and we
set an intensity value which was slightly greater
than the intermediate intensity value of no-clumped
area of YFP-Bcl-XL as threshold intensity to
identify mitochondria for each cell, and the region
where yellow °uorescence intensity was greater

than the threshold intensity was considered as
mitochondria area.

To further con¯rm the interaction between Bax
and Bcl-XL, we examined the e®ect of the BH3
mimetic ABT-737,6,36 an inhibitor of Bcl-XL, on the
binding of Bax with Bcl-XL. We performed
PbFRET analysis for living cells co-expressing

Fig. 4. Bax-Bcl-XL interaction in single living HepG2 cells by PbFRET imaging. (a) Representative °uorescence image of a living
HepG2 cell co-expressing CFP-Bax and YFP-Bcl-XL with or without (control) ABT-737 treatment. Corresponding pixel-to-pixel
pseudo-color E images and histograms of nonmitochondria area (cyt.) (b), mitochondria area (mit.) (c) as well as whole cell area
(whole cell) (d) of the cells with or without ABT-737 treatment in (a). (e) Statistical E values of nonmitochondria area, mito-
chondria area and whole cell from 27 control cells and 17 ABT-737-treated cells. Data were analyzed by ANOVA; ns no signi¯cant,
*p < 0:05, **p < 0:01, ***p < 0:001.
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CFP-Bax and YFP-Bcl-XL in the presence of ABT-
737, and Fig. 4(a) (right) shows the representative
°uorescence image of a living HepG2 cell co-
expressing CFP-Bax and YFP-Bcl-XL in the pres-
ence of ABT-737. Figures 4(b)–4(d) (right) show
the corresponding pixel-to-pixel pesudo-color E
images and histograms of nonmitochondria and
mitochondria as well as whole cell area, and the
corresponding E value was 3.57% for non-
mitochondria area, and 7.75% for mitochondria
area as well as 3.82% for the whole cell. The sta-
tistical E values from 17 living HepG2 cells in the
presence of ABT-737 was 0:58� 3:48% for non-
mitochondria area, 6:21� 3:58% for mitochondria
and 3:71� 2:97% for the whole cell (Fig. 4(e)). The
measured E values between CFP-Bax and YFP-
Bcl-XL in the presence of ABT-737 were always
signi¯cantly lower than those in the absence of
ABT-737 (Fig. 4(e)), con¯rming the interaction
between Bax and Bcl-XL, and suggesting that
ABT-737 inhibited the interaction between Bax and
Bcl-XL.

PbFRET imaging can track protein–protein in-
teraction not only in mitochondria but also in other
organelles (such as endoplasmic reticulum (ER)).
We performed PbFRET assay for the ER regions of
living cells co-expressing GFP-Bcl-2Cb5 (the ER-
targeted GFP-Bcl-2, the ER-targeting domain of
cytochrome b5 (amino acids 100-134) was used to
replace amino acids 217-239 of Bcl-2)37 and
mCherry-Bad (Fig. 5). The statistical E values be-
tween GFP-Bcl-2Cb5 and mCherry-Bad from about
30 living cells was 8:04� 7:21% in ER and
11:23� 7:68% in non-ER area (Fig. 5(d)), indicat-
ing that Bcl-2 interacted directly with Bad in ER
and non-ER area. We chose the region where GFP-
Bcl-2Cb5 has clumped distribution as ER area, and
we set an intensity value which was slightly greater
than the intermediate intensity value of no-clumped
area of GFP-Bcl-2Cb5 as threshold intensity to
identify ER for each cell, and the region where green
°uorescence intensity was greater than the thre-
shold intensity was considered as ER area.

Many in vitro studies on the Bax-Bcl-XL inter-
action have been carried out.12,14,18 FRAP and FLIP
were recently used to indirectly examine their in-
teraction in living cells, and suggested that Bcl-XL
retrotranslocates Bax from the mitochondria into
the cytosol after their transient interaction on mi-
tochondria.3 According to this view, Bax and Bcl-
XL has a strong interaction on mitochondria but a

weak interaction in nonmitochondria area, which is
consistent with our FRET data that CFP-Bax and
YFP-Bcl-XL has a high E value (11.31%) on mito-
chondria and a lower E value (4.59%) in non-
mitochondria area. Considering the 3.44% ofE value
for cells coexpressing free C and V, the 4.59% of E
value between CFP-BaxþYFP-Bcl-XL in non-
mitochondria area was very modest, indicating the
very weak interaction between Bax and Bcl-XL
proteins in nonmitochondria area. In reality, the
mitochondria out of the focal plane might be regar-
ded as nonmitochondria area, which may result in an
increase in the measured E value between CFP-Bax
and YFP-Bcl-XL in nonmitochondria area. Howev-
er, the E value obtained by PbFRET method is the
apparent FRET e±ciency normalized to donor
concentration.28 Moreover, the lower E value be-
tween CFP-Bax and YFP-Bcl-XL in non-
mitochondria area may be ascribed to the higher
concentration of CFP-Bax than YFP-Bcl-XL just
described above. In the presence of free donor and/or
acceptor, it is important to simultaneously ascertain
FRET e±ciency and the total concentration ratio of
acceptor to donor for the accurate interpretation of
FRET signal. However, PbFRET method can't as-
certain the concentration ratio of acceptor to donor.
Therefore, we will use sensitized emission-based38,39

or spectral unmixing-based35 FRET quanti¯cation
method to study the interaction of Bax and Bcl-XL
in live cells in the near future.

11.31% of E value between CFP-BaxþYFP-
Bcl-XL in mitochondria area was signi¯cantly
greater than that in nonmitochondria area (Fig. 4
(e)), showing that Bax and Bcl-XL had strong in-
teraction in mitochondria area or Bcl-XL bound
Bax tightly on mitochondria before it retro-
translocated Bax back into the cytoplasm. We here
took 1 as the value of n for cell co-expressing CFP-
Bax and YFP-Bcl-XL. In fact, YFP-Bcl-XL con-
centration was greater than CFP-Bax concentra-
tion on mitochondria. Therefore, lower value of n
may result in a decrease in the measured E value
between CFP-Bax and YFP-Bcl-XL in mitochon-
dria area. These results support the notion that Bcl-
XL inhibits and maintains Bax in the cytosol by
constant retrotranslocation of mitochondrial Bax.3

In reality, it was inaccurate by comparing yellow
°uorescence intensity with the threshold intensity
to distinguish mitochondria and nonmitochondria
area. Therefore, we will use MitoTracker Deep Red
(MTDR) to probe mitochondria in the near future.

F. Yang et al.
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4. Conclusion

PbFRET imaging is applicable to mapping protein-
protein interactions in single live cells. Bcl-XL
interacts directly with Bax in healthy HepG2
cells, and especially their interaction is strong
on mitochondria but modest in cytosol, which
supports the notion that Bcl-XL on mitochondria
inhibits Bax oligomerization and activation by di-
rectly interacting with Bax and subsequently

retrotranslocating Bax from mitochondria back into
cytosol.
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Fig. 5. Bcl-2-Bad interaction in endoplasmic reticulum (ER) by PbFRET imaging. (a) Representative °uorescence images of a
living HepG2 cell co-expressing GFP-Bcl-2Cb5 and mCherry-Bad. Corresponding pixel-to-pixel pseudo-color E images (b) and
histograms (c) of ER area (ER), non-ER area (non-ER) as well as whole cell area (whole cell) of the cell in (a). (d) Statistical E
values of ER area and non-ER area from about 30 living cells.
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