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Mitofusin 2 but not mitofusin 1 mediates Bcl-XL-induced
mitochondrial aggregation
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ABSTRACT
Bcl-2 family proteins, as central players of the apoptotic program,
participate in regulation of the mitochondrial network. Here, a
quantitative live-cell fluorescence resonance energy transfer
(FRET) two-hybrid assay was used to confirm the homo-/hetero-
oligomerization of mitofusins 2 and 1 (MFN2 and MFN1), and also
demonstrate the binding of MFN2 to MFN1 with 1:1 stoichiometry. A
FRET two-hybrid assay for living cells co-expressing CFP-labeled
Bcl-XL (an anti-apoptotic Bcl-2 family protein encoded by BCL2L1)
and YFP-labeled MFN2 or MFN1 demonstrated the binding of MFN2
or MFN1 to Bcl-XL with 1:1 stoichiometry. Neither MFN2 nor MFN1
bound with monomeric Bax in healthy cells, but both MFN2 and
MFN1 bind to punctate Bax (pro-apoptotic Bcl-2 family protein) during
apoptosis. Oligomerized Bak (also known as BAK1; a pro-apoptotic
Bcl-2 family protein) only associated with MFN1 but not MFN2.
Moreover, co-expression of Bcl-XL with MFN2 or MFN1 had the same
anti-apoptotic effect as the expression of Bcl-XL alone to
staurosporine-induced apoptosis, indicating the Bcl-XL has its full
anti-apoptotic ability when complexed with MFN2 or MFN1. However,
knockdown ofMFN2 but not MFN1 reducedmitochondrial aggregation
induced by overexpression of Bcl-XL, indicating that MFN2 but not
MFN1 mediates Bcl-XL-induced mitochondrial aggregation.
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INTRODUCTION
Mitochondria undergo continuous cycles between fission and
fusion to maintain proper morphology and physiological functions,
including ATP production (Brookes et al., 2004), mitochondrial
DNA (mtDNA) maintenance (Wallace, 2005) and regulation of
apoptosis (Jagasia et al., 2005; Wang and Youle, 2009). Dynamic
mitochondrial behavior is believed to ensure appropriate
mitochondrial distribution to provide ATP to localized cytosolic
regions (Brookes et al., 2004). Frequent fusion and fission may be an
efficient means of intermitochondrial DNA complementation
through exchange of genomes between fusing mitochondria
(Nakada et al., 2001). Mitochondrial fragmentation may participate
in apoptosis (Olichon et al., 2002). Mitochondrial fusion defects

result in fragmented mitochondria, and even participate in the
pathogenesis of Charcot–Marie–Tooth disease type 2A (Züchner
et al., 2004), whereas reduced mitochondrial fission leads to
elongated, hyper-fused mitochondria and can delay caspase
activation and cell death (Labbé et al., 2014; Karbowski et al.,
2002; Sugioka et al., 2004; Breckenridge et al., 2003). Mitochondrial
dynamics are regulated by a set of dynamin-related proteins.
In mammalian cells, mitochondrial fission is mainly mediated by
the GTPase dynamin-related protein 1 (Drp1; also known as
DNM1L) (Smirnova et al., 2001), which is recruited from
cytoplasm to mitochondria by several outer mitochondrial
membrane (OMM) proteins [mitochondrial fission factor (MFF),
Mid51 (MIEF1), Mid49 (MIEF2) and fission 1 protein (FIS1)]
(Gandre-Babbe and van der Bliek, 2008; Palmer et al., 2011; James
et al., 2003), assembling into a helical ring-like structure to
‘drawstring’ constrict mitochondria. Mitochondrial fusion involves
OMM fusion and inner mitochondrial membrane (IMM) fusion.
Although OMM fusion is highly coordinated with IMM fusion to
maintain the integrity of organelles under normal conditions, they can
also be uncoupled in cells (Labbé et al., 2014; Legros et al., 2002;
Meeusen et al., 2004). Mitofusin 1 and 2 (MFN1 and MFN2), two
dynamin-related GTPases embedded in the OMM, are essential for
mitochondrial outer membrane fusion in mammalian cells (Santel
and Fuller, 2001) while optic atrophy 1 (OPA1)mediates IMM fusion
(Ishihara et al., 2006).

MFN1 and MFN2 are thought to promote mitochondrial fusion
via forming homotypic and heterotypic oligomers and stimulating
GTP hydrolysis (Chen et al., 2003; Koshiba et al., 2004). In 2004,
the second C-terminal heptad-repeat domain (HR2) at N terminus of
the mitofusins was identified as mediating the initial tethering of
adjacent mitochondria by forming antiparallel dimers, while the
GTPase domain is likely to provide biomechanical energy for full
fusion (Koshiba et al., 2004). However, recent studies highlight that
dimerization of GTPase domains, regulated by guanine nucleotide,
is responsible for initial tethering, and disruption of GTPase domain
dimerization abolishes the oligomerization ability of MFN1 (Cao
et al., 2017; Qi et al., 2016). Although the molecular mechanism of
oligomeric mitofusin formation is not clear and remains to be
determined, there is no doubt about inhibitory roles of MFN1 or
MFN2 on mitochondrial fragmentation in cells. Deletion of either
MFN1 or MFN2 can not only induce mitochondrial fragmentation
in cells and but also result in embryonic lethality in mice (Chen
et al., 2003). Moreover, several studies have shown that
mitochondrial fragmentation occurs during apoptosis (Jagasia
et al., 2005; Goyal et al., 2007; Pinton et al., 2001; Fannjiang
et al., 2004; Youle and Karbowski, 2005) and maintenance of
mitochondrial fusion has been linked to protecting cells against
apoptosis (Sugioka et al., 2004; Neuspiel et al., 2005).

Bcl-2 family proteins, as central players of the mitochondrion-
dependent apoptotic program, participate in mitochondrial dynamic
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regulation (Gross and Katz, 2017). Bcl-2 family proteins are
normally divided into multidomain antiapoptotic Bcl-2, Bcl-XL
(encoded by BCL2L1) and Mcl-1, multidomain pro-apoptotic Bax
and Bak (also known as BAK1), and pro-apoptotic BH3-only
proteins (Chen et al., 2015). Antiapoptotic proteins (Bcl-2, Bcl-XL
and Mcl-1) preserve mitochondrial integrity to inhibit cells
apoptosis mainly through inhibiting activation of pro-apoptotic
proteins, and Bcl-XL has a stronger effect in preventing apoptosis
than Bcl-2 and Mcl-1 owing to its dual inhibition of pro-apoptotic
Bax and Bak as well as higher protein stability (Chen et al., 2015;
Willis et al., 2005; Hockings et al., 2018). Apoptotic stimuli activate
Bax and Bak to coalesce on the surface of the OMM, and form large
foci, which are responsible for mitochondrial outer membrane
permeabilization (MOMP) (Chen et al., 2015) and culminate in
release of cytochrome c into the cytosol, subsequent caspase
activation and apoptosis. In addition to their apoptotic role, Bax and
Bak colocalize with DRP1 and MFN2 at prospective mitochondrial
fission sites during apoptosis (Nechushtan et al., 2001; Valentijn
et al., 2003; Karbowski et al., 2002; Youle and Karbowski, 2005).
Quantification of mitochondrial dynamics by photolabeling of
mitochondrial matrix shows that mitochondrial fusion is blocked
during the Bax activation phase of apoptosis independently
from caspase activation (Karbowski et al., 2004). In 2006,
Karbowski et al. demonstrated that Bax or Bak is required for
normal fusion of mitochondria into elongated tubules in healthy
cells (Karbowski et al., 2006), and Bax seems to induce activation of
MFN2. Moreover, another study shows that Bak interacts with
MFN1 and MFN2 (Brooks et al., 2007) in healthy HeLa cells,
using co-immunoprecipitation (co-IP) assay and acceptor
photobleaching-based fluorescence resonance energy transfer
(FRET) measurements, but during apoptosis, Bak dissociates
from MFN2 and enhances the association with MFN1, as shown
by a co-IP assay. Indeed, it has been demonstrated in an in vitro
experiment system of mitochondrial fusion, that the soluble form of
Bax positively regulates mitochondrial fusion exclusively through
homotypic MFN2 trans complexes (Hoppins et al., 2011).
Interestingly, Bcl-XL may tip the balance in favor of fusion or
fission depending on the relative Bcl-XL expression level (Delivani
et al., 2006; Sheridan et al., 2008). Expression of Bcl-XL in HeLa
cells produced two distinct mitochondrial phenotypes including
aggregated mitochondria (mitochondrial clustering in the
perinuclear region) and fragmented mitochondria: aggregated
mitochondria increased but fragmented mitochondria decreased
with increasing Bcl-XL (Delivani et al., 2006; Sheridan et al.,
2008). However, Mcl-1 failed to perturb mitochondrial networks in
HeLa cells at any of the plasmid concentrations tested (Sheridan
et al., 2008). Previous reports also showed that addition of purified
recombinant full-length monomeric soluble Bcl-XL can stimulate
mitochondrial fusion in a dose-dependent manner (Hoppins et al.,
2011). This finding is consistent with the observation that
overexpression of Bcl-XL increases mitochondrial connectivity in
cells. An in vitro GTPase assay with purified recombinant full-
length Bcl-XL and full-length human Drp1 showed that Bcl-XL
increased Drp1 GTPase activity (Li et al., 2008). Bcl-XL selectively
co-immunoprecipitated MFN2 but not MFN1 or OPA1 in
HEK293T cells (Delivani et al., 2006). However, co-IP
experiments showed that Bcl-XL binds to both MFN1 and MFN2
in HeLa cells (Cleland et al., 2011) and a Bcl-XL–Bax chimera
[containing helix 5 (H5) of Bax replacing H5 of Bcl-XL (denoted
Bcl-XL/Bax H5)] binds to mitofusins better than to either wild-type
Bax or Bcl-XL and this chimera can induce substantial
mitochondrial fragmentation in healthy cells (Cleland et al., 2011).

In this report, we performed live-cell FRET to explore the
regulation between mitofusins and Bcl-XL. A FRET two-hybrid
assay in living HeLa cells co-expressing CFP–Bcl-XL together with
YFP–MFN2 or YFP–MFN1 verified the hetero-oligomerization
between mitofusins and Bcl-XL, with MFN2– or MFN1–Bcl-XL
formed in complexes with 1:1 stoichiometry. Live-cell FRET
analysis also showed that GTPase domain mutants of MFN2 and
MFN1 still had the ability to form oligomers, but lose the ability to
bind to Bcl-XL, indicating that GTPase domains of MFN2 and
MFN1 may play key roles in binding to Bcl-XL. Co-expression of
Bcl-XL and MFN2 or MFN1 had the same anti-apoptotic effect as
the expression of Bcl-XL alone against staurosporine (STS)
treatment, demonstrating that Bcl-XL complexed with MFN2 or
MFN1 maintains an anti-apoptotic function. However, knockdown
of MFN2 but not MFN1 significantly reduced mitochondrial
aggregation induced by overexpressed Bcl-XL, indicating that Bcl-
XL-induced mitochondrial aggregation is probably mediated by
MFN2.

RESULTS
Subcellular localization of MFN2 and MFN1
To visualize the subcellular localization ofMFN2 andMFN1, YFP–
MFN2 and YFP–MFN1 as well as YFP (control) were transfected,
respectively, in living HeLa cells. At 24 h after transfection,
mitochondria were stained by using Mitotracker Deep Red 633 dye
and cells subsequently were imaged by using our Zeiss Apotome.2
imaging system. As shown in Fig. 1A, fluorescence images showed
that YFP was distributed evenly in cells, while YFP–MFN2 and
YFP–MFN1 were colocalized with mitochondria. Regions within
white dotted lines were chosen for Pearson correlation analysis to
quantify the distributions of YFP–MFN2, YFP–MFN1 and YFP,
and the corresponding fluorescence intensity scatter graph and
Pearson correlation coefficient (Rr) between YFP or YFP-tagged
MFN2 and MFN1 and Mitotracker are shown in the right-hand
panels of Fig. 1A. Rr for the representative cells expressing YFP–
MFN2 or YFP–MFN1 was 0.45 or 0.38, much higher than the
−0.25 for Rr for cells expressing YFP, showing that MFN2 and
MFN1 are partially colocalized with the mitochondria. Statistical Rr

values between YFP, YFP–MFN2 or YFP–MFN1 and the
corresponding mitochondria were −0.18±0.08, 0.50±0.08 or 0.29±
0.19, respectively (Fig. 1B), confirming that bothMFN2 andMFN1
localize to mitochondria.

Mitochondria in the cells expressing YFP were tubular (Fig. 1A,
upper panel), while mitochondria of the cells expressing YFP–
MFN2 or YFP–MFN1 were aggregated (Fig. 1A, middle and lower
panel); the corresponding statistical results on mitochondrial
morphology from 100 cells are shown in Fig. 1C. Approximately
93% or 94% of the cells transfected with 200 ng or 400 ng of YFP–
MFN2 exhibited aggregated mitochondria, and∼77% or 87% of the
cells transfected with 200 or 400 ng of YFP–MFN1 exhibited
aggregated mitochondria, while the cells transfected with 200 or
400 ng of YFP exhibited 83% of tubular mitochondria and only 9%
or 8% of aggregated mitochondria, indicating that both MFN2 and
MFN1 can induce mitochondrial aggregation.

Homo- and hetero-oligomerization of MFN2 and MFN1
Quantitative FRET analysis was performed on our Zeiss Apotome.2
imaging system to quantify the homo-oligomerization ofMFN2 and
MFN1 in living cells co-expressing CFP–MFN2 plus YFP–MFN2,
and CFP–MFN1 plus YFP–MFN1. To avoid potential false-
positive results, cells co-expressing CFP plus YFP, CFP–MFN2
plus YFP–ActA (mitochondria-specific Act-A tail-anchor
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sequence, ActA is a control protein that does not bind to MFN2 or
MFN1; Aranovich et al., 2012; Zhu et al., 1996), and CFP–MFN1
plus YFP–ActA were used as negative samples. We also evaluated
colocalization between CFP and YFP-tagged MFN2 and MFN1
(Fig. S2A,B), and performed a co-IP assay between CFP andMFN1
by using cells co-expressing CFP plus MFN1–Myc (Myc tag on the
C-terminus of MFN1) (Fig. S2C). Pearson correlation analysis (Rr)
showed that CFP did not colocalize to MFN2 or MFN1, and co-IP
assay further confirmed that CFP does not bind to MFN1. Fig. 2A
shows the fluorescence images (DD, DA, AA, where D represents
donor and A acceptor) of cells co-expressing CFP plus YFP
(control), CFP–MFN2 plus YFP–ActA (control), CFP–MFN1 plus
YFP–ActA (control), CFP–MFN2 plus YFP–MFN2, and CFP–
MFN1 plus YFP–MFN1, respectively, and the corresponding pixel-
to-pixel pseudo-color donor-centric FRET efficiency (ED) and
acceptor-centric FRET efficiency (EA) as well as the concentration
ratio (RC) of total acceptor-to-donor images. Pixel-to-pixel ED, EA

and RC values from 30 cells were binned with 0.01 bin size of RC,
and the corresponding ED–RC and EA–1/RC plots are shown in
Fig. 2B. The ED or EA values of cells co-expressing CFP plus YFP,
and CFP–MFN2 or CFP–MFN1 plus YFP–ActA were all lower
than 0.05 in the 0–4 range for RC or 1/RC, while ED or EA values
increased with RC or 1/RC, and tended to be ∼0.4 for the cells
co-expressing CFP–MFN2 plus YFP–MFN2 and ∼0.2 for the cells
co-expressing CFP–MFN1 plus YFP–MFN1 when RC or 1/RC was

larger than 2. ED and EA values for the cells co-expressing
CFP–MFN2 plus YFP–MFN2, or CFP–MFN1 plus YFP–MFN1
were significantly higher than that of the cells co-expressing CFP
plus YFP, or CFP–MFN2 or CFP–MFN1 plus YFP–ActA in the
0–4 range for RC, demonstrating that both MFN2 and MFN1 can
form homotypic oligomers.

To inspect hetero-oligomerization of MFN2 and MFN1, cells
were co-transfected with CFP–MFN1 plus YFP–MFN2.
Fluorescence images showed that MFN2 colocalized strongly
with MFN1 (Fig. 2C), which was further confirmed by the high Rr

value, with a mean of 0.76 between MFN2 and MFN1 (Fig. 2D).
Quantitative FRET two-hybrid assay was used to further quantify
the hetero-oligomerization of MFN2 and MFN1. The fluorescence
images (DD and AA) of representative cells co-expressing CFP–
MFN1 plus YFP–MFN2, and the corresponding pixel-to-pixel
pseudo-color ED and EA as well as RC images were shown in
Fig. 2E. The ED, EA and RC values from 60 cells (with bin size of
0.01 for RC) are shown in ED–RC and EA–1/RC plots (Fig. 2F). ED or
EA rapidly increased with RC or 1/RC, and tended to be a stable value
when RC was larger than 2. EAmax and EDmax can be estimated by
finding the best binding curves (Fig. 2F, red lines) during the fitting
procedure according to Eqn 5 and 6 (see Materials and Methods).
Therefore, the stoichiometry ratio (v, nD/nA) of MFN1 to MFN2
according to Eqn 7 obtained from the ratio of EAmax to EDmax was
1.06 (Fig. 2F). Statistical v values from three independent

Fig. 1. Mitochondrial localization of MFN2 and MFN1. (A) Fluorescence images of representative living HeLa cells expressing YFP, YFP–MFN2 and
YFP–MFN1. Cells were stained with Mitotracker Deep Red 633. Detail panels show information from the white boxes in the merge images, and intensity line
profiles show the fluorescence intensities of YFP and Mitotracker along the white arrows in the merge panels. Regions within the white dotted line in the
merge images were chosen for Pearson correlation analysis, and the corresponding scatter diagram and Pearson correlation coefficient (Rr) between
mitochondria and YFP, MFN2 or MFN1 are shown in the right panels. Scale bars: 10 µm. (B) Mean Rr values for the colocalization between mitochondria and
YFP, MFN2 or MFN1 in cells expressing YFP, YFP–MFN2 or YFP–MFN1. n=20 cells each. The box represents the 25–75th percentiles, and the median is
indicated by the line and the mean by a square symbol. The whiskers show the maximum and minimum values. ***P<0.001 (two-tailed Student’s t-test).
(C) Percentages of cells with indicated mitochondrial morphologies in YFP-positive cells transfected with the indicated amounts of plasmids. 100 cells were
scored for each experiment, and data were collected from three independent experiments. Data represent mean±s.d.
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experiments were 1.15±0.1 (mean±s.d.), implying that MFN1 binds
to MFN2 mainly with 1:1 stoichiometry. Live-cell FRET analysis
also showed that GTPase domain mutants of MFN2
[MFN2(K109A); alanine replacement of the lysine at residue 109
(K109A)] and MFN1 [MFN1(K88T), threonine replacement of the
lysine at residue 88 (K88T)] still have the ability of forming homo-
or hetero-oligomers (Fig. S3).

MFN2 and MFN1 both bind to Bcl-XL with 1:1 stoichiometry
To detect whether MFN2 or MFN1 colocalized with Bcl-XL in
living cells, cells were co-transfected with CFP–Bcl-XL plus
YFP–MFN2, or CFP–Bcl-XL plus YFP–MFN1, respectively,
for 24 h, and stained by using Mitotracker Deep Red 633 dye
before fluorescence imaging using our system. As shown in
Fig. 3A, Bcl-XL was observed in mitochondria and cytosol,
while MFN2 or MFN1 still localized to mitochondria. We chose
mitochondrial regions for further Pearson correlation analysis
between YFP–MFN2 or YFP–MFN1 and CFP–Bcl-XL. The

mean±s.d. Rr value (Fig. 3B) from 30 mitochondria (each
mitochondrion from a different cell) was 0.49±0.1 for the
cells co-expressing YFP–MFN2 plus CFP–Bcl-XL and was
0.54±0.11 for cells co-expressing YFP–MFN1 plus CFP–Bcl-
XL, indicating that both MFN2 and MFN1 co-localize with
Bcl-XL on mitochondria.

We next performed FRET two-hybrid assay for cells co-
transfected with CFP–Bcl-XL plus YFP–MFN2 or YFP–MFN1
to resolve the stoichiometry between MFN2 or MFN1 and Bcl-XL.
The fluorescence images of representative cells co-expressing the
indicated plasmids and the corresponding pixel-to-pixel pseudo-
color ED and EA as well as RC images are shown in Fig. 3C. Fig. 3D
shows the ED–RC and EA–1/RC plots from 60 cells, and mean±s.d. v
values from three independent experiments were 1.15±0.2 for Bcl-
XL to MFN2, and 1.28±0.23 for the Bcl-XL to MFN1, implying
that both MFN2 and MFN1 can bind to Bcl-XL to form heterotypic
oligomers, and MFN2 or MFN1 binds to Bcl-XL mainly with a 1:1
stoichiometry. Live-cell FRET analysis also showed that GTPase

Fig. 2. Homo- and hetero-oligomerization of MFN2 and MFN1. (A) Three fluorescence images (DD, DA, and AA) of representative living cells separately
co-expressing CFP+YFP (control), CFP–MFN2 or –MFN1+YFP–ActA (control), CFP–MFN2+YFP–MFN2, and CFP–MFN1+YFP–MFN1, and the
corresponding pixel-to-pixel pseudo-color ED and EA as well as RC images. Scale bars: 10 µm. (B) ED–RC and EA–1/RC plots (0.01 bin size for RC) from 30 cells
co-expressing indicated plasmids. (C) Similar images to A for living cells co-expressing CFP–MFN1+YFP–MFN2. Cells were stained with Mitotracker. Line
profiles show the fluorescence intensities of CFP, YFP and Mitotracker along the selected white arrows in the merge panels. Scale bars: 10 µm. (D) Rr values
for the colocalization between MFN1 and MFN2. The box represents the 25–75th percentiles, and the median is indicated by the line and the mean by a
square symbol. Thewhiskers show themaximum andminimum values. n=20 cells. (E) Fluorescence images (DD and AA) of representative living cells separately
co-expressing CFP–MFN1+YFP–MFN2, and the corresponding pixel-to-pixel pseudo-color ED and EA as well as RC images. Scale bars: 10 µm. (F) ED–RC

and EA–1/RC plots from at least 60 cells co-expressing CFP–MFN1+YFP–MFN2. Red lines represent the best fitted curves of data from cells co-expressing
CFP–MFN1+YFP–MFN2.
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domain mutants MFN2(K109A) MFN1(K88T) lose the ability to
bind with Bcl-XL (Fig. S4), indicating that GTPase domains of
MFN2 and MFN1 may play key roles in binding with Bcl-XL. In
contrast to our FRET assay, a co-IP assay showed that Bcl-XL co-
immunoprecipitated with not only MFN1 but also MFN2(K109A)
and MFN1(K88T) (Fig. S4).

MFN2 but not MFN1 mediates Bcl-XL-induced mitochondrial
aggregation
To assess whether the binding ofMFN2 to Bcl-XL is responsible for
Bcl-XL-induced mitochondrial aggregation, we firstly knocked
down MFN2 in HeLa cells by using small interfering RNAs
(siRNA). Cells were transfected without [control, (−)] or with
scrambled siRNA (negative control, siCtrl), or with MFN2 siRNA
(siMFN2) for 48 h, and the silencing efficiency was over 70%
(Fig. 4A). Secondly, we further used our imaging system to examine
the effect of MFN2 silencing on mitochondrial morphology.
Mitotracker Deep Red 633 dye was used to label mitochondria.
Statistical results from three independent experiments (100 cells
for each experiment) showed that ∼61% of cells exhibited
mitochondrial fragmentation in siMFN2 cells, but only 8% or 7%
of cells had mitochondrial fragmentation in siCtrl or (−) cells
(Fig. 4C), confirming that MFN2 mediates mitochondria fusion.
Finally, in order to evaluate the effect of MFN2 silencing on Bcl-
XL-induced mitochondrial aggregation, after cells were transfected
with siCtrl or siMFN2 for 24 h, cells were re-transfected without
(control) or with CFP–Bcl-XL for another 24 h, and then stained
with Mitotracker for 30 min before imaging. Statistical results from
three independent experiments (100 cells for each experiment) are
shown in Fig. 4D. In cells transfected with siCtrl and 1000 ng of

CFP, ∼11% of the cells expressing CFP exhibited aggregated
mitochondria, while 50% of the cells transfected with siCtrl and
1000 ng of CFP–Bcl-XL exhibited aggregated mitochondria.
However, when cells were transfected with siMFN2 and the same
quality of CFP–Bcl-XL, only 31% of cells exhibited mitochondrial
aggregation. These data confirm that overexpressed Bcl-XL can
induce aggregation of mitochondria in which MFN2 plays an
important role.

Similarly, we also investigated whether MFN1 is responsible for
Bcl-XL-induced mitochondrial aggregation. We also knocked down
MFN1 in HeLa cells by using siRNA, and the efficiency of MFN1
silencing was over 70% (Fig. 4B). Results of mitochondrial
fluorescence imaging showed that about 73% of the cells
transfected with siMFN1 exhibited short/fragment mitochondria.
Only 18% or 14% of the cells transfected with siCtrl or (−) had
fragment mitochondria (Fig. 4E). These data confirm that knocking
down MFN1 induces mitochondrial fragmentation. Next, we also
evaluate the effect of MFN1 silencing on Bcl-XL-induced
mitochondrial aggregation. Results from three independent
experiments showed that the proportion of cells with aggregated
mitochondria was ∼45% for the cells expressing Bcl-XL and
transfected with siCtrl. Interestingly, the proportion of cells with
aggregated mitochondria was still ∼44% for the expressing Bcl-XL
and transfected with siMFN1 (Fig. 4F). We thus reason that MFN1 is
not responsible for Bcl-XL-induced mitochondrial aggregation.

Neither MFN2 nor MFN1 alters the anti-apoptotic ability
of Bcl-XL
Based on the finding that MFN2 and MFN1 directly bind to Bcl-
XL to form hetero-oligomers (Fig. 3), we further evaluated

Fig. 3. MFN2 andMFN1 bind to Bcl-XL with 1:1 stoichiometry. (A) Fluorescence images of representative living HeLa cells co-expressing CFP–Bcl-XL+YFP–
MFN2, and CFP–Bcl-XL+YFP–MFN1, respectively. Cells were also stained with Mitotracker. Detail panels show information from white boxes in the merge
images, and intensity line profiles show the fluorescence intensities of CFP, YFP and Mitotracker along the white arrows in the merge panels. Scale bars: 10 µm.
(B)Rr values for the colocalization between Bcl-XL andMFN2 andMFN1. The box represents the 25–75th percentiles, and themedian is indicated by the line and
the mean by a square symbol. The whiskers show the maximum and minimum values. n=20 cells each. (C) Fluorescence images (DD and AA) of representative
living cells separately co-expressing CFP–Bcl-XL+YFP–MFN2 or YFP–MFN1, and the corresponding pixel-to-pixel pseudo-color ED and EA as well as RC

images. Scale bars: 10 µm. (D) ED–RC and EA–1/RC plots for cells co-expressing CFP–Bcl-XL+YFP–MFN2 or YFP–MFN1. n=60 cells each. Red lines represent
the best fitted curves of data from cells co-expressing CFP–Bcl-XL+YFP–MFN2. Black lines represent fitted curves of data from cells co-expressing CFP–Bcl-
XL+YFP–MFN1.
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whether MFN2 and/or MFN1 altered the anti-apoptotic activity of
Bcl-XL. Cells were co-transfected with CFP plus YFP, CFP plus
YFP–MFN2, CFP plus YFP–MFN1, CFP–Bcl-XL plus YFP,
CFP–Bcl-XL plus YFP–MFN2, and CFP–Bcl-XL plus YFP–
MFN1, respectively. At 24 h after transfection, cells were treated
without (control) or with STS for 5 h, and then stained by using
DilC1(5) (a membrane potential-dependent dye; lack of staining
represents no membrane potential) and Hoechst 33258 (a nuclear
staining dye) for 30 min before fluorescence imaging. Fig. 5A
shows the images of representative cells co-expressing CFP plus
YFP, CFP plus YFP–MFN2, CFP plus YFP–MFN1, CFP–Bcl-XL
plus YFP, CFP–Bcl-XL plus YFP–MFN2, and CFP–Bcl-XL plus
YFP–MFN1, respectively. In the control cells, all the co-
transfections did not induce obvious loss of mitochondrial
membrane potential [negative for DilC1(5) staining] or nuclei
condensation (cell death) (Fig. 5A–C). In STS-treated cells, 93%
of cells co-expressing CFP plus YFP were negative for DilC1(5)
and apoptosis, while only 30% of cells co-expressing CFP–Bcl-
XL plus YFP exhibited apoptosis, demonstrating the anti-
apoptotic action of Bcl-XL. Approximately 90% of the STS-
treated cells co-expressing CFP–MFN2 plus YFP were negative
for DilC1(5) and apoptosis, while ∼27% and ∼35% of the STS-
treated cells co-expressing CFP–Bcl-XL plus YFP–MFN2 were
negative for DilC1(5) and apoptosis, respectively, implying that
Bcl-XL maintains its full anti-apoptotic ability in the presence of
MFN2. Similarly, in the STS-treated cells, ∼97% and ∼95% cells
co-expressing CFP–MFN1 plus YFP were negative for DilC1(5)

and apoptosis, respectively, cells, while ∼35% and ∼38% of the
STS-treated cells co-expressing CFP-Bcl-XL plus YFP–MFN1
were negative for DilC1(5) and apoptosis, respectively, implying
that Bcl-XL maintains its full anti-apoptotic ability in the presence
of MFN1.

Interactions betweenMFN2 andMFN1 and other Bcl-2 family
proteins
We also studied the interactions between MFN2 and MFN1 and the
pro-apoptotic proteins Bax and Bak, and anti-apoptotic Mcl-1 in the
sameway. To research colocalization ofMFN2 orMFN1with Bax in
healthy (control) or apoptosis cells, cells co-transfected with CFP-
Bax and YFP–MFN2 or YFP–MFN1 for 24 h were treated without
(control) or with STS for 4 h, and then stained by using DilC1(5) for
30 min before fluorescence imaging. Our previous report (Yang
et al., 2019) has proved that STS indeed induced Bax translocation
from cytosol to mitochondria and subsequent Bax cluster formation.
In contrast to the uniform distribution of CFP–Bax in control cells
(Fig. 6A, upper panel), CFP–Bax distributes to punctuate clusters in
STS-treated cells (Fig. 6A, upper panel) and partially colocalized
with YFP–MFN2. Similarly, CFP–Bax clusters also partially
colocalized with YFP–MFN1 (Fig. 6A, lower panel). Pearson
correlation analysis showed that Rr values (Fig. 6B) between CFP–
Bax and YFP–MFN2, or CFP–Bax and YFP–MFN1were 0.12±0.06
or 0.10±0.07 in control cells, but were 0.57±0.13 or 0.50±0.15 in
STS-treated cells, suggesting that MFN2 or MFN1 colocalizes with
Bax in apoptotic cells rather than healthy cells.

Fig. 4. MFN2 but not MFN1 mediates mitochondrial aggregation induced by overexpressed Bcl-XL. (A) Immunoblots for cells transfected with (−),
scrambled siRNA (siCtrl) or MFN2 siRNA (siMFN2) for 48 h. (B) Immunoblots for cells transfected with (−), siCtrl or MFN1 siRNA (siMFN1) for 48 h. (C,E)
Representative fluorescence images (left panels) of cells transfected with indicated siRNA for 48 h and stained with Mitotracker, and percentages of cells (right
panel) with indicated mitochondrial morphologies. Scale bars: 10 µm. (D,F) Percentages of cells with indicated mitochondrial morphologies in the cells co-
transfected with the indicated siRNA for 24 h and then re-transfected with indicated plasmids for another 24 h. For B,C,E and F, data were collected from three
independent experiments (n=100 cells each). Data are mean±s.d. ***P<0.001, **P<0.01, *P<0.05, n.s. (not significant), P>0.05 (two-tailed Student’s t-test).
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We further analyzed interactions between MFN2 and MFN1
and Bax using quantitative FRET analysis. Fig. 4C showed
representative fluorescence images of cells co-expressing CFP–
Bax and YFP–MFN2, or CFP–Bax and YFP–MFN1 in control
cells and STS-treated cells, and the corresponding pixel-to-pixel
pseudo-color ED and EA as well as Rc images. ED values in the 0–6
range of RC or EA values in the 0–6 range of 1/RC between
both MFN2 and MFN1 and Bax in control cells were about 0,
much lower than that in STS-treated cells (Fig. 6D), further
confirming that MFN2 and MFN1 can only bind with clustering
Bax and not monomeric Bax. We next assessed the stoichiometry
of Bax and MFN1 in apoptosis cells by using FRET two-hybrid
assay. Results from three independent experiments (62 cells for
each experiment) showed that values (Fig. 6E) were 0.96±0.1
for cells co-expressing CFP–Bax and YFP-MFN2, and 0.9±0.1 for
cells co-expressing CFP–Bax and YFP–MFN1, revealing that
either MFN2 or MFN1 binds with clustering Bax with a 1:1
stoichiometry ratio.

To inspect the co-location of MFN2 or MFN1 with another pro-
apoptotic Bak protein, cells were co-transfected with CFP–Bak and
YFP–MFN2 or YFP–MFN1 in the presence of Z-VAD-FMK. At
14 h after transfection, cells were stained with DilC1(5) for 30 min
and subsequently were imaged using our system. Fluorescence
images (Fig. 7A) showed that mitochondria were not stained by
DilC1(5) in cells expressing CFP–Bak, but both YFP–MFN2
and YFP–MFN1 colocalized with Bak. Interestingly, Pearson
correlation analysis showed that the average Rr value (Fig. 7B)
between CFP–Bak and YFP–MFN1 was 0.60±0.17, higher than the
0.39±0.16 between CFP–Bak and YFP–MFN2, implying that the
relationship between MFN2 and Bak may be different from that
between MFN1 and Bak.

Next, quantitative FRET measurement was further used to
analyze the relationship between MFN2 and MFN1 and Bak and
Mcl-1. Representative cells (Fig. 7C) co-expressing CFP–Bak and
YFP–MFN1 showed higher ED and EA values than those for cells
co-expressing CFP–Bak and YFP–MFN2. Statistical results

Fig. 5. Neither MFN2 nor MFN1 alter the
anti-apoptotic ability of Bcl-XL. (A)
Fluorescence images of cells co-expressing
CFP+YFP, CFP+YFP–MFN2, CFP+YFP–
MFN1, CFP–Bcl-XL+YFP, CFP–Bcl-
XL+YFP–MFN2, and CFP–Bcl-XL+YFP–
MFN1 in absence (Control) or presence of
STS (2 µM, 5 h), respectively. Mitochondria
were stained with DilC1(5) to detect changes
in mitochondrial membrane potential and
nuclei were stained with Hoechst to visualize
changes in nuclear morphology. Scale bars:
10 µm. (B) Quantification of the percentage of
cells with a lack of a mitochondrial membrane
potential difference as revealed by lack of
DiIC1(5) staining. (C) Quantification of the
percentage of apoptotic cells with nuclei
condensation. For B and C, data were
collected from three independent experiments
(n=100 cells each). Data represent mean±s.d.
***P<0.001, n.s. (not significant),P>0.05 (two-
tailed Student’s t-test).
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(Fig. 7D) (60 cells) showed that ED or EA values of cells co-
expressing CFP–Bak and YFP–MFN2 were all lower than 0.05 in
the 0–4 range of RC or 1/RC, while in cells co-expressing CFP–Bak
and YFP–MFN1, EA value increased with 1/RC, and tended to be
over 0.15 when 1/RC was larger than 2. Therefore, FRET assay
results also confirm that there is indeed a difference between MFN2
andMFN1, and thatMFN1 but notMFN2 can bind with Bak. FRET
assays also showed that MFN1 and MFN2 can bind with Mcl-1
(Fig. 7E,F).

DISCUSSION
Live-cell FRET two-hybrid assays, for the first time, demonstrate
that MFN2 binds to MFN1 with 1:1 stoichiometry and both MFN2
and MFN1 can bind to Bcl-XL to form complexes with 1:1
stoichiometry. Live-cell FRET analysis also indicates that the
GTPase domains of both MFN2 and MFN1 play key roles in
binding with Bcl-XL. Moreover, the Bcl-XL complexed with
MFN2 or MFN1 maintains its full anti-apoptotic ability. Very
importantly, we also show that MFN2 but not MFN1 mediates Bcl-

XL-induced mitochondrial aggregation. Bcl-XL may be an
upstream factor that regulates mitochondrial dynamics by
regulating the activity of both the GTPases MFN2 and MFN1.

The reason that MFN2 has a more-key role than MFN1 in
Bcl-XL-induced mitochondrial aggregation may be due to the
different roles of MFN2 and MFN1 in regulating mitochondrial
morphology. Live-cell FRET two-hybrid assays showed that both
MFN2 and MFN1 bind to Bcl-XL for forming heterotypic
oligomers, which is consistent with results from previous co-IP
assays (Cleland et al., 2011) in HeLa cells. However, in HEK293T
cells, previous co-IP assays showed that Bcl-XL selectively co-
precipitated MFN2 but not MFN1 (Delivani et al., 2006), implying
different functions between MFN2 and MFN1. Indeed, a previous
report showed that knocking down MFN2 induced more cells with
thick fragmented mitochondria, but knocking down MFN1 induced
more cells with short tubular mitochondria (Eura et al., 2003),
which is consistent with our results (Fig. 4C,E). MFN2 mutant
embryos have a severe disruption of the placental trophoblast giant
cell layer, but MFN1-deficient giant cells are normal (Chen et al.,

Fig. 6. MFN2 and MFN1 bind to clustered Bax but not monomeric Bax. (A) Fluorescence images of representative living or STS-treated HeLa cells co-
expressing CFP–Bax and YFP–MFN2 or YFP–MFN1, and stained with DilC1(5). Detail panel shows information from white boxes in the merge images, and
intensity line profiles show the fluorescence intensities of CFP, YFP and DilC1(5) along thewhite arrows in the merge panels. Scale bars: 10 µm. (B)Rr values for
the colocalization between Bax andMFN2 or MFN1 in living or STS-treated HeLa cells expressing CFP–Bax and YFP–MFN2 or YFP–MFN1. The box represents
the 25–75th percentiles, and the median is indicated by the line and the mean by a square symbol. The whiskers show the maximum and minimum values. n=20
cells. (C) Fluorescence images (DD and AA) of representative living or STS-treated cells co-expressing CFP–Bax and YFP–MFN2 or YFP–MFN1, and
corresponding pixel-to-pixel pseudo-color ED and EA as well as RC images. Scale bars: 10 µm. (D) ED–RC and EA–1/RC plots (0.01 bin size for RC) from living or
STS-treated cells co-expressing CFP–Bax and YFP–MFN2 and YFP–MFN1 (n=62 cells each). Red lines represent the best fitted curves of data from
cells co-expressing CFP–Bax+YFP–MFN2 (STS). Black lines represent fitted curves of data from cells co-expressing CFP−Bax+YFP−MFN1 (STS).
(E) Stoichiometry ratio (v, nD/nA) of Bax to MFN2 and MFN1 in STS-treated cells from three independent experiments. Data are mean±s.d.
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2003). Katsuyoshi’s group also showed that MFN1 and MFN2
exhibit distinct activity in a GTP-dependent mitochondrial tethering
reaction and that purified recombinantMFN1 exhibited about 8-fold
higher GTPase activity than MFN2 (Ishihara et al., 2004). Recent
structural studies of truncated MFN1 and MFN2 (Cao et al., 2017;
Li et al., 2019) have revealed that unlikeMFN1, MFN2 forms stable
dimers even after GTP hydrolysis to maintain its high membrane-
tethering efficiency. Our data that the values of ED/EA for cells co-
expressing CFP–MFN2 and YFP–MFN2 were higher than those for
cells co-expressing CFP–MFN1 and YFP–MFN1 (Fig. 2A) support
the view that membrane-tethering efficiency ofMFN2 is higher than
that of MFN1. Accordingly, we propose that MFN1 plays a direct
role in maintaining mitochondrial elongation, while MFN2 plays a
direct role in maintaining mitochondrial tethering. Mitochondrial
aggregation induced by Bcl-XL is mainly stimulated through
MFN2-mediated mitochondrial tethering. Our data verify the notion
that MFN2 and MFN1 play different roles in regulating
mitochondrial morphology.
Our results showing that overexpression of Bcl-XL but notMFN1

or MFN2 protects against STS-induced apoptosis seems to
contradict the findings that Fzo1 inhibits etoposide and anti-Fas
antibody-induced apoptosis (Sugioka et al., 2004). Etoposide is in
the topoisomerase inhibitor family of medication and it is believed
to work by damaging DNA (Loike and Horwitz, 1976; Kalwinsky

et al., 1983). Fzo1 may delay apoptosis by inhibiting apoptotic
mitochondrial fission to compensate for DNA damage induced by
etoposide. Mitochondrial fusion may be sufficient to delay Fas-
induced apoptosis, but not enough to delay STS-induced apoptosis.
It is also possible that mitochondrial fusion causes more or less
delay to apoptosis, but at least in our experiment, the anti-apoptotic
function of MFN2 and MFN1 is not comparable to that of Bcl-XL.

Our data also indicate that both MFN2 and MFN1 form homo-
dimers to regulate mitochondrial aggregation. Analysis of the
crystal structure of the HR2 domain of MFN1 resolved that HR2
polypeptide folds into a dimeric antiparallel coiled coil (Koshiba
et al., 2004). Later structural and biochemical analysis revealed that
the HR2 in the MFN1 may form part of the predicted helix bundle
region and that membrane tethering likely needs active hydrolysis of
GTP to form nucleotide-dependent dimerization ofMFN1 (Qi et al.,
2016). In 2017, Gao’s group highlighted that dimerization of the
GTPase domains of MFN1 is regulated by guanine nucleotide (Cao
et al., 2017). Recently, Gao’s group also proposed that MFN2
remains dimerized after GTP hydrolysis, which is in contrast to the
GTP hydrolysis-dependent dimerization of MFN1 (Li et al., 2019).
Here, live-cell FRET assays demonstrate the homo-oligomerization
of both MFN2 and MFN1 (Fig. 2A). To further resolve the MFN2
and MFN1 homo-oligomers, we used another FRET analysis
method [ED=(1−(1/(1+RC))^(n−1))×EDmax, where n is the number

Fig. 7. FRET assay between MFN2 or MFN1 and Bak or Mcl-1. (A) Fluorescence images of representative HeLa cells co-expressing CFP–Bak and YFP–
MFN2or YFP–MFN1, and stained with DilC1(5). Detail panel shows information from white boxes in the merge images, and intensity line profiles show the
fluorescence intensities of CFP, YFPandDilC1(5) along thewhite arrows in themerge panels. Scale bars: 10 µm. (B)Rr values for the colocalization betweenBak and
MFN2 or MFN1 in HeLa cells expressing CFP–Bak and YFP–MFN2 or YFP–MFN1. The box represents the 25–75th percentiles, and the median is indicated
by the line and the mean by a square symbol. The whiskers show the maximum and minimum values. n=20 cells. (C) Fluorescence images (DD and AA) of
representative cells co-expressing CFP-Bak and YFP–MFN2/MFN1, and corresponding pixel-to-pixel pseudo-color ED and EA as well as RC images. Scale bars:
10 µm. (D) ED–RC and EA–1/RC plots (0.01 bin size for RC) from cells co-expressing CFP–Bak and YFP–MFN2 or YFP–MFN1 (n=60 cells each). (E) Fluorescence
images (DD and AA) of representative cells co-expressing CFP–Mcl-1 and YFP–MFN2 or YFP–MFN1, and corresponding pixel-to-pixel pseudo-color ED

and EA as well as RC images. Scale bars: 10 µm. (F) ED–RC and EA–1/RC plots (0.01 bin size for RC) from cells co-expressing CFP–Mcl-1 and YFP–MFN2 or
YFP–MFN1 (n=60 cells each).
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of homo-oligomers; see Materials and Methods] exactly as
described previously (Adair and Engelman, 1994; Meyer et al.,
2006) to evaluate the data in Fig. 2A, and the n value obtained by
fitting ED–RC plots was 2.4 for the cells co-expressing CFP–MFN2
and YFP–MFN2, and was 2.0 for the cells co-expressing CFP–
MFN1 and YFP–MFN1, indicating that both MFN2 and MFN1
regulate mitochondrial fusion, likely through forming dimers.
Mitochondrial aggregation only occurs upon overexpression of
MFN1, MFN2 or Bcl-XL but not lower expression levels of that.
MFN-deficient cells had dramatically fragmented mitochondria, but
MFN-deficient cells infected with MFN-expressing retrovirus
showed predominantly tubular mitochondria (Chen et al., 2003).
High levels of expression of MFN1, MFN2, Bcl-XL or incompetent
MFN mutants do induce mitochondrial aggregation (Delivani et al.,
2006; Sheridan et al., 2008; Eura et al., 2003). Mitochondrial
aggregation may therefore occur just because there is much more
MFN2 and MFN1 forming dimers. Mitochondrial aggregation may
be just one step, probably one necessary step, for mitochondrial
fusion. Other steps or factors, such as nucleotides, are also needed to
assist mitochondrial aggregation to achieve mitochondrial fusion.
The specific regulation mechanism of mitochondrial fusion or
mitochondrial aggregation calls for further study.
Another question is whether Bcl-XL, mitofusins and pro-

apoptotic proteins can form heterotrimers. Bcl-XL, an anti-
apoptotic Bcl-2 family protein, inhibits cells apoptosis mainly
through inhibiting the activation of pro-apoptotic proteins (Willis
et al., 2005; Hockings et al., 2018; Ku et al., 2011). The BH1, BH2
and BH3 domains of Bcl-XL are important for heterodimerization
with other pro-apoptotic proteins (Yin et al., 1994; Cheng et al.,
1996; Muchmore et al., 1996; Sattler et al., 1997). Our data show
that neither MFN2 nor MFN1 inhibited STS-induced cells
apoptosis, but Bcl-XL complexed with MFN2 or MFN1
maintained its full anti-apoptotic ability in response to STS
treatment. In other words, interaction between MFN2 or MFN1
and Bcl-XL has no significant effect on apoptosis, at least for
apoptosis induced by STS. Two regulation modes can be used for
explaining the full anti-apoptotic ability of the MFN2– and MFN1–
Bcl-XL complex: one mode is that Bcl-XL, MFN2 and MFN1 and
pro-apoptotic proteins can form heterotrimers; another mode is that
association between Bcl-XL and MFN2 and MFN1 is unstable, and
probably is a ‘kiss-and-run’. Although a previous report showed that
the chimera between Bcl-XL and Bax (Bcl-XL/Bax H5) induced
substantial mitochondrial fragmentation in healthy cells via binding
to MFNs (Cleland et al., 2011), it is not clear which domain of Bcl-
XL plays a key role in binding with MFNs. It may be worthwhile to
explore which regulation mode is dominant.
Interestingly, the GTPase domain mutants of MFN2

[MFN2(K109A)] and MFN1 [MFN1(K88T)] still had the ability
to form oligomers, but lost the ability for binding with Bcl-XL. The
two mutated lysine residues here belong to the conserved G2 or G1
(P-loop) motif of GTPases, which coordinate the phosphate groups
of the bound guanine nucleotide (Qi et al., 2016; Cao et al., 2017;
Yan et al., 2018), and the two mutants will decrease activity of
GTPases (Yan et al., 2018; Ishihara et al., 2004; Detmer and Chan,
2007). In fact, we performed quantitative FRET assay for cells co-
expressing CFP-labeled MFN2(K109A) and YFP-labeled
MFN2(K109A), CFP-labeled MFN1(K88T) and YFP-labeled
MFN1(K88T), or CFP–MFN1(K88T) and YFP–MFN2(K109A),
respectively, and our results showed that MFN2(K109A) and
MFN1(K88T) can form homo- and hetero-oligomers (Fig. S3),
which is contrast to results from a previous report showing that
MFN1(K88T)–FLAG does not co-precipitate with MFN1(K88T)–

HA (Ishihara et al., 2004). However, our FRET assay demonstrated
no binding between MFN2(K109A) and Bcl-XL (Fig. S4C), or
between MFN1(K88T) and Bcl-XL (Fig. S4C), which is contrast to
our results of co-IP assay (Fig. S4D) between CFP–Bcl-XL and
MFN2(K109A)–Myc and MFN1(K88T)–Myc. One reason for this
could be that different environments between living and apoptotic
cells lead to different binding capacities between Bcl-XL and
MFN2(K109A) or MFN1(K88T) and explain the controversial
results. It is possible for that MFN2(K109A) orMFN1(K88T) binds
with Bcl-XL in a kiss-and-run manner in living cells, and our FRET
assay based on averages of large amounts of data will show a lower
degree of such binding but that a co-IP assay would not detect this
difference. These results confirm a notion that the GTPase domains
of MFN2 and MFN1 play key roles in binding with Bcl-XL.
Mutation of this residue would not normally affect the overall
folding of the protein, but binding of the nucleotide (Yan et al.,
2018). It may be worthwhile to explore whether this residue is
directly involved in the interface or whether this interaction is
dependent on the loading of GTP/GDP to MFNs. FRAP analysis
and direct observation of fission and fusion all show that Bcl-XL
overexpression significantly increases the rate of mitochondrial
fusion (Berman et al., 2009; Delivani et al., 2006). Addition of
purified recombinant full-length monomeric soluble Bcl-XL also
stimulates mitochondrial fusion in a dose-dependent manner
(Hoppins et al., 2011). In vitro GTPase assays performed with
purified recombinant full-length Bcl-XL show that Bcl-XL
increases Drp1 GTPase activity (Li et al., 2008), indicating that
Bcl-XL may induce mitochondrial fragment by activating Drp1.
Similar to the increased Drp1 GTPase activity mediated by Bcl-XL,
Bcl-XL may increase the GTPase activity of MFN2 to induce
MFN2-dependent mitochondrial aggregation.

Several studies focus on uncovering roles of Bax in regulating
mitofusins to balance mitochondrial networks. The mitochondria in
cells lacking Bax and Bak are shorter, have less network continuity
and lower fusion rates (Karbowski et al., 2006). In vitro fusion
assays have demonstrated that the soluble form of Bax positively
regulates mitochondrial fusion exclusively through homotypic
MFN2 trans complexes (Hoppins et al., 2011), and yeast two-
hybrid analysis indicates that Bax selectively interacts with MFN2
and not MFN1. co-IP experiments show that Bax bound bothMFN2
and MFN1 in HeLa cells (Cleland et al., 2011). In apoptotic cells,
Bax and Bak colocalize with MFN2 (Karbowski et al., 2002; Youle
and Karbowski, 2005), and mitochondrial fusion is blocked by the
accumulation of membrane-inserted oligomerized Bax (Karbowski
et al., 2004; Hoppins et al., 2011). The difference in these results
may due to the experimental environment. Our live-cell FRET
results show no direct binding relation between Bax and MFN2 or
MFN1 in healthy cells, but both Bax–MFN2 and Bax–MFN1
complexes exist in apoptotic cells. We reason that monomeric Bax
may act in two ways, by directly binding MFN2 and indirectly
mediating another protein, to activate MFN2, and the second way
dominates in living healthy HeLa cells. In apoptotic cells, each Bax
protein in the Bax clusters can bind one MFN2 or MFN1, and
oligomerized Bax seems to inhibit activation of MFN2 or MFN1 by
directly binding with them.

In contrast to oligomerized Bax associating with both MFN2 and
MFN1 in apoptotic cells, Bak selectively associates with MFN1 in
apoptotic HeLa cells. Previous co-IP assays (Brooks et al., 2007)
performed in HeLa cells show that Bak interacts with MFN1 and
MFN2 in healthy HeLa cells, but Bak dissociates from MFN2 and
enhances the association with MFN1 in apoptotic cells, which is
consistent with our results. It is difficult to obtain cells with an RC of
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MFN1 to Bak larger than 2, which further confirms the view that
only oligomerized Bak can associate with MFN1. Moreover, from
EA–1/RC and ED–RC plots for cells co-expressing Bak and MFN1, it
can be seen that ED or EA values both increase with RC or 1/RC, but
EA does not tend to be a constant value when 1/RC was larger than 2
or even 4, probably because of multiple binding forms existing
between Bak and MFN1. In addition, neither MFN2 nor MFN1
prevent apoptosis induced by oligomerized Bak (Fig. 7D) in our
experiment, which is different from the results of a previous study
showing that MFN2 and MFN1 expression delay Bak activation
(Sugioka et al., 2004). This difference may due to overexpressed
Bak having a strong ability to auto-oligomerize without apoptotic
stimulus, but that MFN2 or MFN1 do not have the same ability as
Bcl-XL to prevent mitochondrial Bak oligomerization (Willis et al.,
2005; Hockings et al., 2018).
In summary, MFN2 and MFN1 associate with Bcl-XL to form

complexes with 1:1 stoichiometry, and MFN2 but not MFN1
participates in Bcl-XL-mediated mitochondrial aggregation. In
addition, the GTPase domain of MFN2 and MFN1 plays a key role
in mediating binding to Bcl-XL. Neither MFN2 nor MFN1 alters
the anti-apoptotic ability of Bcl-XL. These findings provide new
evidence for understanding the molecular interplay between
mitochondrial dynamics and apoptosis.

MATERIALS AND METHODS
DNA constructs and siRNAs
MFN2–YFP was Addgene plasmid #28010 (deposited by Richard Youle;
RRID:Addgene_28010) (Karbowski et al., 2002). MFN1–Myc was
Addgene plasmid #23212 (deposited by David Chan; RRID:
Addgene_23212) (Chen et al., 2003). MFN2(K109A)-16xmyc was
Addgene plasmid #26051 (deposited by David Chan, RRID:
Addgene_26051). MFN1(K88T)-10xmyc was Addgene plasmid #26050
(also deposited by David Chan; RRID:Addgene_26050). ECFP-Bak was
Addgene plasmid #31501 (deposited by Richard Youle, RRID:
Addgene_31501; Nechushtan et al., 2001). pEYFP-C1-Drp1 was
Addgene plasmid #45160 (deposited by Richard Youle, RRID:
Addgene_45160; Frank et al., 2001). pcDNA3-CFP was Addgene
plasmid #13030 (deposited by Doug Golenbock, RRID:Addgene_13030).
pcDNA3-YFP was Addgene plasmid #13033 (also deposited by Doug
Golenbock, RRID:Addgene_13033). CFP-Bcl-XL and CFP-Bax were
kindly supplied by Andrew P. Gilmore (University of Manchester, UK;
Valentijn et al., 2003). The YFP-G4-CFP (CFP–YFP dimer, C4Y) was
kindly provided by Christian Wahl-Schott (Department Pharmazie,
Ludwig-Maximilians-Universität München, Germany; Butz et al., 2016).
mCherry-ActA (mitochondria-specific Act-A tail-anchor sequence, ActA is
a control protein that does not bind toMFN2 or MFN1) was kindly provided
by David W. Andrews (McMaster University, Canada; Aranovich et al.,
2012). CFP–Mcl-1 plasmid was synthesized as previously described (Wang
et al., 2020). To generate plasmids encoding CFP fused to MFN2, MFN1,
MFN2(K109A) or MFN1(K88T) the coding region for the relevant protein
was prepared by PCR from cDNA from the plasmids described above and
was ligated into pECFP-C1 vector obtained by double enzyme digestion
(XhoI-BamHI) of ECFP-Bak plasmid. YFP–MFN2, YFP–MFN1, YFP–
MFN2(K109A) and YFP–MFN1(K88T) was generated by ligating the
coding region of the relevant protein into pEYFP-C1 vector obtained by
double enzyme digestion (XhoI-BamHI) of pEYFP-C1-Drp1 plasmid.
CFP or YFP was fused to N-terminal of MFN2, MFN1, MFN2(K109A) or
MFN1(K88T) to generate CFP-tagged MFNs or YFP-tagged MFNs, in a
similar manner to that described by Brooks et al. (2007). A schematic of
YFP-tagged MFNs and CFP-tagged Bcl-XL is shown in Fig. S1. We
previously constructed YFP–ActA using coding region of ActA from
mCherry–ActA and YFP from YFP–Bak (Yang et al., 2019).

siRNAs were used to knock down MFN2 or MFN1 in HeLa cells. The
target sequences for MFN2 and MFN1 were as follows: human MFN2-
siRNA, 5′-AAGGACAAGCGACACATGGCT-3′ (IGEBio, Guangzhou,

China); and human MFN1-siRNA, 5′-GGCGTCCGTTACATCTAGA-3′
(RIBOBio, Guangzhou, China). Scrambled siRNAs (negative control) for
MFN2-siRNA and MFN1-siRNA were purchased from IGEBio
(Guangzhou, China) and RIBOBio (Guangzhou, China), respectively.

Cell culture, transfection and staining
HeLa cells obtained from the Department of Medicine (Jinan University,
Guangzhou, China) were cultured exactly as described previously (Yang
et al., 2019). When cells reached 70% to 90% confluence in a 30-mm glass
dish, cells were transfected with the indicated amounts of DNA plasmids
using TurboFect Transfection Reagent (Thermo Fisher Scientific) for
14–36 h. Fluorescence imaging was always performed after cells were
transfected with Bak for 14 h but other DNA plasmids for 24 h. Cells
transfected with Bak were always incubated with 10 µM of the broad-
spectrum caspase inhibitor Z-VAD-FMK (Merck-Calbiochem, USA). To
induce apoptosis, cells transfected with the indicated plasmids were treated
with 2 µM staurosporine (STS) (Sigma, Santa Clara, USA), an apoptotic-
positive drug, for 5 h.

For transfection of siRNAs, cells at 30% to 50% confluence were
transfected with 50 nM of siRNA by using Lipofectamine 2000 (Invitrogen,
Carlsbad, USA) for 48 h, and then subjected to western blot analysis. For
cells that needed to be transfected with both siRNA and DNA plasmids,
cells were first transfected with siRNAs and then transfected with DNA
plasmids on the next day.

To visualize mitochondrial morphology, the transfected cells were
incubated with 50 nM DilC1(5) (Invitrogen, Carlsbad, USA), or 250 nM
MitoTracker Deep Red 633 dye (Invitrogen, Carlsbad, USA) for 30 min,
and then washed twice with PBS before imaging. Hoechst 33258 (Gclone,
#CS2307) was used for staining nuclear DNA.

Antibodies
Primary antibodies were used in this study as follows: anti-MFN2 rabbit
monoclonal antibody (11925S, Cell Signaling Technology), anti-MFN1
rabbit monoclonal antibody (14739S, Cell Signaling Technology), anti-
Myc-tag mouse monoclonal antibody (2276S, Cell Signaling Technology),
anti-GFP mouse monoclonal antibody (HT801, TransGen Biotech) and
anti-GAPDH mouse mAb(2B8) (TDY042, TDY Biotech). Because CFP
and GFP are both labeled by the same primary anti-GFP antibody, anti-GFP
antibody was used for anti-CFP in this report. Primary antibodies were used
at 1:1000 overnight at 4°C. Secondary antibodies used for western blotting
include: Alexa Fluor® 790 AffiniPure goat anti-rabbit IgG (H+L) (1:20,000;
111655144, Jackson ImmunoResearch) and HRP affinipure goat anti-
mouse IgG (H+L) (1:10,000; S001, TDY Biotech). Antibodies were used
according to the manufacturer’s recommendations. GAPDH was used as
loading control. Anti-Myc-tag mouse monoclonal antibody (1:1000) was
also used for the immunoprecipitation assay.

Western blotting and immunoprecipitation assays were performed as
described previously (Wang et al., 2019; Yu et al., 2020).

Microscopy imaging
Microscopy imaging was performed on a Zeiss ApoTome.2 image system
(Axio Observer 7, Carl Zeiss, Oberkochen, Germany) equipped with an
inverted wide-field fluorescence microscope, an ApoTome.2 module for
structured illumination and a CCD camera for imaging (Axiocam 506mono,
Carl Zeiss, Oberkochen, Germany). The wide-field fluorescence
microscope consists of a metal halide lamp (X-Cite 120, 120Q, Excelitas,
MA, USA), a 63×1.4 NA oil immersion and five filter-cubes. 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 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 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). A
cube comprising a BP565/30 nm excitation filter (Carl Zeiss, Germany) and
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a dichroic mirror of FT585 (Carl Zeiss, Germany) as well as a BP620/60 nm
emission filter (Carl Zeiss, Germany) was used for imaging Mito-Tracker
Deep Red 633 and DiIC1(5). A cube comprising a BP359/48 nm excitation
filter (Carl Zeiss, Germany) and a dichroic mirror of FT395 (Carl Zeiss,
Germany) as well as a BP445/50 nm emission filter (Carl Zeiss, Germany)
was used for imaging Hoechst 33258.

FRET two-hybrid assay
Measurement of FRET efficiency and total concentration ratio of acceptor
to donor molecules
Donor-centric FRET efficiency (ED) and acceptor-centric FRET
efficiency (EA), as well as the total concentration ratio (RC) of acceptor
to donor molecules, were determined as follows (Butz et al., 2016;
Erickson et al., 2001; Hoppe et al., 2002; Zal and Gascoigne, 2004; Chen
et al., 2006):

ED ¼ FC

FC þ GIDD
; ð1Þ

EA ¼ FC

aIAA

1AðlDÞ
1DðlDÞ ; ð2Þ

RC ¼ kIAA
FC=G þ IDD

; ð3Þ

where

FC ¼ IDA � aðIAA � cIDDÞ � dðIDD � bIAAÞ: ð4Þ
εA(λD) and εD(λD) are the absorption coefficient of acceptor (A) and
donor (D) at donor excitation the wavelength (λD), respectively; FC is
sensitized emission fluorescence; a and b are acceptor bleedthrough in
the IDA and IDD filter sets, and c and d are donor bleedthrough in the IAA
and IDA filter sets, respectively. G is the ratio of the sensitized emission
of acceptor to an equivalent quenching of donor and k is the ratio of
donor-to-acceptor fluorescence intensity for equimolar concentrations in
the absence of FRET. G, k and εA/εD can be predetermined using a
tandem CFP–YFP dimer as described previously (Du et al., 2018).

Obtaining maximum FRET efficiency
To obtain EDmax (maximum ED, the EDwhen all donor molecules are bound
to acceptor) and the saturation binding curve of ED to RC, ED values were
distributed into bins according to RC and plotted against RC with the
function as follows (Aranovich et al., 2012; Zacharias et al., 2002):

ED ¼ EDmaxRC

Kd þ RC
; ð5Þ

whereKd is the relative equilibrium dissociation constant. Similar arguments
can be used to show the relationship between EA and 1/RC as follows:

EA ¼ EAmaxð1=RCÞ
Kd þ ð1=RCÞ ; ð6Þ

where EAmax is the maximum EAwhen all acceptor molecules are bound to
donor. According to Eqns 5 and 6, EAmax and EDmax can be determined by
simultaneously fitting ED–RC and EA–1/RC plots.

Determination of stoichiometry
The stoichiometry (v) of a D–A complex is determined by using the EDmax

and EAmax values as follows (Ben-Johny et al., 2016):

v ¼ nD
nA

¼ EAmax

EDmax
; ð7Þ

where nX is the number of X molecules in the D-A complex.

Statistics
Image analysis was conducted with ZEN 2.3 software (Carl Zeiss,
Oberkochen, Germany) and Image-Pro Plus (Media Cybernetics,
Maryland, USA). Statistical and graphical analyses were done using the

software SPSS 22 (SPSS, Chicago, USA) and Origin 8.0 (OriginLab,
Massachusetts, USA).
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Züchner, S., Mersiyanova, I. V., Muglia, M., Bissar-Tadmouri, N., Rochelle, J.,
Dadali, E. L., Zappia, M., Nelis, E., Patitucci, A., Senderek, J. et al. (2004).
Mutations in the mitochondrial GTPase mitofusin 2 cause Charcot−Marie−Tooth
neuropathy type 2A. Nat. Genet. 36, 449-451. doi:10.1038/ng1341

14

RESEARCH ARTICLE Journal of Cell Science (2020) 133, jcs245001. doi:10.1242/jcs.245001

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

https://doi.org/10.1007/s10495-019-01555-7
https://doi.org/10.1007/s10495-019-01555-7
https://doi.org/10.1007/s10495-019-01555-7
https://doi.org/10.1016/j.bbrc.2020.03.181
https://doi.org/10.1016/j.bbrc.2020.03.181
https://doi.org/10.1016/j.bbrc.2020.03.181
https://doi.org/10.1101/gad.1304105
https://doi.org/10.1101/gad.1304105
https://doi.org/10.1101/gad.1304105
https://doi.org/10.1101/gad.1304105
https://doi.org/10.1038/s41594-018-0034-8
https://doi.org/10.1038/s41594-018-0034-8
https://doi.org/10.1038/s41594-018-0034-8
https://doi.org/10.1038/s41594-018-0034-8
https://doi.org/10.1007/s00018-019-03286-z
https://doi.org/10.1007/s00018-019-03286-z
https://doi.org/10.1007/s00018-019-03286-z
https://doi.org/10.1038/369321a0
https://doi.org/10.1038/369321a0
https://doi.org/10.1038/369321a0
https://doi.org/10.1038/nrm1697
https://doi.org/10.1038/nrm1697
https://doi.org/10.1016/j.biocel.2020.105720
https://doi.org/10.1016/j.biocel.2020.105720
https://doi.org/10.1016/j.biocel.2020.105720
https://doi.org/10.1016/j.biocel.2020.105720
https://doi.org/10.1126/science.1068539
https://doi.org/10.1126/science.1068539
https://doi.org/10.1126/science.1068539
https://doi.org/10.1529/biophysj.103.022087
https://doi.org/10.1529/biophysj.103.022087
https://doi.org/10.1529/biophysj.103.022087
https://doi.org/10.1002/j.1460-2075.1996.tb00788.x
https://doi.org/10.1002/j.1460-2075.1996.tb00788.x
https://doi.org/10.1002/j.1460-2075.1996.tb00788.x
https://doi.org/10.1002/j.1460-2075.1996.tb00788.x
https://doi.org/10.1038/ng1341
https://doi.org/10.1038/ng1341
https://doi.org/10.1038/ng1341
https://doi.org/10.1038/ng1341

