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Abstract

Background: Mitochondrial dynamics is the result of a dynamic balance between fusion and fission events, which are
driven via a set of mitochondria-shaping proteins. These proteins are generally considered to be binary components of
either the fission or fusion machinery, but potential crosstalk between the fission and fusion machineries remains less
explored. In the present work, we analyzed the roles of mitochondrial elongation factors 1 and 2 (MIEF1/2), core
components of the fission machinery in mammals.

Results: We show that MIEFs (MIEF1/2), besides their action in the fission machinery, regulate mitochondrial fusion
through direct interaction with the fusion proteins Mfn1 and Mfn2, suggesting that MIEFs participate in not only fission
but also fusion. Elevated levels of MIEFs enhance mitochondrial fusion in an Mfn1/2- and OPA1-dependent but Drp1-
independent manner. Moreover, mitochondrial localization and self-association of MIEFs are crucial for their fusion-
promoting ability. In addition, we show that MIEF1/2 can competitively decrease the interaction of hFis1 with Mfn1
and Mfn2, alleviating hFis1-induced mitochondrial fragmentation and contributing to mitochondrial fusion.

Conclusions: Our study suggests that MIEFs serve as a central hub that interacts with and regulates both the fission
and fusion machineries, which uncovers a novel mechanism for balancing these opposing forces of mitochondrial
dynamics in mammals.
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Background

Mitochondria frequently change their morphology, size,
and distribution via fission and fusion events to respond
to altered metabolic demands or pathogenic assaults to
the cell [1, 2]. Consequently, mitochondrial morphology
is highly variable and takes on different shapes, such as
small spheres, short tubules, and long tubular networks
[3]. The dynamic changes in morphology, referred to as
mitochondrial dynamics, are controlled by a set of
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mitochondria-shaping proteins through fission- and
fusion-promoting programs, which counterbalance each
other [1, 3-7].

Mitochondria-shaping proteins are generally classified as
participating either in the mitochondrial fission or fusion ma-
chinery [7-11]. In mammalian cells, the mitochondrial fusion
machinery contains three key components, including two
mitochondrial outer membrane (MOM)-anchored dynamin-
related GTPases, mitofusin 1 and 2 (Mfnl and Mfn2), and
one mitochondrial inner membrane (MIM)-anchored
GTPase, optic atrophy 1 (OPA1). Mfnl and Mfn2 are re-
sponsible for the fusion of the outer mitochondrial mem-
branes [12—-14], whereas OPA1 is responsible for the fusion
of the inner membranes [15-17]. On the fission side,
dynamin-related protein 1 (Drpl) together with Mff, MIEFs
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(MIEF1 and MIEF2), and Fisl constitute the core compo-
nents of the mammalian fission machinery [2, 18]. Drpl
plays a central role in the mitochondrial division [1, 3, 19],
and it is a dynamin-related GTPase predominantly residing
in the cytosol. Drp1 can be recruited from the cytosol to the
mitochondrial surface, where it is assembled into higher-
oligomeric ring complexes to wrap around the mitochondria,
mediating mitochondrial division via its GTPase activity [18,
20]. However, unlike Mfns and OPA1, Drpl does not con-
tain any membrane-anchored domains, and recruitment of
Drpl to mitochondria therefore represents a crucial step in
regulating Drp1-mediated mitochondrial division. The mode
of Drp1 recruitment appears to differ between mammals and
yeast. In mammalian cells, four MOM-anchored proteins,
i.e, mitochondrial fission factor (Mff), mitochondrial elong-
ation factor 1 and 2 (MIEF1 and MIEF2, also known as
MiD51 and MiD49), and mitochondrial fission 1 (Fis1), are
currently known to serve as receptors for recruiting Drpl to
mitochondria [1, 3]. In yeast, Fislp is the major receptor for
recruiting Dnm1p (the Drpl ortholog in yeast) to mitochon-
dria via one of the adaptor proteins Mdvlp and Cafdp [10,
21]. However, increasing evidence suggests that mammalian
Fis1 is not essential for Drpl recruitment [22], and overex-
pression or knockdown of Fisl does not affect the distribu-
tion of Drpl on mitochondria [23]. Instead, the three
additional mammalian MOM-anchored proteins Mff,
MIEF1, and MIEF2 play a major role in the recruitment of
Drpl to mitochondria [22, 24—26]. Knockdown of Mff re-
duces the association of Drpl on mitochondria, resulting in
mitochondrial elongation, whereas overexpression of Mff in-
creases Drpl recruitment to mitochondria, facilitating mito-
chondrial fragmentation [22].

How MIEFs act in mitochondrial dynamics is however
more enigmatic. A number of reports support a role for
MIEFs in mitochondrial fission. Notably, MIEFs interact
with Drpl in a manner independent of hFis1 and Mff [25,
26]. Increased expression of either MIEF1 or MIEF2 re-
cruits Drpl to the surface of mitochondria but blocks
mitochondrial fission potentially via sequestering Drpl
into an inactive form on mitochondria, resulting in mito-
chondrial elongation [25-28]. Strikingly, knockdown of
MIEFs however also causes mitochondrial elongation
under most conditions [27-29]. A recent study further
suggests that MIEFs can serve as molecular bridges be-
tween Drpl and Mff, and in line with this notion depletion
of MIEFs significantly reduces the association of Drpl
with Mff, thereby promoting mitochondrial elongation
[29]. There are however also studies implying a role for
MIEFs in promoting fusion. It was originally shown by us
that elevated levels of MIEF1 reverse Mfn2 knockdown-
induced mitochondrial fragmentation in 293T cells and fa-
cilitate mitochondrial fusion, causing mitochondrial
elongation [25]. Along similar lines, Palmer et al. [30] re-
ported that exogenous expression of MIEF1 or MIEF2 in
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mouse embryonic fibroblasts (MEFs) reverses Mfnl or
Mfn2 deficiency-induced mitochondrial fragmentation,
resulting in mitochondrial elongation. The mitochondrial
elongation caused by high MIEF1/2 expression was pre-
sumed to be due to sequestration and inactivation of Drpl
on mitochondria, blocking fission and leading to un-
opposed mitochondrial fusion [30]. Thus, whether MIEFs
directly participate in the regulation of mitochondrial fu-
sion still remains controversial.

In this report, we analyze the molecular basis for the
action of MIEFs in mitochondrial fusion. We find that
MIEFs interact with the pro-fusion proteins Mfnl and
Mfn2 and that elevated levels of MIEF1 or MIEF2 facili-
tate mitochondrial fusion irrespective of whether Drpl is
present or not. Furthermore, we show that MIEFs can
affect hFisl’s interaction with Mfnl and Mfn2 in the fu-
sion machinery, thereby abrogating the inhibitory effect
of hFisl on fusion and reversing hFisl-induced mito-
chondrial fragmentation, resulting in mitochondrial
elongation. Finally, mitochondrial localization and self-
association of MIEFs are indispensable for the fusion-
promoting ability of MIEFs. In summary, our data show
that MIEFs interact with the major components in both
the fission and fusion machineries and serve as a hub for
regulating the balance between fusion and fission in
mammalian cells.

Results

MIEFs are part of both the mitochondrial fission and
fusion machineries

In order to explore the potential relationship between
MIEFs and the mitochondrial fusion apparatus, we per-
formed co-immunoprecipitation (co-IP) followed by im-
munoblotting analysis in  293T cells transiently
expressing MIEF1-V5 or MIEF2-V5 after in vivo chem-
ical crosslinking as previously described [25, 31]. In
keeping with the results above, apart from the inter-
action with the pro-fission proteins Drp1, hFis1, and Mff
as previously reported [25, 26, 29], we found that the
key pro-fusion GTPases Mfnl and Mfn2 were both co-
precipitated efficiently with exogenously expressing
MIEF1-V5 and MIEF2-V5 (Fig. la). Similarly, at en-
dogenous levels, MIEF1 and MIEF2 could be co-
immunoprecipitated with beads pre-incubated with anti-
bodies against Mfnl and Mfn2 following in vivo chem-
ical crosslinking (Fig. 1b, c). In line with these results,
MIEFs still robustly interacted with Mfnl and Mfn2 in
the absence of chemical crosslinking (Additional file 1,
Figure Sla, b). Additionally, we used VDAC1 (voltage-
dependent anion channel 1), a mitochondrial outer
membrane protein as a negative control in the co-IP ex-
periments, and no interaction between MIEF1/2 and
VDACI1 was detected (Fig. 1a—c; see also Additional file
1, Figure Sla, b). Altogether, the data suggest that MIEFs
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Fig. 1 Identification and characterization of binding regions in MIEFs required for Mfn1, Mfn2, hFis1, and Drp1. a Exogenous MIEF1-V5 and MIEF2-V5
interact with both pro-fission (Drp1, hFis1, Mff) and pro-fusion (Mfn1, Mfn2) proteins. 293T cells were transfected with empty vector (as control), MIEF1-
V5, or MIEF2-V5 and were in vivo crosslinked with 1% formaldehyde (FA). Cell lysates were used for co-IP with anti-V5 beads, followed by Western
blotting with indicated antibodies. b, ¢ Mfn1 and Mfn2 interact with MIEF1/2 at endogenous levels. 293T cells were in vivo crosslinked with 1% FA. Cell
lysates were subjected to co-IP with Protein G beads pre-bound to mouse/rabbit normal IgG (negative control), anti-Mfn1 (b), or Mfn2 (c) antibodies,
followed by immunoblotting with indicated antibodies. d Summary of MIEF1-mutated constructs used in the co-IP experiments. e Interaction of
different MIEF1 mutants with Mfn1, Mfn2, Drp1, and hFis1. 293T cells were transfected with full-length MIEF1 and deletion mutants as indicated, and

in vivo crosslinked with 1% FA. Cell lysates were used for co-IP with anti-V5 beads, followed by Western blotting with indicated antibodies. f Summary
of MIEF2-mutated constructs used in the co-IP experiments. g Interaction of different MIEF2 mutants with Mfn1, Mfn2, Drp1, and hFis1. 293T cells were
transfected with the full-length and the truncated MIEF2 mutants as indicated, and in vivo crosslinked with 1% FA. Cell lysates were used for co-IP with
anti-VV5 beads, followed by Western blotting with indicated antibodies. h Protein sequence alignments around the transmembrane domains (TM, in
blue color) and the disordered regions (DR, gray color) comparing human MIEFT (NP_061881) and MIEF2 (NP_631901). The amino acid sequence
alignments of human MIEF1 and MIEF2 were generated by the CLUSTALW program (https.//npsa-prabi.ibcp/fr). The regions that were deleted in
MIEF14°%198 and MIEF22°%1%% are indicated in the alignment. Red: identical; Green: strongly similar; Blue: weakly similar: Black: different amino acids

are components of not only the fission but also the fu-
sion machinery.

Characterization of binding regions in MIEF1 and MIEF2
responsible for Mfn1, Mfn2, and Drp1 interactions

In order to further characterize protein-binding regions in
MIEFs required for their interaction with Mfnl, Mfn2,
hFis1, and Drpl, we constructed a series of V5-tagged de-
letion mutants of MIEF1 (Fig. 1d; see also Additional file
1, Figure S2) and MIEF?2 (Fig. 1f; see also Additional file 1,
Figure S3) and performed co-IP experiments following
chemical crosslinking. We first determined whether mito-
chondrial localization of MIEFs was essential for inter-
action with Mfn1, Mfn2, hFis1, and Drp1. Co-IP followed
by immunoblotting showed that the cytosolic mutant
MIEF12*8, which lacks the N-terminal first 48 residues
including the TM (transmembrane) domain, severely im-
paired the interaction with Mfnl and Mfn2, as well as the
association with hFisl and Drpl (Fig. 1d, e; summarized
in Table 1). Similar to MIEF1, the deletion of the first 49
amino acid residues including the TM domain of MIEF2
at the N-terminus (i.e., the cytosolic mutant MIEF221%%)
caused an almost complete loss of the ability to interact
with Mfn1, Mfn2, and hFisl and also resulted in a severe
decrease in the ability to bind Drp1 (Fig. 1f, g; summarized
in Table 1). These results suggest the mitochondrial
localization of MIEFs is important for binding to Mfnl,
Mfn2, and Drpl.

We next evaluated whether the disordered regions
(DR) in MIEF1 and MIEF2 are required for interaction
with Mfn1, Mfn2, and Drpl. Our results showed that an
internal deletion of the residues from 50 to 108
(MIEF12°°1%8) " located in the DR (residues 48—134)
close to the TM domain of MIEF1, as described in struc-
tural studies [32, 33], did not affect its association with
Mfnl, Mfn2, hFisl, and Drpl, as compared to wild-type
MIEF1 (Fig. 1d, e; summarized in Table 1). However,

unlike the situation in MIEF1, the DR (residues 51-125)
in MIEF2 [34] was more important for its interaction
with Mfn1/2. Deletion of this region in MIEF2 (such as
MIEF2%°91%%) greatly diminished its association with
Mfnl, Mfn2, and hFisl but did not affect its interaction
with Drpl (Fig. 1f g summarized in Table 1). These
findings suggest that the DR of MIEF2 is responsible for
its interaction with Mfn1/2 and hFisl and is therefore
functionally distinct from the DR of MIEF1. Consistent
with this, amino acid sequences of the DR are quite di-
verged between MIEF1 and MIEF2 (Fig. 1h), but the
DRs in MIEF1 as well as in MIEF2 were found to be
evolutionarily highly conserved in different species (see
Additional file 1, Figures. S2 and S3), indicating poten-
tially important and diverged biological functions of the
DRs in MIEF1 and MIEF2.

We next tested whether other regions in MIEF1 and
MIEF2 are required for interaction with Mfnl and
Mfn2. Co-IP assays revealed that deletion of the last 32
residues at the C-terminus (the mutant MIEF14431-463)
resulted in a severe decrease in the ability of MIEF1 to
bind Mfn1/2, while further deletion of the C-terminal
regions (such as MIEF1%%%%%® and MIEF1°%*'"*%%) did
not further impair the interaction with Mfn1/2 (Fig. 1d,
e; summarized in Table 1). Additionally, the two internal
deletion mutants MIEF1*'%'** and MIEF1°*"***" also
exhibited decreased interaction with Mfnl and Mfn2
(Fig. 1d, e; summarized in Table 1). However, unlike in
MIEF], all the MIEF2 deletion mutants analyzed, except
MIEF24'* and MIEF2%°° %% retained the ability to
bind Mfnl and Mfn2 (Fig. 1f, g; summarized in Table 1).

Subsequently, we mapped the regions in MIEF1 neces-
sary for interaction with hFisl. We found that all the de-
letion mutants analyzed, except MIEF1%°°'% Jocated in
the DR of MIEF1, impaired but did not completely abol-
ish MIEF1’s interaction with hFisl (Fig. 1d, e; summa-
rized in Table 1). However, unlike MIEF1, all the MIEF2
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Table 1. Summary of binding regions in MIEF1/2 required for interactions with Drp1, Mfn1, Mfn2 and hFis1.
MIEF1 interaction with Subcellular
Full-length MIEF1 and deletion mutants ot
Drp1 Mfn1 Mfn2 hris1  |ocalization
1 463
MIEF1 +++ +++ +++ +++ Mitochondria
49 463
A1-48 ++ - - +/- Cytosol
1 49 109 463
A50-108 +++ +++ +++ +++ Mitochondria
1 108 155 463
A109-154 +++ + + + Mitochondria
1 159 170 463
A160-169 +++ +++ + Mitochondria
1 172 217 463
A173-216 +++ +++ + Mitochondria
1 218 290 463
A219-289 [ N - ++ ++ + Mitochondria
1 295 338 463
A296-337 [ V5 +++ +++ + Mitochondria
1 344 381 463
A345-380 ] Vs +++ +++ + Mitochondria
1 384 426 463
A385-425 [ I —-E ++ +++ +++ + Mitochondria
1 430
A431-463 [ V5 ++ ++ +/- Mitochondria
1 379
A380-463 +/- ++ ++ +/- Mitochondria
1 340
A341-463 +/- + + +/- Mitochondria
MIEF2 interaction with s
. ubcellular
Full-length MIEF2 and deletion mutants localization
Drp1 Mfn1 Mfn2 hFis1
1 454
MIEF2 +++ +++ +++ +++ Mitochondria
50 454
A1-49 - - - Cytosol
1 49 105 454 . .
A50-104 +++ - - - Mitochondria
& cytosol
1 121133 454
A122-132 [ V5 ++ +++ +++ +++ Mitochondria
1 150 161 454
A151-160 [T vs +++ +++ +tHt Mitochondria
1 234 251 454
£235-250 ] v5 +++ +++ +++ Mitochondria
1 264 276 454
A265-275 ] V5 ++ +++ +++ +++ Mitochondria
1 424
A425-454 +++ ++ ++ +++ Mitochondria

Summary of potential protein binding regions in MIEFs required for Drp1, Mfn1, Mfn2 and hFis1 interactions identified by deletion mutants as presented in Figure
1. For the MIEF1A160-169 co-IP, see Fig 4B. Notice: -, +/-, +, ++ and +++ stand for the interaction from weakest to strongest as identified by co-IP followed by

Western blotting.

deletion mutants analyzed, except MIEF2*'*° and
MIEF22%019% " retained the ability to bind Mfnl, Mfn2,
OPALl, and hFis1 (Fig. 1f, g; summarized in Table 1).

We also used the set of MIEF1 and MIEF2 deletion
mutants to more precisely define the binding region be-
tween MIEF1/2 and Drpl. It has previously been shown
that deletion of residues 160-169 in MIEF1

(MIEF12%¢%1%%) Jed to a complete loss of the ability to
bind Drpl [25]. Likewise, co-IP assays revealed that the
internal deletion mutants MIEF14'721¢, MIEF14*'%%%,
MIEF14%°¢337 and MIEF1%**73% exhibited a complete
loss of interaction between MIEF1 and Drpl (Fig. 1d, e;
summarized in Table 1), indicating that the middle re-
gion of MIEF1 from residues 160 to 380 is required for
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the binding to Drpl. In addition, the C-terminal region of
MIEF1 might also be involved in the interaction with Drpl,
because the mutant MIEF14*3'*%3, Jacking the last 32 resi-
dues at the C-terminus, showed a severely impaired inter-
action with Drpl, and further deletion of the C-terminal
region (such as MIEF1°%%9%6% and MIEF1%**'*°) gave rise
to a further reduction in binding to Drpl (Fig. 1d, e; sum-
marized in Table 1), in line with a recent structural study
reporting that the C-terminal region of MIEF1 (420—451aa)
is involved in Drp1 binding [35].

The middle region of MIEF2, probably including resi-
dues 151 to 250, is potentially required for binding to
Drpl, because the internal deletion mutants
MIEF241%11%% and MIEF242%>%°° displayed a complete
loss of MIEF2’s binding to Drpl (Fig. 1f, g; summarized
in Table 1). However, one important difference between
MIEF1 and MIEF2 is that the C-terminal deletion of
MIEF2 (e.g, mutant MIEF2%**>*% Jacking the last 29
residues at the C-terminus) retained its interaction with
Drpl (Fig. 1f, g), while the C-terminal deletion of MIEF1
(e.g., mutant MIEF14**1"%%) substantially reduced the
association with Drp1 (Fig. 1d, e).

Finally, we assessed the potential cytotoxic effect
(apoptosis) of the MIEF mutants. We showed that over-
expression of WT MIEF1 or MIEF2 as well as their dele-
tion mutants did not affect the levels of cleaved PARP
(Additional file 1, Figure S4a, b).

MIEFs partially reverse mitochondrial fragmentation
caused by knockdown of Mfn1 or Mfn2

The robust interaction with the pro-fusion GTPases
Mfn1/2 in the fusion machinery suggests that MIEFs may
play roles in regulating mitochondrial fusion. To address
this issue, we first asked whether elevated levels of MIEFs
could reverse mitochondrial fragmentation caused by the
knockdown of key components in the fusion machinery.
We tested this by overexpressing MIEF1 and MIEF2 in
combination with siRNA-mediated knockdown of Mfnl,
Mfn2, and OPA1 alone or in combination. Western blot-
ting showed that protein levels of endogenous Mfnl,
Mfn2, and OPA1 were reduced by over 90% after treat-
ment with the specific siRNAs (Additional file 1, Figure
S5a, b). In normal 293T cells (treated with control siRNA),
mitochondria appeared as a mixed reticulum of tubular
and round forms (Additional file 1, Figure S5c, upper left
panel). In contrast, knockdown of either Mfnl, Mfn2, or
OPAL1 alone, or simultaneous knockdown of Mfnl and
Mfn2 by siRNA, resulted in extensive mitochondrial frag-
mentation (Fig. 2a—d, left panels, summarized in Fig. 2e;
see also Additional file 1, Figure S5c), confirming previous
reports [36—38]. Increased expression of MIEF1 or MIEF2
efficiently reversed mitochondrial fragmentation induced
by knockdown of either Mfnl (Fig. 2a, right panels) or
Mfn2 (Fig. 2b, right panels), and significantly increased
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the number of cells with a tubular mitochondrial pheno-
type compared to knockdown of Mfnl and Mfn2 alone
(summarized in Fig. 2e; see also Additional file 1, Figure
S5¢). However, exogenous expression of MIEF1 or MIEF2
did not reverse mitochondrial fragmentation induced by
simultaneous knockdown of endogenous Mfnl and Mfn2
(Fig. 2c, right panels, summarized in Fig. 2e; see also Add-
itional file 1, Figure S5¢) or by knockdown of OPA1 (Fig.
2d, right panels, summarized in Fig. 2e), which is in line
with previous reports [25, 30]. Collectively, the data show
that elevated levels of MIEF1 or MIEF2 can partially com-
pensate for knockdown of Mfnl or Mfn2 alone, but not
for Mfn1/2 double knockdown or OPA1 knockdown, with
regard to mitochondrial fragmentation.

Exogenous expression of MIEF1 or MIEF2 enhances
mitochondrial fusion independently of their inhibitory
effect on Drp1

In order to functionally dissect the role of MIEFs in mito-
chondrial fusion, we next asked whether their Drpl-
inhibiting function was required. To this end, we used
wild-type (WT) and Drpl-deficient (Drpl~'") 293T cells, in
which we stably expressed either mitoGFP (mitochondria-
targeted GFP) (green) or mitoRFP (mitochondria-targeted
RFP) (red) as described previously [31] and performed a
series of polyethylene glycol (PEG)-mediated cell fusion ex-
periments. In WT 293T cells, mitochondria appeared as a
mixed reticulum with tubular and round forms (Fig. 3a,
upper panel), whereas mitochondria in Drpl~'~ 293T cells
displayed the expected super-elongated tubular network
(Fig. 3a, lower panel). As the increasing expression of
MIEF1 or MIEF2 is known to result in the elongated mito-
chondrial phenotype likely by inhibition of Drpl function
[25-27, 30], we first evaluated whether the presence or ab-
sence of endogenous Drp1 affected MIEF1/2-induced mito-
chondrial fusion. To test this, mitoGFP- and mitoRFP-
labeled WT 293T cells, as well as mitoGFP- and mitoRFP-
labeled Drp1~/~ 293T cells were mixed and cultured over-
night, and the PEG-induced cell fusion assay was per-
formed as previously described [25, 31]. Mitochondrial
fusion was revealed by measuring the extent of mixing of
green and red fluorescence (yellow) in the polykaryons by
Pearson’s correlation coefficient (PCC). The results show
that the extent of mitochondrial fusion was similar between
WT 293T and Drpl™’~ 293T cells (Fig. 3b, c), indicating
that loss of Drpl results in mitochondrial elongation, but
does not affect mitochondrial fusion.

To further corroborate the results described above,
we performed a mitochondrial matrix-targeted photo-
activatable green fluorescent protein (mito-PAGFP)-
based mitochondrial fusion assay [39], in which mito-
PAGFP was used to monitor and quantify the alter-
ation of mitochondrial fusion in WT 293T cells and
Drpl™~ 293T cells at different time points. After
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Fig. 2 Expression of MIEF1-V5 or MIEF2-V5 partially reverses mitochondrial fragmentation induced by knockdown of Mfn1, Mfn2, or OPA1. a-d
Confocal images of mitochondrial morphology in 293T cells treated with Mfn1 (@), Mfn2 (b), Mfn1 plus Mfn2 (c), or OPAT (d) siRNA, followed by
transfection with empty vector, MIEF1-V5, or MIEF2-V5 as indicated. The cells were stained with MitoTracker (red) followed by immunostaining
with anti-V5 (blue) antibody. e Percentages (mean + SEM) of cells with indicated mitochondrial morphologies in 293T cells as shown in (a-d) in
three independent experiments for each condition (n represents the total number of cells analyzed for each condition)

photoactivation of a small region of interest (ROI),
diffusion and dilution of the photoactivated GFP
fluorescence within the mitochondrial network were
followed in a time course experiment. The decrease
of GFP fluorescence intensity within the photoacti-
vated ROI at different time points was used for meas-
uring mitochondrial fusion rates [40]. The mito-
PAGEFP fusion assay confirmed that the rate of mito-
chondrial fusion was not affected by the presence or
absence of Drpl (Fig. 3d, e).

We next assessed the effect of MIEF1/2 on mitochon-
drial fusion. Both the PEG-mediated cell fusion assay (Fig.
3f, g) and the mito-PAGFP-based fusion assay (Fig. 4a—d)
revealed that the increasing expression of MIEF1 or
MIEF?2 significantly enhanced the extent of mitochondrial
fusion in WT 293T as well as in Drpl~'~ 293T cells com-
pared to controls (transfected with empty vector). These
data indicate that MIEF1/2 can efficiently facilitate mito-
chondrial fusion regardless of whether Drpl is present in
the cells or not.

To further corroborate the notion that Drpl is not
required for MIEF-induced mitochondrial fusion, we
used two previously generated Drpl binding-deficient
deletion mutants, MIEF14'%*¢° and MIEF24!5!-160
(Fig. 5a) [25, 29], and evaluated their effects on mito-
chondrial fusion using the PEG-mediated cell fusion
assay. As shown in Fig. 5b, co-IP experiments demon-
strated that both MIEF mutants had completely lost
the ability to bind Drpl, in line with our previous re-
ports [25, 29], but still retained the capacity to inter-
act with the pro-fusion GTPases Mfnl and Mfn2.
293T cell lines stably expressing mitoGFP (green) or
mitoRFP (red) were mixed and cultured overnight,
and then transfected with empty vector (as control)
or plasmids with either V5-tagged MIEF14'%°1%° or
V5-tagged MIEF24'°11% subjected to the PEG-
mediated cell fusion assay. As shown in Fig. 5¢, d,
both Drpl binding-deficient mutants could still facili-
tate mitochondrial fusion in the PEG-mediated cell
fusion assay. To further validate this result, we per-
formed the mito-PAGFP-mediated mitochondrial fu-
sion assay, which confirmed that the MIEF14'¢0-1¢°
and MIEF24"°1%° mutants enhanced mitochondrial
fusion (Fig. 5e, f). Together, these data underscore
that the interaction between MIEFs and Drpl is not
required for MIEF1/2-induced mitochondrial fusion.
In addition, we showed that ablation of MIEF1 or

MIEF2 in 293T cells by CRISPR/Cas9-mediated gen-
ome editing [29] did not significantly affect mitochon-
drial fusion compared to WT 293T cells. However,
re-introduction of MIEF1-V5 or MIEF2-V5 enhanced
mitochondrial fusion, as evaluated by the mito-
PAGFP-mediated mitochondrial fusion assay (Add-
itional file 1, Figure S6).

Mitochondrial localization and dimerization/
oligomerization of MIEFs are required for their fusion-
promoting ability

To gain mechanistic insights into how MIEFs promote
mitochondrial fusion, we first evaluated whether mitochon-
drial localization is required for the MIEF-mediated fusion-
promoting function. To this end, we used the two cytosolic
mutants MIEF1'*® and MIEF2%'* [26], lacking the first
48 or 49 N-terminal residues including the TM domain, re-
spectively (see Fig. 1d—g). Both MIEF1"*® and MIEF2°**
were distributed in the cytosol in 293T cells (Additional file
1, Figure S7a, c). Exogenous expression of MIEF1*'*® and
MIEF2*"* induced mitochondrial elongation, resulting in
a tubular cluster phenotype of mitochondria in WT 293T
cells (Additional file 1, Figure S7a, c), similar to what was
observed in Drpl™~ cells (see Fig. 3a, lower panel), but not
the highly compact cluster phenotype of mitochondria seen
in WT 293T cells exogenously expressing either wild-type
MIEF1 (Additional file 1, Figure S7a) or MIEF2 (Additional
file 1, Figure S7c), in line with our previous observations
[25, 26]. Next, we evaluated the effect of MIEF1*'*® and
MIEF2** on MIEF-mediated fusion using the PEG-
induced cell fusion assay and the mito-PAGFP-based mito-
chondrial fusion assay. Compared to the empty vector con-
trol, we found that MIEF1418 (Fig. 6a—d) and MIEF2414
(Fig. 7a—d) did not significantly affect the mitochondrial fu-
sion rates. These results suggest that mitochondrial
localization of MIEFs is required for their mitochondrial
fusion-promoting role.

Subsequently, we evaluated whether self-association
properties of MIEFs were required for their fusion-
promoting ability. As determined by disuccinimidyl
suberate (DSS)-mediated in vivo crosslinking followed
by Western blotting analysis, we confirmed that WT
MIEFs can form dimers/oligomers (Additional file 1,
Figure S7b, d), in line with our previous studies [25,
26]. In addition, we showed that the two deletion
mutants MIEF14'%°%* and MIEF2%°°'%* completely
lost the ability of dimerization and oligomerization
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Fig. 3 MIEFs promote mitochondrial fusion independent of Drp1. a Confocal images of mitochondrial morphology in wild-type (WT) and Drp1~/~
293T cells. b, ¢ Confocal images of mitochondrial fusion in WT and Drp1~~ 293T polykaryons from the PEG-mediated cell fusion assay. Cells stably
expressing mitoRFP (red) or mitoGFP (green) were co-cultured and subjected to PEG-mediated cell fusion. Mitochondrial fusion is indicated by co-
localization of mitoRFP and mitoGFP (yellow mitochondria) (b). The extent of mitochondrial fusion in individual hybrid cells was analyzed by Pearson’s
correlation coefficient (PCC) in three independent experiments for each condition and data are summarized in (c). d, e The mito-PAGFP-based
mitochondrial fusion assay in WT and DrpT/’ 293T cells. Cells co-transfected with mito-PAGFP (0.5 pg) and mito-DsRed (0.2 pg) were photoactivated
in the ROI (white circle, 3 um diameter) in preactivation images of mitochondria (red). After photoactivation, mito-PAGFP fluorescence (green) intensity
and mitochondrial marker (mito-DsRed) were collected at indicated time points (d). Mitochondrial fusion was quantified by analyzing changes in
fluorescence intensity of photoactivated mito-PAGFP in ROIs at 40 s and 10, 20, and 30 min. The dilution rates (percentage) of the GFP fluorescence
intensity at different time points were normalized by the fluorescence intensity at 40 s after photoactivation (e). (n represents the total number of cells
analyzed for each condition). n.s, not significant. f, g Confocal images of mitochondrial fusion from the PEG-based fusion assay in WT and Drp1~~
293T polykaryons transfected with empty vector, MIEF1-V5, or MIEF2-V5. Cells with stable expression of mitoRFP or mitoGFP were co-cultured and
transfected with empty vector (control), MIEF1-V5, or MIEF2-V/5 as indicated and then subjected to PEG-mediated cell fusion. Mitochondrial fusion is
indicated by co-localization of mitoRFP (red) and mitoGFP (green) (yellow mitochondria) (f). The extent of mitochondrial fusion in individual hybrid
cells was analyzed via the Pearson'’s correlation coefficient (PCC) in three independent experiments for each condition and data summarized in (g).

Data are expressed as means + SEM, n represents the number of cells analyzed (c, e, and g)

(Additional file 1, Figure S7b, d). Associated with this
loss of protein self-association properties, exogenous
expression of MIEF14199-15% and MIEF22°°-1%%) gimilar
to the cytosolic mutants MIEF14'™*® and MIEF2°'™,
caused extensive mitochondrial elongation, resulting
in the tubular cluster phenotype of mitochondria, but
could not induce the highly compact cluster pheno-
type of mitochondria characteristic for overexpressed
WT MIEFs (Additional file 1, Figure S7a, c). Likewise,
in comparison with empty vector control, the
MIEF141%%15* (Fig. 6a—d) and MIEF2%°°'%* mutants
(Fig. 7a—d) did not significantly affect mitochondrial
fusion neither in the PEG-induced fusion assay nor in
the mito-PAGFP-based fusion assay, despite that the
two mutants still retained the ability to robustly bind
Drpl as shown in Fig. le, g. Taken together, these
data indicate that both mitochondrial localization and
protein self-association, but not Drpl binding, are re-
quired for the mitochondrial fusion-promoting ability
of MIEFs. Finally, we examined whether the inter-
action of MIEFs with Mfn1/2 could affect the GTPase
activity of Mfnl and Mfn2 using an in vitro GTPase
activity assay as previously reported [41]. To test this,
Mfnl-Myc or Mfn2-Myc was immunopurified by anti-
Myc agarose beads from 293T cells co-transfected
with empty vector, MIEF1-V5, or MIEF2-V5 (Add-
itional file 1, Figure S8a) and used for measurement
of GTPase activity of Mfnl and Mfn2. We found that
the presence or absence of MIEF1 or MIEF2 did not
significantly affect the GTPase activity of Mfnl and
Mfn2 (Additional file 1, Figure S8b).

Elevated levels of MIEFs prevent the interaction of hFis1
with Mfn1/2 and alleviate hFis1-induced mitochondrial
fragmentation

It has been reported that MIEFs interact with hFis1 and
Drpl in a mutually exclusive manner, and in keeping

with this, increased levels of hFisl diminish the associ-
ation of MIEFs with Drpl via the formation of MIEF-
hFisl complexes, partially reversing MIEF1/2-induced
mitochondrial elongation [25, 26]. In contrast, elevated
expression of MIEF1 or MIEF2 also reduces hFisl-
induced fragmentation in wild-type 293T cells [25, 26].
To analyze this competitive interaction between MIEFs
and hFisl further, we used the Drpl™~ 293T cells to
evaluate how MIEFs influence hFisl-induced mitochon-
drial fragmentation. Confocal microscopy showed that
increased expression of hFisl triggered extensive
mitochondrial fragmentation even in the absence of
endogenous Drpl (Fig. 8a, upper panel; summarized
in Fig. 8b), in line with our previous report that
hFisl-induced mitochondrial fragmentation is Drpl
independent [31]. However, elevated expression of
MIEF1 or MIEF2 significantly alleviated mitochondrial
fragmentation caused by hFisl overexpression in
Drpl™~ 293T cells, leading to mitochondrial elong-
ation (Fig. 8a, middle panels; summarized in Fig. 8b),
similar to what was originally observed in wild-type
293T cells co-expressing hFisl1 and MIEF1 or MIEF2
[26]. In contrast, expression of either the cytosolic
mutant MIEF24'*° or the hFisl binding-deficient mu-
tant MIEF2°°01%* (see Fig. 1g) led to a complete loss
of the ability to reverse hFisl-induced mitochondrial
fragmentation (Fig. 8a, middle and lower panels; sum-
marized in Fig. 8b). These observations lead us to
suggest that elevated expression of MIEFs can relieve
the inhibitory effect of hFisl on the fusion machinery,
enhancing mitochondrial fusion irrespective of the
presence or absence of Drpl. Consistent with this no-
tion, the MIEF22°°"'%* mutant did not enhance mito-
chondrial fusion (see Fig. 7).

We next asked whether elevated levels of MIEFs could
alleviate the hFisl-induced mitochondrial fragmentation
through the formation of a MIEF-hFisl complex that
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Fig. 4 MIEF-mediated mitochondrial fusion is validated by the mito-PAGFP-based mitochondrial fusion assay in WT and Drp1~~ 293T cells. a-d
The mito-PAGFP-based mitochondrial fusion assay in WT 293T (a, b) and Drp17~ 293T (¢, d) cells. Cells co-transfected with mito-PAGFP (0.5 pg),
mito-DsRed (0.2 pg), and either empty vector (0.5 pg), MIEFT (0.5 pg), or MIEF2 (0.5 ug) were photoactivated in the ROI (white circle, 3 um
diameter) in preactivation images of mitochondria (red). After photoactivation, mito-PAGFP fluorescence (green) intensity and mitochondrial
marker (mito-DsRed) were collected at indicated time points (a, ). Mitochondrial fusion was quantified by analyzing changes in fluorescence
intensity of photoactivated mito-PAGFP in ROIs at 40 s and 10, 20, and 30 min. The dilution rates (percentage) of the GFP fluorescence intensity
at different time points were normalized by the fluorescence intensity at 40 s after photoactivation (b, d) (n represents the number of cells

would reduce the interaction of hFis1 with the pro-fusion
GTPases Mfn1/2. To test this, we transiently transfected
WT 293T cells with empty vector (control) or with ex-
pression plasmids encoding either MIEF1-V5 or MIEF2-

V5 and evaluated the effects on the interaction of hFisl
with Mfn1/2 using co-immunoprecipitation followed by
Western blotting. As shown in Fig. 8c, d, co-IP experi-
ments revealed that elevated levels of MIEF1 or MIEF2
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Fig. 5 Drp1 binding-deficient mutants of MIEFs interact with pro-fusion proteins and promote mitochondrial fusion. a Schematic representation of
full-length MIEF1 and MIEF2, as well as their Drp1 binding-deficient mutants fused to V5-tag at the C terminus. b Drp1 binding-deficient mutants of
MIEFs still interact with Mfn1 and Mfn2. 293T cells were transfected with empty vector, MIEF1-V5, MIEF121%1%%.y5 MIEF2-V5, or MIEF22"'y5. Cell
lysates were used for co-IP with anti-V5 beads, followed by Western blotting with indicated antibodies. ¢, d Representative confocal images of
mitochondrial fusion from the PEG-based fusion assay in WT 293T polykaryons transfected with empty vector, MIEF1A19916% o MIEF2AT5110 Cells with
stable expression of mitoRFP or mitoGFP were co-cultured, and transfected with empty vector (control), MIEF127%01%.y5 or MIEF2A151190.y5 45
indicated, then subjected to the PEG cell fusion assay. The mitochondrial fusion is indicated by co-localization of mitoRFP and mitoGFP (i.e, yellow
mitochondria) (c). The extent of mitochondrial fusion in individual hybrid cells was analyzed via the Pearson’s correlation coefficient (PCC, mean +
SEM) in three independent experiments for each condition and data are summarized in (d) (n represents the total number of cells analyzed for each
condition). e, f The mito-PAGFP-based mitochondrial fusion assay confirmed that Drp1 binding-deficient mutants MIEF121%%79% or MIEF22751190 i
enhanced mitochondrial fusion. n represents the number of cells analyzed. ***P < 0.001; **P < 0.01; *P < 0.05 (f)

resulted in a significant decrease in the interaction of en-
dogenous hFisl with Mfnl and Mfn2, accompanied by the
interaction between hFis1 and MIEF1 or MIEF2. Similarly,
elevated levels of hFisl reduced the interaction of MIEF1
and MIEF2 with Mfnl and Mfn2 (Fig. 8e, f). These data
indicate that MIEFs and hFis1 compete for the interaction
with these fusion proteins, and we conclude that increased
levels of MIEFs reduce the association of hFisl with the
fusion machinery through the formation of a robust
MIEF-hFis1 complex, reducing the inhibitory effect of
hFisl on the fusion machinery. To further explore this
issue, we assessed MIEFs-mediated mitochondrial fusion
in hFisl-deficient (hFis1 KO) 293T cells generated by
CRISPR/Cas9-mediated genome editing (Fig. 9a). The
mito-PAGFP-based fusion assay revealed that ablation of
hFis1 enhanced mitochondrial fusion, consistent with our
previous report [31]. However, exogenous expression of
MIEF1 or MIEF2 in hFisl KO cells did not seem to fur-
ther enhance mitochondrial fusion and was comparable to
empty vector control in hFisl KO cells (Fig. 9b, c). This
result is in line with the notion that MIEFs facilitate mito-
chondrial fusion via the interaction with hFis1 and reduce
the inhibitory effect of hFisl on the fusion machinery.
Taken together, the data provide a novel molecular mech-
anism for how MIEFs orchestrate mammalian mitochon-
drial fusion.

Discussion

Mitochondria are highly dynamic organelles that fre-
quently change their morphology through continuous
cycles of fission and fusion events [1, 3]. Mitochondrial
elongation can be caused by activated mitochondrial fu-
sion or/and abrogated mitochondrial fission, while the
converse is true for mitochondrial fission. How the bal-
ance between fusion and fission is tuned remains only
partially understood. MIEFs were originally identified as
receptors for the recruitment of Drpl to mitochondria,
implicating a role in mitochondrial fission, but high ex-
pression of MIEF1/2 led to mitochondrial elongation ra-
ther than fission [25, 26], suggesting that MIEFs play a
more complex role in mitochondrial dynamics. It has

been proposed that MIEFs may play a dual role, regulat-
ing both fusion and fission, i.e., increased MIEF1/2 ex-
pression inhibits fission and promotes fusion, resulting
in mitochondrial elongation [25], whereas other studies
have argued that mitochondrial elongation following
high MIEF1/2 expression is simply due to sequestration
of Drp1 at mitochondria, blocking fission [27, 30].

To address this issue, we here explored the role of
MIEFs in mitochondrial fusion and provide several lines
of evidence that MIEFs participate in regulating the fu-
sion machinery. Firstly, apart from the well-known inter-
actions with pro-fission proteins Drpl, hFisl, and Mff
[25, 26, 29], MIEFs also interact with the key pro-fusion
GTPases Mfnl and Mfn2, suggesting that MIEF function
as a hub that balances fission and fusion (Fig. 1). Sec-
ondly, increased expression of MIEFs partially reverses
Mifnl or Mfn2 knockdown-induced mitochondrial frag-
mentation, but does not rescue mitochondrial fragmen-
tation following simultaneous depletion of Mfnl and
Mifn2 or following depletion of OPA1, indicating that
MIEFs promote mitochondrial fusion in an Mfn1/2- and
OPA1-dependent manner (Fig. 2). Thirdly, while knock-
out of Drpl inhibits the fission process resulting in a
super-elongated mitochondrial phenotype, loss of Drpl
does not affect the extent of ongoing mitochondrial fu-
sion (Fig. 3b—e). Finally, regardless of whether Drpl is
present or not, elevated levels of MIEFs efficiently facili-
tate mitochondrial fusion (Fig. 3f, g and Fig. 4a—d). In
further support of this notion, the Drpl binding-
deficient mutants MIEF14'°*"*” and MIEF2*'%"'% still
retain the ability to facilitate mitochondrial fusion,
underscoring that the fusion-promoting role of MIEFs is
independent of their role in Drpl-mediated fission (Fig.
5). Taken together, these findings suggest that MIEFs
play a role not only in the fission machinery but also in
the fusion machinery and exert a dual regulation of fis-
sion and fusion via interaction with both the pro-fission
and pro-fusion proteins. Such a dual role of MIEFs pro-
vides a novel mechanism that may mechanistically
couple the inhibition of Drpl-mediated mitochondrial
division with the stimulation of Mfn1/2-mediated fusion
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0.0001; **P < 0.01 (d)

Fig. 6 MIEF self-association is required for MIEF-induced mitochondrial fusion. a, b Confocal images of mitochondrial fusion from the PEG-based
fusion assay in WT 293T polykaryons transfected with empty vector, MIEF1-V5, MIEF12148-y5, or MIEF1219%154.y5. Cells with stable expression of
MitoRFP or mitoGFP were co-cultured, transfected with empty vector, MIEF1-V5 (WT), MIEF1218-y5, or MIEF121%75%.y5 a5 indicated, and then
subjected to the PEG cell fusion assay. Mitochondrial fusion is indicated by co-localization of mitoRFP (red) and mitoGFP (green) (i.e, yellow
mitochondria) (a, upper panels). As indicated by V5-tag staining, the MIEF14' mutant localizes in the cytosol, whereas MIEF121%%1%% is on
mitochondria (a, lower panels). The extent of mitochondrial fusion in individual hybrid cells was analyzed via the Pearson’s correlation coefficient
(PCC, mean + SEM) in three independent experiments for each condition and data summarized in (b) (n represents the total number of cells
analyzed for each condition). ¢, d The mito-PAGFP-based mitochondrial fusion assay confirmed that the cytosolic mutant MIEF1478 and the self-
association-deficient mutant MIEF121%°"5% |ost the ability to enhance mitochondrial fusion. n represents the number of cells analyzed. ****P <

to generate rapid changes in mitochondrial shape in re-
sponse to dynamic alterations of the cellular microenvir-
onment and mitochondrial stress.

Another important finding presented in this study is
that MIEFs may participate in the tethering of adjacent
mitochondria (an early step of mitochondrial fusion),
most likely through MIEFs self-assembly capacity and by
coordinating with mitofusins during the fusion process
[12—-14]. We demonstrate that mitochondrial localization
and self-association are crucial for the fusion-promoting
function of MIEFs. Notably, the cytosolic mutants
MIEF14*® and MIEF24'™* lost the ability to promote
mitochondrial fusion. Similarly, the self-association-
deficient mutants MIEF14'%°*** and MIEF2°°°1%* also
lost the fusion-promoting ability, albeit they still retained
the ability to interact with and inhibit Drpl function
(Figs. 6 and 7). In support of a role for self-association of
MIEFs in fusion, increased expression of full-length
MIEFs can trigger mitochondrial aggregation resulting
in the highly compact cluster phenotype of mitochon-
dria, indicating an extensive inter-mitochondrial tether-
ing (Fig. S7a, c). In contrast, expression of the cytosolic
mutants MIEF1*"™® and MIEF2*'™* or the self-
association-deficient ~ mutants ~ MIEF1%'%71%*  and
MIEF224°%19* (Fig. S7a, ¢) does not induce a highly com-
pact cluster phenotype, in keeping with our previous ob-
servations [25, 26]. In summary, our data suggest that
self-association of MIEFs may provide an additional
mechanism contributing to the tethering between adja-
cent mitochondria in cells with high levels of MIEF1 or
2, ultimately promoting mitochondrial fusion in coordin-
ation with the action of pro-fusion GTPases Mfn1/2.

We here suggest that the interactions of hFisl with
Mfn1/2 and MIEFs have bearings on how the fusion
process is regulated. hFisl was initially identified as a
pro-fission factor involved in the recruitment of Drpl to
mitochondria [42, 43], but was recently shown to ro-
bustly interact with Mfn1/2 [31]. Elevated expression of
hFisl inhibits, while knockdown of hFis1 enhances mito-
chondrial fusion, showing that hFisl can trigger mito-
chondrial fragmentation through interaction with the
pro-fusion proteins Mfnl/2 and inhibition of their
GTPase activity [31]. Here, we extend this hypothesis by

demonstrating that MIEFs can alleviate the inhibitory ef-
fect of hFisl on the fusion machinery through the inter-
action with hFis1, thereby “shielding off” hFisl from the
association with the pro-fusion GTPases Mfnl and
Mfn2 and reducing the inhibitory role of hFisl for the
fusion machinery. Consistent with this, increased expres-
sion of MIEF1 or MIEF2 greatly reduces hFisl-induced
mitochondrial fragmentation both in wild-type 293T
cells [25, 26] and in Drpl’/’ 293T cells (Fig. 8a, b in this
work). In contrast, increased expression of hFisl also re-
duces MIEF-induced mitochondrial elongation [25, 26]
and decreases binding of MIEF1 and MIEF2 to the pro-
fusion proteins Mfnl and Mfn2 (Fig. 8e, f). In line with
these results, ablation of endogenous hFisl facilitated
mitochondrial fusion, while elevated expression of
MIEF1 or MIEF2 in hFisl-deficient 293T cells did not
significantly enhance mitochondrial fusion (Fig. 9). To-
gether, these findings prompt us to suggest that MIEFs
and hFisl compete for their association with the fusion
machinery, eliminating each other from the fusion ma-
chinery probably via the formation of a MIEFs-hFisl
complex. When the levels of MIEFs are high, they bind
and sequester hFisl, preventing hFisl’s interaction with
Mifnl and Mfn2, permitting mitochondrial fusion.

Conclusions

In summary, our data show that MIEFs are crucial for
controlling the balance between mitochondrial fusion
and fission, thereby orchestrating mammalian mitochon-
drial dynamics by directly engaging with both the fusion
and fission machineries. In the fission machinery, ele-
vated levels of MIEFs promote the recruitment of cyto-
solic Drpl to the surface of mitochondria, where MIEFs
sequester Drpl in an inactive form, inhibiting Drpl-
mediated fission leading to unopposed fusion [25, 27—
29, 44]. In the fusion machinery, MIEFs interact with
Mifn1/2 and facilitate mitochondrial fusion, most likely
via promoting tethering of two adjacent mitochondria by
self-association in coordination with Mfn1l/2-mediated
tethering of two outer membranes, ultimately driving
mitochondrial fusion via Mfnl/2 activity. Additionally,
we also show that elevated levels of MIEFs reduce the
interaction of hFisl with the pro-fusion proteins Mfnl
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Fig. 7 MIEF self-association is required for MIEF-induced mitochondrial fusion. a, b Confocal images of mitochondrial fusion from the PEG-based
fusion assay in WT 293T polykaryons transfected with empty vector, MIEF2-V5 (WT), MIEF22 -5, or MIEF22% 1045 Cells with stable expression of
mitoRFP or mitoGFP were co-cultured, transfected with empty vector, MIEF2-V5, MIEF22"2V/5 or MIEF22°%1945 as indicated and then subjected to
the PEG cell fusion assay. Mitochondrial fusion is indicated by co-localization of mitoRFP and mitoGFP (i.e, yellow mitochondria) (a, upper panels). As
indicated by V5-tag staining, the MIEF22"® mutant localizes in the cytosol, whereas MIEF22°%"%% is mainly on mitochondria (a, lower panels). The
extent of mitochondrial fusion in individual hybrid cells was analyzed via the Pearson'’s correlation coefficient (PCC, mean + SEM) in three independent
experiments for each condition and data are summarized in (b) (n represents the total number of cells analyzed for each condition). ¢, d The mito-
PAGFP-based mitochondrial fusion assay confirmed that the cytosolic mutant MIEF
ability to enhance mitochondrial fusion. n represents the number of cells analyzed. ***P < 0.001; **P < 0.01; *P < 0.05 (d)

28149 and the self-association-deficient mutant MIEF12°%1%% ost the

and Mfn2, alleviating the inhibitory effect of hFisl on
the fusion machinery.

Methods

Cell cultures and transfection

The HEK 293T (293T) cells and knockout 293T cells
generated through the CRISPR/Cas9 system were cul-
tured in Dulbecco’s modified Eagle’s medium (Sigma-Al-
drich) with 10% (v/v) fetal bovine serum (FBS, Gibco)
and 1% Penicillin-Streptomycin antibiotics (Gibco) at
37°C and 5% CO,.

Lipofectamine™ 2000 transfection reagent (Invitrogen)
was used for transient transfection of plasmids according to
the manufacturer’s protocol. Expression plasmids used in this
study were: MIEF1-V5, MIEF2-V5, and MIEF1/2 deletion
mutants tagged by V5/His at the C-terminus including
MIEFIA™ MIEF12%198  MIEF1A10915¢  MIEF1A73216
MIEF122192%9 N[EF1A2%6-3%7 \[[EF]A%1463 \[[EF]A%5-380
MIEF1235425  MIEF1431463  \[EF1A%0463  \MIEF2A,
MIEF22122 132 \[[EFAI51160 )\ [IEFA235-250 )\ (1P poA265-275
and MIEF2***%* [25, 26, 29], Myc-hFis1[45], and
pcDNA3.1-V5/His empty vector. MIEF22°°1%* was gener-
ated by PCR and cloning into pcDNA3.1-V5 (Invitrogen).
To avoid the side effect of overexpression, cells were transi-
ently transfected with only 0.3-0.5 pg of expression plasmids
for 15-17 h and harvested for further analysis.

RNA interference (RNAI) for gene silencing

LipofectamineTM RNAiMax (Invitrogen) was used for
siRNA transfection following the manufacturer’s proto-
col. Twenty-four hours after the first siRNA transfection,
cells were re-transfected with siRNA for another 48 h
and then harvested for further investigations. For siRNA
treatment and transfection with plasmids, cultured cells
were initially treated with siRNA twice for 48 h as de-
scribed above, then transfected with expression plasmids
for an additional 24 h, and finally harvested for further
investigations. All siRNA oligonucleotides were pur-
chased from Thermo Fisher Scientific and based upon
the sequences as follows: human Mfnl siRNA (Mfnl-1,
5’-GCUGG AUAGCUGGAUUGAUAAGUUU-3"), hu-
man Mifn2 siRNA (Mfn2-1 5-GGACAAAGUUC
UGCCCUCUGGGAUU-3"), human OPAl SsiRNA
(OPA1-1, 5-CAGCAAUGGGAUGCAG CUAUUUAU

U-3°), and Stealth RNAi™ siRNA Negative Control Kit
with similar GC content as control.

Western blotting and antibodies

Cell lysates prepared with NuPAGE™ LDS sample buf-
fer (4X) (Invitrogen) were electrophoresed on NuPAGE
4-12% Bis-Tris Gel (Life Technologies), and proteins
were electrotransferred to polyvinylidene difluoride
(PVDF) membranes with Trans-Blot Turbo PVDF
Transfer kit (Bio-Rad). PVDF membranes were blocked
with 10% skim milk (Sigma-Aldrich) in TBS, followed by
incubation with indicated primary and secondary anti-
bodies (GE healthcare). The specific proteins were de-
tected with the Pierce ECL Western Blotting Substrate
(Thermo Scientific). Image] was used for quantifications
of bands on Western blots.

In this study, the following mouse monoclonal primary
antibodies (mAbs) were used: V5-tag (#46-0705) (Invitro-
gen); OPA1l (#612607), Drpl (#611113), and Myc-tag
(#551101) (BD Biosciences); GAPDH (#sc-32233) (Santa
Cruz); and Mitofusin 1 (#ab57602) (Abcam). Rabbit poly-
clonal antibodies (pAbs) were MIEF2 (#HPA042334), Fisl
(#HPAO017430) (Atlas Antibodies); MIEF1 [25]; Mitofusin
2 (#9482S), PARP (#9542) (Cell Signaling); and VDAC1
(#ab15895) (Abcam). The following secondary antibodies
were used: The peroxidase-conjugated anti-mouse and
anti-rabbit IgG antibodies (GE Healthcare) for immuno-
blotting and the DyLight 488- and 649-conjugated anti-
mouse and anti-rabbit IgG antibodies (Vector Laborator-
ies) for immunofluorescence.

Co-immunoprecipitation (co-IP)

Co-IP experiments were carried out as described [25,
46]. For chemical cross-linking followed with co-IP, cul-
tured cells were in vivo cross-linked by 1% formaldehyde
(FA) in PBS for 10 min at room temperature, and this
reaction was quenched by 100 mM glycine. Thereafter,
cells were suspended and sonicated in lysis buffer with
1% NP-40 and protease inhibitor cocktail complete
EDTA-free (Roche Diagnostics). For co-IP without
chemical crosslinking, cells were washed with PBS buffer
and incubated in lysis buffer with 1% NP-40 and prote-
ase inhibitor cocktail complete EDTA-free (Roche Diag-
nostics) on ice for 30 min.
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Fig. 8 Elevated expression of MIEFs reverses hFis1-induced mitochondrial fragmentation through preventing hFis1 binding to pro-fusion proteins.
a Elevated levels of MIEFT or MIEF2 reverse hFis1-induced mitochondrial fragmentation in 293T cells lacking Drp1. Confocal images of
mitochondrial morphologies in DrpT/’ 293T cells co-transfected with Myc-hFis1 and either empty vector, MIEF1-V5, MIEF2-V5, MIEF221 or
MIEF22°07%% 55 indicated. The cells were stained with MitoTracker (red) followed by immunostaining with anti-Myc (green) and anti-V/5 (blue)
antibodies. b Percentages (mean + SEM) of cells with indicated mitochondrial phenotypes in Drp1™~ 293T cells co-transfected with indicated
plasmids in a, in three independent experiments for each condition (n represents the total number of cells analyzed for each condition). ****P <
0.0001; ***P < 0.0005; ns, no significant. ¢ Exogenous expression of MIEFs drastically decreased the interaction between hFis1 and pro-fusion
proteins Mfn1 and Mfn2. 293T cells were transfected with empty vector, MIEF1-V5, or MIEF2-V5. Cell lysates were subjected to co-IP with protein
G beads pre-bound to rabbit normal IgG (negative control) or anti-hFis1 antibody, followed by immunoblotting with indicated antibodies. d The
ratios (mean + SEM) between Mfn1 or Mfn2 and hFis1 in co-immunoprecipitates in ¢ were analyzed by densitometry. e Elevated expression of
hFis1 also impaired the interaction between pro-fusion proteins Mfn1/2 and MIEF1/2. 293T cells were co-transfected with empty vector (as
negative control) and MIEF1-V5 or MIEF2-V5, as well as co-transfected with Myc-hFis1 and either MIEF1-V5 or MIEF2-V5 as indicated. Cell lysates

were used for co-IP with anti-V5 beads, followed by Western blotting with indicated antibodies. f The ratios (mean + SEM) between Mfn1 or
Mfn2 and MIEF1-V5 or MIEF2-V5 in co-immunoprecipitates in e were analyzed by densitometry

The cell lysates were subjected to co-IP experiments
after centrifugation. For co-IP of V5-tagged exogenous
MIEFs, anti-V5 agarose beads (Novus Biologicals) were
incubated with the cell lysates for 2 h at room
temperature. For co-IP of endogenous proteins, Dyna-
beads™ protein G beads (Invitrogen) pre-incubated
with 2 pg of antibody against target proteins were incu-
bated with cell lysates overnight at 4°C. Next, the beads
were washed with lysis buffer three times followed by
PBS. The bead-conjugated proteins were dissolved in
sample buffer and subjected to Western blotting.

In vivo cross-linking with DSS

In vivo chemical cross-linking with disuccinimidyl sube-
rate (DSS) (Thermo Fisher Scientific) was carried out as
described [25, 47] with some modifications. Cells trans-
fected with expression plasmids for 17 h were washed
three times in PBS with Ca**/Mg®* and then incubated
with 1 mM DSS or DMSO (as control) in PBS for 1 h at
room temperature. The reaction was stopped with a final
concentration of 20 mM Tris (pH 7.5) for 15 min at
room temperature. The samples were dissolved in
NuPAGE™ LDS sample buffer (4X) (Invitrogen) and
analyzed by Western blotting.

Immunofluorescence (IF) and confocal microscopy
imaging

Cells cultured on coverslips were washed with PBS and
fixed with 4% paraformaldehyde (PFA) (Sigma-Aldrich)
at room temperature for 10 min. Thereafter, cells were
permeabilized with 0.5% Triton X-100, washed with PBS
twice, and blocked in 2% bovine serum albumin (BSA)
in PBS, subsequently incubated with indicated primary
antibodies and DyLight conjugated secondary antibodies.
Finally, the coverslips were mounted with the Mounting
Medium with DAPI (Vector Laboratories). MitoTracker
Red CMXRos (500 nM, Thermo Fisher Scientific) was
used to stain mitochondria and added to cultured cells
for 15 min before fixation. Confocal images were

captured using the Leica TCS SP5 confocal microscopy
system. For immunofluorescence and confocal experi-
ments, different persons performed slide preparation,
microscopy observation, and data analysis. Cells express-
ing target proteins were randomly selected and allocated
into different experimental groups, and the cell number
in each group was similar.

Polyethylene glycol (PEG) cell fusion assay

PEG was purchased from VWR international. PEG-
mediated cell fusion assay was performed as previously
described [25, 31, 48, 49]. Briefly, 293T cells stably ex-
pressing mitoRFP (mitochondria-targeted RFP) or
mitoGFP (mitochondria-targeted GFP) [31] (1:1) were
co-seeded on glass coverslips for 24 h and subjected to
the PEG-mediated cell fusion assay. For exogenous ex-
pression of V5-tagged MIEF1, MIEF2, or their mutants,
cells stably expressing mitoRFP or mitoGFP were co-
cultured for 16 h on glass coverslips and transfected
with indicated plasmids or with empty vector as the con-
trol for 18 h. Before the cell fusion experiment, cells
were incubated with cycloheximide (20 pg/ml, Sigma) in
DMEM without serum for 30 min at 37°C to inhibit the
protein synthesis. Next, cells were treated with pre-
warmed (37°C) 50% (wt/vol) PEG 1500 (Sigma) solution
in DMEM without serum for 90 s, then cells were
washed three times with growth medium plus cyclohexi-
mide (20 pg/ml) and incubated with this medium for 5
h. Finally, cells were fixed, permeabilized, and blocked as
previously described for the immunofluorescence experi-
ments. After immunofluorescence staining with anti-V5
tag primary antibody and DyLight 649-conjugated sec-
ondary antibody, polykaryons (containing only two nu-
clei) were randomly selected and analyzed via the SP5
confocal microscopy system (Leica). The extent of mito-
chondrial fusion in hybrid cells was directly analyzed for
quantitative colocalization using the Pearson’s correl-
ation coefficient (PCC) software in the Leica TCS SP5
confocal microscopy system integrated program.
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Mito-PAGFP-based mitochondrial fusion assay

The mito-PAGFP-based assay was carried out as previ-
ously described [31, 39, 40]. For overexpression of
MIEFs and their mutants, WT, Drpl~"", and hFis1 ™/~
293T cells were co-transfected with mito-PAGFP (0.5
pg), mito-DsRed (0.2 pg), and either empty vector (0.5
pg) or indicated plasmid (0.5 pg). Images were captured
on a Leica TCS SP5 confocal microscope using a 63x oil
objective from 16 h post-transfection. Transfected cells
were recognized through mito-DsRed expression. A 3-
pm-diameter circular region of interest (ROI) was
marked and photoactivated by a single-pulse 405 nm
laser. Images with red and green fluorescent signals were

captured before and immediately following activation at
40 s and 10, 20, and 30 min. Fluorescence intensity of
photoactivated mito-PAGFP in ROIs at each time point
was directly analyzed by the software of the Leica Con-
focal System and normalized by the mito-PAGFP fluor-
escence at 40 s after photoactivation (shown as 100%).

GTPase activity assay

The GTP hydrolysis activity assay was carried out as previ-
ously described [41, 50, 51]. The free r-phosphate (Pi) re-
lease of GTP was measured by the colorimetric ATPase/
GTPase activity assay kit (Sigma-Aldrich). 293T cells tran-
siently co-transfected with Mfnl-Myc or Mfn2-Myc and
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either empty vector, MIEF1-V5, or MIEF2-V5 for 20-22 h
were washed twice with phosphate-free buffer (10 mM
Tris-HCl pH 7.5, 150 mM NacCl) and lysed in phosphate-
free lysis buffer (10 mM Tris-HCI pH 7.5, 150 mM NaCl,
1% NP-40, protease inhibitor cocktail complete EDTA-
free, Roche Diagnostics) on ice for 1 h. After centrifuga-
tion, the supernatants were subjected to immunoprecipi-
tation (IP) with 40 pl of anti-Myc tag agarose bead
(Abcam) for 2h at room temperature. After washing with
lysis buffer 3 times and twice with 0.5 M Tris-HCl pH 7.5,
beads were re-suspended in assay buffer provided with the
kit and subjected to GTPase activity assay according to
the manufacturer’s protocol. The absorbance at 620 nm
was read for all samples. Anti-Myc tag agarose beads incu-
bated with the cell lysate prepared from 293T cells trans-
fected with empty vector were used as the mock control
in the GTPase activity assay. To evaluate the quantities of
input immunopurified proteins for GTPase activity assay,
the proteins binding with anti-Myc tag agarose beads were
subjected to Western blot analysis.

Statistical analysis

Statistical analysis of differences between two experimental
groups was performed by the Student’s ¢ test online software
(http://www.physics.csbsju.edu/stats/t-testhtml). P values of
less than 0.05 were regarded as statistically significant.

Abbreviations

BSA: Bovine serum albumin; Co-IP: Co-immunoprecipitation;

DSS: Disuccinimidyl suberate; DR: The disordered regions; Drp1: Dynamin-
related protein 1; Mff: Mitochondrial fission factor; MIEF1/2: Mitochondrial
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