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Mitochondria constantly divide and fuse. Homotypic fusion of the
outer mitochondrial membranes requires the mitofusin (MFN)
proteins, a family of dynamin-like GTPases. MFNs are anchored
in the membrane by transmembrane (TM) segments, exposing
both the N-terminal GTPase domain and the C-terminal tail (CT) to
the cytosol. This arrangement is very similar to that of the atlastin
(ATL) GTPases, which mediate fusion of endoplasmic reticulum
(ER) membranes. We engineered various MFN-ATL chimeras to
gain mechanistic insight into MFN-mediated fusion. When MFN1 is
localized to the ER by TM swapping with ATL1, it functions in
the maintenance of ER morphology and fusion. In addition, an
amphipathic helix in the CT of MFN1 is exchangeable with that
of ATL1 and critical for mitochondrial localization of MFN1.
Furthermore, hydrophobic residues N-terminal to the TM seg-
ments of MFN1 play a role in membrane targeting but not fusion.
Our findings provide important insight into MFN-mediated
membrane fusion.
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Mitochondria are double membrane-bound organelles that
govern ATP production and many other important cellular

processes. Mitochondrial membranes undergo frequent fusion
to maintain a ribbon-like morphology and actively divide for
clearance of damaged portions or redistribution during cell di-
vision (1–3). These membrane dynamics are tightly regulated to
ensure proper mitochondrial functioning. Mitochondrial fusion
and fission are mediated primarily by dynamin-like proteins
(DLPs) (4). In mammals, mitofusin (MFN) (Fzo1p in yeast) fuses
outer mitochondrial membranes (5–7), and OPA1 (Mgm1p in
yeast) merges inner mitochondrial membranes (8, 9), whereas
Drp1 (Dnm1p in yeast) controls mitochondrial fission (10).
Among the DLPs, the MFN family was the first to be identi-

fied and suggested as membrane remodeling factors (11). MFN/
Fuzzy Onion/Fzo1p proteins localize to the outer membrane of
mitochondria, and their deletion causes fragmentation (12), in-
dicating a lack of membrane fusion. Two MFN isoforms have
been identified in mammalian cells (5). Both MFN1 and MFN2
are ubiquitously expressed and essential during embryonic de-
velopment (13), but they exhibit distinct activities in mediating
fusion (14). Mutations in MFN2 cause the neurodegenerative
disease Charcot–Marie–Tooth Type 2A (CMT2A) (15), and the
mitochondrial morphology regulated by MFN proteins has been
linked to several critical physiological functions, including car-
diomyocyte differentiation (16, 17), hematopoietic stem cell
maintenance (18), spermatogenesis (19), and neuron-controlled
energy metabolism (20, 21). MFN-mediated mitochondrial
fusion is thought to be regulated by membrane potential (22),
phosphorylation (23, 24), ubiquitination (25–27), acetylation

(28), and numerous interacting proteins, such as MIB, MARCH-V,
Gβ, Bax, and GPAT (29–33). Given the difficulties purifying and
reconstituting MFN proteins, their sufficiency for membrane
fusion is unclear.
MFNs comprise an N-terminal cytosolic GTPase followed by a

helical bundle (HB) domain, a transmembrane (TM) domain,
and a cytosolic C-terminal tail (CT). Two heptad repeats (HRs)
have been predicted to reside in the HB and CT. MFNs are
thought to localize in the mitochondrial membranes via the TM
domain. However, deletion of the HB or CT of MFN2 results in
the diffusion of some proteins into the cytosol (22), suggesting
that the mitochondrial targeting of MFN is determined by mul-
tiple sequence elements. How MFN mediates mitochondrial
fusion is also poorly understood. GTPase activity is known
to be required (14, 22). The crystal structure of the CT of
MFN1 revealed homotypic interactions in the form of an anti-
parallel coiled coil (34), suggesting that this region of MFNs (the
second predicted heptad repeat, HR2) promotes the tethering
of apposing mitochondrial membranes before fusion. Recent
structural analysis of the minimal GTPase domain (MGD) of
MFN1 revealed that membrane tethering is likely achieved
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through its GTP-dependent dimerization (35, 36). Cryo-EM to-
mography studies using isolated mitochondria confirmed that
tethering/docking is GTP-dependent (37). Whether other re-
gions of MFN contribute to the fusion activity remains to be
investigated.
Another class of dynamin-like GTPases that mediates fusion

of endoplasmic reticulum (ER) membranes has been identified:
atlastin (ATL) in mammals, Sey1p in yeast, and RHD3 in plants
(38–41). ATL and MFN are functionally analogous and share the
same domain structure and membrane topology. The fusion
mechanisms of ATL and Sey1p are better understood than those
of MFN proteins. The crystal structure of the cytosolic domain of
human ATL1 has been determined in three different confor-
mations (42–44). In all structures, the GTPase domain of ATL
forms a dimer, but the following three-helix bundle (3HB) docks
to GTPase in either the same or the paired ATL molecule,
orienting different directions relative to the GTPase dimer. A
fusion model has been proposed in which GTP binding induces
interactions between ATL molecules across the apposing mem-
branes, and subsequent GTP hydrolysis causes conformational
changes to force the HBs of engaging ATL molecules to come
very close, pulling the two membranes together. In addition, the
CT of ATL forms an amphipathic helix that binds and perturbs
the membrane bilayer, facilitating the fusion process, and the
TM segments are required for efficient fusion, probably via me-
diation of the nucleotide-independent oligomerization of ATL
molecules (45). Structural and biochemical studies of Sey1p have
revealed a conserved mechanism with some unique features (46).
Here, we elucidate how MFN mediates homotypic membrane

fusion based on our knowledge of ATL. We show that the role of
the MFN-CT appears to be different from that previously proposed.
An amphipathic helix in the CT is critical for MFN-mediated fusion.
Furthermore, the same helix and a loop region in the HB play a role
in localizing MFN onto the outer mitochondrial membrane.

Results
Construction and Localization of MFN-ATL Chimeras. We generated
MFN-ATL chimeras to determine whether MFN or ATL retain
membrane fusion activity when they are relocated to a different
organelle and whether MFN domains function similarly to
their ATL counterparts. To ensure surgical precision in con-
struction of the chimera, we performed a detailed sequence
analysis of human MFN1. Overall, the secondary structures of
MFN1 predicted by the “PredictProtein” program (47) exhibited
a pattern very similar to that observed experimentally for human
ATL1 and MFN1 (Fig. 1A and Fig. S1). The N-terminal MGD of
MFN1 is composed of a classical GTPase and HB that is com-
plemented by α11b from the CT. Three helices, numbered α7 to
α9, were predicted between the MGD and TM segments of
MFN1. We named this region the HBM domain (Fig. 1A, M for
MFN1), and it is likely the second HB of MFN1, given that
MGD already possesses one 4HB (35, 36). The previously de-
fined HR1 (residues 373 to 400) is within α7. The TM segments
of MFN1 (TMM) appear to be 33 residues in length, which was
confirmed by online software TMHMM (www.cbs.dtu.dk/services/
TMHMM/) and is considerably shorter than a conventional two-
pass TM region, even if it forms a hairpin. The CT of MFN1
(CTM) was predicted to be extensively α-helical (including α10,
α11a, and α11b). The latter two helices were previously known as
HR2 and have appeared as one long helix in the crystal structure
(34). Collectively, these analyses suggest that MFN1 can be di-
vided into four parts: GM (1–361), HBM (362–595), TMM (596–
628), and CTM (629–741) (Fig. 1A). Similarly, the corresponding
parts of ATL1 have been defined as the following: GA (1–338),
HBA (339–447), TMA (448–496), and CTA (497–558) (Fig. 1A,
A for ATL1).
To relocate MFN or ATL, we switched their TM segments, the

key targeting element for an integral membrane protein. For

clarity, we named all of the chimeras used here according to the
identity of their TM domain; chimeras containing TMA are
designated as A-type and chimeras containing TMM are desig-
nated as M-type.
To move MFN1 to the ER, we created chimera A1 (GTPa-

seMFN1-HBMFN1-TMATL1-CTMFN1 or GM-HBM-TMA-CTM).
Immunofluorescence and the MitoTracker signal showed that
A1 properly localized to the ER, but not the mitochondria, even
though the mitochondrial morphology is slightly altered (Fig.
1B), possibly due to interactions between A1 and MFN1 (Fig.
S2). In addition, A1 was found mostly in the tubular ER and very
little protein was seen in peripheral ER sheets or the nuclear
envelope, a feature reminiscent of ATL1 (Fig. 1B). To rule out
the possibility that some of A1 remains on the mitochondria, we
expressed A1 in MFN1-deleted mouse embryonic fibroblast (MEF)
cells and monitored the mitochondrial morphology. A1 appeared
as an ER pattern and, similar to untransfected cells, A1-expressing
cells exhibited fragmented mitochondria (Fig. S3), suggesting a
lack of A1 on mitochondria. Finally, deletion of the HBM (A2,
GM-TMA-CTM) or CTM (A3, GM-HBM-TMA) from A1 did
not alter the ER localization (Fig. S4A). These results indicate
that the TMA is sufficient for localization of MFN1 to the ER.
When the TM domain of ATL1 was replaced with that of

MFN1, the resulting mutant M1 (GA-HBA-TMM-CTA) did not
localize to the mitochondria as expected; instead, it remained on
the ER and exhibited dispersed distribution in the cytosol in
some cells (Fig. 1C and Fig. S4C). Consistently, expression of
M1 resulted in little rescue of defective mitochondrial mor-
phology in MFN1-deleted MEF cells (Fig. S3). Truncation of the
HR1- or HR2-containing regions in MFN2 has been shown to
cause protein redistribution into the cytosol (48). We confirmed
these findings using MFN1 protein lacking the newly defined HB
(including HR1) or CT (including HR2) (Fig. S4B). Thus, the
TMM is likely necessary, but not sufficient, for outer mito-
chondrial membrane targeting.

Functional Tests for MFN-ATL Chimeras Localized in the ER. We then
tested the function of relocated MFNs. As the cytosolic domains
of these MFN-containing chimeras could potentially interact
with endogenous MFNs, we used a Saccharomyces cerevisiae
system in which such cross-talk is less likely due to sequence
divergence between ectopically expressed MFN mutants and
endogenous Fzo1p (the yeast ortholog of MFN). To determine
the activity of MFN localized in the ER, we analyzed whether
MFN-ATL chimeras can replace Sey1p, a functional ortholog of
ATL. Yeast cells lacking Sey1p and either Yop1p or Rtn1p,
proteins that shape the ER tubules (49, 50), exhibited abnormal
cortical ER morphology; in particular, the tubular ER network
largely disappeared, and many areas of the cortex were void of
ER, indicating a lack of ER fusion (39). These defects can be
restored by the expression of wild-type (WT) Sey1p or human
ATL1 (38, 39). When HA-tagged A1 was transformed into
sey1Δyop1Δ cells using a CEN vector with the endogenous SEY1
orFZO1 promoter, no expression was detected (Fig. S5A). The
levels of these chimeras became detectable only when using a
high copy 2μ vector with a GAL promoter (Fig. S5A) and were
equivalent to that of human ATL1 expressed under the endog-
enous SEY1 promoter in a CEN vector (Fig. S5A). To confirm
the localization of these chimeras in yeast cells, GFP-tagged
chimeras were expressed in sey1Δ cells and compared with the
localization of ER-targeted red fluorescent protein (RFP) (ss-
RFP-HDEL). All A-type chimeras localized to the ER (Fig. S5B)
as in mammalian cells.
To test whether some chimeras also localize to mitochondria

and influence their morphology, we expressed A1 in fzo1Δ cells,
in which mitochondria are fragmented. As observed with MFN-
deleted MEF cells, A1 expression in yeast cells did not affect
the mitochondrial morphology (Fig. S5C). Finally, we also
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expressed A1 in sey1Δyop1Δ cells and observed no changes
in mitochondrial morphology (Fig. S5D). These results con-
firmed that ATL1-TM efficiently redirects MFN1 to the ER,
even in yeast cells.
The cortical ER of sey1Δyop1Δ cells expressing the chimeras

was visualized by Sec63p-GFP. To better evaluate the ER mor-
phology, we added a category of partially normal ER in which
some fenestrated ER was observed, but areas of the cortex
lacked ER (Fig. 2A). We found that, when A1 (GM-HBM-TMA-
CTM) was expressed, a substantial number of cells had normal
ER morphology (Fig. S5 E and F). In contrast, when the GTP-
binding mutant A1 K88A was expressed, the ER morphology
defects were not rescued (Fig. S5E). The ER defects were also
retained with the expression of A2 (GM-TMA-CTM) and A3
(Fig. S5E). In addition, when MFN1 lacking HB or CT was
transfected into MFN1-deleted MEF cells, mitochondria frag-
mentation was not restored (Fig. S3). Taken together, these re-
sults suggest that MFN1 is functional on the ER, with the HBM
and CTM playing roles in fusion.

The CT of ATL1 facilitates fusion using an amphipathic helix
(45). The tailless mutant of ATL1, when expressed at endoge-
nous levels using SEY1 promoter, failed to rescue the ER mor-
phology defects in sey1Δyop1Δ cells (Fig. 2B). Thus, we tested the
function of MFN-CT by tail swapping. As expected, the addition
of MFN1-CT (tailless-CTM) partially rescued the defective
ATL1 tailless mutant and maintained proper ER morphology
(Fig. 2B; see Fig. S5A for expression levels). Notably, neither WT
ATL1 nor ATL tailless containing mutants was able to restore
mitochondria morphology in MFN1-deleted MEF cells (Fig. S3),
consistent with their localization on the ER. These results in-
dicate that the CTM is exchangeable with the CTA.
To further test whether chimeras containing MFN1 mediate

functional ER fusion, we monitored their activities in a cell
proliferation assay. Previously, it was reported that cells either
lacking Sey1p or carrying ufe1-1 mutation, a temperature-sensitive
allele of the essential ER SNARE Ufe1p, grow normally, but the
combination of the two mutants causes very severe growth defects
(38). As expected, the expression of human ATL1, but not the
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labeled with cylinders. The sequences of three synthetic peptides used in this figure are underlined in red. Mutated residues are numbered, with critical ones
in cyan, moderately critical ones in green, and noncritical ones in yellow. The conservation of the important residues is highlighted in black boxes. (B) Helical
wheel representation of α10 was generated using program HeliQuest (heliquest.ipmc.cnrs.fr/). Hydrophobic, negatively charged, and positively charged
residues are shown in yellow, red, and blue, respectively. Mutated residues are numbered. (C) Indicated peptides were added to liposomes with or without PC
containing doxyl groups at position 5 or 12 of the hydrocarbon. The quenching of the fluorescence of Trp in the peptide was measured and expressed as F0/F
(maximal fluorescence with doxyl-free liposomes divided by maximal fluorescence with doxyl-containing ones). DmATL CTH is a positive control, and amino
acid Trp is a negative control. Data shown are the mean and SE of three experiments. (D) Circular dichroism spectra of indicated peptides were recorded in the
absence (black lines) or presence (red lines) of liposomes. EPL, liposomes made of E. coli polar lipids; M.R.E., mean residue ellipticity; PCPS, liposomes made of PC:PS
(mole percent 85:15). (E) HA-taggedWTMFN1 or indicated mutants were transfected into MFN1-deleted MEF cells. Their localization was determined by anti-HA
antibodies (green) and compared with that of MitoDsRed, a mitochondrial targeted marker protein, using indirect immunofluorescence and confocal microscopy.
The right panels show the 4.7× enlargement of the indicated areas. (Scale bars: 10 μm.) (F) The mitochondrial morphology of indicated samples was categorized as
“normal” or “abnormal”. A total of 100 to 120 cells were counted for each sample. All graphs are representative of at least three repetitions. (G) Full-length
dmATL, ATL tailless, tailless-CTMα10, and tailless-CTMα11 were purified and reconstituted into donor and acceptor vesicles at a 1:2,000 protein-to-lipid ratio. GTP-
dependent fusion of donor and acceptor vesicles was monitored by the dequenching of an 7-nitro-2-1,3-benzoxadiazol-4-yl (NBD)-labeled lipid present in the
donor vesicles. All reactions were initiated by addition of GTP. (H) As in G, with indicated constructs tested at a 1:1,000 protein-to-lipid ratio.
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tailless mutant, efficiently rescued the poor growth of the ufe1-
1sey1Δ cells (Fig. 2C). When ATL tailless-CTM was tested, the
growth was slightly restored (Fig. 2C), which is consistent with the
results of the ER morphology assay. The same results were
obtained when cell proliferation was measured using an automated
growth curve system (Fig. 2D). These results support the notion
that the MFN-CT is functionally analogous to, although less effi-
cient than, ATL1-CT in facilitating membrane fusion.

An Amphipathic Helix in the MFN-CT Facilitates Fusion and Localization.
The CT of ATL forms an amphipathic helix that inserts into
the membrane and perturbs the lipid bilayer without causing
significant lysis. Because the CT of MFN1 can partially replace
the CT of ATL, we investigated whether a similar amphipathic
helix is present in the MFN1-CT. Helical wheel analysis revealed
that the first helix in the CT (α10) exhibited an amphipathic
pattern (Fig. 3 A and B). The second helix (α11) can form a
coiled coil structure (34), which requires hydrophobic resi-
dues to point in the same direction, and as such is naturally
amphipathic.
We synthesized three peptides corresponding to sequences of

the helical region in the MFN1-CT (α10 peptide, residues 629 to
659; α11a peptide, residues 676 to 705; and α11b peptide, resi-
dues 706 to 735) and tested whether they insert into the lipid
bilayer as reported with other amphipathic helices (45). If the
hydrophobic surface of an amphipathic helix contains a trypto-
phan (Trp), upon membrane insertion, the Trp residue would
come into contact with the hydrophobic tails of lipids. The
fluorescence of Trp can be quenched by doxyl groups conjugated
to the hydrocarbon chains. Not all of the peptides contain Trp;
thus, we replaced residues in the predicted hydrophobic faces
with Trp (α10 peptide, F646W or A650W; α11a peptide, F677W/
I702W; α11b peptide, I708W/F729W). To determine whether
substitution with Trp affects the function of MFN1, we trans-
fected COS-7 cells with F646W or A650W. Similar to WT
MFN1, both mutants aggregated mitochondria in the perinuclear
region (Fig. S6A) and were able to restore mitochondrial mor-
phology in MFN1-deleted MEF cells (Fig. S6B), suggesting that
the Trp mutants are functional. In a doxyl-quenching assay, we
observed direct contact of Trp residues with membranes only
when the α10 peptide was used (Fig. 3C). The quenching was
more prominent with 5-doxyl than 12-doxyl, suggesting shallow
insertion (Fig. 3C). Similar quenching was observed with a
peptide from the equivalent amphipathic helix in the ATL-CT
from Drosophila, but not with free Trp (Fig. 3C). Taken together,
the results indicate that the α10 of MFN1, which forms an am-
phipathic helix that inserts into the membrane, may be func-
tionally analogous to the CT of ATL.
Circular dichroism (CD) measurements provided further evi-

dence of an interaction between the amphipathic helix and lipids.
The α10 peptide corresponding to the WT sequence became
more helical in the presence of liposomes (Fig. 3D). Helical
structures appeared when Escherichia coli polar lipids (EPLs), a
lipid mixture that is partly similar to the membrane composition
of mitochondria, were used to generate liposomes, but not when
phosphatidyl-choline (PC)/phosphatidyl-serine (PS) was used
(Fig. 3D). F646D and A650D, mutations in the hydrophobic face
of the first half helix, abolished the interactions and exhibited
no helical folding, even in the presence of liposomes, whereas
I657D, a later mutation, caused no defects (Fig. 3D and Fig.
S6C). The hydrophilic face of the helix appears to be less im-
portant as mutation of A641 had little effect (Fig. 3D). Consis-
tently, none of the α11 peptides exhibited lipid-induced helical
formation (Fig. S6C). To measure the helical formation of the
peptides in a more physiologically relevant environment, lipo-
somes containing a lipid mixture of outer mitochondrial mem-
branes (51) were used. Similar to EPL-containing liposomes,
α10 peptide exhibited a helical propensity in the presence of

these liposomes (Fig. S6D). Individual lipid types were then
removed one by one from the liposomes, and the CD spectrum
was determined with the α10 peptide. Cardiolipin (CL) and
phosphatidyl-inositol (PI) were more important than PC and
phosphatidyl-ethanolamine (PE) (Fig. S6D), confirming the
preference of more mitochondria-specific lipids by the peptide.
These results show that folding of the α10 amphipathic helix is
induced upon interaction with the lipid bilayer, with the first half
of the helix being more important.
To directly test the function of MFN1-α10, the α10 region was

attached to the ATL tailless mutant (tailless-CTMα10) instead of
the entire MFN1-CT (tailless-CTM). The chimeric protein was
able to rescue the ER morphology defects in sey1Δyop1Δ cells
(Fig. 2B) and growth defects in ufe1-1sey1Δ cells (Fig. 2 C and
D), equivalent to that of WT ATL1 and even better than tailless-
CTM. In addition, when MFN1-α10 was linked to the Drosophila
ATL tailless mutant, the purified reconstituted chimera protein
was able to restore ∼30% of the fusion defect of the tailless
mutant at a protein-to-lipid ratio of 1:2,000 (Fig. 3G, see Fig. S7
A and B for reconstitution controls). Conversely, fusion by
tailless ATL was not promoted by α11. Consistent with ER
morphology and cell proliferation assays, the presence of α11
appeared to partly inhibit the activity of α10 as tailless-CTM was
less competent in mediating fusion than tailless-CTMα10 (Fig.
3H). These results suggest that the α10 amphipathic helix of
MFN1 is capable of facilitating ATL-mediated fusion.
To further probe the function of the amphipathic helix, we

tested the effect of point mutations on MFN-mediated mito-
chondrial fusion using MFN1-deleted MEF cells. As shown
previously, expression of WT MFN1 rescued the mitochondria
fragmentation in these cells, but expression of F642D, F646D,
and A650D, the hydrophobic face mutants, failed to do so (Fig.
3 E and F and Fig. S7D). Consistent with CD measurements,
mutation A641D did not affect the function of MFN1 (Fig. 3 E
and F). Based on the helical wheel prediction, both K643 and
K653 flank the hydrophobic face. Mutation of K643D, the former
lysine, but not K653D, reduced the ability of MFN1 to maintain
mitochondrial fusion (Fig. S7D). Similarly, I657D, a mutant that
exhibited unaltered lipid association (Fig. S6C), restored the mi-
tochondrial morphology to that of WT protein (Fig. S7D). These
results confirm that the α10 amphipathic helix is critical for MFN1
function in maintaining mitochondrial morphology in cells.
We noticed that some F646D and A650D proteins did not

localize to the mitochondria (Fig. 3E). To test whether the am-
phipathic helix plays a role in MFN1 localization, we expressed
HA-tagged WT or mutant MFN1 in COS-7 cells. Consistent with
previous observations, overexpressed MFN1 localized to the
mitochondria, causing condensation of mitochondria around the
nucleus, which is likely indicative of excessive fusion (Fig. 4A).
When the hydrophobic face of the amphipathic helix was dis-
rupted (F642D, F646D, and A650D), some of the mutant pro-
teins diffused into the cytosol (Fig. 4A and Fig. S7E). These
mutants also failed to cause hyperfusion of the mitochondria. In
contrast, the hydrophilic surface mutant A641D behaved like the
WT protein; it localized to the mitochondrial membranes and its
overexpression resulted in perinuclear condensation of the mi-
tochondria (Fig. 4A). The localization of additional mutants (K643D,
K653D, and I657D) correlated with their ability to maintain mi-
tochondrial morphology (Fig. S7E). These results indicate that the
α10 amphipathic helix plays a dual role facilitating mitochondrial
targeting and fusion by MFN1.

α7α8 Loop Facilitates Mitochondrial Targeting of MFN. The role of
the α10 amphipathic helix in MFN1 localization explains the
deletion of MFN1-CT causing mistargeting. Next, we investi-
gated how the HB region is involved in mitochondrial targeting
as the mutant lacking the HB domain exhibited the same defects
(Fig. S4B). Bacterial dynamin-like protein (BDLP) has been reported
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to use a paddle domain and a loop in the trunk region to insert into
membranes (52) (Fig. 4B). The paddle of BDLP is reminiscent of
the predicted transmembrane hairpin of MFN1, and the loop re-
gion consists of three short amphipathic helices. We hypothesize
that a corresponding loop in the HB domain (equivalent to the
trunk domain of BDLP) that connects α7 and α8, and as such is in
proximity to the lipid bilayer, plays a role in mitochondrial mem-
brane targeting of MFN1. Helical wheel analysis of the loop
revealed a less typical amphipathic character (Fig. 4C). Never-
theless, two conserved Phe residues were found on one side of the
helical wheel. We replaced F427 and F431 with Asp and tested the
mutants in COS cells. As predicted, the mutated MFN proteins
partly localized to the cytosol (Fig. 4D). Interestingly, unlike α10
mutants, the properly targeted F427D and F431D proteins were
able to aggregate mitochondria around the nucleus. These results
suggest that the α7α8 loop affects localization of MFN1 via
membrane insertion of bulky hydrophobic residues but is less likely
to be involved in regulating fusion activity.

TM-Flanking Elements Are Conserved in Fzo1p. To test if the TM-
flanking elements identified in MFN are conserved in eukary-
otes, we analyzed the sequence of Fzo1p, the yeast homolog of
MFN. The overall predicted secondary structure was conserved be-
tween Fzo1p and MFNs (Fig. S1). In the CT of Fzo1p, a predicted
helix (755 to 775) that is equivalent to α10 in MFN1 is present im-
mediately following the TM regions, and in the predicted α7α8 loop
of Fzo1p, Y552, and Y555 are weakly equivalent to F427 and
F431 in human MFN1 (Fig. 4C and Fig. S1). The structures of
the α10 regions in MFN1 and Fzo1p were modeled using Rap-
torX (raptorx.uchicago.edu/StructurePrediction/predict/). Residues
631 to 657 of MFN1 were modeled as α-helical (Fig. S7C), which is
consistent with the second half of the α10 peptide being less
important. In addition, the model revealed that F642, F646, and
A650 form a hydrophobic patch that faces one direction (Fig.
S7C). Similarly, residues 763 to 775 of Fzo1p were modeled as a
helix, with L765, Y769, and L733 being the hydrophobic face
(Fig. S8A). These analyses suggest that the elements used by
MFN1 for membrane targeting and fusion are likely conserved
in Fzo1p.
To test whether residues found in Fzo1p are critical for

maintaining proper mitochondrial morphology, we expressed
WT and mutant Fzo1p under control of the endogenous FZO1
promoter (Fig. S8B) in fzo1Δ cells and monitored mitochondrial
morphology using a mitochondria-targeted GFP marker (mito-
GFP). As previously reported (6), deletion of Fzo1p caused the
fragmentation of mitochondria, and reintroduction of WT Fzo1p
restored the ribbon-like morphology (Fig. S8C). Mutations in the
α7α8 loop (Y552D and Y555D) and the hydrophilic face of α10
(N764D) did not compromise mitochondrial morphology, but
mutations in the hydrophobic face of α10 (L765D, Y769D, and
L773D) did (Fig. S8D). Notably, previous studies confirmed the
role of α10 residues in supporting cell proliferation (53); Y769P
and L773P (within the predicted α10) are inactive, but mutations
of later leucines cause no defects. To further investigate the
membrane targeting of Fzo1p mutants, we performed a mem-
brane sedimentation assay. Mutations in hydrophobic residues in
both the α7α8 loop and α10 helix affected the membrane tar-
geting of Fzo1p (Fig. S8E). These results suggest that Fzo1p
utilizes similar hydrophobic residues as MFN for proper locali-
zation and function.

Discussion
Our results provide important insights into the mechanism un-
derlying MFN-mediated homotypic fusion of the outer mito-
chondrial membranes. We show that this dynamin-like GTPase
is capable of mediating membrane fusion outside of mitochon-
dria, suggesting that it is a bona fide fusogen without the re-
quirement of mitochondria-specific cofactors. The domains of

MFN protein, especially the CT, play similar roles as those of
ATL.
The GTPase domain of MFN1 appears to be longer than

previously estimated (48), based on a comparison with cytATL1,
which is consistent with MFN having an extra HB associating
with its GTPase (35, 36). Secondary structure prediction and
structural analogy with BDLP suggest that the region between
the GTPase and TM domain of MFN is likely an HB, similar to
ATL. Finally, MFN is predicted to have one hydrophobic seg-
ment that may be a TM domain. Given that both the N and C
termini are cytosolic (48), the TM segments of MFN1 likely form
a hairpin without traversing the bilayer completely. The short TM
domain compared with ATL implicates an additional mechanism
for membrane targeting.
The fusion activities of many other membrane fusogens, in-

cluding SNAREs and ATL proteins, have been demonstrated in
vitro using reconstituted vesicles containing purified proteins
(54). Such direct evidence has not been reported for MFN. In
vitro fusion assays using isolated mitochondria have shown
that the MFN family is necessary for fusion of the outer
mitochondrial membranes (55). However, several important
mitochondria-related factors, including inner membrane poten-
tials and mitochondria-resident proteins, such as outer membrane
protein Ugo1p (56), can drastically affect MFN- or Fzo1p-mediated
fusion, which prevents the conclusion that MFN may act alone
for fusion. Here, we showed that, when MFN1 is relocated to the
ER using the ATL1-TM domain (chimera A1), it can replace ER
fusogen Sey1p in maintaining ER morphology and mediate ER
fusion in yeast cells. The partial restoration of ER morphology was
likely caused by low and uneven levels of A1 expression among the
tested cells. Alternatively, the previously reported regulatory pro-
teins for MFN family members are needed to boost the activity of
these fusogenic proteins to a necessary level. Nevertheless, our
evidence favors the notion that MFN is intrinsically capable of
mediating membrane fusion.
In addition to the GTPase, we showed that the HB of MFN1 is

indispensable. Based on recent structural studies (35, 36), HBM
is likely complemented by the first half of HR2 (α11a), mim-
icking the configuration of the trunk domain of BDLP. In ATL,
the stalk-like HB relays the conformational changes initiated
in the GTPase domain to the TM domain and embedded
membrane. Whether HBM moves similarly remains to be
investigated.
The TM domains of both ATL and MFN likely form hairpin

structures. In the case of ATL, the two TMs are in very close
proximity, and the MFN-TM domain may not even cross the
membrane completely, representing an extreme case of hairpin
structure. The short TMM is consistent with the mitochondrial
membranes being thinner than other cellular membranes (57),
and the TM helices of mitochondrial membrane proteins are
relatively short (58). TM hairpins are commonly found in pro-
teins that prefer high curvature of the lipid bilayer (59, 60).
Because the outer surface of a mitochondrion is not as bent as
that of ER tubules, it is possible that the hairpin configurations
of the TM domains may be useful in other aspects, probably
related to the fusion process. We previously demonstrated that
the ATL-TM domain is not exchangeable with other TM do-
mains (45). Similarly, we would predict that the MFN-TM domain is
sequence-specific. However, when the ATL1-TM domain is used by
MFN1 (chimera A1), it appears to be active. In addition, both TMs
mediate oligomerization independently of nucleotide (45), suggest-
ing the existence of some unknown features of the TM domains
shared by these proteins.
The most intriguing results for MFN fusion are due to its CT,

which includes a previously characterized HR2 fragment. Our
results indicate that the MFN-CT, particularly the α10 helix, is
functionally equivalent to the ATL-CT, which is known to form
an amphipathic helix that binds to, and destabilizes, the lipid
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bilayer (45). The remaining region of the MFN-CT was pre-
viously proposed to mediate homo-dimer formation in an anti-
parallel manner. Given the large hydrophobic face of the long
helix, dimerization is plausible when it is isolated from its molec-
ular context. Another likely scenario is that this helix compliments
the HB domain in the N terminus, as suggested by intramolecular
interaction analysis (60, 61) and MGD structures (36). Alterna-
tively, it may form a binding platform for molecules associated with
MFN. HR2 has been proposed to be released during the actions of
MFN because peptides derived from HR1 could regulate MFN-

mediated fusion and even normalize mitochondrial morphology
defects caused by CMT2A mutants (62). However, when dis-
located from HR1, HR2 may gain tethering activity, as seen in
the HR2 structure. In peptide-treated cells, only the appearance
of the mitochondria was assessed. Whether mitochondria are
functional remains to be tested. Furthermore, our results suggest
that unchecked HR2, when attached to ATL tailless and lacking
an intramolecular binding partner, exhibits inhibitory effects on
fusion. Mutations or modifications in the HR2 region, such as
oxidation of C684 in MFN2 (63), have also been demonstrated
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to cause functional defects. Nevertheless, these results could be
interpreted alternatively as subsequent folding defects of the
mutations.
Our mechanistic probing of MFN1 demonstrates the de-

pendence of each domain and the specific role of the CT in
mediating membrane fusion (Fig. 4E). It also provides insight
into the molecular determinants of the localization of MFN1.
The combination of the α7α8 loop, the α10 helix, and the rela-
tively short TM hairpin stabilizes MFN1 on membranes (Fig.
4E). The amphipathic nature of the TM-flanking regions is less
typical than other known amphipathic helices, in that the hy-
drophobic face is relatively small. However, their membrane
engagement is facilitated by the presence of the TM hairpin
nearby. Our results offer an explanation for previous observa-
tions that both sides of the TM domain are important for the
localization of MFN1. The mechanism proposed for MFN1
could apply to MFN2, Fuzzy Onion, Fzo1p, and their homologs
in the fusion of mitochondrial outer membranes in different tissues
or species. Thus, the chimeras generated here offer opportunities
for investigating how the MFN family is regulated and for in vitro
studies with purified components.

Materials and Methods
Mammalian Cell Culture, Transfection, and Confocal Microscopy. MEF cells and
COS-7 cells were maintained at 37 °C in 5% CO2. Transfections were per-
formed using Lipofectamine 3000 or Lipofectamine 2000 (Invitrogen)

according to the manufacturer’s instructions. Confocal imaging was per-
formed as described previously (36, 39).

Fluorescence Microscopy in Yeast. Yeast cells were cultured and visualized as
previously described (39).

Circular Dichroism. Liposomes used for CD measurements were made of
85:15mol percent POPC:DOPS, 50:30:10:10mol percent POPC:PE:PI:CL, or EPLs
(Avanti Polar Lipids) and extruded through filters with 100-nm pores. Pep-
tides and the indicated liposomes were mixed to final concentrations of
60 μM and 2 mM, respectively, in 10 mM potassium phosphate and 100 mM
KCl (pH 7.5). Spectra were collected as described previously (45).

Doxyl-Quenching Assay. Liposomes used for the doxyl-quenching assay were
prepared from EPLs, with or without doxyl-PC (Avanti Polar Lipids). Peptides
and the indicated liposomes were mixed to final concentrations of 20 μM
and 400 μM, respectively, in 10 mM potassium phosphate and 100 mM KCl
(pH 7.5). Trp fluorescence was measured as described previously (45).

In Vitro Fusion Assay. Lipid-mixing assays were performed as described pre-
viously (42).

Further details on methods are provided in SI Materials and Methods.
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