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Mitochondria are dynamic organelles that undergo frequent fission and fusion or
branching. Although these morphologic changes are considered crucial for cellular
functions, the underlying mechanisms remain elusive, especially in mammalian cells.
We characterized two rat mitochondrial outer membrane proteins, Mfnl and Mfn2,
with distinct tissue expressions, that are homologous to Drosophila Fzo, a GTPase
involved in mitochondrial fusion. Expression of the GTPase-domain mutant of Mfn2
(Mfn2K109T) jn HeLa cells induced mitochondrial fragmentation in which Mfn2K109T
localized at the restricted domains. Immuno-electronmicroscopy revealed that
Mfn2K109T was concentrated at the contact domains between adjacent mitochondria,
suggesting that fusion of the outer membrane was arrested at some intermediate
step. Mfn1 expression induced highly connected tubular network structures depend-
ing on the functional GTPase domain. The Mfnl-induced tubular networks were sup-
pressed by co-expression with Mfn2. In vivo depletion of either isoform by RNA inter-
ference revealed that both are required to maintain normal mitochondrial
morphology. The fusion of differentially-labeled mitochondria in HeLa cells subjected
to depletion of either Mfn isoform and subsequent cell fusion by hemagglutinating
virus of Japan revealed that both proteins have distinct functions in mitochondrial
fusion. We conclude that the two Mfn isoforms cooperate in mitochondrial fusion in
mammalian cells.
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Abbreviations: Mfn1X88T and Mfn2K109T the GTPase domain mutants of Mfn1 and Mfn2, respectively; HA, hemag-
glutinin; HVJ, Hemagglutinating Virus of Japan; RNAi, RNA interference; siRNA, small interference RNA; WT,

wild-type.

Mitochondria are very dynamic, changing their size,
shape, position, or copy number in cells during cellular
differentiation, development, or under pathologic condi-
tions (I-3). The inheritance of mitochondria or mainte-
nance of their characteristic shape and position is regu-
lated by fusion and fission reactions and by active
transport along cytoskeletal elements, such as actin,
microtubule, or intermediate filaments (2, 4).

Recent studies in yeast revealed that three high molec-
ular-weight GTP-binding proteins are involved in mito-
chondrial morphogenesis (2, 5, 6). A soluble dynamin-
related GTPase, Dnm1, assembles on the mitochondrial
outer membrane and mediates mitochondrial division;
dnml1 mutations produce long tubular mitochondria or
those with a planar net of interconnected tubules (7, 8).
Mutations in the second dynamin family protein, Mgm]1,
cause mitochondrial aggregation and mitochondrial DNA
loss (9—11). Mgm1 is thought to regulate inner membrane
remodeling in the intermembrane space (171-13). A GTP-
binding transmembrane protein, fuzzy onion (Fzo), in
Drosophila and a yeast homologue, Fzol, function in the
mitochondrial membrane fusion reaction (14-16). In
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Drosophila, Fzo is expressed specifically in testis at a
restricted stage during spermatogenesis and is required
for a developmentally-regulated mitochondrial fusion
event (14). In yeast S. cerevisiae, a conditional fzol muta-
tion induces fragmentation of the mitochondrial reticu-
lum and blocks mitochondrial fusion during yeast mating
(15, 16). Fzol is anchored to the outer membrane by two
adjacent transmembrane segments at the C-terminus,
exposing both the bulk N-terminal portion and a small C-
terminal segment to the cytosol (17). A short loop con-
necting the two transmembrane segments exposed to the
intermembrane space associates with the inner mem-
brane and this association is critical for its function (17).

Much less is known about the mechanisms that regu-
late mitochondrial morphology in mammalian cells. A
cytosolic dynamin-like protein (Dlpl or Drpl) functions
as an orthologue of yeast Dnm1 in the mitochondrial fis-
sion process in mammalian cells (18-21). Expression of
the GTPase-domain mutant in cultured cells causes a col-
lapse of the mitochondrial network to large perinuclear
aggregates, or mitochondrial enlargement (22-25). Drpl
is also involved in apoptotic cell death. Upon the induc-
tion of apoptosis, Drpl translocates from the cytosol to
the potential division sites of mitochondria to induce
mitochondrial fragmentation (26). Recent research has
revealed that mutations in the human OPA1 gene, which
encodes a protein structurally similar to yeast Mgml,
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induce optic atrophy through mitochondrial impairment
(27, 28). Santel and Fuller (2001) identified two human
homologues of Fzo, mitofusinl and 2 (Mfnl and Mfn2).
The expression of either protein in cultured mammalian
cells induces mitochondrial clustering (29). Rojo et al.
(2002) reported that the exogenously expressed Mfn2
localizes on the contact region of connected mitochondria
(30). Co-expression of Mfn2 with a dominant negative
GTPase mutant of Drp1 that blocks mitochondrial fission
results in elongation of the mitochondrial filaments and
networks, suggesting that mitochondrial morphogenesis
depends on a dynamic balance between Mfn-dependent
mitochondrial fusion and Drpl-dependent mitochondrial
fission (29). Whether these two Mfn isoforms have func-
tional redundancy or function in distinct steps, however,
remains unknown.

For the present report, we characterized rat Mfnl and
Mfn2, proteins that exhibit distinct tissue expression
patterns. Expression of the GTPase-negative mutant of
Mfn2 (Mfn2K109T) in cultured cells and examination of the
cells by immunofluorescent microscopy and immuno-
electronmicroscopy revealed Mfn2K0T.induced mito-
chondrial fragmentation and the accumulation of an
apparent intermediate of the mitochondrial fusion proc-
ess. Expression of wild-type Mfn1 induced protrusion of
highly connected network structures, possibly derived
from the outer membrane. The network structures col-
lapsed to the normal structure upon co-expression with
Mfn2, indicating the cooperation of both isozymes in
mitochondrial morphogenesis. The involvement of both
isoforms in a distinct step of the fusion reactions was
verified by examining morphologic changes in mitochon-
dria induced by the depletion of either isoform using
RNA interference (RNAi), or by mitochondrial fusion
assay using hemagglutinating virus of Japan (HVJ)-
induced cell fusion in conjunction with RNAi. We con-
clude that the two mitofusin proteins function in mito-
chondrial outer membrane fusion reactions in a coopera-
tive manner.

MATERIALS AND METHODS

Materials—The rat liver ¢cDNA library in Agtl0 was
described previously (31). The rabbit polyclonal antibod-
ies against rat Tom40 (32), rat Tom70 (33), rat Tim17,
and rat Tim44 (34) were described previously. The rabbit
polyclonal antibodies against HA (BAbCO), and the mon-
oclonal antibodies against HA (16B12; BAbCO) and
FLAG (M2; Sigma Chemical, St. Louis, MO) were pur-
chased from the indicated companies. Expression plas-
mids of rat Tom22 (35) and HVJ (36) for cell fusion were
gifts from Y. Nakamura (Kyushu University) and Y.
Yoneda (Osaka University), respectively.

c¢DNA Cloning of Rat Mitofusin Proteins—The follow-
ing oligonucleotides were synthesized based on the cDNA
sequence of KIAA0214 for Mfn2, or mouse ESTs for
Mfnl, AN1: 5-GCCGGGAAGGTGAAGTTC-3', AC1: 5'-
TGAGCTGACCAGTCCTTG-3', BN1: 5'-ATAATGGCAG-
AAACGGTATCTC-3, BC1: 5-TTAGGATTCTCCACTGC-
TCGGGTG-3'. The 2,613-bp fragment of rat Mfn2 and
the 2,229-bp fragment of rat Mfnl were amplified from
rat liver poly(A)-RNA by RT-PCR using AN1 and AC1 for
Mfn2, and BN1 and BC1 for Mfnl. The fragments were
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subcloned into the pGEM-T easy vector (Promega). To
obtain a full-size rat Mfn1 ¢cDNA, a Agt10 rat liver cDNA
library was screened using the PCR fragment as the
probe. Sequence data are available from GenBank/
EMBL/DDB under accession no. AB084165 (rat Mfn2)
and AB084166 (rat Mfn1).

Preparation of Antibodies against Rat Mitofusin Pro-
teins—The BamHI-HindIIl fragments of rat Mfn2 and
the C-terminal-truncated form of Mfnl (MfnlAC) were
amplified by PCR using the primer AN-BamHI: 5'-CTC-
GGATCCATGTCCCTGCTCTTTTC-3' and AC-HindIII:
5-ATTAAGCTTCTATCTGCTGGGCTG-3' for Mfn2, or
BN-BamHI: 5'-CTCGGATCCATGGCAGAAACGGTATC-
3" and BC-HindIII: 5'-CTCAAGCTTCTACTCTTCCTGG-
GCTGC-3' for Mfn1, and subcloned into the pET28a vec-
tor (Novagen). BL21 (DE3) cells harboring the plasmids
were cultured at 37°C (for Mfn2) or at 30°C (for Mfn1) in
1 mM IPTG for 5 h. The N-terminal His6-tagged proteins
expressed as inclusion bodies were subjected to SDS-
PAGE, eluted from the gel, and used to raise antibodies
in rabbits. Specific IgGs recognizing only Mfn2 or Mfn1
were isolated as follows. The IgGs against Mfnl were
selected using Mfn1-conjugated Formyl Cellulofine beads
(Seikagaku Kogyo, Japan) followed by removal of the
IgGs that recognized Mfn2 using Mfn2-conjugated beads,
or vice versa.

Construction of Mammalian Expression Plasmids—The
PCR fragments of rat Mfn2 and Mfn1 were amplified us-
ing primers. AN-HindIIl: 5'-ATGCAAGCTTCCACCAT-
GTCCCTG-3', and AC-BInI: 5'-ATTCCTAGGTCTGCTGG-
GCTGCAGGTAC-3' for Mfn2, or BN-HindIII: 5'-ATGC-
AAGCTTCCACCATGGCAGAAACGGTATCTC-3" and BC-
Binl: 5-ATACCTAGGGGATTCTCCACTGCTCGGGT-3'
for Mfnl (HindIII and Binl sites are underlined), and
subcloned into pRcCMV-HA to create the expression
plasmids for the C-terminal HA-tagged Mfn proteins
(37). Point mutations in the G1 motif of the GTPase
domain were introduced by changing; 109K in Mfn2 to
109T, or 88K in Mfnl to 88T using the primers AGIl-
KT: 5-ATTGATCACGGTACTAGTCCCATTGCTCGT-3' for
Mfn2, or BG1-KT: 5-GTTGATGACAGAACTAGTGCCA-
CTACTTGT-3' for Mfn1 (Spel sites are underlined). The
C-terminal FLAG-tagged Mfn proteins were constructed
as follows. The PCR fragments were amplified by AN-
BamHI-FLAG: 5-ACTGGGATCCCCACCATGTCCCTGC-
TCTTT-3' and AC-BamHI-FLAG: 5-TCAGTGGATCCTC-
TGCTGGGCTGCAGGTAC-3' for Mfn2, and BN-HindIIl
and BC-BInlI for Mfnl. These fragments were subcloned
into p3xFLAG-CMV-14 (Sigma Chemical). For the con-
struction of mitochondria-targeted green fluorescent pro-
tein (GFP) or DsRed red fluorescent protein (RFP), the
mitochondrial targeting signal (residues 1-69) of the pre-
cursor of N. crassa FO ATPase subunit 9 (38) was ampli-
fied by PCR using the following primers and pSu9(1-69)-
DHFR as the template. Eco-Su9: 5-ACTAGAATTCAT-
GGCCTCCACTCGTGTCC-3' Bam-Su9: 5'-TCATGGAT-
CCGAAGAGTAGGCGCGCTTC-3' The obtained fragment
was subcloned into pEGFP-N1 or pDsRed1-N1 vectors
(Clontech).

Immunofluorescence Microscopy—HeLa cells were cul-
tured on coverslips in 35-mm dishes in 2 ml Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
calf serum (FCS) at 37°C overnight under an atmosphere
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of 5% CO,. Transfection was performed using Lipo-
fectamine (Lifetech). The cells were incubated for 18 h
and then stained with 20 nM of MitoTracker Red
CMXRos (Molecular Probes) before fixation. The cells on
the coverslips were fixed with 50% acetone-50% metha-
nol for 2 min at room temperature, and then indirect im-
munofluorescence staining was performed as described
previously (39) using fluorescein isothiocyanate (FITC)-
conjugated goat antibodies against rabbit IgG, Texas
Red-conjugated goat antibodies against rabbit IgG,
FITC-conjugated goat antibodies against mouse IgG (Bio-
SOURCE), or Cyb-conjugated goat antibodies against
mouse IgG (Amersham/ Pharmacia). Fluorescent images
were analyzed using a confocal laser microscope (Radi-
ance 2000, Bio-Rad).

Electron Microscopy—Transfected HeLa cells were cul-
tured for 18 h and fixed for 30 min at room temperature
with 4% paraformaldehyde and 0.25% glutaraldehyde in
0.2 M Hepes-KOH buffer (pH 7.4). The cells were washed
with phosphate buffered saline, briefly stained with
0.02% toluidine blue, detached from the culture dishes
with a rubber policeman in the presence of 20% ethanol,
and collected by centrifugation. Cell pellets were then
suspended in 1% low-melting temperature agarose, cen-
trifuged, and quenched in a refrigerator. The agarose-cell
pellets were cut into small pieces, some of which were
dehydrated in a graded ethanol series at —20°C and
embedded in LR White (40). Others were fixed in 1%
reduced osmium for 1 h at room temperature, dehy-
drated, and embedded in Epon 812. For immuno-electron
microscopy, LR White-embedded cells were cut into thin
sections with a diamond knife using a Reichert Ultracut
R (Leica) and mounted on nickel. Sections were treated
with 0.5% bovine serum albumin solution for 10 min and
then with primary antibody overnight at 4°C. The sec-
tions were subjected to rigorous washing with phosphate
buffered saline, and then incubated with Protein A-gold
(15 nm in diameter) for 30 min at room temperature.
After washing with distilled water, sections were stained
with 2% uranyl acetate for 8 min and with lead citrate for
30 s. For routine electron microscopy, Epon-embedded
cells were cut into thin sections, mounted on copper grids,
and stained with lead citrate. All sections were observed
with a Hitachi H7500 electron microscope at an 80-kV
acceleration voltage.

Immunoprecipitation—The HeLa cells expressing Mfn1,
Mfn2, or both were lysed in the lysis buffer: 50 mM Tris-
HCI (pH 7.5) containing 150 mM NaCl, 1 mM MgCl,, 0.5
mM phenylmethylsulfonyl fluoride, 10 pg/ml a2-mac-
roglobulin, protease inhibitor cocktail, 1% digitonin, in
the absence or presence of 2 mM GTP or GTPyS. The
lysates were cleared by centrifugation two times at 12000
rpm for 5 min in a microfuge, and the supernatant frac-
tions were subjected to immunoprecipitation using poly-
clonal anti-HA antibodies and Protein A-Sepharose. The
precipitates were analyzed by SDS-PAGE and subse-
quent immunoblotting using monoclonal anti-HA, anti-
FLAG, or polyclonal anti-Tom40 antibodies. Band inten-
sity was quantified using the Image Gauge program
(Fuji, Tokyo).

RNAi—For RNAI assay, 21 nucleotide small interfer-
ence RNAs (siRNAs) comprising 19 nucleotides and a
dTdT overhang at each 3'-terminus were chemically syn-
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thesized (41). The synthesized siRNAs corresponded to
the 1973-1991 coding region of Mfn2 (RNAiAC-1 and
RNAIAC-2) and the 1150-1168 region of Mfnl (RNAiB-1
and RNAiB-2), regions that are completely conserved
between rats and humans. RNAIiAC-1: 5-"AGAGGGCCU-
UCAAGCGCCATT-3’, RNAIAC-2: 5-UGGCGCUUGAA-
GGCCCUCUTT-3’, RNAiB-1: 5'-CGAAACCAGAUGAAC-
CUUUTT-3’, RNAiB-2: 5-AAAGGUUCAUCUGGUUUC-
GTT-3'

HeLa cells in 35-mm dishes were transfected two times
at a 24-h interval with the annealed siRNA duplex (1.4
ng) using Oligofectoamine (Lifetech) and cultured further
for 24 h.

HVJ-Induced Cell Fusion and Assay for Mitochondrial
Fusion—HeLa cells transfected with the Su9GFP or
Su9RFP expression vectors were co-cultured in a glass-
base dish. The cells were fused by HVJ as described pre-
viously (36). Briefly, the dish was washed three times
with ice-cold BSS-Ca (10 mM Tris-HCI, pH 7.4, 140 mM
NaCl and 2 mM CaCl2), then incubated on ice with BSS-
Ca containing HVJ for 30 min. The dish was washed two
times with BSS-Ca, the medium was changed to Dul-
becco’s modified Eagle’s medium with 10% FCS, and the
cells were cultured at 37°C. The heterokaryons made
from Su9GFP- and Su9RFP-expressing cells were ana-
lyzed by confocal microscopy (42). To analyze mitochon-
drial fusion in cells subjected to RNAIi, the siRNA-trans-
fected cells described above were transfected separately
with SuU9GFP or Su9RFP, cultured for 24 h after the last
siRNA transfection, and then subjected to the cell fusion
reaction. The colocalization frequency of GFP- and RFP-
labeled mitochondrial signals in the fused cells was quan-
tified using MetaMorph software (Roper).

RESULTS

Isolation of Rat Mitofusin cDNAs—Drosophila Fzo and
yeast Fzol are involved in mitochondrial fusion reactions
(I14-16). To investigate the molecular mechanism of
mammalian mitochondrial morphogenesis, we isolated
rat homologues of Fzo. Two cDNAs were isolated from rat
liver. One cDNA encoded a protein of 753 amino acid res-
idues (86.1 kDa), and the other encoded a protein of 741
amino acid residues (84.0 kDa). These two proteins
shared 63% overall sequence identity, and 32% and 31%
identity with Drosophila Fzo, respectively. Both proteins
showed 12% identity with yeast Fzol.

Sequence comparisons revealed that the 86.1-kDa pro-
tein and 84.0-kDa protein are the rat counterparts of
human Mfn2 (95% identity) and Mfnl (90% identity),
respectively (29).

Two rat Mfn Proteins Exhibit Distinct Tissue Expres-
sion Patterns—Immunoblot analyses of rat liver subcel-
lular and submitochondrial fractions with isoform-spe-
cific antibodies (Fig. 1A) revealed that Mfn proteins local-
ize in the mitochondrial outer membranes with the bulk
N-terminal portion extruding into the cytosol (data not
shown). Immunoblot analysis with these antibodies also
showed these Mfn proteins to be expressed in all tissues
examined, although with differing protein expression lev-
els (Fig. 1B). Both isoforms are expressed at comparable
levels in liver, kidney, and adrenal glands. In the brain,
Mjfn2 is expressed predominantly, and Mfn1 only margin-
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Fig. 1. Tissue expression of rat Mfn proteins. (A) Specificity of
anti-rat Mfn antibodies. Recombinant His-Mfn2 and His-Mfn1 pro-
teins were analyzed by immunoblotting using the indicated anti-
bodies. A nonspecific band detected by anti-Mfn2 IgGs is indicated
by an asterisk. (B) The total proteins (20 pg each) prepared from the
indicated tissues of adult rat were subjected to immunoblotting
using anti- rat Mfn1, rat Mfn2, or rat Tom40 antibodies.

ally. Conversely, in heart and testis, Mfnl is highly
expressed compared with Mfn2. As a control, Tom40 was
found to be expressed to a similar extent in all tissues
examined. There is general tissue expression of both Mfn
isozymes at the mRNA level in rats (Ishihara et al.,
unpublished results) humans, and mice (30). The relative
amounts of the two isoforms might influence mitochon-
drial morphology and function in different tissues.
Expression of Two Mfn Proteins and Their GTPase
Domain Mutants Induces Distinct Mitochondrial Morpho-
logic Changes—There are several reports on exogenous
Mifn1 and Mfn2 expression in cultured mammalian cells.
The expression of human Mfn2 and its GTPase domain
mutant in mammalian cultured cells induces perinuclear
clustering of mitochondria, bringing mitochondrial mem-
branes into close contact (29). Mfn2 localizes at the con-
tact regions of mitochondria (30). On the other hand,
Mfn1 expression activates the mitochondrial filamentous
structure (43). The functional difference between the two
Mfn proteins in mitochondrial morphogenesis, however,
remains unknown. To address this, rat Mfn proteins HA-
tagged at the C-termini were expressed in HeLa cells,
and their intracellular localizations and mitochondrial
morphologic changes were examined using indirect
immunofluorescence microscopy with anti-HA antibodies.
The exogenously expressed Mfn isoforms or their
mutants were expressed to a comparable extent and
recovered in the membrane fraction in a Triton X-100-
extractable form (Fig. 2, B and C), indicating that they
were not in the form of protein aggregates, but instead
were inserted correctly into the mitochondrial mem-
brane. When Mfn2 was expressed in HeLa cells, it colo-
calized with MitoTracker, a mitochondria-specific dye
(“wt” in Fig. 2A), or the mitochondrial outer membrane
protein Tom70 (data not shown). In cells expressing
lower levels of Mfn2, mitochondrial networks were
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slightly exaggerated compared with those in untrans-
fected cells (Fig. 2A, a—c; compare with nontransfected
cells in the same field). In contrast, in cells showing
strong Mfn2 immunofluorescent signals, thick mitochon-
drial aggregation was induced in the perinuclear regions
and the expressed Mfn2 localized to the aggregated mito-
chondria with a small fraction mistargeted to the cyto-
plasm (Fig. 2A; d—f). Of expressing cells, ~40% had aggre-
gated mitochondria similar to panels d—f in Fig. 2A, and
~50% had filamentous mitochondria, similar to panels a—
cin Fig. 2A (Fig. 2D). The expression of human Mfn1 and
Mfn2 induces similar perinuclear mitochondrial aggre-
gates in COS cells (29). Such mitochondrial aggregations
were also observed in most COS cells expressing rat Mfn
proteins or their mutants (data not shown). This is prob-
ably because the efficiency of protein expression in COS
cells is higher than that in HeLa cells. Similar morpho-
logic changes were also frequently observed in cells over-
expressing mitochondrial outer membrane proteins, such
as Tom20 (44, 45) and OM37 (Maeda et al., unpublished
observations). We conclude that moderate expression of
Mifn2 only slightly stimulates mitochondrial network for-
mation.

When Mfnl was expressed at lower levels in HeLa
cells, some fraction of the expressed Mfnl was concen-
trated in subdomains of mitochondria as punctate struc-
tures, although the remainder was distributed in normal-
shaped mitochondrial networks (Fig. 2A, m—o). In cells
expressing Mfnl at higher levels, perinuclear aggrega-
tion of mitochondria was induced, and surprisingly, there
were highly elongated and connected tubulo-network
structures extending from the aggregated mitochondria
toward the cell peripheri (Fig. 2A, p—r, see also Fig. 4A).
These structures were not detectable in control cells or in
cells expressing Mfn2 (Fig. 2D). The frequency of normal-
shaped mitochondria decreased to 24% of the expressed
cells, and 30% of cells showed tubulo-network structures
(Fig. 2D). Thus, the expression of two rat Mfn isoforms
induced clearly distinct changes in mitochondrial mor-
phology and distribution.

To probe the function of the GTPase domain of Mfn, we
introduced a missense mutation in the G1 motif of the
GTPase domain of Mfn2 (K109T; Mfn2K109T) and Mfn1l
(K88T; Mfn1X8T) The G1 domain is required for nucle-
otide binding of GTPase proteins and these mutations
inactivate Drosophila Fzo function (14). The Mfn2K109T
mutation clearly altered both the localization of Mfn2
and mitochondrial morphology. In 36% of cells expressing
Mfn2K109T the mitochondrial networks collapsed to form
small and fragmented mitochondria, and the mutant pro-
tein accumulated in subdomains of the mitochondria as
dot-like structures (Fig. 2A, g—-i, and see magnified
images in Fig. 3A, a—c). On the other hand, Mfn1XssT
induced mitochondrial fragmentation to a weaker extent
than Mfn2K109T (17%; similar to that of Mfnl-expressing
cells), and the expressed protein colocalized with Mito-
Tracker (Fig. 2A, s—u) or Tom70 (data not shown). Again,
perinuclear mitochondrial clustering was observed in
cells expressing higher levels of Mfn1X88T (Fig. 2A, v—x;
~50% of the expressed cells). In marked contrast to wild-
type Mfnl, Mfnl1X88T did not induce the characteristic
tubulo-network structures, indicating the importance of
the functional GTPase domain of Mfn1 for protrusion of
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Fig. 2. Expression of the two isoforms of rat Mfn and their
GTPase mutants in HeLa cells. (A) Mfn2 (a—f), Mfnl (m-r),
Mfn2K109T (g—1), and Mfn1X88T (s—x), with HA at their C-termini, were
transiently expressed in HeLa cells and cultured for 18 h. The cells
were labeled with MitoTracker, and subjected to immunofluores-
cence microscopy using rabbit anti-HA antibodies. Images were
obtained and analyzed by confocal laser-scanning microscopy. Typi-
cal images of each construct, selected from both moderate (top) and
high expressing (bottom) cells, are shown. (B and C) Expression and
membrane localization of Mfn proteins in HeLa cells. The constructs
shown were transiently expressed in HeLa cells and cultured for 18
h. The cells were sonicated with or without Triton X-100 (Tx100) and
centrifuged at 100k xg to separate the supernatant (s) and pellet (p)
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fractions. Total cell extracts (B), or the s and p fractions (C) were sub-
jected to immunoblotting using rabbit anti-HA antibodies. n.s., non-
specific bands in HeLa cells recognized by anti-HA antibodies. (D)
Mitochondrial morphology in HeLa cells expressing rat Mfn isoforms
or their GTPase mutants. The transfected HeLa cells were cultured
for 18 h and the number of expressed cells with normal mitochon-
drial morphology (“normal”), fragmented mitochondria (“fragment”),
filamentous network structures of Mfn (“highly network”), or mito-
chondrial aggregation (“aggregate”) was counted. One hundred cells
were counted three times for each transfectant and the number of
cells with the indicated mitochondrial morphology is shown as a per-
centage.

ZT0Z ‘62 equisides uo eidsoH uensuyd enybueyd 1e /Bio'seulnolpiogxo-qli:dny woly pspeojumoq


http://jb.oxfordjournals.org/

338

the tubulo-network structure. Taken together, the two
Mfn isoforms or the GTPase domain mutants, when
expressed in HeLa cells, induced clearly distinct mito-
chondrial morphologic changes, suggesting distinct func-
tions of the two Mfn isoforms. The levels of exogenously
expressed Mfn isoforms or mutants in HeLa cells were
similar (see Fig. 2B). We also noticed using isoform-spe-
cific antibodies that endogenous Mfnl and Mfn2 expres-
sion levels are similar in HeLa cells (data not shown).
Therefore, we assume that the distinct mitochondrial
morphologic changes observed after the expression of
Mfn proteins are not affected by the endogenous levels of
either isoform.

Mfn2K109T [nduces Mitochondrial Fragmentation and Is
Clustered in the Junction between Adjacent Mitochon-
dria—As described above, immunofluorescence micros-
copy revealed that expression of Mfn2K1%T induced mito-
chondrial fragmentation and the expressed protein accu-
mulated in subdomains of the fragmented mitochondria
as dot-like structures (see Fig. 2A, g—i, and magnified
images in Fig. 3A, a—c), suggesting a dominant-negative
effect on mitochondrial morphology. These properties
were not previously recognized in GTPase-domain
mutants of Fzo proteins or Mfn proteins. The endogenous
form of Mfn1 colocalized with the expressed Mfn2K109T
(Fig. 3A, d-f), suggesting that the distribution of the
endogenous components of the mitochondrial fusion
machinery was affected by the exogenously expressed
Mfn2KI09T  to cluster in subdomains of mitochondrial
outer membranes, although the behavior of the endog-
enous Mfn2-isoform is not known.

Electron microscopic examination of HeLa cells ex-
pressing Mfn2K10T revealed that smaller and circular
mitochondria accumulated in the perinuclear regions
(Fig. 3B, b and ¢) as compared with the structures in un-
transfected cells (Fig. 3B, a), structures that probably cor-
respond to the fragmented mitochondria detected by im-
munofluorescent microscopy (see Fig. 3A). In magnified
micrographs, the mitochondria were seem to be connected
to neighboring mitochondria in several regions through
electron-dense materials (Fig. 3B, ¢ and d). Sometimes,
there were mitochondria with budded tubular structures
in the outer membrane (arrows in Fig. 3B, e). These re-
sults indicate that Mfn2K10T expression induces the asso-
ciation of the mitochondrial outer membranes of neigh-
boring mitochondria at restricted domains.

The localization of Mfn2K1®T was then analyzed by
immuno-electronmicroscopy. Mfn2K109T accumulated at
the contact faces or tips between mitochondria, but few
signals were detected in other areas of the outer mem-
brane (Fig. 3B, f~h); 73% of gold particles on the mito-
chondria (of 432 particles counted) were localized on the
contact domains. Sometimes, Mfn2K1%Tenriched mem-
brane structures were observed in the areas intercalating
between the contact regions of mitochondria (Fig. 3B,
panel f). These structures appeared to be the dot-like
structures observed by fluorescence microscopy (Fig. 3A,
a—c) and the electron-dense regions of the outer mem-
brane contacts observed by electron microscopy (Fig. 3B,
cand d).

These results suggest that Mfm2K9T expression
arrests the mitochondrial fusion reaction at a certain
stage, resulting in the accumulation of docked mitochon-
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K109TFy  MtTracker

an2K109T e

Fig. 3. Expression of a GTPase mutant of rat Mfn2 inhibits
mitochondrial fusion at intermediate stages. (A) Cells
expressing Mfn2K19T_HA were co-stained with rabbit anti-HA (a)
and MitoTracker (b), and the merged image is shown (c). Cells
expressing Mfn2KI09T_HA were co-stained with mouse anti-HA (d)
and rabbit anti-Mfnl antibodies (e: for detection of endogenous
Mfnl), and their merged image is shown (f). (B) Electron micro-
graphs of HeLa cells expressing Mfn2K109T_HA. HeLa cells express-
ing Mfn2KI09T_.HA were cultured for 18 h, fixed, and prepared for
electron microscopy as described in Materials and Methods. Mito-
chondrial structures of nontransfected (a) or transfected cells (b-h).
(c—e) Higher magnification images of the mitochondria in the trans-
fected cells. (f~h) Immuno-electron micrographs using rabbit anti-
HA antibodies as described in “MATERIALS AND METHODS.” Bars: 1
pm (a and b); 0.5 pm (¢, f~h); 0.2 um (d and e).

drial intermediates. Because endogenously expressed
Mfn1 colocalizes with Mfn2K10T in the dot-like structures
(Fig. 3A, d-f), and the exogenously expressed Mfnl and
Mfn2 co-immunoprecipitate (see Fig. 5), the fusion-related
components seem to be enriched in the closely apposed
outer membrane regions.
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Fig. 4. Tubulo-network structures of the outer membrane are
induced by Mfnl. (A) Mfn1-HA was transiently expressed in HeLa
cells and cultured for 18 h. The cells were labeled with MitoTracker
(b and e), then fixed and subjected to immunofluorescence micros-
copy using polyclonal anti-HA (a and d), monoclonal anti-HA (g and
j), anti-Tim17 (h), and anti-Tom70 (k) antibodies. Merged images
are shown (c, f, i, and 1). (B) Electron micrographs of HeLa cells
expressing Mfn1-FLAG. HeLa cells expressing Mfn1-FLAG were
cultured for 18 h, fixed, and prepared for electron microscopy as
described in Materials and Methods. m; mitochondrion, Bars; 0.5
pm. (C) Growth of GFP-Mfn1 containing tubular structures (green)
as detected by time-lapse confocal microscopy. Mitochondria were
labeled with MitoTracker (red). (D) Mfnl-HA was cotransfected
with Mfn2-FLAG (a—d) or Mfn2KI®T_FLAG (e—h). The cells were
stained with MitoTracker (c and g) and polyclonal anti-HA (a and e)
or monoclonal anti-FLAG (b and f) antibodies, followed by visualiza-
tion using FITC-conjugated anti-rabbit IgG, or Cy5-conjugated anti-
mouse IgG. Merged images are shown in d and h.

GFP-Mfn1
O mtTracker O

Expression of Mfnl Induces the Protrusion of Highly
Connected Networks of the outer Membranes—We next
analyzed more precisely the highly extended and con-
nected tubulo-networks detected in Mfnl-transfected
cells (see Fig. 2A, p—r). The structures containing Mfn1l
co-stained with the outer membrane marker Tom70 (Fig.
4A, j-1), although they were counterstained only partly
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by MitoTracker or IgGs against the inner membrane
marker Tim17 (Fig. 4A, a—f and g-I, and Fig. 4B). GFP-
Mifn1, in which GFP is fused to the N-terminal of Mfn1,
localized to the mitochondria and induced highly con-
nected mitochondrial network structures when expressed
in HeLa cells (data not shown). Time-lapse confocal
microscopy also revealed that only the tubular structures
containing the GFP-Mfn1 signal grew from the tips of the
MitoTracker-positive tubules (Fig. 4C, arrow heads). We
then examined the tubulo-network structures in HeLa
cells expressing FLAG-tagged Mfnl using immuno-elec-
tronmicroscopy with anti FLAG antibodies. Colloidal
gold particles accumulated on the external surface of
some structures clustered on the mitochondrial peripheri
(Fig. 4B, a—c). They were not detectable in mock-trans-
fected cells (data not shown). These structures probably
represent the Mfnl-induced tubulo-network structures
detected by fluorescence microscopy.

Although the membranous structures were not obvious
with immuno-electronmicroscopy, we believe that they
are membranous, because exogenously expressed Mfnl
was recovered in the membrane precipitates in the Triton
X-100-soluble form (Fig. 2C). Together, these results sug-
gest that the tubulo-network structures derive largely
from the outer membranes and that Mfnl with a func-
tional GTPase domain is involved in the fusion or exten-
sion reactions of the outer membranes.

The Two Mfn Proteins Cooperate in Mitochondrial Mor-
phogenesis—As described above, the expression of the
two isoforms of rat Mfn had distinct effects on the mito-
chondrial morphology. Furthermore, mitochondrial frag-
mentation by Mfn2K109T or proliferation of the outer mem-
brane induced by Mfnl indicates that the two Mfn
isoforms are involved in mitochondrial fusion events in
mammalian cells. We, therefore, addressed whether
these two isoforms function independently or coopera-
tively in the mitochondrial membrane fusion reaction by
examining the effect of the co-expression of Mfn2 or
Mfn2K09T on the Mfnl-induced tubulo-network struc-
tures.

As described, the tubulo-network structures were
observed in ~30% of Mfn1-HA expressing cells (Fig. 2, A
and D). These characteristic structures, however, were
completely resolved by the co-expression of Mfn2-FLAG
(in more than 100 cells examined; Fig. 4D, a—d), suggest-
ing an interaction between the two Mfn proteins. On the
other hand, co-expression of Mfn2KlT did not affect
these structures (Fig. 4D, e-h), indicating that a func-
tional GTPase domain in Mfn2 is required for recovery.

The physical interaction of the exogenously expressed
isoforms in the mitochondrial membrane was then exam-
ined. HeLa cells cotransfected with Mfn2-FLAG and
Mfn1-HA were solubilized with digitonin in the presence
or absence of GTP or the unhydrolyzable analogue
GTPyS and the supernatants were subjected to immuno-
precipitation using antibodies against HA. Anti-HA anti-
body coprecipitated Mfn2-FLAG (Fig. 5A), although the
precipitation efficiency was not affected by the presence
of GTP or GTPyS. Immunoprecipitation also revealed a
homotypic interaction between Mfnl-FLAG and Mfnl-
HA or Mfn2-FLAG and Mfn2-HA (Fig. 5B), indicating
that Mfn proteins can form homo-oligomeric complexes.
As a control, the outer membrane protein Tom40 (Fig.
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Fig. 5. Immunoprecipitation of rat Mfn proteins expressed in
HelLa cells. (A) HeLa cells transfected with Mfn2-FLAG, Mfn1-HA,
or both were solubilized with 1% digitonin in the presence or absence
of 2 mM GTP or GTPyS. The supernatant fraction before immuno-
precipitation (3.3% of total, “input”), or fractions immunoprecipi-
tated with anti-HA polyclonal antibodies (“IP-aHA”) were analyzed
by immunoblotting using anti-FLAG monoclonal IgG, anti-HA mon-
oclonal IgG, or anti-Tom40 polyclonal IgGs. (B) HeLa cells were
transfected with HA- or FLAG-tagged Mfn2, Mfn1, or Tom22 in the
indicated combinations. Immunoprecipitation was performed as in
(A). (C) Complex formation of the endogenous Mfn proteins with the
exogenously expressed FLAG-tagged Mfn proteins in HeLa cells.
FLAG-tagged Mfn2, Mfnl and Tom22 (T22) were transfected into
HeLa cells, and immunoprecipitated using the indicated monospe-
cific antibodies against Mfn proteins. Immunoprecipitated FLAG-
tagged proteins (“IP”) and whole cell extracts (“Input”) were ana-
lyzed by immunoblotting using anti-FLAG antibodies.

5A) or HA-tagged outer membrane protein Tom22 (Fig.
5B) did not co-precipitate with Mfnl or Mfn2. We then
examined the interactions of the exogenously-expressed
rat Mfn proteins with endogenous human Mfn proteins
in HeLa cells. As shown in Fig. 5C, Mfn1-specific antibod-
ies co-precipitated the exogenously-expressed rat Mfn2-
FLAG, and Mfn2-specific antibodies co-precipitated
Mfn1-FLAG. Thus, endogenous human Mfn proteins can
form hetero-complexes with the exogenously expressed
rat Mfn proteins in HeLa cells; this might have dominant
effects on mitochondrial morphology (Figs. 2 and 3).

These results, in conjunction with the finding that the
exogenously expressed Mfn2K19T colocalized with the
endogenous Mfn1 (see Fig. 3A, d—f), indicate that the two
Mfn isoforms function cooperatively in mitochondrial
morphogenesis. The Mfn proteins might function as het-
ero-oligomeric and homo-oligomeric complexes in the
outer membrane.

Two Mjfn Proteins Are Essential for the Maintenance
of Mitochondrial Morphology—As described above, the

Y. Euraet al.
A siRNA
wio 2 1 1+2 siRNA
T ——— 2 1 142
M£n2 2142.6 109%24 3510
Mfn1 === Mfnl 96+3.6  20%8.7  23%9.0

Tom4Q =" Tom40 115+£10 123+9.4 123=£1.9
. Timd4 98+0.8 85+3.5 86+3.8
Tim44

C AN "

> D
siRNA normal thick-tubule r?gt‘\)n;(t)?f( fragment
w/o 72.3%6.2 4.242.3 7.3%1.6 15.1%4.5
2 30.8+6.1  57.3%1.5 6.3+1.5 5.6:4.5
1 16.2+4 .6 4.8+2.4 54.5%4 .5 24.4+4.6
1+2 18.5+0.6 10.0x5.2 10.0x5.2 46.6+5.9

Fig. 6. Depletion of Mfn isoforms in HeLa cells using RNAi.
HeLa cells were mock-transfected (“w/0”) or transfected with the
siRNA duplex for Mfn2 (“2”), Mfnl (“1”), or a mixture of both
(“1+2”). The cells were transfected twice with siRNAs at a 24-h
interval. (A) Total cell extracts were analyzed by immunoblotting
using the indicated antibodies. Intensity of each band was quanti-
fied and is shown in the table, with the intensity obtained for mock-
transfection set at 100%. (B) The cells were stained with
MitoTracker and analyzed by confocal laser-scanning microscopy.
(C) Mitochondrial morphology. The numbers of siRNA-transfected
HeLa cells with normal mitochondrial morphology (“normal”), thick
mitochondria (“thick-tubule”), network structure of shorter mito-
chondria (“shorter network”), or fragmented mitochondria (“frag-
ment”) were counted. One hundred cells were counted three times.
The number of cells with the indicated mitochondrial morphology is
shown as a percentage.

expression of either Mfn protein induced isoform-specific
mitochondrial morphologic changes, suggesting that both
isoforms function in the mitochondrial fusion reaction. To
identify their function in the fusion process, we examined
the effect of depletion of endogenous Mfn proteins on
mitochondrial morphology using RNAi (41). Immunoblot
analysis revealed that transfection of a 21-nucleotide
siRNA duplex specific for one or both isoforms efficiently
depleted one or both isoforms 48 h after the first transfec-
tion in HeLa cells (~70 to 80% depletion; Fig. 6A). On the
other hand, the expressions of the unrelated mitochon-
drial proteins Tom40 and Tim44 were not significantly
affected by the transfections, indicating that the RNAi
reaction was specific for the Mfn isoforms. In approxi-
mately 70% of the mock-transfected cells, thin and fila-
mentous network structures of mitochondria extending
toward the cell peripheri were observed (“w/o” in Fig. 6, B
and C). In marked contrast, the network structures
decreased significantly (to ~30%) in the Mfn2-depleted
cells. In addition, there were fewer branched, thick, and
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Fig. 7. Mitochondrial fusion in HeLa cells and the effect of
repression of Mfn isoforms. (A) Schematic drawing of the mito-
chondrial fusion assay by HVJ-dependent cell fusion. (B) HeLa cells
expressing SuU9GFP and Su9RFP were co-cultured, and subjected to
cell fusion as described in “MATERIALS AND METHODS.” After cell
fusion, the cells were cultured for 2 h or 9 h, and mitochondrial flu-
orescence proteins were analyzed by confocal laser microscopy.
(CHX) 1 mM cycloheximide was added to the medium after the ini-
tiation of cell fusion and the cells were cultured for 9 h. (C) HeLa
cells subjected to RNAIi as in (B) were transfected with Su9GFP or
Su9RGP. These cells were co-cultured and subjected to cell fusion.
After 6 h incubation, the cells were analyzed for the localization of
RFP and GFP fluorescence signals. (D) The merged fluorescence
signals in fused cells were quantified. Fluorescence signals in the
cytoplasm of 10 fused cells as described in (C) were analyzed by the
MetaMorph colocalization measurement program.

shortened mitochondrial tubes, which accumulated around
the nucleus but were sparse in the cytoplasm (~57%; “2”
in Fig. 6B, and “thick-tubule” in Fig. 6C). These struc-
tures were rarely detected in mock-transfected cells. In
approximately 50% of the Mfn1-depleted cells, the short-
ened mitochondrial structures with branches were dis-
persed throughout the cytoplasm (“1” in Fig. 6B, and
“shorter network” in Fig. 6C). In cells subjected to the
depletion of both isoforms, marked mitochondrial frag-
mentation occurred and the smaller vesicles accumulated
throughout the cytoplasm (“1+2” in Fig. 6B, and “frag-
ment” in Fig. 6C).
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These results clearly indicate that both isoforms are
essential for maintaining normal mitochondrial morphol-
ogy. Furthermore, fragmentation of the mitochondrial
networks into a distinct morphology induced by the
depression of either isoform suggests that they are prob-
ably involved in distinct steps of mitochondrial fusion.
The conclusions drawn from experiments of the exoge-
nous expression of Mfn proteins were thus confirmed
using a different approach.

Repression of Either Mfn Isoform Inhibits Mitochon-
drial Fusion as Demonstrated by HV<J-Mediated Cell
Fusion—The data described above suggest that both Mfn
proteins are involved in the mitochondrial fusion reac-
tion. To address this point directly, we established an
assay system for mitochondrial fusion (Fig. 7A). Two flu-
orescent proteins, GFP and DsRed (RFP), were fused,
respectively, to the C-terminus of the mitochondrial
matrix-targeting signal of N. crassa ATPase subunit 9
(Su9-GFP and Su9-RFP) at the c¢cDNA level and
expressed separately in Hela cells. The cells harboring
GFP- and RFP-labeled mitochondria were co-cultured in
a dish, fused by HVJ (36) and the time-dependent mixing
of the GFP and RFP signals was monitored by confocal
microscopy (42). Both fluorescence signals were almost
completely merged in the heterokaryon 9 h after the ini-
tiation of cell fusion (Fig. 7B), indicating that the mito-
chondrial contents of each cell were completely mixed by
mitochondrial membrane fusion. Mixing of the fluores-
cence signals proceeded through frequent fusion and fis-
sion of the leading edges of the differentially labeled
mitochondria (42). This mixing reaction was not inhib-
ited by cycloheximide, indicating that de novo protein
synthesis is not required for the mitochondrial fusion
reaction and that the fluorescence signals do not repre-
sent newly synthesized Su9-GFP and Su9-RFP targeted
to mitochondria after cell fusion (Fig. 7B).

Using this system, we analyzed the effects of the deple-
tion of Mfn proteins. Cells expressing Su9-GFP or Su9-
RFP were separately subjected to RNAi, co-cultured, and
then fused by HVJ. In cells depleted of Mfn2, mitochon-
drial fusion reactions were blocked 6 h after fusion (“2” in
Fig. 7C). Interestingly, the intermixing the GFP-labeled
mitochondrial fragments and the RFP-labeled mitochon-
drial fragments was significantly inhibited in the heter-
okaryon. Depletion of Mfn1 also inhibited mitochondrial
fusion. In this case, in contrast to Mfn2-depleted cells,
intermixing of the fragmented or vesiculated mitochon-
dria occurred in the heterokaryon, but their fusion was
blocked (“1” in Fig. 7C). Thus, the depletion of Mfn1 or
Mfn2 results in clearly distinct inhibition of the mito-
chondrial fusion reaction. Quantification of the merged
fluorescence signal in the fused cells revealed that ~80%
of total fluorescence signals were merged in mock-trans-
fected cells 6 h after the initiation of cell fusion (Fig. 7D).
In contrast, the fusion reaction was inhibited to 20 to
30% by the repression of either or both Mfn proteins (Fig.
7D). Thus, both Mfn isoforms are each involved distinctly
in the mitochondrial fusion reaction.
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DISCUSSION

It was previously reported that expression of either
human Mfnl or Mfn2 significantly affects mitochondrial
morphology mainly through the fusion reaction (29, 30,
43). In the present study, we showed that the expression
or repression of Mfn proteins led to isoform-specific mito-
chondrial morphologic changes, and both Mfn isoforms
were essential for the mitochondrial fusion reaction.

The expression of rat Mfn2 in HeLa cells at moderate
levels results in only marginal development of mitochon-
drial networks, although, as reported by Santel and
Fuller (2001), Mfn2 overexpression induces mitochon-
drial clustering in the perinuclear region. Because simi-
lar clustering was also induced by the overexpression of
mitochondrial outer membrane proteins, these mitochon-
drial aggregations seem to be partly due to the overpro-
duction of outer membrane proteins, and, therefore, diffi-
cult to ascribe directly to the physiologic function of Mfn
proteins (29). Instead, the GTPase domain mutant
Mfn2K10T when expressed at lower levels in HeLa cells,
induced fragmentation of the mitochondrial reticular
structure and localized to the subdomains of mitochon-
dria as dot-like structures. Of note, endogenous Mfnl
colocalized to the dot-like structures. These results sug-
gest that endogenous Mfn proteins also accumulate on
the dot-like structures, although the behavior of endog-
enous Mfn2 is not known. These unique structures have
not been reported, however, for the GTPase domain-
mutant of human Mfn2. Immuno-electronmicroscopy
revealed that the expressed Mfn2K19T accumulates on
the tips or faces of connecting mitochondria. These struc-
tures are probably the dot-like structures detected by flu-
orescence microscopy and correspond to the electron
dense structures detected by electron microscopy
between the outer membranes of closely apposed mito-
chondria. Mfn2K19T thus brings about a dominant-nega-
tive effect on the mitochondrial fusion reaction. It is pos-
sible that the regions in which these proteins accumulate
are the microdomains of the mitochondrial outer mem-
brane involved in the fusion reaction, where the fusion
components are concentrated to form oligomeric struc-
tures after the arrest of the GTPase cycle of Mfn2.

The expression of wild-type Mfnl in HelLa cells
induced the protrusion of membranous structures to form
highly branched tubular networks where the expressed
Mfn1 was localized, whereas the GTPase domain mutant
Mfn1K88T failed to induce such structures. Immuno-elec-
tronmicroscopy revealed Mfnl signals aligned on some
clustered structures, which might correspond to the
tubular network structures detected under fluorescence
microscopy. These characteristic structures contained the
outer membrane protein Tom70, but were partly or less
efficiently counterstained by MitoTracker or anti-Tim17
antibodies, suggesting that the structures were largely
derived from the outer membranes. To our knowledge,
these characteristic structures have not been reported
previously and need to be characterized in detail. In this
relation, co-expression of human Mfn2 with a dominant-
negative mutant of dynamin-like protein (DrplK384)
which blocks the mitochondrial fission reaction, induces
long filaments and network structures (29). These struc-
tures are co-immunostained with antibodies against the
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inner membrane marker COX1. Therefore, the struc-
tures induced by rat Mfnl are distinct from those
reported for Mfn2. Legros et al. (2002) also reported that
the expression of human Mfnl led to the appearance of
highly elongated and branched mitochondria (43).
Although the localization of the mitochondrial-subcom-
partment-marker proteins in these unique structures is
not known, the structural features seem to be very simi-
lar to those induced by rat Mfnl in the present study.
Considering that mitochondrial fusion requires the con-
certed action of both outer and inner membranes, the
overexpression of Mfnl might disturb the concerted
action between the two Mfn proteins, uncouple the fusion
reaction of the outer membrane from that of the inner
membrane, and enhance the outer membrane fusion or
extension reactions.

Co-expression experiments provide some insight into
the functional division of the two Mfn isoforms in mito-
chondrial fusion processes. The highly extended tubulo-
network structures produced by high levels of Mfnl
expression were resolved by co-expression of Mfn2 with a
functional GTPase domain, suggesting that both isoforms
have distinct functions and cooperate in mitochondrial
fusion processes. These results also suggest that a balance
of the activity of both proteins is critical for maintaining a
particular mitochondrial morphology or function.

These conclusions were supported by the RNAi experi-
ments. Depletion of either of the isoforms induced mito-
chondrial fragmentation, although the effects were
clearly distinct. Upon depletion of Mfn2, the typical net-
work structures disappeared and thick, shortened, and
less branched mitochondrial tubes formed around the
nucleus. Depletion of Mfnl, on the other hand, induced
fragmentation of the mitochondria into smaller struc-
tures with branches throughout the cytosol. Depletion of
both isoforms enhanced fragmentation into small vesi-
cles. These results indicate that both isoforms are
required in the mitochondrial fusion reaction in mamma-
lian systems, and that they are functionally distinct and
irreplaceable. The assay for mitochondrial fusion in the
heterokaryons produced by HVJ in conjunction with the
RNAi clearly indicates that both Mfn proteins are
involved in the fusion reaction. Because repression of
either of the isoforms strongly inhibited the fusion reac-
tion, the two isoforms do not have functional redundancy
but seem to function cooperatively in the fusion reaction.
In this relation, Chen et al. (46) have recently reported,
based on the results of experiments with Mfn-knockout
mice, that two Mfn proteins are required for mitochon-
drial fusion and morphogenesis, results that largely
agree with those in the present report. They also
reported that both Mfn proteins are essential for embry-
onic development. These results, together with the differ-
ence in the expression levels of these isoforms in rat tis-
sues, suggest that the relative content of Mfnl and Mfn2
determines tissue-specific mitochondrial morphology,
dynamics, or functions in cooperation with other factors
such as Drpl and OPA1.

Mitochondria exhibit a dispersed distribution in Mfn1-
repressed HeLa cells and, during the fusion of Mfnl-
repressed cells, mitochondrial intermixing proceeded
normally, although fusion was inhibited (see Figs. 6B and
7C). In contrast, mitochondrial fusion was strongly
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arrested in Mfn2-repressed cells at the step of mitochon-
drial intermixing (see Fig. 7C). These results suggest
that Mfn proteins are also involved in the organization or
positioning of mitochondria within cells; thus the balance

of

expression between Mfnl and Mfn2 in tissues might

reflect tissue-specific mitochondrial morphology.
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