|BC ARTICLE

L))

Check for
Updates

A catalytic domain variant of mitofusin requiring a wildtype
paralog for function uncouples mitochondrial outer-
membrane tethering and fusion
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Mitofusins (Mfns) are dynamin-related GTPases that mediate
mitochondrial outer-membrane fusion, a process that is
required for mitochondrial and cellular health. In Mfnl and
Mfn2 paralogs, a conserved phenylalanine (Phe-202 (Mfn1) and
Phe-223 (Mfn2)) located in the GTPase domain on a conserved
B strand is part of an aromatic network in the core of this
domain. To gain insight into the poorly understood mechanism
of Mfn-mediated membrane fusion, here we characterize a
Mitofusin mutant variant etiologically linked to Charcot—
Marie-Tooth syndrome. From analysis of mitochondrial struc-
ture in cells and mitochondrial fusion iz vitro, we found that
conversion of Phe-202 to leucine in either Mfn1 or Mfn2 dimin-
ishes the fusion activity of heterotypic complexes with both
Mfn1l and Mfn2 and abolishes fusion activity of homotypic com-
plexes. Using coimmunoprecipitation and native gel analysis,
we further dissect the steps of mitochondrial fusion and demon-
strate that the mutant variant has normal tethering activity but
impaired higher-order nucleotide-dependent assembly. The
defective coupling of tethering to membrane fusion observed
here suggests that nucleotide-dependent self-assembly of Mito-
fusin is required after tethering to promote membrane fusion.

Mitochondria play many important roles in critical cellular
pathways, including metabolism, cellular signaling, and cell
death. Mitochondria are highly dynamic organelles that form
an interconnected network through ongoing fusion, division,
and movement (1). These activities are required to maintain
both the structure and function of the mitochondrial network.
This is crucial for the health of cells as aberrant mitochondrial
structures have been observed in many pathological states and
neurodegenerative disorders (1-7). Both mitochondrial fusion
and division are mediated by large GTPase proteins of the
dynamin-related protein (DRP)? family. In vertebrates, mito-
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chondrial outer-membrane fusion is mediated by two paralo-
gous membrane fusion DRPs, Mitofusin 1 and Mitofusin 2
(Mfn1 and Mfn2, respectively) (8). Mitochondrial outer-mem-
brane fusion is temporally coupled to mitochondrial inner-
membrane fusion, which is facilitated by optic atrophy 1 (Opal)
(9-12). As paralogs, Mfn1 and Mfn2 share high sequence iden-
tity and similarity (8) but are functionally and mechanistically
distinct (13-15). For example, heterozygous point mutations
only in Mfn2 lead to the peripheral neuropathy Charcot—
Marie—Tooth syndrome type 2A (CMT2A), which causes pro-
gressive loss of function and sensation in the extremities (16,
17). In addition, in contrast to a reticular and connected net-
work in WT cells, Mfn1-null and Mfn2-null mouse embryonic
fibroblasts (MEFs) both have fragmented mitochondrial net-
works, suggesting that Mfn1 and Mfn2 work together to create
a connected mitochondrial network (14). Indeed, Mfnl and
Mfn2 have been shown to form functionally distinct homotypic
and heterotypic complexes (15, 18). Together, these reports
illustrate that the heterotypic Mfn1-Mfn2 complexes are the
most fusion-competent, whereas the fusion activity of either
Mfn1 or Mfn2 homotypic complexes is relatively low.

To date, all DRP family members studied share a character-
istic structure, including a globular GTPase domain (G domain)
with extended «a helical bundle(s) and a membrane-interacting
domain. DRPs mediate membrane remodeling events by using
GTP binding and hydrolysis to promote self-assembly and con-
formational changes. For example, to divide mitochondria,
Drp1 forms a macromolecular ring around the organelle, which
then constricts and disassembles with nucleotide hydrolysis
(19-21). In contrast, the molecular mechanisms of Mitofusin-
mediated mitochondrial outer-membrane fusion are poorly
understood. A Mitofusin is required on both membranes of
the fusion pair and together are likely to mediate tethering by
interacting in trans (15, 22, 23). The tethered state is pre-
dicted to advance to lipid mixing by the progression through
the GTP catalytic cycle to stimulate self-assembly, GTP hy-
drolysis, and conformational changes, which together drive
membrane fusion (24).
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Similar to the division DRPs, an interface between the
GTPase domains of two molecules is required for GTP hydro-
lysis for the fusion DRPs (25-27). For Atlastin, which mediates
homotypic fusion of the endoplasmic reticulum, this interface
is formed in trans between fusion partners, and GTP hydrolysis
drives conformational changes that lead to membrane fusion
(28). A similar tethering mechanism has been proposed for the
Mitofusins (25, 29, 30), although another proposed model for
mitochondrial tethering requires the C-terminal heptad repeat
domain (22). Recent evidence suggests that in yeast, Fzol-me-
diated homotypic mitochondrial fusion involves the formation
of a ringlike structure in trans where multiple rounds of GTP
hydrolysis are required to progress from an early tethering
event to membrane fusion (31). In vertebrates, it remains
unclear whether higher-order assembly of Mfnl and Mfn2 is
required for tethering and/or fusion.

Here, we present characterization of a mutant variant of the
Mitofusins that is etiologically linked to the neurodegenerative
disorder CMT2A (32). Although a mitochondrial fusion defect
is not apparent in cells, we observe reduced fusion efficiency in
our reconstituted mitochondrial in vitro fusion assay. We show
that this variant is nonfunctional in homotypic complexes but
supports fusion in the context of heterotypic fusion complexes
with a WT copy of the opposite Mfn in cis or trans. By assessing
Mfn-dependent mitochondrial tetheringandnucleotide-depen-
dent assembly, we demonstrate that the mutant variant cannot
effectively couple mitochondrial tethering to membrane
fusion. This suggests a mechanism of mitochondrial outer-
membrane fusion where nucleotide-dependent assembly of
Mfn is required following tethering to drive membrane
fusion.

Results
Mfn1F2%2t js a unique GTPase domain mutant variant

To gain insight into the molecular mechanism of mitochon-
drial outer-membrane tethering and fusion, we performed a
functional screen of mutant variants of Mfnl at highly con-
served positions in the GTPase domain. Mfn1-null MEFs have a
fragmented mitochondrial network characterized by short,
rod-shaped mitochondria due to low rates of mitochondrial
fusion (14, 33). We generated 12 mutant variants of Mfnl,
selecting positions that were both conserved (in Mfn1, Mfn2,
and MARF, the Drosophila Mitofusin) and that were associated
with CMT2A in Mfn2 (Table S1). These variants were stably
expressed with a C-terminal eGFP tag in Mfnl-null MEFs by
viral transduction. The GFP signal colocalized with Mito-
Tracker Red, indicating correct expression and targeting to the
mitochondrial outer membrane. In cells with eGFP signal, the
structure of the mitochondrial network was assessed as a proxy
for fusion activity of the Mitofusin variant expressed. As
expected, expression of Mfn1¥"-eGFP restored a reticular
mitochondrial network, which is defined as having a connected
network of mitochondria tubules distributed throughout the
cytoplasm (Fig. 14). Of the 12 mutant variants tested, nine vari-
ants did not significantly alter the fragmented mitochondrial
network in Mfnl-null cells, consistent with loss of function
(Table S1 and Fig. 14, Mfn1"'**®), There were two variants of
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Mfn1 whose expression restored a reticular mitochondrial net-
work, indicating fusion activity when expressed with endoge-
nous Mfn2 (Table S1 and Fig. 14, Mfn1"2%%Y).

The remaining variant, F202L, altered both the distribution
and connectivity of the mitochondria in Mfnl-null cells.
Expression of Mfn17°*"-eGFP was associated with a highly
connected network (Fig. 1A). In some of these cells, the mito-
chondrial distribution was also affected, with most of the mito-
chondria coalesced in the perinuclear region. This residue is
located in the highly conserved B8 4G sheet in the core of the
GTPase domain, and the conversion of phenylalanine to leu-
cine in the corresponding Mfn2 residue is associated with
CMT2A (Fig. 1, B and C). Given the striking changes in mito-
chondrial structure and distribution in cells, we chose to fur-
ther characterize the molecular features of this variant in Mfn1
(F202L) and Mfn2 (F223L).

Because the phenylalanine residue is located in the GTPase
domain, we sought to determine whether the enzymatic prop-
erties of Mfn172°*" were altered. We utilized the Mfn1 minimal
GTPase domain construct (Mfn1;,,C) recently used to obtain a
high-resolution crystal structure (25). We determined that the
V. o of Mfn1529%" was only slightly lower than that of Mfn1™™
(Fig. S1A). Indeed, full kinetic analysis of Mfn1¥T and
Mfn12°%" demonstrated that the mutant enzyme is similar to
WT (Fig. S1B). Together, these data suggest that the basal cat-
alytic activity of Mfn12°*" is only mildly impacted compared
with WT. These changes in enzyme kinetics are relatively mod-
est, making it unlikely that they account for the dramatic mito-
chondrial morphology changes observed in cells, although we
cannot rule out this possibility.

Mfn 17292t and Mfn2F223" restored a connected mitochondrial
network in cells lacking Mfn1 or Mfn2

We first wanted to assess the function of Mfn12°*" and the
equivalent mutant variant in Mfn2, Mfn252%3", in the presence
of the opposite WT paralog utilizing established cell lines lack-
ing Mfnl (Mfnl-null) or Mfn2 (Mfn2-null), respectively (14).
To do this, we generated stable cell lines expressing Mfnl or
Mfn2 with a C-terminal 3xFLAG tag using retroviral transduc-
tion in the genetic null background. To ensure that nonphysi-
ological expression levels did not alter protein function, we
then expanded and screened clonal populations and selected
those with near WT protein levels for further characterization
(Fig. S2).

The expression of Mfn1¥T-FLAG in Mfnl-null MEFs
restored a connected mitochondrial network, whereas trans-
duction with an empty vector did not alter the fragmented
mitochondrial structure (Fig. 2, A and B). Consistent with the
results from our screen, cells expressing Mfn172°*"-FLAG pos-
sessed mitochondria that were highly connected and often
coalesced in the perinuclear space. To resolve the mitochon-
drial structure in cells expressing Mfn1F202L FLAG, we treated
cells with nocodazole to depolymerize microtubules, which has
been previously shown to redistribute highly connected mito-
chondria in cells overexpressing a dominant-negative Drpl
variant to reveal the degree of connectivity (19). Abolishing the
microtubule network did not significantly alter the mitochon-
drial structure in WT or Mfn1¥"-FLAG rescue cells (Fig. 2C).
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Figure 1. Mfn1Phe-202is a highly conserved residue in a central B strand. A, representative images of Mfn1~/~ Mfn

C

2%/* cells stably expressing Mfn1-eGFP

or Mfn172%2-eGFP following retroviral transduction. Mitochondria were labeled with MitoTracker Red CMXRos and visualized by fluorescence microscopy.
Images represent maximum intensity projections. Scale bars are 5 um. B, sequence alignment of Mfn1 F202 region generated using Clustal Omega. The arrow
indicates the position of B strand 4G, and the conserved phenylalanine (Mfn1 Phe-202 and Mfn2 Phe-223) is in blue text. C, Mfn1,,, crystal structure with Phe-202
highlighted in fuchsia. Critical residues in conserved catalytic domains are highlighted: the P-loop in cornflower blue, G2/switch lin light blue, G3/switch Il in dark

blue, and G4 in turquoise (Protein Data Bank (PDB) code 5GOE).

Mfnl-null cells transduced with empty vector maintained a
fragmented network, although some short, rod-shaped mito-
chondria were observed after treatment with nocodazole. In
contrast, the mitochondria in Mfn17*°*"-FLAG- expressing
cells were redistributed throughout the cytoplasm following
nocodazole treatment, revealing a mitochondrial network that
was highly connected in each clonal population (Fig. 2C). Mito-
chondrial connectivity was further assessed utilizing a mito-
chondrial matrix—targeted photoactivatable GFP (mt-paGFP).
Following activation of paGFP within a 1-um square, the local-
ization and intensity of paGFP were monitored to assess mito-
chondrial connectivity, movement, and fusion. Over the course
of 50 min, we observed that in WT cells mt-paGFP was reduced
in intensity and spread out of the ROI, consistent with diffusion
within a connected network and fusion events (Fig. S34). In
contrast, in Mfnl-null empty vector control cells, individual
mitochondria with mt-paGFP move from the ROI, but there
was limited change in signal intensity and no increased colo-
calization with red signal, consistent with a disconnected
network and few fusion events (Fig. S3B). The clonal popu-
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lations of Mfnl-null cells expressing Mfn1"2°?" exhibited
similar characteristics to WT controls with both decreased
intensity of paGFP and movement out of the ROI (Fig. S3C).
Finally, we have quantified the number of individual mito-
chondria and the mean network size utilizing MiNA (mito-
chondrial network analysis), and these are also consistent
with the conclusion that Mifnl-null cells expressing
Mfn172°?" are highly connected (Fig. S3D) (34). Together,
these results suggest that Mfn172°*" and endogenous Mfn2
can support mitochondrial fusion, which results in a con-
nected mitochondrial network in these cells.

Although Mfn1 and Mfn2 share high similarity, several lines
of evidence indicate that they are functionally distinct. There-
fore, we set out to characterize the equivalent mutant variant in
Mfn2, Mfn2F223%, which is associated with CMT2A disease. As
described above, we generated stable clonal populations with
Mfn2-FLAG expressed in Mfn2-null cells at levels comparable
with endogenous protein (Fig. S2B).

Asin Mfn1-null cells, expression of Mm2YT-FLAG in Mfn2-
null MEFs restored a reticular mitochondrial network, whereas

J. Biol. Chem. (2019) 294(20) 8001-8014 8003


http://www.jbc.org/cgi/content/full/RA118.006347/DC1
http://www.jbc.org/cgi/content/full/RA118.006347/DC1
http://www.jbc.org/cgi/content/full/RA118.006347/DC1
http://www.jbc.org/cgi/content/full/RA118.006347/DC1
http://www.jbc.org/cgi/content/full/RA118.006347/DC1

Mfn variant with defective coupling of tethering to fusion

Mfn 1+ Mfn2** B
+ ector + Mfn1 W + Mfn 17202

A Mfn1+*
Mfn2+*

120

highl
D fragmented . reticular . cfnni,cted

100

percent of cells

C Mfn1**
Mfn2**

Mfn1-- Mfn2+*
+ Vector

 Minte

e

+ an

1 F202

Mfn1+* VvV
Mfn2**

Iso1 Is02 Iso3
+ Mfn1F202

Iso1 Is02 Iso3
+ Mfn1WT

Mfn1”Mfn2*"*

highl
[ fragmented [l reticuiar Il connectea

80
D w1

Mfn2+*

Mfn1+*+ Mfn2-"
+ Mfn2WT
N S

3

A O
o O

20

Mfn1**  V
Mfn2**

Iso1 Iso2 Iso3

+ Mfn2F223L

Iso2 Iso3

+ Mfn2"T
Mfn1** Mfn2"

Figure 2. Mfn172°%" and Mfn2F223" support mitochondrial fusion when expressed in Mfn1-null and Mfn2-null cells, respectively. A, representative
images of clonal populations of Mfn1~/~Mfn2*/* cells either transduced with empty vector (V) or stably expressing Mfn1-FLAG or Mfn172°2--FLAG. Mitochon-
dria were labeled with MitoTracker Red CMXRos and visualized by fluorescence microscopy. Images represent maximum intensity projections. Scale bars are 5
um. The Vector panel is representative of a cell with a fragmented mitochondrial network; the WT and Mfn1-FLAG cells are representative of cells with a reticular
mitochondrial network; the Mfn172°2 cell is representative of a cell with a highly connected network. B, quantification of the mitochondrial morphology of cell
lines described in A. Error bars indicate mean + S.D. from three blinded experiments (n > 100 cells per cell line per experiment). C, representative images of
clonal populations from A treated with 1.5 nm nocodazole for 1 h. Mitochondria were labeled with MitoTracker Red CMXRos and visualized by fluorescence
microscopy. Images represent maximum intensity projections. Scale bars are 5 um. D, representative images of clonal populations of Mfn1*/* Mfn2~/~ cells
stably either transduced with empty vector (V) or expressing Mfn2-FLAG or Mfn2723--FL AG. Mitochondria were labeled with MitoTracker Red CMXRos and
visualized by fluorescence microscopy. Images represent maximum intensity projections. Scale bars are 5 um. E, quantification of the mitochondrial morphol-
ogy of cell lines described in D. Error bars indicate mean + S.D. from three blinded experiments (n > 100 cells per cell line per experiment).

Iso1

transduction with an empty vector did not alter the fragmented ~ Mfn172%?* requires a WT paralog for fusion activity
mitochondrial structure (Fig. 2, D and E). Analysis of
M2 FLAG clonal populations revealed that cells
expressing this variant possessed a reticular mitochondrial net-

work, similar to that observed in cells expressing Mfn2%¥T-

Mitochondrial fusion is most efficient when both Mfn1 and
Mfn2 are expressed, indicating that the heterotypic fusion com-
plexes are functionally distinct from homotypic complexes.
Therefore, we sought to systematically characterize the

FLAG. However, the perinuclear clustering of mitochondria
was not observed, suggesting that this altered distribution is
unique to mutant Mfn1. These data suggest that Mfn27*%3" can
also support mitochondrial fusion in cells when expressed with
a WT Mfnl partner.
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function of each variant in the presence and absence of either
Mifnl or Mfn2 utilizing WT, Mfnl-null, Mfn2-null, and
Mfn1/2-null MEFs. To visualize cells expressing Mfn1"2%2"
or Mfn25223 we made use of a C-terminal mNeonGreen tag
(Mfn1/2-mNeon), which was brighter and more photostable

SASBMB
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Figure 3. Mfn172°2" and Mfn2223" only support fusion in heterotypic complexes. A, representative images of the indicated cell lines stably expressing
Mfn172°2--mNeon. Mitochondria were labeled with MitoTracker Red CMXRos and visualized by fluorescence microscopy. Images represent maximum intensity
projections. Scale bars are 5 um. B, quantification of the mitochondrial morphology of cell lines described in A. Error bars indicate mean + S.D. from three
blinded experiments (n > 100 cells per cell line per experiment). C, representative images of the indicated cell lines stably expressing Mfn2F22**-mNeon.
Mitochondria were labeled with MitoTracker Red CMXRos and visualized by fluorescence microscopy. Images represent maximum intensity projections. Scale
bars are 5 um. D, quantification of the mitochondrial morphology of cell lines described in C. Error bars indicate mean + S.D. from three blinded experiments

(n > 100 cells per cell line per experiment).

than Mitofusin-eGFP. These constructs were also expressed
at near endogenous levels by viral transduction (Fig. S4), and
the mitochondrial morphology was scored in cells with
mitochondrial mNeon signal in three independent, blinded
experiments.

WT MEFs expressing Mfn172?"-mNeon appear unaltered,
with a connected and distributed mitochondrial network (Fig.
3, A and B). Therefore, the mutant phenotype is recessive and
does not interfere with function of endogenous Mitofusin in
cells. Consistent with our analysis of clonal populations above,
the mitochondrial network in Mfnl-null MEFs expressing
Mfn12°**-mNeon were highly connected and collapsed
around the nucleus in about half of the cells. In contrast, in
Mfn2-null cells, which possess only Mfnl homotypic com-
plexes, the expression of Mfn1¥2°?“-mNeon did not alter mito-
chondrial morphology, and the vast majority of cells had a
fragmented network. Finally, when Mfn1"*°**-mNeon was
expressed alone in Mfn1/2-null cells, we observed fragmented

SASBMB

mitochondria that are either distributed or aggregated. In sum,
these data indicate that Mfn1"2°*" does not mediate fusion
alone or with Mfn1¥" and that it requires Mfn2 for fusion
activity.

In WT MEFs, Mfn2F*?>*"-mNeon expression also did not
alter the mitochondrial network, which remained reticular (Fig.
3, Cand D). In Mfn1-null MEFs, the fragmented mitochondrial
network did not change with expression of Mfn2"***"-mNeon.
This suggests that, similar to Mfn12°", Mfn27>*3L_Mfn2%™
complexes do not support fusion. Consistent with our analysis
of clonal populations described above (see Fig. 2, D and E),
Mfn252**-mNeon expression in Mfn2-null MEFs generated a
reticular mitochondrial network. Expression of Mfn2F??3h-
mNeon in Mfn1/2-null MEFs resulted in a similar phenotype to
Mfn172°?" with cells having mitochondrial networks that were
fragmented with some cells where the fragments were aggre-
gated, indicating that Mfn2"*?*" homotypic complexes are not
able to support mitochondrial fusion. Collectively, these data

J. Biol. Chem. (2019) 294(20) 8001-8014 8005
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suggest that Mfn172°?" and Mfn2">>*" only support molecular
activities required for fusion in heterotypic fusion complexes
with a WT paralog.

One unique property of Mfn1 is that it can functionally com-
plement a subset of Mfn2 mutants altered at conserved posi-
tions in the GTPase domain in a heterotypic fusion complex
(18). Mfn2%?26%4 js an Mfn2 mutant variant that is predicted to
lack nucleotide binding and hydrolysis and has been shown to
lack fusion activity in cells when expressed alone (in Mfn1/2-
null cells) (25). We tested the function of Mfn2%?2%%4 in hetero-
typic fusion complexes with WT Mifnl by expressing the
mutant in Mfn2-null cells. Similar to Mfn2"***", we observe
that Mfn2%2¢°4_mNeon expression in these cells supports the
formation of a reticular mitochondrial network (Fig. S5).
Therefore, Mfn2%?°* can mediate fusion with Mfn1¥" but
not alone. In contrast to Mfn1"2°?", expression of the
Mfn1¥2**A_mNeon mutant variant in Mfn1-null cells failed to
support the formation of a reticular mitochondrial network
(Fig. S5). These data suggest that when both Mfn1 and Mfn2 are
present, only Mfn1 needs to have GTPase activity to facilitate
mitochondrial outer-membrane fusion.

To further test whether Mfn172°*" is in a unique mutant
class, we tested whether Mfn12°*" supports fusion with
Mfn2%2%4 To do this, we generated clonal populations of
Mfn1/2-null MEFs stably expressing Mfn172°*"-FLAG at near
WT levels (Fig. S6). Utilizing these stable cell lines, we then
transduced Mitofusins with a C-terminal mNeon and quanti-
fied mitochondrial morphology in cells expressing mNeon.

Consistent with data presented in Fig. 3, A and B, the mito-
chondrial network in cells expressing only Mfn1"°*"-FLAG
and transduced with empty vector were fragmented, with some
cells also exhibiting a change in distribution as some of the
fragmented mitochondria were clustered together (Fig. 4, A and
B). As expected, expression of Mfn1¥"-mNeon did not alter
the mitochondrial structure in these cells, whereas expression
of Mfn2%¥"-mNeon corresponded with a reticular mitochon-
drial network in the majority of cells. These data support our
previous conclusion that Mfn152°?" can facilitate fusion with
Mfn2%¥" but not Mfn1¥™. To our knowledge, this is the first
report of a mutant variant of Mfn1 that can be functionally
complemented by WT Mfn2. In contrast, Mfn2%“2°°*_mNeon
did not restore fusion activity with Mfn1¥2°*"-FLAG as we
observed fragmented mitochondria in the majority of cells.
Therefore, unlike Mfn1¥™, Mfn172°? uniquely requires a var-
iant of Mfn2 with normal catalytic function. Together, this
analysis reveals that Mfn17°°*" has a molecular defect that
makes Mfn1 dependent on the catalytic function of Mfn2, fur-
ther supporting our conclusion that Mfn172°*" is a unique class
of mutant.

Mfn 17292t and Mfn2223" have impaired fusion activity in vitro

In cells, mitochondrial structure is determined by the com-
bined activities of mitochondrial division, fusion, transport,
and positioning. To directly assess the fusion activity of
Mfn1F2°2t and Mfn2F223" in the absence of these other factors,
we utilized a quantitative in vitro mitochondrial fusion assay
(15). Mitochondria were isolated from populations of cells
expressing either a matrix-targeted red or cyan fluorescent pro-
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Figure 4. Mfn172°%" requires WT Mfn2 to function in a heterotypic com-
plex. A, representative images of a clonal population of Mfn1~/~ Mfn2 ™/~ +
Mfn17292--FLAG stably expressing the indicated Mfn-mNeon. Mitochondria
were labeled with MitoTracker Red CMXRos and visualized by fluorescence
microscopy. Images represent maximum intensity projections. Scale bars are
5 wm. B, quantification of the mitochondrial morphology of cell lines
described in A. Error bars indicate mean + S.D. from three blinded experi-
ments (n > 100 cells per cell line per experiment).

tein. Following incubation of red and cyan mitochondria with
fusion buffer, fluorescence microscopy was used to score fusion
events, which are indicated by overlap of the two fluorophores
in three dimensions. The fusion activity of the mutants was
compared with WT controls performed in parallel and
expressed as a relative amount. We assessed protein stability in
the reaction conditions and found that the levels of WT and
mutant Mitofusin proteins were not significantly altered over
the course of the reaction (Fig. S7A).

First, we assessed fusion of mitochondria isolated from the
Mifnl-null clonal populations expressing endogenous Mfn2
with either Mfn1¥T-FLAG, Mfn12°**-FLAG, or empty vector
described in Fig. 2, A and B. Mitochondria containing Mfn2 and
Mfn1-FLAG had a relative rate of fusion that was comparable
with WT controls, consistent with complete rescue of the
Mfn1-null phenotype (Fig. 5A and Fig. S7B). In contrast, the
mitochondria containing Mfn2 and Mfn1">°*" possessed only
40% of the fusion activity of WT controls, which was compara-
ble with mitochondria from vector control cells that only
express Mfn2 (Fig. 5A).

Second, we assessed fusion of mitochondria isolated from the
Mfn2-null clonal populations expressing endogenous Mfnl
with either Mfn2%'-FLAG, Mfn2"***"-FLAG, or empty vector
described in Fig. 2, D and E. As expected, mitochondria isolated
from the Mfn2-null cells expressing endogenous Mfnl and
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Figure 5. Mitochondrial in vitro fusion assay reveals a fusion defect for Mfn172°2- and Mfn2F223-, A, mitochondria were isolated from WT cells (Mfn1*/*
Mfn2*/*), a clonal population of Mfn1" -expressing Mfn1-null cells (Mfn 1T Mfn2*/*), a clonal population of Mfn172%2--expressing Mfn1-null cells (Mfn 17202
Mfn2*/%), a clonal population of Mfn1-null cells transduced with empty vector (Mfn1~/~ Mfn2"/"), a clonal population of Mfn2"-expressing Mfn2-null cells
(Mfn1™/* Mfn2""), a clonal population of Mfn2F223--expressing Mfn2-null cells (Mfn1™/* Mfn2722%4), and a clonal population of Mfn2-null cells transduced with
empty vector (Mfn1"/* Mfn2~/"). The indicated mitochondrial combinations were subjected to in vitro fusion conditions at 37 °C for 30 min. B, mitochondria
were isolated from WT cells (Mfn1™/* Mfn2*/*), a clonal population of Mfn1722--expressing Mfn1-null cells (Mfn172°2- Mfn2*/*), a clonal population of
Mfn1-null cells transduced with empty vector (Mfn1~/~ Mfn2*/*), a clonal population of Mfn2F2?3--expressing Mfn2-null cells (Mfn1*/* Mfn27#?3Y), and a
clonal population of Mfn2-null cells transduced with empty vector (Mfn1™/" Mfn2~/"). The indicated mitochondrial combinations were subjected to in vitro
fusion conditions in the presence of cytosol-enriched fraction at 37 °C for 30 min. C, mitochondria were isolated from WT cells (Mfn1*/* Mfn2*/*), a clonal
population of Mfn172%?"-expressing Mfn1-null cells (Mfn172°2- Mfn2*/*), a clonal population of Mfn1-null cells transduced with empty vector (Mfn1~/~
Mfn2*/*), a clonal population of Mfn2"22*"-expressing Mfn2-null cells (Mfn1*/* Mfn2F223"), and a clonal population of Mfn2-null cells transduced with empty
vector (Mfn1*/"Mfn27/7). The indicated mitochondrial combinations were subjected to in vitro fusion conditions at 37 °C for 30 min. D, mitochondria were
isolated from WT cells (Mfn1™/* Mfn2™/*), Mfn1-null cells (Mfn1~/~ Mfn2*/*), Mfn2-null cells (Mfn1™/* Mfn27/7), a clonal population of Mfn1"™-expressing
Mfn1/2 double-null cells (Mfn1"T Mfn2/"), and a clonal population of Mfn172%?--expressing Mfn1/2 double-null cells (Mfn172°2- Mfn2~/"). The indicated
mitochondrial combinations were subjected to in vitro fusion conditions at 37 °C for 60 min. Data are expressed as a percentage of WT control reactions
performed in parallel. Error bars indicate mean + S.D. from at least four independent experiments, and paired Student’s t test analysis was performed to
determine statistical significance *, p < 0.05; n.s., not significant.

Mifn2-FLAG fused at rates close to WT controls (Fig. 54 and  from vector control cells that only possess Mfn1. This indicates
Fig. S7B). Similar to the defect observed with the Mfn1 variant, that the replacement of phenylalanine with leucine at this posi-
mitochondria with Mfn1 and Mfn2%?3" possessed 30% of WT  tion creates hypomorphic variants of Mfn1 and Mfn2 despite
fusion activity, which was also comparable with mitochondria the high degree of mitochondrial connectivity observed in cells.
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We considered the possibility that soluble factors in the cyto-
sol were enhancing fusion in cells but were absent in the in vitro
fusion assay. To test this, we added crude cytosol-enriched frac-
tions to the in vitro fusion reactions. Consistent with previously
published data (15), addition of cytosol increased fusion with
WT mitochondrial moderately (~1.2-fold) (Fig. 5B). For both
the Mfn1"2°*" and Mfn2"*?*" mutant mitochondria, fusion was
also stimulated (~2-fold) when crude cytosol was included in
the reaction conditions (Fig. 5B). This was modestly higher
than the stimulation observed with mitochondria isolated from
vector control cells. Therefore, cytosolic factors may play a role
in compensating for the molecular defect and increase the
fusion efficiency in cells.

The low fusion efficiency associated with homotypic Mfn1 or
Mfn2 complexes can be significantly increased when partnered
with WT mitochondria in trans (Fig. 5C) (15). To determine
whether the fusion defects observed with Mfn1¥2°*" and
Mfn272**"" are complemented in trans, we performed in vitro
fusion reactions with mitochondria isolated from WT cells and
mitochondria from Mfn-null cells expressing the mutant vari-
ant as described in Fig. 54. When Mfn172°*" Mfn2%" mito-
chondria were combined with Mfn1™" Mfn2%" mitochondria,
fusion was ~75% of WT controls, significantly higher than
homotypic mutant fusion reactions but similar to heterotypic
fusion reactions with WT and Mfnl-null mitochondria (Fig.
5C). Similarly, both Mfn2-null and Mfn1¥TMfn2F?23" mito-
chondria fused more efficiently with WT mitochondria than
with themselves (Fig. 5C). These data indicate that the mutant
variants have little effect on fusion when WT Mfn1-Mfn2 het-
erotypic complexes can form in trans.

The analysis of mitochondrial fusion in vitro indicates that
despite the connected appearance of the mitochondrial net-
work in Mfnl-null cells expressing Mfn1"*°*" or Mfn2-null
cells expressing Mfn2"2?*", the Mitofusin variants are function-
ally compromised. To gain insight into the molecular defect, we
further characterized the fusion properties of the Mfn12%2"
variant in vitro.

Mfn12%2t requires Mfn2 exclusively in trans

Although our data have established that Mfn152°%* requires
WT Mfn2 for fusion activity, we sought to determine whether
Mfn2 had to be present on the same membrane, in cis, or
whether Mfn2 could complement on the opposite membrane,
in trans. To do this, we exploited the in vitro mitochondrial
fusion assay and tested specific combinations of Mitofusins
both in cis and in trans. As described above, we had generated a
clonal population of Mfn1/2-null MEFs expressing Mfn152°%-
FLAG at near WT levels (Fig. S6). Therefore, we could test
mitochondrial fusion activity of Mfn17>°*" homotypic com-
plexes. We also constructed Mfnl/2-null cells expressing
Mfn1¥T-FLAG as a control (Fig. S6). Consistent with previ-
ously published data (15), mitochondria with only Mfn1%"-
FLAG fused at low levels compared with WT controls (Fig. 5D
and Fig. S7C). Mitochondria with only Mfn1*2°*"-FLAG fused
significantly less than mitochondria with only Mfn1%™" (2.2%
and 10.4 of WT, respectively).

For both Mfn1¥" and Mfn1¥2%?";, fusion was significantly
increased in heterotypic reactions with W'T mitochondria (Fig.
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5D). To distinguish between complementation by Mfn1, Mfn2,
or both in trans, we performed in vitro fusion reactions with
mitochondria from either Mfn2-null or Mfn1-null cells in com-
bination with the mitochondria with homotypic Mfn1%™ or
Mfn12°*" complexes. Mitochondrial fusion was relatively inef-
ficient when Mfn1%" was on both membranes and even lower
when Mfn1™" was paired with Mfn152°** mitochondria. In
contrast, mitochondria with either Mfn152°%" or Mfn1¥" had
significantly higher fusion efficiency when Mfn2 was present in
trans, utilizing mitochondria from Mfn1-null cells (38 and 39%
of WT controls, respectively). Together, these data indicate
that Mfn172°?" has impaired fusion activity that is significantly
improved when Mfn2%" is present on the opposite membrane.

Mfn12°2L forms tethered complexes as efficiently as WT Mfn1

An early step in mitochondrial outer-membrane fusion is
establishment of a physical interaction, or tether, between the
opposing membranes. It has been proposed that the dimer
interface formed by the GTPase domain is responsible for
Mitofusin-dependent tethering (25, 30). To determine whether
the molecular defect of the Mfn1%2°*" variant was in formation
of amembrane tether, we developed an assay to test the physical
interaction of Mitofusins on opposing mitochondrial mem-
branes using coimmunoprecipitation analysis of two epitope
tags (FLAG and eGFP) (Fig. 6, A and B). Mitochondria isolated
from clonal populations of Mfnl-null MEFs expressing either
Mfnl-FLAG or Mfnl-eGFP at near endogenous levels were
combined and incubated in the presence or absence of the tran-
sition-state mimic GDP BeF; to trap fusion complexes before
lipid mixing. When only BeF; was present, virtually no
Mfn1¥T-eGFP was coimmunoprecipitated with Mfn1%"-
FLAG, indicating that no significant interaction was observed
under these control conditions. In contrast, when mixed mito-
chondria were incubated in the presence of the transition-state
mimic (GDP BeF;), Mfnl-eGFP coimmunoprecipitated with
Mn1Y"*-FLAG (Fig. 6B, left panel, arrowhead). This is consis-
tent with mitochondria forming a tethered intermediate in
trans where the differentially tagged Mitofusin proteins are
physically interacting. Importantly, we observed no mitochon-
drial fusion under these conditions. To determine whether
Mfn1¥2°?L_FLAG can tether opposing membranes, we tested
coimmunoprecipitation of Mfn172°*"-eGFP and Mfn1%"-
eGFP proteins with Mfn1¥°**-FLAG. We detected similar
amounts of Mfn17°*"-eGFP and Mfn1%"-eGFP following
immunoprecipitation of Mfn172°*"-FLAG, indicating that the
mutant variant did not have a measurable defect in the forma-
tion of tethering complexes under these conditions (Fig. 6, B, C,
and D).

Nucleotide-dependent assembly of Mfn172°%t and Mfn2F223" js
reduced

A common characteristic of the members of the dynamin
family is nucleotide-dependent assembly into higher-order
structures. Given that Mfn172°%" effectively formed transmem-
brane tethering complexes, we considered that the molecular
defect was in the formation of a higher-order assembly. There-
fore, we probed the assembly state of Mfn1"2°*" utilizing
BN-PAGE analysis of detergent-solubilized mitochondria. Pre-
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Figure 6. Tethering assay to assess the physical interaction of Mitofusin
proteins in trans. A, schematic of the differential epitope labeling utilized in
the tethering assay. B, mitochondria were isolated from a clonal population of
Mfn1"T-FLAG-expressing Mfn1-null cells (Mfn1"T Mfn2*/*), a clonal popula-
tion of Mfn1"TeGFP-expressing Mfn1-null cells (Mfn 1" Mfn2*/*), a clonal pop-
ulation of Mfn172°2-FLAG-expressing Mfn1-null cells (Mfn172°2 Mfn2*/*),and a
clonal population of Mfn172°2-eGFP-expressing Mfn1-null cells (Mfn172°%-
Mfn2*/*) and incubated with BeF, in the absence or presence of GDP. Following
lysis, immunoprecipitation was performed with a-FLAG magnetic beads. Pro-
teins eluted from the beads were subjected to SDS-PAGE and immunoblotted
with a-Mfn1.The arrowhead indicates the eGFP protein eluted from FLAG beads.
Total (T) represents 3% of the input, flow-through (FT) represents 3% of the
unbound protein, and elution (E) represents 40% of the immunoprecipitated
protein. C, the percentage of the indicated Mitofusin-eGFP in the elution com-
pared with the total is shown as the mean +S.D. of three independent experi-
ments. D, the percentage of the indicated Mitofusin-FLAG in the elution com-
pared with the total is shown as the mean + S.D. of three independent
experiments.

viously published work has shown that both Mfnl and Mfn2
form large oligomeric complexes by BN-PAGE ranging from
~140 to 440 kilodaltons (kDa) without nucleotide (13, 35, 36).
To determine the assembly state of the Mfn12°*" variant,
mitochondria were isolated from the clonal populations of
the Mfnl-null cells expressing either Mfn1¥"-FLAG or
Mfn1"*°*"-FLAG described in Fig. 2. These were incubated
with the indicated nucleotide, detergent-solubilized, and ana-
lyzed by BN-PAGE and Western blot analysis. The majority of
both Mfn1™¥" and Mfn1*2°*" were found as a predicted dimer,
which migrates slightly higher than the 146-kDa marker in
untreated mitochondria (Fig. 74, see arrow). In contrast, when
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Figure 7. Mfn12°2" has impaired nucleotide-dependent assembly. A
mitochondria were isolated from a clonal population of Mfn1""-expressing
Mfn1-null cells (Mfn1"T Mfn2"/*) and a clonal population of Mfn1F202--ex-
pressing Mfn1-null cells (Mfn172°2- Mfn2*/*). Mitochondria were either not
treated or incubated with the specified nucleotide prior to lysis and then
subjected to BN-PAGE and immunoblotting with a-FLAG. The arrowhead
denotes the predicted dimer state, arrows denote the larger oligomeric spe-
cies, and * denotes a nonspecific band. B, the percentage of total protein in
the smaller oligomeric state (arrowhead) (predicted dimer) and the higher
oligomeric states (arrows) for each condition in A is represented in the bar
graph as mean + S.D. of three independent experiments. C, mitochondria
were isolated from a clonal population of Mfn1""-expressing Mfn1/2 double-
null cells (Mfn 1T Mfn2~/") and a clonal population of Mfn172°?--expressing
Mfn1/2 double-null cells (Mfn172°2- Mfn2~/~). Mitochondria were either not
treated or incubated with the specified nucleotide prior to lysis and then
subjected to BN-PAGE and immunoblotting with a-FLAG. The arrowhead
denotes the predicted dimer state, arrows denote the larger oligomeric spe-
cies, and * denotes a nonspecific band. D, the percentage of total protein in
the smaller oligomeric state (arrowhead) (predicted dimer) and the higher
oligomeric states (arrows) for each condition in C is represented in the bar
graph as mean + S.D. of three independent experiments. £, mitochondria
were isolated from a clonal population of Mfn2"¥"-expressing Mfn2-null cells
(Mfn1*/* Mfn2"") and a clonal population of Mfn2223"-expressing Mfn2-null
cells (Mfn1+/* Mfn2"2234). Mitochondria were either not treated or incubated
with the specified nucleotide prior to lysis and then subjected to BN-PAGE
and immunoblotting with a-FLAG. The arrowhead denotes the predicted
dimer state, an arrow denotes the larger oligomeric species, and * denotes a
nonspecific band. F, the percentage of total protein in the smaller oligomeric
state (arrowhead) (predicted dimer) and the higher oligomeric states (arrow)
for each condition in E is represented in the bar graph as mean + S.D. of three
independent experiments. PNP, GMPPNP.

mitochondria were incubated with either GTP or the nonhy-
drolyzable GTP analog GMPPNP, we saw a significant shift in
the population to two larger species (Fig. 7, A and B, see aster-
isks). Mfn172°*" formed some of these large oligomers, but we
observed significantly less of the mutant protein shifted to the
higher molecular weight species as compared with Mfn1%™"
(Fig. 7B). Interestingly, we observed the same result when ana-
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lyzing mitochondria with only Mfn1, isolated from the Mfn1/
2-null cells expressing either Mfn1¥"-FLAG or Mfn1%°*"-
FLAG (Fig. 7, C and D). Therefore, the formation of these
oligomeric species does not require Mfn2. Under our condi-
tions, incubation of mitochondria with the transition-state
mimic GDP BeF, also resulted in a significant shift to higher
oligomeric states, which was more prominent for Mfn1¥T as
compared with Mfn12°*" (Fig. S8, A and B). Together, these
data suggest that nucleotide-dependent assembly of Mfn1"2>"
is reduced. To determine whether Mfn2"***" has a similar
molecular defect, we isolated mitochondria from Mfn2-null
cells expressing either Mfn2%" or Mfn2"***" and analyzed
assembly under the same conditions. Similar to Mfnl, we
observed that most Mfn2 and Mfn252?*" migrate as a predicted
dimer in the absence of additional nucleotide and that Mfn2%™"
forms a larger oligomer in the presence of GTP or GMPPNP. In
contrast, Mfn2F*3" has a greatly reduced capacity to form
higher-order assemblies under the nucleotide conditions tested
here. Together, these observations indicate that this mutant
variant is selectively defective in nucleotide-dependent higher-
order assembly. Therefore, we postulate that post-tethering
nucleotide-dependent assembly is required to couple GTP hy-
drolysis to membrane fusion.

Discussion

In this work, we have performed an extensive functional
assessment of both Mitofusin paralogs with a mutation at a
conserved position on 8 strand 4G. The variant Mfn2">*3" is
associated with the neurodegenerative disease CMT2A, which
is inherited in a dominant fashion. In the structure obtained
with Mfn1;,,, Phe-202 is located in an aromatic network that
also includes phenylalanine at positions 81, 112, 219, 220, 263,
and 320 (Fig. S7). The conversion to leucine at position 202 may
destabilize this feature and lead to the observed fusion and
assembly defects.

Our analysis indicates that basal enzyme activity is not mark-
edly impacted. This activity was assessed utilizing a construct
lacking the second helical bundle and transmembrane region,
suggesting that the defect associated with the mutation is best
evaluated in the context of the full-length protein. Rescue
experiments utilizing established and well-characterized null
cells do not suggest a complete loss of function as each
Mfn1F2°%% and Mfn2"%23" restore the reticular mitochondrial
network in Mfnl-null and Mfn2-null cells, respectively. This
type of complementation has been previously demonstrated for
other Mfn2 mutant variants associated with CMT2A (18), but
this is the first report of a mutant variant of Mfn1 that is func-
tionally complemented by Mfn2. In contrast to WT Mfnl,
which can mediate fusion with several variants of Mfn2 that are
nonfunctional on their own, Mfn1¥2°?" requires Mfn2 to have
catalytic function. This denotes a novel class of Mfnl mutant
and extends our understanding of the heterotypic fusion com-
plex and indicates that not only can Mfnl compensate for
defects in Mfn2, but the reverse is also true. Our data suggest
that Mfn2 need not hydrolyze GTP when Mfn1 is present. This
is similar to Mgm1, the yeast mitochondrial inner-membrane
fusion machine, which only requires GTPase activity in the
short isoform and not the membrane-anchored long isoform
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(37). From our data, we speculate that although Mfnl must
hydrolyze GTP, a defect in nucleotide-dependent higher-order
assembly can be overcome if Mfn1 is partnered with WT Mfn2.
In the context of vertebrate cells that express both Mfnl and
Mifn2, this provides significant protection against deleterious
mutations.

The collapsed perinuclear mitochondrial distribution in
Mfn1-null cells expressing Mfn1"2°?" reveals another unique
property of this variant. We do not see the same coalescence in
the perinuclear region in WT cells expressing this variant, indi-
cating that the phenotype is not dominant. Perinuclear clusters
of mitochondria have also been observed in cells overexpress-
ing Mfn1/2 or the dominant-negative variants of Drpl, the
mitochondrial division machine. In the latter case, disruption
of the microtubule network also releases the cluster to reveal a
highly connected network (19). The cells analyzed here are not
overexpressing the Mitofusin, making it unlikely that these
clusters are equivalent to those formed by high Mitofusin pro-
tein levels. Our data indicate that Mfn12°*" uniquely alters
mitochondrial transport to favor retrograde-directed move-
ment and it is unclear why the same phenotype is not observed
with the Mfn2 mutant variant. Given the very high degree of
connectivity of the mitochondrial networks in cells expressing
Mfn12°%" and Mfn2, the perinuclear clustering may facilitate
fusion by establishing proximity of mitochondria in the cell.

Significantly, our analysis of mitochondrial fusion efficiency
in vitro revealed that both Mfn172°*" and Mfn2">**" variants
were defective for membrane fusion. This defect was dimin-
ished upon the addition of crude cytosol extract to the reac-
tions, suggesting that cytosolic factors contribute to fusion in
cells, where mitochondrial structure was consistent with no
fusion deficiency. Our analysis of Mfn1">°*" in different Mfn-
null cells indicates that Mfn2 is required for fusion activity.
Therefore, to directly test for functional complementation of
the mutant variant, we generated clonal populations of Mfn1/2
double-null cells expressing Mfn12°*" or Mfn1%" as a control.
Mitochondria isolated from these cells fused most efficiently
with a WT partner, but rates of fusion were also relatively high
when WT Mfn2 homotypic complexes were paired in trans. In
contrast, homotypic fusion with either Mfn1¥™ or Mfn1F2%2"
was very low. These data confirm and extend our understand-
ing of the role of Mfn1 and Mfn2 on opposite membranes and
indicate that variants of Mfn1 that are nonfunctional alone can
contribute to fusion when WT Mfn2 is present.

We further dissected the steps of membrane fusion and
developed an assay to measure the tethering efficiency of the
Mitofusins. With this assay, we found that Mfn1¥T and
Mfn1"2°?" can physically interact across two membranes with
similar efficiency. These data indicate that the defect in mito-
chondrial fusion is not likely to be at the initial step of mem-
brane tethering. In contrast, we report a difference in nu-
cleotide-dependent assembly of the mutant variant compared
with WT controls. Together, these data suggest that the
Mfn172?" does not efficiently couple tethering to subsequent
steps in membrane fusion, which includes nucleotide-depen-
dent assembly. Therefore, we postulate that following
nucleotide-dependent tethering, higher-order assembly is
required to drive membrane fusion.
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Experimental procedures
Cell culture

All cells were grown at 37 °C and 5% CO, and cultured in
Dulbecco’s modified Eagle’s medium (Thermo Fisher Scien-
tific) containing 1X GlutaMAX (Thermo Fisher Scientific)
with 10% fetal bovine serum (Seradigm) or 15% fetal bovine
serum for Mfnl1/2-null mouse embryonic fibroblasts and 1%
penicillin/streptomycin (Thermo Fisher Scientific). Mouse
embryonic fibroblasts cells (Mfn WT, Mfnl-null, Mfn2-null,
and Mfn1/2-null) were purchased from ATCC.

Retroviral transduction and generation of clonal populations

Plat-E cells (Cell Biolabs) were maintained in complete
media supplemented with 1 ug/ml puromycin and 10 ug/ml
blasticidin and plated at ~80% confluence the day prior to
transfection. Plat-E cells were transfected with FuGENE™ HD
(Promega), and transfection reagent was incubated overnight
before a media change. Viral supernatants were collected at
~48, 56, 72, and 80 h post-transfection and incubated with
MEFs in the presence of 8 mg/ml Polybrene. Approximately
16 h after the last viral transduction, MEF cells were split, and
selection agent was added if needed (1 wg/ml puromycin or 200
pg/ml hygromycin).

Clonal populations were generated by plating cells at very
low density, and clones were collected onto sterile filter paper
dots soaked in trypsin. Following expansion, whole-cell
extracts from clonal populations were screened by Western
blot analysis for Mitofusin against WT controls.

Transfection and microscopy

All cells were plated in Number 1.5 glass-bottomed dishes
(MatTek). Mouse embryonic fibroblasts were incubated with
0.1 pug/ml MitoTracker Red CMXRos (Invitrogen) for 15 min at
37 °C with 5% CO,, washed, and incubated with complete
media for at least 45 min prior to imaging. Cells treated with
nocodazole were first incubated with 0.1 ug/ml MitoTracker
Red CMXRos for 15 min at 37 °C with 5% CO,, washed, incu-
bated with complete media for at least 45 min, and then
changed into complete media with 5 uM nocodazole. Cells were
incubated with nocodazole for 45 min to 1 h before imaging.
MEFs were imaged at 37 °C with 5% CO,. A Z-series with a step
size of 0.3 wm was collected with a Nikon Ti-E widefield micro-
scope with a 63X NA 1.4 oil objective (Nikon), a solid-state
light source (SPECTRA X, Lumencor), and an sCMOS camera
(Zyla 5.5 Megapixel). Each cell line was imaged on at least three
separate occasions (n > 100 cells per experiment).

Image analysis

Images were deconvolved using eight to 15 iterations of 3D
Landweber deconvolution. Deconvolved images were then ana-
lyzed using Nikon Elements software. Maximum intensity pro-
jections were created using NIH Image] software. Mitochon-
drial morphology was scored as follows: hyperfused indicates
that the entire mitochondrial network in the cell was connected
as a single structure; reticular indicates that fewer than 30% of
the mitochondria in the cell were fragments (fragments defined
as mitochondrialess than 2 um in length); fragmented indicates
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that most of the mitochondria in the cell were less than 2 um in
length; aggregated indicates fragmented mitochondria that
were not distributed throughout the cytosol.

Preparation of mitochondria or cytosol-enriched fraction

For each experiment, three to five 15-cm plates each of MEFs
stably expressing either mitochondria-targeted TagRFP or CFP
were grown to ~90% confluence. Cells were harvested by cell
scraping, pelleted, and washed in mitochondrial isolation
buffer (MIB) (0.2 m sucrose, 10 mm Tris-MOPS (pH 7.4), 1 mm
EGTA). The cell pellet was resuspended in 1 cell-pellet volume
of cold MIB, and cells were homogenized by 10-14 strokes on
ice with a Kontes Potter—Elvehjem tissue grinder set at 400
rpm. The homogenate was centrifuged (500 X g, 5 min, 4 °C) to
remove nuclei and unbroken cells, and homogenization of the
pellet fraction was repeated followed by centrifugation (500 X
g 5 min, 4 °C). The supernatant fractions were combined and
centrifuged again (500 X g, 5 min, 4 °C) to remove remaining
debris. The supernatant was transferred to a clean microcentri-
fuge tube and centrifuged (7,400 X g, 10 min, 4 °C) to pellet a
crude mitochondrial fraction. The postmitochondrial superna-
tant fraction was saved as the cytosol-enriched fraction. The
crude mitochondrial pellet was resuspended in a small volume
of MIB. Protein concentrations of fractions were determined by
Bradford assay (Bio-Rad).

In vitro mitochondrial fusion

An equivalent mass (10-12.5 ug) of TagRFP and CFP mito-
chondria were mixed, washed in 500 ul of MIB, and concen-
trated by centrifugation (7400 X g, 10 min, 4 °C). Following a
10-min incubation on ice, the supernatant was removed, and
the mitochondrial pellet was resuspended in 10 ul of fusion
buffer (20 mm PIPES-KOH (pH 6.8), 150 mm KOAc, 5 mMm
Mg(OAc),, 0.4 M sorbitol, 0.12 mg/ml creatine phosphokinase,
40 mM creatine phosphate, 1.5 mm ATP, 1.5 mm GTP) or 10 ul
of cytosol-enriched buffer (2.5 ul of the cytosol-enriched frac-
tion obtained from WT MEFs and 7.5 ul of fusion buffer).
Fusion reactions were incubated at 37 °C for 30 or 60 min.

Analysis of mitochondrial fusion

Mitochondria were imaged on depression microscope slides
by pipetting 4 ul of fusion reaction onto a 3% low-melt agarose
bed made in modified fusion buffer (20 mm PIPES-KOH (pH
6.8), 150 mm KOAc, 5 mm Mg(OAc),, 0.4 M sorbitol). A Z-series
of six 0.2-um steps was collected with a Nikon Ti-E widefield
microscope with a 100X NA 1.4 oil objective (Nikon), a solid-
state light source (SPECTRA X), and a sCMOS camera (Zyla 5.5
Megapixel). For each condition tested, mitochondrial fusion
was assessed by counting =300 total mitochondria per condi-
tion from =4 images per condition (50 —200 mitochondria per
image collected), and fusion was scored by colocalization of the
red and cyan fluorophores in three dimensions.

Photoactivatable mt-GFP

Cells transduced with mito-PAGFP (Addgene catalog num-
ber 23348) were plated in Number 1.5 glass-bottomed dishes
(MatTek). Mouse embryonic fibroblasts were incubated with
0.1 pug/ml MitoTracker Red CMXRos for 15 min at 37 °C with
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5% CO,, washed, and incubated with complete media for at
least 45 min prior to imaging. MEFs were imaged at 37 °C with
5% CO,. A region that was ~1 um? was activated using a 405
nm laser, and the same cell was imaged after 50 min. Images
were collected with a Nikon Ti-E widefield microscope with a
63X NA 1.4 oil objective (Nikon), a solid-state light source
(SPECTRA X), and an sCMOS camera (Zyla 5.5 Megapixel).

Protein expression and purification

Mfnl;,,C pET28 plasmid was obtained from Song Gao (25).
Mutations were made by Gibson assembly and confirmed by
sequencing. Mfnl;,, constructs were expressed in Escherichia
coli Rosetta (DE3) cells. Cells were cultured in Luria-Bertani
medium with 150 wg/ml ampicillin and 25 ug/ml chloram-
phenicol at 37 °C to an ODg, of ~0.6, and protein expression
was induced by the addition of 100 uM isopropyl 1-thio-B-p-
galactopyranoside. Induced cultures were grown overnight at
~17-18°C. The cells were harvested by centrifugation at
6,000 X g for 10 min. Cell pellets expressing MFN1,,, were
resuspended in 5 ml of PBS, pelleted by centrifugation at
6,000 X g for 5 min, frozen in liquid nitrogen, and stored at
—80 °C. Cells were thawed in a room-temperature water bath
and resuspended in 50 ml of 50 mm HEPES-KOH (pH 7.4), 400
mMm NaCl, 5 mm MgCl,, 30 mm imidazole, 1 mm phenylme-
thanesulfonylfluoride, 1X protease inhibitor mixture (Thermo
Scientific), 2.5 mMm B-mercaptoethanol (8-ME) and lysed using
a microfluidizer (Avestin). The lysate was subjected to centrif-
ugation at 14,000 rpm for 45 min. The supernatant was applied
to 2.5 ml of HisPur ™ Ni-NTA beads (Thermo Scientific) equil-
ibrated with binding buffer 1 (20 mm HEPES-KOH (pH 7.4),
400 mMm NaCl, 5 mm MgCl,, 30 mm imidazole (pH 8.0), 2.5 mm
B-ME) and nutated at 4 °C for 30 min. Ni-NTA beads bound to
protein were washed with 20 column volumes of binding buffer
1, and proteins were eluted with elution buffer (20 mm HEPES-
KOH (pH 7.4), 400 mm NaCl, 5 mm MgCl,, 300 mum imidazole,
2.5 mm 3-ME). Mfn1},,C-containing elutions were incubated
with 800 ug of GSH S-transferase (GST)-fused PreScission pro-
tease to remove the N-terminal His, tag. This was dialyzed
overnight against binding buffer 2 (20 mm HEPES-KOH (pH
7.4), 400 mm NaCl, 5 mm MgCl,, 2.5 mm B-ME). After dialysis,
PreScission protease was removed using a GST column. The
protein was reapplied to a second Ni-NTA column equilibrated
with binding buffer 2. Binding buffer 1 was used to elute the
protein, which was subsequently loaded onto a Superdex200
16/60 column (GE Healthcare) equilibrated with gel filtration
buffer (20 mm HEPES-KOH (pH 7.4), 150 mm NaCl, 5 mMm
MgCl,, 1 mm DTT). The protein eluted in a discrete peak cor-
responding to a molecular mass of ~50 kDa. Protein was con-
centrated on an Amicon Ultra Centrifugal Filter (molecular
weight cutoff, 30,000) (Millipore) to 30 mg/ml, and glycerol was
added to 20% before the protein was aliquoted and stored at
—80 °C. Protein purification was performed at 4 °C. Protein
concentration was determined by Bradford assay (Bio-Rad).

BN-PAGE

Isolated mitochondria (15-30 ug) were incubated with or
without 2 mM nucleotide, 2.5 mm BeSO,, and 25 mm NaF as
indicated in 0.2 M sucrose, 10 mm Tris-MOPS (pH 7.4), 1 mm
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EGTA, 5 mm Mg(OAc), buffer at 37 °C for 30 min. Mitochon-
dria were then lysed in 1% (w/v) digitonin, 50 mm Bis-Tris, 50
mM NaCl, 10% (w/v) glycerol, 0.001% Ponceau S (pH 7.2) for 15
min on ice. Lysates were centrifuged at 16,000 X gat 4 °C for 30
min. The cleared lysate was mixed with Invitrogen Native-
PAGE™ 5% G-250 Sample Additive to a final concentration of
0.25%. Samples were separated on a Novex'™ NativePAGE
4-16% Bis-Tris protein gels (Invitrogen) at 4 °C. Gels were run
at 40V for 30 min and then 100 V for 30 min with dark cathode
buffer (1X NativePAGE Running Buffer (Invitrogen), 0.02%
(w/v) Coomassie G-250). Dark cathode buffer was replaced
with light cathode buffer (1X NativePAGE Running Buffer
(Invitrogen), 0.002% (w/v) Coomassie G-250), and the gel was
run at 100 V for 30 min and subsequently at 250 V for 60-75
min until the dye front ran off the gel. After electrophoresis was
complete, gels were transferred to polyvinylidene difluoride
membrane (Bio-Rad) at 30 V for 16 h in transfer buffer (25 mm
Tris, 192 mm glycine, 20% methanol). Membranes were incu-
bated with 8% acetic acid for 15 min and washed with H,O for 5
min. Membranes were dried at 37 °C for 20 min, then rehy-
drated in 100% methanol, and washed in H,O. Membranes
were blocked in 4% milk for 20 min and probed with anti-FLAG
(Sigma) for 4 h at room temperature or overnight at 4 °C. Mem-
branes were incubated with horseradish peroxidase—linked
secondary antibody (Cell Signaling Technology) at room tem-
perature for 1 h. Membranes were developed in SuperSignal
Femto ECL reagent (Thermo Fisher Scientific) for 5 min and
imaged on an iBright Imaging System (Thermo Fisher Scien-
tific). Band intensities were quantified using NIH Image] soft-
ware. NativeMark Unstained Protein Standard (Life Technolo-
gies) was used to estimate molecular weights of Mitofusin
protein complexes.

Tethering coimmunoprecipitation

Differentially tagged isolated mitochondrial populations (50
g each) were mixed together. Mitochondria were incubated at
37 °C for 30 min with beryllium fluoride (2.5 mm BeSO,, 25 mm
NaF) with or without 2 mm GDP in fusion buffer (20 mm PIPES-
KOH (pH 6.8), 150 mm KOAc, 5 mm Mg(OAc),, 0.4 M sorbitol
with 0.12 mg/ml creatine kinase, 40 mM creatine phosphate,
and 1.5 mm ATP). Mitochondria were solubilized in lysis buffer
(20 mm HEPES-KOH (pH 7.4), 50 mm KCl, 5 mm MgCl,) with
1.5% (w/v) n-dodecyl B-p-maltoside, and 1X Halt protease
inhibitor (Thermo Scientific) for 30 min on ice. Lysates were
cleared at 10,000 X g for 15 min at 4 °C. Supernatant was incu-
bated with 50 ul of magnetic uMACS anti-DYKDDDDK
MicroBeads (Miltenyi Biotec) for 30 min on ice. The sample
was applied to a MACS column (Miltenyi Biotec) placed in the
magnetic field using a uMACS Separator (Miltenyi Biotec) and
washed twice with 400 ul of 20 mm HEPES-KOH (pH 7.4), 50
mm KCI, 5 mm MgCl,, 0.1% n-dodecyl 3-pD-maltoside and once
with 200 ul of 20 mm HEPES-KOH (pH 7.4), 50 mm KCl, 5 mMm
MgCl,. One column volume (25 ul) of SDS-PAGE loading
buffer (60 mm Tris-HCl (pH 6.8), 2.5% SDS, 5% B-ME, 5%
sucrose, 0.1% bromphenol blue) was incubated for 15 min at
room temperature, and proteins were eluted twice with 35 ul of
SDS-PAGE loading buffer. The majority of the protein eluted in
the first 35-ul elution. Samples were run on an SDS-polyacryl-
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amide gel and transferred onto nitrocellulose at 94V for 1 h in
1X transfer buffer. Membranes were blocked in 4% milk for at
least 45 min and probed with anti-Mfn1 antibody for 4 h at
room temperature or overnight at 4 °C. Membranes were incu-
bated with DyLight secondary antibody (Invitrogen) at room
temperature for 1 h. Membranes were imaged on a LI-COR
Imaging System (LI-COR Biosciences).

Western blot analysis

Protein lysates from MEFs were obtained by resuspending
PBS-washed cells in radioimmune precipitation assay lysis
buffer (150 mm NaCl, 1% Nonidet P-40, 1% sodium deoxy-
cholate, 0.1% SDS, 25 mm Tris (pH 7.4), 1 X Halt protease inhib-
itor mixture, EDTA-free (Thermo Scientific)). Samples were
incubated on ice for 15 min and then spun at 21,000 X g for 15
min at 4 °C. Supernatant was transferred to a clean tube, and
protein concentration was measured by BCA assay (Thermo
Scientific). Samples were run on an SDS-polyacrylamide gel
and transferred onto nitrocellulose at 94V for 1 hin 1 X transfer
buffer. Membranes were blocked in 4% milk for at least 45 min
and probed with anti-Mfn1, anti-Mfn2 (Sigma), anti-voltage-
dependent anion channel (Invitrogen), or anti-tubulin (Invitro-
gen) antibody for 4 h at room temperature or overnight at 4 °C.
Membranes were incubated with DyLight secondary antibody
at room temperature for 1 h. Membranes were imaged on a
LI-COR Imaging System.

GTPase assay

Frozen protein was thawed on ice and diluted to 2.5 um in 20
mMm HEPES-KOH (pH 7.4), 50 mm KCl, 5 mm MgCl,, 1 mm
DTT. Protein concentrations were confirmed by Bradford
assay (Bio-Rad). Reactions were set up in triplicate in a 96-well
plate on ice. Variable concentrations of GTP were added, and
reactions were incubated at 37 °C for 15 min. Reactions were
stopped by adding 200 mm EDTA on ice. Concentrations of free
P, were measured by malachite green reagent. Malachite green
reagent was added, and reactions were incubated at room tem-
perature for 15 min. The optical density at 650 nm was mea-
sured, and a potassium phosphate standard curve was used to
determine the amount of GTP hydrolyzed.

Plasmids and primers

The following plasmids were purchased from Addgene:
pBABE-hygro (catalog number 1765), pBABE-puro (catalog
number 1764), mito-PAGFP (catalog number 23348), pclbw-
mito TagRFP (catalog number 58425), and pclbw-mitoCFP
(catalog number 58426). The Mfnl,,,C pET28 plasmid was a
kind gift from Song Gao (25). The following primers were used
to for site-directed mutagenesis by Gibson assembly: Mfn172°2"
Human F (5'-CTAGATGCTGATGTCTTAGTTTTGGTCG-
CAAAC-3'), Mfn172°? Human R (5'-GTTTGCGACCAAAA-
CTAAGACATCAGCATCTAG-3'), Mfn1"*°*" Mouse F (5'-
GCCTGGATGCTGATGTGTTGGTGCTGGTGGCCAAC-
3’), Mfn12°?" Mouse R (5'-GTTGGCCACCAGCACCAA-
CACATCAGCATCCAGGC-3'), Mfn1%**** Mouse F (5'-CTG-
AATAACCGTGCGGATGCTTCTGCTTCGG-3'), Mfn1%>34
Mouse R (5'-CCGAAGCAGAAGCATCCGCACGGTTAT-
TCAG-3'), Mfn2%?%°* Mouse F (5'-CATCCTGAACAACCGC-
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GCGGATGCGTCTGCCTCGG-3'), Mfn2%2°A Mouse R (5'-
CCGAGGCAGACGCATCCGCGCGGTTGTTCAGGATG-3'),
Mfn1®¥ Mouse F (5'-CATTTTTTGGCTGGACAAGTAGT-
GG-3"), Min1%¥3¥ Mouse R (5'-CCACTACTTGTCCAGCCAA-
AAAATG-3'), Mfn1™97R Mouse F (5'-AGCGGGATTGGTAG-
GACAACCAACTGC-3'), Mfn1"1%R Mouse R (5'-GCA-
GTTGGTTGTCCTACCAATCCCGCT-3'), Mfn1™%4 Mouse
F  (5-GATTGGTCACACAGCAAACTGCTTCCTG-3'),
Mfn1T1%4 Mouse R (5'-CAGGAAGCAGTTTGCTGTGTGAC-
CAATC-3'), Mfn12**3Y Mouse F (5'-TGTTAATCAGCTGGT-
GCATGCCCTCCAT-3'), Mfn1**3Y Mouse R (5'-ATGGAGG-
GCATGCACCAGCTGATTAACA-3"), Mfn1™*R Mouse F (5'-
AATCAGCTGGCCAGGGCCCTCCATATG-3'), MfnlH4R
Mouse R (5'-CATATGGAGGGCCCTGGCCAGCTGATT-3'),
Mfn1P78A Mouse F (5'-CCTGGTTTTAGTAGCAAGCCCAG-
GTACAGA-3"), Mfn1P'"#4 Mouse R (5'-TCTGTACCTGGGC-
TTGCTACTAAAACCAGG-3'), Mfn1"*°4 Mouse F (5'-TGA-
GCGGCTCTCCAAGGCCAACA-3'), Mfn1"*°4 Mouse R (5'-
TGTTGGCCTTGGAGAGCCGCTCA-3'), Mfn1Y?**?S Mouse F
(5'-AGTACATGGAGGATGGGCGCAGA-3'), Mfn1V?2>26
Mouse R (5'-TCTGCGCCCATCCTCCATGTACT-3'),
Mfn12?%°R Mouse F (5'-GATGTGCGCAGAAGGCACAT-
GGAGAGA-3'), Mfn1?***® Mouse R (5'-TCTCTCCATGT-
GCCTTCTGCGCACATC-3"), Mfn1®?**°" Mouse F (5'-
CAGCACATGGAGCATTGTCTTCACTTCTTGGTAGAAG-
3'), Mfn1%2** Mouse R (5'-CTTCTACCAAGAAGTGAAGAC-
AATGCTCCATGTGCTG-3'), Mfn1¥2%3Y Mouse F (5'-AGA-
GATGTCTTCACTACTTGGTAGAAGAG-3), Mifn1F263Y
Mouse R (5'-CTCTTCTACCAAGTAGTGAAGACATCTCT-
3'), Mfn252%L Mouse F (5'-GCCTGGATGCTGATGTGTTGG-
TGCTGGTGGCCAAC-3'), and Mfn2F??*L Mouse R (5'-
GTTGGCCACCAGCACCAACACATCAGCATCCAGGC-3).
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