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The short variant of the mitochondrial dynamin OPA1
maintains mitochondrial energetics and cristae structure
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The protein optic atrophy 1 (OPA1) is a dynamin-related pro-
tein associated with the inner mitochondrial membrane and
functions in mitochondrial inner membrane fusion and cristae
maintenance. Inner membrane-anchored long OPA1 (L-OPA1)
undergoes proteolytic cleavage resulting in short OPA1l
(S-OPA1). It is often thought that S-OPA1 is a functionally
insignificant proteolytic product of L-OPA1 because the accu-
mulation of S-OPA1 due to L-OPA1 cleavage is observed in
mitochondrial fragmentation and dysfunction. However, cells
contain a mixture of both L- and S-OPA1 in normal conditions,
suggesting the functional significance of maintaining both
OPA1 forms, but the differential roles of L- and S-OPA1 in
mitochondrial fusion and energetics are ill-defined. Here, we
examined mitochondrial fusion and energetic activities in
cells possessing L-OPA1 alone, S-OPA1 alone, or both L- and
S-OPALl. Using a mitochondrial fusion assay, we established
that L-OPA1 confers fusion competence, whereas S-OPA1 does
not. Remarkably, we found that S-OPA1 alone without L-OPA1
can maintain oxidative phosphorylation function as judged by
growth in oxidative phosphorylation-requiring media, respira-
tion measurements, and levels of the respiratory complexes.
Most strikingly, S-OPA1 alone maintained normal mitochon-
drial cristae structure, which has been commonly assumed
to be the function of OPA1 oligomers containing both L- and
S-OPA1l. Furthermore, we found that the GTPase activity of
OPA1 is critical for maintaining cristae tightness and thus ener-
getic competency. Our results demonstrate that, contrary to
conventional notion, S-OPAL1 is fully competent for maintain-
ing mitochondrial energetics and cristae structure.

Changes in mitochondrial shape, number, and location in
cells are now well appreciated collectively as mitochondrial
dynamics. Among many types of mitochondrial shape changes,
fission and fusion are the most characterized processes. The
main molecular factors controlling mitochondrial fission and
fusion are dynamin-related membrane remodeling proteins.
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Dynamin-like/-related protein 1 (DLP1/Drp1)? is a cytosolic
protein that becomes bound to the mitochondrial surface and
constricts mitochondria for fission (1, 2). Two isoforms of
mitofusin (Mfnl and Mfn2) are anchored at the outer mem-
brane and mediate tethering and fusion of outer membranes of
apposing mitochondria through homotypic and heterotypic
interactions between the two isoforms (3, 4). Optic atrophy 1
(OPA1) mediates fusion of the inner membrane following Mfn-
mediated outer membrane fusion (5-7).

In a steady state, a balance between fission and fusion main-
tains mitochondrial size and number. However, metabolic
changes, stimuli, or stress from inside and outside of the cells
shifts the fission-fusion balance to induce temporary or perma-
nent changes in mitochondrial morphology (8 -13). Not sur-
prisingly, growing evidence indicates that mitochondrial fission
and fusion are intimately associated with energetic mainte-
nance of mitochondria. However, molecular components reg-
ulating this connection are poorly understood. OPA1, one of
the mitochondrial dynamics proteins, has been implicated in
mitochondrial energetic maintenance. Mitochondria of OPA1-
deficient cells are fragmented and show greatly diminished cris-
tae, which is functionally reflected as a defect in oxidative phos-
phorylation (OXPHOS) (14-16). As such, although mutations
in OPA1 in human are best known to cause optic atrophy, they
are associated with extraocular systemic manifestations such as
deafness, myopathy, ataxia, peripheral neuropathy, and more
rarely spastic paraplegia and multiple sclerosis-like illness
known as autosomal dominant optic atrophy plus (17-20).
These observations suggest that OPA1 is a critical factor con-
necting mitochondrial morphology and energetics.

Inside mitochondria, OPA1 exists in both inner membrane-
anchored and soluble forms facing the intermembrane space.
Human OPA1 mRNA undergoes alternative splicing, generat-
ing eight different splice variants (21, 22). Upon expression,
OPA1 is imported to the mitochondria by the N-terminal
mitochondrial targeting sequence (MTS). The transmembrane

2The abbreviations used are: DLP1/Drp1, dynamin-like/-related protein 1;
OPAT1, optic atrophy 1; L-OPA1, long OPA1; S-OPAT1, short OPA1; OXPHOS,
oxidative phosphorylation; Mfn, mitofusin; MTS, mitochondrial targeting
sequence; TM, transmembrane; Phb, prohibitin; MEF, mouse embryonic
fibroblast; v1-v8, variants 1-8; SIMH, stress-induced mitochondrial hyper-
fusion; BNGE, blue native gel electrophoresis; CJ, cristae junctions; CCJ,
cristae with CJ; STJ, short tubules with junctions; AIF, apoptosis-inducing
factor; aa, amino acid(s); HBSS, Hanks’ balanced salt solution; Bis-Tris, 2-
[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; ANOVA,
analysis of variance.
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(TM) domain downstream of MTS acts as a stop transfer signal,
anchoring the OPA1 protein at the inner membrane, leaving
most of the protein in the intermembrane space (23). The
membrane-anchored OPA1 (“L-OPA1” for long OPA1) is fur-
ther cleaved by proteases downstream of the TM region, gen-
erating TM-free OPA1 (“S-OPA1” for short OPA1). At least
two cleavage sites, each cleaved by OMA1 and YmelL, have
been identified (6, 24-27), and additional sites are likely pres-
ent (28). Although the fusion activity of L- and S-OPA1 has
been extensively investigated (6, 24, 25), their roles in energetic
maintenance are poorly understood.

It has been shown that the presence of both L- and S-OPA1 is
necessary for mitochondrial fusion, whereas L- or S-OPA1l
alone is insufficient for fusion in normal conditions (6). How-
ever, other studies showed that L-OPA1 alone can elongate
mitochondria, which was more prominent under cellular
stress, indicating that L-OPA1 is fusion-competent (24, 29, 30).
Upon mitochondrial dysfunction associated with depolariza-
tion, apoptosis, or permeability transition, L-OPA1 is cleaved
by OMA1 to form S-OPA1, which is suggested to prevent
fusion of dysfunctional mitochondria (26,27, 31, 32). Regarding
the role of OPA1 in OXPHOS, knockdown or knock-out of
OPA1 disrupts cristae structure and respiration and increases
apoptotic sensitivity (15, 16, 33, 34), whereas OPA1 overexpres-
sion enhances cristae tightness, apoptotic resistance, respira-
tory supercomplex formation, and OXPHOS (35-38).

Currently available information concerning L- and S-OPA1-
specific roles in mitochondrial energetics is from studies with
the manipulations of OMA1, YmelL, or prohibitin 2 (Phb2)
that perturb OPA1 processing. OMA1/YmelL double knock-
out cells that have only L-OPAL1 are fusion-competent and
maintain normal cristae structure, indicating that L-OPA1 is
sufficient for mitochondrial fusion, cristae maintenance, and
conferring apoptotic resistance (29). In addition, deletion of
Phb2 induces OPA1 cleavage, resulting in mitochondrial frag-
mentation, cristae disruption, and increased apoptotic sensitiv-
ity, and reintroduction of L-OPA1, not S-OPA1, to Phb2-null
cells restored these defects, suggesting that S-OPA1 is incom-
petent for mitochondrial fusion and cristae maintenance (39).
However, Phb2 has broad functions in other cellular processes
(40-43), and OPAL1 is not the sole substrate of OMA1 and
YmelL (44-50). Thus, it is possible that the mitochondrial
phenotypes observed by knocking out Phb2, OMA1, or YmelL
may include effects unrelated to OPA1 function. Furthermore,
contrary to the notion that OPA1 cleavage is causal for mito-
chondrial fragmentation and OXPHOS defect, an increase in
OXPHOS enhances OPA1 cleavage and induces mitochondrial
fusion (51). Therefore, the role of OPA1 cleavage in mitochon-
drial fusion is controversial, and specific roles of L- and S-OPA1
in energetic maintenance are ill-defined.

In the present study, we used cells exclusively expressing
L-OPA1, S-OPAL1, or both to evaluate the differential functions
of L- and S-OPA1. Our data elaborate and confirm that
L-OPA1 has an intrinsic activity for mitochondrial fusion,
whereas the fusion activity of S-OPA1 is insignificant. On the
other hand, we found that either S- or L-OPA1 alone is suffi-
cient to support mitochondrial energetic activity. Most surpris-
ingly, cells having S-OPA1 alone maintain normal cristae struc-
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Figure 1. OPA1 variants and MEFs differentially expressing these vari-
ants. A, OPA1 proteolytic cleavages occur at S1 and S2 in exons 5 and 5b.
CC, coiled-coil domain; MID, middle domain; GED, GTPase effector domain;
MPP, mitochondrial processing peptidase. The variant 1 (OPA1-v1) con-
tains the S1 site where partial cleavage occurs, producing both L- and
S-OPA1 (L/S-OPAT). OPA1-v1AS1 only produces L-OPA1 due to the dele-
tion of the S1 site in OPA1-v1. OPA1-v5 generates S-OPA1 only because of
full cleavage at the S1 site. Amino acid numbers are indicated for each
construct. B, three OPA1 variants were expressed in OPA1-KO MEFs, and
stable clones were isolated. Immunoblots of cell lysates from these cells
show exclusive expression of L-OPA1 and S-OPA1 in MEFs expressing
OPA1-v1AST and OPA1-v5, respectively, and the presence of both L- and
S-OPAT1 in cells expressing OPAT-v1.

ture. These experimental data show that S-OPA1 has full
competency for mitochondrial energetic maintenance despite
lacking fusion activity. We propose that S-OPA1 may expedite
cristae reorganization, providing energetic flexibility.

Results
Cell lines expressing L- and S-OPA1

OPAL1 is expressed in eight different splice variants (v1-v8)
(22). These splice variants undergo partial or full proteolytic
cleavage at S1 and S2 (Fig. 1), presenting the mixture of L- and
S-OPA1l in cells (6, 24 -27). As a representative OPA1 that pro-
duces both L- and S-OPA1, we used variant 1 (OPA1-v1).
When expressed in cells, OPA1-v1 is cleaved incompletely at
S1, generating cleaved S-OPA1 along with uncleaved L-OPAL.
Overexpression of the OPA1-v1 variant in cells and mice has
been shown to increase mitochondrial length, cristae tightness,
supercomplex assembly, and OXPHOS (36 —38). OPA1-v1 car-
rying a deletion of the S1 cleavage site (OPA1-v1AS1) was used
as non-cleavable L-OPA1. Variant 5 (OPA1-v5) was used as
S-OPA1. OPA1l-v5 contains exon 4b that allows complete
cleavage at the S1 site, generating only S-OPA1 (6). These
constructs were expressed in OPA1 knock-out (KO) mouse
embryonic fibroblasts (MEFs), and stable clones were iso-
lated. As shown in Fig. 1, immunoblots of cell lysates from
these cells show the presence of L/S-OPA1, L-OPA1l, and
S-OPA1 in MEFs expressing OPA1-vl, OPA1-v1AS1, and
OPA1-v5, respectively.

SASBMB



M long tubules [l intermediate M fragmented
A Normal conditions B Drp1 siRNA
100 - 100 1
:\o‘ 80 1 :\o‘ 80 -
2 60 1 2 601
IS [S
2 40 1 2 40 1
8 20 8 20 A
0 = = ol
WT KO v1 Vv1AS1 v5 WT KO v1 Vv1AS1 v5
OPA1 OPA1
C Nutrient starvation D Cycloheximide
100 100 =
;\3 80 ;\3 80 -
8 60 8 60 4
[S [S
2 40 2 40
8 20 8 20 A
0 - 0 - =
WT KO v1 v1AS1 v5 WT KO v1 Vv1AS1 v5
OPA1 OPA1

Figure 2.L-OPA1 alone has the capacity to elongate mitochondria in pro-
fusion conditions. Mitochondrial tubule formation was assessed in normal
conditions (A) and conditions of fission inhibition (B) and SIMH (C and D) in
cells expressing different OPA1 variants. Mitochondrial lengths were catego-
rized into long tubules, intermediate, and fragmented. In both fission inhibi-
tion and SIMH conditions, OPA1-v1 and v1AS1 significantly increased the
formation of tubular mitochondria. Mitochondrial tubule formation by
OPA1-v5 was minimal. n = 4. Error bars are S.E.

L-OPAT1 has the capacity to elongate mitochondria in
pro-fusion conditions

We observed that when cells were grown in normal culture
conditions, mitochondria in cells expressing OPA1-v1 (both L-
and S-OPA1) were mostly short, whereas long and intermedi-
ate mitochondria were observed in ~30% of these cells (Fig.
2A). In contrast, mitochondria in cells expressing OPA1-v1AS1
(L-OPA1) or OPA1-v5 (S-OPA1) are fragmented, suggesting
that the presence of both L- and S-OPA1 is necessary for mito-
chondrial fusion (Fig. 2A) as reported previously (6). However,
unlike completely fragmented mitochondria in OPA1-KO cells,
mitochondpria in some of these cells (~5%) form short tubules,
suggesting that these OPA1 variants may be fusion-competent.
Because mitochondrial morphology is determined by fission-
fusion balance, we inhibited fission by Drpl silencing and
examined the mitochondrial elongation capacity in these cells.
Upon Drpl siRNA treatment, we found large increases in long
and intermediate tubules in cells expressing OPAl-vl or
OPA1-v1AS1 but a minimal increase with OPA1-v5 expression
(Fig. 2B). We observed similar results in conditions evoking
stress-induced mitochondrial hyperfusion (SIMH) (Fig. 2, C
and D). SIMH occurs in cellular stresses such as nutrient deple-
tion and treatments with UV light, actinomycin D, and cyclo-
heximide (30, 52, 53). Under nutrient starvation or cyclohexi-
mide treatment, similar to Drpl siRNA-treated cells, more
elongated mitochondria were observed in OPA1-v1 cells and
OPA1-v1AS1 cells, whereas OPA1-v5 cells exhibited only a
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small increase in cells containing tubules (Fig. 2, C and D). Of
note, mitochondrial elongation by OPA1-v1AS1 in SIMH con-
ditions was shown previously (30). These observations indicate
that L-OPA1 alone is fusion-competent without S-OPA1 or
proteolytic cleavage. SIMH has been shown to occur through
suppression of mitochondrial fission (52, 53). It is likely that the
fusion activity of L-OPA1 is low, thus unable to overcome
ongoing fission, displaying short fragmented mitochondria in
normal conditions.

To further elaborate fusion activity of L- and S-OPA1, we
examined mitochondrial fusion in hybrid cells formed by poly-
ethylene glycol (PEG) treatment. Unlike the morphological
evaluation described above, the PEG assay tests bona fide mito-
chondrial fusion by assessing mixing of matrices regardless of
mitochondrial elongation/size. It has been shown that inner
membrane fusion requires the presence of OPA1 only in one of
the fusion partners (7). Therefore, we analyzed mitochondrial
fusion activity between OPA1-KO cells expressing matrix-tar-
geted DsRed and OPA1 variant cells expressing matrix-tar-
geted GFP. The presence of cycloheximide to prevent expres-
sion of DsRed and GFP during the assay inherently also renders
SIMH conditions. Fig. 3A shows examples of mitochondrial
images from the fusion assay. We tested mitochondrial fusion
with 4 and 8 h of fusion reaction. We observed that ~60% of
OPA1-vl or OPA1-v1ASI cells showed mitochondrial fusion
by 4 h after PEG treatment, which was similar to wild-type
(WT) cells (Fig. 3B). By 8 h, most cells showed mitochondrial
fusion in these cells. Consistent with the mitochondrial mor-
phology analyses in pro-fusion conditions, cells expressing
OPA1-v5 showed no mitochondrial fusion after 4 h but only a
small increase after 8-h incubation (Fig. 3). These results indi-
cate that L-OPA1 without undergoing proteolytic cleavage is
intrinsically fusion-competent, whereas the fusion activity of
S-OPA1 is minimal.

L- or S-OPAT1 alone is sufficient to support mitochondrial
respiratory function

Lack of OPA1 function has been shown to cause loss of mito-
chondrial DNA (mtDNA) and OXPHOS activity and disrup-
tion of cristae structure (14—-16, 33, 54, 55). To test the contri-
butions of L- and S-OPA1 to OXPHOS activity, we examined
cell growth in galactose media in which cells are forced to use
OXPHOS for energy production (56). All cell lines tested
including OPA1-KO cells grew well in the glycolytic media con-
taining glucose at a similar rate of ~18 h of doubling time (Fig.
4A). In OXPHOS culture conditions containing galactose,
OPA1-KO cells were unable to grow, confirming lack of
OXPHOS activity. However, we found that growth rates of
OPA1-v1AS1 and OPA1-v5 cells were indistinguishable from
those of OPA1-vl and WT cells (Fig. 44). Doubling time in
OXPHOS conditions was ~24 h, indicating slower growth
compared with glycolytic conditions. These results demon-
strate that either L- or S-OPA1 alone is sufficient to restore the
OXPHOS function lost by OPA1 deficiency. Consistent with
cell growth in OXPHOS conditions, we found that all three
variants showed oxygen consumption rates similar to that of
WT cells, whereas OPA1-KO cells were respiration-impaired
(Fig. 4, B and C). The three variants and WT cells have no
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Figure 3. Assessments of fusion competency by PEG cell hybrid assays. Mixed cultures of OPA1-KO cells with DsRed-labeled mitochondria and OPA1
variant cells with GFP-labeled mitochondria were treated with PEG, and mixing of red and green fluorescence was evaluated in hybrid cells. A, examples of
mitochondrial images from the fusion assay representing no fusion, partial fusion, and complete fusion. Scale bar, 20 wm. B, OPA1-v1 and OPA1-v1AS1 are
fusion-competent, whereas OPA1-v5 has very little fusion capacity. n = 3. Error bars are S.E.

distinguishable differences in basal, leak, and maximum respi-
rations (Fig. 4B) and respiratory control index (Fig. 4C).

It is remarkable that S-OPA1 alone without L-OPA1 is suffi-
cient to support OXPHOS. It is possible that OXPHOS condi-
tions (galactose media) may generate L-OPA1 in OPA1-v5 cells
to provide OXPHOS activity. However, we found that growth
in galactose media does not produce L-OPA1 in OPA1-v5 cells
(Fig. 4D). Furthermore, galactose had no effect on the L- and
S-OPA1 levels in other variant and wild-type cells (Fig. 4D).
Additional tests of L- and S-OPA1 patterns in SIMH conditions
showed no change in OPA1-v1AS1 and -v5 cells, whereas cyclo-
heximide appeared to increase the cleavage of L-OPA1 in wild-
type and OPA1-v1 cells possibly due to the induction of apo-
ptosis (Fig. 4E).

L- and S-OPA1 are indistinguishable in maintaining
mitochondrial respiratory complexes

To examine the mechanisms behind the cell growth and res-
piration restorations by L- or S-OPA1, we examined respiratory
complexes and supercomplexes using blue native gel electro-
phoresis (BNGE) followed by immunoblotting with complex-
specific antibodies. OPA1-KO cells showed lower levels of res-
piratory complexes with the exception of complex I (Fig. 5).
Complex I was detected in the form of complexes I + IIL, in
BNGE that was not affected by the loss of OPA1 (Fig. 5). In
complex III blots, despite the decreased complex III level, the

7118 J Biol. Chem. (2017) 292(17) 71157130

pattern of supercomplex assembly in OPA1-KO cells was sim-
ilar to that of WT, exhibiting residual III, + IV, I + III,,and I +
III, + IV. This observation suggests that the OPA1 function is
not required for the formation of supercomplexes. OPA1-KO
cells did not show complex IV, but a low level of complex IV
was detected as supercomplex (I + III, + IV). In addition,
OPA1-KO cells showed an impairment in complex V assembly,
displaying the accumulation of F, domain, a soluble functional
subcomplex situated in the mitochondrial matrix, consistent
with a previous report (54) (Fig. 5A4).

We found that expression of OPA1-vl, -v1AS1, or -v5 in
OPA1-KO cells restores respiratory complexes. Importantly,
all three variants restored respiratory complex levels indistin-
guishably (Fig. 5), supporting the cell growth and respiration
data. The recoveries of the levels of complexes III, IV, and V
were seemingly significant, whereas complex II showed min-
imal recovery (Fig. 54). Although the extent of recoveries of
individual complexes appears different and statistically vary-
ing (Fig. 5B), no distinction between L- and S-OPA1l was
found in the abilities of restoring respiratory complexes and
supercomplexes.

We detected a difference in fusion activity of L- and S-OPA1
in nutrient depletion (Figs. 2 and 3). Therefore, we tested
whether applying SIMH-inducing conditions would reveal dif-
ferences in respiratory complexes in OPA1 variant cells. We
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Figure 4.L- or S-OPA1 alone is sufficient to support mitochondrial respiratory function. A, OXPHOS assessment by cell growth in galactose media. All cell
lines including OPA1-KO cells grew well in the glycolytic media. In galactose media, OPA1-KO did not grow, whereas WT and OPA1 variant cells grew with no
discernible difference in their growth rates. Experiments were done in quadruplicate and repeated three times. Representative data are presented. B and C,
oxygen consumption rates (OCR) of OPA1 variant cells show no difference from that of WT, whereas OPA1-KO cells are respiration-deficient. The respiration
control ratios of uncoupled maximum respiration (state 3u) to leak respiration under oligomycin (state 40) were indistinguishable in OPA1 variantsand WT.n =
6. Error bars are S.E. ***,p < 0.0001; #, p = 0.0002; **, p = 0.0089 (one-way ANOVA with Tukey’s post hoc test). D and E,immunoblotting of WT and OPA1 variant
cellsin galactose and SIMH conditions. Cells were incubated in 10 mm glucose (Glc) or galactose (Gal) for 24 h (D). For SIMH, cells were incubated in HBSS for 3 h
(Strv) orin 10 um cycloheximide (Chx) for 6 h (E). There are no changes in L- and S-OPA1 in galactose and HBSS incubations. Cycloheximide incubation appears
to increase L-OPA1 cleavage in WT and OPA1-v1 cells. OIm, oligomycin; FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone; Con, control.

found that starvation increased complex I levels in all samples that OPA1 fusion activity is not linked to the activity control-
including OPA1-KO MEFs, but no significant changes were ling energetics as reported before (54).

found in other complexes (Fig. 6A4). The reason for the complex The restoration of OXPHOS and respiratory complexes by
I increase in nutrient starvation is currently unclear (see L-and/or S-OPA1 expression was also reflected in recovery of
“Discussion”). Importantly, however, the lack of distinction mtDNA (Fig. 6B8). OPA1-KO cells have reduced mtDNA copy
between OPA1 variants in restoring respiratory complexes was  number (54, 55). We found that OPA1-KO cells contain ~30%
still maintained in starvation (Fig. 6A). These results suggest of mtDNA copy number compared with WT cells. All three

SASBMB J. Biol. Chem. (2017) 292(17) 71157130 7119
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Figure 5. L- and S-OPA1 are indistinguishable in restoring mitochondrial respiratory complexes. BNGE was used to examine respiratory complexes and
supercomplexes. A, OPA1-KO cells have significantly decreased levels of respiratory complexes except complex I. Note that supercomplex assembly was not
affected by OPA1-KO. OPA1-KO cells accumulate F, domain of complex V (shown in the long exposure). OPA1-v1, -v1AS1, and -v5 restored the levels of
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Numbers in parentheses indicate the size of the complexes in kDa. B, quantification of total band density for individual complexes in each cell line. n = 5. Error

bars are S.E. (one-way ANOVA with Tukey’s post hoc test). IB, immunoblotting.

OPA1 variant cells showed increased mtDNA copy numbers,
which were ~60% of the WT level (Fig. 6B). Altogether our
observations support the notion that L- or S-OPA1 alone has
the intrinsic ability to maintain respiratory complexes and thus
OXPHOS activity.

S-OPAT1 is able to maintain cristae structure

Disrupted cristae are the hallmark of OPA1 deficiency for
energetic incompetence. Therefore, we examined mitochon-
drial and cristae structures in OPA1 variant cells using electron
microscopy (EM). EM images of WT MEFs show tubular mito-
chondria with ordered cristae (Fig. 7). In contrast, OPA1-KO
MEFs have fragmented mitochondria that contain no or very
few cristae (Fig. 7). We also noticed greatly decreased matrix
electron density in OPA1-KO cells, reflecting the loss of ener-
getic activity (Figs. 7 and 8B). In addition, mitochondria in
OPA1-KO cells occasionally have septa that may have resulted
from outer membrane fusion without subsequent inner mem-
brane fusion (Fig. 8C, arrowheads) consistent with a previous
report (7).

7120 J Biol. Chem. (2017) 292(17) 71157130

We found that cells expressing different OPA1 variants con-
tained significantly increased cristae numbers in their mito-
chondria (Figs. 7 and 8A). Even the cells containing only
S-OPA1 (OPA1-v5) showed normal cristae structure (Fig. 7).
This result is surprising because it has been shown that S-OPA1
is not able to maintain normal cristae (39). Quantitative analy-
ses revealed that cristae densities of OPA1-v1AS]1 and -v5 cells
were significantly higher than that of OPA1-KO cells, whereas
they were lower than that of OPA1-v1 cells (Fig. 84). Cristae
density of OPA1-v1 cells is similar to that of WT cells, indicat-
ing maximal recovery by the presence of both L- and S-OPA1
(Fig. 8A). Cristae densities of OPA1-v1AS1 and -v5 cells were
similar to each other. These data suggest that either L- or
S-OPA1 alone is sufficient for cristae formation. Based on full
recovery of OXPHOS function by L- or S-OPA1 (Fig. 4) despite
partially reduced cristae densities, these EM observations indi-
cate that submaximal cristae formation by L- or S-OPAL1 alone
is sufficient to support the OXPHOS activity. Supporting this
notion, the normal recovery of matrix electron density was ob-
served in cells expressing OPA1-v1, -v1AS], and -v5 (Fig. 8B).
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Figure 6. No functional distinction between L- and S-OPA1 in maintaining respiratory complexes and mtDNA. A, respiratory complexes after starvation
assessed by BNGE. Starvation does not significantly affect the complex levels except for complex I. Increased complex | levels were seen after starvation across
the cell lines. * in the complex IV blot indicates a potential dimer. B, expression of OPA1 variants in OPA1-KO cells restores mtDNA levels. mtDNA and nuclear
DNA were quantified using PCR with primer sets for ATP6 and GAPDH, respectively. OPA1-KO cells contain ~30% of mtDNA copy number compared with WT
cells. All three OPA1 variant cells showed ~60% of the WT level, indicating partial recovery of mtDNA copy numbers. n = 4. Error bars are S.E. (Student’s t test

(two-tailed)).

Although disputed, OPA1 was suggested to regulate cristae
junction (CJ) (35, 57, 58). Therefore, we analyzed cristae junc-
tion density by quantifying the number of cristae with CJ (CC]J).
In addition, short tubules attached to the inner boundary mem-
brane were found in OPA1-KO cells (Fig. 8D, arrows). Because
these structures have not been described before and may not be
true cristae, we analyzed these short tubules (<100 nm in
length) with junctions (STJ) separately from CCJ (>100 nm).
Similar to a recent report (58), we observed the presence of CJ
in OPA1-KO cells, but CJ density was significantly decreased.
CCJ in OPA1-KO cells were reduced by ~50% compared with
CCJ in wild-type cells (Fig. 8E). Interestingly, OPA1-v5 ap-
peared to have only a small effect on restoring CC]J, whereas
OPA1-v1AS1 increased CC]J to the wild-type level (Fig. 8E).
Because overall cristae density is similar in OPA1-v5 and
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OPA1-v1AS1 cells (Fig. 84), the decreased CCJ density in
OPA1-v5 cells suggests that S-OPAL is less effective in main-
taining CJ. The nature of STJ is currently unknown. Possibly
STJ are nascent cristae that become mature cristae. Assuming
that, the abundance of ST] in OPA1-KO cells may suggest that
the initial formation of cristae occurs independently of OPA1,
whereas cristae maturation requires OPA1 function.

It has been suggested that both L- and S-OPA1 are required
for maintaining cristae tightness by functioning as molecular
staples (35, 59). Therefore, we analyzed cristae width in OPA1
variant cells. We found that cristae widths of OPA1-v1AS1 and
OPA1-v5 cells were similar to those in WT and OPA1-v1 cells
(Fig. 8F), demonstrating that L- or S-OPA1 alone can maintain
cristae tightness. In contrast, OPA1-KO cells have much wider
cristae, showing ~26-nm average width in comparison with
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Figure 7. EM images of mitochondriain WT, OPA1-KO, and OPA1 variant cells. No or a few cristae are in OPA1-KO mitochondria. OPA1 variant cells restored
cristae structure, showing increased numbers of cristae and tight lamellae similar to those in WT cells. Scale bar, 1 um.

13—-15 nm in WT and OPA1 variant cells. Overall, these EM
analyses indicate that, contrary to conventional notion, S-
OPA1 has the capacity in the absence of L-OPA1 to maintain
the number and tightness of cristae, which is sufficient for sup-
porting normal OXPHOS activity.

Requirement of GTPase activity in OPAT1-mediated cristae
maintenance

S-OPA1 support of cristae structure and energetic activity,
despite the lack of mitochondrial fusion activity, indicates that
OPAL1 activities controlling mitochondrial fusion and energet-
ics are independent of each other. Because mitochondrial
fusion by OPA1 requires its GTPase activity, we asked whether
the GTPase activity is necessary for S-OPA1 to support mito-
chondrial energetics. We generated the lysine-to-alanine mu-
tations in the GTPase domain of OPA1 variants (OPA1-v1-
K301A, OPA1-v1AS1-K291A, and OPA1-v5-K319A). This
specific Lys-to-Ala mutation has been shown to cause defects in
GTPase activity and mitochondrial fusion (5, 14, 29, 60). We
expressed the OPA1 variants carrying the Lys-to-Ala muta-
tions in OPA1-KO MEFs and first tested their fusion capacity
by SIMH. We found that, unlike OPA1-vl and -v1AS1 cells
showing SIMH (Fig. 2), mitochondria in cells expressing the

7122 ) Biol. Chem. (2017) 292(17) 71157130

mutant OPA1 variants remained fragmented after incubation
in cycloheximide (Fig. 9A4), confirming the lack of fusion
activity.

Next, we evaluated these mutant OPA1 variant cells for their
growth in galactose media. We found that all OPA1 variant
Lys-to-Ala mutant cells were able to grow initially, whereas
OPA1-KO cells were not (Fig. 9B), similar to the non-mutant
OPAL1 variant cells, raising the possibility that the GTPase
activity may not be necessary for the OXPHOS maintenance
function of OPA1. Interestingly, however, cells expressing the
Lys-to-Ala mutant versions of OPA1-v1, -v1AS1, and -v5 died
abruptly at day 4 in galactose media (Fig. 9B). Although the
reason is unclear, the sudden cell death after initial growth in
galactose media suggests that the mutant proteins may have
residual amounts of GTPase activities and thus OXPHOS func-
tion by which mutant cells are able to grow until stress over-
whelms them. Nevertheless, because non-mutant OPA1 vari-
ant cells can grow in galactose, whereas mutant cells die, these
results indicate that the OXPHOS function of OPA1 still
requires the GTPase activity.

Finally we examined cristae structure of these OPA1 mutant
variant cells by EM. Remarkably, although the presence of cris-
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Figure 8. Analyses of cristae structure in OPA1 variant cells. A, quantification of cristae density. The number of cristae was counted for each mitochondrion
and divided by the mitochondrial area in megapixels. Six to 16 mitochondria were analyzed in each cell for 11 cells per cell line.n = 111, 82, 83,91, and 79 for
WT, OPA1-KO, -v1,-v1AS1,and -v5, respectively. Error bars are S.E. (one-way ANOVA with Tukey’s post hoc test). B, matrix electron density is presented by matrix
gray value (GV,,,,,) after background subtraction (GV,,,) in individual mitochondria. Distribution of matrix electron density was plotted with the average gray
value (horizontal line) for each cell line along with low magnification EM images. n = 139, 130, 135, 150, and 139 for WT, OPA1-KO, -v1, -v1AS1, and -v5,
respectively. #, p < 0.0001 (one-way ANOVA with Tukey’s post hoc test). Scale bar, 0.5 um. C, septa (arrowheads) in mitochondria of OPA1-KO cells. Scale bars,
0.5 wm. D, STJ (arrows) in OPA1-KO and OPA1-v5 cells. Scale bars, 0.5 um. E, quantification of CCJ and STJ. The numbers of CCJ and STJ were separately counted
and divided by the mitochondrial area in megapixels. 11 cells were analyzed for each cell line.n = 101, 79, 68, 83, and 69 for WT, OPA1-KO, -v1,-v1AS1, and -v5,
respectively. Error bars are S.E. (one-way ANOVA with Tukey’s post hoc test). F, quantification of cristae width for assessing cristae tightness. Distribution of
cristae width in nm was plotted with the median width (horizontal line) for each cell line.n = 146,171, 177,125, and 159 for WT, OPA1-KO, -v1,-v1AS1, and -v5,
respectively. #, p < 0.001 (one-way ANOVA with Tukey’s post hoc test).

tae structure is obvious in all three Lys-to-Ala mutant OPA1  cells mostly appeared swollen and round, indicating the loss of
variant cells, we found that, unlike non-mutant variants that cristae tightness (Fig. 10, A-C). Lys-to-Ala mutations in all
restore normal cristae morphology (Fig. 7), cristae in mutant three variants had the same effect on cristae structure. Quanti-
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and repeated three times. Representative data are presented.

fication of cristae width shows mean widths of 46, 42, and 44
nm in OPA1-v1-K301A, -vIAS1-K291A, and -v5-K319A,
respectively, widths even larger than that in OPA1-KO cells
(Figs. 10D and 8F). These results indicate that OPA1 GTPase
activity is required for maintaining cristae tightness. The pres-
ence of numerous cristae in mutant cells indicates that cristae
formation is unaffected by the mutation. Although ballooned
and varying morphologies of cristae made the quantification
less reliable, the average cristae density appeared similar in
three mutant variant cells (Fig. 10E). The restoration of cristae
number by GTPase-defective OPA1 versus the lack of cristae by
OPA1-KO suggests that the presence of OPA1 molecules,
regardless of their GTPase activities, is sufficient for membrane
expansion necessary for cristae formation, whereas the GTPase
activity of OPA1 is critical for maintaining cristae tightness.
Interestingly, matrix electron density appeared restored (Fig.
10, A-C), supporting the observed initial growth of the mutant
cells in OXPHOS conditions. The fact that these mutant cells
eventually succumb to death in strictly OXPHOS conditions
indicates that maintaining cristae tightness is critical for sus-
taining energetic competency. Because complex V plays a role
in regulating cristae curvature, we examined the state of com-
plex V by BNGE. We found that the mutant OPA1 variants are
unable to complete complex V assembly, a phenotype identical
to that in OPA1-KO cells (Fig. 10F). Although it is unclear that
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the lack of complex V assembly is the cause or consequence of
cristae ballooning, it is possible that OPA1 is involved in com-
plex V biogenesis through its GTPase activity. Our data indicate
that the GTPase activity of OPA1 is necessary for energetic
competency through proper maintenance of cristae tightness.

Discussion

In this study, we analyzed cells differentially expressing L-
and S-OPAL1 to elaborate the roles of L- and S-OPA1 in mito-
chondrial fusion and energetic maintenance. OPA1 defi-
ciency results in mitochondrial fragmentation and causes an
OXPHOS defect and the loss of mtDNA, suggesting that
OPA1-mediated mitochondrial fusion plays a role in maintain-
ing energetic activity. In contrast, in the mechanistic aspect, it
has been shown that the OPA1 function in fusion is indepen-
dent of cristae maintenance and thus energetics (35, 54). Our
finding that S-OPA1 without L-OPA1 has a sufficient capacity
for maintaining mitochondrial energetic function despite lack-
ing fusion activity is consistent with separate OPA1 mecha-
nisms for fusion and cristae maintenance.

The information available for differential roles of L- and
S-OPA1 in mitochondrial energetics was obtained via manipu-
lating OMA1 and/or YmellL, the mitochondrial proteases that
generate S-OPAL1 species, as well as Phb2 whose deficiency
causes the loss of L-OPA1 by increased cleavage (29, 39). These
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Figure 10. OPA1 GTPase activity is critical for maintaining cristae tightness. A-C, EM images of OPA1 GTPase-defective mutant cells. Cristae are swollen
andround. Scale bar, 0.5 um. D, quantification of cristae width. Distribution of cristae width in nm was plotted with the mean width (horizontal line) for each cell
line. n = 103, 94, and 124 for OPA1-v1-K301A, -v1AS1-K291A, and -v5-K319A, respectively. E, quantification of cristae density. The number of cristae was
counted for each mitochondrion and divided by the mitochondrial area in um?. Three to 10 mitochondria were analyzed in each cell for 10 cells per cell line.
n = 44,54, and 56 for OPA1-v1-K301A, -v1AS1-K291A, and -v5-K319A, respectively. Error bars are S.E. F, immunoblotting of BNGE for complex V. Lys-to-Ala
mutant OPA1 variant cells show disrupted complex V assembly, accumulating F; domain of complex V, identical to OPA1-KO cells. Numbers in parentheses

indicate the size in kDa.

studies concluded that L-OPA1 is competent for cristae main-
tenance, whereas S-OPAL1 is not. In contrast, our functional and
structural analyses of mitochondrial energetics demonstrated
that S-OPA1 is fully competent for OXPHOS and maintenance
of cristae structure. This discrepancy could be attributed to the
potential pleiotropic effects from knocking out the proteins
regulating OPA1 processing. For example, Phb2 complexed
with Phb1 functions as a mitochondrial chaperone that stabi-
lizes mitochondrially encoded translation products such as
complex IV subunits for proper assembly of the complex (61,
62). In addition, OMA1 degrades misfolded complex IV sub-
units and a factor necessary for complex III assembly, and its
loss impedes supercomplex stability (45—47). YmelL degrades
Tim17A, a subunit of Tim23, and regulates levels of respiratory
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complex subunits (49, 50). Therefore, it is predicted that alter-
ing Phb2, OMA1, or YmelL directly will affect respiratory com-
plexes and thus OXPHOS activity in addition to OPA1 pro-
cessing. Although our approach circumvents manipulation of
OPA1 processing, the limitation is that the expression level of
S-OPA1 exceeds that of wild-type cells, which potentially con-
tributes to the discrepancy. On the other hand, the aforemen-
tioned studies used AIF-230 as an S-OPA1 alternative. AIF-230
is the fusion protein between AIF and OPA1 containing MTS
and TM of AIF (aa 1-95) and aa 230-997 of OPA1-v7 (24). S1
and S2 sites in OPA1-v7 are at aa 195 and aa 217-223, respec-
tively (24), and the apoptotic cleavage site of AIF is at aa 101
(63). Therefore, AIF-230 does not contain the known cleavage
sites of OPA1 and AIF except for the mitochondrial processing
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peptidase site to remove MTS and thus is predicted to be a
constitutive TM protein. Because cellular S-OPA1 does not
contain a TM domain, it is possible that the surrogate S-OPA1,
AIF-230, exerts different functions from the TM-free soluble
S-OPAL.

Our data demonstrate that S-OPA1, when expressed in
OPA1-KO cells, restores the OXPHOS function to the normal
level. Although we observed full functional restoration by S- or
L-OPA1 as judged by growth in galactose media and respira-
tion, we found, to some extent, incomplete restorations in
structural components such as cristae, respiratory complexes,
and mtDNA when compared with WT cells. These observa-
tions indicate that the maintenance of cellular energetics uses
only parts of the structural components of OXPHOS. Indeed, it
has been shown that respiratory complex activities can be con-
siderably inhibited without affecting the rate of mitochondrial
respiration or ATP synthesis, namely the mitochondrial thresh-
old effect (64— 66).

Our analysis shows that the absence of OPA1 function causes
significant loss of respiratory complexes except for complex 1.
In contrast, a previous report of pancreatic B cell-specific
OPA1-KO indicated that the assemblies of all respiratory com-
plexes were normal, although subunit levels of complex IV were
decreased (67). This discrepancy could be due to the presence
of other cell types containing intact OPA1 in isolated islets, cell
type differences, and different methods of respiratory complex
analyses. Our results are consistent with another report show-
ing defective assembly of complex V in OPA1-KO cells (54).
Regardless, OPA1-KO causing an overall decrease of respira-
tory complexes (except complex I) appears to be congruous
with a significant decrease of mtDNA. However, our results
show that OPA1-KO cells have the normal level of complex
I that contains seven mtDNA-encoded subunits. Moreover,
OPA1-KO cells also showed a decrease of complex II, which is
not encoded by mtDNA. This suggests that the decreases of
respiratory complexes by OPA1-KO are more related to the
absence of cristae structure and less related to mtDNA loss.
Without cristae membranes, the assembly platform, respira-
tory complexes likely become unstable and degraded. In this
regard, it has been noted that the loss of mtDNA by OPA1-KO
is the process controlled by the fusion function of OPA1, which
is suggested to be independent of the OPA1 function for cristae
maintenance (54). However, our data indicate that fusion-defi-
cient S-OPAL1 still supports recovery of mtDNA and OXPHOS.
Further studies will be necessary to understand the mecha-
nisms by which OPA1 controls complex assembly and cristae
structure.

It is unclear how the complex I level is maintained even with
the decreased cristae in OPA1-KO cells. It has been suggested
that complex I acts as a scaffold for respirasome assembly (a
supercomplex of complexes I + III + IV) by incorporating sub-
units of complexes IIT and IV (68). Hence, it is possible that the
maintenance of complex Iis a prerequisite for proper OXPHOS
function. Complex I may be able to assemble onto specific
regions of the inner membrane or the nascent cristae in the
absence of mature cristae structure to support respiratory com-
plex assembly upon cristae biogenesis and maturation. The
importance of complex I maintenance even in the absence of
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mature cristae can be further considered in the context of our
observation that nutrient starvation increases the level of com-
plex I. Nutrient depletion has been shown to increase complex
V dimerization and cristae density to maintain ATP levels (52).
It is possible that the complex I increase facilitates respiratory
complex assembly necessary for efficient energetic mainte-
nance under limited substrate supply during starvation. As for
the mechanism of the starvation-induced complex I increase,
considering that cells depend on B-oxidation of lipid droplets in
nutrient starvation (69), we speculate that cells respond to the
energy demand by an increase of complex I to utilize NADH
generated by (B-oxidation.

A proposed model of OPA1 maintenance of cristae tightness
is that S-OPA1 binds to cristae membrane-anchored L-OPA1,
functioning as a molecular staple to keep the cristae tight (35,
59). However, our data demonstrate that cells containing
S-OPA1 alone maintain cristae density and tightness. It is cur-
rently unclear how S-OPA1 maintains cristae structure without
the membrane-anchoring TM domain. A previous report
showed that deletion of Phb2 results in the loss of L-OPA1 and
aberrant cristae structures (39). It was found that expression of
non-cleavable L-OPA1 partially restored normal cristae struc-
tures in Phb2-null cells, whereas no restoration was observed
with S-OPA1 expression in which the aforementioned AIF-230
was used as S-OPA1 (39). Nonetheless, these observations sug-
gest that Phb2 inhibits OPA1 cleavage, and thus L-OPA1 main-
tains cristae. In contrast, we observed that S-OPA1 restores
cristae structures to a similar extent as L-OPA1, suggesting that
the cause of cristae disruption observed in Phb2-null cells is not
the conversion of L-OPA1 to S-OPA1 but likely the loss of pro-
hibitin function. Because normal prohibitins are present in our
experimental system, our results indicate that S-OPA1 may
work with prohibitins for cristae maintenance. S-OPA1 binds
to lipids such as cardiolipin (70). Prohibitins form ring com-
plexes in the inner membrane to define local membrane
domains (71). Unlike membrane-anchored L-OPA1, S-OPA1
may require prohibitins, which provide a favorable lipid envi-
ronment, for membrane binding and cristae maintenance.

Our data using GTPase-defective Lys-to-Ala mutants show
that OPA1 GTPase activity is dispensable for cristae formation
but necessary for maintaining cristae tightness as GTPase-de-
fective mutant cells have round and swollen cristae. The cells
that have these abnormal cristae are OXPHOS-defective, indi-
cating the energetic importance of maintaining cristae tight-
ness. BNGE data indicate that expressing OPA1 variants in
OPA1-KO cells restores respiratory complexes III, IV, and V
(Fig. 5). However, Lys-to-Ala mutant OPA1l variants were
unable to restore them (Fig. 10F and results not shown), sug-
gesting that the round and swollen cristae are not suitable for
respiratory complex biogenesis and assembly. However, con-
sidering the role of complex V in cristae morphogenesis, the
lack of complex V assembly in OPA1 mutant cells could be the
cause of the round swollen cristae. If that is the case, it is pos-
sible that OPA1 plays a role in complex V assembly through its
GTPase activity. In contrast to our findings using the Lys-to-
Ala mutation, a previous study reported that the GTPase-de-
fective Q297V mutant was able to restore normal cristae mor-
phology and support growth in galactose (54). The Q297V
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mutant is considered to be locked in the GTP-bound form and
to remain oligomerized (57, 60). It is possible that oligomeriza-
tion of OPA1, not the GTPase activity per se, is necessary for
maintaining cristae tightness. As OPA1 oligomerization is a
dynamic process regulated by GTP binding and hydrolysis,
detailed analyses of enzymatic and biochemical properties of
these two types of OPA1 mutants will elaborate the role of
GTPase activity in maintaining cristae structure and energetics.

The OPA1 function for mitochondrial fusion has been sug-
gested to be independent of the role of OPA1 for cristae main-
tenance based on a fusion-defective OPA1 mutant maintaining
mitochondrial energetics (54). We made a similar observation
in which S-OPA1 alone is fusion-incompetent but is capable of
energetic maintenance. However, increasing the OPA1 level
has been shown to enhance both fusion and energetic activity
(36, 37, 72). Furthermore, OXPHOS stimulates inner mem-
brane fusion through OPA1 cleavage (51), suggesting a close
connection between mitochondrial fusion and cristae mainte-
nance. It is likely that, following fusion of two structurally and
functionally distinct mitochondria, inner membrane reorgani-
zation is necessary for functional optimization of newly fused
mitochondria. The membrane-anchored L-OPA1 would be
restricted to two-dimensional movement, whereas soluble
S-OPA1 would be trans diffusible in the intermembrane space
to expedite cristae reorganization. It is possible that mitochon-
drial fusion and inner membrane remodeling are coupled
events in which generation of diffusible S-OPA1 promotes the
postfusion inner membrane remodeling process.

Experimental procedures
DNA constructs, cell culture, and cell growth assay

Plasmids carrying cDNAs for human OPA1 variants (OPA1-
vl, OPA1-v1AS1, and OPA1-v5) were kind gifts from David
Chan (6). OPA1- KO MEFs were from American Type Culture
Collection (ATCC CRL2995) (6). The lysine-to-alanine muta-
tions were made using a standard PCR-based method. The
OPA1 variants were transfected to OPA1-KO MEFs, and stable
MEF clones were isolated by puromycin selection (2 ug/ml).
Cells were maintained in complete media (DMEM high-glu-
cose medium with 10% fetal bovine serum, 100 units/ml peni-
cillin, and 100 pg/ml streptomycin) at 37 °C in a humidified
atmosphere containing 5% CO,. For cell growth assays, cells
were plated in DMEM basal medium containing 1 mm pyruvate,
4 mM glutamine, and 10% fetal bovine serum with either 10 mm
glucose for the glycolytic growth condition or 10 mMm galactose
as the sole sugar source to force cells to rely on mitochondrial
OXPHOS (56). Cells were counted each day for 4 days. Medium
was changed once on day 2.

Mitochondrial morphology analysis

Cells subjected to morphology analyses were grown on cov-
erslips. For pro-fusion conditions, WT, OPA1-KO, and OPA1
variant MEFs expressing matrix-targeted GFP or DsRed were
incubated in Hanks” balanced salt solution (HBSS) for 3 h for
starvation (53) or treated with 10 um cycloheximide for 6 h (30)
before they were fixed in 4% paraformaldehyde in PBS. For
Drpl siRNA treatment, cells were transfected with double-
strand RNA (sense, 5'-UCCGUGAUGAGUAUGCUUU-3’;
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antisense, 5'-AAAGCAUACUCAUCACGGA-3') for 48 h (73,
74). Coverslips were mounted with ProLong antifade reagent
(Molecular Probes) on glass slides, and cells were viewed with
an epifluorescence microscope (Olympus IX71). Fluorescence
images were acquired with a 60X objective for mitochondrial
morphology quantification. Mitochondrial morphologies were
divided into three classifications: “long tubules” when more
than half of mitochondria in a cell displayed a tubular shape
longer than 30 pixels, “intermediate” when more than half of
mitochondria in a cell were 20-30 pixels, and “fragmented”
when the majority of mitochondria in a cell displayed a short,
fragmented shape shorter than 20 pixels.

Mitochondrial fusion assessment by PEG-induced cell hybrid
assay

An equal number of OPA1-KO cells expressing matrix-tar-
geted DsRed and OPA1 variants or WT expressing matrix-tar-
geted GFP were mixed and cultured overnight on coverslips.
The next day, cells were pretreated with cycloheximide (50 um)
for 30 min and washed with PBS. Cells were treated with 50%
PEG 3350 for 60 s in serum-free DMEM. The cells were washed
and incubated for 4 and 8 h in medium containing cyclohexi-
mide (50 um) before fixation in 4% paraformaldehyde in PBS.
Hybrid cells containing both red and green mitochondria were
scored for complete, partial, and no fusion based on overlap of
red and green fluorescence.

Whole-cell respiration

Cells were plated in complete media and cultured for 24 h
before respiration analysis. Oxygen consumption was mea-
sured using a Clark-type oxygen electrode in a sealed chamber
(Mitocell 200 system, Strathkelvin Instruments). Decreases of
the oxygen concentration in the chamber were measured as
whole-cell oxygen consumption. Respiration was measured in
glucose-free DMEM containing 5 mM pyruvate, 2 mMm gluta-
mine, and 5 mm HEPES (pH 7.2). Oligomycin (1 um) was added
to measure oxygen consumption in the absence of ATP syn-
thase activity. Oxygen consumption rate in the presence of oli-
gomycin represents the leak rate. Maximal respiration was
obtained by adding carbonyl cyanide p-trifluoromethoxyphe-
nylhydrazone (2 um). Oxygen consumption rate in the presence
of antimycin A (1 um) was subtracted to obtain mitochondrial
oxygen consumption.

Transmission electron microscopy

Cells cultured in complete media were initially fixed in a
combination of 0.1 M sodium cacodylate, 4% paraformaldehyde,
and 2% glutaraldehyde. Resin infiltration and thin sectioning
were performed by the Electron Microscopy Core facility of
Medical College of Georgia. Quantifications of cristae density
(cristae number/mitochondria area) and cristae width were
performed with mitochondria from 10 or more cells. For quan-
tification of matrix electron density, the cytosolic gray values
were subtracted from matrix gray values.

Blue native gel electrophoresis

Sample preparation and blue native gel electrophoresis were
carried out as described with modifications (75, 76). Briefly,
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cells in culture were washed twice in ice-cold PBS, collected
using a cell lifter, and pelleted at 100 X g for 3 min. Pellets were
frozen at —80 °C to increase cell breakage and resuspended at
10 mg/ml in sample buffer (1 M 6-aminohexanoic acid, 50 mm
Bis-Tris-HCI (pH 7.0)). Digitonin was added to 100 ug of pro-
tein at a ratio of 2 g/g of protein for complex V dimer detection
and 4 g/g for other complex assembly and incubated for 30 min
in ice. The mixture was spun at 13,000 X g for 30 min, and the
supernatant was collected. One-third volume of the sample
buffer (5% Coomassie Blue G-250 in 0.5 M 6-aminohexanoic
acid) was added, and samples were loaded on blue native 3—13%
gradient gels. After electrophoresis, proteins were transferred
to PVDF membrane and probed with specific antibodies.

Mitochondrial DNA quantitation

To quantify the amount of mtDNA present per nuclear
genome, we used a primer set that detects the ATP6 gene:
mtDNA forward primer, CGCCTAATCAACAACCGTCTC;
mtDNA reverse primer, TACGGCTCCAGCTCATAGTG. To
quantify nuclear DNA, we used a primer set that detects the
GAPDH gene: nuclear DNA forward primer, GTGCCGTT-
GAATTTGCCGT; nuclear DNA reverse primer, ACTACA-
GACCCATGAGGAGTTCT. Quantification of relative copy
number differences was carried out using analysis of the differ-
ence in threshold amplification between mtDNA and nuclear
DNA.

Western blotting analysis

Western blotting analyses were performed using the fol-
lowing primary antibodies: mouse anti-OPA1 (BD Biosci-
ences, 612606; 0.25 ng/ml); rabbit anti-NDUFAS5 (GeneTex,
GTX111016; 1:1000) for complex I, rabbit anti-succinate dehy-
drogenase subunit B (GeneTex, GTX113833; 1:1000) for com-
plex II, rabbit anti-UQCRC2 (GeneTex, GTX114873; 1:5000)
for complex III, rabbit anti-COX4 (GeneTex, GTX114330;
1:1000) for complex IV, and mouse anti-ATP synthase subunit
B for complex V (ThermoFisher, A-21351; 0.5 ug/ml). Den-
sitometry of immunoblots was performed using Image Lab
(Bio-Rad).
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