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Mitochondrial fusion provides an ‘initial metabolic
complementation’ controlled by mtDNA
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Abstract Heteroplasmic cells, harboring both mutant and

normal mitochondrial DNAs (mtDNAs), must accumulate

mutations to a threshold level before respiratory activity is

affected. This phenomenon has led to the hypothesis of

mtDNA complementation by inter-mitochondrial content

mixing. The precise mechanisms of heteroplasmic com-

plementation are unknown, but it depends both on the

mtDNA nucleoid dynamics among mitochondria as well as

the mitochondrial dynamics as influenced by mtDNA. We

tracked nucleoids among the mitochondria in real time to

show that they are shared after complete fusion but not

‘kiss-and-run’. Employing a cell hybrid model, we further

show that mtDNA-less mitochondria, which have little

ATP production and extensive Opa1 proteolytic cleavage,

exhibit weak fusion activity among themselves, yet remain

competent in fusing with healthy mitochondria in a mito-

fusin- and OPA1-dependent manner, resulting in

restoration of metabolic function. Depletion of mtDNA by

overexpression of the matrix-targeted nuclease UL12.5

resulted in heterogeneous mitochondrial membrane poten-

tial (DWm) at the organelle level in mitofusin-null cells

but not in wild type. In this system, overexpression of

mitofusins or application of the fusion-promoting drug M1

could partially rescue the metabolic damage caused by

UL12.5. Interestingly, mtDNA transcription/translation is

not required for normal mitochondria to restore metabolic

function to mtDNA-less mitochondria by fusion. Thus,

interplay between mtDNA and fusion capacity governs a

novel ‘initial metabolic complementation’.
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Abbreviations

Cap Chloramphenicol

DMEM Dulbecco’s modified Eagle’s medium

EB Ethidium bromide

FBS Fetal bovine serum

FI Fluorescence intensity

IMM Inner mitochondrial membrane

KFP Kindling fluorescent protein

MEF Mouse embryonic fibroblast

mt Mitochondrial

mtFP Mitochondrial matrix-targeting fluorescent

protein

mtDNAs Mitochondrial DNAs

OMM Outer mitochondrial membrane

PAGFP Photoactivatable green fluorescent protein

PBS Phosphate-buffered saline

PEG Polyethylene glycol

Q-PCR Quantitative polymerase chain reaction. Rho0

cells: cells lacking mtDNA

Tfam Mitochondrial transcription factor A

TMRM Tetramethylrhodamine methyl ester

VK3 Vitamin K3

WT Wild type

DWm Mitochondrial membrane potential
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Introduction

Mutations in mitochondrial (mt) DNA have been impli-

cated not only in aging but also in more than 150 distinct

genetic disorders [1–3]. Unlike mutations in nuclear genes,

mtDNA mutations are most often heteroplasmic, i.e., mu-

tant and normal molecules coexist within cells, and the

proportion of mutant molecules can vary between tissues

and with age [4, 5]. The threshold effect refers to the fact

that mutant mtDNA must constitute a high proportion

(60–90 %) of total cellular mtDNA to cause respiratory

defects [6, 7]. Functional complementation by inter-mito-

chondrial content exchange between heteroplasmic

mitochondria has been hypothesized as an explanation for

this phenomenon [8].

To date, the role of mtDNA in the regulation of mito-

chondrial fusion and the role of fusion in the function of

individual mitochondria remain unknown, largely because

of a lack of an appropriate experimental system. Photoac-

tivatable and photoswitchable fluorescent proteins, such as

photoactivatable green fluorescent protein (PAGFP) and

Kindling fluorescent protein (KFP), are widely used to vi-

sualize subcellular dynamics by the selective labeling of a

subset of organelles or proteins within living cells [9–11].

Real-time imaging of photoactivatable fluorescent proteins

or the fusion of cells expressing different fluorescent pro-

teins has allowed the visualization of mitochondrial

dynamics. We used these methods to identify two distinct

modes of mitochondrial fusion–fission in mammalian cells:

‘kiss-and-run’ and complete fusion. In mitochondrial ‘kiss-

and-run,’ two mitochondria come into close apposition,

exchange soluble inter-membrane space and matrix con-

tents, and then separate at the same site to preserve their

original morphology [12]. Conversely, complete fusion

entails the fusion of both outer and inner membranes of

separate mitochondria generating one single entity. Fission

may then occur at a different site to produce daughter mi-

tochondria. Repetitive cycles of mitochondrial fusion and

fission are essential for maintaining the metabolic function

of these organelles as well as their regulatory roles in cell

signaling and cell differentiation [12–17]. Fusion-fission

cycles are reported to engage in mitochondrial segregation

and elimination [18, 19]. In addition to mRNA, proteins,

and other small, soluble factors, mtDNA has also been re-

ported to exchange during mitochondrial fusion [20].

Defects in mitochondrial fusion can result in heterogeneity

in (DWm) and mtDNA nucleoids, which encode compo-

nents of the electron transport chain [21]. Mitochondrial

fusion is also reported to be required for mtDNA stability

and tolerance of mtDNA mutations in skeletal muscle [22].

These observations have led to the proposal that the ex-

change of mtDNA nucleoids within heteroplasmic cells

may underlie the functional complementation of pathogenic

mtDNA genomes [23]. However, the implications of ‘kiss-

and-run’ vs. complete fusion for mtDNA complementation

remain to be experimentally tested.

The existence of inter-mitochondrial functional com-

plementation remains controversial. Two studies suggested

the absence of mitochondrial complementation, based on

the observation that cybrids could not be generated from

cells carrying different mtDNA mutations following cul-

ture in nutritional selection medium without pyruvate and

uridine [24, 25]. However, several reports provide evidence

for the presence of mitochondrial complementation. For

example, cytochrome c oxidase activity was restored fol-

lowing the fusion of cells carrying different mtDNA

mutations [26]. Also, in a mutant mtDNA mouse model, all

mitochondria in tissues had normal cytochrome c oxidase

activity until the mutation had accumulated to a high level

[8]. Furthermore, in a mitofusin-knockout mouse model,

the loss of mitofusins, which are required for mitochondrial

fusion, led to the depletion of mtDNA and the accumula-

tion of mtDNA mutations, indicating the role of

mitochondrial fusion in the tolerance of mtDNA mutations

[22].

We have previously found that ‘kiss-and-run’ is im-

portant for preventing mitochondrial metabolic dysfunction

induced by oligomycin treatment [12], but the mechanisms

and processes of the mitochondrial metabolic repair are not

clear and the role of mtDNA is not well understood. Here,

we developed a series of novel imaging methods to track

mtDNA nucleoids in real time and analyze mitochondrial

dynamics and metabolism. Our studies reveal the interplay

between mtDNA and mitochondrial fusion, which together

govern a previously unreported and novel process of ‘ini-

tial metabolic complementation’.

Materials and methods

Cells

HeLa cells and the derived Rho0 cell line were gifts from

the laboratory of Professor Bin Lu (Wenzhou Medical

College, China). Mfn1,2-/- Opa1-/- and control MEF

cells were purchased from ATCC (Manassas, USA). WT

HeLa cells were grown in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10 % fetal bovine

serum (FBS), streptomycin (50 lg/ml), and penicillin

(50 U/ml). Rho0 HeLa cells were grown in the same

medium but with the addition of 1 mM sodium pyruvate

and 50 lg/ml uridine to support growth. WT MEF,

Mfn1,2-/- MEF, and Opa1-/- MEF cells were grown in

DMEM supplemented with 10 % FBS, streptomycin
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(50 lg/ml), penicillin (50 U/ml), 2 mM Glutamax (Gibco),

and 2 mM NEAA (Gibco). All cultures were maintained at

37 �C in a humidified incubator containing 5 % CO2. For

imaging experiments, cells were plated on glass coverslips.

Transient expression

Transfection was performed using electroporation

(2–3 9 106 cells and 10–20 lg of each DNA plasmid per

200 ll Opti-MEM). All mitochondrial matrix-targeting

fluorescent protein (mtFP) vectors encoded the targeting

sequence of cytochrome c oxidase subunit VIII to achieve

mitochondrial matrix localization. The Tfam-DsRed plas-

mid was constructed by replacing the sequence encoding

the cytochrome c oxidase subunit VIII of mtDsRed with

that of hTfam (NM_009360.4) or mTfam (NM_009360).

Transfected cells were cultured for 24–72 h before imaging

experiments.

The mouse Rho0 cell lines acquired by genetic

approach

The pMX-UL12.5-GFP plasmid was constructed by insert-

ing the coding sequence for UL12.5 into the pMXs-GFP

retroviral vector. The pMXs-m-Mfn1 and pMXs-m-Mfn2

plasmids were constructed by inserting the coding sequences

for m-Mfn1 (NM_024200.4) and m-Mfn2 (NM_133201.2)

into the pMXs-Flag vector. For virus production, Plat-E cells

were plated in a 10-cm dish for 24 h, and then transfected

with 10 lg pMX-UL12.5-GFP/40 lg Polyethylenimine

(PEI,Polyscience Co.) in 1 ml Opti-MEM (Invitrogen). The

culture medium was replaced 12 h after transfection and the

medium containing retrovirus was collected 36 h later. Rho-

(UL12.5) cells were used for studies requiring cell fusion

once it was confirmed that all cells contained low DWm

mitochondria. For functional rescue experiments involving

overexpression of Mfn1/2, equal amounts of virus encoding

UL12.5-GFP and virus encoding Mfn1/2, Mfn1, Mfn2,

Mfn1T09A, or Mfn1K88T were used to infect either WT or

Mfn1,2-/- MEF cells. Viruses generated using the control

pMXs-Flag vector were used as a control to equalize the

total amount of virus administered to cells. For functional

rescue experiments using M1, cells (WT or Mfn1,2-/-

MEF) were infected with UL12.5-GFP virus and then

treated with either 5 lM M1 or 0.1 % DMSO (control).

Cellular ATP production and mitochondrial DWm were then

measured as described below.

Live cell imaging

Confocal microscopy was performed using a Leica

DMIRE2 inverted microscope (Leica Microsystems,

Montreal). Fusion experiments were performed using a

1009 oil objective (Uapo340, NA 1.40), and images of

1024 9 1024 pixel resolution were recorded at a frame rate

of 5.83 s-1. Photoactivation of PAGFP and excitation of

CFP was performed using the 458 nm line of the Ar/ArKr

laser, and excitation of EYFP and EGFP was performed

using the 488 nm line. The 543 nm line of the HeNe laser

source was used for the excitation of DsRed or TMRM.

Photoactivation of PAGFP was performed using the region

of interest scanning option in the Leica LAS AF Lite

software. A single 25 lm2 area was chosen per cell, and

following photoactivation was imaged at a rate of 80 im-

ages every 5.83 s.

DWm was measured using the potentiometric dye

TMRM (Invitrogen) or JC-1 staining. For TMRM staining,

cells were treated with 25 nM TMRM for 30 min, and then

with 5 nM TMRM for imaging, using the confocal pa-

rameters described above. The JC-1 Mitochondrial

Membrane Potential Assay Kit (Beyotime, BJ) was used to

measure DWm according to the manufacturer’s protocol.

The DWm of WT and Rho0 cells was measured using the

same culture medium before and after TMRM (or JC-1)

staining. The quantitation of DWm was done as average

intensity of mitochondria. All image analysis was per-

formed using the Leica LAS AF Lite software. All imaging

experiments were conducted using a minimum of three

different cell preparations.

Cell fusion

For cell fusion, cells with differently labeled mitochon-

dria were mixed and plated on glass coverslips 16–40 h

before cell fusion. Cycloheximide (20 lg/ml) was added

to cell cultures 30–60 min before fusion and maintained

in all media and buffers used subsequently to inhibit cy-

toplasmic protein synthesis. The protocol for PEG-

mediated fusion of adherent cells was a slight modifica-

tion of that reported previously [27]. Co-cultured cells

seeded on 24 9 24-mm coverslips were washed with

phosphate-buffered saline (PBS) without serum and in-

cubated for 45–60 s with 1 ml of a prewarmed (37 �C)
solution of PEG 2000 [50 % (wt/vol) in DMEM]. Cells

were washed three times with DMEM containing 10 %

serum, and then cultured for 7 h under normal growth

conditions before fixation with 4 % paraformaldehyde for

10 min. Coverslips were mounted onto microscope slides

with GelMount (Biomeda, Foster City, CA, USA). To

observe the mobility (or uptake of DWm dyes) of mtDNA-

less mitochondria in real time, cells were returned to

normal growth conditions after fusion and then

45–120 min later (or after 7 h) imaged in the presence of

50 mM cycloheximide.
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Immunofluorescence

Samples were processed for analysis by immunofluores-

cence as follows: cells were fixed with 4 %

paraformaldehyde for 15 min, washed, and permeabilized

in 0.5 % Triton X-100 for 15 min. Cells were then washed,

blocked with 1 % bovine serum albumen/PBS for 15 min,

and incubated with primary antibody for 1 h. After wash-

ing, cells were then incubated with corresponding

secondary antibody (Pierce) for 1 h. All washes were with

PBS and all procedures were performed at room tem-

perature. Primary antibodies used were anti-DNA (BD,

USA, 1:100) and anti-Tfam (Abcam, 1:50).

Western blotting

Equal amounts of total protein (approximately 20 lg)
from WT and Rho0 HeLa cells were resolved by 10 %

polyacrylamide/sodium dodecyl sulfate gel electrophoresis

and then transferred onto polyvinylidene fluoride mem-

branes. Membranes were then blocked overnight, followed

by incubation with anti-Tfam (Abcam, 1:1000), anti-Cox2

(Abcam, 1:1000), anti-Opa1 (Abcam, 1:1000), or anti-b-
actin (Santa Cruz, 1:2000) antibodies. After incubation

with the primary antibody, membranes were incubated

with horseradish peroxidase-coupled secondary antibody

and immunoreactivity was subsequently detected using

SuperSignal West Pico Chemiluminescent Substrate

(Pierce).

Quantitative PCR analysis

Total mtDNA was prepared from MEF cells using a genome

extraction kit (TianGen). Total RNA was extracted using

Trizol reagent (Invitrogen) according to the manufacturer’s

instructions and cDNA was synthesized by reverse tran-

scription of 1 lg total RNA per sample using the ReverTra

Ace-a kit (Toyobo). Quantitative polymerase chain reaction

(Q-PCR) was performed using a CFX-96 real-time PCR

detection system (BioRad) in conjunction with the SYBR

Premix Ex Taq kit (Takara) using the following conditions:

an initial denaturation step of 95 �C for 30 s, followed by 40

cycles of denaturation at 95 �C for 5 s and annealing–

elongation at 60 �C for 20 s. The primers used were as

follows: Cox1 (forward, 50-TGTGAGGTCTGCCAGTCTT
TA-30; reverse, 50-TGTCCTTAATTGGGGTCGTTG-30);
Cox2 (forward, 50-CATCCCTACGCATCCTTTAC-30; re-

verse, 50-GGTTTGCTCCACAGATTTCAG-30); and b-actin
(forward, 50-TGACGTGGACATCCGCAAAG-30; reverse,

50-CTGGAAGGTGGACAGCGAGG-30). ND5 (forward,

50-TCCTACTGGTCCGATTCCAC-30, reverse, 50-ATGTC
GTTTTGGGTGAGAGC-30).

ATP measurement

ATP levels were determined using the ENLITEN ATP

Assay System (Promega Corp., Madison, WI, USA). Cell

extraction was performed with 2.5 % trichloroacetic acid,

and the sample was neutralized and diluted in 10 mM Tris–

acetate (pH 7.75). ATP levels were then measured using

the luciferase/luciferin reagent according to the manufac-

turer’s protocol. The protocol for measuring mitochondrial

ATP production was a slight modification of that previ-

ously reported [28]. Cells were treated with 10 mM

oligomycin for 15 min before ATP levels were measured.

Statistics

The data are shown as mean ± SEM, and all experiments

were repeated at least three times. All statistical analysis

was performed using SPSS software (SPSS Inc., Chicago,

IL, USA). Comparisons of the proportions of fused cells

and the TMRM FI of mitochondria for various cell hybrids

were made by analysis of variance as indicated in the le-

gends of the relevant figures. The significance of statistical

differences observed for other experiments was evaluated

using the Student’s t test as indicated in the legends of

relevant figures. p values of less than 0.05 were considered

as significant, while values less than 0.01 were considered

as highly significant.

Results

mtDNA nucleoids are shared after mitochondrial

complete fusion but not ‘kiss-and-run’

Human cells contain several hundred nucleoids each of

which contains between 2 to 8 mtDNA molecules. Nu-

cleoids co-localize with mitochondrial transcription factor

A (Tfam) and are distributed throughout the mitochondrial

inner compartment [20]. We fused Tfam to DsRed to vi-

sualize nucleoid dynamics in live cells. In wild-type cells

(WT), Tfam was observed as punctuate structures that co-

localize with mtDNA visualized by anti-DNA immunos-

taining (Fig. S1a), whereas in cells lacking mtDNA (Rho0

cells) Tfam fluorescence exhibited a diffuse distribution

within mitochondria (Fig. 1a). The number of mtDNA

nucleoids is unaffected by the overexpression of Tfam-

DsRed (Fig. S1b). This observation suggests that Tfam-

DsRed is a valid marker of mtDNA nucleoids in live cells.

Using matrix-targeted mtPAGFP in combination with

Tfam-DsRed allowed the study of the exchange of mtDNA

nucleoids among individual mitochondria in real time

(Fig. 1b). As in a previous report [12], we employed high-

resolution time-lapse confocal microscopy with region of
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interest scanning to selectively and irreversibly photoacti-

vate subpopulations of mitochondria. Monitoring the

dynamics of mitochondria after photoactivation, we clas-

sified fusion events as either complete or ‘kiss-and-run’.

We observed that Tfam-DsRed-labeled nucleoids are

shared after complete fusion but not ‘kiss-and-run’

(Fig. 1c–e; Fig. S1c–e). Although mitochondrial ‘kiss-and-

run’ is approximately three times more frequent than

complete fusion in Mouse Embryonic Fibroblast (MEF)

and HeLa cells (a rate similar to that found for H9c2 cells

[12] ), we did not observe any mtDNA nucleoids are shared

after ‘kiss-and-run’ with durations ranging from 5.8 s to

5 min (n = 25). Importantly, real-time imaging revealed

that mtDNA nucleoids demonstrate little mobility within

mitochondria, an observation that would predict mtDNA

sharing after complete fusion, but not in ‘kiss-and-run’

wherein the fusion pore opens transiently only to allow the

exchange of soluble contents.

We then tested whether the inner membrane fusion

protein, Opa1, is required for mtDNA sharing. We found

that both matrix exchange and mtDNA nucleoids sharing

are eliminated in Opa1-/- cells (Fig. 1f). This result
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suggests that mtDNA nucleoid sharing involves the same

double membrane fusion mechanism as that required for

matrix exchange. The above results indicate that mtDNA

nucleoids are shared after complete fusion but not after

‘kiss-and-run’ (Fig. 1g).

mtDNA-less mitochondria exhibit weak fusion activity

among themselves yet remain competent in fusing

with normal mitochondria

To determine the dependence of mitochondrial fusion on

mtDNA, we used the mtDNA-less cell line, Rho0 HeLa.

We first confirmed that Rho0 HeLa cells stained negative

for mtDNA, exhibited no mtDNA transcription, and ex-

hibited only low Tfam expression (Fig. S2a, b, d). To

examine fusion between normal and mtDNA-less mito-

chondria, we generated cell hybrid models using WT and

Rho0 cells (Fig. 2a) expressing mitochondrial matrix-tar-

geting fluorescent proteins of different colors. Seven hours

after polyethylene glycol (PEG) treatment to induce cell

fusion, Rho0 9 Rho0 hybrids showed little fusion relative

to WT 9 WT crosses, whereas Rho0 9 WT resulted in an

intermediate phenotype (Fig. 2b), indicating a mtDNA

dependence of mitochondrial fusion. In addition, we ob-

served mtDNA nucleoids are shared after mitochondrial

fusion in WT 9 Rho0 cell hybrids by Tfam and DNA

immunofluorescence (Fig. S2e), consistent with the ob-

served mobility of mitochondrial nucleoids and respiratory

complexes [20]. Together, our results suggest that mtDNA-

less mitochondria exhibit weak fusion activity among

themselves, yet retain the ability to fuse efficiently with

normal mitochondria.

Next we co-expressed matrix-targeted mtPAGFP and

mtDsRed in Rho0 and WT cells, and then photoactivated

mtPAGFP in vivo (Fig. 2c). In WT cells, where the mito-

chondrial fusion activity is high, the photoactivated

mtPAGFP fluorescence intensity (FI) steadily diminished

due to the continuous fusion between photoactivated and

nonphotoactivated mitochondria. However, in Rho0 cells,

the mtPAGFP FI declined much slower (12 % Rho0 vs.

37 % WT, n = 5 for each), indicative of a limited mito-

chondrial fusion activity in Rho0 cells (Fig. 2d). We

observed both fusion and fission events in Rho0 cells (Fig.

S2c), although these occurred at only 20 and 11 % of the

respective rates observed in WT cells (Fig. 2e, f). We also

determined the duration of association between mitochon-

dria after the exchange of contents for each ‘kiss-and-run’

event and found that the duration of ‘kiss-and-run’ in Rho0

cells was significantly longer (124 ± 41 s) than that in WT

(43 ± 18 s) (Fig. 2g). These results indicated that although

mtDNA may not be required for mitochondrial fusion, the

potential for mtDNA-less mitochondria to undergo fusion

is much lower than that of normal mitochondria, a finding

that was consistent with the results obtained from Rho0/

WT cell experiments.

We then sought to determine the mitochondrial

metabolic status in WT and Rho0 cells. The cellular ATP

level in Rho0 cells was much lower than that in WT cells

(53 % of control, Fig. 2h), and the DWm of Rho0 cells

was much lower than that of WT cells (Fig. S4a, b). We

found that the mitochondrial ATPase inhibitor oligomycin

had little effect on the ATP level in Rho0 cells, while this

inhibitor reduced the ATP level in WT cells by 60 % (a

level approaching that found for Rho0 cells), demon-

strating that residual ATP production in Rho0 cells was

independent of mitochondria (Fig. 2i). Mitochondrial fu-

sion was detected during ATP depletion in HeLa cells, but

was not detected in the presence of an uncoupler using a

cell fusion assay where quantification was not performed

[29]. However, our individual mitochondrial tracking ex-

periments showed that mitochondrial fusion exists during

loss of DWm and suggested Opa1 cleavage is responsible

for inhibition of fusion with an uncoupler [12]. As reduced

mitochondrial ATP and DWm have been reported to in-

duce Opa1 cleavage [30–33], we next examined Opa1

protein levels in WT and Rho0 cells (Fig. 2j). Opa1 exists

as multiple isoforms as a result of eight mRNA splice

forms [34] and subsequent proteolytic processing at two

sites [31]. In gel electrophoresis, Opa1 isoforms migrate as

a complex mixture of five bands, routinely observed as

two upper long bands and three lower short bands [31, 33]

(Fig. 2j, note the five characteristic Opa1 bands observed

for induced pluripotent stem cells). In Rho0 cells, the

upper bands of Opa1 are less but the lower bands are

increased, compared to WT, indicating increased Opa1

cleavage generates more short forms in mtDNA-less mi-

tochondria. Long and short Opa1 isoforms are required to

functionally complement one another to support substan-

tial fusion activity [33]. Therefore, the weak fusion

activity observed among mtDNA-less mitochondria can be

ascribed to the pattern of Opa1 cleavage observed in these

defective organelles, whereas long and short Opa1 iso-

forms, which functionally complement one another, enable

competent fusion between mtDNA-less and normal

mitochondria.

It has been reported that outer mitochondrial membrane

(OMM) and inner mitochondrial membrane (IMM) fusion

are not coupled in the process of mitochondrial fusion [12,

27]. Then we tested OMM fusion frequency among Rho0

cells. We used Omp25-PAGFP to mark mitochondrial

outer membrane, and observe OMM fusion events by

photoactivation in WT and Rho0 HeLa cells (Fig. S3a).

The Omp25-PAGFP FI in Rho0 cells declines a little

slower than that in WT cells (25 % Rho0 vs. 35 % WT,

n = 5) (Fig. S3b), whereas the mtPAGFP in Rho0 cells

declines much slower than that in WT cells (12 % Rho0 vs.
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37 % WT, n = 5) (Fig. 2d). On the other hand, the number

of OMM fusion events in Rho0 cells had 47 % decrease

compared with that in WT cells (Fig. S3c), which is much

less than 80 % decrease in matrix fusion events (Fig. 2e).

Above data together show that the OMM fusion in Rho0

cells is affected to a lesser degree compared with the ma-

trix fusion. Except the fusion proteins, mitochondrial

fusion is also modulated by biophysical properties such as

mitochondrial motility [18]. Indeed, the mitochondrial

motility in Rho0 cells is slower than that in WT cells

(0.010 ± 0.001 lm/s Rho0 vs. 0.017 ± 0.003 lm/s WT,

n = 5), which may be responsible for the OMM fusion

frequency decrease in Rho0 cells.

Mitochondrial ‘initial metabolic complementation’ is

dependent on mitofusins/Opa1-mediated fusion

To evaluate the metabolic capacity of cell hybrids, DWm

was measured by tetramethylrhodamine methyl ester

(TMRM) staining (Fig. 3a). In all experiments, the TMRM

fluorescence intensity (TMRM FI) of mitochondria was

normalized to that of WT cells. In experiments using

mtDsRed mtEYFP
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mitochondrial fusion on

mtDNA as determined by PEG-

induced cell fusion and in vivo

photoactivation.

a Representative images of

three PEG-induced cell hybrid

fusion assays performed by

fusing the different cell

combinations indicated on the

right (Scar bar 10 lm).

b Quantitation of the PEG-

induced cell hybrid experiments

(n C 60). c Labeling of one

subset of mitochondria by

photoactivation of PAGFP in

WT and Rho0 cells expressing

both mtPAGFP and

mtDsRed (Scar bar 10 lm).

d Mitochondrial fusion was

monitored by measuring the

dilution of mtPAGFP in the

photoactivated area for 200 s

(n = 5). Comparison of the

frequency of mitochondrial

fusion (e) or fission (f) events
and the duration of ‘kiss-and-

run’ events (g) in WT and Rho0

cells. h Measurement of cellular

ATP production in WT and

Rho0 cells. i Measurement of

mitochondrial ATP production

in WT and Rho0 cells before

and after 15 min treatment with

10 mM oligomycin. j The
protein expression pattern of

different Opa1 isoforms in WT

and Rho 0 and iPS cells assayed

by Western blotting. Scale bar
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WT 9 WT cell hybrids, the TMRM FI was found to be

0.99 ± 0.07, indicating that cell fusion had no discernible

effect on DWm. The TMRM FI of mitochondria in Rho0

cells and Rho0 9 Rho0 cell hybrids was 0.19 ± 0.01 and

0.20 ± 0.02, respectively (Fig. 3b). Low DWm in Rho0

was also confirmed using JC-1-based methods (Fig. S4a,

b). The TMRM FI of mitochondria in WT 9 Rho0 hybrids

7 h after fusion was 0.86 ± 0.06, a result that was similar

to that found for WT or WT 9 WT cell hybrids, but which

was much higher than that for Rho0 or Rho 9 Rho0 hy-

brids (Fig. 3b). This indicates that Rho0 cells recover DWm

shortly after fusing with WT cells, therefore demonstrating

the occurrence of mitochondrial metabolic complementa-

tion. It has been reported that cells carrying non-

overlapping mtDNA deletions can trans-complement and

fuse to restore mitochondrial protein synthesis after long-

term culture for more than 10 days [35]. Our results

demonstrate a new process of mitochondrial metabolic

complementation that occurs in the short term (within 7 h),

distinct from this long-time complementation.

We then sought to determine whether mtDNA-less mi-

tochondria recover DWm through fusion with normal
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mitochondria. We adopted a genetic approach to test this

possibility by generating Rho-MEF cells. UL12.5 is an

endonuclease of DNA from herpes simplex virus (HSV)

[36] that can be targeted to the mitochondrial matrix to

cleave mtDNA. In MEF cells infected with UL12.5-GFP

retrovirus (UL12.5), we observed that mtDNA and mtRNA

decreased to 22.7 and 0.002 % of their initial levels, re-

spectively, after 4 days (Fig. S4c, d). These data

demonstrate that the Rho-MEF cells could be generated

successfully at the level of mtDNA transcription.

Consequently, we next performed DWm imaging ex-

periments using Rho-MEF cells in conjunction with the

different MEF cell lines. Again, the TMRM FI of mito-

chondria in MEF cell experiments was normalized to that

of the WT controls. The TMRM FI of mitochondria in

Rho-(UL12.5) MEF cells was 0.26 ± 0.03, while TMRM

FI observed for Mfn1,2-/- and Opa1-/- cells was

0.93 ± 0.12 and 0.95 ± 0.03, respectively (n = 30 per

experimental group; Fig. 3c, d; Fig. S4e). Following cell

fusion, the TMRM FI of mitochondria in WT 9 Rho-

(UL12.5) MEF cell hybrids was 0.92 ± 0.17 (n = 12), a

finding that was similar to that found for WT cells, but

which was much higher than that for Rho-(UL12.5) or

Rho-(UL12.5) 9 Rho-(UL12.5) cell hybrids (0.21 ± 0.07,

n = 17). However, in Mfn1,2-/- 9 Rho-(UL12.5) and

Opa1-/- 9 Rho-(UL12.5) cell hybrids, mitochondria from

each parental cell maintained their original DWm

(Mfn1,2-/-: 0.97 ± 0.15, Rho-(UL12.5): 0.18 ± 0.05;

Opa1-/-: 0.95 ± 0.03, Rho-(UL12.5): 0.23 ± 0.03,

n = 12 per experimental group), indicating a failure in

metabolic restoration (Fig. 3c, d). These findings indicate

that mitofusin- and Opa1-mediated fusion is required for

metabolic complementation between normal and mtDNA-

less mitochondria.

Next we tracked the fate of mtDNA-less mitochondria

by performing real-time Rho0 (mtEYFP) 9 WT MEF cell

fusion experiments. In cell hybrids stained with TMRM,

mtDNA-less mitochondria, which were identifiable by

green (mtEYFP) fluorescence, exhibited low-intensity red

fluorescence (TMRM), whereas normal mitochondria ex-

hibited high-intensity red fluorescence (TMRM). We then

tracked fusion events between mtDNA-less and normal

mitochondria. Figure 3e provides an example of an

mtDNA-less mitochondrion (#1), with EYFP fluorescence

and low TMRM FI, undergoing complete fusion with a

normal mitochondrion (#2), which exhibits no EYFP

fluorescence and high TMRM FI. Fusion is complete by the

0 s time point. Upon fusion, the resulting mitochondrion

gained red fluorescence by uptake of TMRM, and the

TMRM FI had stabilized by the 5.8 s time point, indicating

that the mtDNA-less mitochondrion gains DWm after fu-

sion with the normal mitochondrion. As shown in Fig. S5,

the mtDNA-less mitochondrion (#1) can also gain DWm

after fusion with a normal mitochondrion (#2) by a lone

time ‘kiss-and-run’ and maintain DWm after re-separation.

Specific positioning of the mitochondria is required for

cellular metabolism, specialization, and ion transport [37,

38]. As Rho0 mitochondrial motility is inhibited, this raises

the interesting question of whether Rho0 mitochondria can

regain motility by fusion with normal mitochondria. We

therefore performed real-time Rho0 (mtEYFP) 9 WT

(mtDsRed) cell fusion experiments, and tracked the

movement of mtDNA-less mitochondria. Tracking ex-

periments revealed that mtDNA-less mitochondria

exhibited poor motility (0.010 ± 0.001 lm/s, n = 5;

Fig. 3f). However, an increase in mitochondrial movement

was observed during the process of complete fusion and

during ‘kiss-and-run’ events (0.022 ± 0.003 and

0.046 ± 0.021 lm/s; p\ 0.05, n = 3). Also, ‘kiss-and-

run’ was found to increase the movement of mitochondria

immediately after re-separation (0.081 ± 0.010 lm/s;

Fig. 3f). This indicates that mtDNA-less mitochondria gain

motility by fusion with normal mitochondria, consistent

with mitochondrial metabolic recovery.

The process of mitochondrial ‘initial metabolic

complementation’ is independent of mtDNA

transcription/translation

We then asked whether our observation of mitochondrial

metabolic complementation is dependent on mtDNA tran-

scription/translation. Vitamin K3 (VK3) can inhibit

mtDNA replication, low-dose Ethidium bromide (EB) can

inhibit both mtDNA replication and transcription, and

chloramphenicol (Cap) can inhibit mtDNA translation. We

therefore subjected cells to combined treatment with VK3

and EB to determine the effect of transcriptional inhibition

on mitochondrial initial functional complementation, while

Cap treatment was used to determine the role of translation

in this process. First, we examined the relative levels of

Cox1/2 mtDNA (Fig. 4a; Fig. S6), mtRNA (Fig. 4b), and

protein (Fig. 4c) in HeLa cells treated with various con-

centrations of VK3, EB, and Cap, respectively. Results

showed that mtDNA replication, transcription, and trans-

lation were inhibited in the presence of 30 lM VK3,

0.4 lg/ml EB, and 100 lg/ml Cap. We then performed

Rho0 9 WT cell fusion experiments for a duration of 7 h

in the presence of these inhibitors at the above concentra-

tions. The results showed that TMRM FI of mitochondria

in Rho0 and WT 9 Rho0 cell hybrids was 0.27 ± 0.06 and

0.85 ± 0.06, respectively, while the TMRM FI of mito-

chondria in WT 9 Rho0 cell hybrids treated with VK3,

EB, or Cap was 0.82 ± 0.05, 0.83 ± 0.03, or 0.90 ± 0.02,

respectively (Fig. 4d, e). This demonstrated that normal

mitochondria could restore the metabolic function of

mtDNA-less mitochondria, even if mitochondrial
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transcription and translation were inhibited. In summary,

our observations indicate a novel short-term effect of

mitochondrial fusion called ‘initial metabolic comple-

mentation’ which precedes long-term mtDNA

transcription/translation-dependent complementation.

Mitofusins or the fusion-promoting drug M1 can

enhance mitochondrial ‘initial metabolic

complementation’

Rho0 cells were then generated from WT and Mfn1,2-/-

MEF by the overexpression of matrix-targeted endonucle-

ase UL12.5, as described above. Strikingly, DWm

phenotypes were different between WT and Mfn1,2-/-

cells during the course of infection. In WT MEF cells, we

did not observe the coexistence of high and low DWm

mitochondria within single cells, but rather a population of

cells showed a low DWm phenotype where all the mito-

chondria were equally depolarized (Fig. 5a, upper panel).

In Mfn1,2-/- MEF cells, high and low DWm mitochondria

were observed to coexist within single cells under normal

conditions (14.2 ± 1.2 %, Fig. 5b) consistent with previ-

ous reports [39], however, after expression of UL12.5 that

fraction increased more than fivefold (Fig. 5b). These data

indicate the occurrence of ‘initial metabolic complemen-

tation’ driven by Mfn1/2-dependent fusion between

mitochondria of different metabolic states that can com-

pensate for the destruction of mtDNA.

During the time course of UL12.5 virus infection, the

percentage of WT cells with low DWm mitochondria in-

creased, and the cellular ATP level decreased. This

provides, for the first time, a quantifiable in vitro system to

screen for genes or drugs that affect metabolic rescue, and

such a system may prove useful as a tool in the search for,

and development of, new therapies. To test the role of

mitochondrial fusion in this system, we performed over-

expression studies using mitofusins including Mfn1, Mfn2,

and Mfn1 GTPase domain mutants, K88T and T109A,

which show little fusion activity [40]. At day 6 after in-

fection with UL12.5, the percentage of cells with low DWm
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was significantly reduced by co-expression of either Mfn1,

Mfn2 and by both in tandem, whereas the GTPase mutants

had no effect (Fig. 5c). These findings were mirrored by

corresponding increases in cellular ATP levels (Fig. 5d).

These results demonstrate that in this system, mitochon-

drial functional complementation was dependent on

a

L
L

H

TMRM Ul12.5-GFP Merged b

Mfn1,2-/-

on
dr

ia
 

%
)

1
#

WT

en
ta

ge
 o

f m
ito

ch
o

w
ith

 lo
w

 Δ
Ψ

m
(%

0.2

0.4

0.6

0.8 #

Mfn1,2-/-

P
er

ce w

0

Mfn1,2

c d

e gf
WT

40

60

80

100

#

ge
 o

f c
el

ls
 w

ith
 

m
ito

ch
on

dr
ia

 (%
)

#

0.4

0.6

0.8

1

es
ce

nc
e 

(R
LU

)

e 
of

 m
ito

ch
on

dr
ia

 
w
ΔΨ

m
(%

)

40

60

80

100 Mfn1,2-/-

0

20

DMSO M1

UL12.5-GFP

P
er

ce
nt

a
lo

w
 Δ
Ψ

m
m

WT Mfn1,2-/-

0

0.2

DMSO M1 DMSO M1

Lu
m

in
e

P
er

ce
nt

ag
e

w
ith

 lo
w

0

20

DMSO M1

UL12.5-GFP

Fig. 5 Overexpression of Mfn1/2 or treatment with the fusion-

promoting drug M1 enhances mitochondrial metabolic complemen-

tation. a Differential patterns of DWm were observed for the

mitochondria of WT MEF and Mfn1,2-/- MEF cells 6 days post-

infection with UL12.5-GFP virus (upper panel, H denotes high DWm,

L denotes low DWm, scale bar 50 lm; lower panel, scale bar 10 lm).

b Quantitation of percentage of mitochondria with low DWm in

Mfn1,2-/- MEF cells or Mfn1,2-/- MEF cells 6 days following

infection with UL12.5-GFP virus (n = 10). c Quantitation of the

percentage of MEF cells with low DWm mitochondria 6 days

following the co-infection of cells with UL12.5-GFP and pMXs-

Flag, Mfn1, Mfn2, Mfn1/2, Mfn1T109A, or Mfn1K88T (n C 85).

d Cellular ATP production of MEF cells following treatment as

described in c. e Quantitation of the percentage of MEF cells with low

DWm mitochondria 6 days following the simultaneous infection and

treatment of cells with UL12.5-GFP virus and either DMSO control

or M1 (n C 100). f Quantitation of percentage of mitochondria with

low DWm in Mfn1,2-/- MEF cells that were simultaneously infected

and treated as described in e (n = 10). g Cellular ATP production of

WT or Mfn1,2-/- MEF cells that were simultaneously infected and

treated as described in e. #p\ 0.01

mtDNA controlling fusion capacity for metabolism 2595

123



mitochondrial fusion. Besides mitochondrial fusion,

mtDNA synthesis can also enhance mitochondrial

metabolic function in this system, however, we did not

detect any changes in ND2/ND5 mtDNA or mtRNA levels

in MEF cells after overexpression of Mfn1 and/or Mfn2 for

6 days (Fig. S7). These data suggest that mitofusin-medi-

ated metabolic complementation is a candidate target for

therapy for mtDNA mutation diseases.

The small molecule M1 promotes mitochondrial fusion

in mammalian cells [41]. We therefore also decided to test

this drug using our UL12.5-GFP retroviral-based system.

By day 6 post-viral infection, the percentage of cells with

low DWm was 68.3 ± 1.1 % when infection was combined

with treatment with 5 lM M1, whereas it was

87.2 ± 1.1 % for control cells treated with DMSO. In

addition, the relative cellular ATP concentration in cells

treated with 5 lM M1 was 0.76 ± 0.04, whereas it was

0.53 ± 0.04 for DMSO controls (values normalized to

those of untreated/uninfected MEF). We then sought to

determine whether M1 exerted its function through mito-

chondrial fusion. We therefore used this drug in

experiments with Mfn1/2-/- MEF cells infected with

UL12.5 virus, and found that there was no difference in

either DWm or ATP measurements following administra-

tion of M1 (Fig. 5e–g). Therefore, the small molecule M1

enhances mitochondrial metabolic complementation by

targeting mitochondrial fusion, suggesting that it may be a

candidate drug for the treatment of mitochondrial diseases.

Discussion

The results of our study provide evidence for the estab-

lishment of two new concepts regarding the interplay

between mitochondrial fusion and mtDNA. First, mtDNA

nucleoids exhibit poor mobility and can only be shared

after complete mitochondrial fusion and not ‘kiss-and-run,’

which does not permit the physical interaction of the two

mtDNAs for recombination. To date, two different models

have been proposed to explain mtDNA exchange: the

‘faithful nucleoid’ model maintains that mtDNA within a

nucleoid is generally static and not readily exchanged be-

tween nucleoids [35, 42]. Alternatively, the ‘dynamic

nucleoid’ model maintains that mtDNA nucleoids are

subject to dynamic remodeling, allowing mtDNAs to ex-

change freely [43]. In this study, we present for the first

time the dynamics of mtDNA nucleoids. We demonstrate

that although nucleoids sharing relatively freely after

complete fusion (Fig. 1; Fig. S1), an observation that is in

agreement with previous studies [20, 35, 44], mtDNA nu-

cleoids themselves exhibit little motility within

mitochondria, and do not freely diffuse by ‘kiss-and-run’.

This finding is consistent with the discovery that mtDNA

nucleoids are tethered to the inner mitochondrial mem-

brane by a series of DNA–protein and protein–protein

interactions [45]. Such tethering provides the mechanism

for the lack of genome exchange between heterologous

nucleoids in the ‘faithful nucleoid’ model [35, 42].
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Second, our results support a model of ‘initial metabolic

complementation’ taking place before mtDNA transcrip-

tion/translation-dependent functional complementation

(Fig. 6). Our results showed that ‘initial metabolic com-

plementation’ was still in effect at inhibited mtDNA

replication, transcription, or translation (Fig. 4), suggesting

that neither mtDNA nucleoids nor mtRNA sharing should

be a factor for ‘initial metabolic complementation’. The

‘initial metabolic complementation’ should occur right

after the two IMMs from donor and acceptor become

electrically and luminally continuous. IMM-PAGFP

(ABCB10-fused PAGFP) test showed that IMM integral

protein exchange occurs during ‘kiss-and-run’. The dura-

tion of ‘kiss-and-run’ showing IMM-PAGFP exchange is

longer than that showing matrix exchange (IMM

105 ± 42 s vs. matrix 45 ± 2 s) [12]. For the long dura-

tion of ‘kiss-and-run’ in Rho0 cells (Fig. 2g; Fig. S5),

‘kiss-and-run’ may contribute to ‘initial metabolic com-

plementation’ by substantial inner membrane exchange.

For example, when considering deleterious changes in

mtDNA that occur in somatic tissues with age, our results

would suggest that the small proportion of mitochondria

that carry these dysfunctional mtDNAs would have their

functions restored by fusion with normal mitochondria.

Following ‘initial metabolic complementation,’ there is a

limited time for metabolic repair, and if this time is ex-

ceeded, the damaged mitochondrion would either undergo

another ‘metabolic complementation’ fusion event or

would otherwise be removed by autophagy. In this model,

‘initial metabolic complementation’ represents an impor-

tant element of mitochondrial quality control. Finally,

although the maintenance of autonomous mitochondria by

fusion consumes cellular energy through GTPase activity,

the preservation of these competent mitochondria offers

some advantages, including sustaining a greater mobility

that seems to be important for the next fusion event as well

as a range of other cell functions. Therefore, ‘initial

metabolic complementation’ enhances the number of

metabolic units and the functional stability and plasticity of

the mitochondrial pool, and together with mtDNA-depen-

dent complementation provides a time-dependent means to

optimize the use of the mitochondrial pool in a variety of

cellular activities.
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