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Mammalian mtDNA encodes for 13 core proteins of oxidative phosphorylation.
Mitochondrial DNA mutations and deletions cause severe myopathies and
neuromuscular diseases. Thus, the integrity of mtDNA is pivotal for cell
survival and health of the organism. We here discuss the possible impact of
mitochondrial fusion and fission on mtDNA maintenance as well as positive
and negative selection processes. Our focus is centred on the important ques-
tion of how the quality of mtDNA nucleoids can be assured when selection
and mitochondrial quality control works on functional and physiological phe-
notypes constituted by oxidative phosphorylation proteins. The organelle
control theory suggests a link between phenotype and nucleoid genotype.
This is discussed in the light of new results presented here showing that
mitochondrial transcription factor A /nucleoids are restricted in their intrami-
tochondrial mobility and probably have a limited sphere of influence.
Together with recent published work on mitochondrial and mtDNA hetero-
plasmy dynamics, these data suggest first, that single mitochondria might
well be internally heterogeneous and second, that nucleoid genotypes
might be linked to local phenotypes (although the link might often be
leaky). We discuss how random or site-specific mitochondrial fission can iso-
late dysfunctional parts and enable their elimination by mitophagy, stressing
the importance of fission in the process of mtDNA quality control. The role of
fusion is more multifaceted and less understood in this context, but the mixing
and equilibration of matrix content might be one of its important functions.

1. Introduction

Mitochondria are remarkable structures inside eukaryotic cells. These organelles
emerged roughly two billion years ago from free-living prokaryotic ancestors
[1]. This endosymbiotic origin also explains the fact that mitochondria still contain
their own genetic material (mitochondrial DNA, mtDNA). During the course of
evolution, most mitochondrial genes were transferred to the nucleus, still the
genes for 13 proteins are located on the human mtDNA, together with two ribo-
somal RNA and 22 transfer RNA genes, whose products are essential for
mitochondrial protein synthesis [2]. Mitochondria are involved in several essential
processes such as apoptosis, calcium homeostasis and fatty acid degradation, but
their most important task is the generation of adenosine triphosphate (ATP) via
oxidative phosphorylation (OXPHOS) at the inner mitochondrial membrane.
All of the proteins encoded on the mtDNA are subunits of the OXPHOS enzymes.

Thus, damage to the mitochondrial genome has the potential to impact or
abolish the main source of cellular energy generation. However, cells contain
hundreds of mitochondria, and for a long time, the general opinion was that
removal of damaged mitochondria via mitophagy also contributes to a constant
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removal of mutant mtDNA [3]. This view has now radically
changed, because it became clear that mtDNA mutations are
at the core of many human diseases such as Leber’s heredi-
tary optic neuroretinopathy (LHON), myoclonic epilepsy
associated with ragged-red fibres (MERRF), mitochondrial
encephalomyopathy, lactic acidosis and stroke-like episodes
(MELAS), Kearns—Sayre Syndrome (KSS) or chronic pro-
gressive external ophthalmoplegia (CPEO) [4,5]. Even
though wild-type mtDNA molecules are still present in dis-
ease cells (a situation referred to as heteroplasmy'), mutant
mtDNA molecules with point mutations, partial deletions
or duplications are present at such high heteroplasmy levels
per cell that they cause pathological phenotypes. A major
question is how these mutations evade mitochondrial quality
assurance systems. Obviously, the number of wild-type
mtDNA molecules that normally exists per cell does not pre-
vent the spread of disease variants, pointing to some
advantage of the latter. This is even more vexing because,
with few exceptions, mtDNA disease variants seem to
behave as recessive mutations such that they only result in
a biochemical or physiological phenotype (e.g. cytochrome
c oxidase (COX) deficiency) at high heteroplasmy levels (typi-
cally more than 60% mutant mtDNA). This threshold effect is
generally considered as an indication of functional comple-
mentation, either directly by the co-localization of wild-type
(wt) and mutant mtDNA molecules or indirectly by diffusion
and mixing with wt gene products.

Interestingly, damage to mtDNA not only causes various
diseases, but could also be of relevance in the ageing process.
In several species and tissues, it has been observed that
mtDNA deletions accumulate with age [6—9]. These early
studies were performed on tissue homogenates, and although
an accumulation of deletions was found, the overall level was
very low. An important insight was gained when single cell
studies became possible. They revealed that some cells har-
bour a large fraction of different deletion mutants, whereas
others seemingly contain no mutants at all [10-13]. Further-
more, those cells that do contain deletion mutants are taken
over by a single mutant type which is different for different
cells. Similarly,
mutations have been shown to accumulate with age, for
example, in colonic crypt stem cells [14-16].

clonally expanded deleterious point

Several mechanisms have been proposed to explain clonal
mutation expansion in individual cells with age and that is
also the main focus of the article by Holt et al. [17] which is
presented elsewhere in this issue. Thus, we give here only a
short outline of the various ideas that broadly fall into two
categories: those that invoke some sort of selection advantage
and those that do not. According to the ‘vicious cycle’ idea,
damaged mitochondria generate more radicals and those rad-
icals cause, in turn, more damage to mitochondria [18,19].
This, in principle, should cause various different mtDNA
mutants in a cell, which is not supported by observation.
‘Random drift’ is another selection-free hypothesis, which
states that chance fluctuations during replication and degra-
dation of mtDNA are sufficient to explain the occurrence of
COX-deficient cells in old tissues [20,21]. However, recent
computer simulations indicate that such a process can work
only in very long-lived species [22]. Very popular among
the selection-based theories is the idea that the reduced
genome size of a mtDNA deletion mutant confers a replica-
tive advantage [23,24]. Because the replication time of
mtDNA is much shorter than the turnover time, it is difficult

to see how mtDNA replication could be rate limiting for n

mitochondrial growth. Recent modelling studies corroborate
this problem [25]. The idea of the ‘survival of the slowest’
hypothesis is that damaged mitochondria are degraded less
frequently than wild-type organelles [26]. This is, however,
contradicted by recent experimental observations showing
that damaged organelles are actually preferentially degraded
instead of being preferentially kept [27-29]. Finally, it has
been suggested that mitochondrial transcription is regulated
by a product inhibition feedback that is disrupted in deletion
mutants [30]. The tight connection between transcription and
priming of replication in metazoan mtDNA can then lead to a
selection advantage of mtDNA mutants. This mechanism
would work for short- and long-lived animals, is in agree-
ment with the observed clonal expansion and would
explain the deletion spectra found in single cell studies.

It is clear from the above introduction that single mutant
mtDNA alleles can clonally expand in somatic cells in disease
and during ageing to become the predominant genotype. Yet,
on the basis of recent insights into mitochondrial fission/
fusion and selective mitochondrial degradation via mito-
phagy, it has been suggested that the combined action of
these processes might help to prune the mitochondrial net-
work of less ‘healthy’ branches. This presents a paradox:
how do mtDNA mutations accumulate at all if fission and
mitophagy would provide an efficient means to clean up
those parts of the network where mtDNA mutations result
in local energy deficiencies? This apparent paradox is the
main topic of this paper in which we discuss mtDNA hetero-
plasmy dynamics in relation to mitochondrial network
dynamics and quality control.

MtDNA is typically present in hundreds to thousands
of copies per cell and organized in discrete protein-DNA
complexes called nucleoids in an otherwise dynamic mito-
chondrial network [31]. It has been suggested on the basis
of immunofluorescent microscopy [32] and nucleoid mass-
spectrometry analysis (see [33,34] for a recent overview)
that nucleoids might organize so as to locally facilitate
nucleoid maintenance and organize transcription, translation
and biogenesis in its immediate surroundings. This also
forms the basis for the suggestion that each nucleoid has a
limited sphere of influence that could result in a focal mito-
chondrial OXPHOS deficiency if it contains mutant mtDNA
[35]. It has been suggested that nucleoids contain multiple
copies of mtDNA [36], but recent work using super-
resolution microscopy indicates that each nucleoid contains
on average only a single mtDNA copy in various cell types
[37]. Furthermore, the confinement of OXPHOS complexes
to single cristae owing to their restricted diffusion adds to
the focal perspective [38,39]. Together, this would suggest
that nucleoids containing a deleterious mutant mtDNA
might, indeed, express a focal OXPHOS phenotype allowing
it, in principal, to be selectively degraded via fission/
mitophagy. However, because many mutations are tolerated
in disease and accumulate both in disease and with ageing,
this indicates that the link between genotype and phenotype
is leaky, and intramitochondrial complementation does occur
[35]. One might thus pose the question to what extent func-
tional complementation prevents selective degradation of
mutant mtDNA molecules and by what means does this
complementation take place? One obvious answer would
be that in many tissues the nucleoid copy-number is, in
fact, larger than 1. It is therefore of relevance for the further
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discussion, and for our understanding of functional comple-
mentation and the threshold effect in human disease that the
nucleoid mtDNA copy-number is also determined in vivo, in
human tissues.

Assuming that the determination of nucleoid copy-
number by super-resolution microscopy is a better represen-
tation of reality, at least for the cell types studies, the other
question arising in the light of the mechanism of complemen-
tation is to what extent mitochondrial nucleoids are able to
move about in a very confined mitochondrial matrix. We pre-
sent experimental evidence here that nucleoid movement is
equally or even more confined than mitochondrial inner-
membrane complexes suggesting that, in principle, there is
little room for direct complementation of mutations at the
level of mtDNA unless several copies of mtDNA are orga-
nized in single nucleoids. Whether nucleoids indeed have a
very limited sphere of influence or whether there is room
for complementation by more mobile RNA and/or proteins
is also discussed in the light of mitochondrial fusion/fission
and (the lack of) selective degradation of dysfunctional
mitochondria via mitophagy. The questions we are ulti-
mately trying to answer are: (i) can mutant mtDNA alleles
result in focal OXPHOS deficiencies in a cellular population
of both wt and mutant mtDNA? (ii) under what conditions
and which types of mutant alleles are able to clonally
expand? and (iii) in relation to the second question, do com-
plementation and/or a replicative advantage play a role in
clonal expansion? We propose possible ways in which we
can test predictions made here, for example, how we might
demonstrate the potential limited spheres of influence of
nucleoids.

2. The measurement of mitochondrial dynamics
and its application to understand nucleoid
mobility

(a) Mitochondrial fusion/fission and nucleoid mobility

Mitochondria are dynamic organelles that fuse and divide
frequently and actively move through the cell [40]. This
dynamics seems indispensable for proper cellular function
as many examples have shown. Reduced dynamics accom-
panies the process of ageing [41], is associated with the
development of neurodegenerative diseases [42-44] and
plays an important role in the execution of apoptosis [45,46].
Repetitive fusion and fission of mitochondria during the
cell cycle has to be regulated [47-50]; otherwise, the continu-
ity of the mitochondrial genome is not properly guaranteed
[51,52], resulting in mitochondrial heterogeneity and malfunc-
tion [53]. Obviously, mitochondrial dynamics is important
for quality control [27,54]. It has been shown that fused mito-
chondria exchange their matrix contents including mtDNA
[36,65-57], leading to the statement that all mitochondria
function as a single dynamic unit [52,58].

Previous studies of mitochondrial dynamics have been pri-
marily performed by two assays: the analysis of the exchange
of green- and red fluorescent protein- (GFP- and RFP-) labelled
matrix compounds after cell fusion ([57] and as illustrated in
figure 1a), and the spreading of photo-activated (pa) or
photo-switched matrix-targeted (mt-)fluorescent proteins
throughout a single cell owing to mitochondrial dynamics
([59] and as illustrated in figure 1b).

(©)
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Figure 1. Assays to determine the exchange rates of compounds between
mitochondria. (a) Polyethylene glycol- (PEG-)-mediated fusion of cells with
differently fluorescent-tagged compounds, here OXPHOS complexes in red
(RFP-tagged) and green (GFP-tagged). (b) Use of photo-activatable fluorescent
proteins, here OXPHOS complex Cl-paGFP to monitor spreading in MitoTracker
stained mitochondria. () Scheme of photo-activation assay: paGFP is photo-
activated in single mitochondria that express paGFP-tagged proteins. Owing
to ongoing fusion and fission and mixing of compounds, the fluorescent
signal spreads throughout the mitochondrial reticulum. Asterisks indicate
nuclei. Scale bars, 10 m. Images from K.B. (Online version in colour.)

Outer membrane (OM)-targeted GFP and matrix-GFP
showed similar dynamics in cell fusion experiments
when complete fusion was observed [36]. By contrast, cell
fusion and pa-GFP studies indicated that for inner membrane
proteins (ABCB10; OXPHOS complexes), diffusion and
exchange within a single mitochondrion were significantly
slower than for mt-paGFP [60,61]. OXPHOS complexes
showed a patchy distribution in cell fusion assays with
OXPHOS-GFP and OXPHOS-RFP from different sources
[62]. A more detailed study revealed that the reason for
the retarded mixing is most likely based on the fact that
cristae are preserved during fusion and fission and proteins
in the cristae membranes are limited in their diffusion
[39,63]. It was similarly shown that cristae architecture
limits matrix diffusion [63]. Thus, retarded mixing allows
for intramitochondrial heterogeneity at least for some time,
but with ongoing fusion and fission eventually results in a
homogeneous distribution of compounds (illustrated in
figure 2) [39].

(b) The spatio-temporal organization of mtDNA
in nucleoid microcompartments

It was also shown that mtDNA, such as matrix proteins, in prin-
cipal, is exchanged between mitochondria [36]. Mitochondrial
nucleoids can be visualized in assays by direct staining or
using fluorescent mtDNA binding proteins (illustrated in
figure 3a,b). Fluorescence images of mtDNA stained with pico-
green [64] show an arrangement of distinct foci within
mitochondria (figure 3a). Because labelling of mtDNA is poten-
tially harmful owing to intercalation of dyes, the better
alternative is the indirect visualization via mtDNA associated
proteins. Mitochondrial transcription factor A (TFAM) is an
appropriate marker protein because it is not only a mitochon-
drial transcription factor, but also a packaging factor of
mtDNA. It has been shown on several occasions, both for the
endogenous protein and overexpressed tagged variants that it
constitutively labels all mtDNA molecules [37,65,66]. Indeed,
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Figure 2. Repetitive fusion and fission cycles are required for good mixing of inner membrane proteins. (@) Dual-colour super-resolution imaging of fused mito-
chondria with differently labelled OXPHOS complexes (CI-EGFP + CIl-mRFP) after few (early state) and frequent (intermediate and late states) fusion and fission
events. In short, two stable cell lines expressing OXPHOS complex | fused to monomeric EGFP (CI-EGFP) and complex I fused to monomeric RFP (CIl-mRFP),
respectively, were co-plated and cell fusion was induced by PEG treatment. Owing to ongoing mitochondrial dynamics, mitochondria in the syncytium fused
and divided frequently and mitochondria with a hybrid composition were generated. The yellow arrowheads and colour, respectively, show co-localization of
OXPHOS complexes of different origin. (b) Schematic model of the sequence of events eventually generating well-mixed mitochondria. Scale bars, 300 nm (a),
100 nm (b). Adapted with permission from Wilkens et al. [39]. (Online version in colour.)

here also the distribution pattern of TFAM (figure 3b) resembles
that of mtDNA (figure 3a). Early electron microscopy- (EM-)
based research has suggested that mtDNA is associated with
the inner mitochondrial membrane [67,68], but recent super-
resolution microscopy [65] as well as biochemical analysis
[66] also suggest the existence of a dynamic pool of
non-membrane associated nucleoids.

Here, we extend the above analyses by the evaluation of
nucleoid dynamics monitored by means of a photo-activation
assay (figure 3c). This shows that mtDNA nucleoids spread
throughout the cell at a rate approximately comparable to
complex I of the OXPHOS system (figure 3c). This conforms
with an attachment or frequent interaction of nucleoids to the
inner mitochondrial membrane, or alternatively with a con-
finement of nucleoids in a microcompartment [69] rather
than with free movement in a continuous matrix lumen. Ear-
lier studies on foci dynamics suggested a restricted nucleoid
movement in yeast [48,70] and a very low apparent diffusion
constant in human cells in culture [32]. (One has to bear
in mind, though, that the monitored dynamics, in general,
is an overlay of mitochondrial movement and fusion and
fission dynamics).

The size of mtDNA nucleoids roughly ranges from 50 to
300nm based on EM and super-resolution microscopy
[37,65]. This implies that in mitochondria with a regular

arrangement of cristae discs with a mean distance of 53 nm,
such as observed in HeLa cells [38], most nucleoids would
not fit. However, those mitochondria also display disruptions
of the regular cristae arrangement resulting in areas with larger
free matrix space (illustrated in figure 4a), and it was indeed
shown very recently that regions of cristae disruption indicate
the presence of nucleoids [71,72]. These matrix sections
might constitute special, functional microcompartments,
for example, for protein biosynthesis in close proximity to
mtDNA [32]. Recently, we established a method to explore
and characterize mitochondrial microcompartments by track-
ing and localization of mobile single molecules within these
compartments [38]. To expand this type of analysis to nucleoid
dynamics, we used tetramethylrhodamine- (TMR-) labelled
TFAM to explore the mtDNA associated microcompartment.
We generated trajectory maps of TFAM (figure 4b) and deter-
mined the two-dimensional projection area of its accessibility
(figure 4b'). The diameter of these areas was comparable to
the matrix microcompartments seen in the EM micrographs
(figure 4c, marked with asterisks in figure 4a). From the trajec-
tories, it was also possible to determine mean apparent
diffusion coefficients for TFAM. The mobile fraction of TEFAM
had a low diffusion coefficient that was comparable with
diverse innermembrane proteins (CIV, Mitofilin-IMMT) but
was much slower than, for example, the matrix protein MPP.
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Figure 3. Mitochondrial nucleoids marked by TFAM display remote spreading
throughout the chondriom. (a) mtDNA and TFAM localize in similar foci pat-
terns: mtDNA (stained with picogreen) and TFAM-GFP in mitochondria
(stained with MitoTracker Red). (b) TFAM/nucleoids from a photo-activated
(pa) area show very little dynamics within a single cell during 20 min.
(c) Spreading of OXPHOS complex | and TFAM from photo-activated areas in
comparison. TFAM*: control measurement in fragmented mitochondria (frag-
mentation was induced by bacterial contamination). Scale bar, 3 wm (a),
10 m (b). (Online version in colour.)

Taken together, the features of mtDNA dynamics at the
nucleoid and mitochondrial level reasonably argue for
constrained diffusion and internal spreading. This obvious-
ly underlines the significance of fusion and fission as a
mechanism for remixing.

3. Discussion

(a) An outline of a discussion of mitochondrial network
dynamics and the maintenance of mitochondrial
genome integrity

We here further discuss the processes of mitochondrial fis-
sion/fusion and mitophagy in relation to possible quality
control of the mitochondrial genome. Mitochonderial fission
combined with selective degradation of parts of the mito-
chondrial network has been proposed as an efficient means
to prune the mitochondrial network of damaged or malfunc-
tioning parts [73], yet there are many examples from
mitochondrial disease and in ageing tissues for the selective
accumulation of mutant mtDNA with obvious deleterious
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Figure 4. Putative spatio-temporal organization of nudeoids in microcompart-
ments. (@) TEM micrograph of mammalian Hela mitochondria. (b) Trajectory
map of TFAM-Halo/TMR (see electronic supplementary material, Materials and
methods) in a single mitochondrion of the same type. The detailed view at
the bottom (b') shows a putative microcompartment explored by three TFAM
molecules (magenta, cyan, brown trajectories). (c) Comparison of ultra-structural
and dynamics defined microcompartments, respectively, resolved by EM (matrix)
and tracking and localization microscopy [38] (TFAM). (d) Apparent diffusion
coefficients of the mobile fractions of TFAM, OXPHOS complex IV, mitofilin
(IMMT) and mitochondrial matrix processing peptidase (MPP). Mean values
from at least two independent measurements, including 12 cells, 50 mitochon-
dria and more than a thousand individual trajectories are depicted (ANOVA
significance test; letters indicate significance levels p < 0.05 for a,a’-b;
p < 0.001 for a—d). Scale bar, 300 nm (a,b). TEM micrograph courtesy of
Verena Wilkens.

consequences. Central to the idea that mutant mtDNA
alleles might be selected against by means of fission and
mitophagy is the idea that nucleoids, often containing only
single copies of mtDNA, could have a limited sphere of
influence (thus resulting in a direct link between the geno-
type of individual mtDNA molecules and local phenotype).
Limited diffusion of gene products would then result in a
local energy deficiency that selection might act upon in a tar-
geted way (figures 5 and 6). Depending on the level of
mtDNA mobility/mixing (which, based on the results also
presented here, can be assumed to be slow) and the rate of
diffusion of mitochondrial gene products away from the
nucleoid, we might speak of a more or less ‘leaky link’

Trv0£L0Z :69€ § 205 Y "subif Jiyd  bio"buiysiigndAiaposiedorgiss H



intermembrane space

cristae

Figure 5. The organelle control theory predicts a ‘leaky link between genotype and phenotype [35]. The tight spatial organization of cristae combined with their
microcompartment character leads automatically to such a connection, because the diffusion of mRNAs and proteins synthesized by different nucleoids, N, is
impeded by these structures.
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Figure 6. Genotype—phenotype linkage as the critical parameter to eliminate dominant negative mtDNA. (@) Mitochondria with wild-type mtDNA can undergo
(spontaneous or induced) depolarization, but recovery followed by fusion brings them back into the dynamic mitochondrial network. (b) In a very leaky link, the
presence of mutant next to wild-type mtDNA in the same mitochondrion would allow intramitochondrial functional complementation. As long as the decrease of
proton motive force (pmf) and membrane potential, respectively, is not too harsh, elimination by mitophagy will not work and mutant mtDNA can escape the
quality control. This spares biomaterial on cost on stringency. (c) In a less leaky link, with closer genotype-phenotype coupling, fission can generate fragments with
low pmf, unable to fuse again, prone to be eliminated by mitophagosomes.

[35]. In order to understand how this system might crumble (b) Mitophagy: a cellular qua"ty assurance System?

a.nd pe.rmit th.e accumulation of mutant r.n.tDNA aflleles, we The maintenance of mitochondrial function is pivotal for
first discuss if and under what conditions this system short-term cellular homeostasis and long-term cell and orga-

might actually work. nismal survival. The proton motive force, generated by the
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proton translocating activity of the respiratory chain com-
plexes I, IIl and IV, is seen as a general indicator for
functionality. By acidification of the intermembrane space, a
chemical proton gradient is formed. This gradient—together
with the membrane potential A¥,,—constitutes the proton
motive force, pmf=A¥,-23 RT ApH/F [74]. The pmf
provides the predominant driving force for ATP syn-
thesis, mitochondrial transport, Ca?" accumulation and the
import of nuclear-encoded, mitochondrially localized pro-
teins. Impaired mitochondrial function caused by different
mechanisms habitually results in a decrease in pmf as a
common endpoint. Hypopolarized mitochondria are fusion-
incompetent, fragment through mitochondrial fission and
can be selectively digested by lysosomes [27,54]. Selective
mitophagy following fission is part of the quality control
system of cells [73,75] to avoid the accumulation of damaged
mitochondria and eventually the onset of the intrinsic path-
way to cell death (apoptosis). In the process of mitophagy,
the PTEN-induced kinase 1 (PINK1) and Parkin, a cytosolic
E3 ubiquitin ligase, play a crucial role [76,77]. Mutations in
these genes lead to autosomal recessive Parkinsonism. Gener-
ally, the maintenance of a healthy mitochondrial population
is dependent on balanced organelle fusion and fission
[40,78-83]. Although fusion and fission promote the remix-
ing of mitochondrial material,
functional heterogeneity as, for example, indicated by variant
TMRM™ (a fluorescent indicator of mitochondrial membrane
potential) staining [84-86]. One possible explanation for
the intramitochondrial heterogeneity is that protein and
membranous structures are unevenly distributed and/or

mitochondria display

unequally functional, which might be the consequence of
the focal expression of mutant mtDNA. In combination
with selective mitophagy, as outlined above, this could
provide a mechanistic basis for a cellular system that prefer-
entially eliminates sequestered mitochondrial fragments and
associated nucleoid(s) from the mitochondrial network. On
the genetic level, mitochondrial fusion is necessary for the
proliferation of mtDNA [87] but, as put forward by Kowald
& Kirkwood [35], it also seems that it opens the door for
the dissemination of defective mtDNAs which then requires
fission and selective degradation to limit this accumulation.
One main dilemma probably is that selection works on the
phenotype and that the link between genotype and pheno-
type is not as tight as required, but leaky. This is discussed
in the following section.

(c) Restricted nucleoid mobility and the leaky —link
model

A mathematical model that formalizes the leaky—-link model
and the possible accumulation of one type of mtDNA
mutation, namely partial deletions, takes into account the
level of leakiness on the one hand and a possible replicative
advantage of smaller-than-wt mtDNA molecules on the
other [35]. Computer simulations showed that these counter-
acting forces have several possible outcomes for genotype
selection depending on the boundary conditions. Assuming
a given replicative advantage of mutant over wt mtDNA, at
low genotype—phenotype leakiness wt mtDNA becomes
the predominant species if a clear selective degradation of
mutant mtDNA is invoked. If leakiness and thus complemen-
tation would be significant, mutant mtDNA always
outcompetes wt mtDNA. The exact level of leakiness above

which this takes place depends on the replicative advantage
of mutant over wt mtDNA and the rate of selective
degradation.

The here demonstrated restricted intramitochondrial
nucleoid mobility in an otherwise dynamic mitochondrial
network is relevant for ideas that have been proposed to
explain the evolution of the mitochondrial fission and
fusion cycle. The organelle control theory states that fusion
has evolved to equilibrate all matrix proteins across the mito-
chondrial network and that fission is necessary to counteract
the accumulation of defective mtDNA molecules [35]. A cen-
tral point of this idea is that a physical connection is required
between the mtDNA genotype and phenotype for such a
cleansing process to work. Only then, the removal of defec-
tive proteins also leads to the removal of defective
mtDNAs. In its original formulation, it was proposed that
nucleoids are attached to their own gene products
(OXPHOS complexes) at the inner mitochondrial membrane
and also that the different complexes (I-IV) are intercon-
nected. This would establish a link between genotype and
phenotype, which in combination with fission and selective
mitophagy should be sufficient to allow for the removal of
defective mtDNAs. Assuming that some level of complemen-
tation between mtDNA molecules could occur, be it directly
at the mtDNA level or at the level of RNA and/or protein, the
focal genotype—phenotype correlation becomes less clear and
thus results in a ‘leaky link’.

The experimental results presented here that demonstrate
the restriction of nucleoids and respiratory chain complexes
to nearby matrix space or individual mitochondrial cristae
[39] renders some of the original assumptions of the organelle
control theory unnecessary. The experiments indicate that no
direct connection among the OXPHOS complexes and
mtDNA molecules is necessary to create a genotype—pheno-
type link. Instead, the spatial confinement to a cristae
microcompartment (if attached to the inner mitochondrial
membrane) or the intercristae compartment (if confined by
diffusion to specific matrix sections) automatically generates
such a link (figure 5). Furthermore, originally, it was pro-
posed that
insertion of proteins are coupled in mitochondria via a pro-
cess known in bacteria as transertion [88]. The tight spatial

transcription, translation and membrane

arrangement of stacks of cristae together with the compart-
ment character of individual cristae and intercristae space
also lifts the requirement for this assumption. Figure 5
shows how this arrangement can quite naturally lead to the
link between genotype and phenotype that has been put for-
ward by the organelle control theory. In this model, the link
becomes ‘leaky’ mostly by diffusion of RNA and proteins as
is also illustrated in figure 5. Mitochondprial fusion and fission
as well as cristae dynamics in this model intrinsically affect
how tight/leaky the link between genotype-—phenotype is,
and thus have repercussions for the accumulation of
mtDNA mutations. In particular, local remodelling or loss
of cristae stacks as a consequence of mtDNA mutations
could be an important requirement that would allow intrami-
tochondrial complementation by increased matrix diffusion
and mobility of neighbouring nucleoids as well as RNA
and proteins, and would also offer an attractive explanation
why so many mutations show a biochemical threshold
effect. Cristae remodelling would result in a permissive
environment for the mutant mtDNA molecules and allow
them to go undetected and expand. In this respect, it can
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be noted that many pathogenic mtDNA mutations do result
in ultra-structural mitochondrial abnormalities. In addition,
it might provide an alternative explanation why, for example,
some optic atrophy 1 (OPAl) and mitofusin (Mfn2)
mutations result in the accumulation of multiple mtDNA
deletions [89-91].

In addition, other hypotheses regarding the evolution of
mitochondrial fusion have been proposed, such as the idea
that connected mitochondria can serve as power cables trans-
mitting membrane potential throughout the cell [92].
However, they have difficulties explaining the requirement
for fission and the observed high fusion and fission rates.

(d) Mitophagy and the removal of deleterious mtDNA
mutants

The idea that mitophagy serves as a cellular quality control
mechanism to keep damaged mitochondria at bay is an ele-
gant and intriguing hypothesis. It is, however, important to
be specific what type of damage should be limited by such
a process and on what time-scale.

For short-term quality insurance, it would be sufficient to
remove and degrade a dysfunctional membrane patch with
impaired OXPHOS complexes. However, the situation is
quite different if a respiratory chain deficiency is caused by
damage (point mutations or deletions) to mtDNAs.
Obviously, in such a case, it is not sufficient to degrade the
dysfunctional membrane patch, but it is imperative also to
remove the mutant mtDNA that produced the defective res-
piratory chain components. How a link between genotype
and phenotype can be established has already been outlined
in the previous section and figure 5. But, as mentioned, such
a link might be leaky, and this has important consequences
for the efficiency of a mitophagy-based clearance system.

If selective degradation depends on sensing a diminished
membrane potential, then it would be optimal if fission
would generate mitochondrial fragments that contain single
nucleoids (see figure 6 for a proposed mitophagy-based
mtDNA clearance system), assuming nucleoids mostly con-
tain single mtDNA molecules as suggested for quite a few
different primary and immortal cell lines based on super-
resolution microscopy [37]. Fragments containing multiple
nucleoids would disguise the presence of mutant mtDNAs,
because their combined membrane potential would be diffi-
cult to distinguish from a pure wild-type potential.
Similarly, in any cell type/tissue in which nucleoids do, in
fact, contain multiple mtDNA copies, the local OXPHOS
capacity is a sum of the expressed alleles present in that
nucleoid. In practice, we can assume that wild-type alleles
in mixed wild-type/mutant nucleoids can, at least, to some
extent and often fully complement mutant alleles depending
on the mutation(s). If future studies in, for example, patient
fibroblasts show that single copy mutant mtDNA nucleoids
do result in a focal defect and thus in a linked phenotype,
it is intriguing to determine if nucleoids in various clinically
relevant tissues have single or multiple mtDNA copies.

As can be seen from figure 5, a leakiness of the genotype/
phenotype connection would lead to membrane areas that
contain OXPHOS complexes which originate from multiple
nucleoids. That means even if fission generates single
nucleoid fragments, there is always a contamination of
OXPHOS complexes originating from other nucleoids.
Thus, the cellular mechanism for measuring the membrane

potential never results in perfect selectivity. Depending on
the degree of leakiness, a certain false-negative rate
always remains and fragments containing mutant mtDNAs
are not identified as such. The cell can optimize this monitor-
ing system in two ways. First, it can reduce the degree of
leakiness. This could be achieved by several mechanisms
acting at different levels. At the molecular-ultra-structural
level, the diffusibility of RNA, inner membrane proteins
and nucleoids could be reduced or limited. At the level of
organelle dynamics, fusion/fission rates could be slowed
down. Third, the degradation rate of mitochondrial frag-
ments could be increased, which would also limit the
diffusion distance and exchange of material. Alternatively,
the mechanism sensing the membrane potential could be
more stringent, i.e. triggering mitophagy already by a smaller
drop of AV,

However, some routes might be energetically costly,
because they involve a higher degradation rate and
thus also a higher synthesis rate of mitochondrial com-
ponents (to replace the degraded ones). Cells might
therefore fine tune their rate of mitophagy to control a pos-
sible accumulation of mitochondrial damage by just as
much as is energetically optimal for a specific species in a
specific environment.

(e) Putting the theories to the test

There are many fundamental questions of mitophagy-
mediated clearance of mutant mtDNA that researchers only
recently have started to address. The first question is whether
a bioenergetic deficiency as the consequence of mtDNA
mutations is sufficient to elicit a mitophagy response? In a
recent study, using 143B osteosarcoma cybrid cell lines carry-
ing various pathogenic mtDNA mutations, it was shown that
loss of A¥,, alone was, in fact, not enough to stimulate mito-
phagy, but that it could be induced by co-treatment with the
mTORC1 inhibitor rapamycin that stimulates macroauto-
phagy [93]. The cybrids in question were all homoplasmic
for their respective mutation. Rapamycin only induced
mitophagy in cybrids containing a large mtDNA deletion
that could be shown to also have resulted in a substantial
reduction in AVY,,. By contrast, in cybrids containing
the NARP T8993G or the MELAS A3243G mutation the
reduction of A¥,, was much more moderate and rapamycin
could not induce mitophagy. Unfortunately, in this study,
it could not be tested whether rapamycin would specifically
select against mutant mtDNA. But in a second, very recent
study, it was shown that treatment with rapamyecin in a neu-
roblastoma-derived cybrid line (SH-SY5Y) carrying the
LHON G11778A mutation, selected against the mutant
allele [94]. Based on these findings, it has been suggested
that the sensing of deteriorated mitochondrial function is
not sufficient to trigger mitophagy but that activation of
macroautophagy is also required [95]. Interestingly, in the
study by Gilkerson et al. [93], it was shown that loss of
AV, did result in recruitment of Parkin but without induc-
tion of selective mitophagy. Overall, levels of Parkin in
cybrid lines carrying mtDNA mutations or in the mtDNA-
less parental cell line however were reduced compared with
the wt mtDNA cybrid counterpart. This fits with an earlier
study where it was shown that Parkin overexpression in
143B cybrids containing a heteroplasmic mtDNA variant
with a pathogenic COXI mutation, resulted in selective
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elimination of mutant mtDNA [29]. Although, these studies
used immortal tumour cell lines and an important question
is how these findings apply to primary cells and tissues in
the body, they do provide a proof of concept that, once
activated, mitophagy can selectively degrade mitochondria
or mitochondrial fragments that are deficient owing to a
mtDNA mutation, resulting in a reduction of mutant mtDNA
levels. This implies that the mitophagy pathway can indeed
distinguish between wt and mutant mtDNA alleles, which
in the framework of the ‘leaky-link’ hypothesis can be
explained by focal OXPHOS deficiency as a consequence of
linked nucleoid genotypes and phenotypes. The above
studies do raise the question whether in some tissues an
additional activation of macroautophagy might not be
required and to what extent there is mutation selectivity in
activation of mitophagy. In this context, tissue-specific differ-
ences in levels of, for example, Parkin expression could also
be very relevant.

A second question concerns the involvement of the
fusion and fission machinery. As outlined above, in order
for mitophagy to be selective against mutant mtDNA
molecules, the fission machinery would be required to gen-
erate fragments with only one or a few mtDNA molecules.
To date, there are only a few reports that address the ques-
tion of whether manipulation of the fusion and fission
machinery affects mtDNA integrity and mutation accumu-
lation. Confusingly, it appears that either inhibition of
fusion or of fission results in loss of mtDNA integrity and
accumulation of mutations, although the mechanisms
might be dissimilar. One study showed that in a rhabdo-
myosarcoma carrying 75-80% of the MELAS A3243G
mutations, knockdown of the profission proteins hDrpl or
human fission factor (hFisl) resulted in increased hetero-
plasmy levels of the mutant allele, which might be
attributed to decreased mitophagic clearance of mutant
mtDNA containing mitochondrial fragments [96], although
this was not formally tested. Alternatively, inhibition of fis-
sion by dynamin-related protein-1 (Drp1) knockdown might
result in a higher threshold of expression of an OXPHOS
phenotype as it also seems to promote nucleoid clustering
and thus perhaps functional complementation [96,97],

Conditional knockouts of Mfnl and 2 in mouse skeletal
muscle result in the accumulation of mutations as well as
severe mtDNA depletion in double knockout mice [87].
This seems counterintuitive considering that a more
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