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Abstract— Dissipation of transmembrane potential inhibits mitochondrial fusion and thus prevents reintegration of damaged
mitochondria into the mitochondrial network. Consequently, damaged mitochondria are removed by autophagy. Does
transmembrane potential directly regulate the mitochondrial fusion machinery? It was shown that inhibition of ATP-syn-
thase induces fragmentation of mitochondria while preserving transmembrane potential. Moreover, mitochondria of the
yeast Saccharomyces cerevisiae retain the ability to fuse even in the absence of transmembrane potential. Metazoan mito-
chondria in some cases retain ability to fuse for a short period even in a depolarized state. It also seems unlikely that trans-
membrane potential-based regulation of mitochondrial fusion would prevent reintegration of mitochondria with damaged
ATP-synthase into the mitochondrial network. Such reintegration could lead to clonal expansion of mtDNAs harboring
deleterious mutations in ATP synthase. We speculate that transmembrane potential is not directly involved in regulation of
mitochondrial fusion but affects mitochondrial NTP/NDP ratio, which in turn regulates their fusion.
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Mitochondria are present in almost all metabolically
active eukaryotic cells with only a few exceptions, such as
mammalian erythrocytes [1], lens fiber cells [2], and uni-
cellular parasite microsporidia, which have lost their
mitochondria during evolution [3]. In most cell types,
mitochondria form a tubular network with constantly
changing morphology: the network segments fuse and
separate continuously. The balance between these
processes determines the structure of the network [4-6].
Partial or complete inhibition of the fission results in the
formation of hyperfused mitochondrial network, whereas
disruption of fusion results in mitochondrial fragmenta-
tion (Fig. 1). What is the biological role of mitochondrial
dynamics? Multiple cellular activities require the
processes of mitochondrial fission and fusion.

1. During cell division, mitochondria have to be dis-
tributed between two newly forming cells. Obviously, this

Abbreviations: CCCP, carbonyl cyanide m-chlorophenylhydra-
zone; DIC, differential interference contrast; FCCP, carbonyl
cyanide p-trifluoromethoxyphenylhydrazone; mtDNA, mito-
chondrial DNA; NDP, nucleotide diphosphate; NTP,
nucleotide triphosphate; PINK 1, PTEN-induced putative
kinase 1.

* To whom correspondence should be addressed.

process must be preceded by mitochondrial fission.
Indeed, mitochondrial network structure changes during
the progression through the cell cycle [7, 8]. The average
length of mitochondrial filaments is higher in the inter-
phase than in mitosis [9]. Moreover, mitochondrial frag-
mentation was detected during mitosis in normal rat kid-
ney cells [10], which might be necessary for equal distribu-
tion of mitochondria between the two daughter cells [11].
2. Intensive mitochondrial fragmentation is a stage
of activation of apoptosis — programmed cell death in
multicellular organisms [12, 13]. This is important due to
the presence of the apoptotic proteins in the mitochondr-
ial intermembrane space: cytochrome ¢ [14], AIF [15],
SMAC and several others [16, 17]. During apoptosis,
these proteins are released through the pores in the outer
mitochondrial membrane into the cytoplasm where they
bind to their receptors and initiate subsequent events of
the cascade. However, the release of the proteins can be
restrained because most of them are localized within
cristaec that form as folds of the mitochondrial inner
membrane [18]. On one hand, mitochondrial fission can
lead to reorganization of the inner mitochondrial mem-
brane structure promoting the release of the apoptotic
proteins from cristaec. On the other hand, indirect con-
nection between mitochondrial fragmentation and acti-
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Fig. 1. A balance between fission and fusion rates determines mitochondrial network morphology: a) yeast cells with deletion of DNM1 gene
(W303 MATa dnm1::KanMX4); b) wild-type cells (W303 MATa); c) yeast cells with deletion of mitofusin gene homolog FZ01 (W303 MATa
Jfzol::KanMX4). Mitochondrial morphology was visualized using the expression of mitochondrially targeted GFP in yeast cells. d) Scheme
illustrating an effect of the inner mitochondrial membrane depolarization and the functional role of fused and fragmented state of mitochon-

drial network.

vation of apoptosis is also possible: changes in the mito-
chondrial structure during fission stimulate the oligomer-
ization of the proapoptotic protein Bax in the outer mito-
chondrial membrane resulting in permeabilization of the
membrane [19].

3. Mitochondrial fusion can follow gamete fusion of
some unicellular eukaryotes (i.e. baker’s yeast
Saccharomyces cerevisiae) that inherit mitochondria from
both parents. After fusion, mtDNA molecules from both
parental cells can recombine in the diploid cells [20, 21].
As a result, due to a random segregation of the newly
formed mtDNA variants, the subsequent generations of
diploid cells may contain all possible combinations of
parental mtDNA alleles. Consequently, a functional vari-
ant of the mitochondrial genome can be generated from
two genomes carrying different loss of function mutations
in their coding sequences [22]. Such complementation of
mtDNA is also supposed to take place in muscle cells of
multicellular animals [23]. Inhibition of mitochondrial
fusion was shown to induce muscle atrophy and fast accu-
mulation of mutations in mtDNA in these cells [24].

4. Structural reorganization of mitochondrial mor-
phology can be associated with metabolic changes in the
cell. In murine embryonic fibroblasts producing the most
of cell’s ATP by means of glycolysis, mitochondria exist
as short separate entities, whereas the switch of metabo-
lism to oxidative phosphorylation leads to an increase of
the average length of mitochondria in these cells [25].
Also, it can be supposed that under stress the mitochon-
drial network splits up to localize the damage (e.g. regions
with proton leak) in a separate small mitochondrion.
Indeed, laser-induced local damage to a mitochondrial
membrane was shown to cause the depolarization of an
entire filament [26]. In this case, mitochondrial fragmen-
tation has an obvious role as it can prevent uncontrolled
energy dissipation in the cell [27].

5. Fission and fusion are necessary for mitochondria
quality control [28]. It was shown that periodically mito-
chondria undergo fission resulting in formation of a short
fragment — daughter unit, which subsequently depolar-
izes [29]. Possibly, the fission process per se leads to a
transient increase in conductivity of the inner mitochon-
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drial membrane. Thereafter, the daughter mitochondrion
either repolarizes and fuses back to the mitochondrial
network or stays depolarized and afterwards undergoes
engulfment by an autophagosome and digestion [29-31].
The combination of these processes allows disposing of
damaged macromolecules, which cannot be eliminated
by other mechanisms [32], and, as it was recently suggest-
ed, prevents accumulation and expansion of mutant
mtDNA molecules [33, 34].

All these processes require tight regulation of mito-
chondrial fission and fusion. In this review, we consider
bioenergetic aspects of the regulation of mitochondrial
dynamics and focus on the role of transmembrane poten-
tial in the fission and fusion processes.

MITOCHONDRIAL FISSION:
MECHANISM AND REGULATION

In animals, mitochondrial fission is mediated by
dynamin-related protein Drpl, which oligomerizes on
the surface of the mitochondrial outer membrane [35].
The domain structure of this protein is evolutionarily
conserved and contains GTPase, Middle, Variable, and
GTPase effector (GED) domains [36]. Earlier, a homolog
of Drpl, Dnml, was found in fungi [37]. Dnm1 is able to
associate with lipid membranes, and the association
induces the protein self-assembly into a helix wrapping
around a membrane vesicle (mitochondria or artificial
liposome) several times [38, 39]. Although Dnml1 is able
to bind with the membrane surface in the absence of
GTP, this is unlikely to happen in vivo due to its high
affinity to GTP [36]. Besides, nonhydrolyzable GTP
analogs promote Dnm1 polymerization and enhance its
interaction with liposomes in vitro. This indicates that in
cells Dnm1 binds to the mitochondrial membranes in
GTP-bound state [40]. Hydrolysis of GTP induces con-
formational change of the protein and constriction of the
helix: its diameter decreases from ~80 to ~25 nm [39]. It
is suggested that such narrowing of the mitochondrial
vesicle diameter is sufficient for its division, although the
details of the further steps of mitochondrial fission remain
unclear. Active transport of mitochondria along the
cytoskeleton could be required for later stages of the fis-
sion process: stretching of membrane vesicles by kinesin
was shown to promote their dynamin-mediated fragmen-
tation [41].

How do dynamin-related proteins select mitochon-
drial binding sites? It was shown that Drpl binds to spe-
cific receptors localized on the outer mitochondrial
membrane: Mid49, Mid51 [42], or MIf [43].
Saccharomyces cerevisiae cells use another receptor —
Fisl, which binds Dnml through the adapter proteins
Caf4 and Mdv1 [44, 45]. In animals, the dynamin-relat-
ed protein Drpl can also interact with Fisl [46], but its
deletion does not affect mitochondrial fission [47].
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Instead, mammalian Fisl is involved in the control of
organelle degradation [48]. The recruitment of dynamin-
related proteins to the mitochondrial membrane surface
is not the only function of Drpl receptors. It was shown
that Mid51 and Drpl copolymerization leads to even
greater constriction of the helix diameter (~15 nm) than
in case of homo-oligomerization of Drpl [49]. Besides,
according to recent studies, Mid51 protein specifically
binds GDP or ADP [50]. This observation suggests a
functional link between mitochondrial fission and the
metabolic status of the cells, although further investiga-
tion is required to provide a complete understanding of
this link since a mutation in the nucleotide-binding
domain of Mid51 does not inhibit its association with
Drpl [50].

Regulation of Drpl binding also occurs at the level of
its posttranslational modifications. The uncoupler FCCP
induces mitochondrial fragmentation in wild-type cells
but not in cells expressing nonfunctional mutant variant
of Drpl K38A [51, 52]. It turned out that the uncoupler
causes a decrease in Ser637 phosphorylation levels of
Drpl, thus activating Drpl and preventing its binding to
the receptors Mid49 and Mid51 [53]. The effect of the
uncoupler is due to a release of Ca’* from mitochondria
[54] leading to activation of the protein phosphatase cal-
cineurin, which dephosphorylates Drpl [55]. As a result,
uncouplers induce fragmentation of the mitochondrial
network promoting mitochondrial fission.

It is to be noted that the receptors Drpl/Dnml colo-
calize with the endoplasmic reticulum—mitochondria
contact sites where fission events usually occur [56].

MITOCHONDRIAL FUSION

Mitochondrial fusion occurs in three stages: 1) dock-
ing of two mitochondria via their outer membranes; 2)
outer membranes fusion; 3) inner membranes fusion. The
first two stages are mediated by the mitofusin proteins:
Mfnl and Mfn2 in animals [57, 58] and Fzol in baker’s
yeast [59]. Mitofusins (Mfn) and Fzol proteins are also
dynamin-related GTPases, although the molecular
mechanism of their action is studied less extensively than
in the case of Drpl. It was shown that Fzo1 integrates into
the outer mitochondrial membrane, binds GTP, and then
forms a dimer. The dimer is able to interact with another
Fzol dimer localized in the membrane of the opposing
mitochondrion [60]. The formation of such Fzol trans-
dimers is associated with the appearance of disulfide
bonds between the proteins on adjacent outer membranes
of fusing mitochondria [61]. Subsequent GTP hydrolysis
causes conformational rearrangement of mitofusins, fol-
lowed by their ubiquitination and proteolytic degradation
[60]. Unhydrolyzable GTP analogs inhibit the ability of
mitochondria to fuse [62]. The next stage — fusion of the
inner mitochondrial membranes — is mediated by the
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dynamin-related GTPase OPAI (or Mgm1 in yeast) [63,
64]. This protein binds to the outer surface of the inner
mitochondrial membrane and undergoes subsequent pro-
cessing by proteases localized in the intermembrane space
[65]. The processing leads either to protein maturation
[25] or to its inactivation [65, 66] depending on the site
where proteolysis occurs.

The processes of outer and inner membrane fusion in
vitro can be separated in time [25, 62]. In such case, the
fusion is accompanied by the appearance of separate
mitoplasts encapsulated by a common membrane. Such
structures were also detected in intact animal cells [67,
68] and in yeast [27, 69]. The lipid composition of mito-
chondrial membranes also plays an important role in their
fusion. Indeed, simultaneous suppression of cardiolipin
and phosphatidylethanolamine synthesis led to inhibition
of mitochondrial fusion in yeast [70].

ROLE OF TRANSMEMBRANE POTENTIAL
IN MITOCHONDRIAL FUSION

The uncoupling of respiration and oxidative phos-
phorylation induces mitochondrial fragmentation. This
effect is usually explained by inhibition of mitochondrial
fusion [71, 72]. Indeed, similar to uncouplers, respiratory
chain inhibitors [73-81], mutations in the genes encoding
respiratory chain subunits [74, 82, 83], or the loss of
mtDNA [72, 81, 84, 85] cause a decrease in mitochondr-
ial transmembrane potential and induce fragmentation of
mitochondria. It was shown that uncouplers prevent
mitochondrial membrane fusion in vitro [62, 86]. In
HelLa cells, mitochondrial fusion was inhibited by addi-
tion of the uncoupler CCCP but not by other compounds
that decrease cellular ATP levels [72].

All these observations led to a suggestion that the
ability of mitochondrial membranes to fuse is regulated
by their potential. Indeed, such an explanation seems to
be logical: fusion of uncoupled mitochondria with the
mitochondrial network might result in uncontrolled dissi-
pation of energy in the cell.

But how can changes in transmembrane potential
affect the activity of proteins mediating mitochondrial
fusion? At least two possible mechanisms were suggested.
(i) Depolarization of mitochondrial membrane inhibits
protein import into mitochondria. The inhibition of
import of PTEN-induced putative kinase 1 (PINKI1) left
it anchored on the outer surface of the outer mitochon-
drial membrane [87]. Subsequently, PINKI1 recruits
ubiquitin ligase Parkin from the cytoplasm, which ubiq-
uitinates proteins on the outer membrane surface. It was
shown that mitofusins could be targets of Parkin [88, §9].
Ubiquitinated mitofusins are proteolytically degraded,
which, in turn, prevents mitochondrial outer membrane
fusion [90]. Another possibility is that ubiquitination of
mitofusins per se can prevent mitochondrial fusion by
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inhibiting their ability for trans-dimerization. (ii) The
second mechanism relies on uncoupler-induced OPA1
proteolysis [91] and its consequent inactivation.
Processing of OPA1 is mediated by the proteases Ymel
and OMAI1 associated with the outer mitochondrial
membrane [65, 91]. This implies existence of a function-
al connection between their activities and the transmem-
brane potential. However, a question remains — is AW a
critical parameter for mitochondrial fusion capability?
Obviously, the effects of uncouplers in the cell are not
limited only to a decrease of A¥. They can also induce
changes in NTP/NDP ratios both in the mitochondrial
matrix and in the intermembrane space/cytoplasm. The
decrease in transmembrane potential should also affect
the redox status of the respiratory chain cofactors as well
as the distribution of ions and metabolites (which require
AY for their transport) between mitochondrial matrix
and intermembrane space. Moreover, a number of ex-
periments do not support the hypothesis that the trans-
membrane potential directly regulates mitochondrial
fusion.

1. The ATP synthase inhibitor oligomycin induces
fragmentation of mitochondria in many cell types of mul-
ticellular animals [72, 73, 75, 80]. However, inhibition of
ATP synthase by oligomycin does not decrease the mito-
chondrial transmembrane potential if the respiratory
chain is active and a significant proton leak is absent. It
was suggested that this effect of oligomycin could be
explained by its inhibitory action on the enzyme Na*/K*-
ATPase [79]. However, the mitochondrial network frag-
mentation was also detected in cells containing a muta-
tion in a gene of ATP synthase subunit ATP6 encoded in
the mitochondrial genome [82]. Moreover, the inhibitory
effect of oligomycin was directly shown for the outer
membrane fusion in vitro in the absence of an ATP regen-
erating system [25]. The effect of oligomycin on fusion
can be due to OPAI inactivation, which is induced by
ATP decrease. It was shown that proteolytic inactivation
of OPA1 could be induced by oligomycin as well as by
uncouplers or the respiratory chain inhibitor sodium
azide [92]. Thus, nucleotides rather than transmembrane
potential play a role in the proteolytic inactivation of
OPAL.

2. Oxidized glutathione induces mitochondrial
fusion in vitro [61]. An increase in oxidized glutathione
concentration indicates oxidative stress in the cell, which
may be either a cause or a consequence of mitochondrial
deenergization. Conversely, addition of the antioxidant
Trolox can shift the equilibrium between the fusion and
fission processes towards the formation of elongated
mitochondria mediated by induction of Mfn2 expression
[93]. It can be suggested that a decrease in transmem-
brane potential has two opposite effects on mitochondri-
al dynamics that develop at different rates. The fast effect
relies on cellular redox status regulation and promotes
mitochondrial fusion, and the slow one promotes fission.
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3. Saccharomyces cerevisiae cells lacking mtDNA
(Rho0) cannot generate transmembrane potential via res-
piratory chain function. Instead, they use ATP/ADP
antiporter to polarize their mitochondrial membrane up
to +55 mV [94]. Nevertheless, such mitochondria are
able to fuse, although less effectively than the wild-type
mitochondria (Rho™) [95]. Besides, we showed that addi-
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tion of the uncoupler FCCP does not fully inhibit mito-
chondrial fusion during mating of two respiratory-com-
petent yeast strains (Fig. 2). The uncoupler was not able
to inhibit mitochondrial fusion even in the case when one
of the mating strains harbored nonfunctional mtDNA,
despite the high sensitivity of such yeast mutants to
uncouplers [94]. In the experiments, we used a concen-
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Fig. 2. Uncoupling does not inhibit mitochondrial fusion in Saccharomyces cerevisiae. a) Representative photographs illustrating colocaliza-
tion of mtGFP and mtRFP signals in a zygote in the presence of 1 phM FCCP. Haploid cells of the opposite mating types expressing either
mitochondrially targeted GFP (mtGFP) or mitochondrially targeted RFP (mtRFP) were grown on a selective synthetic medium. Cells were
mixed under the conditions with inhibited fluorescent protein expression and in the presence of 1 pM FCCP. The mtGFP and mtRFP pro-
teins were visualized by fluorescence microscopy after 8 h. DIC, differential interference contrast. b) Fluorescence intensity profile of mtGFP

and mtRFP proteins. The profile line is shown on the DIC image.
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tration of FCCP that was sufficient to stimulate respira-
tion of yeast cells more than two-fold [96].

4. Finally, in vivo monitoring of mitochondrial
dynamics in animal cells showed that addition of uncou-
plers induced efflux of potential-sensitive fluorescent dye
from mitochondria, whereas mitochondrial fusion was
not inhibited and occurred soon after mitochondrial
depolarization [97].

Along with the experimental data, there is also a log-
ical argument against transmembrane potential being a
key regulator of mitochondrial fusion. Mitochondrial
dynamics are essential for mitochondrial quality control.
This process provides elimination of nonfunctional mito-
chondria, which cannot be removed in other ways [28]. It
was supposed that fusion and fission events ensure shuf-
fling of mtDNA molecules within the mitochondrial
reticulum. This allows elimination of defective mtDNA
molecules by the selective degradation of mitochondrial
fragments that contain them [33, 34]. Such a mechanism
of selection is possible if respiratory chain complexes dif-
fuse slowly in the inner mitochondrial membrane and
remain close to the mtDNA molecule that encodes them.
Indeed, it was shown that, due to restricted lateral diffu-
sion, the majority of respiratory chain complexes remain
within the same cristae where they were synthesized [98].
Another important condition for such a selection mecha-
nism is the inhibition of fusion of mitochondria contain-
ing mutant mtDNA with the rest of the mitochondrial
network. However, if the fusion process were regulated by
the transmembrane potential, then deleterious mutations
in the mitochondrially encoded ATP synthase genes
would escape such selection because inactivation of ATP
synthase inhibition should result in at least transient
increase in mitochondrial transmembrane potential. We
are not aware of any studies demonstrating the specific
accumulation of mutations in the mitochondrial genes
encoding ATP synthase subunits.

Thus, the question arises: what parameter of mito-
chondria controls mitochondrial fusion? We suppose that
NTP/NDP ratio in the intermembrane space is the most
likely to be the parameter that limits mitochondrial abili-
ty to fuse. This type of regulation can be possible due to
the diffusion barrier for nucleotide exchange between the
cytoplasm and the intermembrane space [99] and high
(0.3 mM) K, value of Mgm1 for GTP [100]. Our hypoth-
esis is consistent with the fact that the addition of uncou-
plers inhibits mitochondrial fusion: a decrease in trans-
membrane potential in the presence of functional ATP
synthase is likely to cause a decrease in the NTP/NDP
ratio. At the same time, NTP/NDP ratio is at least as
essential as mitochondrial transmembrane potential from
the point of view of cell physiology. Mitochondria per-
form a variety of functions [101], and energy transforma-
tion is one of them; therefore, elimination of mitochon-
dria unable to produce ATP does make sense from cell
physiology point of view.
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Our hypothesis predicts that “mild” uncouplers are
inefficient in preventing mitochondrial fusion because
the “mild” uncouplers do not target mitochondria with
relatively low levels of transmembrane potential.
Therefore, while these compounds prevent mitochondri-
al hyperpolarization, they affect the rate of ATP synthesis
to a much lesser extent [102]. Indeed, very recent experi-
ments showed that continuous incubation of cells in the
presence of low concentrations of dodecyl triphenylphos-
phonium or dinitrophenol, which can act as a “mild”
uncoupler [103], increases of the average length of mito-
chondria [104]. We expect that further in vitro experi-
ments with “mild” uncouplers will clarify the role of the
transmembrane potential and NTP/NDP ratio in mito-
chondrial dynamics.

The study was financially supported by the Russian
Scientific Foundation (grant No. 14-14-00181).
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