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The genome of mitochondria, called mtDNA, is a small circular DNA
molecule present at thousands of copies per human cell. MtDNA is pack-
aged into nucleoprotein complexes called nucleoids, and the density of
mtDNA packaging affects mitochondrial gene expression. Genetic processes
such as transcription, DNA replication and DNA packaging alter DNA top-
ology, and these topological problems are solved by a family of enzymes
called topoisomerases. Within mitochondria, topoisomerases are involved
firstly in the regulation of mtDNA supercoiling and secondly in disentan-
gling interlinked mtDNA molecules following mtDNA replication. The
loss of mitochondrial topoisomerase activity leads to defects in mitochon-
drial function, and variants in the dual-localized type IA topoisomerase
TOP3A have also been reported to cause human mitochondrial disease.
We review the current knowledge on processes that alter mtDNA topology,
how mtDNA topology is modulated by the action of topoisomerases, and
the consequences of altered mtDNA topology for mitochondrial function
and human health.
1. Introduction
The mitochondria of eukaryotic cells are the product of an ancient endosymbio-
tic merger between an alpha-proteobacterium and a host cell [1]. While the
original bacterial endosymbiont may have been expected to possess several
thousand genes [2], a process of gene loss, and the transfer of genes to the
nucleus, means that mitochondria are no longer functionally independent.
Nevertheless, mitochondria retain a small and highly reduced vestige of the
original bacterial genome, called mitochondrial DNA or mtDNA. Mitochondria
are the site of a number of essential cellular processes, including oxidative phos-
phorylation (OXPHOS), fatty acid oxidation, and the biosynthesis of iron–sulfur
clusters and haem. The majority of cellular energy, in the form of ATP, is gener-
ated via OXPHOS, which is carried out by five large multi-subunit protein
complexes at the inner mitochondrial membrane (IMM). All of the protein pro-
ducts of mammalian mtDNA are components of the OXPHOS machinery, with
mtDNA-encoded genes contributing 13 of the approximately 90 proteins that
constitute the OXPHOS complexes [3]. The human mitochondrial genome is
a double-stranded, circular, multicopy DNA molecule. A human cell contains
between several hundred and several thousand copies of mtDNA, dispersed
within the cellular mitochondrial network [4]. A loss of mtDNA function
(resulting from mutations or deletions in mtDNA), or an inability to maintain
a sufficient number of copies of mtDNA per cell (termed mtDNA depletion),
cause a sub-group of human mitochondrial diseases. The close association
between mitochondria and cellular energy production means that these dis-
orders commonly manifest in tissues with high metabolic demand, such as
the brain and muscle [5].
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The current best estimate for the number of proteins
that localize to mitochondria in human cells is approximately
1100 [6,7]. Aside from the 13 mtDNA-encoded genes of
the OXPHOS complexes, all mitochondrially localized pro-
teins are therefore encoded in the nucleus and must be
targeted to mitochondria and post-translationally imported
via a specialized import machinery [8]. The mitochondrial
genome is therefore under nuclear genetic control, with an
estimated 250–300 nuclear-encoded proteins being required
for mtDNA expression [9].

All transactions between proteins and DNA sequences
cause alterations to the topology of the DNA. As with any
B-form dsDNA molecule, mtDNA adopts a right-handed
double-helical structure, with the genetic information being
contained at the centre of this helix. In order to replicate,
repair or transcribe mtDNA, interacting proteins must
manipulate the structure of the DNA molecule in order to
gain access to the genetic sequence. Conversely, the packa-
ging of mtDNA by proteins also alters the topology of
mtDNA, and consequently also the accessibility of sequence
elements required for transcription and replication [10]. The
manipulation of DNA topology is generally considered to
be essential for genome function, for example for activating
transcription [11], but also creates possibilities for genome
instability [12]. Mechanisms are therefore required to main-
tain the topological state of DNA, and a family of enzymes
called topoisomerases is involved in maintaining proper
DNA topology in all domains of life [13].

In the case ofmtDNA, defects in eithermtDNA replication
or transcription manifest as the impairment of OXPHOS
and mitochondrial dysfunction, which may lead to mito-
chondrial disease. In this review, we explore the factors that
impact upon mtDNA topology, the mechanisms that regulate
this topology and the consequences when these mechanisms
are dysfunctional.
2. Structure and function of mitochondrial
DNA

Human mtDNA is a 16 569 bp circular dsDNA molecule with
genes encoded on both strands [14,15]. In addition to encod-
ing protein products of the OXPHOS machinery, mtDNA also
encodes all of the RNA molecules required for the expression
of these proteins, consisting of a minimal set of 22 tRNAs and
two ribosomal RNAs (figure 1a). The two strands of mtDNA
are designated as the ‘heavy’ and ‘light’ strands, as their dif-
fering guanine contents confer different buoyancies during
alkaline CsCl2 density gradient centrifugation [16].

Similar to its bacterial ancestors, mtDNA is highly
compact and does not contain introns. Human mtDNA
possesses only one major non-coding region (NCR), which
contains a number of sequence elements that are required
for the replication and expression of mtDNA. This includes
the promoters for mitochondrial DNA transcription, termed
the light-strand promoter (LSP) and the heavy-strand promo-
ter (HSP), and the origin of replication for the heavy strand
(OriH) [17]. The origin of replication for the light strand,
OriL, is found within a small separate NCR within a cluster
of tRNAs. The two replication origins, OriH and OriL, are
sometimes thought of as dividing the mtDNA into two
unequal parts, termed the major arc and the minor arc.
In the NCR of a proportion of mtDNA molecules, a 650 nt
piece of single-stranded DNA is stably incorporated to form
a D-loop structure [18,19]. The proportion of mtDNA mol-
ecules containing a D-loop has been found to range from
around 10% to around 90%, depending upon the cell or
tissue type analysed [18,20–25]. The additional linear strand
of the D-loop is called 7S DNA and spans the region between
multiple sites close to OriH (at the 50 end of 7S DNA) and the
termination-associated sequence (TAS) close to the gene for
mt-tRNAPro (at the 30 end of 7S DNA) [26]. The fact that the
50 ends of 7S DNA are coincident with OriH [27–29] has
suggested that 7S DNA may represent either an abortive
replication product or a replication primer [30]. However,
the D-loop is rapidly turned over, with a half-life of approxi-
mately 1 h, and around 95% of replication initiation events
result in 7S DNA synthesis rather than full-length mtDNA
replication [31,32]. A clear precursor–product relationship
between 7S DNA and replication of full-length mtDNA has
been elusive, and so the exact reason why the D-loop is main-
tained and turned over, at significant energetic cost, remains
unclear [33].

Unlike nuclear gene expression, protein synthesis in
mitochondria is not compartmentalized, with transcription
and translation both taking place within the mitochondrial
matrix. Mitochondrial transcripts are processed within struc-
tures termed RNA granules [34], found adjacent to the
mtDNA, and their protein products are embedded directly
into the IMM by the mitoribosome during translation
[35–37]. The ability of mtDNA to diffuse freely around the
mitochondrial network is limited [38]. Mitochondrial dyna-
mics, that is, fission and fusion of the mitochondrial
network, is required in order to facilitate the distribution of
mtDNA within the cell [39–41]. The mitochondrial function
of a cell can therefore be affected either by a depletion in the
number of mtDNAmolecules, or by a loss of mtDNA stability
(in the form of deletions or mutations) in a subset of the
mtDNA molecules within a cell [5].
3. Topological considerations for mtDNA
Despite being a circular genome of bacterial origin, mtDNA
has a number of unusual features that confounds simple
comparisons with bacterial mechanisms of DNA topology
control. Many of the proteins that replicate and transcribe
mtDNA are homologous to bacteriophage proteins, rather
than to bacterial proteins. This includes the mitochondrial
DNA polymerase catalytic subunit POLGA, the replicative
helicase TWINKLE and the RNA polymerase POLRMT, all
of which show homology to proteins of the T-odd lineage
of bacteriophages [42,43]. The T7 DNA polymerase uses
the E. coli host thioredoxin as an accessory factor [44], a
role that is functionally replaced by the accessory factor
POLGB in mitochondria [45,46]. Other essential proteins of
the mtDNA replication machinery, such as mitochondrial
single-stranded DNA-binding protein (mtSSB) and topoi-
somerases, are either of bacterial origin or shared with the
nucleus [47–49], asmay be predicted from the endosymbiotic
theory. Mitochondria operate an unusual asynchronous
method of DNA replication [50,51] and do not appear to
possess amachinery andmechanism for homologous recom-
bination [52], both of which have implications for mtDNA
topology control. Topological domains within mtDNA, if
present, would presumably be determined by the orientation
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Figure 1. mtDNA structure, distribution and packaging. (a) Map of human mitochondrial DNA. The loci of genes encoded on the L-strand (inner circle) and the
H-strand (outer circle) are indicated. (b) Distribution of mtDNA nucleoids within a human cell. Representative super-resolution Airyscan image of a HeLa cell, with
the mitochondrial network labelled using an antibody against the outer membrane protein TOM20 (magenta), mtDNA nucleoids labelled with an anti-DNA antibody
(green) and the nucleus stained using DAPI (blue). Merged and single channels are shown. Scale bar represents 10 µm. (c) Packaging of mtDNA by TFAM. The
binding of TFAM bends and compacts mtDNA to form the nucleoid. Greater concentrations of TFAM create increasingly compacted nucleoids that are unable to
undergo transcription and replication. (d ) Three-dimensional rendered super-resolution microscopy image of packaged mtDNA nucleoids within a mitochondrion.
A three-dimensional cross-section of TOM20 (red) and mtDNA nucleoids (blue) was acquired using STED microscopy in a HeLa cell. To visualize the nucleoids as
three-dimensional objects, the acquired z-stack was deconvolved and rendered using the surface render function within the Huygens Essential software package.
Scale bar represents 0.5 µm.
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of transcription units and replication origins, and by poten-
tial interactions with the IMM, and will be discussed in the
following sections.

3.1. mtDNA packaging
Like nuclear and bacterial chromosomes, mitochondrial
DNA is packaged into an ordered nucleoprotein complex
that, by analogy to bacterial chromosomes, is termed the
nucleoid [53]. In microscopy images, nucleoids can be visual-
ized as punctate foci uniformly spread throughout the
mitochondrial network (figure 1b) [4,54,55]. The more
recent application of super-resolution microscopy techniques
tomtDNAhas determined that themajority of nucleoids con-
tain only a single-mtDNA molecule rather than consisting of
mtDNA multimers [56,57], suggesting that mitochondrial
genomes act as functionally independent units. Nonetheless
multimeric mtDNAs, and more complex junction-containing
mtDNA forms, have also been described in cells [58],
and particularly in human cardiac tissue, using gel-based
methods and electron microscopy [59,60]. The mechanisms
and proteins involved in the formation of these multimeric
structures remain poorly understood, but may result from
particularly high levels of stalled or aberrant mtDNA
replication intermediates in the heart.
A large number of proteins that interact with nucleoids
have been identified using immunoprecipitation and proxi-
mity biotinylation [61–64]. However, the primary nucleoid
protein involved in the packaging of mtDNA is the bifunc-
tional mtDNA packaging and transcription factor TFAM
(figure 1c) [65]. TFAM is abundant enough to entirely coat
mtDNA [56,66,67], and ChIP-seq data have indicated that
TFAM binds throughout the mitochondrial genome [68].
The binding of TFAM creates sharp U-turns in the DNA
both at promoters [69,70] and in a non-sequence specific
manner [71,72]. TFAM shows cooperative binding to
mtDNA [57,73,74] and cross-strand binding [57] that explains
how the mitochondrial genome is compacted from a contour
length of around 5 µm, for unbound mtDNA, into a structure
with a diameter of 100 nm in vivo (figure 1d ) [56].

It appears likely that the degree of packaging of mtDNA
by TFAM acts to regulate transcription and replication
activity within mitochondria. The binding of DNA by
TFAM in the presence of the mitochondrial type IB
topoisomerase TOP1MT induces supercoiling in vitro [75],
highlighting the topological changes that are created
during mtDNA packaging. At physiological TFAM concen-
trations, nucleoids of different packaging densities can be
observed, ranging from small and densely packaged com-
plexes to large and mostly unbound mtDNA [57,76,77]. By
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reconstituting nucleoid packaging in vitro it has been found
that a dense packaging of nucleoids inhibits transcription
and replication. Although TFAM is required for these pro-
cesses as an essential transcription factor, high levels of
TFAM binding presumably restrict access to the required
cis-elements. This has led to the suggestion that small
changes in the concentration of TFAM could cause large
alterations to mtDNA transcription, and thereby act as a
method to modulate mitochondrial gene expression and
mtDNA replication [76]. Consistent with this idea, nucleoids
have been observed using microscopy that are actively
undergoing DNA synthesis but show very little TFAM stain-
ing [78], suggesting that unpackaged nucleoids could be
linked to gene expression and replication while more com-
pact nucleoids are used for mtDNA storage.

3.2. Membrane association of mtDNA
The attachment of mtDNA to membrane structures, either
at the origins of replication or elsewhere, has consequences
for the formation of topological domains, catenated DNA
replication products and DNA segregation. Clear associ-
ations between mtDNA and the mitochondrial membrane
have been described in non-human systems that aid in the
segregation of mtDNA following replication. For example,
in trypanosomes, the tripartite attachment complex (TAC)
spans the double mitochondrial membrane to directly
link the kinetoplast DNA (kDNA) to the basal body of
the flagellum to drive kDNA segregation [79]. Double
membrane-spanning structures have also been described in
budding yeast that may link mtDNA replication to segre-
gation of the replicated genome by mitochondrial dynamics
[80,81]. Similarly, human mtDNA is also found closely
associated with the cristae structure of the IMM [53,82],
although the identity of factors responsible, and specific
loci for attachment within mtDNA, have been more elusive.
An early EM study found a protein complex of membrane
derivation to be associated with the OriH region of
mtDNA [83], although the proteins involved have not been
identified. The localization of the mitochondrial replicative
helicase TWINKLE to the IMM suggests that, at least
during replication, mtDNA is membrane-bound [84], which
would inhibit the formation of interlinks between replicating
mtDNA molecules. The structure and lipid composition of
the IMM are also important determinants of mtDNA distri-
bution and stability. The study of this relationship is made
challenging by the fact that mtDNA-encoded proteins are
themselves structural components of the cristae membranes.
Nevertheless, mtDNA is found at regions of high cholesterol
content [85] and defects in the biogenesis of cholesterol affect
the stability of mtDNA [86,87], suggesting a role in mtDNA
attachment or maintenance. The link between mtDNA and
mitochondrial membrane structure has also been covered in
detail elsewhere [88,89].
4. Topoisomerases and mitochondria
In a covalently closed circular DNA molecule such as
mtDNA, there are no free DNA ends that can rotate in order
to relieve topological strain, and the linking number of the
DNA molecule is therefore fixed. In such topologically con-
strained molecules, transactions between proteins and the
DNA duplex create overwound and underwound regions
of DNA, called positive and negative supercoils (figure 2a).
Positive supercoiling represents the tightening of the DNA
duplex, and unresolved positive supercoiling will eventually
inhibit the progression of DNA and RNA polymerases. Nega-
tive supercoiling represents the opening of dsDNA and
promotes replication and transcription initiation, as well as
the formation of D-loops and other alternative DNA
structures [90]. In order to be able to manipulate DNA super-
coiling, cells use a family of enzymes called topoisomerases
[13]. A topoisomerase creates a transient break in the DNA
backbone that can be used to untwist and untangle DNA
before the break is re-sealed. Topoisomerases play essential
roles in DNA packaging, transcription, DNA replication and
recombination [13].
4.1. Topoisomerase mechanisms
Topoisomerases are divided into sub-groups depending
upon whether they break one strand of DNA (type I) or
both strands of dsDNA (type II), with these two types
further subdivided according to their reaction mechanism.
The human genome encodes six topoisomerases, with two
each of type IA (TOP3A and TOP3B), type IB (TOP1 and
TOP1MT) and type IIA (TOP2A and TOP2B). Type IA and
type IIA enzymes both employ an enzyme-bridged strand-
passage mechanism to alter DNA topology. These enzymes
create a break in the DNA (in ssDNA for type IA or in
dsDNA for type IIA), then an intact DNA strand is passed
through the break, and the break is resealed (figure 2b,c). If
the broken and passaged strands originate from the same
DNA molecule then the result is relaxation of the DNA,
whereas if the strands are from separate molecules then the
result is the linking (catenation) or unlinking (decatenation)
of the two molecules [91]. Type IB topoisomerases, on the
other hand, act by creating a nick in dsDNA and allowing
the nicked strand to undergo a controlled rotation around
the intact strand in order to relieve topological tension
within the DNA molecule (figure 2d ) [91]. This mechanism
allows type IB topoisomerases to regulate intramolecular
supercoiling, while the strand–passage mechanism of type
IA and IIA topoisomerases additionally permits a role in the
decatenation of interlinked DNA replication intermediates.
4.2. The localization and function of human
topoisomerases

A prerequisite for a topoisomerase to act uponmtDNA is that
it colocalizes with mtDNA in the mitochondrial matrix. The
import of proteins into mitochondria is a highly controlled
process, as a result of the requirement that the IMM be
impermeable to protons in order to carry out OXPHOS.Mito-
chondrial proteins are directed for import using specialized
targeting sequences that can often, but not always, be
predicted computationally [8]. Assigning mitochondrial
localization to a protein is made challenging by the lack of
targeting sequence consensus, and by the fact that targeting
sequences are not always located at the N-terminus of
the protein. A determination of mitochondrial localization
must therefore be made based upon a combination of
computational predictions and empirical observation.
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winding of this DNA molecule causes the formation of negative supercoils (lower left), while the over-winding of this DNA causes the formation of positive supercoils
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depending upon the structure of the substrate. (c) Mechanism of type IIA topoisomerases. A transient break is created in dsDNA, an intact dsDNA strand is passed
through the gap, and the break is resealed. This mechanism allows the removal of supercoiling (left) or the decatenation of interlinked dsDNA molecules (right).
(d ) Mechanism of type IB topoisomerases. A nick is introduced into dsDNA, and then the DNA is allowed to undergo a controlled rotation in order to dissipate either
positive or negative supercoiling.
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The two human type IA topoisomerases, TOP3A and
TOP3B, are homologous to the E. coli topoisomerase III.
TOP3A has a dual localization within mammalian cells,
with isoforms targeted to either the nucleus or the mitochon-
dria depending upon the choice of translation start site
[40,92,93]. Translation from an upstream start site generates
an isoform of TOP3A that bears an N-terminal mitochondrial
targeting sequence, whereas translation from a downstream
start site generates a shorter isoform of TOP3A that lacks
this targeting sequence and localizes to the nucleus [92].
The nuclear form of TOP3A forms a complex together with
the OB-fold proteins RMI1 and RMI2, and the RecQ-family
helicase BLM, collectively called the BTRR complex [94–96].
This complex is required for the non-crossover resolution
(dissolution) of Holliday junctions that arise during DNA
recombination [95,97]. Interestingly, nuclear TOP3A has also
recently been shown to have the capacity to cooperate with
the DNA translocase PICH to introduce positive supercoils
[98]. The removal of DNA interlinks by TOP2A is stimulated
by positive supercoiling [99], suggesting that the introduction
of positive supercoils into interlinked chromosomal DNA by
the coordinated action of TOP3A and PICH may act to pro-
mote the subsequent removal of these interlinks by TOP2A
at the onset of anaphase [98]. However, these binding part-
ners of nuclear TOP3A do not appear to also localize to
mitochondria [93], and it is unclear if they are functionally
replaced by other factors. The mitochondrial isoform of
TOP3A instead appears to be involved in the decatenation
of mtDNA molecules during replication, described further
in section 6.

TOP3B is unique in being able to process RNA substrates,
and localizes to both the nucleus and the cytosol. TOP3B
forms a complex with TDRD3 and appears to play a role in
the regulation of nuclear transcription, possibly through pre-
venting the formation of R-loops, with the loss of TOP3B
resulting in neurological phenotypes [100–103]. Cytosolic
TOP3B is found associated with polyribosomes, suggesting
that the RNA topoisomerase activity of TOP3B may addition-
ally be required to resolve topological problems with mRNA
during translation [104].

The two human type IB topoisomerases, TOP1 and
TOP1MT, are expressed from paralogous genes [105]. These
two genes have diverged and become specialized for different
cellular compartments, with the TOP1 sequence possessing a
number of nuclear localization signals that direct it to
the nucleus, while TOP1MT encodes an N-terminal mito-
chondrial targeting sequence that results in its exclusive
localization to mitochondria [105,106]. TOP1 has a well-
characterized role in regulating supercoiling during nuclear
transcription [107,108]. The loss of TOP1MT expression is
associated with the dysregulation of mitochondrial transcript
levels, suggesting a comparable role for TOP1MT in mito-
chondria [109,110]. TOP1MT additionally has a proposed
role in the regulation of mitochondrial translation [111,112].
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TOP1MT is not an essential gene in mice, although knockout
animals show alterations to mtDNA supercoiling as well
as phenotypes associated with impaired mitochondrial func-
tion, also consistent with a role for TOP1MT in mtDNA gene
expression [113,114].

The two human type II topoisomerases, TOP2A and
TOP2B, play separate roles in nuclear DNA maintenance
and expression. TOP2A is only expressed in actively dividing
cells [115,116], where it is required for the removal of
chromosome interlinks during anaphase [117–119]. TOP2B,
alternatively, is constitutively expressed [120] and has a pri-
mary function in transcription regulation [115,121]. There is
evidence of localization of both TOP2 isoforms to mitochon-
dria in human cells. A number of early studies detected the
presence of TOP2 activity in mitochondrial extracts [122–
125], while more recent studies have observedmitochondrial
localization using cell fractionation, confocal microscopy
and mass spectrometry [114,126,127]. Mitochondrially loca-
lized TOP2 isoforms have been suggested to be involved in
mtDNA replication [48,127] and in the maintenance of the
mtDNA D-loop [114]. Our own localization data has not
found evidence for either TOP2A or TOP2B in mitochondria
[93]. Neither TOP2A nor TOP2B possess a recognizablemito-
chondrial targeting sequence, and so it remains to be
determined if and how these two proteins are targeted for
mitochondrial import.
5. mtDNA topology during mitochondrial
transcription

5.1. Transcription units and mechanism
Mitochondrial DNA is transcribed from two promoters, LSP
and HSP, which are located close together, and on opposite
strands, in the mtDNA NCR [17]. Transcription initiation
from LSP also generates a primer for the initiation of
mtDNA replication, as discussed in the next section.
Transcription in mitochondria is polycistronic, generating
near genome-length transcripts that are cleaved by the endor-
ibonucleases RNaseP [128] and ELAC2 [129,130] to release
individual mt-mRNAs, mt-tRNAs and mt-rRNAs [131].

A series of elegant biochemical and structural studies
have culminated in a model for the initiation of mtDNA tran-
scription from both LSP and HSP. Initiation requires three
proteins: the mitochondrial RNA polymerase, POLRMT;
and two transcription factors, TFAM and TFB2M [132].
First, TFAM binds upstream of the transcription start site
(TSS), inducing a sharp bend in the DNA [69,70], and recruits
POLRMT to the TSS [133,134]. TFB2M then binds and aids
melting of the promoter DNA [135–137], allowing RNA syn-
thesis to initiate (figure 3a). Once the initiation factors have
been released, the transcription elongation factor TEFM is
recruited to the transcribing polymerase and increases the
processivity of POLRMT to allow the synthesis of long poly-
cistronic transcripts (figure 3b) [138–141].

Transcription from LSP is believed to be terminated by the
protein mTERF1, which binds strongly to the mt-RNALeu(UUR)

locus (figure 3c) [142]. mTERF1 exhibits a polarity in its DNA
binding, preferentially terminating transcription from the
direction of LSP [143–145].

The mechanism of transcription termination for transcripts
initiated from HSP remains less well defined, although termin-
ationhasbeenobserved tooccur in thevicinityofTAS (figure 3c)
[146–148]. The presence of L-strand RNA beyond TAS, span-
ning the mtDNA control region, has also been described in
some circumstances [110,146,148–151].

5.2. Control of mtDNA topology during transcription
A moving transcription machinery creates localized regions
of positive supercoiling ahead of the RNA polymerase and
negative supercoiling behind [152,153]. In a small circular
genome such as mtDNA, domains of differential supercoiling
can be created either by the anchoring of the DNA to an
immobile structure (such as the IMM), or by the presence of
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transcription units oriented in opposite directions [152]. As
discussed in section 3, it remains unclear if and how
mtDNA is anchored to the IMM, and so the degree to which
mtDNA can freely rotate in order to relieve topological
strain is unknown. Because the two mtDNA promoters are
located on opposite strands, and oriented in opposite direc-
tions, simultaneous transcription from both LSP and HSP
would be expected to create domains of positive and negative
supercoiling, in front of and behind the two advancing RNA
polymerases. However, the close proximity of HSP and LSP
initiation complexes [154] suggests the possibility that tran-
scription from the two promoters is coordinated. LSP and
HSP also have differing TFAM requirements for activation
in vitro [132,155]. A clearer picture of the relative regulation
of LSP and HSP in vivo would enable a better understanding
of the topology of mtDNA during transcription.

The mitochondrial type IB topoisomerase, TOP1MT, has
been linked to the regulation of mtDNA topology during
transcription. TOP1MT physically interacts with POLRMT
and has been observed to localize to transcriptionally
active nucleoids [109], suggesting that it is involved in
removing transcription-associated supercoiling. As a type
IB topoisomerase, TOP1MT has the capacity to remove both
positive and negative supercoiling and so could act either
ahead of, or behind, the mitochondrial transcription machin-
ery. Interestingly, the knockout of TOP1MT is associatedwith
increased negative supercoiling ofmtDNA [114], aswell as an
increased level of mtDNA-encoded transcripts. This suggests
that, unless changes to transcript levels are mediated post-
transcriptionally, that the action of TOP1MT normally acts
to repress transcription [109,110]. TOP1MT knockout mice
additionally accumulate non-coding L-strand RNA from the
control region, indicative of transcription proceeding past
its normal termination site close to TAS [110]. Binding sites
for TOP1MT have been mapped to the mtDNA control
region, including the promoter region [156,157]. Taken
together, these results suggest that the control of mtDNA top-
ology by TOP1MT is normally required to regulate mtDNA
transcription initiation and possibly termination.

The potential roles of other mitochondrial topoisomerases
in removing transcription-associated supercoiling are yet
to be studied, although treatment of cultured cells with
compounds known to target TOP2 isoforms has been found
to result in a reduction of the steady-state levels of some
mitochondrial transcripts [127].

Unresolved supercoiling would eventually be expected
to inhibit the progress of the mitochondrial transcription
machinery, resulting in premature transcription termination.
The tRNA punctuation model dictates that mitochondrial
RNAs are synthesized in equimolar ratios as polycistronic
transcripts before being processed [131]. The inhibition of
transcription progression would therefore lead to a deple-
tion of promoter-distal transcripts; a phenotype that is also
seen upon the loss of the transcription elongation factor
TEFM [138,141].
6. mtDNA topology during DNA replication
6.1. Mechanism of mtDNA replication
A small number of core proteins are minimally required to
synthesize mtDNA. The mitochondrial DNA polymerase,
POLγ, is a heterotrimer consisting of one catalytic subunit,
POLGA, and two copies of an accessory subunit, POLGB
[158]. POLγ alone is unable to synthesize DNA using a
dsDNA template, and a helicase is required to unwind the
dsDNA ahead of the replication fork [159]. The replicative
helicase in mitochondria, TWINKLE, forms a hexamer and
unwinds dsDNA in the 50 to 30 direction [43,160]. Addition-
ally, mtSSB stimulates the processivity of POLγ and the
helicase activity of TWINKLE [159,161]. A dedicated primase
has not been identified for mtDNA replication, and unu-
sually the RNA primers for mtDNA replication are created
by the mitochondrial RNA polymerase POLRMT [162,163].

HumanmtDNA contains two canonical replication origins,
oriented in opposite directions, termed OriH andOriL. OriH is
located in the NCR, close to LSP, whereas OriL is located in a
cluster of tRNAs around 10 kb downstream of OriH. Replica-
tion from OriH begins with transcription initiation by
POLRMT from LSP, with this transcription terminating in a
region of conserved sequence blocks (CSBs) located between
LSP and OriH (figure 4a). The 30 end of this primer has been
mapped predominantly to CSB II, suggesting that RNA-DNA
transitions take place in this region [28,164,165]. CSB II is GC-
rich, and the formation of a G-quadruplex structure between
the primer RNA and the non-template H-strand produces a
stable R-loop [166–168]. The processing of the 30 end of this
R-loop by RNASEH1 generates a 30 end that can be used
by POLγ to initiate replication in a reconstituted system [169].
An essential role for mtSSB in directing primer formation
during mtDNA replication initiation has also recently been
described [170].

Replication initiation from OriL is also primed by
POLRMT. In this case, POLRMT recognizes a stem-loop
structure that forms in the single-stranded OriL sequence
to generate an RNA primer from a poly(T) stretch in the
loop of the hairpin [162,163]. Because the formation of this
stem-loop requires OriL to be in a single-stranded confor-
mation, leading-strand replication from OriH (figure 4b)
must reach and displace the OriL sequence before lagging-
strand synthesis can be initiated (figure 4c) [171,172]. This
leads to a substantial delay between replication of the two
mtDNA strands.

The exact mechanism of mtDNA replication has been the
subject of a substantial amount of debate [51,173,174]. The
strand displacement model, formed on the basis of early elec-
tron microscopy studies of replicating mouse mtDNA [171],
proposes that the displaced parental H-strand is coated
with mtSSB during the period between replication initiation
at OriH and initiation at OriL. The stem-loop structure at
OriL excludes mtSSB from binding at this site, in order to
permit primer synthesis by POLRMT [163].

A separate model, known as ‘ribonucleotide incorpor-
ation throughout the lagging strand’ (RITOLS), proposes
that the displaced H-strand is instead coated by RNA
[175–177]. This RNA was later found to be sourced from
processed transcripts that are hybridized to the displaced
H-strand as the DNA polymerase complex advances,
termed the ‘bootlace’ mechanism [178]. A protein machinery
for achieving this, as yet, has not been identified.

Fully double-stranded mtDNA replication intermediates,
resulting from the simultaneous synthesis of the leading and
lagging strands, can also be observed. This strand-coupled
mode of mtDNA replication was put forward mostly
using evidence from neutral two-dimensional agarose gel
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electrophoresis (2D-AGE) data, which shows the existence of
mtDNA replication intermediates that migrate similarly to
dsDNA structures that can be visualized using the same
method in yeast and bacteria [179,180].

Due to the asymmetric nature of mtDNA replication,
the termination events for mtDNA synthesis take place in
different locations for each parental strand. The topoisome-
rase TOP3A is required for the decatenation of replicated
mtDNA molecules (figure 4d ), as large catenated networks
of mtDNA accumulate in the absence of mitochondrial
TOP3A activity. Replication termination events have been
broadly mapped to the OriH region, suggesting that this is
a primary site of mtDNA replication termination [93].

The potential for conflict between replication and transcrip-
tion also presents a risk for mtDNA topology. Replication
initiation from OriH proceeds in the opposite orientation to
transcription from HSP, creating the possibility of collisions
between the replication and transcriptionmachineries.Whether
transcription and replication occur simultaneously within the
same mtDNA molecule, beyond the necessity of transcription
initiation at LSP to prime replication from OriH remains
poorly understood. As noted previously, the proximity of LSP
and HSP suggests the possibility that initiation from these two
sites is regulated [154]. The mitochondrial transcription termin-
ation factormTERF1,which binds to themt-tRNALeu(UUR) locus
and preferentially terminates transcription from LSP [143–145]
also shows contrahelicase activity that serves to pause
mtDNA replication [181,182]. This suggests the possibility that
this locus, and the action of mTERF1, could be used to regulate
the bypass of replication and transcription complexes.
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6.2. Control of mtDNA topology during mtDNA
replication

6.2.1. Comparison with bacterial and bacteriophage DNA
replication

The topological forces acting upon replicating circular gen-
omes, and the action of topoisomerases during replication, is
best understood in model bacteria such as E. coli. During repli-
cation elongation, a moving replisome creates a localized
region of positive supercoiling ahead of the replication fork,
similar to the situation during transcription. However, com-
pared with transcription, DNA replication bears the added
complication of having two nascent daughter DNA molecules
behind the replisome, creating the possibility that supercoiling
can be dispersed behind the replisome to create intertwines
between the two daughter molecules (figure 4e) [183]. If left
unresolved, these intertwines, termed precatenanes, lead to
the formation of catenated daughter genomes during replica-
tion termination that necessitates a type II topoisomerase
activity for their removal [184–186].

During replication termination, the convergence of two
replication forks either generates a hemicatenane that that
can be resolved by a type IA topoisomerase such as TopoIII
(figure 4f ), or complete replication of the molecules
forms duplex interlinkages that can be removed by a type II
topoisomerase (figure 4g).

The paradigm of E. coli DNA replication indicates that both
type I and type II topoisomerases can act to remove chromosome
interlinkages during replication elongation and termination.
E. coli possesses two type II topoisomerases, gyrase and
TopoIV, with gyrase acting primarily to regulate supercoiling
and TopoIV acting primarily to remove chromosome interlin-
kages during replication [187,188]. However, TopoIII, a type
IA topoisomerase, can also act as a decatenase by acting upon
hemicatenanes and single-stranded regions of un-replicated
DNA template both in vitro and in vivo [189–191].

The applicability of this bacterial model to human
mitochondrial DNA depends upon both the mechanism of
mtDNA replication and the localization of human topoisome-
rases, in the sense that these factors determine the DNA
structures that can be produced and the enzymes present
that are capable of processing them.

As previously noted, several proteins of the mtDNA repli-
cation machinery are related to bacteriophage proteins of the
T-odd lineage [42]. The mitochondrial helicase TWINKLE is
related to the T7 gp4 primase-helicase [43], which creates pri-
mers for coupled leading- and lagging-strand replication
during replication of the phage T7 genome [192]. Replication
in T7 results in the formation of linear concatemers that
require endonucleolytic processing prior to packaging [193].
By contrast, mitochondrial TWINKLE has lost the primase
activity of gp4, with primers instead being synthesized by
POLRMT [162,163]. This uncoupling of replication of the
two DNA strands may increase the availability of ssDNA
regions to act as substrates for type IA topoisomerases.
6.2.2. mtDNA replication initiation and elongation

In strand displacement mtDNA replication, the initiation of
mtDNA synthesis from OriH can produce either 7S DNA (to
form the D-loop) or initiate full-length mtDNA replication.
Pulse labelling studies of replicating mtDNA have suggested
that the synthesis of the D-loop removes negative supercoils
to produce mtDNA in an open circular form [16,31]. The
mitochondrial type IB topoisomerase TOP1MT binds to the
mtDNA NCR close to sequence elements that are essential
for mtDNA replication, including OriH and TAS at both
ends of the D-loop [156,157]. This suggests that TOP1MT
could regulate the supercoiling of mtDNA during replication
initiation. However, the observation that mtDNA copy
number is maintained in the absence of TOP1MT activity
[93,114] suggests that this activity would not be essential, or
alternatively that it can be performedbyanothermitochondrial
topoisomerase in the absence of TOP1MT. When both
TOP1MT and TOP3A are depleted from human cells, severe
defects in mtDNA maintenance are observed [93] that may
support the idea that TOP3A can compensate for the absence
of TOP1MT in the removal of negative supercoiling during
mtDNA replication.

During the elongation phase of mtDNA replication, the
accumulation of positive supercoiling ahead of the replisome
may be expected to promote the rotation of the replisome,
resulting in the formation of precatenanes. These precatenanes
could be removed by TOP3A, using ssDNA regions in the
replicating DNA for strand passage. Precatenanes that are left
unresolved following the completion of DNA synthesis
would require a type II topoisomerase activity (TOP2A or
TOP2B) for their removal. However, an association between
the mitochondrial replisome and the mitochondrial inner
membrane during mtDNA replication [84] may prevent this
rotation of the replisome and therefore inhibit the formation
of intertwines between the two daughter mtDNA molecules.
In this case, topoisomerase activities would be required
to remove localized regions of supercoiling ahead of, and
behind, the replisome.Negative supercoiling could be resolved
by TOP1MT, TOP3A or a type II topoisomerase, whereas
positive supercoiling could only be resolved by TOP1MT or a
type II topoisomerase.
6.2.3. mtDNA decatenation

The loss of mitochondrial TOP3A activity is associated
with the accumulation of catenated mtDNA replication
termination intermediates, centred around the OriH region,
indicating a role for TOP3A in mtDNA decatenation [93].
The junctions between these molecules resemble hemicate-
nanes, consistent with the known catalytic activity of
TOP3A [93]. However, an outstanding question is whether
this hemicatenated termination structure around OriH rep-
resents a physiological intermediate that forms in vivo, or
whether TOP3A normally acts to unlink mtDNA replication
intermediates during replication elongation. As a type IA
topoisomerase, TOP3A would require regions of ssDNA in
the template DNA in order to remove intertwines between
mtDNA replication intermediates. This could be facilitated
by long regions of ssDNA present in the lagging strand tem-
plate, according to the strand displacement model of mtDNA
replication, or by short ssDNA regions in strand-coupled
replication intermediates. Terminal mtDNA replication inter-
mediates have also been observed around the OriH region
using 2D-AGE in wild-type cells containing TOP3A activity
[179,194,195], supporting the idea that OriH can act as a
replication terminus under normal conditions.
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Whether other enzymes also contribute to mtDNA decate-
nation remains unclear. The nuclear binding partners of
TOP3A; the helicase BLM, and the OB-fold proteins RMI1
and RMI2 [94–96,196], have not been observed to localize to
mitochondria [93]. The binding of RMI1 to nuclear TOP3A
stimulates the decatenation activity of TOP3A both in yeast
[197] and in humans [196,198], although it is not absolutely
required for this activity. During the binding of RMI1 to
TOP3A, a loop from RMI1, termed the decatenation loop, is
inserted close to the active site of TOP3A [199]. The decatena-
tion loop is believed to stabilize the gate of TOP3A in a more
open conformation and promote its decatenation activity
[199,200]. The apparent absence of RMI1 from mitochondria,
in which the decatenation activity of TOP3A is essential for
mtDNA segregation, therefore seems curious. An interesting
observation is that the binding of RMI1 to nuclear TOP3A
constrains the size of the gate through which the transferred
DNA strand is passed during decatenation [97,199]. It is
possible that, in the absence of RMI1, this gate would be
large enough to accommodate dsDNA during strand passage,
as is the casewith E. coli TopoIII [201]. If this were the case then
mitochondrial TOP3A could act upon a broader range of sub-
strates than currently assumed. For example, TOP3A could
potentially decatenate replication intermediates throughout
much of the mitochondrial genome during replication
elongation, or use the D-loop as a substrate to regulate
mtDNA supercoiling.

The cooperation between TOP3 and a RecQ-family heli-
case (such as BLM) is conserved in both yeast [202] and
E. coli [203], suggesting a conserved function of the complex.
A mitochondrial localization has been reported for the RecQ-
family helicase RECQL4 [204–206], and this or another mito-
chondrial DNA helicase could functionally replace BLM
during mtDNA maintenance. Alternatively, it is possible
that the lack of homologous recombination within mitochon-
dria to create double Holliday junctions [52], together with an
asynchronous mode of DNA replication that avoids the cre-
ation of converging dsDNA replication forks, obviates the
requirement for a helicase to work together with TOP3A in
mitochondria.

A type II topoisomerase could play a role in mtDNA repli-
cation either by regulating supercoiling during replication
elongation or by decatenating replicated mtDNA, comparable
to their roles in the nucleus or in bacteria. Depletion of TOP2B
has been found to result in a reduction ofmtDNA copy number
in one study [127] but not in another [93]. The loss of either
TOP2A or TOP2B does not appear to affect the catenation
state of mtDNA, arguing against a role of a TOP2 isoform in
mtDNAdecatenation, but does appear to affect mtDNA super-
coiling [93,127]. Drugs that target TOP2 have been observed to
affect mtDNA replication rates [127], although it remains to be
determined whether this toxicity represents a direct effect
within mitochondria mediated via TOP2.
7. Topoisomerases in human mitochondrial
disease

Missense variants in TOP3A were initially reported in a
single individual with an adult-onset mitochondrial disease
characterized by progressive external ophthalmoplegia and
cerebellar ataxia. On a molecular level, these variants were
associated with mtDNA instability (in the form of multiple
mtDNA deletions) and the presence of high molecular weight
catenated forms of mtDNA [93]. These clinical and molecular
features are similar to those associated with some pathological
variants in other factors involved inmtDNA replication, such as
POLγ and TWINKLE [207]. Subsequently, a cohort of ten
patients was described with a disorder of growth restriction
and microcephaly, associated with truncating variants in
TOP3A [208]. This disorder shares a number of features with
Bloom syndrome, which is caused by biallelic loss-of-function
mutations in BLM, one of the binding partners of TOP3A in
the nucleus. However, a number of these patients with truncat-
ing variants in TOP3A also exhibited cardiomyopathy, not
typically observed in Bloom syndrome, that is likely to be
attributable to the loss of activity of the mitochondrial isoform
of TOP3A [208]. A further two siblings were also recently
reported with a Bloom syndrome-like disorder with cardio-
myopathy and mitochondrial dysfunction, resulting from
compound heterozygous truncating and missense variants in
TOP3A [209]. The relative contributions of the nuclear and
mitochondrial isoforms of TOP3A to the clinical features of
TOP3A-related disease warrant further investigation.

Variants in TOP1MT are not currently directly implicated
in monogenic mitochondrial disease. However, two major
single nucleotide variants in TOP1MT have been found to
affect the catalytic activity of the protein [210] and could
potentially act as modifiers for other variants found in
mitochondrial DNA disease.

Compounds that target type II topoisomerases have also
been implicated inmitochondrial dysfunction. The chemother-
apeutic agent doxorubicin targets both TOP2 isoforms [211],
and cardiomyopathy caused by doxorubicin treatment is
associated with mitochondrial damage [212]. Other antibiotics
such as fluoroquinolones, which are associated with tendonitis
in a small number of cases [213], target bacterial type II topoi-
somerases. Both families of compounds have been suggested to
inhibit TOP2 within mitochondria [127], and clarifying the
mechanism of action of these drugs and their effects upon
mtDNA maintenance is of therapeutic importance.
8. Concluding remarks
Maintaining the topological homeostasis of DNA during tran-
scription, replication and packaging is essential for genome
stability. In mitochondria, defects in the maintenance of the
multicopy mitochondrial genome impact upon the bioener-
getic role of mitochondria within the cell and can lead to
human mitochondrial disease. Topoisomerases are required
both for maintaining mtDNA supercoiling and for mtDNA
decatenation and segregation. Molecular roles for two mito-
chondrial type I topoisomerases, TOP3A and TOP1MT, have
been described but further investigation is required to deter-
mine the roles of mtDNA topology and packaging in the
regulation ofmitochondrial gene expression andmtDNA repli-
cation. Our future understanding of how mtDNA topology is
controlled will be informed by a better understanding of how
topological domains in mtDNA are formed during mtDNA
expression and replication, and by association with the mito-
chondrial membrane. In recent years, pathological variants in
TOP3A, which has both mitochondrial and nuclear isoforms,
have been found to underlie cases of human disease. Under-
standing the relative contributions of these two isoforms to
these disease phenotypes necessitates further study, as does
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the mechanism of action of drugs that inhibit or poison
topoisomerases and result in mitochondrial toxicity.

Data accessibility. This article does not contain any additional data.

Authors’ contributions. All authors contributed to the writing and editing
of the manuscript.

Competing interests. We declare we have no competing interests.
Funding. T.J.N. is supported by a Sir Henry Dale Fellowship jointly
funded by the Wellcome Trust and the Royal Society (grant no.
213464/Z/18/Z) and by a Rosetrees and Stoneygate Trust Research
Fellowship (grant no. M811).

Acknowledgements. We are grateful to the BioImaging Unit at Newcastle
University for their support and assistance in the preparation of
microscopy data.
ishing.org/jo
References
urnal/rsob
Open

Biol.11:210168
1. Gray MW, Burger G, Lang BF. 1999 Mitochondrial
evolution. Science 283, 1476–1481. (doi:10.1126/
science.283.5407.1476)

2. Gabaldon T, Huynen MA. 2003 Reconstruction of the
proto-mitochondrial metabolism. Science 301, 609.
(doi:10.1126/science.1085463)

3. Calvo SE, Mootha VK. 2010 The mitochondrial
proteome and human disease. Annu. Rev. Genomics
Hum. Genet. 11, 25–44. (doi:10.1146/annurev-
genom-082509-141720)

4. Satoh M, Kuroiwa T. 1991 Organization of multiple
nucleoids and DNA molecules in mitochondria of a
human cell. Exp. Cell Res. 196, 137–140. (doi:10.
1016/0014-4827(91)90467-9)

5. Gorman GS et al. 2016 Mitochondrial diseases.
Nat. Rev. Dis. Primers 2, 16080. (doi:10.1038/nrdp.
2016.80)

6. Rath S et al. 2021 MitoCarta3.0: an updated
mitochondrial proteome now with sub-organelle
localization and pathway annotations. Nucleic Acids
Res. 49, D1541–D1547. (doi:10.1093/nar/gkaa1011)

7. Smith AC, Robinson AJ. 2019 MitoMiner v4.0: an
updated database of mitochondrial localization
evidence, phenotypes and diseases. Nucleic Acids
Res. 47, D1225–D1228. (doi:10.1093/nar/gky1072)

8. Wiedemann N, Pfanner N. 2017 Mitochondrial
machineries for protein import and assembly. Annu.
Rev. Biochem. 86, 685–714. (doi:10.1146/annurev-
biochem-060815-014352)

9. Pearce SF, Rebelo-Guiomar P, D’Souza AR, Powell
CA, Van Haute L, Minczuk M. 2017 Regulation of
mammalian mitochondrial gene expression: recent
advances. Trends Biochem. Sci. 42, 625–639.
(doi:10.1016/j.tibs.2017.02.003)

10. Farge G, Falkenberg M. 2019 Organization of DNA in
mammalian mitochondria. Int. J. Mol. Sci. 20, 2770.
(doi:10.3390/ijms20112770)

11. Dunaway M, Ostrander EA. 1993 Local domains of
supercoiling activate a eukaryotic promoter in vivo.
Nature 361, 746–748. (doi:10.1038/361746a0)

12. Bermejo R, Lai MS, Foiani M. 2012 Preventing
replication stress to maintain genome stability:
resolving conflicts between replication and
transcription. Mol. Cell 45, 710–718. (doi:10.1016/j.
molcel.2012.03.001)

13. Vos SM, Tretter EM, Schmidt BH, Berger JM. 2011
All tangled up: how cells direct, manage and
exploit topoisomerase function. Nat. Rev. Mol. Cell
Biol. 12, 827–841. (doi:10.1038/nrm3228)

14. Anderson S et al. 1981 Sequence and organization
of the human mitochondrial genome. Nature 290,
457–465. (doi:10.1038/290457a0)
15. Andrews RM, Kubacka I, Chinnery PF, Lightowlers
RN, Turnbull DM, Howell N. 1999 Reanalysis and
revision of the Cambridge reference sequence for
human mitochondrial DNA. Nat. Genet. 23, 147.
(doi:10.1038/13779)

16. Berk AJ, Clayton DA. 1974 Mechanism of
mitochondrial DNA replication in mouse L-cells:
asynchronous replication of strands, segregation
of circular daughter molecules, aspects of
topology and turnover of an initiation sequence.
J. Mol. Biol. 86, 801–824. (doi:10.1016/0022-
2836(74)90355-6)

17. Gustafsson CM, Falkenberg M, Larsson NG. 2016
Maintenance and expression of mammalian
mitochondrial DNA. Annu. Rev. Biochem. 85,
133–160. (doi:10.1146/annurev-biochem-060815-
014402)

18. Kasamatsu H, Robberson DL, Vinograd J. 1971 A
novel closed-circular mitochondrial DNA with
properties of a replicating intermediate. Proc. Natl
Acad. Sci. USA 68, 2252–2257. (doi:10.1073/pnas.
68.9.2252)

19. Arnberg A, van Bruggen EF, Borst P. 1971 The
presence of DNA molecules with a displacement
loop in standard mitochondrial DNA preparations.
Biochim. Biophys. Acta 246, 353–357. (doi:10.1016/
0005-2787(71)90147-x)

20. Hallberg RL. 1974 Mitochondrial DNA in Xenopus
laevis oocytes. I. Displacement loop occurrence. Dev.
Biol. 38, 346–355. (doi:10.1016/0012-
1606(74)90012-8)

21. Robberson DL, Clayton DA. 1972 Replication of
mitochondrial DNA in mouse L cells and their
thymidine kinase derivatives: displacement
replication on a covalently-closed circular template.
Proc. Natl Acad. Sci. USA 69, 3810–3814. (doi:10.
1073/pnas.69.12.3810)

22. Annex BH, Williams RS. 1990 Mitochondrial DNA
structure and expression in specialized subtypes of
mammalian striated muscle. Mol. Cell Biol.
10, 5671–5678. (doi:10.1128/mcb.10.11.5671-
5678.1990)

23. Callen JC, Tourte M, Dennebouy N, Mounolou JC.
1983 Changes in D-loop frequency and superhelicity
among the mitochondrial DNA molecules in relation
to organelle biogenesis in oocytes of Xenopus laevis.
Exp. Cell Res. 143, 115–125. (doi:10.1016/0014-
4827(83)90114-3)

24. Brown WM, Shine J, Goodman HM. 1978 Human
mitochondrial DNA: analysis of 7S DNA from the
origin of replication. Proc. Natl Acad. Sci. USA 75,
735–739. (doi:10.1073/pnas.75.2.735)
25. Kornblum C et al. 2013 Loss-of-function mutations
in MGME1 impair mtDNA replication and cause
multisystemic mitochondrial disease. Nat. Genet. 45,
214–219. (doi:10.1038/ng.2501)

26. Doda JN, Wright CT, Clayton DA. 1981 Elongation of
displacement-loop strands in human and mouse
mitochondrial DNA is arrested near specific template
sequences. Proc. Natl Acad Sci. USA 78, 6116–6120.
(doi:10.1073/pnas.78.10.6116)

27. Crews S, Ojala D, Posakony J, Nishiguchi J, Attardi G.
1979 Nucleotide sequence of a region of human
mitochondrial DNA containing the precisely
identified origin of replication. Nature 277,
192–198. (doi:10.1038/277192a0)

28. Kang D, Miyako K, Kai Y, Irie T, Takeshige K. 1997 In
vivo determination of replication origins of human
mitochondrial DNA by ligation-mediated
polymerase chain reaction. J. Biol. Chem. 272,
15 275–15 279. (doi:10.1074/jbc.272.24.15275)

29. Fish J, Raule N, Attardi G. 2004 Discovery of a major
D-loop replication origin reveals two modes of
human mtDNA synthesis. Science 306, 2098–2101.
(doi:10.1126/science.1102077)

30. Clayton DA. 1982 Replication of animal
mitochondrial DNA. Cell 28, 693–705. (doi:10.1016/
0092-8674(82)90049-6)

31. Bogenhagen D, Clayton DA. 1978 Mechanism of
mitochondrial DNA replication in mouse L-cells:
kinetics of synthesis and turnover of the initiation
sequence. J. Mol. Biol. 119, 49–68. (doi:10.1016/
0022-2836(78)90269-3)

32. Gensler S, Weber K, Schmitt WE, Perez-Martos A,
Enriquez JA, Montoya J, Wiesner RJ. 2001
Mechanism of mammalian mitochondrial DNA
replication: import of mitochondrial transcription
factor A into isolated mitochondria stimulates 7S
DNA synthesis. Nucleic Acids Res. 29, 3657–3663.
(doi:10.1093/nar/29.17.3657)

33. Nicholls TJ, Minczuk M. 2014 In D-loop: 40 years of
mitochondrial 7S DNA. Exp. Gerontol. 56, 175–181.
(doi:10.1016/j.exger.2014.03.027)

34. Jourdain AA, Boehm E, Maundrell K, Martinou JC.
2016 Mitochondrial RNA granules:
compartmentalizing mitochondrial gene expression.
J. Cell Biol. 212, 611–614. (doi:10.1083/jcb.
201507125)

35. Richter-Dennerlein R et al. 2016 Mitochondrial
protein synthesis adapts to influx of nuclear-
encoded protein. Cell 167, 471–483e410. (doi:10.
1016/j.cell.2016.09.003)

36. Zorkau M, Albus CA, Berlinguer-Palmini R,
Chrzanowska-Lightowlers ZMA, Lightowlers RN.

http://dx.doi.org/10.1126/science.283.5407.1476
http://dx.doi.org/10.1126/science.283.5407.1476
http://dx.doi.org/10.1126/science.1085463
http://dx.doi.org/10.1146/annurev-genom-082509-141720
http://dx.doi.org/10.1146/annurev-genom-082509-141720
http://dx.doi.org/10.1016/0014-4827(91)90467-9
http://dx.doi.org/10.1016/0014-4827(91)90467-9
http://dx.doi.org/10.1038/nrdp.2016.80
http://dx.doi.org/10.1038/nrdp.2016.80
http://dx.doi.org/10.1093/nar/gkaa1011
http://dx.doi.org/10.1093/nar/gky1072
http://dx.doi.org/10.1146/annurev-biochem-060815-014352
http://dx.doi.org/10.1146/annurev-biochem-060815-014352
http://dx.doi.org/10.1016/j.tibs.2017.02.003
http://dx.doi.org/10.3390/ijms20112770
http://dx.doi.org/10.1038/361746a0
http://dx.doi.org/10.1016/j.molcel.2012.03.001
http://dx.doi.org/10.1016/j.molcel.2012.03.001
http://dx.doi.org/10.1038/nrm3228
http://dx.doi.org/10.1038/290457a0
http://dx.doi.org/10.1038/13779
http://dx.doi.org/10.1016/0022-2836(74)90355-6
http://dx.doi.org/10.1016/0022-2836(74)90355-6
http://dx.doi.org/10.1146/annurev-biochem-060815-014402
http://dx.doi.org/10.1146/annurev-biochem-060815-014402
http://dx.doi.org/10.1073/pnas.68.9.2252
http://dx.doi.org/10.1073/pnas.68.9.2252
http://dx.doi.org/10.1016/0005-2787(71)90147-x
http://dx.doi.org/10.1016/0005-2787(71)90147-x
http://dx.doi.org/10.1016/0012-1606(74)90012-8
http://dx.doi.org/10.1016/0012-1606(74)90012-8
http://dx.doi.org/10.1073/pnas.69.12.3810
http://dx.doi.org/10.1073/pnas.69.12.3810
http://dx.doi.org/10.1128/mcb.10.11.5671-5678.1990
http://dx.doi.org/10.1128/mcb.10.11.5671-5678.1990
http://dx.doi.org/10.1016/0014-4827(83)90114-3
http://dx.doi.org/10.1016/0014-4827(83)90114-3
http://dx.doi.org/10.1073/pnas.75.2.735
http://dx.doi.org/10.1038/ng.2501
http://dx.doi.org/10.1073/pnas.78.10.6116
http://dx.doi.org/10.1038/277192a0
http://dx.doi.org/10.1074/jbc.272.24.15275
http://dx.doi.org/10.1126/science.1102077
http://dx.doi.org/10.1016/0092-8674(82)90049-6
http://dx.doi.org/10.1016/0092-8674(82)90049-6
http://dx.doi.org/10.1016/0022-2836(78)90269-3
http://dx.doi.org/10.1016/0022-2836(78)90269-3
http://dx.doi.org/10.1093/nar/29.17.3657
http://dx.doi.org/10.1016/j.exger.2014.03.027
http://dx.doi.org/10.1083/jcb.201507125
http://dx.doi.org/10.1083/jcb.201507125
http://dx.doi.org/10.1016/j.cell.2016.09.003
http://dx.doi.org/10.1016/j.cell.2016.09.003


royalsocietypublishing.org/journal/rsob
Open

Biol.11:210168

12
2021 High-resolution imaging reveals
compartmentalization of mitochondrial protein
synthesis in cultured human cells. Proc. Natl Acad.
Sci. USA 118, e2008778118. (doi:10.1073/pnas.
2008778118)

37. Itoh Y, Andrell J, Choi A, Richter U, Maiti P, Best RB,
Barrientos A, Battersby BJ, Amunts A. 2021
Mechanism of membrane-tethered mitochondrial
protein synthesis. Science 371, 846–849. (doi:10.
1126/science.abe0763)

38. Gilkerson RW, Schon EA, Hernandez E, Davidson
MM. 2008 Mitochondrial nucleoids maintain genetic
autonomy but allow for functional
complementation. J. Cell Biol. 181, 1117–1128.
(doi:10.1083/jcb.200712101)

39. Lewis SC, Uchiyama LF, Nunnari J. 2016 ER-
mitochondria contacts couple mtDNA synthesis with
mitochondrial division in human cells. Science 353,
aaf5549. (doi:10.1126/science.aaf5549)

40. Nicholls TJ, Gustafsson CM. 2018 Separating and
segregating the human mitochondrial genome.
Trends Biochem. Sci. 43, 869–881. (doi:10.1016/j.
tibs.2018.08.007)

41. Qin J et al. 2020 ER-mitochondria contacts promote
mtDNA nucleoids active transportation via
mitochondrial dynamic tubulation. Nat. Commun.
11, 4471. (doi:10.1038/s41467-020-18202-4)

42. Shutt TE, Gray MW. 2006 Bacteriophage origins
of mitochondrial replication and transcription
proteins. Trends Genet. 22, 90–95. (doi:10.1016/j.
tig.2005.11.007)

43. Spelbrink JN et al. 2001 Human mitochondrial DNA
deletions associated with mutations in the gene
encoding Twinkle, a phage T7 gene 4-like protein
localized in mitochondria. Nat. Genet. 28, 223–231.
(doi:10.1038/90058)

44. Tabor S, Huber HE, Richardson CC. 1987 Escherichia
coli thioredoxin confers processivity on the DNA
polymerase activity of the gene 5 protein of
bacteriophage T7. J. Biol. Chem. 262,
16 212–16 223.

45. Carrodeguas JA, Kobayashi R, Lim SE, Copeland WC,
Bogenhagen DF. 1999 The accessory subunit of
Xenopus laevis mitochondrial DNA polymerase
gamma increases processivity of the catalytic
subunit of human DNA polymerase gamma and
is related to class II aminoacyl-tRNA synthetases.
Mol. Cell Biol. 19, 4039–4046. (doi:10.1128/MCB.19.
6.4039)

46. Lim SE, Longley MJ, Copeland WC. 1999 The
mitochondrial p55 accessory subunit of human DNA
polymerase gamma enhances DNA binding,
promotes processive DNA synthesis, and confers
N-ethylmaleimide resistance. J. Biol. Chem. 274,
38 197–38 203. (doi:10.1074/jbc.274.53.38197)

47. Forterre P, Gadelle D. 2009 Phylogenomics of DNA
topoisomerases: their origin and putative roles in
the emergence of modern organisms. Nucleic Acids
Res. 37, 679–692. (doi:10.1093/nar/gkp032)

48. Goffart S, Hangas A, Pohjoismaki JLO. 2019 Twist
and turn-topoisomerase functions in mitochondrial
DNA maintenance. Int. J. Mol. Sci. 20, 2041. (doi:10.
3390/ijms20082041)
49. Van Dyck E, Foury F, Stillman B, Brill SJ. 1992
A single-stranded DNA binding protein required for
mitochondrial DNA replication in S. cerevisiae is
homologous to E. coli SSB. EMBO J. 11, 3421–3430.
(doi:10.1002/j.1460-2075.1992.tb05421.x)

50. Falkenberg M. 2018 Mitochondrial DNA replication
in mammalian cells: overview of the pathway.
Essays Biochem. 62, 287–296. (doi:10.1042/
EBC20170100)

51. Holt IJ, Reyes A. 2012 Human mitochondrial DNA
replication. Cold Spring Harb. Perspect. Biol. 4,
a012971. (doi:10.1101/cshperspect.a012971)

52. Hagstrom E, Freyer C, Battersby BJ, Stewart JB,
Larsson NG. 2014 No recombination of mtDNA after
heteroplasmy for 50 generations in the mouse
maternal germline. Nucleic Acids Res. 42,
1111–1116. (doi:10.1093/nar/gkt969)

53. Nass MM. 1969 Mitochondrial DNA.
I. Intramitochondrial distribution and structural
relations of single- and double-length circular DNA.
J. Mol. Biol. 42, 521–528. (doi:10.1016/0022-
2836(69)90240-x)

54. Garrido N, Griparic L, Jokitalo E, Wartiovaara J,
van der Bliek AM, Spelbrink JN. 2003 Composition
and dynamics of human mitochondrial nucleoids.
Mol. Biol. Cell 14, 1583–1596. (doi:10.1091/mbc.
e02-07-0399)

55. Legros F, Malka F, Frachon P, Lombes A, Rojo M.
2004 Organization and dynamics of human
mitochondrial DNA. J. Cell Sci. 117, 2653–2662.
(doi:10.1242/jcs.01134)

56. Kukat C, Wurm CA, Spahr H, Falkenberg M, Larsson
NG, Jakobs S. 2011 Super-resolution microscopy
reveals that mammalian mitochondrial nucleoids
have a uniform size and frequently contain a single
copy of mtDNA. Proc. Natl Acad. Sci. USA 108,
13 534–13 539. (doi:10.1073/pnas.1109263108)

57. Kukat C et al. 2015 Cross-strand binding of TFAM to
a single mtDNA molecule forms the mitochondrial
nucleoid. Proc. Natl Acad. Sci. USA 112, 11 288–
11 293. (doi:10.1073/pnas.1512131112)

58. Hudson B, Vinograd J. 1967 Catenated circular DNA
molecules in HeLa cell mitochondria. Nature 216,
647–652. (doi:10.1038/216647a0)

59. Pohjoismaki JL et al. 2009 Human heart
mitochondrial DNA is organized in complex
catenated networks containing abundant four-way
junctions and replication forks. J. Biol. Chem. 284,
21 446–21 457. (doi:10.1074/jbc.M109.016600)

60. Kajander OA, Karhunen PJ, Holt IJ, Jacobs HT. 2001
Prominent mitochondrial DNA recombination
intermediates in human heart muscle. EMBO Rep. 2,
1007–1012. (doi:10.1093/embo-reports/kve233)

61. Rajala N, Hensen F, Wessels HJ, Ives D, Gloerich J,
Spelbrink JN. 2015 Whole cell formaldehyde cross-
linking simplifies purification of mitochondrial
nucleoids and associated proteins involved in
mitochondrial gene expression. PLoS ONE 10,
e0116726. (doi:10.1371/journal.pone.0116726)

62. Bogenhagen DF, Rousseau D, Burke S. 2008 The
layered structure of human mitochondrial DNA
nucleoids. J. Biol. Chem. 283, 3665–3675. (doi:10.
1074/jbc.M708444200)
63. He J et al. 2012 Mitochondrial nucleoid interacting
proteins support mitochondrial protein synthesis.
Nucleic Acids Res. 40, 6109–6121. (doi:10.1093/nar/
gks266)

64. Han S, Udeshi ND, Deerinck TJ, Svinkina T, Ellisman
MH, Carr SA, Ting AY. 2017 Proximity biotinylation
as a method for mapping proteins associated with
mtDNA in living cells. Cell Chem. Biol. 24, 404–414.
(doi:10.1016/j.chembiol.2017.02.002)

65. Alam TI, Kanki T, Muta T, Ukaji K, Abe Y,
Nakayama H, Takio K, Hamasaki N, Kang D. 2003
Human mitochondrial DNA is packaged with
TFAM. Nucleic Acids Res. 31, 1640–1645. (doi:10.
1093/nar/gkg251)

66. Takamatsu C, Umeda S, Ohsato T, Ohno T, Abe Y,
Fukuoh A, Shinagawa H, Hamasaki N, Kang D. 2002
Regulation of mitochondrial D-loops by transcription
factor A and single-stranded DNA-binding protein.
EMBO Rep. 3, 451–456. (doi:10.1093/embo-reports/
kvf099)

67. Ekstrand MI, Falkenberg M, Rantanen A, Park CB,
Gaspari M, Hultenby K, Rustin P, Gustafsson CM,
Larsson NG. 2004 Mitochondrial transcription factor
A regulates mtDNA copy number in mammals.
Hum. Mol. Genet. 13, 935–944. (doi:10.1093/hmg/
ddh109)

68. Wang YE, Marinov GK, Wold BJ, Chan DC. 2013
Genome-wide analysis reveals coating of the
mitochondrial genome by TFAM. PLoS ONE 8,
e74513. (doi:10.1371/journal.pone.0074513)

69. Ngo HB, Kaiser JT, Chan DC. 2011 The mitochondrial
transcription and packaging factor Tfam imposes a
U-turn on mitochondrial DNA. Nat. Struct. Mol. Biol.
18, 1290–1296. (doi:10.1038/nsmb.2159)

70. Rubio-Cosials A, Sidow JF, Jimenez-Menendez N,
Fernandez-Millan P, Montoya J, Jacobs HT, Coll M,
Bernado P, Sola M. 2011 Human mitochondrial
transcription factor A induces a U-turn structure in
the light strand promoter. Nat. Struct. Mol. Biol. 18,
1281–1289. (doi:10.1038/nsmb.2160)

71. Ngo HB, Lovely GA, Phillips R, Chan DC. 2014
Distinct structural features of TFAM drive
mitochondrial DNA packaging versus transcriptional
activation. Nat. Commun. 5, 3077. (doi:10.1038/
ncomms4077)

72. Malarkey CS, Bestwick M, Kuhlwilm JE, Shadel GS,
Churchill ME. 2012 Transcriptional activation by
mitochondrial transcription factor A involves
preferential distortion of promoter DNA. Nucleic
Acids Res. 40, 614–624. (doi:10.1093/nar/gkr787)

73. Farge G et al. 2012 Protein sliding and DNA
denaturation are essential for DNA organization by
human mitochondrial transcription factor A. Nat.
Commun. 3, 1013. (doi:10.1038/ncomms2001)

74. Kaufman BA, Durisic N, Mativetsky JM, Costantino S,
Hancock MA, Grutter P, Shoubridge EA. 2007 The
mitochondrial transcription factor TFAM coordinates
the assembly of multiple DNA molecules into
nucleoid-like structures. Mol. Biol. Cell 18,
3225–3236. (doi:10.1091/mbc.e07-05-0404)

75. Shi Y, Dierckx A, Wanrooij PH, Wanrooij S, Larsson
NG, Wilhelmsson LM, Falkenberg M, Gustafsson CM.
2012 Mammalian transcription factor A is a core

http://dx.doi.org/10.1073/pnas.2008778118
http://dx.doi.org/10.1073/pnas.2008778118
http://dx.doi.org/10.1126/science.abe0763
http://dx.doi.org/10.1126/science.abe0763
http://dx.doi.org/10.1083/jcb.200712101
http://dx.doi.org/10.1126/science.aaf5549
http://dx.doi.org/10.1016/j.tibs.2018.08.007
http://dx.doi.org/10.1016/j.tibs.2018.08.007
http://dx.doi.org/10.1038/s41467-020-18202-4
http://dx.doi.org/10.1016/j.tig.2005.11.007
http://dx.doi.org/10.1016/j.tig.2005.11.007
http://dx.doi.org/10.1038/90058
http://dx.doi.org/10.1128/MCB.19.6.4039
http://dx.doi.org/10.1128/MCB.19.6.4039
http://dx.doi.org/10.1074/jbc.274.53.38197
http://dx.doi.org/10.1093/nar/gkp032
http://dx.doi.org/10.3390/ijms20082041
http://dx.doi.org/10.3390/ijms20082041
http://dx.doi.org/10.1002/j.1460-2075.1992.tb05421.x
http://dx.doi.org/10.1042/EBC20170100
http://dx.doi.org/10.1042/EBC20170100
http://dx.doi.org/10.1101/cshperspect.a012971
http://dx.doi.org/10.1093/nar/gkt969
http://dx.doi.org/10.1016/0022-2836(69)90240-x
http://dx.doi.org/10.1016/0022-2836(69)90240-x
http://dx.doi.org/10.1091/mbc.e02-07-0399
http://dx.doi.org/10.1091/mbc.e02-07-0399
http://dx.doi.org/10.1242/jcs.01134
http://dx.doi.org/10.1073/pnas.1109263108
http://dx.doi.org/10.1073/pnas.1512131112
http://dx.doi.org/10.1038/216647a0
http://dx.doi.org/10.1074/jbc.M109.016600
http://dx.doi.org/10.1093/embo-reports/kve233
http://dx.doi.org/10.1371/journal.pone.0116726
http://dx.doi.org/10.1074/jbc.M708444200
http://dx.doi.org/10.1074/jbc.M708444200
http://dx.doi.org/10.1093/nar/gks266
http://dx.doi.org/10.1093/nar/gks266
http://dx.doi.org/10.1016/j.chembiol.2017.02.002
http://dx.doi.org/10.1093/nar/gkg251
http://dx.doi.org/10.1093/nar/gkg251
http://dx.doi.org/10.1093/embo-reports/kvf099
http://dx.doi.org/10.1093/embo-reports/kvf099
http://dx.doi.org/10.1093/hmg/ddh109
http://dx.doi.org/10.1093/hmg/ddh109
http://dx.doi.org/10.1371/journal.pone.0074513
http://dx.doi.org/10.1038/nsmb.2159
http://dx.doi.org/10.1038/nsmb.2160
http://dx.doi.org/10.1038/ncomms4077
http://dx.doi.org/10.1038/ncomms4077
http://dx.doi.org/10.1093/nar/gkr787
http://dx.doi.org/10.1038/ncomms2001
http://dx.doi.org/10.1091/mbc.e07-05-0404


royalsocietypublishing.org/journal/rsob
Open

Biol.11:210168

13
component of the mitochondrial transcription
machinery. Proc. Natl Acad. Sci. USA 109,
16 510–16 515. (doi:10.1073/pnas.1119738109)

76. Farge G, Mehmedovic M, Baclayon M, van den
Wildenberg SM, Roos WH, Gustafsson CM, Wuite GJ,
Falkenberg M. 2014 In vitro-reconstituted nucleoids
can block mitochondrial DNA replication and
transcription. Cell Rep. 8, 66–74. (doi:10.1016/j.
celrep.2014.05.046)

77. Brown TA, Tkachuk AN, Shtengel G, Kopek BG,
Bogenhagen DF, Hess HF, Clayton DA. 2011
Superresolution fluorescence imaging of
mitochondrial nucleoids reveals their spatial range,
limits, and membrane interaction. Mol. Cell Biol. 31,
4994–5010. (doi:10.1128/MCB.05694-11)

78. Wai T, Teoli D, Shoubridge EA. 2008 The
mitochondrial DNA genetic bottleneck results
from replication of a subpopulation of
genomes. Nat. Genet. 40, 1484–1488. (doi:10.1038/
ng.258)

79. Schneider A, Ochsenreiter T. 2018 Failure is not an
option—mitochondrial genome segregation in
trypanosomes. J. Cell Sci. 131, jcs221820. (doi:10.
1242/jcs.221820)

80. Meeusen S, Nunnari J. 2003 Evidence for a two
membrane-spanning autonomous mitochondrial
DNA replisome. J. Cell Biol. 163, 503–510. (doi:10.
1083/jcb.200304040)

81. Murley A, Lackner LL, Osman C, West M, Voeltz GK,
Walter P, Nunnari J. 2013 ER-associated
mitochondrial division links the distribution of
mitochondria and mitochondrial DNA in yeast. Elife
2, e00422. (doi:10.7554/eLife.00422)

82. Kopek BG, Shtengel G, Xu CS, Clayton DA, Hess HF.
2012 Correlative 3D superresolution fluorescence
and electron microscopy reveal the relationship of
mitochondrial nucleoids to membranes. Proc. Natl
Acad. Sci. USA 109, 6136–6141. (doi:10.1073/pnas.
1121558109)

83. Albring M, Griffith J, Attardi G. 1977 Association of
a protein structure of probable membrane
derivation with HeLa cell mitochondrial DNA near
its origin of replication. Proc. Natl Acad. Sci. USA 74,
1348–1352. (doi:10.1073/pnas.74.4.1348)

84. Rajala N, Gerhold JM, Martinsson P, Klymov A,
Spelbrink JN. 2014 Replication factors transiently
associate with mtDNA at the mitochondrial inner
membrane to facilitate replication. Nucleic Acids Res.
42, 952–967. (doi:10.1093/nar/gkt988)

85. Gerhold JM et al. 2015 Human mitochondrial
DNA-protein complexes attach to a cholesterol-rich
membrane structure. Sci. Rep. 5, 15292. (doi:10.
1038/srep15292)

86. Desai R et al. 2017 ATAD3 gene cluster deletions
cause cerebellar dysfunction associated with altered
mitochondrial DNA and cholesterol metabolism.
Brain 140, 1595–1610. (doi:10.1093/brain/awx094)

87. Peralta S, Goffart S, Williams SL, Diaz F, Garcia S,
Nissanka N, Area-Gomez E, Pohjoismaki J, Moraes
CT. 2018 ATAD3 controls mitochondrial cristae
structure in mouse muscle, influencing mtDNA
replication and cholesterol levels. J. Cell Sci. 131,
jcs217075. (doi:10.1242/jcs.217075)
88. Chapman J, Ng YS, Nicholls TJ. 2020 The
maintenance of mitochondrial DNA integrity and
dynamics by mitochondrial membranes. Life (Basel)
10, 164. (doi:10.3390/life10090164)

89. Kondadi AK, Anand R, Reichert AS. 2019 Functional
interplay between cristae biogenesis, mitochondrial
dynamics and mitochondrial DNA integrity.
Int. J. Mol. Sci. 20, 4311. (doi:10.3390/
ijms20174311)

90. Pommier Y, Sun Y, Huang SN, Nitiss JL. 2016
Roles of eukaryotic topoisomerases in
transcription, replication and genomic stability.
Nat. Rev. Mol. Cell Biol. 17, 703–721. (doi:10.1038/
nrm.2016.111)

91. Stewart L, Redinbo MR, Qiu XY, Hol WGJ, Champoux
JJ. 1998 A model for the mechanism of human
topoisomerase I. Science 279, 1534–1541. (doi:10.
1126/science.279.5356.1534)

92. Wang Y, Lyu YL, Wang JC. 2002 Dual localization of
human DNA topoisomerase IIIalpha to mitochondria
and nucleus. Proc. Natl Acad. Sci. USA 99,
12 114–12 119. (doi:10.1073/pnas.192449499)

93. Nicholls TJ et al. 2018 Topoisomerase 3alpha is
required for decatenation and segregation of human
mtDNA. Mol. Cell 69, 9–23e26. (doi:10.1016/j.
molcel.2017.11.033)

94. Xu D et al. 2008 RMI, a new OB-fold complex
essential for Bloom syndrome protein to maintain
genome stability. Genes Dev. 22, 2843–2855.
(doi:10.1101/gad.1708608)

95. Wu L, Hickson ID. 2003 The Bloom’s syndrome
helicase suppresses crossing over during
homologous recombination. Nature 426, 870–874.
(doi:10.1038/nature02253)

96. Singh TR, Ali AM, Busygina V, Raynard S, Fan Q,
Du CH, Andreassen PR, Sung P, Meetei AR. 2008
BLAP18/RMI2, a novel OB-fold-containing protein, is
an essential component of the Bloom helicase-
double Holliday junction dissolvasome. Genes Dev.
22, 2856–2868. (doi:10.1101/gad.1725108)

97. Bizard AH, Hickson ID. 2020 The many lives of type
IA topoisomerases. J. Biol. Chem. 295, 7138–7153.
(doi:10.1074/jbc.REV120.008286)

98. Bizard AH, Allemand JF, Hassenkam T, Paramasivam
M, Sarlos K, Singh MI, Hickson ID. 2019 PICH and
TOP3A cooperate to induce positive DNA
supercoiling. Nat. Struct. Mol. Biol. 26, 267–274.
(doi:10.1038/s41594-019-0201-6)

99. Baxter J, Sen N, Martinez VL, De Carandini ME,
Schvartzman JB, Diffley JF, Aragon L. 2011 Positive
supercoiling of mitotic DNA drives decatenation by
topoisomerase II in eukaryotes. Science 331,
1328–1332. (doi:10.1126/science.1201538)

100. Siaw GE, Liu IF, Lin PY, Been MD, Hsieh TS. 2016
DNA and RNA topoisomerase activities of Top3beta
are promoted by mediator protein Tudor domain-
containing protein 3. Proc. Natl Acad. Sci. USA 113,
E5544–E5551. (doi:10.1073/pnas.1605517113)

101. Yang Y, McBride KM, Hensley S, Lu Y, Chedin F,
Bedford MT. 2014 Arginine methylation facilitates
the recruitment of TOP3B to chromatin to prevent R
loop accumulation. Mol. Cell 53, 484–497. (doi:10.
1016/j.molcel.2014.01.011)
102. Xu D et al. 2013 Top3beta is an RNA topoisomerase
that works with fragile X syndrome protein to
promote synapse formation. Nat. Neurosci. 16,
1238–1247. (doi:10.1038/nn.3479)

103. Stoll G et al. 2013 Deletion of TOP3beta, a
component of FMRP-containing mRNPs, contributes
to neurodevelopmental disorders. Nat. Neurosci. 16,
1228–1237. (doi:10.1038/nn.3484)

104. Ahmad M, Shen W, Li W, Xue Y, Zou S, Xu D, Wang
W. 2017 Topoisomerase 3beta is the major
topoisomerase for mRNAs and linked to
neurodevelopment and mental dysfunction. Nucleic
Acids Res. 45, 2704–2713. (doi:10.1093/nar/
gkw1293)

105. Dalla Rosa I et al. 2009 Adaptation of
topoisomerase I paralogs to nuclear and
mitochondrial DNA. Nucleic Acids Res. 37,
6414–6428. (doi:10.1093/nar/gkp708)

106. Zhang H, Barcelo JM, Lee B, Kohlhagen G, Zimonjic
DB, Popescu NC, Pommier Y. 2001 Human
mitochondrial topoisomerase I. Proc. Natl Acad. Sci.
USA 98, 10 608–10 613. (doi:10.1073/pnas.
191321998)

107. Merino A, Madden KR, Lane WS, Champoux JJ,
Reinberg D. 1993 DNA topoisomerase I is involved
in both repression and activation of transcription.
Nature 365, 227–232. (doi:10.1038/365227a0)

108. Baranello L et al. 2016 RNA polymerase II regulates
topoisomerase 1 activity to favor efficient
transcription. Cell 165, 357–371. (doi:10.1016/j.cell.
2016.02.036)

109. Sobek S et al. 2013 Negative regulation of
mitochondrial transcription by mitochondrial
topoisomerase I. Nucleic Acids Res. 41, 9848–9857.
(doi:10.1093/nar/gkt768)

110. Dalla Rosa I, Zhang H, Khiati S, Wu X, Pommier Y.
2017 Transcription profiling suggests that
mitochondrial topoisomerase IB acts as a
topological barrier and regulator of mitochondrial
DNA transcription. J. Biol. Chem. 292, 20 162–
20 172. (doi:10.1074/jbc.M117.815241)

111. Baechler SA et al. 2019 The mitochondrial type IB
topoisomerase drives mitochondrial translation and
carcinogenesis. Nat. Commun. 10, 83. (doi:10.1038/
s41467-018-07922-3)

112. Baechler SA, Dalla Rosa I, Spinazzola A, Pommier Y.
2019 Beyond the unwinding: role of TOP1MT in
mitochondrial translation. Cell Cycle 18, 2377–2384.
(doi:10.1080/15384101.2019.1646563)

113. Douarre C, Sourbier C, Dalla Rosa I, Brata Das B,
Redon CE, Zhang H, Neckers L, Pommier Y. 2012
Mitochondrial topoisomerase I is critical for
mitochondrial integrity and cellular energy
metabolism. PLoS ONE 7, e41094. (doi:10.1371/
journal.pone.0041094)

114. Zhang H, Zhang YW, Yasukawa T, Dalla Rosa I,
Khiati S, Pommier Y. 2014 Increased negative
supercoiling of mtDNA in TOP1mt knockout mice
and presence of topoisomerases IIalpha and IIbeta
in vertebrate mitochondria. Nucleic Acids Res. 42,
7259–7267. (doi:10.1093/nar/gku384)

115. Tiwari VK et al. 2012 Target genes of Topoisomerase
IIbeta regulate neuronal survival and are defined by

http://dx.doi.org/10.1073/pnas.1119738109
http://dx.doi.org/10.1016/j.celrep.2014.05.046
http://dx.doi.org/10.1016/j.celrep.2014.05.046
http://dx.doi.org/10.1128/MCB.05694-11
http://dx.doi.org/10.1038/ng.258
http://dx.doi.org/10.1038/ng.258
http://dx.doi.org/10.1242/jcs.221820
http://dx.doi.org/10.1242/jcs.221820
http://dx.doi.org/10.1083/jcb.200304040
http://dx.doi.org/10.1083/jcb.200304040
http://dx.doi.org/10.7554/eLife.00422
http://dx.doi.org/10.1073/pnas.1121558109
http://dx.doi.org/10.1073/pnas.1121558109
http://dx.doi.org/10.1073/pnas.74.4.1348
http://dx.doi.org/10.1093/nar/gkt988
http://dx.doi.org/10.1038/srep15292
http://dx.doi.org/10.1038/srep15292
http://dx.doi.org/10.1093/brain/awx094
http://dx.doi.org/10.1242/jcs.217075
http://dx.doi.org/10.3390/life10090164
http://dx.doi.org/10.3390/ijms20174311
http://dx.doi.org/10.3390/ijms20174311
http://dx.doi.org/10.1038/nrm.2016.111
http://dx.doi.org/10.1038/nrm.2016.111
http://dx.doi.org/DOI 10.1126/science.279.5356.1534
http://dx.doi.org/DOI 10.1126/science.279.5356.1534
http://dx.doi.org/10.1073/pnas.192449499
http://dx.doi.org/10.1016/j.molcel.2017.11.033
http://dx.doi.org/10.1016/j.molcel.2017.11.033
http://dx.doi.org/10.1101/gad.1708608
http://dx.doi.org/10.1038/nature02253
http://dx.doi.org/10.1101/gad.1725108
http://dx.doi.org/10.1074/jbc.REV120.008286
http://dx.doi.org/10.1038/s41594-019-0201-6
http://dx.doi.org/10.1126/science.1201538
http://dx.doi.org/10.1073/pnas.1605517113
http://dx.doi.org/10.1016/j.molcel.2014.01.011
http://dx.doi.org/10.1016/j.molcel.2014.01.011
http://dx.doi.org/10.1038/nn.3479
http://dx.doi.org/10.1038/nn.3484
http://dx.doi.org/10.1093/nar/gkw1293
http://dx.doi.org/10.1093/nar/gkw1293
http://dx.doi.org/10.1093/nar/gkp708
http://dx.doi.org/10.1073/pnas.191321998
http://dx.doi.org/10.1073/pnas.191321998
http://dx.doi.org/10.1038/365227a0
http://dx.doi.org/10.1016/j.cell.2016.02.036
http://dx.doi.org/10.1016/j.cell.2016.02.036
http://dx.doi.org/10.1093/nar/gkt768
http://dx.doi.org/10.1074/jbc.M117.815241
http://dx.doi.org/10.1038/s41467-018-07922-3
http://dx.doi.org/10.1038/s41467-018-07922-3
http://dx.doi.org/10.1080/15384101.2019.1646563
http://dx.doi.org/10.1371/journal.pone.0041094
http://dx.doi.org/10.1371/journal.pone.0041094
http://dx.doi.org/10.1093/nar/gku384


royalsocietypublishing.org/journal/rsob
Open

Biol.11:210168

14
their chromatin state. Proc. Natl Acad. Sci. USA 109,
E934–E943. (doi:10.1073/pnas.1119798109)

116. Thakurela S, Garding A, Jung J, Schubeler D, Burger
L, Tiwari VK. 2013 Gene regulation and priming by
topoisomerase IIalpha in embryonic stem cells. Nat.
Commun. 4, 2478. (doi:10.1038/ncomms3478)

117. Clarke DJ, Johnson RT, Downes CS. 1993
Topoisomerase II inhibition prevents anaphase
chromatid segregation in mammalian cells
independently of the generation of DNA strand
breaks. J. Cell Sci. 105, 563–569. (doi:10.1242/jcs.
105.2.563)

118. Dawlaty MM, Malureanu L, Jeganathan KB, Kao E,
Sustmann C, Tahk S, Shuai K, Grosschedl R, van
Deursen JM. 2008 Resolution of sister centromeres
requires RanBP2-mediated SUMOylation of
topoisomerase IIalpha. Cell 133, 103–115. (doi:10.
1016/j.cell.2008.01.045)

119. Nielsen CF et al. 2015 PICH promotes sister
chromatid disjunction and co-operates with
topoisomerase II in mitosis. Nat. Commun. 6, 8962.
(doi:10.1038/ncomms9962)

120. Capranico G, Tinelli S, Austin CA, Fisher ML, Zunino
F. 1992 Different patterns of gene expression of
topoisomerase II isoforms in differentiated tissues
during murine development. Biochim. Biophys. Acta
1132, 43–48. (doi:10.1016/0167-4781(92)90050-a)

121. King IF et al. 2013 Topoisomerases facilitate
transcription of long genes linked to autism. Nature
501, 58–62. (doi:10.1038/nature12504)

122. Castora FJ, Simpson MV. 1979 Search for a DNA
gyrase in mammalian mitochondria. J. Biol. Chem.
254, 11 193–11 195. (doi:10.1016/s0021-9258(19)
86467-0)

123. Castora FJ, Lazarus GM, Kunes D. 1985 The presence
of two mitochondrial DNA topoisomerases in
human acute leukemia cells. Biochem. Biophys. Res.
Commun. 130, 854–866. (doi:10.1016/0006-
291x(85)90495-4)

124. Lin JH, Castora FJ. 1991 DNA topoisomerase II from
mammalian mitochondria is inhibited by the
antitumor drugs, m-AMSA and VM-26. Biochem.
Biophys. Res. Commun. 176, 690–697. (doi:10.1016/
s0006-291x(05)80239-6)

125. Castora FJ, Vissering FF, Simpson MV. 1983 The
effect of bacterial DNA gyrase inhibitors on DNA
synthesis in mammalian mitochondria. Biochim.
Biophys. Acta 740, 417–427. (doi:10.1016/0167-
4781(83)90090-8)

126. Low RL, Orton S, Friedman DB. 2003 A truncated
form of DNA topoisomerase IIbeta associates with
the mtDNA genome in mammalian mitochondria.
Eur. J. Biochem. 270, 4173–4186. (doi:10.1046/j.
1432-1033.2003.03814.x)

127. Hangas A, Aasumets K, Kekalainen NJ, Paloheina M,
Pohjoismaki JL, Gerhold JM, Goffart S. 2018
Ciprofloxacin impairs mitochondrial DNA replication
initiation through inhibition of Topoisomerase 2.
Nucleic Acids Res. 46, 9625–9636. (doi:10.1093/nar/
gky793)

128. Holzmann J, Frank P, Loffler E, Bennett KL, Gerner
C, Rossmanith W. 2008 RNase P without RNA:
identification and functional reconstitution of the
human mitochondrial tRNA processing enzyme. Cell
135, 462–474. (doi:10.1016/j.cell.2008.09.013)

129. Sanchez MI, Mercer TR, Davies SM, Shearwood AM,
Nygard KK, Richman TR, Mattick JS, Rackham O,
Filipovska A. 2011 RNA processing in human
mitochondria. Cell Cycle 10, 2904–2916. (doi:10.
4161/cc.10.17.17060)

130. Brzezniak LK, Bijata M, Szczesny RJ, Stepien PP.
2011 Involvement of human ELAC2 gene product in
30 end processing of mitochondrial tRNAs. RNA Biol.
8, 616–626. (doi:10.4161/rna.8.4.15393)

131. Ojala D, Montoya J, Attardi G. 1981 tRNA
punctuation model of RNA processing in human
mitochondria. Nature 290, 470–474. (doi:10.1038/
290470a0)

132. Falkenberg M, Gaspari M, Rantanen A, Trifunovic A,
Larsson NG, Gustafsson CM. 2002 Mitochondrial
transcription factors B1 and B2 activate transcription
of human mtDNA. Nat. Genet. 31, 289–294.
(doi:10.1038/ng909)

133. Gaspari M, Falkenberg M, Larsson NG, Gustafsson
CM. 2004 The mitochondrial RNA polymerase
contributes critically to promoter specificity in
mammalian cells. EMBO J. 23, 4606–4614. (doi:10.
1038/sj.emboj.7600465)

134. Fisher RP, Topper JN, Clayton DA. 1987 Promoter
selection in human mitochondria involves binding
of a transcription factor to orientation-independent
upstream regulatory elements. Cell 50, 247–258.
(doi:10.1016/0092-8674(87)90220-0)

135. Hillen HS, Morozov YI, Sarfallah A, Temiakov D,
Cramer P. 2017 Structural basis of mitochondrial
transcription initiation. Cell 171, 1072–1081.e1010.
(doi:10.1016/j.cell.2017.10.036)

136. Posse V, Gustafsson CM. 2017 Human mitochondrial
transcription factor B2 is required for promoter
melting during initiation of transcription. J. Biol.
Chem. 292, 2637–2645. (doi:10.1074/jbc.M116.
751008)

137. Sologub M, Litonin D, Anikin M, Mustaev A,
Temiakov D. 2009 TFB2 is a transient component of
the catalytic site of the human mitochondrial RNA
polymerase. Cell 139, 934–944. (doi:10.1016/j.cell.
2009.10.031)

138. Minczuk M, He J, Duch AM, Ettema TJ, Chlebowski
A, Dzionek K, Nijtmans LG, Huynen MA, Holt IJ.
2011 TEFM (c17orf42) is necessary for transcription
of human mtDNA. Nucleic Acids Res. 39,
4284–4299. (doi:10.1093/nar/gkq1224)

139. Hillen HS et al. 2017 Mechanism of transcription
anti-termination in human mitochondria. Cell 171,
1082–1093.e1013. (doi:10.1016/j.cell.2017.09.035)

140. Posse V, Shahzad S, Falkenberg M, Hallberg BM,
Gustafsson CM. 2015 TEFM is a potent stimulator of
mitochondrial transcription elongation in vitro.
Nucleic Acids Res. 43, 2615–2624. (doi:10.1093/nar/
gkv105)

141. Jiang S et al. 2019 TEFM regulates both
transcription elongation and RNA processing in
mitochondria. EMBO Rep. 20, e48101. (doi:10.
15252/embr.201948101)

142. Kruse B, Narasimhan N, Attardi G. 1989 Termination
of transcription in human mitochondria:
identification and purification of a DNA
binding protein factor that promotes termination.
Cell 58, 391–397. (doi:10.1016/0092-8674(89)
90853-2)

143. Terzioglu M et al. 2013 MTERF1 binds mtDNA to
prevent transcriptional interference at the light-
strand promoter but is dispensable for rRNA gene
transcription regulation. Cell Metab. 17, 618–626.
(doi:10.1016/j.cmet.2013.03.006)

144. Shang J, Clayton DA. 1994 Human mitochondrial
transcription termination exhibits RNA polymerase
independence and biased bipolarity in vitro. J. Biol.
Chem. 269, 29 112–29 120. (doi:10.1016/s0021-
9258(19)62019-3)

145. Asin-Cayuela J, Schwend T, Farge G, Gustafsson CM.
2005 The human mitochondrial transcription
termination factor (mTERF) is fully active in vitro in
the non-phosphorylated form. J. Biol. Chem. 280,
25 499–25 505. (doi:10.1074/jbc.M501145200)

146. Jemt E et al. 2015 Regulation of DNA replication at
the end of the mitochondrial D-loop involves the
helicase TWINKLE and a conserved sequence
element. Nucleic Acids Res. 43, 9262–9275. (doi:10.
1093/nar/gkv804)

147. Camasamudram V, Fang JK, Avadhani NG. 2003
Transcription termination at the mouse
mitochondrial H-strand promoter distal site requires
an A/T rich sequence motif and sequence specific
DNA binding proteins. Eur. J. Biochem.
270, 1128–1140. (doi:10.1046/j.1432-1033.2003.
03461.x)

148. Freyer C, Park CB, Ekstrand MI, Shi Y, Khvorostova J,
Wibom R, Falkenberg M, Gustafsson CM, Larsson
NG. 2010 Maintenance of respiratory chain function
in mouse hearts with severely impaired mtDNA
transcription. Nucleic Acids Res. 38, 6577–6588.
(doi:10.1093/nar/gkq527)

149. Akman G et al. 2016 Pathological ribonuclease H1
causes R-loop depletion and aberrant DNA
segregation in mitochondria. Proc. Natl Acad. Sci.
USA 113, E4276–E4285. (doi:10.1073/pnas.
1600537113)

150. Selwood SP, McGregor A, Lightowlers RN,
Chrzanowska-Lightowlers ZM. 2001 Inhibition of
mitochondrial protein synthesis promotes
autonomous regulation of mtDNA expression and
generation of a new mitochondrial RNA species.
FEBS Lett. 494, 186–191. (doi:10.1016/s0014-
5793(01)02345-6)

151. Matic S et al. 2018 Mice lacking the mitochondrial
exonuclease MGME1 accumulate mtDNA deletions
without developing progeria. Nat. Commun. 9,
1202. (doi:10.1038/s41467-018-03552-x)

152. Liu LF, Wang JC. 1987 Supercoiling of the DNA
template during transcription. Proc. Natl Acad. Sci.
USA 84, 7024–7027. (doi:10.1073/pnas.84.20.7024)

153. Wu HY, Shyy SH, Wang JC, Liu LF. 1988
Transcription generates positively and negatively
supercoiled domains in the template. Cell 53,
433–440. (doi:10.1016/0092-8674(88)90163-8)

154. Morozov YI, Temiakov D. 2016 Human
mitochondrial transcription initiation complexes
have similar topology on the light and heavy strand

http://dx.doi.org/10.1073/pnas.1119798109
http://dx.doi.org/10.1038/ncomms3478
http://dx.doi.org/10.1242/jcs.105.2.563
http://dx.doi.org/10.1242/jcs.105.2.563
http://dx.doi.org/10.1016/j.cell.2008.01.045
http://dx.doi.org/10.1016/j.cell.2008.01.045
http://dx.doi.org/10.1038/ncomms9962
http://dx.doi.org/10.1016/0167-4781(92)90050-a
http://dx.doi.org/10.1038/nature12504
http://dx.doi.org/10.1016/s0021-9258(19)86467-0
http://dx.doi.org/10.1016/s0021-9258(19)86467-0
http://dx.doi.org/10.1016/0006-291x(85)90495-4
http://dx.doi.org/10.1016/0006-291x(85)90495-4
http://dx.doi.org/10.1016/s0006-291x(05)80239-6
http://dx.doi.org/10.1016/s0006-291x(05)80239-6
http://dx.doi.org/10.1016/0167-4781(83)90090-8
http://dx.doi.org/10.1016/0167-4781(83)90090-8
http://dx.doi.org/10.1046/j.1432-1033.2003.03814.x
http://dx.doi.org/10.1046/j.1432-1033.2003.03814.x
http://dx.doi.org/10.1093/nar/gky793
http://dx.doi.org/10.1093/nar/gky793
http://dx.doi.org/10.1016/j.cell.2008.09.013
http://dx.doi.org/10.4161/cc.10.17.17060
http://dx.doi.org/10.4161/cc.10.17.17060
http://dx.doi.org/10.4161/rna.8.4.15393
http://dx.doi.org/10.1038/290470a0
http://dx.doi.org/10.1038/290470a0
http://dx.doi.org/10.1038/ng909
http://dx.doi.org/10.1038/sj.emboj.7600465
http://dx.doi.org/10.1038/sj.emboj.7600465
http://dx.doi.org/10.1016/0092-8674(87)90220-0
http://dx.doi.org/10.1016/j.cell.2017.10.036
http://dx.doi.org/10.1074/jbc.M116.751008
http://dx.doi.org/10.1074/jbc.M116.751008
http://dx.doi.org/10.1016/j.cell.2009.10.031
http://dx.doi.org/10.1016/j.cell.2009.10.031
http://dx.doi.org/10.1093/nar/gkq1224
http://dx.doi.org/10.1016/j.cell.2017.09.035
http://dx.doi.org/10.1093/nar/gkv105
http://dx.doi.org/10.1093/nar/gkv105
http://dx.doi.org/10.15252/embr.201948101
http://dx.doi.org/10.15252/embr.201948101
http://dx.doi.org/10.1016/0092-8674(89)90853-2
http://dx.doi.org/10.1016/0092-8674(89)90853-2
http://dx.doi.org/10.1016/j.cmet.2013.03.006
http://dx.doi.org/10.1016/s0021-9258(19)62019-3
http://dx.doi.org/10.1016/s0021-9258(19)62019-3
http://dx.doi.org/10.1074/jbc.M501145200
http://dx.doi.org/10.1093/nar/gkv804
http://dx.doi.org/10.1093/nar/gkv804
http://dx.doi.org/10.1046/j.1432-1033.2003.03461.x
http://dx.doi.org/10.1046/j.1432-1033.2003.03461.x
http://dx.doi.org/10.1093/nar/gkq527
http://dx.doi.org/10.1073/pnas.1600537113
http://dx.doi.org/10.1073/pnas.1600537113
http://dx.doi.org/10.1016/s0014-5793(01)02345-6
http://dx.doi.org/10.1016/s0014-5793(01)02345-6
http://dx.doi.org/10.1038/s41467-018-03552-x
http://dx.doi.org/10.1073/pnas.84.20.7024
http://dx.doi.org/10.1016/0092-8674(88)90163-8


royalsocietypublishing.org/journal/rsob
Open

Biol.11:210168

15
promoters. J. Biol. Chem. 291, 13 432–13 435.
(doi:10.1074/jbc.C116.727966)

155. Uchida A et al. 2017 Unexpected sequences and
structures of mtDNA required for efficient
transcription from the first heavy-strand promoter.
Elife 6, e27283. (doi:10.7554/eLife.27283)

156. Zhang H, Pommier Y. 2008 Mitochondrial
topoisomerase I sites in the regulatory D-loop
region of mitochondrial DNA. Biochemistry 47,
11 196–11 203. (doi:10.1021/bi800774b)

157. Dalla Rosa I, Huang SY, Agama K, Khiati S, Zhang H,
Pommier Y. 2014 Mapping topoisomerase sites
in mitochondrial DNA with a poisonous
mitochondrial topoisomerase I (Top1mt).
J. Biol. Chem. 289,
18 595–18 602. (doi:10.1074/jbc.M114.555367)

158. Yakubovskaya E, Chen Z, Carrodeguas JA, Kisker C,
Bogenhagen DF. 2006 Functional human
mitochondrial DNA polymerase gamma forms a
heterotrimer. J. Biol. Chem. 281, 374–382. (doi:10.
1074/jbc.M509730200)

159. Korhonen JA, Pham XH, Pellegrini M, Falkenberg M.
2004 Reconstitution of a minimal mtDNA replisome
in vitro. EMBO J. 23, 2423–2429. (doi:10.1038/sj.
emboj.7600257)

160. Korhonen JA, Gaspari M, Falkenberg M. 2003
TWINKLE Has 50 -> 30 DNA helicase activity and is
specifically stimulated by mitochondrial single-
stranded DNA-binding protein. J. Biol. Chem. 278,
48 627–48 632. (doi:10.1074/jbc.M306981200)

161. Farr CL, Wang Y, Kaguni LS. 1999 Functional
interactions of mitochondrial DNA polymerase and
single-stranded DNA-binding protein: template-
primer DNA binding and initiation and elongation
of DNA strand synthesis. J. Biol. Chem. 274,
14 779–14 785. (doi:10.1074/jbc.274.21.14779)

162. Wanrooij S, Fuste JM, Farge G, Shi Y, Gustafsson CM,
Falkenberg M. 2008 Human mitochondrial RNA
polymerase primes lagging-strand DNA synthesis in
vitro. Proc. Natl Acad. Sci. USA 105, 11 122–11 127.
(doi:10.1073/pnas.0805399105)

163. Fuste JM et al. 2010 Mitochondrial RNA polymerase
is needed for activation of the origin of light-strand
DNA replication. Mol. Cell 37, 67–78. (doi:10.1016/j.
molcel.2009.12.021)

164. Chang DD, Clayton DA. 1985 Priming of human
mitochondrial DNA replication occurs at the light-
strand promoter. Proc. Natl Acad. Sci. USA 82,
351–355. (doi:10.1073/pnas.82.2.351)

165. Pham XH, Farge G, Shi Y, Gaspari M, Gustafsson CM,
Falkenberg M. 2006 Conserved sequence box II
directs transcription termination and primer
formation in mitochondria. J. Biol. Chem. 281,
24 647–24 652. (doi:10.1074/jbc.M602429200)

166. Xu B, Clayton DA. 1995 A persistent RNA-DNA
hybrid is formed during transcription at a
phylogenetically conserved mitochondrial DNA
sequence. Mol. Cell Biol. 15, 580–589. (doi:10.1128/
mcb.15.1.580)

167. Wanrooij PH, Uhler JP, Simonsson T, Falkenberg M,
Gustafsson CM. 2010 G-quadruplex structures in
RNA stimulate mitochondrial transcription
termination and primer formation. Proc. Natl Acad.
Sci. USA 107, 16 072–16 077. (doi:10.1073/pnas.
1006026107)

168. Wanrooij PH, Uhler JP, Shi Y, Westerlund F,
Falkenberg M, Gustafsson CM. 2012 A hybrid
G-quadruplex structure formed between RNA and
DNA explains the extraordinary stability of the
mitochondrial R-loop. Nucleic Acids Res. 40,
10 334–10 344. (doi:10.1093/nar/gks802)

169. Posse V, Al-Behadili A, Uhler JP, Clausen AR, Reyes
A, Zeviani M, Falkenberg M, Gustafsson CM. 2019
RNase H1 directs origin-specific initiation of DNA
replication in human mitochondria. PLoS Genet. 15,
e1007781. (doi:10.1371/journal.pgen.1007781)

170. Jiang M et al. 2021 The mitochondrial single-
stranded DNA binding protein is essential for
initiation of mtDNA replication. Sci. Adv. 7,
eabf8631. (doi:10.1126/sciadv.abf8631)

171. Robberson DL, Kasamatsu H, Vinograd J. 1972
Replication of mitochondrial DNA: circular replicative
intermediates in mouse L cells. Proc. Natl Acad. Sci.
USA 69, 737–741. (doi:10.1073/pnas.69.3.737)

172. Martens PA, Clayton DA. 1979 Mechanism of
mitochondrial DNA replication in mouse L-cells:
localization and sequence of the light-strand origin
of replication. J. Mol. Biol. 135, 327–351. (doi:10.
1016/0022-2836(79)90440-6)

173. Bogenhagen DF, Clayton DA. 2003 The
mitochondrial DNA replication bubble has not burst.
Trends Biochem. Sci. 28, 357–360. (doi:10.1016/
S0968-0004(03)00132-4)

174. Holt IJ, Jacobs HT. 2003 Response: THe
mitochondrial DNA replication bubble has not burst.
Trends Biochem. Sci. 28, 355–356. (doi:10.1016/
S0968-0004(03)00133-6)

175. Yang MY, Bowmaker M, Reyes A, Vergani L, Angeli
P, Gringeri E, Jacobs HT, Holt IJ. 2002 Biased
incorporation of ribonucleotides on the
mitochondrial L-strand accounts for apparent
strand-asymmetric DNA replication. Cell 111,
495–505. (doi:10.1016/s0092-8674(02)01075-9)

176. Yasukawa T, Reyes A, Cluett TJ, Yang MY, Bowmaker
M, Jacobs HT, Holt IJ. 2006 Replication of vertebrate
mitochondrial DNA entails transient ribonucleotide
incorporation throughout the lagging strand. EMBO
J. 25, 5358–5371. (doi:10.1038/sj.emboj.7601392)

177. Pohjoismaki JL et al. 2010 Mammalian
mitochondrial DNA replication intermediates are
essentially duplex but contain extensive tracts of
RNA/DNA hybrid. J. Mol. Biol. 397, 1144–1155.
(doi:10.1016/j.jmb.2010.02.029)

178. Reyes A, Kazak L, Wood SR, Yasukawa T, Jacobs HT,
Holt IJ. 2013 Mitochondrial DNA replication
proceeds via a ‘bootlace’ mechanism involving
the incorporation of processed transcripts.
Nucleic Acids Res. 41, 5837–5850. (doi:10.1093/nar/
gkt196)

179. Holt IJ, Lorimer HE, Jacobs HT. 2000 Coupled
leading- and lagging-strand synthesis of
mammalian mitochondrial DNA. Cell 100, 515–524.
(doi:10.1016/s0092-8674(00)80688-1)

180. Bowmaker M, Yang MY, Yasukawa T, Reyes A,
Jacobs HT, Huberman JA, Holt IJ. 2003 Mammalian
mitochondrial DNA replicates bidirectionally from an
initiation zone. J. Biol. Chem. 278, 50 961–50 969.
(doi:10.1074/jbc.M308028200)

181. Shi Y, Posse V, Zhu X, Hyvarinen AK, Jacobs HT,
Falkenberg M, Gustafsson CM. 2016 Mitochondrial
transcription termination factor 1 directs polar
replication fork pausing. Nucleic Acids Res. 44,
5732–5742. (doi:10.1093/nar/gkw302)

182. Hyvarinen AK, Pohjoismaki JL, Reyes A, Wanrooij S,
Yasukawa T, Karhunen PJ, Spelbrink JN, Holt IJ,
Jacobs HT. 2007 The mitochondrial transcription
termination factor mTERF modulates replication
pausing in human mitochondrial DNA. Nucleic Acids
Res. 35, 6458–6474. (doi:10.1093/nar/gkm676)

183. Peter BJ, Ullsperger C, Hiasa H, Marians KJ,
Cozzarelli NR. 1998 The structure of supercoiled
intermediates in DNA replication. Cell 94, 819–827.
(doi:10.1016/s0092-8674(00)81740-7)

184. Holm C, Goto T, Wang JC, Botstein D. 1985 DNA
topoisomerase II is required at the time of mitosis
in yeast. Cell 41, 553–563. (doi:10.1016/s0092-
8674(85)80028-3)

185. Adams DE, Shekhtman EM, Zechiedrich EL, Schmid
MB, Cozzarelli NR. 1992 The role of topoisomerase
IV in partitioning bacterial replicons and the
structure of catenated intermediates in DNA
replication. Cell 71, 277–288. (doi:10.1016/0092-
8674(92)90356-h)

186. Baxter J, Diffley JF. 2008 Topoisomerase II
inactivation prevents the completion of DNA
replication in budding yeast. Mol. Cell 30, 790–802.
(doi:10.1016/j.molcel.2008.04.019)

187. Peng H, Marians KJ. 1993 Decatenation activity of
topoisomerase IV during oriC and pBR322 DNA
replication in vitro. Proc. Natl Acad. Sci. USA 90,
8571–8575. (doi:10.1073/pnas.90.18.8571)

188. Zechiedrich EL, Cozzarelli NR. 1995 Roles of
topoisomerase IV and DNA gyrase in DNA unlinking
during replication in Escherichia coli. Genes Dev. 9,
2859–2869. (doi:10.1101/gad.9.22.2859)

189. Hiasa H, DiGate RJ, Marians KJ. 1994
Decatenating activity of Escherichia coli DNA
gyrase and topoisomerases I and III during oriC
and pBR322 DNA replication in vitro. J. Biol.
Chem. 269, 2093–2099. (doi:10.1016/s0021-
9258(17)42140-5)

190. Nurse P, Levine C, Hassing H, Marians KJ. 2003
Topoisomerase III can serve as the cellular
decatenase in Escherichia coli. J. Biol. Chem. 278,
8653–8660. (doi:10.1074/jbc.M211211200)

191. Lee CM, Wang G, Pertsinidis A, Marians KJ. 2019
Topoisomerase III acts at the replication fork to
remove precatenanes. J. Bacteriol. 201, e00563-18.
(doi:10.1128/JB.00563-18)

192. Weigel C, Seitz H. 2006 Bacteriophage replication
modules. FEMS Microbiol. Rev. 30, 321–381.
(doi:10.1111/j.1574-6976.2006.00015.x)

193. White JH, Richardson CC. 1987 Processing of
concatemers of bacteriophage T7 DNA in vitro.
J. Biol. Chem. 262, 8851–8860.

194. Pohjoismaki JL, Wanrooij S, Hyvarinen AK, Goffart S,
Holt IJ, Spelbrink JN, Jacobs HT. 2006 Alterations to
the expression level of mitochondrial transcription
factor A, TFAM, modify the mode of mitochondrial

http://dx.doi.org/10.1074/jbc.C116.727966
http://dx.doi.org/10.7554/eLife.27283
http://dx.doi.org/10.1021/bi800774b
http://dx.doi.org/10.1074/jbc.M114.555367
http://dx.doi.org/10.1074/jbc.M509730200
http://dx.doi.org/10.1074/jbc.M509730200
http://dx.doi.org/10.1038/sj.emboj.7600257
http://dx.doi.org/10.1038/sj.emboj.7600257
http://dx.doi.org/10.1074/jbc.M306981200
http://dx.doi.org/10.1074/jbc.274.21.14779
http://dx.doi.org/10.1073/pnas.0805399105
http://dx.doi.org/10.1016/j.molcel.2009.12.021
http://dx.doi.org/10.1016/j.molcel.2009.12.021
http://dx.doi.org/10.1073/pnas.82.2.351
http://dx.doi.org/10.1074/jbc.M602429200
http://dx.doi.org/10.1128/mcb.15.1.580
http://dx.doi.org/10.1128/mcb.15.1.580
http://dx.doi.org/10.1073/pnas.1006026107
http://dx.doi.org/10.1073/pnas.1006026107
http://dx.doi.org/10.1093/nar/gks802
http://dx.doi.org/10.1371/journal.pgen.1007781
http://dx.doi.org/10.1126/sciadv.abf8631
http://dx.doi.org/10.1073/pnas.69.3.737
http://dx.doi.org/10.1016/0022-2836(79)90440-6
http://dx.doi.org/10.1016/0022-2836(79)90440-6
http://dx.doi.org/10.1016/S0968-0004(03)00132-4
http://dx.doi.org/10.1016/S0968-0004(03)00132-4
http://dx.doi.org/10.1016/S0968-0004(03)00133-6
http://dx.doi.org/10.1016/S0968-0004(03)00133-6
http://dx.doi.org/10.1016/s0092-8674(02)01075-9
http://dx.doi.org/10.1038/sj.emboj.7601392
http://dx.doi.org/10.1016/j.jmb.2010.02.029
http://dx.doi.org/10.1093/nar/gkt196
http://dx.doi.org/10.1093/nar/gkt196
http://dx.doi.org/10.1016/s0092-8674(00)80688-1
http://dx.doi.org/10.1074/jbc.M308028200
http://dx.doi.org/10.1093/nar/gkw302
http://dx.doi.org/10.1093/nar/gkm676
http://dx.doi.org/10.1016/s0092-8674(00)81740-7
http://dx.doi.org/10.1016/s0092-8674(85)80028-3
http://dx.doi.org/10.1016/s0092-8674(85)80028-3
http://dx.doi.org/10.1016/0092-8674(92)90356-h
http://dx.doi.org/10.1016/0092-8674(92)90356-h
http://dx.doi.org/10.1016/j.molcel.2008.04.019
http://dx.doi.org/10.1073/pnas.90.18.8571
http://dx.doi.org/10.1101/gad.9.22.2859
http://dx.doi.org/10.1016/s0021-9258(17)42140-5
http://dx.doi.org/10.1016/s0021-9258(17)42140-5
http://dx.doi.org/10.1074/jbc.M211211200
http://dx.doi.org/10.1128/JB.00563-18
http://dx.doi.org/10.1111/j.1574-6976.2006.00015.x


royalsocietypublishing.org/journal/rsob
Open

Biol.11:210168

16
DNA replication in cultured human cells. Nucleic
Acids Res. 34, 5815–5828. (doi:10.1093/nar/gkl703)

195. Hyvarinen AK, Pohjoismaki JL, Holt IJ, Jacobs HT.
2011 Overexpression of MTERFD1 or MTERFD3
impairs the completion of mitochondrial DNA
replication. Mol. Biol. Rep. 38, 1321–1328. (doi:10.
1007/s11033-010-0233-9)

196. Yang J, Bachrati CZ, Ou J, Hickson ID, Brown GW.
2010 Human topoisomerase IIIalpha is a single-
stranded DNA decatenase that is stimulated by BLM
and RMI1. J. Biol. Chem. 285, 21 426–21 436.
(doi:10.1074/jbc.M110.123216)

197. Cejka P, Plank JL, Bachrati CZ, Hickson ID,
Kowalczykowski SC. 2010 Rmi1 stimulates
decatenation of double Holliday junctions during
dissolution by Sgs1-Top3. Nat. Struct. Mol. Biol. 17,
1377–1382. (doi:10.1038/nsmb.1919)

198. Wu L et al. 2006 BLAP75/RMI1 promotes the
BLM-dependent dissolution of homologous
recombination intermediates. Proc. Natl Acad. Sci.
USA 103, 4068–4073. (doi:10.1073/pnas.
0508295103)

199. Bocquet N et al. 2014 Structural and mechanistic
insight into Holliday-junction dissolution by
topoisomerase IIIalpha and RMI1. Nat. Struct. Mol.
Biol. 21, 261–268. (doi:10.1038/nsmb.2775)

200. Cejka P, Plank JL, Dombrowski CC, Kowalczykowski
SC. 2012 Decatenation of DNA by the S. cerevisiae
Sgs1-Top3-Rmi1 and RPA complex: a mechanism
for disentangling chromosomes. Mol. Cell 47,
886–896. (doi:10.1016/j.molcel.2012.06.032)

201. Li Z, Mondragon A, DiGate RJ. 2001 The mechanism
of type IA topoisomerase-mediated DNA topological
transformations. Mol. Cell 7, 301–307. (doi:10.1016/
s1097-2765(01)00178-2)

202. Gangloff S, McDonald JP, Bendixen C, Arthur L,
Rothstein R. 1994 The yeast type I topoisomerase
Top3 interacts with Sgs1, a DNA helicase homolog:
a potential eukaryotic reverse gyrase. Mol. Cell
Biol. 14, 8391–8398. (doi:10.1128/mcb.14.12.8391-
8398.1994)

203. Suski C, Marians KJ. 2008 Resolution of converging
replication forks by RecQ and topoisomerase III.
Mol. Cell 30, 779–789. (doi:10.1016/j.molcel.2008.
04.020)

204. Croteau DL et al. 2012 RECQL4 localizes to
mitochondria and preserves mitochondrial DNA
integrity. Aging Cell 11, 456–466. (doi:10.1111/j.
1474-9726.2012.00803.x)

205. De S et al. 2012 RECQL4 is essential for the
transport of p53 to mitochondria in normal
human cells in the absence of exogenous
stress. J. Cell Sci. 125, 2509–2522. (doi:10.1242/jcs.
101501)

206. Chi Z et al. 2012 RecQL4 cytoplasmic localization:
implications in mitochondrial DNA oxidative
damage repair. Int. J. Biochem. Cell Biol. 44,
1942–1951. (doi:10.1016/j.biocel.2012.07.016)
207. Viscomi C, Zeviani M. 2017 MtDNA-maintenance
defects: syndromes and genes. J. Inherit Metab. Dis.
40, 587–599. (doi:10.1007/s10545-017-0027-5)

208. Martin CA et al. 2018 Mutations in TOP3A cause a
Bloom syndrome-like disorder. Am. J. Hum. Genet.
103, 221–231. (doi:10.1016/j.ajhg.2018.07.001)

209. Jiang W, Jia N, Guo C, Wen J, Wu L, Ogi T, Zhang H.
2021 Predominant cellular mitochondrial
dysfunction in the TOP3A gene-caused Bloom
syndrome-like disorder. Biochim. Biophys. Acta Mol.
Basis Dis. 1867, 166106. (doi:10.1016/j.bbadis.
2021.166106)

210. Zhang H, Seol Y, Agama K, Neuman KC, Pommier Y.
2017 Distribution bias and biochemical
characterization of TOP1MT single nucleotide
variants. Sci. Rep. 7, 8614. (doi:10.1038/s41598-
017-09258-2)

211. Tewey KM, Rowe TC, Yang L, Halligan BD, Liu LF.
1984 Adriamycin-induced DNA damage mediated
by mammalian DNA topoisomerase II. Science 226,
466–468. (doi:10.1126/science.6093249)

212. Henriksen PA. 2018 Anthracycline cardiotoxicity: an
update on mechanisms, monitoring and prevention.
Heart 104, 971–977. (doi:10.1136/heartjnl-2017-
312103)

213. Stephenson AL, Wu W, Cortes D, Rochon PA. 2013
Tendon injury and fluoroquinolone use: a systematic
review. Drug Saf. 36, 709–721. (doi:10.1007/
s40264-013-0089-8)

http://dx.doi.org/10.1093/nar/gkl703
http://dx.doi.org/10.1007/s11033-010-0233-9
http://dx.doi.org/10.1007/s11033-010-0233-9
http://dx.doi.org/10.1074/jbc.M110.123216
http://dx.doi.org/10.1038/nsmb.1919
http://dx.doi.org/10.1073/pnas.0508295103
http://dx.doi.org/10.1073/pnas.0508295103
http://dx.doi.org/10.1038/nsmb.2775
http://dx.doi.org/10.1016/j.molcel.2012.06.032
http://dx.doi.org/10.1016/s1097-2765(01)00178-2
http://dx.doi.org/10.1016/s1097-2765(01)00178-2
http://dx.doi.org/10.1128/mcb.14.12.8391-8398.1994
http://dx.doi.org/10.1128/mcb.14.12.8391-8398.1994
http://dx.doi.org/10.1016/j.molcel.2008.04.020
http://dx.doi.org/10.1016/j.molcel.2008.04.020
http://dx.doi.org/10.1111/j.1474-9726.2012.00803.x
http://dx.doi.org/10.1111/j.1474-9726.2012.00803.x
http://dx.doi.org/10.1242/jcs.101501
http://dx.doi.org/10.1242/jcs.101501
http://dx.doi.org/10.1016/j.biocel.2012.07.016
http://dx.doi.org/10.1007/s10545-017-0027-5
http://dx.doi.org/10.1016/j.ajhg.2018.07.001
http://dx.doi.org/10.1016/j.bbadis.2021.166106
http://dx.doi.org/10.1016/j.bbadis.2021.166106
http://dx.doi.org/10.1038/s41598-017-09258-2
http://dx.doi.org/10.1038/s41598-017-09258-2
http://dx.doi.org/10.1126/science.6093249
http://dx.doi.org/10.1136/heartjnl-2017-312103
http://dx.doi.org/10.1136/heartjnl-2017-312103
http://dx.doi.org/10.1007/s40264-013-0089-8
http://dx.doi.org/10.1007/s40264-013-0089-8

	Controlling the topology of mammalian mitochondrial DNA
	Introduction
	Structure and function of mitochondrial DNA
	Topological considerations for mtDNA
	mtDNA packaging
	Membrane association of mtDNA

	Topoisomerases and mitochondria
	Topoisomerase mechanisms
	The localization and function of human topoisomerases

	mtDNA topology during mitochondrial transcription
	Transcription units and mechanism
	Control of mtDNA topology during transcription

	mtDNA topology during DNA replication
	Mechanism of mtDNA replication
	Control of mtDNA topology during mtDNA replication
	Comparison with bacterial and bacteriophage DNA replication
	mtDNA replication initiation and elongation
	mtDNA decatenation


	Topoisomerases in human mitochondrial disease
	Concluding remarks
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


