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Abstract

Mammalian mitochondrial DNA (mtDNA) encodes 13 proteins that are es-
sential for the function of the oxidative phosphorylation system, which is
composed of four respiratory-chain complexes and adenosine triphosphate
(ATP) synthase. Remarkably, the maintenance and expression of mtDINA de-
pend on the mitochondrial import of hundreds of nuclear-encoded proteins
that control genome maintenance, replication, transcription, RNA matura-
tion, and mitochondrial translation. The importance of this complex regu-
latory system is underscored by the identification of numerous mutations of
nuclear genes that impair mtDNA maintenance and expression at different
levels, causing human mitochondrial diseases with pleiotropic clinical mani-
festations. The basic scientific understanding of the mechanisms controlling
mtDNA function has progressed considerably during the past few years,
thanks to advances in biochemistry, genetics, and structural biology. The
challenges for the future will be to understand how mtDNA maintenance
and expression are regulated and to what extent direct intramitochondrial
cross talk between different processes, such as transcription and translation,
is important.
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INTRODUCTION

The Origin of mtDNA

According to current theories, mitochondria originated from x-proteobacteria, and the eukaryotic
cell was created when an x-proteobacterium entered an archaebacterium (1). This endosymbiosis
provided the bioenergetic means for large variations in the shape, size, and function of eukaryotic
cells to evolve, leading to the creation of multicellular organisms with specialized cell types (1).
During evolution, most of the genes in the ancestral bacterial genome were lost or transferred to
the nucleus, leaving only the compact mitochondrial DNA (mtDNA) molecule. Remarkably, in all
organisms studied there is a perfect correlation between the presence of mtDNA and the existence
of mitochondria with a functional respiratory chain (2). The reason for this interdependency
between oxidative phosphorylation (OXPHOS) and mtDNA is unclear and could be explained
by the evolutionary history of mitochondria or by strong selection for some regulatory features
that necessitates the presence of mtDINA close to the respiratory chain (2). It is possible that the
local regulation of gene expression is important for metabolic control; for example, the molecular
machineries governing mtDNA expression could be directly influenced by the mitochondrial
membrane potential (¥,,,) or the reduction—oxidation (redox) status of the organelle, or both.

Inheritance and Segregation of mtDNA in Mammals

There are many copies of mtDNA per cell in both somatic tissues and germ cells, and a mutation
may be present in only a fraction of all copies. In the homoplasmic state, a cell or a tissue has
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mtDNA of only one genotype, whereas in a heteroplasmic state, there is a mixture of two or more
genotypes. A heteroplasmic, pathogenic mtDNA mutation has to be present above a certain min-
imal threshold to cause respiratory-chain deficiency (3), and mutation levels typically vary vastly
among different tissues and even among cells in a given tissue because of somatic segregation (4).
Mitochondrial DNA is exclusively maternally inherited and two main processes may explain why
the mtDNA present in sperm is not transmitted to the next generation. First, there is a significant
downregulation of the mtDNA copy number during spermatogenesis (5, 6). Second, there is a
mechanism that actively degrades sperm mitochondria after fertilization (7, 8). It has been esti-
mated that a mammalian oocyte contains approximately 10° copies of mtDNA, which segregate
into daughter cells after fertilization as the embryo starts to divide, and replication of mtDNA does
not ensue until after implantation (9). During development, a small number of mtDNA molecules
will be set aside for the germ line and will populate primordial germ cells to give rise to the future
oocytes. It is important to recognize that although somatic tissues contain abundant mtDNA mu-
tations (10), the germ line has several mechanisms to counteract maternal transmission of mtDNA
mutations (2): (#) Only a subset of the pool of mtDNAs in the mother is transmitted to the next
generation because of a bottleneck effect during development (11). (¢) There is a purifying selec-
tion mechanism in the maternal germ line that decreases the transmission of mtDNA mutations
causing amino acid changes in the encoded proteins (12). (¢) High levels of mtDNA mutations
that affect transfer RNA (tRNA) genes are strongly selected against in the developing embryo
(12). (d) Mothers with high levels of mtDNA mutations in the germ line have decreased fertility

(13).

Expression of Mammalian mtDNA

Mammalian mtDNA is a gene-dense, double-stranded DNA (dsDNA) molecule of 16.6 kb,
which encodes 11 messenger RNAs (mRNAs) (translated to 13 proteins), 2 ribosomal RINAs
(rRNAs) (128 and 16S rRNA), and 22 tRNAs (Figure 1). The OXPHOS system consists of ap-
proximately 90 proteins that have a dual genetic origin, that is, the subunits are either encoded by
nuclear genes, translated on cytosolic ribosomes and imported into mitochondria, or encoded
by mtDNA and translated on mitochondrial ribosomes (Figure 2). The 13 mtDNA-encoded
subunits constitute only a minority of the OXPHOS subunits, but they are nevertheless essential
because OXPHOS collapses in the absence of mtDNA expression (14). It has been estimated that
mitochondria contain approximately 1,200 different proteins and, remarkably, several hundred of
these are needed for mtDNA expression (15, 16). The regulation of mtDNA expression is quite
complex and involves many different levels of control, such as mtDNA maintenance, mtDNA
replication, mtDNA transcription, the processing of primary transcripts, RNA modification,
RNA stability, the coordination of translation, translation by mitochondrial ribosomes, and the
regulated insertion of translated proteins into the mitochondrial inner membrane (17). In this
review, we focus on the molecular machineries involved in the maintenance, replication, and
transcription of mtDNA. An extensive review of the mechanisms involved in RNA maturation
and translation can be found in Reference 17.

MITOCHONDRIAL TRANSCRIPTION

Transcription Patterns

The two strands of mtDNA differ in their base composition: Because one strand is rich in guanines,
the strands can be separated into a heavy (H) and a light (L) strand using density centrifugation
in alkaline CsCl, gradients (18). The mammalian mtDNA genome is densely packed with coding
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Figure 1

Organization of the human mitochondrial genome. An enlarged version of the NCR is shown at the top. Characteristic features include
the 7S DNA, which associates with mtDNA to create a displacement loop (D-loop) in the NCR. Transcripts initiated from the LSP are
frequently terminated at CSB1, creating the 7S RNA. These transcripts should not be confused with the primers formed by
transcription termination at CSB2 (not shown in this figure). Full-length LSP transcripts are terminated just downstream of the 16S
rRNA, whereas full-length HSP transcripts are terminated at the 3’ end of the D-loop region. Abbreviations: CSB, conserved sequence
block; HSP, heavy-strand promoter; LSP, light-strand promoter; mRNA, messenger RNA; mtDNA, mitochondrial DNA; NCR,
noncoding control region; Oy, heavy-strand origin; rRNA, ribosomal RNA; tRNA, transfer RINA; TAS, termination-associated
sequence.

information and contains 37 genes in just 16.6 kb of sequence. All genes in mammalian mtDNA
lack introns, and there is only one longer noncoding region, which is referred to as the control
region. The control region contains a dedicated promoter for the transcription of each strand of
mtDNA, that s, the light-strand promoter (LSP) and the heavy-strand promoter (HSP), as well as
regulatory sequences controlling mtDNA replication (Figure 1). Transcription initiation at LSP
or HSP produces near-genome-length polycistronic transcripts that encompass all of the coding
information on each strand. There are transcription termination events that prevent transcription
from proceeding into the control region, where transcription was initiated (Figure 1). The pri-
mary transcripts are processed to release the individual RNA molecules. The steady-state levels
of the longer unprocessed transcripts are low and, therefore, processing is likely to occur cotran-
scriptionally. In 1981, mouse and human mtDNA were sequenced and it was noted that tRNA
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Figure 2

Respiratory-chain subunits and ATP synthase are the products of two different genomes. The mitochondrial
genome encodes for 13 subunits of the oxidative phosphorylation system, as well as for transfer RNAs and
ribosomal RNAs required for their synthesis. All other proteins, including those required for the
maintenance and expression of mitochondrial DNA, are encoded in the nucleus, synthesized in the cytosol,
and transported into mitochondria. Abbreviations: ATP, adenosine triphosphate; nDNA, nuclear

DNA.
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genes often flank rRNA and protein-coding genes (19, 20), which led to the postulation of the
“tRNA punctuation model” (21). According to this model, tRNAs are specifically recognized and
cleaved in the polycistronic transcripts, thus leading to the release of tRINAs, mRNAs, and rRINAs
(21), which subsequently undergo further maturation by, for example, base modifications, CCA
addition, and polyadenylation (17). In mammalian mitochondria, the 5" ends of tRINAs are cleaved
in the polycistronic transcript by an all-protein version of ribonuclease (RNase) P, consisting of
three subunits (MRPP1-3), whereas the 3’ ends of tRNAs are processed by RNase Z (ELAC2)
7).

The enzymatic machineries for the maintenance and expression of mammalian mtDNA are
completely distinct from those found in the nucleus, which is consistent with the a-proteobacterial
origin of mitochondria (22). However, many of the involved proteins are dissimilar to the corre-
sponding o-proteobacterial components, and instead are similar to proteins present in the T-odd
lineage of bacteriophages, including factors such as the mitochondrial DNA-directed RNA poly-
merase (POLRMT), the catalytic subunit of mtDNA polymerase (POLyA), and the replicative
mitochondrial helicase (TWINKLE) (23, 24). Thus, there are several examples of bacteriophage-
derived replication and transcription factors that have replaced the original a-proteobacterial
enzymes during the endosymbiosis process (25).

Mitochondrial RNA Polymerase

The single subunit mitochondrial RNA polymerase was first identified in yeast (26), and later,
based on sequence similarity, in human cells (27). Mammalian POLRMT is related to the RNA
polymerase (RNAP) encoded by bacteriophage T7 (T7 RNAP). A mitochondrial-targeting sig-
nal with a length of 41 amino acids is cleaved off from human POLRMT after mitochondrial
import, and the mature protein corresponds to 1,189 amino acids. X-ray structure analysis has
demonstrated that human POLRMT contains a catalytic domain in the C terminus of the protein
(amino acids 647-1,230) and an N-terminal domain (amino acids 368-647) with similarity to the
promoter-binding, AT-rich recognition loop of T7 RNAP (28).

Although structurally similar and with a common evolutionary origin, T7 RINAP and
POLRMT differ in their mechanisms of transcription elongation. In fact, the structure of the elon-
gating form of POLRMT is strikingly different from that reported for T7 RNAP (29). Whereas
the phage polymerase refolds extensively during transition to elongation, the elongating form
of POLRMT does not. Furthermore, the N-terminal domain contains a conserved, intercalat-
ing, hairpin-like structure, which melts promoter DNA during the initiation of transcription by
T7 RNAP; the corresponding region in POLRMT has a different function, as it has a role in
separating RNA from DNA during transcription elongation (29).

The N-terminal extension (NTE; amino acids 42-368) is a unique feature of POLRMT that
is not found in phage polymerases and for which there are only limited high-resolution structural
data. Sequence analysis has identified a pentatricopeptide repeat (PPR) domain known to bind
RNA, but its function remains unclear. The PPR domain is located next to the point where the
newly synthesized RNA exits the catalytic domain of POLRMT (29). Hypothetically, the PPR
domain may prevent reannealing of newly synthesized RNA to the template DNA in order to
avoid blocking subsequent rounds of transcription initiation. POLRMT binds sequence specifi-
cally to promoter elements, but it is unable to initiate transcription on its own and requires the
help of mitochondrial transcription factor A (TFAM) and mitochondrial transcription factor B2
(TFB2M).
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Mitochondrial Transcription Factor B2

TFB2M was originally discovered based on its primary sequence similarities to the yeast tran-
scription factor mtTFB (30). TFB2M can support the initiation of transcription from HSP and
LSP in a purely recombinant, in vitro system containing POLRMT and TFAM (30). TFB2M
interacts transiently with POLRMT and forms part of the catalytic site during the initiation of
transcription (31). In the initiation complex, TFB2M interacts directly with the priming sub-
strate but, as has been demonstrated with yeast mtTFB, the protein is probably lost from the
complex once POLRMT leaves the promoter and enters elongation (32). Mammalian cells also
contain a second mtTFB homolog, denoted TFB1M. Both TFB1IM and TFB2M are similar in
sequence to a large family of rRNA methyltransferases present in bacteria, archaea, and eukary-
otes (30). TFB1M likely represents the ancestral methyltransferase, whereas TFB2M is the result
of a gene duplication that has allowed it to evolve into a mitochondrial transcription factor (33—
35). Interestingly, a similar gene-duplication event may have given rise to the accessory subunit of
mtDNA polymerase, which is related to a family of tRINA synthetases (36). Results from biochem-
ical experiments and the characterization of conditional knockout mice have shown that TFBIM
dimethylates two highly conserved adenines at the 3 end of the mitochondrial 12S rRNA (37),
and the loss of TFB1M in mice impairs biogenesis of the small ribosomal subunit but transcription
is unaffected (37).

Mitochondrial Transcription Factor A

TFAM is the third essential component of the core mitochondrial transcription machinery (38).
TFAM binds sequence-specifically to mitochondrial promoters and creates a stable U-turn in
DNA (39, 40). Similar to other members of the high mobility group (denoted HMG)-box domain
family, TFAM can bind, unwind, and bend DNA without sequence specificity (22). In fact, TFAM
has been shown to coat the entire mtDNA molecule, forming a compact nucleoid structure (41-44).
Biophysical studies have also generated important new insights into the ways in which the protein
changes the structure of mtDNA. These studies have shown that TFAM may slide over DNA
and form longer patches upon collision with other TFAM monomers (45). When TFAM binds
to DNA, the protein induces DNA unwinding of the short surrounding region (45). Coalescence
of the bubbles formed by neighboring TFAM monomers may drive protein aggregation into long
patches (46). Such DNA-mediated allosteric interactions may also be important for activating
transcription. TFAM-induced melting bubbles in the promoter region may coalesce with a bubble
created by POLRMT and TFB2M at the transcription start site (46).

A Model for the Initiation of Mitochondrial Transcription

A combination of studies using in vitro biochemistry and structural biology, as well as biophysical
studies, has provided us with a model for how transcription is initiated in mitochondria (Figure 3).
The reaction is initiated by TFAM binding to a high-affinity site situated 10-15 base pairs (bp)
upstream of the start site for transcription. Next, TFAM interacts with POLRMT and recruits
the protein to the promoter. POLRMT recruitment depends on direct interactions with TFAM,
but it also involves structural changes in the promoter region, which facilitate POLRMT-DNA
interactions (47-49). In agreement with this notion, conditions that induce promoter breathing
can circumvent the strict TFAM requirement for transcription initiation (38). In the absence of
TFB2M, POLRMT-promoter interactions are mainly restricted to sequences around position
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Figure 3

A sequential model of the initiation of mammalian mitochondrial DNA transcription. @® TFAM interacts
with a high-affinity binding site just upstream of the transcription start site and introduces a 180° bend in the
DNA. @ POLRMT is recruited by both TFAM and sequence-specific interactions with DNA. POLRMT
interacts with DNA around the transcription start site and with DNA upstream of the TFAM-binding site.
® In complex with DNA and TFAM, POLRMT undergoes a conformational change, which enables @ the
binding of TFB2M and the formation of a fully assembled initiation complex. Abbreviations: NTE,
N-terminal extension; POLRMT, mitochondrial DNA-directed RNA polymerase; TFAM, mitochondrial
transcription factor A; TFB2M, mitochondrial transcription factor B2.

—50 to —60 (48). This interaction is also evident from cross-linking experiments that have
demonstrated direct contacts between POLRMT and the upstream promoter region (50). The
contacts formed are explained from structural data demonstrating that TFAM induces a sharp
bend in the promoter DNA, which helps to juxtapose POLRMT and the —50 to —60 region (39,
40). In the next step, TFB2M enters the transcription complex and the fully assembled initiation
complex encircles the promoter (47, 48). This observation is in agreement with data revealing
that TFB2M is required for the structural changes that occur around the transcription start site
(31, 48) and for the formation of the first phosphodiester bond (51). How the NTE of POLRMT
affects transcription initiation is poorly understood, but the domain appears to have a repressive
effect on transcription. The loss of the NTE generates a hyperactive polymerase, which can also
initiate transcription in the absence of TFAM (48).

Mitochondrial Transcription Elongation Factor

The mitochondrial transcription elongation factor (TEFM) was identified based on its sequence
similarity to previously characterized transcription elongation factors from other systems (52).
TEFM interacts with the catalytic, C-terminal part of POLRMT, and depletion of TEFM im-
pairs transcription elongation both in vitro (53, 54) and in knockdown cell lines (52). TEFM
stimulates POLRMT interactions with an elongation-like DNA:RNA template, and the protein
is present at the promoter before the initiation of transcription (53, 54). Thus, it could be de-
bated whether TEFM should be regarded as a second subunit of mitochondrial RNAP or as an
accessory elongation factor. TEFM helps the polymerase to transcribe longer stretches of RNA
and to bypass regions generating highly structured RNA (e.g., tRNA clusters and the strong G-
quadruplex-forming region of conserved sequence block-2 (CSB2) (53, 54). TEFM also stimulates
transcription past oxidative lesions, such an 8-Oxo-2’-deoxyguanosine, which otherwise may cause
premature transcription termination (53, 54).
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Mitochondrial Transcription Termination Factor 1

Early studies led to the idea that H-strand transcription involves two overlapping transcription
units and that it is initiated from two separate transcription start sites, denoted HSP1 and HSP2
(55). HSP1 is situated just upstream of the tRNAPh¢ gene, and transcription from this promoter
produces transcripts that span the tRNAP?, 12S rRNA, 16S rRNA, and tRNAVY?! genes. In contrast,
the HSP2 transcription initiation site is located approximately 100 bp further downstream, at the
boundary between the tRNAP" and 12S rRNA genes, and transcription from this second promoter
supposedly proceeds along almost the entire length of the H-strand (55). There is no consensus
on whether the HSP2 promoter exists. Some reports have failed to observe initiation from HSP2
in reconstituted transcription systems, whereas others have suggested that transcription initiation
at HSP2 can be observed in vitro (30, 56-59). However, the data are not congruent because the
precise HSP2 transcription start site mapped in vitro differs from the one that has been mapped
in vivo (55, 59).

One key feature of the H-strand two-transcription-unit model is the regulation of transcription
termination. Transcription initiated from HSP1 is supposedly terminated within the tRNAL«(UUR
gene ata position immediately downstream of the 16S rRINA gene, whereas transcription initiation
from HSP2 continues past the termination site (60, 61). This model has been suggested to explain
why the steady-state levels of the rRINAs are about 50-fold higher than those of the mRNAs pro-
duced downstream of the termination site. The responsible termination factor was identified based
on protein purification and is called mitochondrial transcription termination factor 1 (MTERF1)
(62, 63). Recently, the two-transcription-unit hypothesis was challenged by a knockout of MrerfI
in mice (64). The loss of the MTERF1 protein did not create any noticeable phenotype, and the
relative levels of rRNA and mRNA remained unaffected. Instead, MTERF1 helped to reduce anti-
sense transcription of the rRNA genes. The in vivo observations and conclusions are in excellent
agreement with in vitro biochemical analyses of the action of the MTERF1 protein in transcription
assays. In such assays, MTERF1 only partially terminates H-strand transcription, whereas tran-
scription in the opposite direction (L-strand transcription) is almost completely blocked (64, 65).

Other Members of the MTERF Family

Three additional proteins have been identified based on their sequence similarities to MTERF1,
namely MTERF2, MTERF3, and MTERF4 (66). X-ray structure determinations have demon-
strated that these MTERF proteins are shaped like half-doughnuts, with a positively charged path
on the convex side (40, 67-70). In MTERF1, the charged path helps to unwind the DNA helix,
and three nucleotides are everted at the MTERF1 recognition site. Base flipping is necessary for
a stable interaction between MTERF1 and DNA and for promoting transcriptional termination
(67). The MTERF2, MTERF3, and MTERF4 proteins were initially investigated for their ability
to bind sequence-specifically to mtDNA and to promote transcription or termination of mtDNA
replication, or both. However, none of these proteins has been shown to regulate transcription
termination. Instead, they seem to have adopted other roles in regulating transcription initiation
and in ribosomal assembly (71-73).

MTEREF?2 is the least well characterized of the MTERF-family proteins. This protein is asso-
ciated with the mitochondrial nucleoid (72), and deletion of the Mtrerf2 gene in mice causes no
obvious phenotype (N-G Larsson, unpublished observation). The function of MTERF2 remains
to be determined. MTERF3 was originally identified as a negative regulator of mitochondrial
transcription (71). The loss of Mterf3 causes embryonic death in mid-gestation, whereas tissue-
specific depletion of the MTERF3 protein in the heart causes massive upregulation of mtDNA
transcription initiation and impaired respiratory-chain function. Chromatin immunoprecipitation
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experiments have shown that MTERF3 can interact with the mitochondrial promoter region, but
an exact binding site has never been defined (71). Interestingly, MTERFE3 has also been shown to
interact with 16S rRNA to facilitate the assembly of the large mitochondrial ribosomal subunit
necessary for translation (74). The exact mechanisms of MTERF3 function have not been deter-
mined. The effect on translation is intriguing, but the exact binding site and the functional effect
of MTERF3 on ribosome assembly remain unclear. The dramatic increase of de novo transcrip-
tion in the absence of MTERF?3 could potentially be occurring secondary to a general induction
of mitochondrial biogenesis in response to decreased translation. Alternatively, MTERF3 could
directly act to coordinate transcription and translation, and thus simultaneously affect both of
these levels of gene transcription (71, 74). Clearly, more work is needed to define how MTERF3
may interact with mtDNA and the 16S rRINA sequences.

The last member of the mammalian MTERF family of proteins is MTERF4. Similar to
MTERE3, the loss of MTERF4 causes a phenotype that is lethal to mouse embryos (73). The
protein forms a stable, heterodimeric complex with NSUN4, a methyltransferase that methylates
cytosine 911 in the mouse 125 rRNA (68, 75). Initially, it was believed that MTERF4 functions
by targeting NSUN4 to the mitochondrial ribosome (73), but later experiments demonstrated
that NSUN#4 also methylates the 125 rRNA in the absence of the MTERF4 protein (75). Instead,
the MTERF4-NSUN4 heterodimer seems to help to assemble the small and large ribosomal
subunits into a functional monosome (75). The loss of MTERF4 not only impairs translation
but also causes a massive increase in mitochondrial transcription, which is linked to a decrease
in MTERF3 (73). It remains to be determined how MTERF3 and MTERF4 may cooperate to
affect mitochondrial transcription and translation.

mtDNA REPLICATION

Mammalian mtDNA is replicated by a set of proteins that is distinct from the nuclear replication
machinery. Mutations of mtDNA accumulate in somatic tissues with age (10), and many mutations
seem to be formed by replication errors during embryogenesis, rather than by unrepaired damage
(76, 77). Also, the patterns of polymorphisms in mice and humans are consistent with the idea that
replication errors are the main source of mtDNA variation (12). Thus, the mtDNA replication
process is of great importance for understanding sequence variation in mtDNA in mammalian
evolution, as well as in disease and aging. We summarize briefly what is known about the factors
involved.

The mtDNA Replisome

Similar to mitochondrial transcription machinery, many mtDNA replication factors are related to
the simple replication machineries found in bacteriophages (25). At the core of mtDNA replication
is DNA polymerase-y (POLY), the only replicative polymerase in mitochondria. Human POLy is
a heterotrimer, with one catalytic subunit (POLyA) and two accessory subunits (POLyB) (78-80);
mouse knockouts lacking either POLyA or POLyB are lethal to the embryo (81, 82). A second
DNA polymerase, referred to as PrimPol (primase polymerase), has been reported to act in both
the nucleus and mitochondria. PrimPol is not essential for mtDNA maintenance and may serve a
more specialized role, for example, by facilitating mtDNA replication fork progression at lesions
or replication blocks, or both (83, 84).

POLYA has a molecular mass of 140 kDa (78) and belongs to the family-A DNA polymerases.
Other members of this family are bacteriophage T7 DNA polymerase and bacterial DNA poly-
merase I (85-87). POLyA contains a 3’ to 5’ exonuclease domain that allows efficient proofreading
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of a newly synthesized DNA strand, making POLy one of the most accurate DNA polymerases
known, with an error frequency of less than 1 x 10~ per nucleotide (88). The enzyme also harbors
a 5'-deoxyribose phosphate lyase activity, which may contribute to base excision repair, further
lowering the mtDNA mutational load (89, 90).

The accessory POLyB subunit has a molecular mass of 55 kDa and shares structural similarity
with class IIa aminoacyl-tRNA synthetases (36, 80). The protein has a dsDNA-binding activity
(91) that is dispensable for DNA synthesis on a single-stranded DNA (ssDNA) template, but is
required for replication on dsDNA (92). POLyB serves to increase both the catalytic activity and
the processivity of POLyA by enhancing interactions with DNA substrates. POLy is conserved
in eukaryotes (79, 80), but the structural composition of the enzyme complex varies in metazoans.
In contrast to that in mammals, Drosophila melanogaster POLy is a heterodimer consisting of one
POLYyA and one POLyB subunit (80). In Saccharomzyces cerevisiae, the accessory POLyB subunit
is missing and POLyA is fully active as a monomer (93).

POLYy is, on its own, unable to use dsDNA as a template (92, 94, 95) and requires the DNA
helicase TWINKLE for DNA synthesis to occur (94). The TWINKLE protein is essential because
the mouse knockout is lethal to embryos (96). During mtDNA replication, TWINKLE travels
together with POLy at the replication fork and catalyzes nucleotide triphosphate-dependent
unwinding of the mtDNA duplex in the 5’ to 3’ direction (94). TWINKLE is homologous to the
T7 phage gene 4 protein (97). The phage protein also has a primase activity in its amino-terminal
region, but this activity has been lost in the metazoan TWINKLE protein (98). Instead, the
primers required for initiating mtDNA synthesis are likely produced by the mitochondrial RNA
polymerase POLRMT (99, 100). TWINKLE requires a fork structure (a single-stranded 5'-DNA
loading site and a short 3’-tail) to initiate unwinding, and just as in the gp4 protein, TWINKLE
forms a hexamer in solution (97, 101, 102). The mitochondrial ssDNA-binding protein (mtSSB)
stimulates TWINKLE’s helicase activity and stabilizes the long stretches of single-stranded DNA
formed at the replication fork (94, 101). The mtSSB protein has a molecular mass of 16 kDa and
binds to ssDNA as a tetramer. In addition to coating ssDNA, mtSSB also stimulates mtDNA
synthesis by facilitating POLy primer recognition and enhancing POLy processivity (103).

Topoisomerases are essential for replication, as well as transcription, because they allow changes
in DNA topology (104). Mitochondrial topoisomerase I (TOP1mt) belongs to the type 1 class
of topoisomerases, which catalyzes transient single-stranded DNA breaks (105). The protein has
a molecular mass of about 72 kDa and can relax supercoiled DNA generated by replication or
transcription (106, 107). Recently, two nuclear type IIA topoisomerases, TOP2« and TOP24,
which catalyze transient double-stranded DNA breaks, were found to be present and active in
mammalian mitochondria (108). Interestingly, TOP2«x forms a complex with mtDNA at both
ends of 7S DNA and may thus be involved in regulating the stability of the D-loop structure.

Mutations affecting the function of the basic mtDNA replication machinery are important
causes of human mitochondrial disease. A large number of pathogenic mutations have been re-
ported in the genes encoding POLyA and TWINKLE, and some mutations have also been found
in the gene encoding POLyB (109). Affected patients display deletions or depletion of mtDNA
thatleads to respiratory-chain deficiency and neuromuscular symptoms: Progressive external oph-
thalmoplegia, exercise intolerance, and muscle weakness are common symptoms (109).

The Mode of mtDNA Replication

According to the strand-displacement model (SDM) of mtDNA replication, DNA synthesis occurs
continuously on both strands and no Okazaki fragments are formed (Figure 4) (110). To ensure
proper coordination of DNA synthesis for the two strands, mtDNA contains a dedicated origin
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Figure 4

The strand-displacement model of mitochondrial DNA (mtDNA) replication. @ After initiation at the
heavy-strand origin (Opy), the replisome proceeds unidirectionally to produce the nascent H-strand. The
displaced, parental H-strand is bound and stabilized by the mitochondrial single-stranded DNA-binding
protein (mtSSB) (green). @ When the H-strand replication machinery passes the light-strand origin (Or), a
stem-loop structure is formed. The mitochondrial DNA-directed RNA polymerase POLRMT (orange)
synthesizes short primers at the stem loop, which are used to initiate L-strand DNA synthesis. Please note
that TWINKLE (blue) is required only for the H-strand because the template for L-strand synthesis is
single-stranded DNA covered with mtSSB. 3, @ After completion of mtDNA strand synthesis, replication
is terminated at either Oy or Or,, depending on where DNA synthesis was initiated.

of DNA replication on each strand, the heavy-strand origin (Oy) and the light-strand origin (Oy,)
(Figures 4 and 5). Replication is initiated at Oy, and DNA synthesis proceeds in one direction to
produce a new H-strand. During the first phase of replication, there is no simultaneous synthesis
of the complementary L-strand. During the synthesis of the new H-strand, mtSSB covers the
displaced, parental H-strand and blocks POLRMT transcription (111). Thus, mtSSB prevents
the random initiation of RNA primer synthesis on the displaced strand. When the replication
machinery has synthesized about two-thirds of the mtDNA molecule, it passes Oy, which becomes
single-stranded and folds into a stem-loop structure (Figures 4 and 5). The stem hinders mtSSB
binding and leaves the single-stranded loop region accessible for POLRMT, which initiates primer
synthesis from a poly-T stretch (100, 111). After about 25 nucleotides (nt) of primer synthesis,
POLRMT is replaced by POLy, and L-strand DNA synthesis begins. The replication of the two
strands is interconnected because H-strand synthesis is required for the initiation of L-strand
synthesis. Once initiated, H- and L-strand synthesis proceed continuously in opposite directions
until the two events reach a full circle. Support for the SDM has been provided by using a number
of different techniques, including atomic force microscopy, mapping of free 5" ends to Oy and Oy,
as well as in vitro reconstitution of replication-dependent initiation of mtDNA synthesis at Oy, (18,
100, 112-114). The Oy, sequence is strongly conserved in all vertebrates, and in vivo saturation
mutagenesis of mouse mtDNA has demonstrated that Oy, is essential for mtDNA maintenance.
The structure and the sequence requirement for human Oy, have also been elucidated in detail in
vitro. A functional human Oy, mustinclude a stable double-stranded stem region with a pyrimidine-
rich template strand and a single-stranded loop of at least 10 nt (114).

An interesting consequence of the SDM is that the sites for the initiation and termination of
mtDNA synthesis differ between the two daughter molecules. On one, initiation and termination
will take place at Oyy, and on the other it will be at Oy, (Figure 4). In addition, the factors required
for producing the two daughter molecules will also be distinct. Replication initiating at Oy uses a
dsDNA template and, therefore, depends on TWINKLE for DNA unwinding. In contrast, DNA
synthesis initiated at Oy, uses ssDNA as a template and, therefore, TWINKLE is not required.
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Figure 5

Models for initiation of mitochondrial DNA synthesis at the heavy-strand origin (Og) and the light-strand
origin (Or,). (#) Transcription initiated at the light-strand promoter (LSP) is prematurely terminated at
conserved sequence block-2 (CSB2). The termination is directed by G-quadruplex structures formed in the
nascent RNA. The primer remains stably associated with template DNA, forming an R-loop structure. Once
DNA synthesis has been initiated, primer processing removes the RNA and about 100 nucleotides (nt) of
downstream DNA. As a consequence, the free 5’ end of nascent H-strand DNA is placed at position 191.

(b)) When exposed in its single-stranded conformation, the Oy, adopts a stem-loop structure, and the
mitochondrial DNA-directed RNA polymerase POLRMT initiates primer synthesis from a poly-dT stretch
in the single-stranded loop region. After about 25 nt, POLRMT is replaced by POLy, and L-strand DNA
synthesis commences.

These strand-specific differences may influence the relative rate of H- and L-strand synthesis and
could explain why there are strand-specific mtDNA mutation patterns, for example, as observed
in cancer cells (115, 116).

In addition to the SDM, two alternative models for mtDNA replication have been suggested,
that is, the model of ribonucleotide incorporation throughout the lagging strand (RITOLS)
and the model of strand-coupled mtDNA replication (117-121). Both of these models are
primarily based on mtDNA replication intermediates observed using neutral two-dimensional
agarose gel electrophoresis (known as 2D-AGE). The generality of the strand-coupled DNA
replication mechanism has been questioned because products interpreted as intermediates from
this type of replication mechanism do not become rapidly labeled in organello (121, 122). The
RITOLS replication model and the SDM are similar, with the exception of the requirement
for mtSSB. According to the SDM, the displaced H-strand is coated with mtSSB, whereas the
RITOLS model argues that the parental H-strand is coated with RINA. The RINA intermediates
in the RITOLS model are processed transcripts (including tRNAs and rRNAs), which are
successively threaded onto the lagging-strand template as the replication fork advances, and
they remain hybridized until displaced, degraded, or processed further during lagging-strand
DNA synthesis (121). A weakness of this so-called bootlace model is that the enzymes required
for the process—that is, the hybridization of RNA intermediates to DNA and the subsequent
RNA displacement—have not been defined (122). Furthermore, it is unclear how well highly
structured and modified tRNAs and rRNAs can be melted to anneal to ssDNA (122). Another
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strong argument against the RITOLS model is that the in vivo occupancy profile of mtSSB is in
good agreement with the SDM (111). According to this later model, the parental H-strand close
to the control region will remain single-stranded for a much longer time than it will in regions
closer to Or. In agreement with this prediction, the highest levels of mtSSB are found close to
the mitochondrial control region and they gradually decline towards Oy, (111).

Initiation of mtDNA Replication at Oy

The initiation of mtDNA replication can be regarded as a committed step and should, therefore,
be under strict control. Frangois Jacob, Sidney Brenner, and Francois Cuzin (123) formulated a
general model of the initiation of DNA replication in 1963. In their model, replication is regu-
lated by specific DNA sequences called replicators. The binding of an initiator to the replicator
triggers the initiation of DNA replication. The replicator model has turned out to be valid for
many types of genomes, but it fails to explain how the initiation of mtDNA replication is reg-
ulated in mitochondria. The structure of the origins of replication varies among organisms. In
Escherichia coli, oriC corresponds to 3 A-T rich 13-mer repeats and 4 9-mer repeats, whereas a
typical budding yeast origin is about 100 bp and contains a common 11-bp consensus sequence
that is essential for origin activity (85). In human mitochondria, Oy has traditionally been defined
as a single position and has classically been annotated at nucleotide position 191 because of the
existence of a prominent free 5" DNA end at this site (22). We believe that this nomenclature has
confounded our thinking about how replication is initiated in human mitochondria and that the
mitochondrial Oy needs to be redefined (Figure 5). First, primer formation is initiated at LSP,
which is located approximately 200 nt upstream of Oyy. Transcription initiated from LSP not only
generates polycistronic near-genome-length transcripts but also supposedly generates the primers
required to initiate H-strand DNA replication (22). Therefore, the promoter region is an integral
part of Oy function. Second, one of the classical hallmarks of an origin is the transition from
RNA to DNA, that is, the point at which the DNA polymerase initiates DNA synthesis from the
3’ end of an RNA primer. In human mitochondria, this point of transition has been mapped to
the CSB2 region, which is located approximately 100 nt downstream of LSP (Figure 5). CSB2
is one of three conserved sequence blocks (CSB1-3) located downstream of LSP (124-126). The
CSB2 region is G-rich and during its transcription, a G-quadruplex structure is formed in the
nascent RNA, which stimulates transcription termination and the formation of primers that may
be used to initiate H-strand DNA synthesis (127, 128). The CSB2 region is, therefore, an essential
element of Oy function.

Even if RNA-DNA transitions map to CSB2, the 5" ends of nascent DNA map to about
100 bp further downstream, at the classical Oy position. This discrepancy implies that the nascent
H-strand undergoes considerable 5’ end processing to remove the RNA primer and approximately
100 nt of DNA (110). Based on the considerations we mention here, we suggest that Oy should
be redefined as the region containing LSP, the CSBs, and the classical Oy position. We suggest
that this area of mtDNA should be referred to as the Oy region (Figure 5). Such a definition
would be more in line with the classical replicator model and in line with how origins are defined
in other systems.

Termination of mtDNA Replication

Once POLYy has completed the replication of both strands of the mtDNA circle, it needs to
produce juxtaposed 5’ and 3’ DNA ends at, respectively, Oy and Oy, to allow efficient ligation
(95). Ligation is performed by DNA ligase III, and the loss of this enzyme causes mtDNA depletion
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and embryonic lethality in mice (129, 130). When POLy encounters a 5’ end at the termination
of DNA replication, the polymerase starts to idle, that is, POLy initiates successive cycles of
polymerization and 3’ to 5" exonuclease degradation at the nick (95, 131). The idling activity
is required for proper ligation because POLy lacking exonuclease activity will continue DNA
synthesis into dsDNA, thereby creating a 5’ flap that cannot be used as a substrate for DNA
ligase III (95). The failure to create DNA ends that can be ligated explains why the exonuclease-
deficient POLy mouse model (the mtDNA mutator mouse) has strand-specific nicks at Oy (95).
The replication of such nicked mtDNA templates causes the formation of linear, deleted mtDNA
fragments, spanning Oy and Oy, in mice expressing exonuclease-deficient POLy (132).

Primer Processing in mtDNA Replication

The RNA primers used to initiate mtDNA synthesis must be removed, likely by degradation
by ribonuclease H1 (RNASEH1). In vitro studies have demonstrated that RNASEH]1 cuts the
RNA part of a chimeric DNA:RNA strand annealed to DNA, but it is unable to cut the DNA
part. RnaseH1 knockout mice show mtDNA depletion and embryonic lethality. Furthermore,
RINA primers are retained in the Oy and Oy, regions in embryonic fibroblasts lacking RNASEH1
(133, 134).

Even if RNASEHI removes the RNA part of the primer in the Oy region (from LSP to
CSB2), there must also be a second factor processing the DNA part of the primer (from CSB2
to Og). A candidate for this task has recently been identified in patients with impaired mtDNA
replication and multisystemic mitochondrial disease caused by mutations in the gene encoding
the mitochondrial genome maintenance exonuclease-1 (MGMEL). MGMEI] is a mitochondrial
RecB-type exonuclease belonging to the PD-(D/E)XK nuclease superfamily (135, 136). The nu-
clease activity of MGMEL1 has been confirmed in vitro and the enzyme can cut both ssDNA
and DNA-flap substrates. Interestingly, affected patients have increased ratios of an abortive H-
strand replication product spanning the control region (7S DNA) in comparison with full-length
mtDNA. In addition, the 5’ ends of the 7S DNA are extended and map near CSB2 instead of at
Oy These findings are consistent with incomplete processing of the DNA part of the RNA-DNA
primer at Oy in the absence of MGME]1, which suggests that MGMEI is the deoxyribonuclease
required for primer processing at Oy. As a consequence, MGMEI deficiency impairs ligation at
Oy, and cells from MGME]I patients contain the same linear, deleted mtDNA fragment as the
one observed in the exonuclease-deficient POLy mouse (132).

It appears that both RNASEH1- and MGME1-dependent processing in the Oy region take
place prior to the completion of H-strand DNA synthesis (137). In support of this notion, it should
be noted that the 5" end of the 7S DNA is also located at Oy, which implies that prematurely
terminated replication products are processed in the same manner as full-length products. Why
is a nearly 100-nt-long fragment removed from the 5" end of the nascent H-strand DNA? We
favor a model in which the shift of the free 5’ end from CSB2 to Oy helps secure proper ligation
of the H-strand after replication. The region between LSP and the start of the displacement loop
(D-loop) is actively transcribed, producing primers for the initiation of DNA synthesis, 7S RNA
transcripts, and full-length polycistronic transcripts. The function of the 7S RNA is not known,
butitis mostly discussed in terms of being a primer for the initiation of DNA replication at Oy (22,
138, 139). It appears unlikely that the 7S RNA could actually prime DNA synthesis because the
transcript is polyadenylated at its 3’ end and not associated with mtDNA. Instead, we propose that
the 7S RNA is the product of active termination at CSB1 (139). Ligation is a delicate process and
DNA ligase III function may be disturbed by ongoing transcription. By moving the ligation away
from CSB2 into a less-transcribed D-loop region, interference between transcription and ligation
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at Oy may be minimized. Transcription termination at CSB1 may also secure the triple-stranded
DNA structure of the D-loop region. In fact, the levels of transcription over the D-loop region
may directly regulate the turnover rate of the D-loop because POLRMT will probably displace
the annealed 7S DNA strand when initiating transcription at LSP and transcribing beyond the
CSB2 region.

Other Factors That May Have a Role in Processing Mitochondrial Primers

In the nucleus, primer removal pathways typically involve displacement of the primer by the
replicating DNA polymerase as it reaches the 5" end of the RNA primer of a downstream Okazaki
fragment (140). This could also be true for the processing of the primer at Oy, but not at Oy,
because the processing seems to takes place prior to the completion of H-strand DNA synthesis, as
discussed above. In the absence of a helicase, DNA polymerases have limited strand-displacement
activity, and DNA synthesis can typically proceed for only a few nucleotides into the downstream
dsDNA region, which leads to the creation of a short 5" flap. This flap is cleaved by nucleases,
such as FEN1 or DNA2, and these proteins have been localized to both mitochondria and the
nucleus (141, 142). It is unclear whether these nucleases affect primer processing in mitochondria
and, if so, how this occurs (137).

Regulation of mtDNA Replication and Copy Number Control

Replication of mtDNA may be regulated at four different levels, at least: (#) Regulation may occur
through the initiation of transcription at LSP because transcription is a prerequisite for primer
formation (30); (b) regulation may occur through termination or processing of the LSP transcript
to generate a 3’ end in the CSB2 region to initiate DNA replication (53, 54); (¢) regulation may
occur by terminating DNA synthesis after approximately 650 nt to form the 7S DNA (139, 143);
and (d) the regulation of the fraction of mtDNA molecules that are available for the initiation of
DNA replication may occur by controlling the degree of mtDNA compaction (41, 144).

About two-thirds of all transcription events initiated at LSP in vitro are prematurely termi-
nated at CSB2 by the formation of G-quadruplex structures in the nascent RNA (126, 127). The
termination at CSB2 is also stimulated by a poly-dT stretch found just downstream of CSB2. The
transcripts remain stably associated with DNA, forming an R-loop structure, and the stability of
this structure depends on the formation of a G-quadruplex structure between the nascent DNA
and the nontemplate strand (127, 128). Itappears likely that the prematurely terminated transcripts
are used as primers for initiating H-strand mtDNA synthesis because in this region their 3’ ends
overlap with the transition points from RNA to DNA (126). However, we would emphasize that
replication initiation at CSB2 has not yet been reconstituted in vitro, despite substantial efforts.
Therefore, there may be missing factors that are essential for primer maturation.

Primer formation may be regulated by TEFM because this elongation factor strongly reduces
transcription termination at CSB2 in vitro (53, 54). Potentially, the levels of active TEFM could
govern the ratio between primer formation and full-length, productive transcription. Additional
in vivo evidence is needed to substantiate this idea because experiments in cell lines have demon-
strated that knockdown of TEFM has only very limited effects on the mtDNA copy number and
mitochondrial replication intermediates (52).

As noted above, most replication events (95%) are terminated after about 650 nt; this occurs
in a region termed the termination-associated sequence (T'AS) (145, 146). The balance between
abortive and genome-length mtDNA replication is, therefore, likely to be regulated at the end of
the D-loop region rather than at Oy (139, 143). The 7S DNA resulting from abortive replica-
tion remains bound to its parental L-strand, whereas the nontemplate H-strand is displaced. As a
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result, a triple-stranded D-loop structure is formed (110). Comparative genomics has identified
two closely related 15-nt palindromic sequence motifs (ATGNyCAT) on each side of the D-loop.
The motifs are strongly conserved among vertebrates. One copy is located just upstream of the 5’
end of the 7S DNA, thus forming part of CSB1, whereas the other motif, denoted core-TAS, is
located just downstream of the 3’ end of the 7S DNA (139). The exact function of these sequences
is still not known, but palindromic sequences are often binding sites for sequence-specific DNA-
binding proteins. Protein binding to TAS sequences has been identified by in organello footprinting
analyses in both mouse and human mitochondria, and a yet-to-be-identified 48-kDa protein has
been reported to bind the D-loop region in bovine mitochondria (147). The regulatory potential
of the TAS region has also been underscored by the use of mitochondrial chromatin immunopre-
cipitation analysis to determine POLy and TWINKLE occupancy (139). The two proteins are
enriched in the D-loop region, which is consistent with this region being replicated much more
frequently than the rest of the genome. Interestingly, TWINKLE levels are low at the 3’ end of the
D-loop, but upon mild depletion of mtDNA, increased TWINKLE occupancy at this site corre-
lates with decreased levels of the 7S DNA. This indicates that TWINKLE can be reloaded at the 3’
end of the D-loop, allowing the mitochondrial replication machinery to reinitiate DNA replication
at the 3’ end of the 7S DNA, if required (139). Genetic experiments in the mouse also support the
idea that TWINKLE is important for control of the mtDNA copy number. Increased expression
of TWINKLE in the muscle and heart of mice increases mtDNA copy numbers up to threefold,
whereas reduced expression of TWINKLE by RNA interference in human cells, or by conditional
knockout of Twinkle in mice, leads to a profound drop in mtDNA copy numbers (96, 148-150).

PACKAGING mtDNA INTO MITOCHONDRIAL NUCLEOIDS

Mammalian mtDNA has a contour length of approximately 5 pm, whereas mitochondria typically
have a width of approximately 0.5 pm (151). Thus, it is evident from space constraints alone that
mtDNA needs to be compacted to fit inside mitochondria. In bacteria, genomes are packed into
nucleoid structures by abundant small basic proteins, such as the DNA-bending integration host
factor (152). Nucleoids in mammalian mitochondria have been visualized with many different mi-
croscopic approaches involving fluorescent dyes that bind DNA and fluorescently tagged nucleoid
proteins (153). Initially, conventional light microscopy suggested that nucleoids contained several
copies of mtDNA and had a diameter of approximately 200-300 nm (153), but the development
of superresolution microscopy led to a radically changed view (43, 154). It was recognized that in
a variety of mammalian cell types the nucleoid had a diameter of only approximately 100 nm (43,
154). Because nucleoids frequently cluster together, previous light microscopy studies had failed to
properly resolve them individually (43). In fact, when the clustering was taken into account, approx-
imately 60% more nucleoids were identified per mammalian cell in comparison with previous esti-
mates (43). The number of mtDNA molecules per nucleoid observed has now been estimated to be
approximately 1.4 in human cells and approximately 1.1-1.5 in mouse cells (43). Measuring mouse
cells using superresolution microscopy has shown that they have a slightly elongated nucleoid
shape, with a ratio between the lengths of the long and short axes of approximately 1.0-1.5 (43). Im-
portantly, an increase in mtDNA copy numbers in mouse cells resulted in more nucleoids per cell,
but the nucleoid size and shape, as assessed by superresolution microscopy, were unaltered (43).
The abundant TFAM protein is the major structural protein of the mammalian nucleoid. Other
proteins also associate with the nucleoid, such as transcription and replication factors, but TFAM
is present at a ratio of 1 subunit per 16-17 bp of mtDNA (155). The in vitro reconstitution of
nucleoids—obtained by mixing TFAM and mtDNA, and followed by the use of rotary shadowing
electron microscopy—has shown that TFAM alone can fully compact mtDNA into nucleoids
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(42). Interestingly, single TFAM molecules bind mtDNA in patches (42), consistent with a co-
operative binding mode (41, 45). TFAM seems to compact mtDNA by cross-strand binding and
loop formation (Figure 6). Cryo—electron tomographic imaging of nucleoids in situ in bovine
mitochondria has shown that they have an irregular shape, with dimensions of approximately
115 nm x 80 nm x 80 nm. Thus, the data predict that a single copy of mtDNA is fully coated and

Gene expression/replication

mtDNA

Maintenance

Figure 6

Model for packaging mtDNA into the mitochondrial nucleoid. (#) Naked mtDNA. (4)) TFAM molecules
(green) bind to mtDNA in short patches. (¢) TFAM bridges neighboring mtDNA duplexes (arrows) by
cross-strand binding. (4,¢) In combination, mtDNA duplex bending and cross-strand binding by TFAM
compact mtDNA. At this stage, mtDNA can still be used for replication and gene expression. (f) The final,
tightly packaged mtDNA in the mitochondrial nucleoid. TFAM blocks DNA unwinding and makes mtDNA
inaccessible to the replication and transcription machineries. Abbreviations: bp, base pairs; mtDNA,
mitochondrial DNA; TFAM, mitochondrial transcription factor A.
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Figure 7

Mitochondrial nucleoids observed by cryo—electron tomography. The figure is a segmented, surface
representation of a tomographic slice through the mitochondrion of a bovine heart. The mitochondrial
nucleoids are shown in blue, and the green structures represent cristae. Figure kindly provided by Dr. Karen
M. Davies and Dr. Werner Kiihlbrandt.

compacted by TFAM to form an irregularly shaped, slightly elongated nucleoid (Figure 7). It will
be important for future studies to determine whether mitochondrial nucleoids have specialized
functions. It could be, perhaps, that the more compacted, slightly elongated nucleoids observed
by superresolution microscopy represent a DNA storage form, whereas more elongated nucleoids
harbor ongoing transcription or replication of mtDNA, or both. In support of this notion, at
physiological ratios of TFAM to mtDNA, there are large variations in mtDNA compaction, from
fully compacted nucleoids to naked DNA (41, 44). In compacted nucleoids, TFAM forms stable
protein filaments on DNA that block DNA melting by POLRMT and TWINKLE. As a con-
sequence, TFAM compaction can prevent the progression of the replication and transcription
machineries (41). Thus, mtDNA compaction could be a way to regulate the number of mtDNA
molecules involved in active transcription or mtDNA replication, or both. Small changes in the
levels of TFAM protein may strongly affect the ratio between compacted nucleoids and open
mtDNA molecules.

CONCLUSIONS AND FUTURE PROSPECTS

Great progress has been made during the past decade in defining the key components of the tran-
scription and replication machineries in mammalian mitochondria. Not only have fundamental
processes—such as transcription initiation, transcription elongation, transcription termination,
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replication of the leading and lagging strands of mtDNA, and compaction of mtDNA into
nucleoids—been reconstituted in vitro, but the importance of many of the key components
has been validated in conditional mouse knockouts. Furthermore, an increasing number of
atomic structures of components of the mtDNA transcription and replication machineries are
available, and these have yielded an increased mechanistic understanding of these processes.
The challenges for the future will be to understand how the activity of the transcription and
replication machineries is regulated in response to physiological demand and disease. Does
regulation simply depend on the regulated mitochondrial import of key components or is there
direct, intramitochondrial cross talk that coordinates the different levels of control of mtDNA
expression? How are the maintenance and expression of mtDNA regulated in response to the
activity of the OXPHOS system and bioenergetic demands? There is a perfect correlation
between the existence of a mitochondrial respiratory chain and the existence of mtDNA in all
known eukaryotes, which implies that the control of the expression of key components of the
OXPHOS system must occur in proximity to the respiratory chain.

SUMMARY POINTS

1. The mammalian mtDNA transcription-initiation machinery is a three-component sys-
tem, consisting of POLRMT, TFB2M, and TFAM, which interacts with TEFM to
promote transcription elongation.

2. Transcription is initiated from a dedicated promoter on each strand of mtDNA, that is,
LSP and HSP.

3. Experimental data have called into question the existence of a second H-strand promoter.

4. MTERF1 promotes the termination of LSP transcription to prevent elongating tran-
scription from generating antisense transcripts to the rRINA genes and to control regional
interference.

5. The minimal mammalian mtDNA replisome consists of POLyA, POLyB, TWINKLE,
and mtSSB, and it can replicate both strands of mtDNA.

6. POLRMT is likely the primase needed for the initiation of mtDNA replication at Oy
and Or..

7. There is strong experimental support for the hypothesis that mtDNA replication occurs
by an asymmetric, strand-displacement mode.

8. Single molecules of mtDNA are packaged by TFAM into a slightly elongated, irregularly
shaped nucleoid structure of approximately 80-100 nm.

FUTURE ISSUES

1. Additional experiments are needed to determine whether increased overall mtDNA tran-
scription involves transcriptional activators, which stimulate the basal mtDNA transcrip-
tion machinery or the recruitment of the transcription machinery to additional mtDNA
templates, or both.

2. Molecular definition is needed of the transcription termination event that prevents tran-
scription initiated at HSP from reaching the control region.
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. The role of the puzzling N-terminal domain region of POLRMT should be clarified
using combined biochemical and genetic approaches.

. It should be elucidated if intramitochondrial molecular cross talk exists to coordinate
processes such as replication, transcription, and translation.

. The mechanism regulating the degree of compaction of the mitochondrial nucleoid
needs to be defined to gain an understanding of how a subset of nucleoids is selected for
transcription or replication in mtDNA.

. Additional experiments must determine whether a specific molecular machinery is needed
for the distribution of mitochondrial nucleoids.
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