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ABSTRACT

Mitochondria are vital for cell survival, and the primary producers of
ATP, the energy currency used for various metabolic processes.
Mitochondria are unique from other cellular compartments because they
have their own genomes of circular small double-stranded DNA
(mtDNA) of approximately 16.6 kbp in size. The mtDNA is highly
compact, containing no introns and little non-coding DNA. MtDNA has
two non-coding regions: one large region known as the control region
or the non-coding region that contains the promoters for transcription
(LSP and HSP) and the origin of replication of the H strand (OriH), and
a smaller region containing the origin of replication for the L-strand
(OriL). MtDNA is replicated by a set of replication factors distinct from
those needed for DNA replication in the nucleus. A fundamental step in
mtDNA replication is the processing of the RNA primers needed for
replication initiation.

In this thesis, we could demonstrate that Ribonuclease HI (RNase H1)
is essential for the process of replication initiation at OriH. We could
also elucidate the role of RNase H1 during primer removal and ligation
at the mitochondrial origin of light-strand DNA synthesis (OriL) and
explain the pathogenic consequences of disease-causing mutations in
RNase H1.These findings have taken the field of mitochondrial DNA
transcription and replication forward and generated knowledge to build
further research.

In the last project, we studied EXOG, a mitochondrial exonuclease.

We demonstrated that EXOG could interplay with RNase H1 and other



mitochondrial nucleases in vitro and identified a possible pathway for
EXOG to function in.
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SAMMANFATTNING PA SVENSKA

Mitokondrier uppfyller en kritisk funktion f6r celloverlevnad. I
mitokondrier anvinds syre for att oxidera organiska fédodmnen och
diarmed frigéra energi som kan omvandlas till adenosintrifosfat (ATP).
Nedbrytning av ATP utgor i sin tur den omedelbara energikéllan for
cellens energikrdvande processer.

Till skillnad frén andra celluldra organeller, har mitokondrierna eget
DNA (mtDNA), alltsa arvsmassa. MtDNA é&r ett kort cirkuldrt
dubbelstrangat DNA, motsvarande 16.6 kbp i storlek. MtDNA kopieras
med hjélp av en rad olika faktorer som skiljer sig frdn de som styr DNA
kopiering 1 cellkdrnan. Mutationer 1 nagon av faktorer som &ar
involverade 1 kopiering av mtDNA kan ge upphov till olika sjukdomar.
Symtomen for dessa sjukdomar inkluderar muskelfortvining, demens
och utvecklingsstorningar. Var forsking har som mal att pa detaljniva
forsoka forstd hur mtDNA kopieras. Denna grundldggande kunskap
kommer forhoppningsvis pa langre sikt kunna hjélpa patienter med
mitokondriellasjukdomar.

MtDNA kopiering (replikation) dr en komplicerade process, som
involverar olika steg. Ett grundldggande steg i mtDNA replikation ar
avldgsnandet av RNA-primerarna som dr nddvindiga for att sétta igdng
kopieringen av mtDNA. I den hér avhandlingen har vi studerat hur
kopiering av mitokondriens DNA initieras samt hur RNA-primer
avldgsnans. Vi har visat att ett enzym, Ribonuclease HI (Rnase H1),
behovs for bade igangséttningen av mtDNA kopieringen samt RNA-
primer borttagningen. Vi lyckades for forsta gdngen att terskapa denna
process 1 provror. I tilligg studerade vi de patogena konsekvenserna som
uppstar till f6ljd av sjukdomsframkallande mutationer i RNase H1.

Vi pdvisade att RNase H1 avldgsnar det mesta av RNA-primern,
forutom de tre dterstaende ribonukleotiderna. Dessa tre ribonukleotider
maste avlidgsnas med hjilp av ett annat enzym for att slutfora
kopieringen.



I sista delarbete, studerade vi samspelet mellan ett mitokondriellt
enzym kallad EXOG och RNase H1 i primerborttagningen. Vi visade
att EXOG kan ta bort de aterstaende ribonukleiotiderna efter RNase

H1 1 provror. Vi identifierade ocksa en mojlig funktion for EXOG 1
mitokondrien.

Dessa fynd kan sdledes frambringa mer klarhet inom forskningsomradet
kring mitokondriell DNA replikering och har genererat relevant
kunskap som kan nyttjas for fortsatta framtida forskning.
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1 INTRODUCTION

1.1 MITOCHONDRIA: ORIGIN AND FUNCTION

Mitochondria are subcellular organelles found in most eukaryotic cells.
The discovery of mitochondria dates back to 1850, when Albert von
Kollicker described the morphology of mitochondria as grains inside the
cells (Scheffler 2008). In 1898, Carl Benda gave these organelles their
name. Today, mitochondria are renowned as the cell’s powerhouse, and
they play a critical role in maintaining cellular metabolism and
regulating cell survival and death. Mitochondria convert food molecules
and oxygen into adenosine triphosphate (ATP) through oxidative
phosphorylation (OXPHOS). ATP functions as a cellular transporter for
chemical energy, which is released when it breaks down into adenosine
diphosphate (ADP) and inorganic phosphate (Pi) (Alberts 2015). In
addition to OXPHOS, mitochondria play an essential role in the
degradation of fatty acids to produce energy, amino acid metabolism and
iron homeostasis (Sheftel and Lill 2009, Berg, Tymoczko et al. 2019).

Hypotheses proposing the origin of mitochondria have been around
almost since their discovery. In 1890, Altman described mitochondria
as bacteria-like colonies in the cytoplasm of host cells (Scheffler 2008).
The idea that mitochondria were somehow related to bacteria was
discussed without experimental grounds for several decades until, in
1963, Nass and colleagues observed fibres with DNA characteristics in
chick embryo mitochondria (Nass and Nass 1963, Nass and Nass 1963).
The discovery of separate mitochondrial DNA (mtDNA) shed new light
on the origin of these organelles. Today, it is widely accepted that
mitochondria originated from o-proteobacteria (Gray, Burger et al.
1999, Gray, Burger et al. 1999, Lang, Gray et al. 1999, Martin, Garg et
al. 2015). During evolution, many of the genes in the a-proteobacteria
were lost or transferred to the nucleus, leaving only the compact mtDNA
molecule, which is essential for OXPHOS (Stewart and Larsson 2014).
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The theory describing the origin of mitochondria is called the
endosymbiotic theory.

1.2 THESTRUCTUREAND DYNAMICS OF MITOCHONDRIA

In the early 1950s, morphological studies of mitochondria using the
electron microscope confirmed that mitochondria are membrane-bound
organelles, with two membranes: an outer membrane and an inner
membrane. The outer membrane surrounds the organelle, whereas the
inner membrane is convoluted and folded into structures known as
cristae (Figure 1) (Palade 1952, Palade 1953, Sjostrand 1953). Cristae
are the site of OXPHOS (Palmer and Hall 1972). They are usually
described as dynamic biochemical reactors, as they can modulate their
shape under different physiological conditions to maintain cellular
metabolism (Gilkerson, Selker et al. 2003, Cogliati, Enriquez et al.
2016). The outer membrane separates the mitochondria from the
cytosol. It contains the voltage-dependent anion channel (VDAC) that
allows the passage of metabolites (Colombini, Blachly-Dyson et al.
1996, Forte, Blachly-Dyson et al. 1996) and translocase proteins that
can allow the passage of nuclear-encoded proteins, which are needed for
mitochondrial functions (Pfanner and Wiedemann 2002).

Outer membrane

Inner membrane

Cristae

Matrix

Intermembrane
space

Figure 1. Schematic illustration of mitochondrial structure. The inner compartment of
mitochondria, the matrix, is surrounded by the outer and inner membranes. The inner
membrane is folded into cristae where OXPHOS takes place.
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The internal space of the mitochondria has viscous material called the
matrix. The matrix includes the enzymes required for different
metabolic processes including the citric acid cycle, the B-oxidation of
fatty acids and the amino acid metabolic pathway (Berg, Tymoczko et
al. 2019). The mitochondrial genome and its maintenance machinery are
also located in the matrix (Falkenberg 2018).

Although mitochondria have their own genome, which is replicated,
transcribed and translated inside the mitochondria, they rely on nuclear-
encoded proteins to function (Mercer, Neph et al. 2011, Barshad,
Blumberg et al. 2018). About 1500 nuclear-encoded proteins are
translated in the cytosol and imported into mitochondria via the import
machinery located in the mitochondrial membranes (Dolezal, Likic et
al. 2006). Intriguingly, all factors needed for replication, transcription
and maintenance of mtDNA are of nuclear origin (Falkenberg and
Gustafsson 2020).

Various cell types have different energy demands; therefore, the number
of mitochondria per cell differs. For instance, high energy-demanding
cells such as cardiomyocytes have around 5,000 mitochondria, while
keratinocytes have just a few hundred (Alberts 2015). Mitochondria are
very dynamic because of their ability to fuse and divide (fission). The
fission and fusion of mitochondria allow for the redistribution of
genomes, metabolites and proteins; hence, the mitochondria of a cell are
denoted as a network rather than static units (Shaw and Nunnari 2002,
Chen and Chan 2004, Mishra and Chan 2014).

1.3 MITOCHONDRIAL GENOME

1.3.1 CHARACTERISTICS OF THE MITOCHONDRIAL GENOME

The discovery of mtDNA in the 1960s provided overwhelming support
for the prokaryotic origin of mitochondria and opened new horizons in
the study of mitochondrial biogenesis (Nass and Nass 1963). MtDNA
was first described as a circular, double-stranded molecule with a length
of about Spym (Hudson and Vinograd 1967, Radloff, Bauer et al. 1967).
MtDNA molecules mainly exist as monomers but can also be catenated
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circles (Clayton and Vinograd 1967, Hudson and Vinograd 1967,
Clayton, Smith et al. 1968). Depending on the cell type, mammalian
cells contain several hundred to hundreds of thousands of mtDNA
molecules per cell (Bogenhagen and Clayton 1974, King and Attardi
1989, D'Erchia, Atlante et al. 2015). MtDNA is maternally inherited
(Giles, Blanc et al. 1980). There are two possible mechanisms that can
explain the inheritance pattern of mtDNA: (a) the mtDNA copy number
is significantly downregulated during spermatogenesis, and (b) sperm
mitochondria are actively degraded after fertilization (Kaneda, Hayashi
et al. 1995, Larsson, Garman et al. 1996, Larsson, Oldfors et al. 1997,
Sutovsky, Moreno et al. 1999).

In the early 1980s, human mtDNA was the first fully sequenced
mitochondrial genome. It is 16569 base pairs (bp) in size, and it encodes
two ribosomal RNAs (rRNAs), 22 transfer RNAs (tRNAs) and 13
protein-coding genes (Figure 2) (Anderson, Bankier et al. 1981). The 13
proteins encoded by mtDNA are essential subunits of the OXPHOS
system (Chomyn, Mariottini et al. 1983, Mariottini, Chomyn et al. 1983,
Chomyn, Mariottini et al. 1985, Attardi, Chomyn et al. 1986, Chomyn,
Cleeter et al. 1986, Mariottini, Chomyn et al. 1986). MtDNA is
tremendously compact, lacking both introns and spacing between genes.
The two strands of the circular human mtDNA can be separated by
CsCI2 gradient density centrifugation due to the difference in their
guanine and cytosine content (Corneo, Zardi et al. 1968, Berk and
Clayton 1974). Consequently, the two strands are termed heavy (H) and
light (L). The H-strand encodes 12 proteins, two rRNAs and 14 tRNAs,
while the L-strand encodes one protein and eight tRNAs (Falkenberg
and Gustafsson 2020).

As the H-strand is guanine-rich, it contains several sequence motifs that
can form specific secondary structures called G-quadruplexes (G4s)
(Wanrooij, Uhler et al. 2010, Wanrooij, Uhler et al. 2012, Bharti,
Sommers et al. 2014).
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Human mtDNA

16,569 bp

H-strand

Figure 2. The mitochondrial genome has a size of 16569 base pairs in humans. The
two strands are called heavy (H-strand) and light strand (L-strand). The long non-
coding region (NCR) contains the origin of replication for the H-strand (OriH) and
the transcription promoters for both strands. The genes encoded by mtDNA are:
complex Il cytochrome b (Cyt b)—pink; complex I NADH dehydrogenase (ND)
genes—blue; complex 1V cytochrome c oxidase (COX) genes—green; complex V
ATP synthase (ATPase) genes—yellow, ribosomal RNA (rRNA)—orange; transfer
RNA genes—black boxes.

MtDNA has two non-coding regions: one large region known as the
control region or the non-coding region (NCR) (Anderson, Bankier et
al. 1981), and a smaller region containing the origin of replication for
the L-strand (OriL) (Tapper and Clayton 1981, Shadel and Clayton
1997, Uhler and Falkenberg 2015). The NCR (Figure 3) is one kilobase
pair (kbp) in length and contains the origin of replication for the H-
strand (OriH) as well as the H-strand promotor (HSP) and the L-strand
promotor (LSP) for transcription of each mtDNA strand (Crews, Ojala
et al. 1979, Montoya, Christianson et al. 1982, Chang and Clayton
1984). The NCR also contains three highly conserved sequence blocks
(CSB 1, 2 and 3) and a termination-associated sequence (TAS)
downstream of the three CSBs (Doda, Wright et al. 1981, Walberg and
Clayton 1981). Early characterizations of mtDNA showed that the NCR
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includes a short triple-stranded region; this region is denoted as the
displacement loop (D-loop) (Kasamatsu, Robberson et al. 1971, Brown
and Vinograd 1974). The D-loop results from the synthesis of 7S DNA.
7S DNA 1is a 600 nucleotide (nt) long DNA stretch that remains annealed
to the complementary L-strand and is formed by replication initiation at
OriH followed by early termination close to the TAS region (Brown,
Shine et al. 1978, Gillum and Clayton 1978).

D-loop region

HSP

3" HSP transcript

7SRNA  3* 75 DNA
LSP

S THTHTTTHTITHTITET T
tRNA F CSB3 CSB2 CSB1 r
} } } + } +

T
500 400 300 200 100 1/16,569 16,500 16,400 16,300 16,200 16,100

31
L4
TAS
}

tRNA P
| J
T

Figure 3. Schematic representation of the long non-coding region of mtDNA. It
contains the transcription promoters HSP and LSP, the highly conserved sequence
blocks (CSBI-3), the termination sequence (TAS), and the triple-stranded structure
(D-loop).

1.3.2 MITOCHONDRIAL NUCLEOIDS

MtDNA is organized in DNA-protein complexes called mitochondrial
nucleoids. The term was first used to describe the DNA containing
small, rod-like structures in the mitochondrial matrix (Nass 1969). In the
following decades, mtDNA-protein complexes were isolated from
different organisms (Albring, Griffith et al. 1977, Barat, Rickwood et al.
1985, Miyakawa, Sando et al. 1987), and methods were developed to
visualize nucleoids in cells directly (Garrido, Griparic et al. 2003,
Ashley, Harris et al. 2005). Super-resolution microscopy techniques
have indicated an average of one mtDNA molecule per nucleoid (Kukat,
Wurm et al. 2011).

The nucleoid’s major protein component is mitochondrial transcription
A (TFAM), which is believed to be the mtDNA packaging factor (Farge,
Laurens et al. 2012, Kukat, Davies et al. 2015) and regulates the mtDNA
copy number (Ekstrand, Falkenberg et al. 2004). The TFAM-to-DNA
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ratio affects both transcription and replication. High levels of TFAM
(i.e., tight packaging) inhibit replication and transcription in vitro
(Kaufman, Durisic et al. 2007, Farge, Mehmedovic et al. 2014).
Nucleoids also contain proteins that are involved in mtDNA replication,
transcription and components of the inner membrane, suggesting that
mtDNA may be membrane-associated (Rajala, Gerhold et al. 2014). The
organization of mtDNA into nucleoids can render the DNA more
resistant to damage (Miyakawa 2017) and provide the proper
microenvironment for mtDNA maintenance (Spelbrink 2010).

1.4 MITOCHONDRIAL TRANSCRIPTION

14.1 INTRODUCTION TO DNA TRANSCRIPTION

Transcription is a process in which genetic information stored in DNA
is rewritten into single-stranded RNA. The RNA is then further
processed into functional RNA molecules, such as tRNAs, rRNAs or
non-coding RNAs. For protein-coding genes, the transcript (mRNA) is
then translated into the corresponding amino acid sequence (Alberts
2015). The enzyme family that carries out the transcription is known as
the RNA polymerases (RNAPs). RNAPs initiate transcription from the
promotors. Once bound and the DNA strands are separated, the
polymerases read the template strand one base at a time and catalyse the
building of a nascent RNA strand in a 5'-3' direction.

In general, transcription consists of three steps: initiation at the promoter
site, elongation and termination. The transcription machinery can differ
in complexity; ranging from a single subunit polymerase system that can
do all three transcription steps, as in viruses, to the multi-protein
transcription systems found in eukaryotes (Berg, Tymoczko et al. 2019).

1.4.2 MITOCHONDRIAL TRANSCRIPTION MACHINERY

A unique mitochondrial RNAP was first reported in the yeast
Saccharomyces cerevisiae and named Rpo41 (Greenleaf, Kelly et al.
1986). A decade later, mitochondrial RNAP was found in human cells
and named POLRMT (Tiranti, Savoia et al. 1997). Both Rpo41 and
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POLRMT show significant homology to RNAP in their T3 and T7
bacteriophages (Masters, Stohl et al. 1987, Tiranti, Savoia et al. 1997).
In contrast to the RNAP in bacteriophages, POLRMT can bind to the
promoter region in a sequence-specific manner; however, it is incapable
of initiating transcription on its own. The additional factors needed for
transcription initiation are TFAM and transcription factor B2
mitochondrial (TFB2M) (Falkenberg, Gaspari et al. 2002).

TFAM belongs to the high-mobility group (HMG-box) protein family.
It can bind, unwind and bend mtDNA without sequence specificity.
Therefore, it plays a vital role in mtDNA packaging into nucleoids
(Kaufman, Durisic et al. 2007, Farge, Laurens et al. 2012, Farge,
Mehmedovic et al. 2014). In transcription, TFAM binds to the promoter
upstream of the transcription start site and recruits POLRMT (Morozov,
Agaronyan et al. 2014, Posse, Hoberg et al. 2014).

TFB2M was initially identified based on its sequence homology with
yeast mitochondrial transcription activator Mtf1 (Falkenberg, Gaspari et
al. 2002). It has structural similarities to rRNA methyltransferases, a
group of enzymes that methylate bases of the small subunit of rRNAs
(Schubot, Chen et al. 2001). The recruitment of TFB2M to the initiation
complex stimulates promoter melting and initiation of RNA synthesis
(Posse and Gustafsson 2017).

TEFM is also essential for mitochondrial transcription (Minczuk, He et
al. 2011), and it is the transcription elongation factor in mitochondria
(Posse, Shahzad et al. 2015).

14.3 THE MODEL OF MTDNA TRANSCRIPTION

Both mtDNA strands are transcribed from their respective promoters
(LSP and HSP) located in the NCR. Transcription yields large precursor
polycistronic RNA molecules (Montoya, Christianson et al. 1982,
Chang and Clayton 1984). These molecules are later processed into
discrete transcripts via cleavage, polyadenylation and base modification
(Sanchez, Mercer et al. 2011).
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As discussed in the previous section, three core factors are needed for
the initiation of mtDNA transcription. TFAM binds specifically to a
sequence located 10-35 nt upstream of the transcription initiation site.
These sites are located at both mitochondrial promoters, and TFAM
binds them with high affinity (Fisher, Topper et al. 1987). Once bound
to the promoter, TFAM induces a stable DNA U-turn and recruits
POLRMT (Ngo, Kaiser et al. 2011). POLRMT has an N-terminal
extension domain that mediates the interaction with TFAM and
positions the active site near the point of transcription initiation
(Morozov, Parshin et al. 2015). In complex with the DNA and TFAM,
POLRMT undergoes a conformational change that enables the
recruitment of TFB2M (Posse, Hoberg et al. 2014, Gustafsson,
Falkenberg et al. 2016). TFB2M is needed for promoter melting and to
form the first RNA phosphodiester bond (Lodeiro, Uchida et al. 2010,
Posse and Gustafsson 2017).

After promoter escape by POLRMT, TFAM and TFB2M are released,
and the elongation factor TEFM is recruited to form the elongation
complex (Minczuk, He et al. 2011, Posse, Shahzad et al. 2015, Yu, Xue
et al. 2018). Recent structural studies have shown that TEFM is
necessary to stabilize the POLRMT domain responsible for separating
the nascent RNA strand from the template (Hillen, Morozov et al. 2017).
In this way, TEFM promotes POLRMT processivity and allows full-
length transcripts (Posse, Shahzad et al. 2015, Hillen, Parshin et al.
2017). In the absence of TEFM, transcription from LSP is often
terminated around CSB2. The terminated transcript is believed to play
an essential role in mtDNA initiation at OriH, which is further discussed
in the upcoming sections and Paper 1.

1.5 MITOCHONDRIAL DNA REPLICATION: THE MODEL
AND THE CORE MACHINERY

1.5.1 A SHORT INTRODUCTION TO DNA REPLICATION

DNA replication is the biological process of copying genetic
information during cell division. DNA replication in all organisms is
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described as a semiconservative process, which means that one parental
strand is conserved in each of the two new daughter molecules (Alberts
2015). DNA replication consists of different steps. Hence, different
factors are required to complete the process (Hamdan and Richardson
2009).

DNA polymerases are a group of enzymes responsible for copying
DNA. They use the single-stranded parental sequence as a template and
synthesise new DNA molecules in the 5'-3' direction. Therefore,
additional factors called helicases must unwind the DNA duplex in front
of the DNA polymerases in order to separate the parental strands. DNA
polymerases cannot initiate DNA replication de novo. Instead, they
require an RNA primer, a short double-stranded region consisting of
RNA annealed to the DNA template (Berg, Tymoczko et al. 2019). RNA
primers are often synthesised by specific RNA polymerases called
primases. Other factors, such as single-stranded DNA binding protein
(SSB), DNA polymerase processivity factors and topoisomerases, are
essential for DNA replication in many organisms. The factors required
for DNA replication together form the replisome. The front of the
replisome is called the replication fork (Alberts 2015, Berg, Tymoczko
et al. 2019).

Because of the nature of DNA and DNA polymerase directionality, the
two newly synthesised strands must elongate in opposite directions: one
in the 5'-3' direction of the advancing replication fork, called the leading
strand, and the other in the 5'-3' direction away from the replication fork,
called the lagging strand. The leading strand is synthesised
continuously, whereas the lagging strand is synthesised in small
fragments near the replication fork. These small fragments, called
Okazaki fragments, are eventually ligated to become a single strand
(Alberts 2015).

DNA replication studies in viruses and bacteria have served as a great
model for understanding DNA replication in general. The T7
bacteriophage replication system resembles the mtDNA replication
system, and understanding this system is essential to comprehend the

10
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mechanism of DNA replication in the mitochondria. This is discussed
further in the following section.

1.5.2 REPLICATION IN THE T7 BACTERIOPHAGE

The replisome of T7 bacteriophage is relatively simple. It can be
reconstituted in vitro with only four factors: the T7 DNA polymerase
(gp5), the polymerase’s processivity factor thioredoxin (trx), the
helicase/primase (gp4), and SSB (gp2.5) (Hamdan and Richardson
2009). The gp4 protein loads directly onto the DNA, the helicase domain
unwinds the DNA duplex, and the primase domain synthesises the
needed RNA primer to initiate replication (Figure 4) (Crampton, Ohi et
al. 2006, Lee, Hite et al. 2006).

% Leading
6\2) strand

[
gp2.5
Poq
Primase

: LR Oe——
?}@Aﬁ/\\f Y /58
/'-s.;‘z&'/ Lagging &
. A DNA strand
polymerase

Figure 4. The T7 bacteriophage replication system. gp5 is the DNA polymerase in
T7 bacteriophage. Gp4 is responsible for unwinding and primer formation. Trx
interacts with gp4 to increase processivity. Gp2.5 is the T7 SSB (from (Lee, Hite et
al. 2006) with permission).

Once loaded, gp4 makes contact with the polymerase gp5 and travels in
front of the T7 replisome. The processivity factor trx physically interacts
with gp5. Therefore, the processivity of the polymerase is increased
from several nucleotides up to 1 kb.
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The primase domain in gp4 also makes the primers for Okazaki
fragments on the lagging strand. Gp 2.5 binds to the single-stranded
DNA regions to keep the two strands of DNA separate, increase primase
activity and coordinate leading and lagging strand synthesis (Kato, Ito
et al. 2003, Crampton, Ohi et al. 2006, Lee, Hite et al. 2006, Hamdan,
Loparo et al. 2009, Hamdan and Richardson 2009).

1.5.3 MTDNA REPLICATION MECHANISM

Compared with nuclear DNA replication, mtDNA replication is unique
in terms of both the mechanism and the proteins involved. The
mitochondrial replisome consists of factors that share homology with
the T7 bacteriophage replisome, and they are discussed in detail in the
following subchapter.

mtDNA is replicated asymmetrically, which means that both strands are
synthesised continuously (Tapper and Clayton 1981). This replication
model is called the strand-displacement model of mtDNA replication
(SDM) and was first presented by Jarome Vinograd and colleagues in
1972 (Robberson and Clayton 1972). It is strikingly different from the
nuclear DNA replication mechanism, but it is similar to the replication
of ColE1 plasmid DNA (Masukata and Tomizawa 1990).

Accordingly, mtDNA replication starts with the initiation of H-strand
(leading strand) replication at OriH. Then, the replisome proceeds
unidirectionally to displace the parental H-strand, and the nascent H-
strand is synthesised. When the replication machinery has synthesised
around 11 kb of the mitochondrial genome, it passes OriL, which
becomes single stranded and forms a stem-loop structure. A short primer
1s synthesised at the stem-loop, which is used to initiate light strand
(lagging strand) DNA synthesis (Fuste, Wanrooij et al. 2010). Once
initiated, both strands are synthesized continuously in opposite
directions until they have reached full circle. After completing mtDNA
synthesis, replication is terminated at either OriH or OriL, depending on
the initiation site (Figure 5) (Falkenberg and Gustafsson 2020). An
essential feature of the SDM is that the displaced H-strand is coated with
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the mitochondrial single-stranded binding protein (mtSSB) (Miralles
Fuste, Shi et al. 2014).
Two alternate mtDNA replication models have been proposed, namely
the ribonucleotide incorporation model of the lagging strand (RITOLS)
and the strand-coupled mtDNA replication model (Holt, Lorimer et al.
2000, Yang, Bowmaker et al. 2002, Yasukawa, Yang et al. 2005,
Yasukawa, Reyes et al. 2006, Reyes, Kazak et al. 2013). These two
models are mainly based on the mtDNA replication intermediates
observed using neutral 2D agarose gel electrophoresis.

0]

H

— —

NS

— Template DNA
—— RNA primer
—— Newly synthesized DNA

Figure 5. The strand displacement model of mtDNA replication. Replication is
initiated at OriH (On). The replication machinery proceeds in one direction to displace
the parental H-strand. When two-thirds of the genome is synthesised, OriL (Oy) is
activated. The replication of the strands proceeds in two opposite directions until two
new daughter molecules are formed (2n).

According to the strand-coupled mtDNA replication model, replication
is initiated from a region called OriZ, and OriH instead functions as a
pause site for the replisome (Bowmaker, Yang et al. 2003). However,
this model is questioned because the intermediates on which the
replication mechanism was initially proposed were not observed during
in organello mtDNA labelling (Reyes, Kazak et al. 2013).

RITOLS is similar to the SDM except for what coats the displaced H-
strand. This model assumes that ribonucleotides cover the parental H-
strand. The ribonucleotides in the RITOLS are processed transcripts
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(including tRNA and rRNA), which successfully penetrate the lagging
strand template as the replication fork advances; they remain hybridised
until they are replaced during the synthesis of the lagging strand,
degraded or further processed (Yasukawa, Reyes et al. 2006, McKinney
and Oliveira 2013, Reyes, Kazak et al. 2013, Ciesielski, Oliveira et al.
2016).

This model is disputed because the enzymes required to hybridise the
RNA intermediates to the DNA and process them later have not been
identified (Holt and Jacobs 2014). Furthermore, genome-wide mapping
of mtSSB occupancy showed a high degree of protein binding
downstream of OriH, which gradually decreased to OriL. From OriL,
the protein binding increased again and then dropped gradually to OriH.
This suggests that the in vivo binding profile of mtSSB is in good
agreement with the SDM (Miralles Fuste, Shi et al. 2014).

Besides the in vivo evidence of mtSSB occupancy, the SDM is supported
by electron microscopy and 5'-end mapping, as well as the biochemical
reconstitution of mtDNA replication in vitro using recombinant proteins
(Clayton 1982, Brown, Cecconi et al. 2005, Wanrooij, Fuste et al. 2008,
Wanrooij and Falkenberg 2010, Falkenberg and Gustafsson 2020).

1.54 THE MTDNA REPLISOME

The nuclear-encoded polymerase POL vy synthesises the mtDNA. It was
first identified in 1977 after isolation from HeLa cells (Bolden, Noy et
al. 1977). Together with POL vy, the mtDNA helicase Twinkle and
mtSSB are also needed to make the minimal mtDNA replisome (Figure
6) (Korhonen, Pham et al. 2004). Mitochondrial primase activity was
first described as early as 1985 (Wong and Clayton 1985), and
subsequent work revealed that POLRMT is the protein responsible for
primer formation at both origins of replication (Tiranti, Savoia et al.
1997, Wanrooij, Fuste et al. 2008)

The mitochondria DNA polymerase POL vy

POL vy is a heterotrimer enzyme consisting of a 140 kDa catalytic subunit
called POL yA and two 55 kDa accessory subunits termed POL yB
(Gray and Wong 1992, Fan, Kim et al. 2006, Yakubovskaya, Chen et al.
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2006). POL yA possesses DNA polymerase and 3'-5' exonuclease
activities (Longley, Ropp et al. 1998). Exonuclease activity serves as a
proofreading mechanism to ensure high fidelity, thus minimising point
mutations in the mtDNA (Longley, Nguyen et al. 2001, Trifunovic,
Wredenberg et al. 2004). Additionally, exonuclease activity is essential
for the proper ligation of mtDNA replication intermediates (Macao,
Uhler et al. 2015).

Leading strand

Lagging strand

Figure 6. The core mtDNA replication proteins. TWINKLE helicase (blue) unwinds
the double-stranded DNA in the 5-3' direction. mtSSB (green) binds the single-
stranded DNA. POL y synthesises the DNA. POLRMT provides the needed RNA
primer.

The accessory subunit POL yB increases the DNA binding affinity,
stimulates the exonuclease and polymerase activities of POL yA and
improves nucleotide incorporation (Johnson, Tsai et al. 2000,
Carrodeguas, Pinz et al. 2002). Therefore, it is also known as the
processivity factor. (Lim, Longley et al. 1999). The binding of POL yB
to the mtDNA is required for the function of the replisome, as it ensures
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the proper coordination of POL yA and TWINKLE at the replication
fork (Farge, Pham et al. 2007).

The mitochondrial DNA helicase TWINKLE

TWINKLE (T7 gp4-like protein with intramitochondrial nucleoid
localisation) is the replicative helicase in the mitochondria. The 70 kDa
protein is nuclear-encoded and colocalises with the mtDNA in DNA-
protein complexes (Spelbrink, Li et al. 2001). TWINKLE shares
structural similarity with the T7 helicase gp4 and is required to unwind
the double-stranded DNA template ahead of POL y (Korhonen, Pham et
al. 2004). It unwinds the DNA in the 5'-3' direction; this activity is
stimulated by mtSSB. It can load on DNA, but it requires a fork-like
structure with a single-stranded 5' -end and a short 3'- tail to start
unwinding (Korhonen, Gaspari et al. 2003, Jemt, Farge et al. 2011).

The mitochondrial single-stranded DNA binding protein mtSSB
Human mtSSB is a small protein (15 kDa) which is homologous to
Escherichia coli SSB (Tiranti, Rocchi et al. 1993). It forms a tetramer
that binds ssDNA (Curth, Urbanke et al. 1994). MtSSB stimulates the
activity of both POL y and TWINKLE (Korhonen, Gaspari et al. 2003,
Oliveira and Kaguni 2011). Hence, mtSSB stimulates mtDNA
replication elongation and prevents re-annealing of the separated
mtDNA strands. MtSSB binds to the H-strand in a gradient from OriH
to OriL. Therefore, restricting the initiation of L-strand replication to
OriL and preventing any unspecific primer formation are essential
(Miralles Fuste, Shi et al. 2014). Recently, we have observed that mtSSB
stimulates initiation at OriH (paper I).

Other proteins involved in mtDNA replication

Alongside the core proteins of the mtDNA replisome, additional
proteins are required for proper mtDNA replication. These include the
factors needed for primer removal (discussed in the following
subchapter) and for ligation and separation of the newly synthesised
molecules.
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DNA ligase 3 (LIG3) is believed to be the enzyme that ligates the
nascent mtDNA. The L/G3 gene encodes a nuclear and mitochondrial
variant of the enzyme (Lakshmipathy and Campbell 1999). Depletion of
LIG3 leads to reduced mtDNA content and accumulation of nicked
mtDNA (Lakshmipathy and Campbell 2001).

When the replication process is completed, the two daughter mtDNA
molecules are still interconnected in a region close to OriH and must be
separated. Topoisomerase TOP3a was recently found to be the main
enzyme in this process (Nicholls, Nadalutti et al. 2018). TOP3a belongs
to a class of topoisomerases called type 1A topoisomerase. This family
separates the two interlinked DNA molecules by cleaving one of the two
strands and let it pass the other strand through the nick (Pommier, Sun
et al. 2016). In the absence of TOP3a, catenated mtDNA molecules
accumulate, indicating the essential role of this protein in the separation
of mtDNA molecules (Nicholls, Nadalutti et al. 2018).

1.6  PRIMER FORMATION AND REMOVAL DURING
MTDNA REPLICATION

1.6.1 OVERVIEW OF PRIMER FORMATION

MtDNA replication starts with the synthesis of an RNA primer, which
is subsequently elongated by POL y. As discussed earlier, POLRMT is
responsible for all mitochondrial transcription, including primer
formation (Wanrooij, Fuste et al. 2008, Fuste, Wanrooij et al. 2010).
POLRMT transcription from LSP creates the near-full-length transcripts
that are processed to liberate mRNAs and tRNAs and the pre-terminated
transcript that can serve as the primer for replication initiation at OriH
(Chang and Clayton 1985, Chang, Hauswirth et al. 1985). The
premature transcription termination is caused by a G4 structure that
forms at CSB2, located about 120 nt downstream LSP (Figure 7) (Pham,
Farge et al. 2006, Wanrooij, Uhler et al. 2010). After termination, this
transcript remains hybridised to the DNA template, creating an RNA—
DNA hybrid termed the mitochondrial R-loop (Xu and Clayton 1996,
Wanrooij, Uhler et al. 2012).
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RNA-DNA

RNA transitions DNA

L-strand
{1} .
LSP CcSB2 OriH

Figure 7. OriH priming. Transcription (red wavy line) from LSP is terminated at
CSB2. This serves as an RNA primer after further processing. RNA to DNA
transition sites are located close to the CSB region.

Recently, we have elucidated that POL y cannot directly elongate these
R-loops, until they are processed by a particular factor. This process is
discussed in detail in paper I. TEFM modulates the level of premature
transcription termination, as it facilitates the bypass of secondary
structures by POLRMT (Posse, Shahzad et al. 2015). Hence, it can
control the switch from transcription to replication (Agaronyan,
Morozov et al. 2015).

After initiation at OriH, the replication machinery proceeds
unidirectionally, and when it passes OriL, this origin becomes single
stranded and forms a hairpin structure (Figure 8). Earlier studies
identified a stretch of six bases of thymine (poly-dT) within the loop
where RNA formation is initiated (Tapper and Clayton 1981, Wong and
Clayton 1985, Wong and Clayton 1985, Kang, Miyako et al. 1997).
Subsequent work has revealed that POLRMT specifically recognises the
poly-dT stretch in the loop region (nucleotide positions 5747-5751) and
generates short RNAs (~25 nt) that can be elongated by POL vy
(Wanrooij, Fuste et al. 2008, Fuste, Wanrooij et al. 2010). In accordance
with this, RNA-DNA transition sites were mapped just downstream of
the OriL stem-loop in vivo (Fuste, Wanrooij et al. 2010).

Briefly, H-strand and L-strand DNA replication require a single priming
event at the origins of replication, which are OriH and OriL,
respectively.
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In contrast to the short L-strand replication primer, the RNA primer
generated at OriH is longer and requires processing before elongation
by POL vy.

H-strand

v

-

\):é stem loop

Figure 8. OriL priming involves forming a DNA stem-loop structure that directs a
short RNA primer synthesis by POLRMT.

1.6.2 OVERVIEW OF MITOCHONDRIAL PRIMER REMOVAL

Once the replisome has synthesised the full-length mtDNA strands, the
RNA primers at both origins must be substituted with DNA, as long
stretches of RNA impair mtDNA stability (Wanrooij and Chabes 2019)
and can obstruct the replication machinery (Lima, Rose et al. 2007).
LIG3 discriminates against RNA (Cotner-Gohara, Kim et al. 2010),
suggesting that incomplete RNA primer removal leads to ligation
defects (Uhler and Falkenberg 2015). Lessons learned from the nucleus
indicate that primer removal involves an interplay between the
replicating polymerase and nucleases that can specifically cleave the
RNA primer (Zheng and Shen 2011). In the mitochondria, POL vy idles
at the 5'- end of the RNA primer, and intrinsic 3'-5' exonuclease activity
disengages the strand displacement activity to facilitate both RNA
primer removal and ligation (He, Shumate et al. 2013, Macao, Uhler et
al. 2015).

A nuclease should meet several standards before it qualifies as a
mitochondrial primer processing factor. It must have mitochondrial
localisation, it should possess enzymatic activity to process primer
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substrates, and the loss of function of such nuclease should cause
mtDNA defects in vivo (Uhler and Falkenberg 2015). Different factors
have been implicated in playing an essential role in the primer removal
process in the mitochondria. Ribonuclease H1 (RNase HI1) and
mitochondrial genome maintenance exonuclease 1 (MGMEL1) are the
main enzymes implicated in primer processing in the mitochondria. The
nucleases implicated in primer removal will be discussed in the
following section.

1.6.3 NUCLEASES IMPLICATED IN PRIMER PROCESSING

RNase HI

RNase H endonucleases cleave the RNA strand of an RNA-DNA
hybrid. Therefore, they have been implicated in primer removal during
nuclear lagging-strand DNA replication. There are two classes of RNase
H proteins in mammals: RNase H1 and RNase H2. Only RNase H1 is
present in the mitochondria (Cazenave, Frank et al. 1994, Cerritelli and
Crouch 1998, Cerritelli and Crouch 2009).

RNase H1 consists of a mitochondrial targeting sequence (MTS), a
conserved N-terminus called the hybrid binding domain that enhances
the recognition and binding of the RNA-DNA hybrid, a spacer region
and a conserved C-terminal catalytic domain responsible for RNA
cleavage and substrate binding (Cerritelli and Crouch 1998, Nowotny,
Cerritelli et al. 2008). In vitro, RNase H1 hydrolyses the RNA in RNA—
DNA hybrid substrates without sequence specificity. It requires four
consecutive ribonucleotides flanking the cleavage site, and it leaves
several ribonucleotides attached to the 5'- end of the DNA strand after
cleavage (Lima, Rose et al. 2007). RNase H1 can process long RNA
hybrids, indicating a remarkable in vitro activity to process the primers
both at OriH and OriL in the mitochondria (Gaidamakov, Gorshkova et
al. 2005). Furthermore, in vivo studies indicate substantial evidence that
RNase H1 is the main enzyme implicated in primer removal in the
mitochondria. Patients harbouring RNase H1 mutations showed chronic
progressive external ophthalmoplegia, which is common in
mitochondrial disorders and is frequently associated with defects in
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mtDNA replication (Reyes, Melchionda et al. 2015, Bugiardini, Poole
et al. 2017, Sachdev, Fratter et al. 2018, Carreno-Gago, Blazquez-
Bermejo et al. 2019, Kierdaszuk, Kaliszewska et al. 2020).

Evidence from knock-out mouse models also suggests that RNase H1
has an essential function in mtDNA replication. Loss of RNase H1
causes embryonic lethality (Cerritelli, Frolova et al. 2003) and primer
retention at both mtDNA origins of replication (Holmes, Akman et al.
2015). Recently, we have reconstituted the primer removal process at
OriL in vitro. We showed that RNase H1 is crucial for the process, as
patients with RNase H1 mutations showed free unligated 5' - ends close
to OriL (paper II).

RNase H1 is not only involved in primer removal, but recent work has
revealed that it is also necessary to process the R-loops for generating
the primer needed for the replication of the H-strand. This suggests that
RNase H1 is essential for both primer formation and removal (Paper I).

Mitochondrial genome maintenance exonuclease I-MGME1

MGMEI was first discovered in 2013. It is an exonuclease with a strong
preference for single-stranded DNA, and it localises exclusively in the
mitochondria (Kornblum, Nicholls et al. 2013, Szczesny, Hejnowicz et
al. 2013). Loss-of-function mutations of MGMEIl can cause
mitochondrial disease, with patients exhibiting abnormal mtDNA
rearrangements (Kornblum, Nicholls et al. 2013, Nicholls, Zsurka et al.
2014).

Analysis of MGMEI patient cells showed an 11 kb truncated linear
mtDNA fragment with ends close to OriH and OriL (Nicholls, Zsurka
et al. 2014). The OriL end of the linear deletion maps precisely within
the RNA primer-DNA transition site, while the more heterogeneous
OriH ends span largely within a 100 nt range between OriH and CSB2
(Nicholls, Zsurka et al. 2014). The linear fragment found in MGME1-
deficient cells resembles that found in mice and flies which express a 3'-
5" exonuclease deficient version of POL vy (Trifunovic, Wredenberg et
al. 2004, Bratic, Kauppila et al. 2015).
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MGMEI has been shown to physically interact with POL y (Nicholls,
Zsurka et al. 2014). In vitro, MGME1 works in combination with POLy
to facilitate an efficient cleavage of 5'- DNA flaps formed by the strand
displacement activity of POL y (Uhler, Thorn et al. 2016). However, it
cannot process short RNA flaps, but it can cut within the DNA of an
RNA-DNA hybrid, a few nucleotides downstream of the RNA-DNA
junction (Szczesny, Hejnowicz et al. 2013). Taken together, the mtDNA
deletions, depletions, and rearrangements observed in the patients and
the biochemical properties of MGMEI], it is conceivable that MGME1
play a crucial role in primer flap processing at OriH.

Other factors involved in primer removal

Different studies have demonstrated that nucleases play a critical
function during primer removal. Flap-structure specific endonuclease 1
(FEN1) is one of them. FENI1 is a 5'-3' specific endonuclease with
suggested dual mitochondrial and nuclear localisation (Liu, Qian et al.
2008). It cuts both short RNA and DNA 5' flaps. Therefore, it is
implicated in the processing of Okazaki fragments in the nucleus
(Stodola and Burgers 2017).

Because of the cleavage pattern of RNase H1, FEN1-like activity is
needed in the mitochondria. During OriL primer removal, FEN1 could
remove the residual ribonucleotides left by RNase H1 and support
proper ligation in vitro (paper I1). However, the function of FEN1 inside
the mitochondria is debated because the variant that is imported is
truncated and has lost the nuclease activity (Kazak, Reyes et al. 2013).
The human nuclease/helicase DNA2 is another proposed factor for
primer removal in the mitochondria. Mutations in DNA2 lead to mtDNA
instability in patients with mitochondrial myopathies (Ronchi, Di Fonzo
et al. 2013, Phowthongkum and Sun 2017). DNA2 can cleave substrates
with 5' or 3' flaps with equal efficiency (Masuda-Sasa, Imamura et al.
2006). The role of DNA2 in mtDNA primer removal was initially based
on its involvement in the nuclear primer removal process, evidence from
knock-down studies in cells and the mtDNA defects seen in patients
with DNA2 mutations (Masuda-Sasa, Imamura et al. 2006, Copeland
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and Longley 2008, Masuda-Sasa, Polaczek et al. 2008, Zheng, Zhou et
al. 2008). However, DNA2 did not support ligation when used together
with POL y and LIG3 in vitro (Zheng, Zhou et al. 2008), and it did not
support ligation when used together with RNase H1 (paper II).

Recently, endonuclease/exonuclease G (EXOG) has been proposed to
play a role in primer removal in the mitochondria (Wu, Lin et al. 2019).
EXOG is a 5'-3' nuclease with both exonuclease and endonuclease
activities (Cymerman, Chung et al. 2008). EXOG depletion leads to
increased single-strand breaks in the mitochondrial genome (Tann,
Boldogh et al. 2011). A recent analysis indicated that EXOG could
remove the RNA at RNA-DNA junctions that resembled FEN1 activity
on these substrates (Wu, Lin et al. 2019). We investigated the possibility
of EXOG working with RNase H1 to remove the RNA primer in vitro,
and the work is presented in paper III. However, in vivo evidence for the
role of EXOG in primer removal has yet to be clarified.

1.7 MITOCHONDRIAL DISORDERS

Mitochondrial diseases are a heterogeneous group of disorders in which
the oxidative phosphorylation system does not function properly due to
mtDNA defects. Several tissues are typically affected, in particular
tissues with a high-energy demand such as the central nervous system,
skeletal muscle and heart. Clinical symptoms are wide-ranging and
include progressive external ophthalmoplegia, fatigue, heart failure,
diabetes, deafness, and kidney failure (Greaves, Reeve et al. 2012).
Furthermore, the age of onset, disease progression, and mortality rates
vary greatly across affected individuals.

Mitochondrial diseases can be caused by primary mutations in the
mtDNA itself. However, the vast majority are caused by mutations in
nuclear genes that encode mitochondrial proteins needed for mtDNA
maintenance (Copeland 2012, Copeland and Longley 2014). These
mutations in turn lead to secondary mutations in the mtDNA, and/or
mtDNA depletion. In the past decades, disease-causing mutations have
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been identified in genes for the mitochondrial DNA polymerase POL vy,
the replicative helicase TWINKLE, the RNA polymerase POLRMT,
and the nucleases MGMEI and RNaseH1 (Zeviani, Fernandez-Silva et
al. 1997, Spelbrink, Li et al. 2001, Copeland and Longley 2003,
Trifunovic, Wredenberg et al. 2004, Kornblum, Nicholls et al. 2013,
Reyes, Melchionda et al. 2015). There is evidence that mtDNA
mutations and depletion are also implicated in normal ageing, common
neurodegenerative diseases and cancer (Krishnan, Greaves et al. 2007,
Greaves and Turnbull 2009).
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2 AIM

The overall aim of this thesis is to gain molecular insights into the
process of primer removal during mtDNA replication. In the three
papers of this thesis, we have addressed different questions regarding
the mechanisms of this process. In papers I and II, we studied the role
of RNase H1 in two crucial steps of primer processing: formation and
removal. In paper III, we demonstrated the activity of EXOG on various
substrates, including the intermediates produced during primer removal.
The specific aims for each study are listed below.

Paper I: To investigate the role of RNase H1 in processing the R-loop
in the CSB region and how it can direct origin-specific replication

initiation

Paper II: To reconstitute RNA primer removal at OriL and define the
importance of RNase H1 in this process

Paper III: To characterise the activity of EXOG on different substrates
representing intermediates that evolve during mtDNA maintenance
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3 RESULTS

3.1 PAPERI

RNase H1 directs the origin-specific initiation of DNA replication in
human mitochondria

A unique feature of mtDNA replication is that the mitochondrial
transcription machinery produces the primers required to initiate DNA
replication at OriH. As previously discussed, most LSP transcription
events are prematurely terminated after approximately 120 nucleotides,
close to CSB2. CSB2 is guanine rich, and during its transcription, the
nascent RNA folds into a G-quadruplex structure together with the non-
template DNA, forming a stable triple-stranded RNA-DNA hybrid
called an R-loop (Wanrooij, Uhler et al. 2012). Previous efforts to link
transcription termination at CSB2 to the initiation of mtDNA synthesis
in vitro have failed, indicating that POL y cannot directly use the
prematurely terminated transcripts as primers (Gustafsson, Falkenberg
et al. 2016). Therefore, we wanted to address whether RNase H1 could
cleave the R-loops and thereby support the initiation of mtDNA
replication. We used our in vitro transcription system to reconstitute R-
loop formation and monitored the ability of RNase H1 to process the R-
loops.

We found that RNase H1 could cut the R-loops at multiple locations,
creating new RNA 3'-ends. Unprocessed R-loops could not be used to
prime DNA synthesis, but after RNase H1 cleavage, the addition of POL
v and dNTPs led to the initiation of mtDNA synthesis in vitro. When we
included mtSSB, the efficiency of reactions was increased,
demonstrating that mtSSB stimulated the initiation process.

We could also map the transition from the primer RNA to the DNA, and
we found that the main points of replication initiation were located
downstream of CSB3, with a second less abundant cluster of initiation
downstream of CSB2.
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Chromosome replication in Escherichia coli is initiated at a specific
origin. However, in the absence of RNase H activity, this specificity is
lost, and initiation occurs from multiple sites (Ogawa, Pickett et al.
1984). Similar to the situation in bacteria, we found that patient cells
with reduced RNase H1 activity had lost the specificity of replication
initiation, and we could map RNA-DNA transition sites outside the
CSB region. Thus, our findings suggest that RNase H1 represses the
initiation of mtDNA synthesis from locations outside the OriH region
and restricts the initiation of replication to OriH.

3.2 PAPERII

A two-nuclease pathway involving RNase H1 is required for primer
removal at human mitochondrial OriL

As described previously, mtDNA contains two origins of replication,
OriH and OriL. Replication initiates at OriH, and the replication
machinery proceeds in one direction to displace the parental H-strand
while synthesising the nascent H-strand. Following the synthesis of
approximately two-thirds of the genome, the replication machinery
passes Oril, which becomes single stranded and adopts a stem-loop
structure. POLRMT binds OriL and synthesises a short RNA primer
used to initiate DNA synthesis of the nascent L-strand by POL vy in the
opposite direction.

The RNA primer must be exchanged with DNA at the end of replication
to ensure proper circularization. In this paper, we used a defined in vitro
DNA replication system to reconstitute the initiation, elongation and
termination of DNA replication at OriL. Our system contained purified
recombinant proteins (POLRMT, POL y, RNase HI and LIG3) and
OriL-encoding templates. We also analysed the consequences of
pathological RNase H1 mutations associated with adult-onset mitoch-
ondrial encephalomyopathy.

In our experiments, we demonstrated that after initiation of replication
at OriL, RNase H1 could process the RNA primer in vitro. However, the
enzyme failed to remove the last one to three ribonucleotides at the
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RNA-DNA junction, because the substrate specificity of RNase HI
requires at least four consecutive ribonucleotides flanking the cleavage
site (Cerritelli and Crouch 1998). Because the remaining RNA residues
would block ligation by LIG3, another factor must be required for the
removal of the last one to three ribonucleotides. A prominent candidate
for this function is FEN1, a flap endonuclease implicated in Okazaki
fragment maturation in the nucleus (Zheng and Shen 2011). Recently,
FEN1 was suggested to have mitochondrial localization (Kazak, Reyes
et al. 2013). Indeed, the addition of FENI1 to our in vitro system
efficiently removed the last ribonucleotides at the 5'- end of the nascent
L-strand, thus allowing efficient ligation. The ligation was not observed
when we used DNA2 and MGMEI in combination with RNase H1.
However, the mitochondrial localization of FEN1 has been questioned,
and we are therefore open to the possibility that a second, FEN1-like
nuclease can assist in primer processing (Al-Behadili, Uhler et al. 2018).
Thus, our findings suggest a two-step mechanism for primer removal at
OriL, requiring both RNase H1 and FEN1-like activity.

We could also demonstrate that the pathological RNase H1 mutations
impaired RNA primer removal both in vivo and in vitro. Inefficient
removal of the RNA primer led to the formation of unligatable nascent
L-strand 5'- ends. We mapped these ends using primer extension and
showed they were close to OriL. In vitro, the combination of FEN1 with
the mutant forms of RNase H1 could not yield ligated products,
indicating that RNase HI is the main enzyme involved in primer
removal at OriL, and its activity cannot be compensated for.

3.3 PAPERIII

In vitro characterization of EXOG as a component of a
mitochondrial oligonucleotide degradation pathway

RNase H1 is incapable of fully processing the RNA primer. RNase H1
cleaves the RNA part in RNA-DNA hybrids but leaves one to three
ribonucleotides at the 5'- end of the DNA. The removal of the residual
ribonucleotides by a FEN-1-like nuclease is essential for ligation. A
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dimeric nuclease called EXOG has been recently proposed to provide
FEN-1-like activity in the mitochondria (Wu, Lin et al. 2019). EXOG
has both 5'-3' exonuclease and endonuclease activities (Cymerman,
Chung, et al. 2008), and interacts with POL y and LIG3, indicating a
possible role for EXOG in mtDNA maintenance (Szczesny,
Brunyanszki, et al. 2014).

In this paper, we performed an in vitro characterization of EXOG using
various substrates. Our data demonstrate that EXOG can efficiently
degrade RNA, DNA and short DNA flaps in the 5'-3' direction
generating dinucleotides. We also examined the activity of EXOG on
RNA-DNA hybrid substrates. We found that EXOG can cleave the
residual ribonucleotides left by RNase H1, indicating a possible role
during primer removal.

To identify possible EXOG protein partners, we performed a proximity-
dependent Biotin identification (BiolD) assay. We identified an in
vivo interaction between EXOG and the mitochondrial ssDNA nuclease
MGME] that we followed up in vitro. We found that MGMET1 produces
cleavage products of approximately four nucleotides that EXOG could
process into dinucleotides. This suggests that EXOG and MGME1 may
work together.

An additional nuclease in mitochondria, REX02, degrades RNA and
DNA dinucleotides into mononucleotides (Nicholls, Spahr et al. 2019).
However, the enzyme/s responsible for creating the dinucleotide
substrates for REXO2 is still unknown (Nicholls, Spahr et al. 2019).
Interestingly, we found that REXO2 can efficiently process the
degradation products of EXOG into mononucleotides. These results
suggest that MGMEI1, EXOG, and REXO?2 constitute a pathway for the
complete decay of DNA and RNA into mononucleotides in mammalian
mitochondria.
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4 CONCLUDING REMARKS

The mitochondria are vital for the function of eukaryotic cells. Their
unique genome is distinct from the nuclear genome in terms of size,
inheritance pattern, replication mechanism, and maintenance factors. In
the last decades, significant discoveries have been made in
mitochondrial biology, providing a solid base for understanding how
mtDNA is replicated. However, many questions have yet to be
answered. This thesis’s main aim was to shed light on an essential yet
poorly understood steps during mtDNA replication, namely primer
formation and removal.

We reconstituted the entire replication initiation process at OriH, from
primer formation to DNA synthesis. Our work showed that RNase H1
fulfils an essential intermediary step of cleaving the RNA transcript into
a mature primer that can be used by POL vy. Furthermore, we showed
that RNase H1 is required to restrict priming to the OriH region of
mtDNA.

Once replication initiates, it is crucial that the RNA primer is removed
to enable ligation of the nascent strands. We reconstituted the primer
removal process during mitochondrial L-strand DNA synthesis in vitro,
providing, for the first time a model that describes this process (Figure
9). We propose a two-nuclease pathway whereby RNase H1 removes
the majority of the ribonucleotides, while a nuclease with FEN1-like
activity removes the residual ribonucleotides that are resistant to RNase
HI.

In the search for a FENI1-like nuclease, we identified EXOG as a
possible candidate. We showed that EXOG could process the residual
ribonucleotides during the primer removal process when combined with
RNase H1 in vitro. Future work will focus on EXOG’s involvement in
vivo. We also demonstrated that EXOG activity is not restricted to
primer removal, but may also be a crucial factor in the mitochondrial
RNA and DNA decay pathways.
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Figure 9. The model of primer removal at OriL. The RNA primer (red line) is
removed by RNase H1, leaving behind residual ribonucleotides attached to the 5 -
end of the nascent L-strand. Replicating polymerase POL y displaces the 5’-end
during the completion of L-strand DNA synthesis, and a nuclease with FENI-like
activity removes the last ribonucleotides. Once a ligatable nick is produced, it is
sealed by LIG3 (Ligase III).

Our findings provide answers to essential questions regarding mtDNA
replication initiation and termination. However, as Ibn Al-Haytham,
born c. 965 in Iraq and an early Arab scientist and pioneer in the theory
of knowledge, once said; “Scientific findings should show us the path
of ignorance, and inspire us to find new questions as long as we live.
Once there is no question to answer, you are properly dead (Daneshfard,
Dalfardi et al. 2016)". Fortunately, our findings also raise questions for
further research. In particular, many unknowns surround the contrast
between primer removal at OriH and that at OriL. The primer at OriH is
much longer than the primer at OriL. Also, the 5'-ends of nascent H-
strand DNA map approximately 100-150 nucleotides downstream of the
RNA-DNA transitions at CSB2 and CSB3, which means that a long
stretch of DNA is removed in addition to the RNA during primer
processing at OriH. How this primer is processed, and why part of the
DNA is also removed is not understood. MGMEI and RNase H1 have
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been proposed to play a role in this process. However, MGME]1 can only
cut long DNA flaps and not dsDNA regions. Interestingly, EXOG can
cut short flaps (1 nt flaps). Therefore, it would be of interest to study if
EXOG can work together with MGMEI to process the DNA part of the
primer at OriH.
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